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Background and Meeting Objectives

The Nipah Research and Development (R&D) Roadmap provides a 6-year framework beginning in 2024 for identifying the vision, underpinning
strategic goals, and prioritizing areas and activities for accelerating the collaborative development of medical countermeasures (MCMs) —
diagnostics, therapeutics, and vaccines — against Nipah virus infection. The roadmap is a key component of the World Health Organization’s
(WHO's) R&D Blueprint Initiative, and was first drafted in 2017/2018 with input from subject matter experts, including a core group of taskforce
members. WHO now aims to finalize and formally launch the Nipah R&D Roadmap, and the draft has been updated to incorporate recent
scientific advances and research. The roadmap will be delivered to WHO in late 2023 for publication on the WHO website.

The meeting objectives include the following:
1. Briefly recap each of the four topic areas of the Nipah R&D Roadmap (cross-cutting, diagnostics, therapeutics, and vaccines).
2. Review the goals and milestones in each section and develop consensus on the wording and timelines for each milestone, as time
allows.
3. Identify the milestones or issues that are highest priority.
4. Discuss challenges and opportunities for implementing the roadmap goals and milestones.

Meeting Participants and Observers
Meeting participants and observers joined both in-person and virtually. Those who participated virtually are noted with an asterisk (*). Sushmita
Barmen was also present in-person as the meeting organizer for Wellcome.

Meeting Participants
Christopher Broder Tabitha Kazaglis* Michael Osterholm
Emmie de Wit Eve Lackritz Julie Ostrowsky
Petra Fay Stephen Luby Shahana Parveen
Alex Freiberg Alison Mack Marie-Pierre Preziosi
Pierre Formenty* Anje Mehr* Mahmudur Rahman
Josie Golding Joel Montgomery Christina Spiropoulou
Emily Gurley Kristine Moore Anaelia Siya Temu*
Kim Halpin Nicolina Moua* Angela Ulrich

Guest Observers

Zakiul Hassan | Cathy Roth | Laura Mazzola
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Cross-Cutting Issues in the Nipah R&D Roadmap

Emily Gurley served as the facilitator for discussion of cross-cutting issues in the draft roadmap.

Emily began the session with a review of important advances, barriers, challenges, and key needs for Nipah (NiV) vaccines. Key points from that
discussion:

Various entities (e.g., the National Institute of Allergy and Infectious Diseases [NIAID]) have been providing financial support for this
work (Spiropoulou, Gurley).

Researchers and developers have made significant contributions to NiV vaccines in the last 5 years; that’s been the main R&D push, but
we’re now coming to a bit of a roadblock (Spiropoulou).

The discovery of other henipaviruses, such as Langya, raises the importance of NiV and henipaviruses in general (Montgomery).
Surveillance is lacking (Montgomery); the more we look for henipaviruses, the more we’ll find and they will continue to be a global
problem (Broder).

The Centers for Disease Control and Prevention (CDC) supports NiV activities, but not to the same extent as NIAID; for example,
surveillance isn’t adequately supported in Bangladesh, India, or Southeast Asia (Montgomery). CDC’s investment in Bangladesh has been
crucial, but more effort is needed (Luby).

More surveillance is needed in Bangladesh and India as well as other countries (e.g., Philippines, Malaysia). Undiagnosed NiV infections
likely are occurring and we need to better understand the burden of disease and transmission; we are potentially missing a lot of cases
(Montgomery, Luby).

We also need better surveillance of bats to improve our ecological understanding, including in SE Asia, where there are likely more
strains of NiV circulating in wildlife than we are currently aware of (Montgomery).

CDC is working on modifying case definitions and respiratory surveillance. We are missing cases because our surveillance is not good
enough, and this affects diagnostics and other MCMs. Identifying cases earlier in illness (e.g., respiratory phase) is critical but not yet
accomplished (Montgomery).

Surveillance for Japanese encephalitis (JE) is ongoing in Bangladesh, including the collection and characterization of blood samples.
These samples could potentially also be tested for NiV if funding can be made available (Rahman).

In the past, incident-based surveillance was conducted, but funding has weakened and now only large clusters of infections are
identified, missing sporadic cases. The JE surveillance program could be leveraged, and this is being pushed by the WHO South-East Asia
Regional Office (SEARO), along with JE vaccination (Rahman).

Surveillance is the key to making a business case for development of NiV MCMs (Gurley).

Minimally invasive diagnostic methods are needed that avoid cultural reluctance for postmortem exams (Halpin).

Bangladesh has made significant advancements over the last 5 years in postmortem exams through minimally invasive sampling. These
updates could possibly be added to the epidemiology/surveillance section of the roadmap (Gurley).
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e Risk communication is important and potentially a cross-cutting issue; it should be addressed somewhere in the roadmap. The roadmap
also should address the need to involve media, policymakers, and the general public in NiV prevention efforts (Rahman).

e Political buy-in is important for surveillance, reporting, and prevention (Gurley).

e We should consider linking NiV to other surveillance efforts, including influenza and postmortem work. If we can create a common
platform and case definitions, we can identify cases for further testing (Parveen).

e The Coalition for Epidemic Preparedness Innovations (CEPI) is engaged in discussion with regulatory authorities on advancements in
licensure and approval of NiV MCMs (Rahman).

e The long-term goal is to have a rapid, bedside diagnostic test. Antibodies/antigens are available that could be used to develop such a
test, but investment is lacking (multiple participants).

Emily then led a discussion of the draft roadmap strategic goals and milestones for cross-cutting issues. Discussion highlights are detailed in the

tables below.

Cross-Cutting Issues: Strategic Goal 1 and Aligned Milestones

Strategic Goal or Milestone

Discussion highlights

Suggested actions

Strategic Goal 1: |dentify additional and
ongoing sources of private- and public-
sector funding and develop appropriate
incentives and competitions to promote
R&D of NiV MCM:s.

No comments.

No edits suggested.

Milestone 1: By 2025, develop a public
value proposition to effectively advocate
for the development and sustainability of
NiV MCMs that: (1) articulates the
potential global threat of NiV infection,
(2) outlines the social and economic
benefits of generating accessible and
affordable NiV MCMs, and (3) details the
positive impact on the health systems in
affected areas.

Persuading people that this issue is a reasonable
investment is challenging, given few recognized cases
(Luby).

It might be worth emphasizing the risks posed by gain-of-
function research with NiV, especially given the
democratization of synthetic biological tools (Luby). All
disease roadmaps should acknowledge this risk (Gurley).
The COVID-19 pandemic showed what can happen and
how either humans or nature can make viruses bigger
threats. Even without nefarious actors, nature will give us
more challenging viruses; roadmaps should acknowledge
potential for enhanced transmission (Osterholm).

Three quarters of the world’s population is at risk from
NiV and henipaviruses, not just SE Asia. Henipaviruses

The group agreed that the
value proposition is still
needed (and should remain a
milestone).

Add phrasing to the
Introduction to acknowledge
recent experience with
coronaviruses to capture the
point about nature and
humans both capable of
more challenging viruses.
Remove “potential” from
point #1 of the milestone;
emphasize that this is a
global threat that requires
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should be emphasized as the virus being focused on, as it
is more inclusive (Montgomery).

While milestones under this Strategic Goal are important
and should be addressed soon, no timelines should be
earlier than 2024, as the roadmap will not be published
until 2024 (Moore).

global engagement (Luby,
Gurley).

Modify milestone language
to the “global threat of NiV
and related henipaviruses”
(Moore, Gurley).

Add a comment to the
Introduction about the risk to
the global population.
Change the timeline from
2025 to 2024.

Milestone 2: By 2026, create a funding
plan based on the value proposition for
moving NiV diagnostics, therapeutics,
and vaccines toward clinical evaluation,
licensure/approval, acceptance, and
sustainable access.

Since 2017, the funding situation has improved (e.g.,
CEPI, Gates Foundation). The shortfall of indirect funds is
the major current roadblock (Broder).

An expert able to provide economic calculations to
inform a clearly-articulated value proposition is important
for NiV MCMs (Preziosi).

A value proposition has been developed for Lassa fever
therapeutics; the group could consider reaching out to
the team that developed that proposition (Hassan).

In addition to a solid economic calculation for NiV MCMs,
we need the vision and explanation of importance from
NiV experts (Gurley).

Change the timeline from
2026 to 2025 (Gurley,
Moore).

Milestone 3: By 2026, develop a
coordinated strategy for promoting and
incentivizing greater industry
engagement in R&D for NiV MCMs.

CEPI and pharmaceutical companies in Bangladesh are
discussing stockpiling vaccines; they might also be
interested in stockpiling monoclonal antibodies (mAbs)
(Rahman).

At a CEPI meeting in June 2023, concern was expressed
that mAb therapies are not feasible due to expense, even
though their cost has been reduced drastically the last 5-
6 years. Because NiV and Hendra do not mutate a lot,
mAbs could be useful for a longer period of time and they
could be combined in cocktails (of >1 antibody) to
prevent viral escape (Broder).

Add mention of indirect costs
and shortfalls.

Add in-country industry
partners.

Change the timeline from
2026 to 2025 (Gurley,
Moore).
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Indirect costs and shortfalls are lacking but needed for
industry partners to produce GMP products that are
ready; the money is not currently there (Broder).
Industry interest in NiV MCMs may have changed from
what it was previously as a result of the COVID-19
pandemic (Roth).

In addition to industry work on MCMs, there are US
federal scientists and industry partners who will produce
countermeasures for the public benefit. It is important to
promote that the technology for the MCMs is available
and that it be given to affected countries so those
countries can evaluate and manufacture for their own
use (Broder).

Participants raised the importance of engagement of in-
country industry partners.

Cross-Cutting Issues: Strategic Goal 2 a
Strategic Goal or Milestone

nd Aligned Milestones
Discussion highlights

Suggested actions

Strategic Goal 2: Improve understanding
of NiV epidemiology and ecology to
better define the disease burden, risk
factors for infection, and risk of spillover
events in affected countries.

Instead of “affected” countries, use “countries at risk” or
“countries with appropriate reservoir hosts” (Gurley,
Rahman, Moore).

Change goal language from
“affected” countries to “at-
risk” countries and include
reservoirs in the revised
Strategic Goal (Moore).

Milestone 1: By 2025, develop a plan for
enhancing human NiV surveillance in
India and Bangladesh outside of existing
surveillance areas (i.e., where cases
previously have been identified). This
should include securing funding,
identifying additional surveillance
catchment areas, engaging key partners
in those areas, generating standardized
surveillance protocols, and conducting

training for implementation.

Discussion for milestones 1 and 2 (which currently
separate development and initiation of a NiV surveillance
plan) had significant overlap, and the group agreed that
they should be combined.

Consider adding leveraging of existing surveillance
platforms for other disease, such JE (Rahman).

It is also important to collaborate with organizations
already in place, e.g., CDC and WHO (Parveen).
Surveillance should not be restricted to human
surveillance; instead, this should include all relevant

Combine milestones 1 and 2;
the revised milestone
timeline should be 2025
(Gurley, Moore). [Note: In
the edited version, original
milestone 1 is now milestone
3.]

Add a new milestone on
human surveillance outside
of India and Bangladesh with
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Milestone 2: By 2026, initiate enhanced
human NiV surveillance to better
characterize NiV epidemiology (including
the potential for spillover events),
promote early case detection, and better
define the disease burden in India and
Bangladesh, particularly outside of areas
where cases previously have been
identified.

efforts, such as surveillance in domestic animals and
wildlife (Roth).

Surveillance must be clearly embedded in comprehensive
strategies for prevention and control. We want India and
Bangladesh to lead in surveillance and extend their
leadership to other countries (Formenty). This highlights
the importance of broadening surveillance to include
henipaviruses, and the importance of disease prevention
(Gurley).

One Health issues are important in relation to
surveillance for spillover into domestic animals and
livestock (Broder). Such issues are an important part of a
value proposition (Gurley). Tests for some diseases are
required of certain species for international
transportation (Halpin).

Instead of using the word “Nipah” throughout the
roadmap, it should say “Nipah and Nipah-like” or
“Henipavirus” (Gurley, Broder).

Hendra virus genotype 2 (HeV-g2) taught us that PCR
tests will miss related viruses, and therefore we need
serology on samples (Broder).

Add a milestone on conducting human surveillance in
areas other than India and Bangladesh.

a timeline of 2025. [Note: In
the edited version this new
milestone is now milestone
4.]

Add a milestone on
conducting surveillance
outside of India and
Bangladesh in animals with a
timeline of 2025. [Note: In
the edited version this new
milestone is now milestone
5]

Expand language in the
roadmap, as appropriate,
from just “Nipah” to include
Nipah-like and/or
Henipaviruses (Gurley,
Broder).

Milestone 3: By 2026, generate and
implement standardized protocols for
case investigation that are aimed at
identifying risk factors for primary NiV
infection and at conducting case-contact
studies to better understand chains of
transmission (Hedge 2023).

Incorporate One Health for this milestone (Rahman,
Gurley).

Bangladesh already has a protocol for this, and the
milestone could be moved to 2024 (Rahman). However, it
might take time for India to meet this milestone (Luby).
WHO could help by hosting a standardized protocol and,
if spillovers happen in other countries, they could go
through WHO to avoid inter-country tension (Luby).

WHO has developed several standardized protocols for
other diseases, such as Crimean Congo Hemorrhagic
Fever (CCHF). Part of that work involves WHO developing
a standardized protocol for appropriate and in-depth case

Change the timeline from
2026 to 2024.

This will now be milestone 1
in the edited version because
of the date change.

Add One Health language to
the milestone.
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investigation. This is needed well before 2026
(Formenty).

Bangladesh and India have protocols in place; the push is
to share, modify, and expand into other countries, and to
have funding for that work (Montgomery).
“Standardizing” includes adaptability to individual
countries/regions (Gurley, Osterholm).

Milestone 4: By 2026, develop plans for
conducting additional research in India
and Bangladesh to identify the potential
for and drivers of spillover events,
particularly in areas where NiV cases
have not yet been identified.

Additional research should not be restricted to India and
Bangladesh; for example, Malaysia has requested work
on such protocols (Formenty, Gurley).

Change the timeline from
2026 to 2025.

Revise milestone so it is not
restricted to India and
Bangladesh (Formenty,
Gurley). Instead, refer to at-
risk countries. [Milestone 6 in
the edited version.]

Additional considerations

The following comment was made in another section:
Country-level capacity will need to be assessed and gaps
identified as part of standard clinical protocol
development (Parveen). This work could be included in
one of the surveillance-related issues (Gurley).

Later in the discussion, participants suggested the
following milestone (originally milestone 4 under
Strategic Goa 4) be moved to this goal: By 2026, establish
capacity at selected surveillance sites in India and
Bangladesh to investigate NiV-related deaths by using
post-mortem minimally invasive tissue sampling to
enhance understanding of NiV disease pathogenesis
(Bassat 2021).

Consider adding the
following milestone to this
goal: “By 2025, assess
country-level capacity in
affected countries to
implement standardized
clinical protocols for case
investigation and address key
gaps in implementation.”
[Milestone 2 in the edited
version.]

Move the following
milestone to this goal: “By
2026, establish capacity at
selected surveillance sites in
India and Bangladesh to
investigate NiV-related
deaths by using post-mortem
minimally invasive tissue
sampling to enhance
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understanding of NiV disease
pathogenesis (Bassat 2021).”
[Milestone 7 in the edited
version.]

Cross-Cutting Issues: Strategic Goal 3 and Aligned Milestones

Strategic Goal or Milestone

Discussion highlights

Suggested actions

Strategic Goal 3: Determine the

requirements for clinical trials, regulatory

pathways, and other considerations that
will affect licensure or approval of NiV
MCMs by engaging an international
regulatory working group representing
NRAs in affected areas and other key
international stakeholders.

No comments.

No edits suggested (although
the comment below on
changing the wording from
an international regulatory
group also applies to the
wording of the goal).

Milestone 1: By 2024, conduct scenario
planning to clarify the regulatory
procedures and determine the
acceptable pathways for approval and
emergency use authorization of NiV
MCMs (including vaccines, novel
candidate therapeutics, repurposed
therapeutics, and diagnostics) in
countries at highest risk for NiV
outbreaks (i.e., Bangladesh and India)
through an international NiV-focused
regulatory group.

Milestone 2: By 2025, determine if any
key gaps exist for regulatory approval

Discussion and comments for Milestones 1 and 2 are
combined in the following bullets:

The group touched on CEPI’'s accomplishments specific to
vaccines, but noted that this milestone is broader than
just vaccines (Gurley, Moore).

In 2018, NIAID and country partners (e.g., Bangladesh)
created a protocol for use of mAbs. However, this was
not the work of an established international regulatory
group (Broder).

Regulatory issues are major barriers to industry
engagement and private sector participation. It would be
helpful to understand these issues better and have an
advocacy strategy to overcome those issues (Luby).

Look to WHO’s work with the African Vaccine Regulatory
Forum (AVAREF), which allows for interfacing with
regulators. It might be possible to create a subgroup from
that group for relevant discussions (Roth).

WHO's work with African regulators to involve the
regulators on reviewing protocols and dossiers — mostly
for vaccines — has been very positive, allowing for

Replace “international NiV-
focused regulatory group”
with “international forum of
regulators” or similar
language (Moore, Preziosi).
Marie-Pierre Preziosi will ask
a colleague at WHO for input
on this milestone wording.
Milestone language should
clarify that this is scenario
planning to identify gaps
(Moore, Gurley).

Remove “countries at highest
risk for NiV outbreaks (i.e.,)”
and “through an
international focused
regulatory group.”

No change to timeline.

Milestone 2 should be
reworded to “develop
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and emergency use authorization of
candidate NiV MCMs in affected
countries and develop strategies to
address those gaps, with specified
timelines for completion.

progress made on regulatory harmonization. Broader
efforts are being led now, such as working on mAbs
(Preziosi).

The regulatory agencies in India and Pakistan are already
involved, and therefore the focus should first be with
them, followed by engaging others more broadly. There is
a potential for bottlenecks if the work goes too broad at
first (Gurley).

What constitutes a regulatory body (Gurley)? Examples
provided were FDA, EMA, national regulatory agencies
(Moore).

International regulatory groups cannot focus on
individual diseases; their reviews are thematic. As such,
the milestone wording should be adjusted and also
expanded to include fast review of adaptive platform
trials (Preziosi).

We need engagement from the countries themselves
(Formenty).

An understanding of how this work is coordinated should
be linked to this milestone, perhaps through WHO. For
example, the WHO portal could be adapted for this
purpose (Parveen, Gurley, Rahman, Preziosi).

strategies” and focus on
developing strategies to
address the gaps identified as
part of milestone 1 (Moore,
Gurley).

No change to timeline.

Milestone 3: By 2026, ensure that any
issues affecting approval and emergency
use of candidate MCMs in affected
countries have been resolved and that
consensus has been achieved on the
necessary regulatory steps and
procedures.

The group noted that this milestone may not be realistic.
It may be better for focus on a system for monitoring
regulatory issues.

Assessing the need/capacity to conduct clinical trials must
be included; it does not exist now (Hassan).

Capacity is a “key gap,” so consider having a nod to
capacity here, as this is a cross-cutting issue (Gurley). A
milestone on plans/protocols for emergency use of
candidate NiV MCMs is needed.

Revise this milestone to
creating a system for
monitoring regulatory issues
for licensure and use of
candidate NiV MCMs.

Add another milestone on
developing plans for
emergency use of candidate
NiV MCMs.

Add another milestone on
assessing capacity to conduct
clinical trials and field studies
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of MCMs, particularly during
outbreaks.

Cross-Cutting Issues: Strategic Goal 4 and Aligned Milestones

Strategic Goal or Milestone

Discussion highlights

Suggested actions

Strategic Goal 4: Support basic science
research to improve understanding of
NiV virology, pathogenesis, and the
immune response to infection in humans
and animal models.

Consider expanding to include non-animal models, such
as organoids. Several countries have non-animal models
in place, mainly for basic research (Halpin).

Possible edits suggested include adding “non-animal
models” to the goal language and editing the language to
“in vitro and in vivo models” (Gurley, de Wit). Instead, the
group agreed to revise the goal by just shortening the
language to remove reference to animal models.

Delete “in human and animal
models” (Gurley, Moore).
Consider adding non-animal
models activities (e.g.,
organoids, using Al
technology, etc.) to the
additional research priorities.

Milestone 1: By 2025, generate
standardized and well-characterized
assays, reagents, antibodies, nucleic
acids, and stocks of NiV challenge strains
to facilitate R&D of NiV MCMs.

CEPI, NIAID, and CDC are already doing this work
(multiple participants).

Unclear whether this milestone should be kept or if it
should be moved to research priorities (Gurley).

We should not lock into challenge strain, etc.; we need to
know more about epidemiology (de Wit).

We need standardized assays, reagents, etc., for clinical
trials, but these are continually improved and revised.
These resources are needed now; some are available and
some are in-progress (multiple participants).

Change timeline from 2025
to0 2024.

Milestone 2: By 2025, conduct additional
research to further optimize animal
models that recapitulate disease in
humans for use in preclinical studies of
NiV MCMs.

Consider changing to “standardized” animal models,
since they are well-defined already (Freiberg).
Milestone could potentially be combined with an earlier
milestone on assay standardization (Freiberg).
Discussion on whether we do or do not know which
animal model is the best for MCM development, and
whether it is the African green monkey (AGM) or if the
AGM is just the best that we have currently (Broder, de
Wit).

There is a lack of understanding on pathogenesis in
humans (de Wit), but that is data we may never have
(Broder).

Leave the milestone as is for
now.

Consider adding a new
milestone on better
understanding human
pathology (Gurley, Moore).
Wording related to this could
potentially be “pathogenesis
investigation protocol” or
“standardized human
pathology investigation”
(Gurley). [New milestone 4.]
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Any pathogenesis investigation has to be linked to
surveillance: picking up cases early, developing MCMs to
address early disease, understanding disease progression,
optimizing animal models, etc. (Broder).

We need to do better clinical investigation to better
optimize animal models of early-stage
disease/pathophysiology (Montgomery).

The International Severe Acute Respiratory and Emerging
Infection Consortium (ISARIC) developed clinical
characterization protocols for a number of diseases. They
are designed to be simple, capture evolution, natural
history of disease, and can be made targeted and
sophisticated. They were widely used for COVID-19 and
other diseases. Such an approach would fit both
surveillance and identifying cases where they happen
(Roth).

Country-level capacity will need to be assessed and gaps
identified as part of standard clinical protocol
development (Parveen). This work could be included in
one of the surveillance-related issues (Gurley).

Milestone 3: By 2026, conduct
sequencing of NiV strains from existing
clinical samples obtained from past NiV
cases to assess variability of NiV strains in
India and Bangladesh (CEPI 2023a).

This is an ongoing activity (Gurley).

Delete this milestone
(Gurley) and instead add to
additional research priorities.

Milestone 4: By 2026, establish capacity
at selected surveillance sites in India and
Bangladesh to investigate NiV-related
deaths by using post-mortem minimally
invasive tissue sampling to enhance
understanding of NiV disease
pathogenesis (Bassat 2021).

Participants suggested that this milestone be moved to
Strategic Goal 2.

Move this milestone to the
surveillance-focused
Strategic Goal 2 (Moore).

Milestone 5: By 2028, conduct research
in animal models to determine if strain
variability impacts efficacy of promising

The timeline for this milestone seems far off (Gurley).
Much of this may not require animal models (de Wit).

Change milestone language
to de-emphasize animal
models, i.e., “conduct
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NiV MCMs or the accuracy of diagnostic research to determine if
tests.

strain variability...” (Moore).
e Move up the timeline by one
year.

Diagnostics in the Nipah R&D Roadmap

Joel Montgomery served as facilitator for discussion on diagnostics in the draft roadmap.

Joel led the group in a review of important advances, barriers, challenges, and key needs for NiV diagnostics. Key points from that discussion:

At the previous meeting of this group, two diagnostic platforms were discussed: a gene expert platform developed in India, possibly
being moved to Bangladesh, and Linfa Wang’s lateral flow platform (Gurley). Meeting participants were not aware of those diagnostic
platforms progressing further (i.e., no one was aware of additional announcements or updates).

Challenges for NiV diagnostics include lack of RDTs (e.g., lateral flow tests) or bedside diagnostics. Of note, bedside diagnostics would
require changes to infection control practices.

The CDC serology assay is low-cost and could be helpful in ecological studies, but supporting research has not yet been published; also,
this assay can’t differentiate IgM from IgG antibodies. CDC is also working with FIND to evaluate rapid diagnostic tests (RDTs); progress
with RDTs will be driven by the perceived need for these tests in the US or Europe (Montgomery).

Even severe cases of NiV are often not diagnosed; regular use of an RDT for severely ill patients could be justified (Gurley).

Improved diagnostics are needed for the following reasons: (1) improve early detection when therapeutic intervention is viable; (2)
ensure adequate infection prevention and control (IPC) practices; and (3) enhance surveillance to better understand the burden of
disease. Point-of-care (POC) diagnostics are particularly useful for outbreaks and IPC implementation. RDTs can be used in rural settings
that lack adequate surveillance or specimen transportation. Diagnostics can also be useful in postmortem surveillance (Broder).

RDTs, despite limitations, are useful in remote locations, such as where NiV outbreaks have occurred. Tests that have longer shelf lives
and resist heat and humidity (e.g., patch technologies) are being pursued. However, there is no market for rapid POC tests that would
save frontline healthcare workers (HCWs) during an outbreak (Roth, Broder).

POC tests for henipaviruses (i.e., broader than just tests for NiV) would increase the geographic area where the tests could be used
(Gurley).

Serially testing of contacts during an outbreak could be used to gather data for developing tests for early diagnosis (Montgomery,
Broder).

Patients generally do not present to the hospital before day 4 of illness, at which point they are severely ill. We want tests to work early,
but we have no way to evaluate those tests. One approach would be to retest (2 days after initial testing) suspected cases that initially
test negative if they are still symptomatic (Gurley).
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Joel then led a discussion of the draft roadmap strategic goals and milestones for NiV diagnostics. Discussion highlights are detailed in the tables

below.

Diagnostics: Strategic Goal 1 and Aligned Milestones

Strategic Goal or Milestone

Discussion highlights

Suggested actions

Strategic Goal 1: Support development
of diagnostic assays through creation of a
virtual reference repository of clinical
samples from NiV-infected patients.

Some participants were unclear on what was meant by a
virtual repository.

Delete the words “virtual
reference” in front of
repository.

Milestone 1: By 2026, develop and
standardize plans and protocols
(including the governance structure) for
creating a virtual reference repository of
well-characterized clinical samples to be
maintained in the two primary NiV-
affected countries (Bangladesh and
India).

Discussion of milestones 1 and 2 was as follows:

Discussion on what would be needed with a “virtual
reference repository” highlighted the following:
centralized registry for samples located infowned by
multiple countries; requests can be made but not
necessarily granted; location is known and documented,;
control over samples is maintained in-country; bilateral
agreements between individual researchers (Montgomery,
Broder, Rahman, Moore, Osterholm).

The repository of samples “to be collected in future
outbreaks” in milestone 2 is centralized within countries,
whereas in milestone 1 the samples remain in labs and
their locations are known through an online
registry/catalogue. For the repository in milestone 1, a
governance structure dictates rules for gaining access to
samples (Broder, Mazzola, Osterholm).

The goal is to have samples accessible for diagnostic assay
evaluation; a repository of well-characterized samples
(Montgomery).

A governance structure is critical for several reasons,
including that sample sharing must conform to the Nagoya
Protocol and a prioritization of sharing requests for limited
samples. This will not just involve India and Bangladesh,
but also CDC (Rahman, Mazzola, Montgomery).

Remove the words “virtual
reference” and change to
“repositories” (Moore,
Rahman, Gurley).

The milestone should note
that the samples are “well-
documented” (i.e., full
clinical history of patient), as
well as “well-characterized”
(multiple participants).
Potential milestone
language to address the
previous bullet: “well-
characterized with a
recommended set of
metadata (i.e., age, sex,
days since symptom onset)”
(Moore, Gurley).

The milestone should also
include both acute and
convalescent samples
(multiple participants).
Change milestone timeline
from 2026 to 2024.
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Milestone 2: By 2027, identify
sustainable, long-term funding,
determine sites for sample storage, and
initiate creation of the virtual reference
repository in Bangladesh and India, with
samples to be collected during future
outbreaks.

CEPI created a reference panel, but its usefulness for
validating rapid or POC diagnostics is limited (Preziosi).
Determining repository location should be determined by
a governance structure; creating the governance structure
will be a hurdle (Gurley, Montgomery, Osterholm).
Repository location will raise issues of biosecurity and
security in the home countries and where samples are
shared (multiple participants).

A WHO workgroup could be involved with the governance
structure (Preziosi) and it would need to be wider than NiV
alone (e.g., henipaviruses) (Montgomery).

Repository samples would need to be well-characterized,
requiring a minimum set of metadata on samples (e.g.,
gender, age, onset date) (Gurley, Montgomery). However,
excluding samples without that information might
discourage sample sharing (Gurley).

Revise this milestone to be
appropriate with changes
made to milestone 1 (e.g.,
remove “virtual”) (Rahman,
Gurley, Moore).
“Repository” language
should stay in this
milestone, since locations is
detailed (i.e., Bangladesh,
India) (Rahman, Gurley,
Moore).

Change milestone timeline
from 2026 to 2025.

Diagnostics: Strategic Goal 2 and Aligned Milestones

Strategic Goal or Milestone

Discussion highlights

Suggested actions

Strategic Goal 2: Continue to develop
and assess affordable, highly sensitive
and specific (as needed depending on
intended use), point-of-care or near-
patient NiV diagnostic tests that are
suitable for use in peripheral settings and
that have minimal requirements for
biosafety precautions and staff training.

Milestone should be POC “and” near-patient, not “or”
(Gurley).

We want tests that a community worker can perform with
minimal biosafety risks (Montgomery).

Pan-henipavirus testing is the ultimate goal, but we need a
NiV diagnostic now (Gurley).

In addition to “suitable for use,” we want to specify
sustained storage/shelf life of tests (Roth).

Test affordability is the key to POC adoption
(Montgomery).

The target product profile (TPP) for these tests is vague, so
it is worthwhile to state “extended shelf life” or they might
have a short shelf life, which impacts affordability (Roth).

Change goal language from
“point-of-care or near-
patient” to “point-of-care
and near-patient” (Gurley)
and include language on
extended shelf life (Roth).

Milestone 1: By 2025, engage
appropriate regulatory agencies and

“Commercialization” is intended to mean test approval
and that tests are made commercially available. The

Change timeline from 2025
to 2024.
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NRAs to inform commercialization
pathways for NiV diagnostic assays. This
effort should include clarifying regulatory
pathways for approval (including
approval for emergency use) of NiV
diagnostics.

milestone describes a discussion with regulators about
what is needed to put a product on the market (Gurley,
Broder, Moore).

Work towards this milestone can begin with existing
samples (i.e., does not need to wait until repositories
detailed under Strategic Goal 1 are created) (multiple
participants).

NiV diagnostics might qualify for the Expert Review Panel
for Diagnostics (ERPD) pathway hosted by WHO. Decisions
would be made in light of difficulty to obtain clinical
samples (Preziosi, Mazzola).

The existing use cases and TTPs for NiV diagnostics have
not yet been finalized, so a new milestone should be
added to accomplish this in 2024 (Mazzola).

Add a new milestone for
2024 to finalize the draft
TTPs and use cases for NiV
diagnostics.

Milestone 2: By 2026, complete
preclinical evaluation for at least two of
the most promising NiV point-of-care or
near-patient diagnostic assays that align
with the TPP and can be used in
peripheral sites.

“Preclinical evaluation” is a FIND term that means
laboratory work, not clinical samples. Consider changing to
“analytical evaluation” or other term (Gurley,
Montgomery, Moore).

Milestone timeline has to follow after the repository
activities detailed under Strategic Goal 1 (multiple
participants).

Participants were not aware of promising candidates with
potential to seek approval in 2025 or 2026.

Technologies that can be applied to POC testing may
advance in the next 2 years (Osterholm). Participants
recommended that the milestone timeline stay at 2026,
with recognition that there may be technological
advancements that could be leveraged for NiV diagnostics
by that time (Luby, Montgomery).

A suggestion was made to add a new milestone calling for
the acceleration of POC and near-patient testing using
existing technologies (Mazzola, Montgomery).
Matchmaking between diagnostic test
developers/platforms and available reagents (e.g., mAbs)

No change to the timeline o
wording.

Create a new milestone
(which will be a new
milestone 2) that calls for
the acceleration of POC and
near-patient testing using
existing technologies.
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could be done (e.g., as FIND did with Duke University)
(Montgomery, Mazzola, Roth).

For milestones 2 and 3: WHO sets international reference
standards and is creating an antibody standard. Standards
have to be completed before the preclinical evaluation, so
the order for milestones 2 and 3 should be reversed
(standards [milestone 3] by 2025, preclinical work
[milestone 2] by 2026) (Mazzola, Gurley, Moore,
Montgomery).

Milestone 3: By 2026, create
international reference standards for
calibrating and harmonizing NiV
diagnostic assays.

The milestone timeline has to follow after the repository
activities detailed under Strategic Goal 1 (multiple
participants).

For original milestones 2 and 3: WHO sets international
reference standards and is creating an antibody standard
for NiV. Standards have to be completed before the
preclinical evaluation, so the order for milestones 2 and 3
should be reversed (standards [original milestone 3] by
2025, preclinical work [original milestone 2] by 2026)
(Mazzola, Gurley, Moore, Montgomery).

Change timeline from 2026
to 2025 (this will also
change the order of original
milestones 2 and 3, as
milestone 3 will remain
2026).

Milestone 4: By 2026, develop a
minimum protocol or set of best
practices (that biosafety committees will
accept) for inactivation of clinical samples
from humans and animals that are being
tested for NiV.

Remove the word “minimum” from the milestone and
change the timeline to 2024 (Rahman, Gurley, Moore).
Questions related to this have likely been addressed
before, such as with PCR for suspected NiV patients in
Bangladesh (Luby). However, new technologies (e.g., those
on the horizon that would be considered “plug-and-play”)
require consideration (Montgomery).

Standardized methods for inactivation would be desired
(Gurley).

Every inactivation method has to be tested for use in the
US. For companies, deactivation information is usually
proprietary information and divulged only to regulatory
agencies (de Wit).

Revise the milestone:
remove “minimum” and
change the timeline to 2024
(Rahman, Gurley, Moore).

Milestone 5: By 2027, complete clinical
validation of performance and
operational suitability for at least two of

No comments.

No change to the timeline or
wording.
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the most promising NiV point-of-care or
near-patient diagnostic assays that align
with the TPP and can be used in
peripheral sites.

Milestone 6: By 2028, obtain regulatory
approval for at least one rapid, point-of-
care or near-patient care NiV diagnostic
test that can be commercialized and
standardized.

Milestone wording leaves standardization up to the
developer (Mazzola).

This is an aspirational milestone (Montgomery).

The company Molbio has emergency use authorization
(EUA) in India for its Truenat test, but that test might not
be used currently. While an EUA isn’t regulatory approval,
it can continue to be used for a long time (e.g., Ebola test)
(Mazzola, Moore).

Change “obtain” to “promote” and/or “support” (Mazzola,
Moore); leave the timeline at 2028 since milestone 5 is for
2027.

Change “obtain” to
“promote” and/or “support”
(Mazzola, Moore).

Diagnostics: Strategic Goal 3 and Aligned Milestones

Strategic Goal or Milestone

Discussion highlights

Suggested actions

Strategic Goal 3: Enhance laboratory
diagnostic preparedness in areas of
known spillover risk to promote early
detection of NiV.

No comments.

No edits suggested.

Milestone 1: By 2026, expand national
laboratory networks for NiV detection in
the primary affected countries
(Bangladesh and India) that include plans
for enhancing laboratory preparedness to
enable earlier and timely detection of NiV
infection during future outbreaks.

As discussed previously, the milestone should refer to
leveraging existing platforms and infrastructure,
particularly given what was established for COVID (Gurley,
de Wit, Rahman).

This needs to happen quickly to keep systems online. One
strategy would be to assess post-COVID genomic activities
related to materials and personnel, and seek alternative
funding to keep this running, not just for NiV but for any
potential pandemic threat (Preziosi, multiple participants).
[Note: This was not added as a milestone to the roadmap,
as this seems to be more of an implementation issue.]

Use “at-risk countries” instead of “affected countries”
(Rahman).

Remove “India and
Bangladesh” from the
milestone (Moore).
Change “affected countries”
to “at-risk countries”
(Rahman).

Change timeline from 2026
to 2025.

Verify that any related
milestones in the cross-
cutting section are revised,
if needed, per diagnostics
discussions.

19| Page




Nipah R&D Roadmap Taskforce Meeting Summary

Staffing is the key and there needs to be a system in place
to keep places running. It is difficult to get funding for
surveillance and detection activities (Roth, multiple
participants).

Biosafety can be an issue (Montgomery).

Vigilance, safety, and training are necessary. We want
active virus for some applications (Gurley, Montgomery).
Using serology to detect spillovers in humans and inform
acute surveillance might be useful in other countries
(Montgomery).

Consider adding other countries given need for lab
capacity to diagnose NiV (for milestones 1-3) (Moore).

Milestone 2: By 2027, generate well-
characterized and up-to-date proficiency
panels for NiV diagnostic testing to be
used in selected laboratories in
Bangladesh and India.

This work might be done earlier than 2026 in India and
Bangladesh; the timeline represents other at-risk
countries.

Consider adding other countries (i.e., at-risk countries)
given need for lab capacity to diagnose NiV (for milestones
1-3) (Moore).

Remove “India and
Bangladesh” from the
milestone (Moore).

Revise to “...proficiency
panels and network quality
controls for NiV diagnostic
testing.”

Add at-risk countries.
Change timeline from 2027
to 2026.

Milestone 3: By 2029, implement routine
EQA monitoring of NiV diagnostic testing
at selected laboratories in Bangladesh
and India.

Consider adding other countries given need for lab
capacity to diagnose NiV (for milestones 1-3) (Moore).

Remove “India and
Bangladesh” from the
milestone (Moore).

Add at-risk countries.
Change timeline from 2029
to 2026.

Joel concluded the diagnostics section with a facilitated discussion on roadmap implementation, including barriers to implementation and ideas
for implementation. Key points from the discussion:

e Barriers:

o Financial support and coordination (Roth)
o In-country leadership attention/support (Gurley)
o The lack of a sense of urgency (Gurley)
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o The lack of in-country champions (Rahman)
e Ideas for implementation:
o WHO’s role is critical.
o Asense of urgency and buy-in is needed, specifically from:
= Community and the affected/vulnerable populations (Rahman, Lackritz)
= Political leadership in affected countries (Formenty, Osterholm)
o Involving clinicians in overcoming barriers to sample sharing (Gurley)
=  Physicians would likely get behind this effort (Gurley); people already give samples to iccdr,b (which has decades of
trust/presence in the community) (Rahman, Lackritz).
o Funding should be internationally sourced by global public-private partnerships; this is a global pandemic prevention issue and
we shouldn’t ask the countries that are already stretched thin to protect wealthy countries.

Therapeutics in the Nipah R&D Roadmap

Emmie de Wit served as facilitator for discussion on therapeutics in the draft roadmap.

Emmie led the group in a review of important advances, barriers, challenges, and key needs for NiV therapeutics. Key points from that discussion
focused on current challenges in the therapeutics field:
e Funding clinical trials is a challenge (multiple participants).
e |V administration of mAbs is also a challenge (Broder, Montgomery).
e NIAID funded grants for NiV antiviral discovery, for which Christopher Broder’s group partnered with Novartis.
e In Bangladesh, patients often do not present until day 4 after symptom onset (Gurley). Because of that, a potent anti-NiV monoclonal
likely to prevent significant mortality associated with diagnosed disease would be useful (Broder).
e With therapeutics, more patients would likely survive NiV, but would have sequelae unless an agent crosses the blood-brain barrier or
cases are treated upon suspicion, like with rabies (de Wit, Broder). Patients would be surviving with neurological deficits (Luby).
e It’s not clear whether mRNA therapeutics would be successful unless there is gene therapy (Broder).
e Expense will be a barrier, as was seen with COVID therapeutics (Rahman).
e The few numbers of patients presenting each year is a huge barrier to therapeutics development; this could maybe be overcome with
better surveillance, although that is somewhat unlikely (Luby).
e Numerous challenges exist with developing NiV therapeutics; however, we should be considering the fact that the critical target here is
to have therapeutics not just to treat current patients, but to have drugs available in case of a catastrophic pandemic caused by NiV or a
related virus (Luby).
e Guidelines for supportive care are needed that can apply whether or not clinical trials are successful (Gurley).
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Emmie then led a discussion of the draft roadmap strategic goals and milestones for NiV therapeutics. Discussion highlights are detailed in the

tables below:

Therapeutics: Strategic Goal 1 and Aligned Milestones

Discussion highlights

Strategic Goal or Milestone

Suggested actions

Strategic Goal 1: Enhance preparedness
to conduct clinical trials of therapeutic
agents during future NiV outbreaks.

No comments.

No edits suggested, other
than expanding to include
related viruses (per earlier
discussions).

Milestone 1: By 2024, convene a
consortium of key stakeholders—in
affected areas and internationally—to
address the key challenges with
conducting clinical trials of therapeutic
agents during future NiV outbreaks. This
consortium could potentially be modeled
after the West Africa Lassa Fever
Consortium (WALC) (ISARIC 2023).

Clinical trial guidelines for Bangladesh and India should
come first, but other affected countries should be included
(multiple participants).

Add related viruses (per
earlier discussions).
No change in the timeline.

Milestone 2: By 2025, develop NiV
standard of care guidelines to be used in
affected countries, disseminate the
guidelines, and conduct outreach to
clinicians as appropriate.

Based on Lassa and CCHF experience of developing and
implementing training modules for physicians in Africa,
consider how to raise awareness of symptoms and
standards of care in affected regions. For the time being,
consider adapting standards of care for other infectious
diseases (Formenty).

We need to develop a network/critical mass of clinicians
to adopt these standards of care if we want to enhance
NiV detection (Formenty).

Consider adding another milestone on clinician
awareness/training on standards of care; infection control
could be tied to that (de Wit). Training is needed at the
university level (Formenty).

Shahana Parveen noted that a training module that
includes infection control was developed; she can share
that.

Revise milestone to add
“infection control and
standard of care guidelines”
(Gurley, Moore).

Change timeline from 2025
to 2024.

Create a new milestone on
training clinicians regarding
infection control and
standards of care guidelines,
with a 2025 target date (de
Wit, Moore).
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In Bangladesh, family members provide most of the hands-
on care in hospitals. That creates closed loops that limit
hospital-wide outbreaks. As health systems develop, there
are more opportunities for transmission (Gurley). Family
members providing patient care need to be instructed in
infection control (Parveen).

Training is easy compared with supply chains and running
water for infection control (Gurley).

Milestone 3: By 2025, complete an
agreed-upon generic prepositioned
protocol for conducting safety and
efficacy clinical trials of promising
therapeutic candidates (mAbs and small
molecules, including repurposed drugs)
to be implemented in NiV-affected areas
during outbreaks and develop plans for
operationalizing the protocol.

Milestone 4: By 2025, complete an
agreed-upon generic prepositioned
protocol for conducting PEP trials of
promising therapeutic candidates (mAbs
and small molecules, including
repurposed drugs) to be implemented in
NiV-affected areas during outbreaks and
develop plans for operationalizing the
protocol.

WHO is working on a rolling protocol (Roth).

COVID has changed the way such activities are approached
and can serve as an example; as such, the dates can be
moved up (multiple participants).

NIAID developed a generic protocol for mAbs with an
intent that it could be used for other therapeutics. This
could be reinvigorated. It was written for post-exposure
prophylaxis (PEP) but could be modified to include pre-
exposure prophylaxis (PREP) (Moore, Broder, de Wit,
Gurley).

Semantics of pre- and post-exposure can be tricky: if you
have been exposed but it is not detected, it is pre-
exposure.

In an outbreak with pandemic potential, both those with
known exposure and likely exposure should be treated
(Osterholm).

Change timeline from 2025
to 2024.

Change timeline from 2025
to 2024.
Add PREP to this milestone.

Milestone 5: By 2026, complete a
broader, harmonized regional protocol
(to be used across Bangladesh and India)
for conducting clinical trials of promising
therapeutic candidates to be
implemented in NiV-affected areas
during outbreaks or potentially during
periods of endemic disease (if
comparable data can be generated over

Milestone 3 and 5 are essentially the same; the group
agreed to remove milestone 5.

Remove this milestone.
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time and across different clinical sites)
and develop plans for operationalizing
the protocol.

Milestone 6: By 2026, generate a reliable | ¢  CEPI is working on this, but does not support enough o No change to timeline or
source or stockpile of a mAB (m102.4 or indirect costs to make production feasible. There are wording.

other mAb) to be used in outbreak- people ready to do this work if there was sufficient

related clinical trials for both PEP and funding (Broder).

early clinical treatment. e mAbs have long shelf lives (Gurley, Broder).

Strategic Goal or Milestone Discussion highlights Suggested actions

Strategic Goal 2: Develop and evaluate e No comments. o No edits suggested.

therapeutic agents for the treatment of
NiV infection and for PEP to prevent NiV

infection.

Milestone 1: By 2025, create and e This should be done as quickly as possible to determine e Addareferencetoa
implement a prioritization process for qualifying animal data (de Wit). “governance structure” in
determining which promising NiV e This timeline works well with the current NIH Antiviral the milestone.

therapeutic candidates should be further Drug Discovery (AViDD) Centers for Pathogens of ¢ No change to timeline.
evaluated in clinical trials, once adequate Pandemic Concern, which have 2 years of funding left

animal data demonstrating safety and (Freiberg).

efficacy are available.

Milestone 2: By 2026, complete e AViDD Centers should be pushing out antivirals; the 2026 e No change to the wording or
preclinical evaluation in animal models— timeline is realistic (de Wit). timeline.

with administration of the therapeutic
agent more than 24 hours after challenge
and potentially after symptom onset—of
the preliminary safety, tolerability, and
efficacy of at least two promising small-
molecule therapeutic candidates or
combination therapies for the treatment
of NiV infection.

Milestone 3: By 2027, further explore in e This milestone can be removed (de Wit). e Remove this milestone.
animal models whether two or three of
the most promising small-molecule
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therapeutic candidates are likely suitable
for PEP and, therefore, should be
assessed as PEP in clinical trials.

Milestone 4: By 2027, determine the
most cost-effective and feasible routes of
administration for use in real-world
settings for at least two promising small-
molecule therapeutic candidates.

This milestone can be removed (de Wit).

Remove this milestone.

Milestone 5: By 2027, complete at least
one additional clinical trial (phase 2 or
2/3) in a NiV-affected area of m102.4 or
other suitable mAb to further assess
safety, tolerability, and efficacy (if NiV
incidence allows efficacy assessment).

Revise the milestone so it is not focused on m102.4
specifically (multiple participants).

The group agreed that this milestone should be changed
to a phase 1 trial.

Then develop a new milestone on phase 2 or phase 2/3
trials for a mAb or mAb cocktail; this milestone should
have a later timeline (de Wit).

Change the milestone to;
“complete one additional
phase 1 clinical trial of a
monoclonal antibody” (i.e.,
do not specify 102.4)
(Moore).

With language revision,
allow for a mAb cocktail,
e.g., “mAb(s)” (Broder,
Roth).

Change the timeline from
2027 to 2025 (Preziosi).
Create a new milestone on
phase 2 or 2/3 trials for
mAbs with a timeline of
2027.

Milestone 6: By 2028, complete clinical
evaluation of the preliminary safety,
tolerability, and (possibly) efficacy of at
least two promising small-molecule
therapeutic candidates or combination
therapies for the treatment of NiV
infection.

The group agreed with the language “combination
therapies”; there is no need to specify monoclonal
antibodies.

Consider a separate milestone for combination
therapeutic trials; alternatively, that could be two arms of
the same phase 1 trial (Moore, Preziosi, Gurley). This
milestone might be maintained with revisions to the
language (vs. creating a new milestone).

Possible revision: “By 2028,
complete at least one phase
1 clinical trial of at least two
small molecule therapeutic
agents or combination
therapies ...” [Note: The
language was not finalized
during the meeting and will
be revised based on written
feedback from the group].
No change to the timeline.
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Emmie concluded the therapeutics section with a facilitated discussion on roadmap implementation, including barriers to implementation and
ideas for implementation. Key points from the discussion:
e Barriers:
o Money
o Lack of coordination
o Lack of urgency
o Time
o Delays in ethical clearance; phase 1 trials would mitigate this, given acceptance of results from other countries (clinical trial
harmonization).
o Therapeutics for NiV are not going to make money, they’re mainly for pandemic preparedness.
o The number of detected cases is small, which is a barrier to drug R&D.
e |deas for implementation:
o Synergy with other efforts (e.g., JE work) (Preziosi).
o Use existing capacity for conducting clinical trials in affected countries (Bangladesh and India); leverage existing clinical trial
infrastructure (Preziosi).
o Build capacity for participating hospitals/facilities:
=  Find ways to improve overall quality of care as part of trials, rather than funding high-expense treatment for a few
patients (Gurley).
= There must be continuity for enrolled patients in all circumstances (Hassan).

Vaccines in the Nipah R&D Roadmap

Christopher Broder served as facilitator for discussion.

Chris began the session with a review of important advances, barriers, challenges, and key needs for NiV vaccines. Key points from that
discussion focused on recent advancements in the vaccine field:

e The measles NIV construct vaccine from the University of Tokyo is a candidate of note (Luby).

e Another vaccine candidate of note is the ChAdOx1 NiV vaccine, with a phase 1 trial starting by December 2023 (Broder).

e It has been amazing to see a robust set of vaccine candidates in the last 5 years, with much thanks to CEPI (Luby).

e Vaccines currently in phase 1 trials are: the NIH-Moderna mRNA vaccine, an rVSV vaccine that expresses the envelope glycoproteins of

both Ebola virus (EBOV) and NiV, and a soluble G protein vaccine (Preziosi, Broder).
e Stocks are available and standardized at this stage (Preziosi).
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e Elements still needed for the soluble G program include a correlate of protection (CoP) study, challenge strain selection, and

identification of who will conduct the studies (Broder).
e The SG protein candidate is the furthest along; researchers are now characterizing polyclonal immune responses from subjects (Broder).
e A subunit vaccine could be ready quickly, which could help stop an outbreak from spreading, as well as be used for laboratory workers

and first responders (Broder).

Chris then led a discussion of the draft roadmap strategic goals and milestones for NiV vaccines. Discussion highlights are detailed in the tables

below.

Vaccines: Strategic Goal 1 and Aligned Milestones

Discussion highlights

Strategic Goal or Milestone

Suggested actions

Strategic Goal 1: Develop the tools and
policies necessary for evaluating and
potentially approving one or more NiV
candidate vaccines through a
nontraditional regulatory pathway.

No comments.

No edits suggested.

Milestone 1: By 2024, generate a fully
characterized and controlled virus
challenge stock (or potentially one each
for NiV-M and NiV-B) for assessing
candidate vaccines in animal models.

Other than the mRNA vaccine, all candidate vaccines are
based on the G protein, which is nearly identical between
the Malaysian and Bangladesh strains, and therefore
multiple strains are not needed for challenge studies
(Broder).

One challenge strain from NiV-B is apparently established
(Broder, de Wit).

All NiV strains are 98% identical. Hendra (at 20%
divergent) is 100% protective against both NiV-B and NiV-
M, which is a proof of concept for using a single challenge
strain in an animal model vaccine efficacy trial (Broder).

It would be helpful for this group to share what makes the
most sense for the field. NiV-B is responsible for more
outbreaks, spillovers, and appears more transmissible and
causes more severe disease. As such, the challenge stock
should be NiV-B. There might be disagreement on that
suggestion, but that choice would be focused and
achievable (Luby).

Remove “(or potentially one
each for NiV-M and NiV-B).”
Add (preferably a NiV-B

strain). . .
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Milestone 2: By 2024, establish
benchmark parameters (e.g., route of
challenge, timing of challenge, and
challenge dose) for testing of NiV
candidate vaccines in animal models,
with particular focus toward meeting
criteria necessary for approval via a
nontraditional pathway.

Milestone 3: By 2024, further
characterize as needed at least one
animal model suitable for determining
surrogate markers that correlate with
vaccine efficacy.

Discussion for milestones 2 and 3 is combined as follows:

This timeline (2024) seems too soon, unless a program
funding vaccine development wants this path forward. So
far, there are limited experiments in primates with
aerosolized devices. The model must be interpretable in a
small number of animals (Broder).

An animal challenge model must be coordinated with
regulatory authorities because of the expense (de Wit).
Repeated testing has not been performed by many
different routes. There is one (intertracheal and
internasal) that is accepted; other models on aerosol
exposure are being pursued (Broder).

It is possible that the existing serum neutralizing IgG
antibody will be the CoP.

We will never be done characterizing animal models
(Broder).

There is significant overlap between milestones 2 and 3.
They can be merged and given a timeline of 2025. CEPI is
aiming for Accelerated Approval, so we need a good
surrogate marker; this will be easier than the Animal Rule
pathway (de Wit, Broder, Moore).

With accelerated approval, the animal model will most
likely be the African green monkey (Broder).

Change timeline from 2024
to 2025.

Add language that the work
in this milestone be done “in
conjunction with regulatory
authorities” (Moore).

Add language to specify a
“well-characterized animal
model” (Moore).

Add surrogate markers per
discussion of the next
milestone.

Remove milestone 3 (given
overlap with milestone 2)
and add determining
surrogate markers to the
previous milestone (Moore).

Milestone 4: By 2025, define the
protective threshold against NiV infection
for serum neutralizing IgG antibodies (as
a CoP or surrogate marker), which can be
used in animal studies and for
immunobridging to humans.

Traditionally, we do not see high neutralizing titers early
on. With our intranasal vaccine, we see good antibody
response and good protection in hamsters. We are moving
to nonhuman primates (NHPs) in September 2023
(Spiropoulou).

The challenge route and the animal model are going to be
different each time. But for vaccines used in human trials,
antibody response in serum will be measured (Broder).
The group discussed whether neutralizing antibodies
should be the sole CoP.

Avoid language in the milestone that locks into serum
neutralizing antibodies despite its prominence as a likely

Change language to include
“serum neutralizing
antibodies or other
functional CoPs” (Broder,
Spiropoulou, Moore).

No change to timeline.
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CoP. Include “other” CoPs due to the ability to induce T-
cell responses.

Milestone 5: By 2025, convene a group of
key stakeholders to agree on, through a
consensus approach, the most suitable
assays (e.g., assays that are developed
using live NiV vs. assays developed using
pseudoviruses) for determining serum
neutralizing IgG antibody titers for NiV
vaccine R&D and develop a strategy for
standardizing those assays.

A WHO anti-NiV antibody standard is already developed
and due for publication in October 2023. This milestone
may not be needed (Broder).

Remove this milestone.

Milestone 6: By 2026, generate
standardized assays to measure
neutralizing IgG antibodies for NiV
vaccine R&D, with a particular focus on
assays to be used for regulatory approval
via nontraditional pathways.

This should be antibodies in general, not specifically
“neutralizing” (Spiropoulou).

The WHO antibody standard is forthcoming and should be
used; therefore, this milestone is essentially done
(multiple participants).

Remove the word
“neutralizing” from the
milestone.

Change timeline from 2026
to 2024 and reorder the
milestones.

Strategic Goal or Milestone

Discussion highlights

Vaccines: Strategic Goal 2 and Aligned Milestones

Suggested actions

Strategic Goal 2: Continue to move the
current NiV vaccine pipeline forward
toward licensure.

Based on group discussion around milestones 4-6,
consider revising Strategic Goal 2 to be on moving the
pipeline forward (i.e., using language from milestones 1
and 2), and the other milestones remaining in this section
would be part of that revised Strategic Goal.

Revise the Strategic Goal as
detailed in the discussion
column.

Milestone 1: By 2024, complete current
phase 1 clinical trials for at least three
promising NiV candidate vaccines.

This work is underway. Keep this as “at least three” as
written currently (Broder, de Wit).

No changes to timeline or
wording.

Milestone 2: By 2024, define use cases
for NiV vaccines to inform vaccine
deployment and manufacturing plans.

We need to understand which vaccines will come through
phase 2 for this work (Gurley).

Change timeline from 2024
to 2025.

Milestone 3: By 2026, further assess
vaccine safety and immunogenicity
through additional phase 1 and initial
phase 2 clinical trials (preferably in affect

The CEPI trial in Bangladesh with a subunit vaccine will
likely begin before 2026, as they plan to start phase 2 in
2024 (Broder).

Revise milestone to “initiate
phase 2 trials by 2025”
(multiple participants).

29| Page




Nipah R&D Roadmap Taskforce Meeting Summary

areas) for at least two of the most
promising NiV candidate vaccines.

The VSV vaccine might start phase 2 in Bangladesh in
2024, and the subunit vaccine would follow. Not many
patients are needed, but approval will take some time.
Two clinical phase 2 trials by 2026 is realistic (Luby).

The financial support and commitment are there (Luby).
This milestone is not entirely dependent on CEPI, as NIAID
also could do phase 2 trials (de Wit).

Milestone 4: By 2027, complete
immunogenicity and efficacy studies in a
well-characterized animal model for at
least one cross-protective NiV vaccine
candidate and define a surrogate marker
that demonstrates likely clinical benefit
of candidate vaccines.

The group agreed that this milestone should be removed
because this is covered in Strategic Goal 1 of this section.

Remove this milestone.

Milestone 5: By 2029, conduct well-
controlled clinical trials (preferably in
affected areas) to assess a surrogate
endpoint in human subjects for at least
one NiV candidate vaccine.

Trials for a surrogate endpoint might be necessary to
repeat in affected areas with different populations
(Broder, Preziosi).

Going back to Strategic Goal 1, and then following the
progression of activities, we have 1) characterizing the
virus stock, 2) establishing benchmark parameters for
well-characterized animal model, 3) defining protective
thresholds to be used in animal studies for
immunobridging, 4) generate/use WHO standard NiV
assay, and then 5) clinical trials.

This milestone date is currently for completely trials; could
be changed to initiating trials (and date moved up)
(Moore). Completing phase 2 trials could be done faster
than by 2029 if initiated by 2025; they could be done by
2027 (Broder).

We may need to do more than one phase 2 trial (e.g.,
children in Bangladesh). If these are going to be only
human studies with efficacy via bridging, questions will be
raised, including by regulators, who will want more than
initial phase 2 or a more robustly powered trial. It is hard
to anticipate an area that has few precedents, but

Revise language: for at least
two candidates (instead of
one) and remove
“preferably.” Additionally,
see discussion highlights for
possible other revisions
(e.g., additional clinical trials
including vulnerable
populations).

Ensure that the milestone is
clearly for phase 2 (i.e.,
appropriate phase 2
context).

Keep the current timeline.
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expectations should not be for “normal” vaccine
development (Luby, Preziosi). Given that, a 2029 date is
appropriate (Moore).

e Trials will already include humans, and the language
should be expanded to detail certain populations.
Specifically, children, pregnant women, and women of
childbearing age should be noted (Broder, Roth, Luby,
Osterholm). We would be compromised in an outbreak
without data on pregnant women (Luby).

e Discussion on milestone rewording included a few
recommendations, including: keep the 2029 date and add
additional clinical trials including children and pregnant
women; detail at least two vaccines; “in affected area”
should be a requirement, not “preferably”.

Milestone 6: By 2030, complete a e By 2030 is reasonable for this milestone, but it is unclearif | « Add language on “(for
regulatory dossier for at least one NiV this is for licensure or EUA (Broder, Preziosi). licensure or emergency
vaccine candidate based on a suitable use)” to the milestone
animal model with subsequent (Moore).

immunobridging to humans for review
via a nontraditional approval pathway.

Chris concluded the vaccines section with a facilitated discussion on roadmap implementation, including barriers to implementation and ideas
for implementation. Key points from the discussion:
e Barriers:
o Money
o Lack of stakeholder engagement and buy-in
o Lack of readiness/coordination for trials during outbreaks
= Consider adding a milestone in the cross-cutting section, applying to vaccines, therapeutics, and diagnostics (e.g.,
Strategic Goal 3) (Luby)
e Include research protocol development (Gurley)
e There are lessons learned from Ebola that apply; consider use of universal protocols beyond currently affected
countries for pandemic prevention (Montgomery)
= [Note: We added a milestone in the cross-cutting section on developing protocols for emergency use of candidate NiV
MCMs during outbreaks.]
o Regulatory uncertainty, given alternate pathways (Rahman, Luby)
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O

Requirements for stockpiling

e Ideas for implementation:

O

O
O
O
O

A lot of forward movement currently exists, with huge strides since 2017; keep up the momentum (Gurley)
CEPI is committed to take these vaccines through phase 2 (Rahman, Broder)

Stockpiling and plans for use

Advocacy plans among stakeholders within affected countries

Ensure that trials are conducted in affected countries

Roadmap Implementation
Marie-Pierre Preziosi led a facilitated discussion on roadmap implementation, with questions to panelists Shahana Parveen and Mahmudur
Rahman and open discussion to all participants.
e Question: Given the discussions from the last 2 days, what are the most important issues for Bangladesh specifically that align with the
goals and milestones for moving NiV diagnostics, therapeutics, and vaccines forward?

O

O
O
O

(0]

O

To deal with small outbreaks, we need POC diagnostics, followed by therapeutics and vaccines (Rahman).
Vaccines will come first if the situation changes and there is a large outbreak (Rahman).
Rapid tests, especially for hospitalized patients, are the most pressing need (Parveen).
Vaccine stockpiles are important, but the vaccines shouldn’t remain stockpiled until a major outbreak. It would be better to use
the vaccines, even in a research protocol, or offer them to healthcare and laboratory workers for prevention (Gurley).

=  The mistake for mpox (which we can avoid with NiV) is that the vaccine was stockpiled but not released to healthcare

workers and laboratory workers who were at risk (Broder). This also happened with Ebola (Roth).

Enable voluntary preventive use of vaccines to prevent pandemics; don’t wait until a pandemic starts (Gurley).
Countries should have a vaccination strategy that prioritizes who gets vaccines, such as healthcare workers (Rahman).
Countries need to improve patient outcomes now with supportive care. There is a need to improve clinical care capacity, along
with laboratory and research capacity, and in support of clinical trials (Hassan).
WHO is currently revising treatment guidelines and long-term care for people with neurological sequelae and brain infections
(Preziosi).

e Question: What are the most critical resources that you need in Bangladesh to support development of NiV diagnostics, therapeutics,
and vaccines?

O

Strong collaboration with CDC and WHO; we need a common platform and collaboration with existing efforts at country-level
(Parveen).

Technology transfer to countries to enable development of MCMs (Rahman).

Consider taking advantage of the money that is moving through One Health efforts now, including from the World Bank
(Rahman).

There should be a mapping initiative (Rahman, Preziosi).

Countries need investment in research; WHO is a potential organizer of such support (Lackritz).
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o SEARO is engaged in helping at-risk countries. It is easier for national institutions to push for surveillance and diagnostics. There
are many cases going undiagnosed and we could change that (Formenty).

e Question: What role do you see WHO playing in promoting R&D of NiV MCMs and implementing the goals and milestones in the NiV
roadmap?

o WHO should oversee the development and implementation of an action plan to accomplish roadmap milestones, and designate
who will accomplish the milestones. WHO can play an important role in initiating/collaborating on regulatory issues. WHO can
initiate international collaborations, and specifically between India and Bangladesh (Parveen).

o  WHO must have a coordinating role in Bangladesh for multiple players, including CDC, CEPI, and the EcoHealth Alliance. An
example is the Asia Pacific Strategy for Emerging Diseases and Public Health Emergencies (APSED lll, formerly APSED) (Rahman).

o Regarding a follow-up question as to whether other stakeholders (e.g., agriculture, veterinary) should be involved (Preziosi):

® |n Bangladesh, One Health is institutionalized. Other ministries will come forward during outbreaks. World Bank is also
an important partner, as are UNICEF, CDC, and the Bill & Melinda Gates Foundation (Rahman).
= Stakeholder mapping needs to be done (Rahman).

o We can ask WHO to play a role, but the technical experts on NiV are responsible for advancing this agenda. It is great if
Wellcome, the Bill & Melinda Gates Foundation, etc. fund this work generously, but the reality is that those contributions are
incremental. We have to continue to push on the value of this agenda throughout our work and networks (Luby).

o Champions are needed; we can assemble a group to make the investment case for NiV MCMs (Preziosi).

o SEARO is developing strategy documents to prepare countries in the region for NiV outbreaks, including MCM R&D along with
surveillance. We need to push for this beyond SEARO and the Western Pacific Regional Office (WPRO), notably in Africa
(Formenty).

o Governments need to fund NiV R&D, as well as development partners. Within countries, NiV researchers need to be networked
(Rahman).

o  While grateful for the work CEPI is doing to push NiV vaccine development, there needs to be similar funding support for
therapeutic development (Formenty).

o From the One Health consideration, we need rapid, field-based diagnostics that can be used in species other than humans
(Gurley).

= This consideration could be added as a TPP-focused milestone (Preziosi).

=  While scientifically a simple issue, the application of such a diagnostic is complex with regard to different agencies
involved at the country level (e.g., agriculture, health) (Gurley).

= [Note: Diagnostics for animal species was not added to the roadmap, as the taskforce had decided originally (in 2017-18)
that issues related to animals were out of scope for the R&D roadmap.]

o The roadmap has milestones that include protocols and epidemiological studies, but we should verify that they
adequately/explicitly mention continuing epidemiological studies (Rahman, Gurley).

e Question: Who do you think are the most important external partners and what do you think are the most critical roles for those
partners in R&D of NiV MCMs?
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o InBangladesh, the national government, specifically the Ministry of Health, is the central resource for engaging external
partners, connecting with in-country experts, and engaging with external groups. This applies to the stakeholder mapping that
we hope to accomplish, and other activities, such as those related to One Health (Parveen).

o A consortium for engagement based on the One Health platform could be created, potentially by early 2024 (Preziosi, Parveen).

e Question: What is the best way to encourage other in-country experts on issues related to NiV MCMs, including WHO regional
representatives?

o Bangladesh has a One Health Forum, initiated in 2007, now with more than 1000 members. It regularly convenes and has an
executive committee representing animal, human, and environmental health. The forum acts as a catalyst to push the
government to work. There is also a One Health steering committee at the inter-ministerial level; both can be leveraged toward
NiV MCMs (Rahman).

e Question: What are the best ways to promote regional coordination between India and Bangladesh?

o There should be a memorandum of understanding (MOU) between India and Bangladesh regarding validation. We had this in
the past for leishmaniasis, and included Nepal. We tried [to have these] for avian influenza and anthrax, but failed. These MOUs
must be negotiated at the highest government level and are effective because they become an obligation for each country and
work well at the local level. They would be useful for MCMs, regional coordination, and cooperation. There are, however,
challenges in getting these set up (Rahman). [Note: Mahmudur Rahman agreed to provide the leishmaniasis MOU to Marie-
Pierre Preziosi.]

o SEARO is a potential forum for engagement between India and Bangladesh, to encourage bilateral exchanges (Luby).

o Engaging at the community level is challenging, but communities can be leveraged carefully (Rahman).

Publication Process
Kristine Moore shared an overview on next steps for the roadmap and an accompanying manuscript. Key points:
e The roadmap will be revised per this meeting, finalized, and published on the WHO website in early 2024.
e Once the updated draft roadmap is ready (i.e., following revisions from this meeting), it will be shared with the taskforce and select
other experts (e.g., CEPI) to sign off.
e A manuscript will also be developed. Group comments on the manuscript:

o Ajournal for publishing should be selected with policymakers and funders in mind; we want to make it easy for them to
recognize the roadmap’s purpose and goals (Golding).

o We should consider more than one publication, with different objectives for different target audiences (e.g., One Health
community, development world/development banks beyond World Bank, etc.). Many groups would take a wider interest in
short, clear, nontechnical publications that lay out problems and benefits relevant to the roadmap. This is a promotion, not just
a single publication (Roth). This could include WHO promotion two-pager (Preziosi) and/or policy briefs (Roth).

o A full communication package, including sizeable, usable versions of the roadmap that is useful for graphics and seminar
presentations, could be shared with stakeholders, via targeted webinars, etc. This would be part of a one-year communication
that WHO would develop (Golding).
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o Journals suggested by group members for manuscript publication consideration included: PLOS Neglected Tropical Diseases,

BMJ Global Health, and Emerging Infectious Diseases.

APPENDIX: Nipah R&D Roadmap Taskforce Meeting Agenda

Nipah R&D Roadmap Taskforce Meeting
July 31 & August 1, 2023
London, UK

Agenda times listed in British Standard Time (BST)

Day 1: Monday, July 31

8:45 am Registration, tea, coffee, and light breakfast

Session 1: Welcome, Introductions, and Overview

9:15 am Welcome (Josie Golding, Wellcome)

9:20 am Introductions (Michael Osterholm, Center for Infectious Disease Research and Policy [CIDRAP])
9:30 am Update on the WHO Blueprint Initiative (Marie-Pierre Preziosi, WHO)

9:40 am Overview and meeting objectives (Kristine Moore, CIDRAP)

Session 2: Nipah Cross-Cutting Issues
Session Facilitator: Emily Gurley, Johns Hopkins Bloomberg School of Public Health

9:50 am General comments on Nipah cross-cutting issues in the current roadmap draft
e Key progress in the past 5 years
e (Critical areas where additional efforts are needed

10:10 am Review the Nipah cross-cutting goals and milestones

10:30 am Break

10:45 am Review the Nipah cross-cutting goals and milestones (continued)
11:45 am Concluding comments for Nipah cross-cutting issues
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e Barriers to implementing the goals and milestones
e |deas for Roadmap implementation for this section

Session 3: Nipah Diagnostics
Session Facilitator: Joel Montgomery, US Centers for Disease Control and Prevention (US CDC)

12:05 pm General comments on Nipah diagnostics in the current roadmap draft
e Key progress in the past 5 years
e Critical areas where additional efforts are needed

12:30 pm Lunch

1:30 pm Review the Nipah diagnostics goals and milestones
2:50 pm Break

3:05 pm Concluding comments for Nipah diagnostics

e Barriers to implementing the goals and milestones
e Ideas for Roadmap implementation for this section

Session 4: Nipah Therapeutics
Session Facilitator: Emmie de Wit, US National Institute of Allergy and Infectious Diseases (NIAID)

3:25 pm General comments on Nipah therapeutics in the current roadmap draft
e Key progress in the past 5 years
e (Critical areas where additional efforts are needed

3:45 pm Review the Nipah therapeutics goals and milestones

5:10 pm Concluding comments for Nipah therapeutics
e Barriers to implementing the goals and milestones
e Ideas for Roadmap implementation for this section

5:30 pm Adjourn Day 1
Drinks and reception

6:00 pm Dinner

Day 2: Tuesday, August 1

8:45 am Registration, tea, coffee, and light breakfast
9:15 am Welcome for Day 2 (Michael Osterholm, CIDRAP)
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Session 5: Nipah Vaccines
Session Facilitator: Christopher Broder, Uniformed Services University of the Health Sciences

9:20 am

9:40 am

10:15 am
10:30 am
11:10 am

General comments on Nipah vaccines in the current roadmap draft
e Key progress in the past 5 years
e (Critical areas where additional efforts are needed

Review the Nipah vaccines goals and milestones
Break
Review the Nipah vaccines goals and milestones (continued)

Concluding comments for Nipah vaccines
e Barriers to implementing the goals and milestones
e Ideas for Roadmap implementation for this section

Session 6: Nipah R&D Roadmap Implementation and Next Steps

11:30 am

12:15 pm
12:25 pm
12:30 pm
12:30 pm

Discussion: Roadmap implementation (Marie-Pierre Preziosi, WHO)

Discussion panelists:
e Shahana Parveen, International Centre for Diarrhoeal Disease Research, Bangladesh (icddr,b)
e  Mahmudur Rahman, Eastern Mediterranean Public Health Network (EMPHNET)

Discussion: Publication process (Kristine Moore, CIDRAP)

Worap up and next steps (Michael Osterholm, CIDRAP)

Meeting close

Lunch
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Nipah Research and Development (R&D) Roadmap

Roadmap purpose: To provide a 6-year framework beginning in 2024 for identifying the vision,
underpinning strategic goals, and prioritizing areas and activities (from basic research toward advanced
development, licensure, manufacture, acceptance and deployment, and assessment) for accelerating
the collaborative development of medical countermeasures (MCMs)—diagnostics, therapeutics, and
vaccines—against Nipah virus infection.

INTRODUCTION

Nipah virus (NiV) is a paramyxovirus that was first identified as a zoonotic pathogen after an outbreak
involving respiratory illness in pigs and severe encephalitic disease in humans occurred in Malaysia and
Singapore in 1998 and 1999 (Chew 2000, Chua 1999, Chua 2010, Parashar 2000, Paton 1999). As part of
that outbreak, 265 human cases of NiV disease (NiVD) were identified in Malaysia, and 11 abattoir

workers in Singapore became ill following contact with imported pigs, with an overall case fatality rate
of 40%. No new outbreaks have been reported in these countries since May 1999. NiVD was
subsequently recognized, however, in Bangladesh in 2001, and nearly annual outbreaks have occurred
in that country since (Hsu 2004, WHO 2018, Agrawal 2023). NiVD has also been identified periodically in
eastern India (in 2001 and 2007) and, in 2018, an outbreak occurred for the first time in southern India
(Arunkumar 2019, Chadha 2006, Chattu 2018, Sharma 2018, Soman Pillai 2020). Additionally, one case
was reported from Kerala state in 2019 (Sudeep 2021). Case-fatality rates during outbreaks in

Bangladesh and India have generally ranged from 50% to 100% (Sharma 2018). NiV infection in humans
results in neurologic and respiratory syndromes, with fever, headache, altered mental state or
unconsciousness, dizziness, cough, and vomiting as the primary presenting clinical features. NiV
infection may result in late-onset encephalitis and relapsing encephalitis, and survivors may experience
long-term neurological sequelae (Goh 2000, Hossain 2008, Tan 2002). A summary of 14 years of NiVD

investigations in Bangladesh found no evidence of asymptomatic infection (Nikolay 2019).

The primary natural reservoir host for NiV in South Asia, where cases continue to occur, is Pteropus bats.
A recent study suggests that discrete multiannual local epizootics in bat populations contribute to the
ongoing sporadic nature of human NiV outbreaks in South Asia (Epstein 2020). The zoonotic potential of

NiV is significant, particularly because of its ability to amplify in livestock and other domestic animals,

which can serve as a source of exposure to humans (Islam 2023). Other regions may be at risk for NiV

infection, as serologic evidence for NiV has been found in Pteropus bats and several other related bat
species in Southeast Asia, the Western Pacific, and Africa (Anderson 2019, Breed 2010, Epstein 2008,
Hasebe 2012, lehlé 2007, Plowright 2019, Reynes 2005, Sendow 2013, Wacharapluesadee 2005, Yob
2001). In the 1998-99 Malaysia outbreak, NiV spillover occurred from bats to pigs, which led to pig-to-

pig, pig-to-human, and suspected, although limited, human-to-human NiV transmission. Additionally,
dogs were found to be infected with NiV on the farms involved in the outbreak (Field 2001). In
outbreaks in Bangladesh, intermediary hosts between bat and human have not played a major role to
date, with the primary modes of NiV transmission being human consumption of bat-contaminated raw
date palm sap and subsequent person-to-person transmission (Arunkumar 2019, Gurley 2007, Islam
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2016, Luby 2009, Nikolay 2019, Rahman 2008). However, a recent study in Bangladesh found NiV
antibodies in cattle, dogs, and cats from six sites where spillover human NiV infection cases occurred
during 2013-2015 (Islam 2023), suggesting the potential of zoonotic spread via intermediary hosts.
Respiratory transmission via droplet spread may play an important role in propagating outbreaks

(Nikolay 2019, Spiropoulou 2019). The virus could have pandemic potential if a more human-adapted

strain, with greater person-to-person transmission emerges (Luby 2013).

. HR s =NiV is part of
the Henipavirus genus; this genus also includes another zoonotic pathogen—Hendra virus (HeV)—which

predominantly causes infection in horses and also can lead to human disease (usually following contact
with infected horses). HeV was initially recognized in 1994, following an outbreak of fatal cases of severe
respiratory disease in horses and humans in the Brisbane suburb of Hendra in Queensland, Australia
(Murray 1995, Selvey 1995). To date, at least 66 spillover events—all in Australia—involving more than

100 horses and seven humans have been identified (Wang 2023). Changes in bat behavior related to
habitat loss and climate change appear to have increased the spillover risk of HeV from bats to horses
(Eby 2023). Another henipavirus (Langya virus) was recently identified as the probable cause of febrile

illness among a group of people in China (Zhang 2022). An outbreak of an unidentified henipavirus

(possibly NiV or a closely related virus) occurred among horses and humans in the Philippines in 2014
(Ching 2015). This outbreak likely involved spillover of the virus into horses and subsequent disease in
humans following consumption of contaminated horsemeat; disease also occurred in healthcare
workers who cared for infected patients. Detailed genomic information for this virus is limited.

Several other henipaviruses have been identified, although the zoonotic and pathogenic potential of

such viruses remains unknown (Li H 2023) and additional research is needed to better understand the

global health threat of these viruses. Since additional bat species (particularly in Africa) and potentially

other animals may serve as reservoir hosts for henipaviruses, the risk of spillover to humans may

encompass up to three-fourths of the world’s population. Although this roadmap is primarily focused on

NiV, many of the issues identified also apply to other henipaviruses. While the current incidence of

detected disease caused by henipaviruses is low, the COVID-19 pandemic clearly demonstrated that

viruses can transform into serious global threats without significant warning; therefore, vigilance is

needed to better understand the epidemiology of henipaviruses and to monitor their global occurrence.

Genomic sequencing has demonstrated that there are two main clades of NiV: the M genotype, which
comprises the Malaysian NiV isolates (NiV-M), and the B genotype, which includes Bangladesh (NiV-B)
and India NiV isolates (NiV-l) (Liew 2022, Yadav 2019). These three strains share a high percentage of
homology (NiV-M and NiV-B strains share 91.8% homology, and NiV-I strains share 85.14t0 96.15%
homology with both NiV-M and NiV-B). Some strain-related differences, however, have been noted in

the clinical features of infection in humans and experimentally infected non-human primates, with
strains of the B clade appearing to be more pathogenic than those of the M clade (Mire 2016). Recent
data indicate that strains from Bangladesh are segregated into two additional distinct sublineages that
have intermingled geographically and temporally in that area over time (Rahman 2021, Whitmer 2020).

At this time, however, the molecular epidemiology of NiV remains somewhat unclear and issues around
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strain diversity and strain evolution require further elucidation (Rahman 2021). One recent summary
involving the most comprehensive analysis of available genomic data to date suggests that only about
15% of the overall NiV genetic diversity has been uncovered. Moreover, findings from that analysis
demonstrated co-circulation of distinct lineages among bats, coupled with slow migration over large
spatial areas (Cortés Azuero 2023).

The R&D roadmap for NiV infection is a key component of the WHO R&D Blueprint initiative for
accelerating research and product development of MCMs to enable effective and timely emergency
response to infectious disease epidemics. NiVD is identified in the Blueprint’s list of “priority diseases”
(defined as diseases that are likely to cause severe outbreaks in the near future and for which few or no
MCMs exist) (WHO 2023). The Blueprint calls for the development of R&D roadmaps for the priority
diseases to align and stimulate R&D of new or improved countermeasures, such as rapid diagnostic
assays, novel therapeutics, and effective vaccines. The scope of R&D addressed in this roadmap ranges
from basic research to late-stage development of MCMs to prevent and control NiV outbreaks and
endemic disease in humans. The roadmap is organized into four main sections: cross-cutting issues (for
areas that apply broadly to more than one MCM category), diagnostics, therapeutics, and vaccines.
(Note: These topics are not presented in order of public health priority.) Each section includes barriers
(inherent obstacles or technical challenges that may influence the likelihood of success for development
of NiV MCMs) and gaps (key needs or unresolved limitations in knowledge that are critical to the
development of new NiV MCMs). These are followed by strategic goals and milestones, which build on
the gaps and barriers and are focused on achievements for the next 6 years (beginning in 2024) that are
necessary for moving NiV MCMs forward. The roadmap milestones will be tracked over time, with
periodic assessment of progress and updating as needed. Each section also includes additional ongoing
priorities that should be considered for NiV MCM R&D.

Other aspects of public health preparedness and response, in addition to R&D for diagnostics,
therapeutics, and vaccines, are critical to successful NiV infection prevention and control. Examples
include minimizing zoonotic NiV transmission, improving use of personal protective equipment (PPE),
ensuring adequate hand hygiene and environmental hygiene, promoting effective community
engagement, implementing adequate infection prevention and control practices, developing adequate
infrastructure (such as cold-chain maintenance) to deploy MCMs, and promoting workforce
development and training in endemic and at-risk regions. Many of these issues are beyond the scope of
this R&D roadmap, but need to be addressed as part of a broader public health control strategy. Further
research of NiV and related henipaviruses in animal species, including development of appropriate
MCMs targeted to animal populations (such as vaccines [McLean 2019]), also is needed, since disease in
animals may amplify occurrence of NiV (or a related henipavirus species) in humans and virus
transmission can occur at the human-animal interface.

VISION

Robust MCMs to detect, prevent, treat, and control human outbreaks of NiV infection (and other
closely related henipaviruses) that are readily available and accessible for use in areas of known or



Revised August 2023—FOR REVIEW ONLY—NOT FOR DISTRIBUTION

potential NiV spillover. These MCMs include: (1) rapid and accurate, point-of-care or near patient
diagnostics; (2) safe and effective treatment and post-exposure prophylaxis (PEP); and (3) safe and

effective vaccines to prevent disease, disability, and death.

CROSS-CUTTING ISSUES

Barriers and Gaps
Barriers

Securing funding for NiV/henipavirus research represents a substantial challenge, since
economic incentives to invest in NiV research are not readily apparent because the disease
primarily occurs in under-resourced areas of South Asia and reported disease incidence has, so
far, been low with small and sporadic outbreaks (Gdmez Romdn 2020). The development of a

sustainable value proposition for industry and international philanthropic public-private
partnerships is needed to secure funding to complete development, licensure, manufacture, and
deployment of NiV MCMs. The value proposition should be informed by a robust assessment of
the risk of future outbreaks of NiV and related henipaviruses and the economic, societal, and

health impacts that such outbreaks could generate.

Demonstrating whether or not a product provides meaningful benefit without undue risk, which
is a key aspect of any regulatory approval pathway, can be prohibitively expensive for product
developers in the absence of a predictable demand (Gouglas 2018). In addition, licensure of
vaccines and therapeutics using alternative regulatory pathways can be very costly, given the
regulatory requirements for such approval.

National regulatory authorities in countries where NiV/henipavirus outbreaks are likely to occur
have different regulatory requirements for authorization, licensure, or emergency use of NiV
medical countermeasures, which complicates the approval process, particularly for candidate

vaccines and therapeutics (Gdmez Roman 2022). Engagement of international regulators Ana

up-has-beencreated-and-will be an important
mechanism for coordinating regulatory issues as NiV MCMs are moved forward (Gédmez Roman
2020).

High-level biocontainment requirements may pose an impediment to research on NiV
pathogenesis and development of MCMs, as certain materials must be generated under the
highest biosafety level (biosafety level 4 [BSL-4]) conditions (Geisbert 2020, Gémez Roman

2022), which can increase the cost and complexity of MCM development.

To date, NiV spillovers to human communities have been identified most commonly in rural
communities in Bangladesh and India; the healthcare facilities that serve these communities
have limited laboratory and clinical infrastructure for diagnosis and treatment.

The primary natural reservoir for NiV and henipaviruses is fruit bats of the Pteropus genus; these

bats have a wide geographic range that stretches across much of the Western Pacific region,
Southeast and South Asia, and Madagascar (Bruno 2022). Evidence also suggests that other fruit
bats of the Pteropodidae family may harbor NiV or related viruses; such bats can be found
across Africa and parts of the Middle East (Bruno 2022). This broad host range increases the
likelihood of additional spillover events from bats to humans or livestock in new areas where
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Gaps

the disease has not yet been detected, which may make accurate and timely diagnosis, disease
recognition, and treatment more difficult owing to the lack of clinical experience with the
condition, lack of available laboratory testing, and the occurrence of other diseases that have
similar clinical presentations.

The development and accessibility of animal models that recapitulate human NiV disease are
critical for NiV MCM development, given the limitations on clinical samples and the infeasibility
of traditional clinical efficacy trials. While ferrets and Syrian golden hamsters are well-
established animal models for NiV research, the African green monkey (AGM) is regarded as the
most relevant animal model for evaluation of candidate therapeutics and vaccines intended for
use in humans (Foster 2022, Geisbert 2010, Geisbert 2020, Geisbert 2021, Johnston 2015, Price
2021, van Doremalen 2022, Woolsey 2023). Studies involving the AGM model may be required

for licensure of MCMs via alternative regulatory pathways; however, costs, space requirements
(particularly in BSL-4 containment facilities) and ethical concerns constrain their use (Arnason
2020, Bossart 2012, Geisbert 2010, Johnston 2015).

Phase 1 and 2 clinical trials can be conducted in non-endemic regions or in endemic regions;

however, phase 3 clinical efficacy trials will need to be conducted in endemic areas. Because NiV
infection occurs in relatively small, focal outbreaks, the low disease incidence poses a major
challenge for conducting such trials, in terms of achieving a sufficient sample size to estimate
MCM efficacy with adequate statistical power (Gémez Roman 2020). It may be possible to

address this issue by enhancing case detection through improved surveillance and by combining
clinical trial data over time, including across outbreaks; however, it is likely that at least vaccines
will need to be licensed via nontraditional regulatory pathways.

Patients usually present late in the clinical course of disease and disease progression is often
rapid, making it difficult to collect clinical samples before patients succumb to the disease.
Additionally, autopsies are often not the standard of care in affected areas, which further
reduces opportunities to collect clinical specimens. These barriers hinder the ability to
understand disease pathogenesis and immunologic responses to infection, which are important
for MCM R&D (Amaya 2020, Arunkumar 2019, Gurley 2020, Liew 2022, Mazzola 2019).
Sociocultural issues may hinder trust in the formal healthcare and public health systems, which

could reduce acceptance of NiV vaccines and therapeutics.

Continued R&D, improved manufacturing processes, deployment, and assessment of
NiV/henipavirus MCMs, as well as other preventive measures, depend on accurate and current
information on the ecology and epidemiology of NiV infection, using a One Health approach.
Improved surveillance (or dedicated prospective research with a surveillance focus) is needed to
determine the true incidence of human disease in endemic areas and to monitor the occurrence
of spillover incidents from bats to humans or livestock in new geographic areas (Bruno 2022,
Singhai 2021). Improved surveillance might also support the business case for investment in NiV

MCMs by identifying a higher incidence of disease than previously demonstrated and revealing a

broader geographic range of risk.




Revised August 2023—FOR REVIEW ONLY—NOT FOR DISTRIBUTION

« Additionally, continued research is needed to better define and assess the occurrence of NiV

and other henipaviruses, including drivers of infection, in the natural reservoir of Pteropus bats

and potentially other bat species around the globe (Gdmez Roman 2020, Plowright 2019).

« Additional research is needed to optimize and further characterize relevant animal challenge

models (particularly ferret, Syrian golden hamster, and AGM models) for promoting
development and evaluation of NiV MCMs (Geisbert 2020, Gdmez Roman 2020, Price 2021,
Rockx 2014). Examples of additional issues involving animal models include the following
(Dhondt 2013, Gdmez Roman 2020, Johnston 2015, Mathieu 2015, Mire 2019, Price 2021):

O

O

O

O

Determine the appropriate animal model(s) for screening assay development.
Standardize the challenge strain and dose, and determine the most appropriate lethal
NiV dose for MCM development.

Determine when after-challenge MCMs should be administered in animal models to
best mimic realistic timing of MCM use in human:s.

Identify the best models for studying chronic (relapsing) infection.

Determine if different animal models are needed for different clinical endpoints such as
infection, disease, and transmission.

Determine if models perform differently based on the route of virus administration.
Improve overall standardization of the models.

« Other research needs include the following:

O

Improved understanding of the virology, immunology, and pathogenesis of NiV in
humans and animals to inform development of NiV MCMs (Gurley 2020, Liew 2022).

This includes evaluating the pathophysiologic differences between different NiV strains,
determining the mechanisms that allow NiV to escape immunologic clearance and cause
delayed onset or recurrent encephalitis, and identifying factors influencing the
development of permanent neurologic sequelae.

Ongoing phylogenetic and evolutionary analyses of NiV strains to monitor viral
heterogeneity and antigenic changes that may affect the epidemiologic and clinical
features of disease over time and thereby influence MCM development (Cortés Azuero
2023, Gurley 2020, McKee 2022, Rahman 2021).

Additional research to determine if: (1) NiV strain variations influence the ability to

detect NiV infections; (2) different strains have different phenotypic characteristics,
such as different clinical manifestations or transmission dynamics, and (3) if strain
variability impacts efficacy of vaccines or therapeutics (CEPI 2023a, Gurley 2020,
Whitmer 2020).

Whole-genome sequencing of NiV isolates to generate a comprehensive phylogenetic

mapping of the global genetic variability among henipaviruses (CEPI 2023a).
Sociological and anthropological research to understand how to best engage
populations at high risk of exposure (such as persons who consume date palm sap,
healthcare workers, and workers at the human-animal interface) and vulnerable
populations (such as children, immunocompromised individuals, and pregnant women)
for participation in clinical trials and to ensure acceptance of new NiV MCMs, especially
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if therapeutics and vaccines do not consistently prevent disease (Singhai 2021, Lancet
2018).
Prospective serosurveillance of henipavirus exposure from susceptible animal species

and proximate human populations in areas of predicted risk to assess the potential of
human spillover and to build preparedness for detection of human cases and for limiting
exposure (Daszak 2020, Deka 2018, Gémez Roman 2020, Plowright 2019).

Expanded use of machine-learning approaches can facilitate an improved understanding

of the risk of NiV/henipavirus spillover events (Plowright 2019). Ecological studies are
also needed to enhance understanding of the dynamics governing prevalence and
shedding of NiV and other henipaviruses in bats (Plowright 2019).

o Other important needs include the following:

O

Funding sources (such as public-private partnerships, government agencies, and
philanthropic organizations) and industry incentives and competitions for non-dilutive
funding to encourage innovation and secure private-sector commitments to develop
and manufacture NiV MCMs (Gémez Roman 2020).

Enhanced clinical, laboratory, and public health infrastructure in endemic and at-risk

areas to promote early diagnosis, treatment, surveillance, and implementation of
vaccination programs for NiV prevention and control (Bruno 2022).

Advocacy to policy makers in affected countries and to global stakeholders to ensure
they understand the potential health, societal, and economic benefits of devoting
resources to improving NiV surveillance, detection, prevention, and control measures
(Gémez Roman 2020).

Scenario planning to clarify regulatory pathways for product approval in countries

where NiV/henipavirus outbreaks are likely to occur, including determining whether or
not efficacy data from animal models is sufficient for regulatory approval. Such planning
should take into consideration the local epidemiology of NiV infection and the different
requirements of local national regulatory authorities for product approval and
emergency use authorization (Gdmez Roman 2022). Regulatory pathways and NRA

capabilities vary between countries; therefore, early engagement, potentially with
support from WHO and other key international stakeholders, is essential to identify
country-specific considerations. While it is critical to focus on approaches that make
ethical and scientifically valid clinical trials feasible whenever possible, alternative
regulatory pathways may need to be considered for licensure of NiV vaccines or
therapeutics, if classic clinical trial designs (e.g., randomized controlled trials [RCTs]) are
not feasible.

Standardized and well-characterized assays (to be further defined based on end use),
reagents, antibodies, nucleic acids, and stocks of NiV challenge strains for R&D of MCMs
for NiV infection (Rampling 2019, Satterfield 2016). Assays that can be used at lower
biosafety levels are an important priority. WHO international standards should be used

(when available) as calibrators and reported in units/ml to harmonize assay results.
Outreach and education to clinicians and community health workers to improve NiV
awareness, training, and outbreak preparedness (e.g., disease diagnosis, clinical

7
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management, and infection prevention and control) and to ensure availability of
diagnostic tools in endemic areas to increase the likelihood of accurate and timely
diagnosis and treatment of NiV infection (Singhai 2021).

o Enhanced capacity for data sharing and analysis (particularly of NiV sequence data) to
support collaborative clinical research, including methods for collecting, standardizing,
and sharing clinical data.

o Collaboration between public health authorities in endemic and at-risk areas and
international development partners to support NiV surveillance and strengthen disease
prevention and preparedness activities. This effort could potentially involve linking NiV

surveillance with other surveillance efforts, such as surveillance for Japanese

encephalitis (JE). Human health, animal health, and wildlife officials should be engaged

as part of a long-term collaborative effort.
o Clarification regarding the potential for and possible strategies to promote technology
transfer for NiV MCM development and manufacturing to endemic and at-risk areas.
o Efforts to reduce the cost of medical countermeasure development and ongoing
production.

Strategic Goals and Aligned Milestones

Strategic Goal 1: |dentify additional and ongoing sources of private- and public-sector funding and

develop appropriate incentives and competitions to promote R&D of NiV MCMs.

Milestones:

1.

By 20245, develop a public value proposition to effectively advocate for the development and
sustainability of NiV MCMs that: (1) articulates the petential-global threat of NiV and related
henipaviruses (including the risk of gain-of-function research involving such viruses), (2)

demonstrates the need for global engagement to address the threat, and (3) outlines the global
social and economic benefits of generating accessible and affordable NiV MCMs. -and-{3}-details

the positive-impacton-the-health-systems-inaffected-areas..
By 20256, create a funding plan based on the global value proposition for moving NiV

diagnostics, therapeutics, and vaccines toward clinical evaluation, licensure/approval,
acceptance, and sustainable access.

By 20256, develop a coordinated strategy (to include addressing indirect costs and shortfalls) for

promoting and incentivizing greater industry engagement in R&D for NiV MCMs, particularly in
affected countries.

Strategic Goal 2: Improve understanding of Nit-the epidemiology and ecology of NiV and related

henipaviruses to better define the disease burden, risk factors for infection, reservoir hosts, and risk of

spillover events in affected-at-risk countries.

Milestones:

1.

By 20246, generate and implement standardized protocols for case investigation_in at-risk
countries, using a One Health approach, that are aimed at identifying risk factors for primary NiV

8
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2.

infection and at conducting case-contact studies to better understand chains of transmission
(Hedge 2023).

By 2025, assess country-level capacity in at-risk countries for implementing standardized clinical

protocols for case investigation, and develop plans for addressing key gaps in implementation.

4.3.By 2025, develop and initiate a plan for enhancing human Ni-surveillance for NiV and related

henipaviruses in India and Bangladesh outside of existing surveillance areas (i.e., where cases
previously have been identified). This should include securing funding, identifying additional
surveillance catchment areas, engaging key partners in those areas, generating standardized
surveillance protocols, arg-conducting training for implementation, and leveraging other

surveillance activities (such as surveillance for JE).

3.4.By 2025, develop plans for conducting human surveillance for NiV and related henipaviruses in

5.

at-risk countries other than India and Bangladesh.

By 2025, develop plans for conducting animal surveillance for NiV and related henipaviruses in

at-risk countries other than India and Bangladesh.

6. By 20256, develop plans for conducting additional research in at-risk countries tadiaand

Bangladesh-to identify the potential for and drivers of spillover events for NiV and related
henipaviruses, using a One Health approach, particularly in areas where NiV cases have not yet

been identified.

4.7.By 2026, establish capacity at selected surveillance sites in India and Bangladesh to investigate

NiV-related deaths by using post-mortem minimally invasive tissue sampling to enhance
understanding of NiV disease pathogenesis (Bassat 2021).

Strategic Goal 3: Determine the requirements for clinical trials, regulatory pathways, and other

considerations that will affect licensure or approval of NiV MCMs by engaging an-international

regulatery-werking-greup regulators representing NRAs in affected areas and other key international
stakeholders.

Milestones:

1.

2By 2025, determined

By 2024, conduct scenario planning to_identify gaps, clarify the-regulatory procedures, and
determine the acceptable pathways for approval and emergency use authorization of NiV MCMs
(including vaccines, novel candidate therapeutics, repurposed therapeutics, and diagnostics) in
countries at highest risk for NiV outbreaks {i-e5-Bangladeshand-tadial-through an international
NiV-focusedregutatory-greup—forum of regulators.

i i develop strategies to address
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these-gaps_in regulatory approval and emergency use authorization of candidate NiV MCMs,

with specified timelines for completion.

2. By 2025, assess capacity in affected countries to conduct clinical trials and field studies of

MCMs, particularly during outbreaks.

3. By 2026, create a system for monitoring regulatory issues related to licensure or use of
candidate NiV MCMs over time.

ndidate NCM N actad co haan ra d-th onsan h heae

3—By 2026, develop protocols for emergency use of candidate NiV MCMs during outbreaks.

Strategic Goal 4: Support basic science research to improve understanding of NiV virology,
pathogenesis, and the immune response to infection-in-humansand-animal-models.

Milestones:
1. By 20245, generate standardized and well-characterized assays, reagents, antibodies, nucleic
acids, and stocks of NiV challenge strains to facilitate R&D of NiV MCM:s.

2. By 2025, conduct additional research to further optimize animal models that recapitulate
disease in humans for use in preclinical studies of NiV MCMs.

4, By 2026, develop a standardized human pathology investigation protocol for improving

understanding of NiV pathogenesis.

5. By 20278, conduct research irarimalmedels-to determine if strain variability impacts efficacy
of promising NiV MCM s or the accuracy of diagnostic tests.

Additional Priority Areas/Activities

Research

« Continue to expand research to further understand the ecology and epidemiology of NiV and
other pathogenic henipaviruses in human and animal populations (wild and domestic) over time
and across geographic areas, using a One Health approach. Such research should include
serosurveys in different animal species and ecologic studies in bats, and should utilize
computational approaches, such as machine-learning.

« Continue to perform phylogenetic and evolutionary analyses, using whole-genome sequencing,
of NiV strains to monitor antigenic changes and characterize genetic diversity over time.

« By 2026 _Continue to conduct sequencing of NiV strains from existing clinical samples obtained
from past NiV cases to assess variability of NiV strains in India and Bangladesh (CEPI 2023a).

10
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Incorporate, on an ongoing basis, additional NiV strains into preclinical research as newer
strains become available.

Continue to conduct basic science research on the virology, pathogenesis, and immunology of
NiV infections to inform development of MCMs.

Continue to explore alternative strategies to using animal models for research (e.g., use of

organoids, other in-vitro approaches, computational modeling).

Determine key differences in pathogenesis for different NiV strains that may have implications
for the development of safe and effective NiV vaccines or therapies.

Conduct research studies to enable a more comprehensive mapping of genetic variability of
henipaviruses to improve understanding of their global distribution.

Conduct social science research to determine strategies for engaging communities for
participation in clinical trials and to support acceptance of MCMs for NiV infection as they
become available.

Product development

Promote early communication between developers and appropriate NRAs for clarity and
guidance on the regulatory aspects of MCM development for NiV infection, including potential
regulatory pathways for MCM licensure and approval.

Key capacities

Create international partnerships to fund, support, and promote enhanced laboratory capacity,
public health surveillance capacity, and infrastructure in endemic and at-risk areas to promote
early diagnosis, treatment, and implementation of vaccination programs for NiV prevention and
control.

Improve active and passive surveillance capacity to: (1) better define the incidence of disease in
NiV-endemic and at-risk areas and (2) promote targeted research in non-endemic areas to
identify evidence of spillover of NiV or other related henipaviruses from the natural reservoir to
human or animal populations.

Develop an open-access shared data platform to facilitate sharing of NiV sequence and strain
data.

Collaborate with local government authorities (including human health, animal health, and
wildlife representatives) to support NiV surveillance and disease prevention activities in erdemiec
affected and at-risk areas.

Promote community-based outreach programs that transfer skills and knowledge for the
prevention and early recognition of NiV disease in areas of known or potential NiV spillover risk.
Strengthen infrastructure and capacity for post-marketing pharmacovigilance of licensed NiV
therapeutics and vaccines.

Policy and commercialization

Support plans for adequate manufacturing and subsequent distribution of NiV diagnostics,
therapeutics, and vaccines to endemic and at-risk areas. These should include efforts to reduce
production costs and ensure equitable global access as needed.

11
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Support the development of affordable pricing mechanisms to promote accessibility of NiV
MCMs in low- and middle-income at-risk countries. (Note: According to WHO, an “affordable
and fair” price is one that can reasonably be paid by patients and health budgets and
simultaneously sustains research and development, production, and distribution within a
country.)

Clarify the potential for and possible strategies to promote technology transfer for development
and manufacturing of MCMs for NiV infection.

DIAGNOSTICS

Barriers and Gaps

Barriers

Gaps

Initial signs and symptoms of NiV infection are nonspecific, and infection is often not suspected
at the time of presentation. This can hinder accurate diagnosis and creates challenges in
outbreak detection and implementation of effective and timely infection control measures and
outbreak response activities. Additionally, latent infection can last for months to years after
initial exposure, which can complicate epidemiologic investigation (CDC 2020).

The accuracy of laboratory results can be affected by a variety of factors, such as clinical sample
quality, quantity, type, timing of collection, and the time necessary to transfer the sample from
the patient to the laboratory (WHQO 2019, Mazzola 2019).

The time required to perform diagnostic testing using conventional laboratory methods is

problematic, given the potential for rapid disease progression of NiV infection (Sayed 2019).
Diagnostic needs vary across the latent, acute, and convalescent phases of NiV infection (Bruno
2023).

Limited laboratory infrastructure and diagnostic capabilities in peripheral settings can lead to
delays in diagnosis and in outbreak investigation and response (Berge 2019, Bruno 2022, Chua
2013, Wang 2012, WHO 2019).

Owing to the high biosafety precautions necessary when working with NiV, diagnostic testing of

clinical specimens for NiV poses safety and logistical challenges in under-resourced areas with
regard to collection, handling, transport, and laboratory analysis (Watanabe 2020, Widerspick
2022).

Limited NiV-positive clinical samples are available, which are important for validation of
diagnostic tests (Mazzola 2019).

Pteropus species (and likely other bat species) may carry other henipaviruses in addition to NiV

and HeV, some of which could be pathogenic in humans and livestock. Antibodies to different
henipaviruses appear to be highly cross-reactive, making it difficult to discriminate the particular
henipaviruses that are in circulation using serologic assays, which is critical to ensuring
diagnostic preparedness to respond to future outbreaks (Mazzola 2019, Wang 2012, WHO 2019,

Yang 2022).

Further research is needed to:

12
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Improve understanding of the kinetics of NiV detection in cerebrospinal fluid, blood,
saliva, other body fluids (e.g., urine and respiratory secretions), and tissue samples to
enhance the ability to diagnose infection at different stages of disease (Arunkumar
2019, Berge 2019, Mazzola 2019, Thakur 2019).

Determine criteria for test performance and further evaluate performance

characteristics (including sensitivity, specificity, limits of detection, cross-reactivity, and
guantitative vs. qualitative data) for NiV assays, particularly for newer tests (such as
rapid diagnostic tests) and tests that are designed to detect more than one henipavirus.
Further testing of diagnostics should be conducted in animal models before field trials in
humans are pursued.

Continue to develop commercialized or standardized rapid nucleic acid tests that can
quickly confirm active NiV infection at the point of care or at the level of near-patient
care (Berge 2019, Pollack 2023, WHO 2019). This effort may require clarification of the
regulatory pathways for commercialization of NiV diagnostic tests. To date, one rapid

test has been approved for emergency use in India during an outbreak that occurred in
2018 (Yadav 2021).

Generate international reference standards to calibrate diagnostic assays to ensure
proficiency testing of new diagnostics (Berge 2019, WHO 2019).

Clinically validate the performance and operational suitability of new promising
diagnostics, particularly rapid diagnostic tests, in endemic geographic regions (Berge
2019, Pollack 2023).

Continue to assess and operationally validate safe and simple methods of sample

inactivation that do not interfere with diagnosis and that can be used at peripheral sites
(Pollack 2023, WHO 2019, Watanabe 2020, Widerspick 2022, Yadav 2021).
Establish operational suitability at the point of care (i.e., at peripheral community

settings) for NiV diagnostic tests by developing an integrated approach to facilitate
rapid, accurate, and safe testing procedures (Pollack 2023).This could include a minimal
protocol or best practices approach for sample inactivation before testing (WHO 2019).

+ Other needs include the following:

O

Development of a virtual repository (with specimens being held and maintained in the
countries of origin) of clinical samples to assess and validate diagnostic tests (Berge
2019, WHO 2019). As part of this process, a clear approach is needed to: (1) determine

what clinical samples should be collected, based on what would be most useful (e.g.,
plasma, whole blood, urine, cerebrospinal fluid); (2) outline the purposes of sample
collection; (3) determine what organizations will be responsible for the activities related
to creating and maintaining the repositories; (4) establish standardized protocols for
sample collection and maintenance; (5) establish an appropriate governance structure;
(6) identify who would have access to the samples; (7) prioritize use of samples and
sample distribution; and (8) ensure that material transfer agreements (MTAs) are in
place. (Samples obtained from laboratory animals also can be used to assess diagnostic
assays during the timeframe when the virtual repository is being created.)

13
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o Optimal deployment strategies for diagnostics in different geographic areas based on
the risk and epidemiology of NiV infection (Berge 2019, WHO 2019).
o In-country laboratories able to conduct proficiency testing to monitor reproducibility

and performance of NiV diagnostic assays in the field.

o Systems for external quality assessment (EQA) monitoring of tests using up-to-date
clinical specimen panels and reference standards (Mazzola 2019).

o A sufficient number of laboratories committed to using the diagnostics on a regular
basis to support the business case for NiV diagnostics, particularly given the costs of
regulatory approval.

o Improvement of diagnostic preparedness in at-risk areas to detect NiV, HeV, and other
emergent henipaviruses as they arise (Wang 2012).

o Ongoing efforts to develop affordable and easy-to-use multiplex panels for detection of
a range of pathogens using a syndromic approach, if such panels can be deemed cost-
saving (Mazzola 2019).

Use cases and target product profiles (TPPs) have been develeped-drafted for NiV diagnostics
(WHO 2019); however, these need to be finalized and the criteria may need to be modified over
time as new lineages are identified (Mazzola 2019).

Since NiV strains are continuing to evolve, it’s possible that current diagnostic tests could fail to
detect an emergent variant of NiV. Recently, a novel strain of HeV was identified in Australia
that was not detected through conventional PCR testing owing to gene sequence mismatches
(Annand 2022). Diagnostic tools that can detect a broader range of NiV, HeV, or related viruses
capable of spillover may be needed to advance the ability to forecast spillover risks and to
detect emergent viruses (Peel 2022).

Strategic Goals and Aligned Milestones

Strategic Goal 1: Support development of diagnostic assays through creation of referencerepesitory
repositories of clinical samples from NiV-infected patients.

Milestones:

1.

By 20246, develop and standardize plans and protocols (including the governance structure) for

creating a~virtualreferencerepositoryrepositories of well-characterized acute and convalescent
clinical samples to include a recommended set of metadata (i.e., age, sex, days since symptom

onset), as feasible, and to be maintained in the two primary NiV-affected countries (Bangladesh
and India).

By 20257, identify sustainable, long-term funding, determine sites for sample storage, and

initiate creation of the virtualreferencerepositoryrepositories in Bangladesh and India, with
samples-samples and associated metadata to be collected during future outbreaks.

Strategic Goal 2: Continue to develop and assess affordable, highly sensitive and specific (as needed

depending on intended use), point-of-care ander near-patient NiV diagnostic tests that are suitable for
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use in peripheral settings, have extended shelf lives, and that-have minimal requirements for biosafety

precautions and staff training.

Milestones:
1. By 2024, finalize the draft use cases and TPPs for NiV diagnostics.

2. By 20245, engage appropriate regulatory agencies and NRAs to inform commercialization

pathways for NiV diagnostic assays. This effort should include clarifying regulatory pathways for
approval (including approval for emergency use) of NiV diagnostics.

1-3.By 2024, generate a call to accelerate the development of point-of-care and near-patient

diagnostic testing for NiV.

4. By 2024, develop a protocol or set of best practices (that biosafety committees will accept) for

inactivation of clinical samples from humans and animals that are being tested for NiV.

5. By 2025, create international reference standards for calibrating and harmonizing NiV diagnostic
assays.

2:6.By 2026, complete preclinical evaluation for at least two of the most promising NiV point-of-care

or near-patient diagnostic assays that align with the TPP and can be used in peripheral sites.

5.7.By 2027, complete clinical validation of performance and operational suitability for at least two
of the most promising NiV point-of-care or near-patient diagnostic assays that align with the TPP
and can be used in peripheral sites.

6-8. By 2028, ebtainpromote regulatory approval for at least one rapid, point-of-care or near-
patient--care NiV diagnostic test that can be commercialized and standardized.

Strategic Goal 3: Enhance laboratory diagnostic preparedness in areas of known spillover risk to
promote early detection of NiV.

Milestones:
1. By 20256, continue to expand national laboratory networks for NiV detection in -the-primary
affected-at-risk countries{Bangladesh-and-trdial- that include plans for enhancing laboratory
preparedness to enable earlier and timely detection of NiV infection during future outbreaks.

2. By 20267, generate well-characterized and up-to-date proficiency panels and network quality
controls for NiV diagnostic testing to be used in selected laboratories in Bargladesh-and-tndiaat-
risk countries.

3. By 20269, implement routine EQA monitoring of NiV diagnostic testing at selected laboratories

in Bangladesh-and-tndia-at-risk countries.
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Additional Priority Areas/Activities

Researc

h

Continue to explore new diagnostic approaches that may allow earlier detection of infection.
Further evaluate the kinetics of NiV detection in cerebrospinal fluid, blood, saliva, other body
fluids, and tissue samples to enhance the ability to diagnose NiV infection at different stages of
disease.

Determine criteria for test performance and continue to evaluate performance characteristics
for promising new assays for diagnosis of NiV infection.

Continue to conduct field evaluation studies to assess and validate new diagnostic tests for NiV
infection as they become available.

Continue to research methods of diagnostic testing that are able to differentiate between
various pathogenic henipaviruses.

Continue to develop affordable and easy-to-use multiplex panels for detection of a range of
pathogens using a syndromic approach.

Consider development of diagnostic tools that can detect a broader range of NiV, HeV, or
related viruses capable of spillover.

Product development

Refine over time, as needed, criteria in the existing TPPs to include identification of different NiV
lineages/strains.

Continue to develop and evaluate point-of-care ander near-patient rapid diagnostic tests for
NiV infection that are affordable, highly sensitive and specific (as needed, depending on their
intended use), can capture antigenically diverse strains of the virus, and can be performed
accurately and safely in peripheral settings under a variety of circumstances.

Expand diagnostic test development for other henipaviruses over time.

Key capacities

Establish operational suitability in peripheral laboratories of rapid diagnostic tests over time, as
new tests become available.

Enhance diagnostic preparedness in areas of known or potential henipavirus spillover risk to
promote early detection of NiV, HeV, and other emergent henipaviruses as needed.

Policy and commercialization

Develop guidance on optimal strategies for the deployment and use of new NiV diagnostic tests
across different geographic areas, as such tests become available.

THERAPEUTICS

Barriers and Gaps

Barriers

Patients typically present late in the clinical course of disease, which decreases the likelihood of
successful treatment.
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Gaps

A limiting constraint to assessing the effectiveness of promising therapeutics is the number of
patients with NiV infection who can be enrolled in clinical trials over time, given the small
number of cases that are identified annually.

The absence of improved diagnostic assays for timely diagnosis and surveillance of infection
creates an important challenge in providing early treatment of patients and PEP for exposed
persons, which can significantly impact clinical evaluation of therapeutic candidates.

NiV can infect the central nervous system (CNS), which creates challenges for generating
therapeutic agents that cross the blood-brain barrier to inhibit viral replication and prevent
severe neurologic disease.

Healthcare systems in affected countries often do not have adequate infection control—
programs in place to prevent person-to-person transmission. They also lack the ability to rapidly
identify contacts most likely to benefit from PEP therapy.

One promising therapy is the monoclonal antibody (mAb) m102.4; however, the projected cost
per patient for this agent is expected to be more than $1,000 (Gémez Roman 2022); this high

cost poses an important barrier to its use.

Patients may benefit from optimal supportive care, independent of treatment with specific NiV
therapeutic agents. Key research areas include obtaining data on the safety and efficacy of
components of supportive care for NiV, such as optimal fluid and respiration management
strategies, diagnosis and treatment of organ dysfunction, and the use of empiric antibiotics
and/or antimalarials to inform best-practice guidelines and evidence-based policy decisions.
Standard of care guidelines will be important for conducting clinical efficacy trials of therapeutic
agents.

During the 1998-99 NiV outbreak in Malaysia, clinicians used ribavirin to treat 140 patients.
Outcomes data revealed a lower mortality rate among treated patients (Chong 2001), but the
findings may have been biased by the use of historical controls. No additional clinical studies of
ribavirin have been conducted, and limited studies in animals have not demonstrated efficacy of
ribavirin following NiV or Hendra virus challenge (Georges-Courbot 2006, Rockx 2010). Ribavirin,

however, may prove useful for PEP (Banerjee 2019); therefore, further challenge studies in
animal models should considered to explore this possibility.

Studies in animals have evaluated the usefulness of several agents (including remdesivir,
favipiravir, and fusion inhibitory peptides) when delivered prior to disease onset or early during
the disease course (Dawes 2018, Lo 2019, Mathieu 2018). One recent study showed that AGMs
were only partially protected when remdesivir was administered 3 days post-inoculation;

therefore, early administration seems critical for effective treatment (de Wit 2023). Patients
with NiV infection are often detected late in the clinical course, which creates challenges for
predicting how well a therapeutic agent will work in the field. Additional challenge studies in
animals, therefore, are needed to: (1) assess the clinical benefit of these therapeutics as
treatment options when administered after symptom onset or at least more than 24 hours after
initial exposure, (2) determine whether these agents may be appropriate for PEP, and (3) clarify
the most feasible and cost-effective route of administration (e.g., oral, intranasal, intravenous)
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appropriate for real-world conditions, particularly if being considered for mass prophylaxis in an
outbreak setting (Gémez Roman 2022).

¢ m102.4 has demonstrated protection against lethal NiV challenge in animal models and has
been provided under compassionate use programs for a small number of individuals exposed to
either HeV or NiV (Broder 2012, Guillaume 2004, Playford 2020). Several other mAbs have also
been assessed in animal models and appear promising (Gédmez Roman 2022). A phase 1 clinical

trial for m102.4 with 40 human participants was completed in Australia during 2015 and 2016
(Playford 2020). In that trial, m102.4 was well tolerated and safe, with no evidence of an
immunogenic response.

e Additional research needs for mAbs as treatment or PEP for NiV infection include:

o Additional clinical trials in endemic areas to further assess the safety, tolerability,
efficacy, and pharmacokinetic parameters of m102.4 (and possibly other mAbs with
adequate preclinical data) for PEP and potentially early treatment of clinical disease
(CEPI1 2023b).

o Additional research to determine the likelihood of escape mutants with mAb use. While
evidence of escape mutants has not been found to date with m102.4, it may be
necessary to consider mAb cocktails (Borisevich 2016, Playford 2020).

o Animal studies to determine if mAb cocktails that combine several different mAbs into
one formulation are more efficacious than administering one mAb alone (Dang 2021).

o Future studies to ascertain the efficacy of m102.4 for treatment and prophylaxis against
different viral strains of NiV and Hendra viruses, particularly among populations living in
settings where there is the potential for an outbreak.

o Adequate stockpiles of m102.4 (or potentially other mAbs) to ensure urgent access at
the onset of a NiV outbreak.

¢ Given the limited number of NiV cases identified each year, a transparent and collaborative
process is needed to determine which agents are most appropriate for study in future clinical
trials and how best to allocate scarce resources for conducting such trials.

e A prepositioned, agreed-upon protocol for conducting clinical trials of promising therapeutics
during NiV outbreaks would be of value in advancing clinical evaluation of such agents
(Spiropoulou 2019).

+ Diagnostic criteria and standardized testing are needed for including patients in clinical trials of

therapeutics.
¢ Additional research needs include the following:

o Further research to broaden the number of novel antiviral candidates (including
repurposed drugs) for treatment of NiV infection and strengthen the therapeutic
pipeline. Computational aided drug design is one tool that can be useful for this
discovery (Yang 2023).

o Additional data to establish the pharmacokinetic/pharmacodynamic (PK/PD)
relationship of promising therapeutic candidates.

o Additional data to determine the role of PEP and to inform development of guidance on
the types of exposures that warrant such intervention and the most appropriate agents
to administer. This determination should include feasibility for PEP stockpiling and
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distribution in both affected and at-risk areas, particularly Bangladesh, which has
hundreds of potentially exposed persons annually that could be candidates for PEP.

o Additional information to determine whether or not strain differences will affect the
response to therapeutic candidates and results from clinical trials.

o Additional data to determine the therapeutic windows for promising therapeutics for
the different NiV strains, as highlighted by a recent study in AGMs that showed that the
therapeutic window for m102.4 against a strain from Bangladesh/India was shorter than
for a strain from Malaysia (Mire 2016).

Strategic Goals and Aligned Milestones

Strategic Goal 1: Enhance preparedness to conduct clinical trials of therapeutic agents during future
outbreaks of NiV or related viruses. eutbreaks:

Milestones:

1.

By 2024, convene a consortium of key stakeholders—in affected areas and internationally—to
address the key challenges with conducting clinical trials of therapeutic agents during future Ni¥
outbreaks of NiV or related viruses. This consortium could potentially be modeled after the
West Africa Lassa Fever Consortium (WALC) (ISARIC 2023).

By 20245, develop NiV infection control and standard of care guidelines to be used in affected

countries_ and -disseminate the guidelines. ~and-conductoutreach-tocliniciansasappropriate.

By 20245, complete an agreed-upon generic prepositioned protocol for conducting safety and

efficacy clinical trials of promising therapeutic candidates (mAbs and small molecules, including
repurposed drugs) to be implemented in NiV-affected areas during outbreaks and develop plans
for operationalizing the protocol.

By 20245, complete an agreed-upon generic prepositioned protocol for conducting PEP (and
potentially pre-exposure prophylaxis [PREP]) trials of promising therapeutic candidates (mAbs

and small molecules, including repurposed drugs) to be implemented in NiV-affected areas
during outbreaks and develop plans for operationalizing the protocol.

By 2025, conduct outreach and training to clinicians on the NiV infection control and standard of

care guidelines in India and Bangladesh.

By 2026, generate a reliable source or stockpile of a mAB (m102.4 or other mAb) to be used in

outbreak-related clinical trials for beth-PEP, possibly PREP, and early clinical treatment.

Strategic Goal 2: Develop and evaluate therapeutic agents for treatment of NiV infection and for PEP to

prevent NiV infection.
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Milestones:

1.

2.

By 2025, create and implement a prioritization process, with a governance structure, for

determining which promising NiV therapeutic candidates should be further evaluated in clinical
trials, once adequate animal data demonstrating safety and efficacy are available.

By 2026, complete preclinical evaluation in animal models—with administration of the
therapeutic agent more than 24 hours after challenge and potentially after symptom onset—of
the preliminary safety, tolerability, and efficacy of at least two promising small-molecule
therapeutic candidates or combination therapies for the treatment of NiV infection.

3.

3. By 20257, complete at least one additional phase 1 clinical trial {phase2-e+2/3}in a NiV-
affected area of m102-4orothersuitable-a promising mAb or mAb cocktail to further-assess

safety and ;tolerability. -and-efficacy{if NiV-incidenceallows-efficacyassessment)-

5.4.By 2027, complete at least one phase 2/3 clinical trial in a NiV-affected area of a promising mAb

or mAb cocktail to further assess safety, tolerability, and potentially efficacy (if NiV incidence

allows efficacy assessment).

6:5.By 2028, complete at least one phase 1 clinical evaluatien-trial of the preliminary safety; and

tolerability -and-{pessibly}-efficaey-of at least two promising small-molecule therapeutic
candidates or combination therapies for the treatment of NiV infection.

Additional Priority Areas/Activities

Research

Continue to research the safety, tolerability, and efficacy of available investigational therapies
(such as m102.4, other mAbs, remdesivir, and favipiravir) for treating and preventing NiV
infection, including conducting additional studies in animal models and clinical trials as
appropriate and feasible. This should include determining the therapeutic windows for use of
therapeutic agents as treatment or PEP.

Clarify, in animal models, the potential for development of escape mutants from use of mAbs.
Continue to conduct preclinical research on mAbs other than m102.4 and on mAb cocktails to
assess safety, tolerability, and efficacy for treating NiV infection

Continue to expand the pipeline of new therapeutic options for treating and preventing NiV
infection that should undergo further evaluation, potentially using pseudotyped viruses for
initial screening of compounds (Li T 2023).

Consider conducting additional challenge studies in animal models to assess whether or not
ribavirin may be suitable for PEP following NiV exposure.
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Research optimal treatment and supportive care strategies for NiV infection and determine
best-practice guidelines.

Product development

Continue to develop, evaluate, and license safe and effective therapeutic agents for the
treatment of NiV infection that are active against different NiV strains and other henipaviruses,
and that can cross the blood-brain barrier to treat or prevent CNS disease.

Identify therapeutic approaches for PEP that are broadly active against different NiV strains and
other pathogenic henipaviruses that may emerge.

Key capacities

Ensure that clinical trial protocols are in place and are ready to be operationalized in advance of
outbreaks, including obtaining appropriate approvals and conducting necessary training.
Promote enhancements to the healthcare delivery systems in affected areas to improve clinical
management and supportive care of patients with NiV infection and to improve infection control
practices to limit person-to-person spread.

Ensure that mechanisms are in place to finance, generate, and maintain stockpiles of NiV
therapeutics for further clinical testing and outbreak control.

Policy and commercialization

Explore strategies for decreasing the costs associated with m102.4 or other mAbs, such as
exploring the possibility of administering mAbs subcutaneously rather than intravenously.
Develop guidance for the use of therapeutics for disease treatment and PEP, as new therapies
become available.

VACCINES

Barriers and Gaps

Barriers

Large clinical efficacy trials, which typically are required for vaccine licensure, will likely not be
feasible for NiV vaccines, owing to the sporadic and unpredictable nature of NiV outbreaks and
the low case numbers usually involved (Gdmez Romdn 2022, Nikolay 2021, Satterfield 2016).

In the absence of large clinical efficacy trials, authorization and licensure will likely involve
nontraditional regulatory pathways to guide the evaluation of safety and efficacy (Gdmez
Romadn 2022). However, experience is limited with these routes (such as the US FDA’s Animal
Rule or Accelerated Approval Program, the EMA’s conditional market authorization, and
authorization under exceptional circumstances) and there are few successful models for vaccine
authorization and approval.

The limited commercial value of NiV vaccines may impede industry’s involvement in developing
and producing NiV vaccines without significant financial support (e.g., through partnerships with
organizations such as CEPI, PATH, and high-income country government agencies) (Gémez
Roman 2022).
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Gaps

The affordability of creating and maintaining a NiV vaccine stockpile and deploying vaccines
during outbreaks is a key issue for low- and middle-income countries; supplementary funding
will likely be required to ensure vaccine preparedness for NiV outbreaks (Gédmez Roman 2022).

The absence of improved diagnostic assays for the timely diagnosis of infection creates an
important challenge by delaying implementation of a rapid reactive vaccination strategy for NiV
outbreak control.

NiV vaccines are needed that: (1) are readily accessible with adequate supply chains, particularly
in low-resourced areas, (2) can protect against different NiV strains, and (3) provide rapid onset
of immunity to adequately prevent and control outbreaks in a timely manner.

Use cases for NiV vaccines need to be better defined, as how vaccines are to be used will affect
vaccine deployment and manufacturing plans.

Reference standards for NiV antibodies are needed to evaluate candidate NiV vaccines.
Expanded partnerships among researchers, funders, and regulators are needed to advance the
development of promising NiV vaccine candidates (Amaya 2020, Gémez Roman 2022). NiV

vaccine candidates in preclinical development target the F/G glycoproteins and a variety of
platform technologies are being considered (e.g., virus vectors, protein subunits, mRNA, and
virus-like particles) (Amaya 2020, Geisbert 2021, Gémez Roman 2022, Loomis 2021, Monath
2022). NiV vaccine candidates based on three different platforms (protein subunits, mRNA, and

viral vectors) are currently in phase 1 clinical trials (Auro Vaccines 2022, NIAID 2023, Public
Health Vaccines 2023).
Demonstrating vaccine-induced protection against NiV infection or disease in an animal model

will require an immune correlate of protection (CoP) or immune surrogate that can predict the
likelihood of protective efficacy and that reflects the protective immune responses generated in
humans (Amaya 2020, Escudero-Pérez 2023, Price 2021).

o Accurate and reliable CoPs for determining the protective efficacy of NiV vaccines have

not yet been identified (Loomis 2021). Neutralizing IgG is generally used as a CoP,
although the protective threshold still needs to be defined to allow additional vaccine
testing in animal challenge models and eventual immunobridging of antibody responses
to humans, through phase 1/2 clinical studies (Escudero-Pérez 2023, Price 2021).

o Once the protective threshold for neutralizing IgG antibodies is determined, the most
appropriate and feasible assays (e.g., assays that are developed using live NiV vs. assays
developed using pseudoviruses expressing the NiV F and G glycoproteins [Luo 2023])
need to be identified and standardized for use in animal models (Price 2021).

o Different types or titers of CoPs may ultimately be needed for different vaccine
platforms, antigens, clinical outcomes (e.g., protection against infection, severe disease,
chronic disease, or death) and potentially host or population characteristics to support
the assessment of candidate NiV vaccines using immunogenicity and efficacy data from
preclinical studies.

o Other humoral immune responses that may be relevant as COPs include specific titers of
IgM, antibodies and numbers of plasmablasts and activated B cells (Escudero-Pérez
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2023). With regard to cellular immune responses, CD8+ T cell measurements may be

useful as a CoP (Escudero-Pérez 2023). Additional research is needed to better define

these potential CoPs, which may be particularly important for next-generation vaccines.

¢ Most current NiV vaccine candidates target the immunodominant fusion (F) and attachment (G)

glycoproteins, which elicit potent neutralizing antibody responses (Byrne 2023, Geisbert 2021,
Ithinji 2022, Loomis 2020, Loomis 2021, van Doremalen 2022, Wang 2022, Woolsey 2023). Data

are needed on the potential role of additional immunogens, such as nucleoproteins and other

non-enveloped proteins, in stimulating B and T cell responses that contribute to viral clearance,

cross-protection, orimmune memory. Robust vaccine-induced humoral and cell-mediated

immunity to NiV might include protective antibodies with durable immunologic memory and

rapid and efficient effector functions (Escudero-Pérez 2023).

¢ Additional immunologic research is needed to assess the following key elements of protective

immunity against NiV infection and disease:

o The relative contributions of innate, cell-mediated, and humoral immune responses that

lead to protective immunity against NiV.

o Specific cell types and interactions between different immune compartments in

achieving viral clearance, surviving acute disease, and modulating chronic infection
(Escudero-Pérez 2023, Liew 2022).

o The roles of neutralizing and non-neutralizing or binding antibodies in protection against

NiV (Liew 2022).

o Mechanisms and cell subsets of cellular immune responses (e.g., CD8 T cell activation)

that play a role in cross-neutralizing (heterologous) protection against co-circulating NiV
strains (e.g., NiV-M, NiV-B, and NiV-I) (Amaya 2020, Arunkumar 2019, Escudero-Pérez
2023, Liew 2022).

+ If researchers and regulators agree that a nontraditional regulatory pathway is appropriate

for licensure of NiV vaccines, then a number of issues need to be addressed, such as the
following (Price 2021):

O

Generate a fully characterized and controlled virus challenge stock (or potentially
one each for NiV-M and NiV-B) for assessing candidate vaccines in animal models.
Further characterize, as needed, at least one animal model suitable for vaccine
efficacy evaluation.

Standardize the challenge strain and dose, and determine the most appropriate
lethal NiV dose for MCM development. Challenge strains used in experimental
research also need to be compared against any circulating strains in humans (CEPI
2023a).

Determine the most appropriate CoP or surrogate marker (e.g., 1gG neutralizing
antibodies) for measuring protection and generate standardized assays for
measurement.

Bridge NiV vaccine efficacy data from animal models to humans, including
identifying thresholds of vaccine protection, to determine appropriate human
vaccine doses.
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o Ifthe accelerated approval process is deemed an acceptable regulatory approval
pathway for NiV vaccines, then plans will be needed to conduct well-controlled
clinical trials to establish that vaccines have an effect on an appropriate surrogate
endpoint that is likely to predict clinical benefit against NiVD.

o Post-licensure clinical trials will also be needed to confirm the clinical benefit of any
NiV vaccines that are approved via nontraditional pathways.

+ Additional research is also needed to address the following areas:

o Clarification of vaccine attributes (such as time from administration to immune
protection, duration of immunity, and the need for booster doses) and to determine
safety profiles of candidate vaccines.

o Alternative vaccine delivery approaches, such as oral tablets or transdermal
patches, to facilitate rapid NiV vaccine deployment in response to NiV outbreaks in
low-resource settings.

o Further evaluation of optimal NiV antigen combinations (e.g., including stabilized
prefusion F protein trimers, multimeric G constructs, and chimeric proteins
containing both pre-F and G glycoproteins), and antigen/vaccine platform
combinations for generating rapid and durable protective responses to NiV infection
(Byrne 2023, Loomis 2020, Loomis 2021, Srivastava 2023).

o Research in animal models to determine if vaccine candidates are cross-protective

between different NiV strains, including recently identified strains; only a few
studies demonstrating cross-protection have been performed to date.
¢ Mathematical modelling and forecasting may be useful in (Nikolay 2021): (1) assessing
whether or not disease incidence is high enough in endemic areas for conducting clinical
trials of candidate vaccines, (2) simulating various epidemiologic scenarios for development
of vaccination strategies, (3) estimating the potential impact of NiV vaccines (once vaccines
become available), (4) estimating disease risk based on risk behaviors and practices in
communities or specific population groups, and (5) estimating the vaccine quantity that may
be necessary to maintain vaccine stockpiles.
¢ Researchers should consider efforts toward developing pan-henipavirus vaccines to
maximize potential benefit, similar to projects aimed at developing pan-coronavirus
vaccines or universal influenza vaccines (Tan 2023). One strategy for developing broadly
protective henipavirus vaccines involves identifying conserved epitopes or cross-reactive
antibodies targeting Henipavirus F proteins (Byrne 2023, Ithinji 2022). Public communication

outreach strategies that address possible vaccine uptake hesitancy in target populations and
guidance for community sensitization to vaccine acceptation and promotion within the
community.

¢ Once vaccines are available, the following will be needed:

o Guidance on the use of NiV vaccines to include vaccination strategies for special
populations (such as children, immunocompromised individuals, and pregnant
women); different epidemiologic scenarios; and different vaccine attributes.

o Enhanced surveillance capacity to assess the impact of vaccination programs and to
refine vaccination strategies over time.
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o Strategic planning for stockpiling and deploying NiV vaccines.

Strategic Goals and Aligned Milestones

Strategic Goal 1: Develop the tools and policies necessary for evaluating and potentially approving one
or more NiV candidate vaccines through a nontraditional regulatory pathway.

Milestones:
1. By 2024, generate a fully characterized and controlled virus challenge stock (preferably using a

NiV-B strain) {erpetentiaty-one-eachforNiV-M-and-NiV-B}-for assessing candidate vaccines in

animal models.

2. By 20246, generate standardized assays to measure peutralizing IgG antibodies for NiV vaccine
R&D, with a particular focus on assays to be used for regulatory approval via nontraditional
pathways.

2:-3.By 20254, in conjunction with regulatory authorities, establish benchmark parameters (e.g.,

route of challenge, timing of challenge, and challenge dose) for testing of NiV candidate vaccines

in well-characterized animal models, with particular focus toward meeting criteria necessary for
approval via a nontraditional pathway, including identifying surrogate markers that correlate
with vaccine efficacy.

4. By 2025, define the protective threshold against NiV infection for serum neutralizing IgG
antibodies or other functional CoPs, {as-a-CeP-ersurregatemarker)-which can be used in

animal studies and for immunobridging to human:s.

Strategic Goal 2: Continue to move the current NiV vaccine pipeline forward through clinical trials.
foyeareliconsures

Milestones:
1. By 2024, complete current phase 1 clinical trials for at least three promising NiV candidate
vaccines.

2. By 20254, define use cases for NiV vaccines to inform vaccine deployment and manufacturing
plans.
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By 20255, furtherassessynesinasafelh anc-irarasneganicithrerghinitiate additdenalshase -

and-initial-phase 2 clinical trials (preferably in affect areas) to further assess immunogenicity and

safety for at least two of the most promising NiV candidate vaccines.

5-4.By 2029, conduct additional well-controlled phase 2 clinical trials {preferablyin affected areas}

to assess a surrogate endpoint in human subjects (to include children and pregnant women) for

at least twoene NiV candidate vaccines.

6-5.By 2030, complete a regulatory dossier (for licensure or emergency use) for at least one NiV

vaccine candidate based on a suitable animal model with subsequent immunobridging to
humans for review via a nontraditional approval pathway.

Additional Priority Areas/Activities

Research

Improve understanding of humoral (e.g., NiV-specific IgG and IgM antibodies) and cellular (e.g.,
CD8 T cell) immune responses to NiV infection in animal models to inform the design of vaccines
and the identification of correlates of protection (Arunkumar 2019, Escudero-Pérez 2023).

Improve understanding of innate immune responses (e.g., involving interferon impairment and
pro-inflammatory cytokine release) in relation to humoral and cellular immune responses to NiV
infection (Escudero-Pérez 2023).

Continue research on identifying the key NiV antigens (including surface glycoproteins and
internal proteins) that modulate the host immune response to NiV infection to inform future
vaccine design (Escudero-Pérez 2023).

Continue to research different types of CoPs (both humoral and cell-mediated) for NiV vaccines
that are currently in the R&D pipeline and next-generation vaccines, taking into consideration
different vaccine platforms, antigens, and clinical outcomes.

Generate international reference standards to calibrate serologic assays for vaccine potency
analyses.

Continue to conduct preclinical evaluation of promising candidate NiV vaccines (current and
future vaccines) for safety, immunogenicity, efficacy in animal models, correlates of protection,
and durability.

Further study cross protection of various vaccine candidates against different NiV strains, and
between NiV strains and HeV strains.

Conduct mathematical modelling to estimate the potential impact of NiV vaccines and inform
strategies for vaccine use.

Explore the possibility of creating pan-henipavirus vaccines that will protect against NiV, HeV,
and other henipaviruses.

Product development
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« Continue to develop and clinically evaluate safe and effective monovalent NiV vaccines for
humans.

« Expand partnerships among researchers, government agencies, and industry to provide the
resources necessary for ongoing R&D of NiV vaccines.

- Define vaccine attributes (such as time from administration to immune protection, durability of
protection, and the need for booster doses) for the most promising candidate vaccines.

Key capacities
« Improve surveillance capabilities to assess the impact of vaccine use and vaccination strategies
(once vaccines become available).
« Support plans for adequate manufacturing and stockpiling of NiV vaccines for further clinical
evaluation and use when outbreaks occur.

Policy and commercialization

« Provide guidance on vaccination strategies for various target populations and epidemiologic
scenarios that align with vaccine attributes, once vaccines are available.

+ Develop guidance for community sensitization to vaccine acceptance and promotion within the
community.

- Consider developing a strategy for vaccine surge capacity to rapidly ramp up the vaccine supply,
if NiV is used as a bioterrorism agent or if a NiV strain emerges with increased capacity for
person-to-person transmission and potential for faster spread.
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Dear colleagues: First, | want to thank all of you who participated in the Nipah R&D Roadmap
Taskforce meeting on July 31 and August 1, 2023. The discussions were highly productive and your
input was extremely valuable. Also, it was great to see so many of you in person.

I would also like to again thank those of you who facilitated the meeting: Emily Gurley, Joel
Montgomery, Emmie de Wit, Chris Broder, and Marie-Pierre Preziosi—you all did a great job!

Attached please find a summary report of the meeting and a revised version of the Nipah Virus R&D
Roadmap that includes all of the changes that were made based on discussions at the meeting (track
changes are included). We also added a couple of additional references.

We would very much appreciate your review of the attached roadmap and any edits or comments
that you may have. During the meeting, we mainly focused on the goals and milestones, and that’s
where the majority of the edits are, but we would very much appreciate your review of the whole
document at this point in the process. Please send any feedback on the document no later than
September 15, 2023.

Also, if you see any glaring omissions or inaccuracies in the summary report, please let me know
(although we certainly don’t expect you to review and comment on the meeting summary—we are

providing it to you for your information only).

Over the coming weeks, I'll be preparing a manuscript about the roadmap and will be sending that to
you for your review—tentatively in early October.

Again, thank you all for your support of this important project and for sharing your extensive
expertise with us.

Kind regards,

Kris

Kristine Moore, MD, MPH

Senior Advisor for Public Health Science and Policy

Center for Infectious Disease Research and Policy (CIDRAP)
University of Minnesota
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[bookmark: _Toc143687420]Background and Meeting Objectives 

The Nipah Research and Development (R&D) Roadmap provides a 6-year framework beginning in 2024 for identifying the vision, underpinning strategic goals, and prioritizing areas and activities for accelerating the collaborative development of medical countermeasures (MCMs) – diagnostics, therapeutics, and vaccines – against Nipah virus infection. The roadmap is a key component of the World Health Organization’s (WHO’s) R&D Blueprint Initiative, and was first drafted in 2017/2018 with input from subject matter experts, including a core group of taskforce members. WHO now aims to finalize and formally launch the Nipah R&D Roadmap, and the draft has been updated to incorporate recent scientific advances and research. The roadmap will be delivered to WHO in late 2023 for publication on the WHO website.



[bookmark: _GoBack]The meeting objectives include the following:

1. Briefly recap each of the four topic areas of the Nipah R&D Roadmap (cross-cutting, diagnostics, therapeutics, and vaccines).

2. Review the goals and milestones in each section and develop consensus on the wording and timelines for each milestone, as time allows.

3. Identify the milestones or issues that are highest priority.

4. Discuss challenges and opportunities for implementing the roadmap goals and milestones. 

[bookmark: _Toc143687421]Meeting Participants and Observers 

Meeting participants and observers joined both in-person and virtually. Those who participated virtually are noted with an asterisk (*). Sushmita Barmen was also present in-person as the meeting organizer for Wellcome. 



		Meeting Participants



		Christopher Broder

		Tabitha Kazaglis*

		Michael Osterholm



		Emmie de Wit

		Eve Lackritz

		Julie Ostrowsky



		Petra Fay

		Stephen Luby

		Shahana Parveen



		Alex Freiberg

		Alison Mack

		Marie-Pierre Preziosi



		Pierre Formenty*

		Anje Mehr*

		Mahmudur Rahman



		Josie Golding

		Joel Montgomery

		Christina Spiropoulou



		Emily Gurley

		Kristine Moore

		Anaelia Siya Temu*



		Kim Halpin

		Nicolina Moua*

		Angela Ulrich







		Guest Observers



		Zakiul Hassan

		Cathy Roth

		Laura Mazzola







[bookmark: _Toc143687422]Cross-Cutting Issues in the Nipah R&D Roadmap 

Emily Gurley served as the facilitator for discussion of cross-cutting issues in the draft roadmap. 



Emily began the session with a review of important advances, barriers, challenges, and key needs for Nipah (NiV) vaccines. Key points from that discussion: 

· Various entities (e.g., the National Institute of Allergy and Infectious Diseases [NIAID]) have been providing financial support for this work (Spiropoulou, Gurley). 

· Researchers and developers have made significant contributions to NiV vaccines in the last 5 years; that’s been the main R&D push, but we’re now coming to a bit of a roadblock (Spiropoulou). 

· The discovery of other henipaviruses, such as Langya, raises the importance of NiV and henipaviruses in general (Montgomery).

· Surveillance is lacking (Montgomery); the more we look for henipaviruses, the more we’ll find and they will continue to be a global problem (Broder). 

· The Centers for Disease Control and Prevention (CDC) supports NiV activities, but not to the same extent as NIAID; for example, surveillance isn’t adequately supported in Bangladesh, India, or Southeast Asia (Montgomery). CDC’s investment in Bangladesh has been crucial, but more effort is needed (Luby). 

· More surveillance is needed in Bangladesh and India as well as other countries (e.g., Philippines, Malaysia). Undiagnosed NiV infections likely are occurring and we need to better understand the burden of disease and transmission; we are potentially missing a lot of cases (Montgomery, Luby).  

· We also need better surveillance of bats to improve our ecological understanding, including in SE Asia, where there are likely more strains of NiV circulating in wildlife than we are currently aware of (Montgomery). 

· CDC is working on modifying case definitions and respiratory surveillance. We are missing cases because our surveillance is not good enough, and this affects diagnostics and other MCMs. Identifying cases earlier in illness (e.g., respiratory phase) is critical but not yet accomplished (Montgomery). 

· Surveillance for Japanese encephalitis (JE) is ongoing in Bangladesh, including the collection and characterization of blood samples.  These samples could potentially also be tested for NiV if funding can be made available (Rahman). 

· In the past, incident-based surveillance was conducted, but funding has weakened and now only large clusters of infections are identified, missing sporadic cases. The JE surveillance program could be leveraged, and this is being pushed by the WHO South-East Asia Regional Office (SEARO), along with JE vaccination (Rahman). 

· Surveillance is the key to making a business case for development of NiV MCMs (Gurley). 

· Minimally invasive diagnostic methods are needed that avoid cultural reluctance for postmortem exams (Halpin).

· Bangladesh has made significant advancements over the last 5 years in postmortem exams through minimally invasive sampling. These updates could possibly be added to the epidemiology/surveillance section of the roadmap (Gurley).  

· Risk communication is important and potentially a cross-cutting issue; it should be addressed somewhere in the roadmap. The roadmap also should address the need to involve media, policymakers, and the general public in NiV prevention efforts (Rahman). 

· Political buy-in is important for surveillance, reporting, and prevention (Gurley). 

· We should consider linking NiV to other surveillance efforts, including influenza and postmortem work. If we can create a common platform and case definitions, we can identify cases for further testing (Parveen). 

· The Coalition for Epidemic Preparedness Innovations (CEPI) is engaged in discussion with regulatory authorities on advancements in licensure and approval of NiV MCMs (Rahman). 

· The long-term goal is to have a rapid, bedside diagnostic test. Antibodies/antigens are available that could be used to develop such a test, but investment is lacking (multiple participants). 



Emily then led a discussion of the draft roadmap strategic goals and milestones for cross-cutting issues. Discussion highlights are detailed in the tables below.



		Cross-Cutting Issues: Strategic Goal 1 and Aligned Milestones



		Strategic Goal or Milestone

		Discussion highlights

		Suggested actions



		Strategic Goal 1: Identify additional and ongoing sources of private- and public-sector funding and develop appropriate incentives and competitions to promote R&D of NiV MCMs.

		· No comments.

		· No edits suggested. 



		Milestone 1: By 2025, develop a public value proposition to effectively advocate for the development and sustainability of NiV MCMs that: (1) articulates the potential global threat of NiV infection, (2) outlines the social and economic benefits of generating accessible and affordable NiV MCMs, and (3) details the positive impact on the health systems in affected areas. 

		· Persuading people that this issue is a reasonable investment is challenging, given few recognized cases (Luby). 

· It might be worth emphasizing the risks posed by gain-of-function research with NiV, especially given the democratization of synthetic biological tools (Luby). All disease roadmaps should acknowledge this risk (Gurley). 

· The COVID-19 pandemic showed what can happen and how either humans or nature can make viruses bigger threats. Even without nefarious actors, nature will give us more challenging viruses; roadmaps should acknowledge potential for enhanced transmission (Osterholm). 

· Three quarters of the world’s population is at risk from NiV and henipaviruses, not just SE Asia. Henipaviruses should be emphasized as the virus being focused on, as it is more inclusive (Montgomery). 

· While milestones under this Strategic Goal are important and should be addressed soon, no timelines should be earlier than 2024, as the roadmap will not be published until 2024 (Moore). 

		· The group agreed that the value proposition is still needed (and should remain a milestone).

· Add phrasing to the Introduction to acknowledge recent experience with coronaviruses to capture the point about nature and humans both capable of more challenging viruses.

· Remove “potential” from point #1 of the milestone; emphasize that this is a global threat that requires global engagement (Luby, Gurley). 

· Modify milestone language to the “global threat of NiV and related henipaviruses” (Moore, Gurley). 

· Add a comment to the Introduction about the risk to the global population. 

· Change the timeline from 2025 to 2024.



		Milestone 2: By 2026, create a funding plan based on the value proposition for moving NiV diagnostics, therapeutics, and vaccines toward clinical evaluation, licensure/approval, acceptance, and sustainable access. 

		· Since 2017, the funding situation has improved (e.g., CEPI, Gates Foundation). The shortfall of indirect funds is the major current roadblock (Broder). 

· An expert able to provide economic calculations to inform a clearly-articulated value proposition is important for NiV MCMs (Preziosi). 

· A value proposition has been developed for Lassa fever therapeutics; the group could consider reaching out to the team that developed that proposition (Hassan). 

· In addition to a solid economic calculation for NiV MCMs, we need the vision and explanation of importance from NiV experts (Gurley). 

		· Change the timeline from 2026 to 2025 (Gurley, Moore). 



		Milestone 3: By 2026, develop a coordinated strategy for promoting and incentivizing greater industry engagement in R&D for NiV MCMs. 

		· CEPI and pharmaceutical companies in Bangladesh are discussing stockpiling vaccines; they might also be interested in stockpiling monoclonal antibodies (mAbs) (Rahman). 

· At a CEPI meeting in June 2023, concern was expressed that mAb therapies are not feasible due to expense, even though their cost has been reduced drastically the last 5-6 years. Because NiV and Hendra do not mutate a lot, mAbs could be useful for a longer period of time and they could be combined in cocktails (of >1 antibody) to prevent viral escape (Broder). 

· Indirect costs and shortfalls are lacking but needed for industry partners to produce GMP products that are ready; the money is not currently there (Broder). 

· Industry interest in NiV MCMs may have changed from what it was previously as a result of the COVID-19 pandemic (Roth). 

· In addition to industry work on MCMs, there are US federal scientists and industry partners who will produce countermeasures for the public benefit. It is important to promote that the technology for the MCMs is available and that it be given to affected countries so those countries can evaluate and manufacture for their own use (Broder). 

· Participants raised the importance of engagement of in-country industry partners. 

		· Add mention of indirect costs and shortfalls.

· Add in-country industry partners.

· Change the timeline from 2026 to 2025 (Gurley, Moore).







		Cross-Cutting Issues: Strategic Goal 2 and Aligned Milestones



		Strategic Goal or Milestone

		Discussion highlights

		Suggested actions



		Strategic Goal 2: Improve understanding of NiV epidemiology and ecology to better define the disease burden, risk factors for infection, and risk of spillover events in affected countries.

		· Instead of “affected” countries, use “countries at risk” or “countries with appropriate reservoir hosts” (Gurley, Rahman, Moore). 

		· Change goal language from “affected” countries to “at-risk” countries and include reservoirs in the revised Strategic Goal (Moore). 



		Milestone 1: By 2025, develop a plan for enhancing human NiV surveillance in India and Bangladesh outside of existing surveillance areas (i.e., where cases previously have been identified). This should include securing funding, identifying additional surveillance catchment areas, engaging key partners in those areas, generating standardized surveillance protocols, and conducting training for implementation. 

		· Discussion for milestones 1 and 2 (which currently separate development and initiation of a NiV surveillance plan) had significant overlap, and the group agreed that they should be combined.

· Consider adding leveraging of existing surveillance platforms for other disease, such JE (Rahman). 

· It is also important to collaborate with organizations already in place, e.g., CDC and WHO (Parveen). 

· Surveillance should not be restricted to human surveillance; instead, this should include all relevant efforts, such as surveillance in domestic animals and wildlife (Roth).  

· Surveillance must be clearly embedded in comprehensive strategies for prevention and control. We want India and Bangladesh to lead in surveillance and extend their leadership to other countries (Formenty). This highlights the importance of broadening surveillance to include henipaviruses, and the importance of disease prevention (Gurley). 

· One Health issues are important in relation to surveillance for spillover into domestic animals and livestock (Broder). Such issues are an important part of a value proposition (Gurley). Tests for some diseases are required of certain species for international transportation (Halpin). 

· Instead of using the word “Nipah” throughout the roadmap, it should say “Nipah and Nipah-like” or “Henipavirus” (Gurley, Broder). 

· Hendra virus genotype 2 (HeV-g2) taught us that PCR tests will miss related viruses, and therefore we need serology on samples (Broder).  

· Add a milestone on conducting human surveillance in areas other than India and Bangladesh.

		· Combine milestones 1 and 2; the revised milestone timeline should be 2025 (Gurley, Moore). [Note: In the edited version, original milestone 1 is now milestone 3.]

· Add a new milestone on human surveillance outside of India and Bangladesh with a timeline of 2025. [Note: In the edited version this new milestone is now milestone 4.] 

· Add a milestone on conducting surveillance outside of India and Bangladesh in animals with a timeline of 2025. [Note: In the edited version this new milestone is now milestone 5.]

· Expand language in the roadmap, as appropriate, from just “Nipah” to include Nipah-like and/or Henipaviruses (Gurley, Broder). 



		Milestone 2: By 2026, initiate enhanced human NiV surveillance to better characterize NiV epidemiology (including the potential for spillover events), promote early case detection, and better define the disease burden in India and Bangladesh, particularly outside of areas where cases previously have been identified. 

		

		



		Milestone 3: By 2026, generate and implement standardized protocols for case investigation that are aimed at identifying risk factors for primary NiV infection and at conducting case-contact studies to better understand chains of transmission (Hedge 2023). 

		· Incorporate One Health for this milestone (Rahman, Gurley).  

· Bangladesh already has a protocol for this, and the milestone could be moved to 2024 (Rahman). However, it might take time for India to meet this milestone (Luby). 

· WHO could help by hosting a standardized protocol and, if spillovers happen in other countries, they could go through WHO to avoid inter-country tension (Luby). 

· WHO has developed several standardized protocols for other diseases, such as Crimean Congo Hemorrhagic Fever (CCHF). Part of that work involves WHO developing a standardized protocol for appropriate and in-depth case investigation. This is needed well before 2026 (Formenty). 

· Bangladesh and India have protocols in place; the push is to share, modify, and expand into other countries, and to have funding for that work (Montgomery).

· “Standardizing” includes adaptability to individual countries/regions (Gurley, Osterholm). 

		· Change the timeline from 2026 to 2024.

· This will now be milestone 1 in the edited version because of the date change.

· Add One Health language to the milestone.   





		Milestone 4: By 2026, develop plans for conducting additional research in India and Bangladesh to identify the potential for and drivers of spillover events, particularly in areas where NiV cases have not yet been identified. 

		· Additional research should not be restricted to India and Bangladesh; for example, Malaysia has requested work on such protocols (Formenty, Gurley). 

		· Change the timeline from 2026 to 2025. 

· Revise milestone so it is not restricted to India and Bangladesh (Formenty, Gurley). Instead, refer to at-risk countries. [Milestone 6 in the edited version.]



		Additional considerations 

		· The following comment was made in another section: Country-level capacity will need to be assessed and gaps identified as part of standard clinical protocol development (Parveen). This work could be included in one of the surveillance-related issues (Gurley).

· Later in the discussion, participants suggested the following milestone (originally milestone 4 under Strategic Goa 4) be moved to this goal: By 2026, establish capacity at selected surveillance sites in India and Bangladesh to investigate NiV-related deaths by using post-mortem minimally invasive tissue sampling to enhance understanding of NiV disease pathogenesis (Bassat 2021).

		· Consider adding the following milestone to this goal: “By 2025, assess country-level capacity in affected countries to implement standardized clinical protocols for case investigation and address key gaps in implementation.” [Milestone 2 in the edited version.]

· Move the following milestone to this goal: “By 2026, establish capacity at selected surveillance sites in India and Bangladesh to investigate NiV-related deaths by using post-mortem minimally invasive tissue sampling to enhance understanding of NiV disease pathogenesis (Bassat 2021).” [Milestone 7 in the edited version.]







		Cross-Cutting Issues: Strategic Goal 3 and Aligned Milestones



		Strategic Goal or Milestone

		Discussion highlights

		Suggested actions



		Strategic Goal 3: Determine the requirements for clinical trials, regulatory pathways, and other considerations that will affect licensure or approval of NiV MCMs by engaging an international regulatory working group representing NRAs in affected areas and other key international stakeholders.

		· No comments.

		· No edits suggested (although the comment below on changing the wording from an international regulatory group also applies to the wording of the goal). 



		Milestone 1: By 2024, conduct scenario planning to clarify the regulatory procedures and determine the acceptable pathways for approval and emergency use authorization of NiV MCMs (including vaccines, novel candidate therapeutics, repurposed therapeutics, and diagnostics) in countries at highest risk for NiV outbreaks (i.e., Bangladesh and India) through an international NiV-focused regulatory group. 

		Discussion and comments for Milestones 1 and 2 are combined in the following bullets: 

· The group touched on CEPI’s accomplishments specific to vaccines, but noted that this milestone is broader than just vaccines (Gurley, Moore). 

· In 2018, NIAID and country partners (e.g., Bangladesh) created a protocol for use of mAbs. However, this was not the work of an established international regulatory group (Broder).

· Regulatory issues are major barriers to industry engagement and private sector participation. It would be helpful to understand these issues better and have an advocacy strategy to overcome those issues (Luby).  

· Look to WHO’s work with the African Vaccine Regulatory Forum (AVAREF), which allows for interfacing with regulators. It might be possible to create a subgroup from that group for relevant discussions (Roth). 

· WHO’s work with African regulators to involve the regulators on reviewing protocols and dossiers – mostly for vaccines – has been very positive, allowing for progress made on regulatory harmonization. Broader efforts are being led now, such as working on mAbs (Preziosi). 

· The regulatory agencies in India and Pakistan are already involved, and therefore the focus should first be with them, followed by engaging others more broadly. There is a potential for bottlenecks if the work goes too broad at first (Gurley). 

· What constitutes a regulatory body (Gurley)? Examples provided were FDA, EMA, national regulatory agencies (Moore). 

· International regulatory groups cannot focus on individual diseases; their reviews are thematic. As such, the milestone wording should be adjusted and also expanded to include fast review of adaptive platform trials (Preziosi). 

· We need engagement from the countries themselves (Formenty). 

· An understanding of how this work is coordinated should be linked to this milestone, perhaps through WHO. For example, the WHO portal could be adapted for this purpose (Parveen, Gurley, Rahman, Preziosi). 

		· Replace “international NiV-focused regulatory group” with “international forum of regulators” or similar language (Moore, Preziosi). 

· Marie-Pierre Preziosi will ask a colleague at WHO for input on this milestone wording. 

· Milestone language should clarify that this is scenario planning to identify gaps (Moore, Gurley). 

· Remove “countries at highest risk for NiV outbreaks (i.e.,)” and “through an international focused regulatory group.”

· No change to timeline. 



		Milestone 2: By 2025, determine if any key gaps exist for regulatory approval and emergency use authorization of candidate NiV MCMs in affected countries and develop strategies to address those gaps, with specified timelines for completion. 

		· 

		· Milestone 2 should be reworded to “develop strategies” and focus on developing strategies to address the gaps identified as part of milestone 1 (Moore, Gurley). 

· No change to timeline. 



		Milestone 3: By 2026, ensure that any issues affecting approval and emergency use of candidate MCMs in affected countries have been resolved and that consensus has been achieved on the necessary regulatory steps and procedures.

		· The group noted that this milestone may not be realistic. It may be better for focus on a system for monitoring regulatory issues. 

· Assessing the need/capacity to conduct clinical trials must be included; it does not exist now (Hassan). 

· Capacity is a “key gap,” so consider having a nod to capacity here, as this is a cross-cutting issue (Gurley). A milestone on plans/protocols for emergency use of candidate NiV MCMs is needed.

		· Revise this milestone to creating a system for monitoring regulatory issues for licensure and use of candidate NiV MCMs.  

· Add another milestone on developing plans for emergency use of candidate NiV MCMs.

· Add another milestone on assessing capacity to conduct clinical trials and field studies of MCMs, particularly during outbreaks.







		Cross-Cutting Issues: Strategic Goal 4 and Aligned Milestones



		Strategic Goal or Milestone

		Discussion highlights

		Suggested actions



		Strategic Goal 4: Support basic science research to improve understanding of NiV virology, pathogenesis, and the immune response to infection in humans and animal models.

		· Consider expanding to include non-animal models, such as organoids. Several countries have non-animal models in place, mainly for basic research (Halpin). 

· Possible edits suggested include adding “non-animal models” to the goal language and editing the language to “in vitro and in vivo models” (Gurley, de Wit). Instead, the group agreed to revise the goal by just shortening the language to remove reference to animal models. 

		· Delete “in human and animal models” (Gurley, Moore).  

· Consider adding non-animal models activities (e.g., organoids, using AI technology, etc.) to the additional research priorities. 



		Milestone 1: By 2025, generate standardized and well-characterized assays, reagents, antibodies, nucleic acids, and stocks of NiV challenge strains to facilitate R&D of NiV MCMs. 

		· CEPI, NIAID, and CDC are already doing this work (multiple participants). 

· Unclear whether this milestone should be kept or if it should be moved to research priorities (Gurley). 

· We should not lock into challenge strain, etc.; we need to know more about epidemiology (de Wit). 

· We need standardized assays, reagents, etc., for clinical trials, but these are continually improved and revised. These resources are needed now; some are available and some are in-progress (multiple participants). 

		· Change timeline from 2025 to 2024. 





		Milestone 2: By 2025, conduct additional research to further optimize animal models that recapitulate disease in humans for use in preclinical studies of NiV MCMs. 

		· Consider changing to “standardized” animal models, since they are well-defined already (Freiberg). 

· Milestone could potentially be combined with an earlier milestone on assay standardization (Freiberg). 

· Discussion on whether we do or do not know which animal model is the best for MCM development, and whether it is the African green monkey (AGM) or if the AGM is just the best that we have currently (Broder, de Wit). 

· There is a lack of understanding on pathogenesis in humans (de Wit), but that is data we may never have (Broder). 

· Any pathogenesis investigation has to be linked to surveillance: picking up cases early, developing MCMs to address early disease, understanding disease progression, optimizing animal models, etc. (Broder). 

· We need to do better clinical investigation to better optimize animal models of early-stage disease/pathophysiology (Montgomery). 

· The International Severe Acute Respiratory and Emerging Infection Consortium (ISARIC) developed clinical characterization protocols for a number of diseases. They are designed to be simple, capture evolution, natural history of disease, and can be made targeted and sophisticated. They were widely used for COVID-19 and other diseases. Such an approach would fit both surveillance and identifying cases where they happen (Roth). 

· Country-level capacity will need to be assessed and gaps identified as part of standard clinical protocol development (Parveen). This work could be included in one of the surveillance-related issues (Gurley). 

		· Leave the milestone as is for now.

· Consider adding a new milestone on better understanding human pathology (Gurley, Moore). Wording related to this could potentially be “pathogenesis investigation protocol” or “standardized human pathology investigation” (Gurley). [New milestone 4.]





		Milestone 3: By 2026, conduct sequencing of NiV strains from existing clinical samples obtained from past NiV cases to assess variability of NiV strains in India and Bangladesh (CEPI 2023a). 

		· This is an ongoing activity (Gurley). 



		· Delete this milestone (Gurley) and instead add to additional research priorities. 





		Milestone 4: By 2026, establish capacity at selected surveillance sites in India and Bangladesh to investigate NiV-related deaths by using post-mortem minimally invasive tissue sampling to enhance understanding of NiV disease pathogenesis (Bassat 2021). 

		· Participants suggested that this milestone be moved to Strategic Goal 2.

		· Move this milestone to the surveillance-focused Strategic Goal 2 (Moore). 





		Milestone 5: By 2028, conduct research in animal models to determine if strain variability impacts efficacy of promising NiV MCMs or the accuracy of diagnostic tests. 

		· The timeline for this milestone seems far off (Gurley). 

· Much of this may not require animal models (de Wit). 

		· Change milestone language to de-emphasize animal models, i.e., “conduct research to determine if strain variability…” (Moore). 

· Move up the timeline by one year.





[bookmark: _Toc143687423]

Diagnostics in the Nipah R&D Roadmap 

Joel Montgomery served as facilitator for discussion on diagnostics in the draft roadmap.



Joel led the group in a review of important advances, barriers, challenges, and key needs for NiV diagnostics. Key points from that discussion:  

· At the previous meeting of this group, two diagnostic platforms were discussed: a gene expert platform developed in India, possibly being moved to Bangladesh, and Linfa Wang’s lateral flow platform (Gurley). Meeting participants were not aware of those diagnostic platforms progressing further (i.e., no one was aware of additional announcements or updates). 

· Challenges for NiV diagnostics include lack of RDTs (e.g., lateral flow tests) or bedside diagnostics. Of note, bedside diagnostics would require changes to infection control practices. 

· The CDC serology assay is low-cost and could be helpful in ecological studies, but supporting research has not yet been published; also, this assay can’t differentiate IgM from IgG antibodies. CDC is also working with FIND to evaluate rapid diagnostic tests (RDTs); progress with RDTs will be driven by the perceived need for these tests in the US or Europe (Montgomery). 

· Even severe cases of NiV are often not diagnosed; regular use of an RDT for severely ill patients could be justified (Gurley). 

· Improved diagnostics are needed for the following reasons: (1) improve early detection when therapeutic intervention is viable; (2) ensure adequate infection prevention and control (IPC) practices; and (3) enhance surveillance to better understand the burden of disease. Point-of-care (POC) diagnostics are particularly useful for outbreaks and IPC implementation. RDTs can be used in rural settings that lack adequate surveillance or specimen transportation. Diagnostics can also be useful in postmortem surveillance (Broder). 

· RDTs, despite limitations, are useful in remote locations, such as where NiV outbreaks have occurred. Tests that have longer shelf lives and resist heat and humidity (e.g., patch technologies) are being pursued. However, there is no market for rapid POC tests that would save frontline healthcare workers (HCWs) during an outbreak (Roth, Broder). 

· POC tests for henipaviruses (i.e., broader than just tests for NiV) would increase the geographic area where the tests could be used (Gurley). 

· Serially testing of contacts during an outbreak could be used to gather data for developing tests for early diagnosis (Montgomery, Broder). 

· Patients generally do not present to the hospital before day 4 of illness, at which point they are severely ill. We want tests to work early, but we have no way to evaluate those tests. One approach would be to retest (2 days after initial testing) suspected cases that initially test negative if they are still symptomatic (Gurley). 



Joel then led a discussion of the draft roadmap strategic goals and milestones for NiV diagnostics. Discussion highlights are detailed in the tables below.



		Diagnostics: Strategic Goal 1 and Aligned Milestones



		Strategic Goal or Milestone

		Discussion highlights

		Suggested actions



		Strategic Goal 1: Support development of diagnostic assays through creation of a virtual reference repository of clinical samples from NiV-infected patients.

		· Some participants were unclear on what was meant by a virtual repository. 

		· Delete the words “virtual reference” in front of repository. 



		Milestone 1: By 2026, develop and standardize plans and protocols (including the governance structure) for creating a virtual reference repository of well-characterized clinical samples to be maintained in the two primary NiV-affected countries (Bangladesh and India). 

		Discussion of milestones 1 and 2 was as follows:

· Discussion on what would be needed with a “virtual reference repository” highlighted the following:  centralized registry for samples located in/owned by multiple countries; requests can be made but not necessarily granted; location is known and documented; control over samples is maintained in-country; bilateral agreements between individual researchers (Montgomery, Broder, Rahman, Moore, Osterholm). 

· The repository of samples “to be collected in future outbreaks” in milestone 2 is centralized within countries, whereas in milestone 1 the samples remain in labs and their locations are known through an online registry/catalogue. For the repository in milestone 1, a governance structure dictates rules for gaining access to samples (Broder, Mazzola, Osterholm). 

· The goal is to have samples accessible for diagnostic assay evaluation; a repository of well-characterized samples (Montgomery). 

· A governance structure is critical for several reasons, including that sample sharing must conform to the Nagoya Protocol and a prioritization of sharing requests for limited samples. This will not just involve India and Bangladesh, but also CDC (Rahman, Mazzola, Montgomery). 

· CEPI created a reference panel, but its usefulness for validating rapid or POC diagnostics is limited (Preziosi). 

· Determining repository location should be determined by a governance structure; creating the governance structure will be a hurdle (Gurley, Montgomery, Osterholm). 

· Repository location will raise issues of biosecurity and security in the home countries and where samples are shared (multiple participants). 

· A WHO workgroup could be involved with the governance structure (Preziosi) and it would need to be wider than NiV alone (e.g., henipaviruses) (Montgomery). 

· Repository samples would need to be well-characterized, requiring a minimum set of metadata on samples (e.g., gender, age, onset date) (Gurley, Montgomery). However, excluding samples without that information might discourage sample sharing (Gurley). 

		· Remove the words “virtual reference” and change to “repositories” (Moore, Rahman, Gurley). 

· The milestone should note that the samples are “well-documented” (i.e., full clinical history of patient), as well as “well-characterized” (multiple participants).

· Potential milestone language to address the previous bullet: “well-characterized with a recommended set of metadata (i.e., age, sex, days since symptom onset)” (Moore, Gurley). 

· The milestone should also include both acute and convalescent samples (multiple participants). 

· Change milestone timeline from 2026 to 2024. 



		Milestone 2: By 2027, identify sustainable, long-term funding, determine sites for sample storage, and initiate creation of the virtual reference repository in Bangladesh and India, with samples to be collected during future outbreaks. 

		

		· Revise this milestone to be appropriate with changes made to milestone 1 (e.g., remove “virtual”) (Rahman, Gurley, Moore). 

· “Repository” language should stay in this milestone, since locations is detailed (i.e., Bangladesh, India) (Rahman, Gurley, Moore). 

· Change milestone timeline from 2026 to 2025.







		Diagnostics: Strategic Goal 2 and Aligned Milestones 



		Strategic Goal or Milestone

		Discussion highlights

		Suggested actions



		Strategic Goal 2: Continue to develop and assess affordable, highly sensitive and specific (as needed depending on intended use), point-of-care or near-patient NiV diagnostic tests that are suitable for use in peripheral settings and that have minimal requirements for biosafety precautions and staff training.

		· Milestone should be POC “and” near-patient, not “or” (Gurley). 

· We want tests that a community worker can perform with minimal biosafety risks (Montgomery). 

· Pan-henipavirus testing is the ultimate goal, but we need a NiV diagnostic now (Gurley). 

· In addition to “suitable for use,” we want to specify sustained storage/shelf life of tests (Roth). 

· Test affordability is the key to POC adoption (Montgomery). 

· The target product profile (TPP) for these tests is vague, so it is worthwhile to state “extended shelf life” or they might have a short shelf life, which impacts affordability (Roth). 

		· Change goal language from “point-of-care or near-patient” to “point-of-care and near-patient” (Gurley) and include language on extended shelf life (Roth). 



		Milestone 1: By 2025, engage appropriate regulatory agencies and NRAs to inform commercialization pathways for NiV diagnostic assays. This effort should include clarifying regulatory pathways for approval (including approval for emergency use) of NiV diagnostics. 

		· “Commercialization” is intended to mean test approval and that tests are made commercially available. The milestone describes a discussion with regulators about what is needed to put a product on the market (Gurley, Broder, Moore).

· Work towards this milestone can begin with existing samples (i.e., does not need to wait until repositories detailed under Strategic Goal 1 are created) (multiple participants). 

· NiV diagnostics might qualify for the Expert Review Panel for Diagnostics (ERPD) pathway hosted by WHO. Decisions would be made in light of difficulty to obtain clinical samples (Preziosi, Mazzola).

· The existing use cases and TTPs for NiV diagnostics have not yet been finalized, so a new milestone should be added to accomplish this in 2024 (Mazzola).

		· Change timeline from 2025 to 2024.

· Add a new milestone for 2024 to finalize the draft TTPs and use cases for NiV diagnostics. 





		Milestone 2: By 2026, complete preclinical evaluation for at least two of the most promising NiV point-of-care or near-patient diagnostic assays that align with the TPP and can be used in peripheral sites. 

		· “Preclinical evaluation” is a FIND term that means laboratory work, not clinical samples. Consider changing to “analytical evaluation” or other term (Gurley, Montgomery, Moore). 

· Milestone timeline has to follow after the repository activities detailed under Strategic Goal 1 (multiple participants). 

· Participants were not aware of promising candidates with potential to seek approval in 2025 or 2026. 

· Technologies that can be applied to POC testing may advance in the next 2 years (Osterholm). Participants recommended that the milestone timeline stay at 2026, with recognition that there may be technological advancements that could be leveraged for NiV diagnostics by that time (Luby, Montgomery). 

· A suggestion was made to add a new milestone calling for the acceleration of POC and near-patient testing using existing technologies (Mazzola, Montgomery). 

· Matchmaking between diagnostic test developers/platforms and available reagents (e.g., mAbs) could be done (e.g., as FIND did with Duke University) (Montgomery, Mazzola, Roth). 

· For milestones 2 and 3: WHO sets international reference standards and is creating an antibody standard. Standards have to be completed before the preclinical evaluation, so the order for milestones 2 and 3 should be reversed (standards [milestone 3] by 2025, preclinical work [milestone 2] by 2026) (Mazzola, Gurley, Moore, Montgomery).

		· No change to the timeline o wording.  

· Create a new milestone (which will be a new milestone 2) that calls for the acceleration of POC and near-patient testing using existing technologies.





		Milestone 3: By 2026, create international reference standards for calibrating and harmonizing NiV diagnostic assays. 

		· The milestone timeline has to follow after the repository activities detailed under Strategic Goal 1 (multiple participants).

· For original milestones 2 and 3: WHO sets international reference standards and is creating an antibody standard for NiV. Standards have to be completed before the preclinical evaluation, so the order for milestones 2 and 3 should be reversed (standards [original milestone 3] by 2025, preclinical work [original milestone 2] by 2026) (Mazzola, Gurley, Moore, Montgomery). 

		· Change timeline from 2026 to 2025 (this will also change the order of original milestones 2 and 3, as milestone 3 will remain 2026). 





		Milestone 4: By 2026, develop a minimum protocol or set of best practices (that biosafety committees will accept) for inactivation of clinical samples from humans and animals that are being tested for NiV. 

		· Remove the word “minimum” from the milestone and change the timeline to 2024 (Rahman, Gurley, Moore). 

· Questions related to this have likely been addressed before, such as with PCR for suspected NiV patients in Bangladesh (Luby). However, new technologies (e.g., those on the horizon that would be considered “plug-and-play”) require consideration (Montgomery). 

· Standardized methods for inactivation would be desired (Gurley). 

· Every inactivation method has to be tested for use in the US. For companies, deactivation information is usually proprietary information and divulged only to regulatory agencies (de Wit). 

		· Revise the milestone: remove “minimum” and change the timeline to 2024 (Rahman, Gurley, Moore). 





		Milestone 5: By 2027, complete clinical validation of performance and operational suitability for at least two of the most promising NiV point-of-care or near-patient diagnostic assays that align with the TPP and can be used in peripheral sites. 

		· No comments. 



		· No change to the timeline or wording.  





		Milestone 6: By 2028, obtain regulatory approval for at least one rapid, point-of-care or near-patient care NiV diagnostic test that can be commercialized and standardized. 

		· Milestone wording leaves standardization up to the developer (Mazzola).

· This is an aspirational milestone (Montgomery). 

· The company Molbio has emergency use authorization (EUA) in India for its Truenat test, but that test might not be used currently. While an EUA isn’t regulatory approval, it can continue to be used for a long time (e.g., Ebola test) (Mazzola, Moore). 

· Change “obtain” to “promote” and/or “support” (Mazzola, Moore); leave the timeline at 2028 since milestone 5 is for 2027. 

		· Change “obtain” to “promote” and/or “support” (Mazzola, Moore). 









		Diagnostics: Strategic Goal 3 and Aligned Milestones 



		Strategic Goal or Milestone

		Discussion highlights

		Suggested actions



		Strategic Goal 3: Enhance laboratory diagnostic preparedness in areas of known spillover risk to promote early detection of NiV.

		· No comments.

	

		· No edits suggested.



		Milestone 1: By 2026, expand national laboratory networks for NiV detection in the primary affected countries (Bangladesh and India) that include plans for enhancing laboratory preparedness to enable earlier and timely detection of NiV infection during future outbreaks. 

		· As discussed previously, the milestone should refer to leveraging existing platforms and infrastructure, particularly given what was established for COVID (Gurley, de Wit, Rahman). 

· This needs to happen quickly to keep systems online. One strategy would be to assess post-COVID genomic activities related to materials and personnel, and seek alternative funding to keep this running, not just for NiV but for any potential pandemic threat (Preziosi, multiple participants). [Note: This was not added as a milestone to the roadmap, as this seems to be more of an implementation issue.] 

· Use “at-risk countries” instead of “affected countries” (Rahman). 

· Staffing is the key and there needs to be a system in place to keep places running. It is difficult to get funding for surveillance and detection activities (Roth, multiple participants). 

· Biosafety can be an issue (Montgomery). 

· Vigilance, safety, and training are necessary. We want active virus for some applications (Gurley, Montgomery). 

· Using serology to detect spillovers in humans and inform acute surveillance might be useful in other countries (Montgomery). 

· Consider adding other countries given need for lab capacity to diagnose NiV (for milestones 1-3) (Moore). 

		· Remove “India and Bangladesh” from the milestone (Moore). 

· Change “affected countries” to “at-risk countries” (Rahman). 

· Change timeline from 2026 to 2025. 

· Verify that any related milestones in the cross-cutting section are revised, if needed, per diagnostics discussions. 





		Milestone 2: By 2027, generate well-characterized and up-to-date proficiency panels for NiV diagnostic testing to be used in selected laboratories in Bangladesh and India. 

		· This work might be done earlier than 2026 in India and Bangladesh; the timeline represents other at-risk countries. 

· Consider adding other countries (i.e., at-risk countries) given need for lab capacity to diagnose NiV (for milestones 1-3) (Moore).

		· Remove “India and Bangladesh” from the milestone (Moore). 

· Revise to “…proficiency panels and network quality controls for NiV diagnostic testing.”

· Add at-risk countries. 

· Change timeline from 2027 to 2026. 



		Milestone 3: By 2029, implement routine EQA monitoring of NiV diagnostic testing at selected laboratories in Bangladesh and India. 

		· Consider adding other countries given need for lab capacity to diagnose NiV (for milestones 1-3) (Moore).



		· Remove “India and Bangladesh” from the milestone (Moore). 

· Add at-risk countries.

· Change timeline from 2029 to 2026. 







Joel concluded the diagnostics section with a facilitated discussion on roadmap implementation, including barriers to implementation and ideas for implementation. Key points from the discussion: 

· Barriers:

· Financial support and coordination (Roth)

· In-country leadership attention/support (Gurley)

· The lack of a sense of urgency (Gurley)

· The lack of in-country champions (Rahman)

· Ideas for implementation: 

· WHO’s role is critical. 

· A sense of urgency and buy-in is needed, specifically from: 

· Community and the affected/vulnerable populations (Rahman, Lackritz)

· Political leadership in affected countries (Formenty, Osterholm) 

· Involving clinicians in overcoming barriers to sample sharing (Gurley)

· Physicians would likely get behind this effort (Gurley); people already give samples to iccdr,b (which has decades of trust/presence in the community) (Rahman, Lackritz).

· Funding should be internationally sourced by global public-private partnerships; this is a global pandemic prevention issue and we shouldn’t ask the countries that are already stretched thin to protect wealthy countries.



[bookmark: _Toc143687424]Therapeutics in the Nipah R&D Roadmap 

Emmie de Wit served as facilitator for discussion on therapeutics in the draft roadmap. 



Emmie led the group in a review of important advances, barriers, challenges, and key needs for NiV therapeutics. Key points from that discussion focused on current challenges in the therapeutics field: 

· Funding clinical trials is a challenge (multiple participants).

· IV administration of mAbs is also a challenge (Broder, Montgomery). 

· NIAID funded grants for NiV antiviral discovery, for which Christopher Broder’s group partnered with Novartis. 

· In Bangladesh, patients often do not present until day 4 after symptom onset (Gurley). Because of that, a potent anti-NiV monoclonal likely to prevent significant mortality associated with diagnosed disease would be useful (Broder). 

· With therapeutics, more patients would likely survive NiV, but would have sequelae unless an agent crosses the blood-brain barrier or cases are treated upon suspicion, like with rabies (de Wit, Broder). Patients would be surviving with neurological deficits (Luby).

· It’s not clear whether mRNA therapeutics would be successful unless there is gene therapy (Broder). 

· Expense will be a barrier, as was seen with COVID therapeutics (Rahman). 

· The few numbers of patients presenting each year is a huge barrier to therapeutics development; this could maybe be overcome with better surveillance, although that is somewhat unlikely (Luby). 

· Numerous challenges exist with developing NiV therapeutics; however, we should be considering the fact that the critical target here is to have therapeutics not just to treat current patients, but to have drugs available in case of a catastrophic pandemic caused by NiV or a related virus (Luby). 

· Guidelines for supportive care are needed that can apply whether or not clinical trials are successful (Gurley). 



Emmie then led a discussion of the draft roadmap strategic goals and milestones for NiV therapeutics. Discussion highlights are detailed in the tables below:



		Therapeutics: Strategic Goal 1 and Aligned Milestones 



		Strategic Goal or Milestone

		Discussion highlights

		Suggested actions



		Strategic Goal 1: Enhance preparedness to conduct clinical trials of therapeutic agents during future NiV outbreaks.

		· No comments.

		· No edits suggested, other than expanding to include related viruses (per earlier discussions).



		Milestone 1: By 2024, convene a consortium of key stakeholders—in affected areas and internationally—to address the key challenges with conducting clinical trials of therapeutic agents during future NiV outbreaks. This consortium could potentially be modeled after the West Africa Lassa Fever Consortium (WALC) (ISARIC 2023). 

		· Clinical trial guidelines for Bangladesh and India should come first, but other affected countries should be included (multiple participants). 

		· Add related viruses (per earlier discussions).

· No change in the timeline. 



		Milestone 2: By 2025, develop NiV standard of care guidelines to be used in affected countries, disseminate the guidelines, and conduct outreach to clinicians as appropriate. 

		· Based on Lassa and CCHF experience of developing and implementing training modules for physicians in Africa, consider how to raise awareness of symptoms and standards of care in affected regions. For the time being, consider adapting standards of care for other infectious diseases (Formenty). 

· We need to develop a network/critical mass of clinicians to adopt these standards of care if we want to enhance NiV detection (Formenty). 

· Consider adding another milestone on clinician awareness/training on standards of care; infection control could be tied to that (de Wit). Training is needed at the university level (Formenty). 

· Shahana Parveen noted that a training module that includes infection control was developed; she can share that. 

· In Bangladesh, family members provide most of the hands-on care in hospitals. That creates closed loops that limit hospital-wide outbreaks. As health systems develop, there are more opportunities for transmission (Gurley). Family members providing patient care need to be instructed in infection control (Parveen). 

· Training is easy compared with supply chains and running water for infection control (Gurley). 

		· Revise milestone to add “infection control and standard of care guidelines” (Gurley, Moore). 

· Change timeline from 2025 to 2024.

· Create a new milestone on training clinicians regarding infection control and standards of care guidelines, with a 2025 target date (de Wit, Moore).  





		Milestone 3: By 2025, complete an agreed-upon generic prepositioned protocol for conducting safety and efficacy clinical trials of promising therapeutic candidates (mAbs and small molecules, including repurposed drugs) to be implemented in NiV-affected areas during outbreaks and develop plans for operationalizing the protocol. 

		· WHO is working on a rolling protocol (Roth).

· COVID has changed the way such activities are approached and can serve as an example; as such, the dates can be moved up (multiple participants). 

· NIAID developed a generic protocol for mAbs with an intent that it could be used for other therapeutics. This could be reinvigorated. It was written for post-exposure prophylaxis (PEP) but could be modified to include pre-exposure prophylaxis (PREP) (Moore, Broder, de Wit, Gurley). 

· Semantics of pre- and post-exposure can be tricky: if you have been exposed but it is not detected, it is pre-exposure. 

· In an outbreak with pandemic potential, both those with known exposure and likely exposure should be treated (Osterholm). 

		· Change timeline from 2025 to 2024.





		Milestone 4: By 2025, complete an agreed-upon generic prepositioned protocol for conducting PEP trials of promising therapeutic candidates (mAbs and small molecules, including repurposed drugs) to be implemented in NiV-affected areas during outbreaks and develop plans for operationalizing the protocol. 

		

		· Change timeline from 2025 to 2024.

· Add PREP to this milestone. 





		Milestone 5: By 2026, complete a broader, harmonized regional protocol (to be used across Bangladesh and India) for conducting clinical trials of promising therapeutic candidates to be implemented in NiV-affected areas during outbreaks or potentially during periods of endemic disease (if comparable data can be generated over time and across different clinical sites) and develop plans for operationalizing the protocol. 

		· Milestone 3 and 5 are essentially the same; the group agreed to remove milestone 5. 



		· Remove this milestone. 





		Milestone 6: By 2026, generate a reliable source or stockpile of a mAB (m102.4 or other mAb) to be used in outbreak-related clinical trials for both PEP and early clinical treatment. 

		· CEPI is working on this, but does not support enough indirect costs to make production feasible. There are people ready to do this work if there was sufficient funding (Broder). 

· mAbs have  long shelf lives (Gurley, Broder). 

		· No change to timeline or wording. 









		Therapeutics: Strategic Goal 2 and Aligned Milestones 



		Strategic Goal or Milestone

		Discussion highlights

		Suggested actions



		Strategic Goal 2: Develop and evaluate therapeutic agents for the treatment of NiV infection and for PEP to prevent NiV infection.

		· No comments.

		· No edits suggested.



		Milestone 1: By 2025, create and implement a prioritization process for determining which promising NiV therapeutic candidates should be further evaluated in clinical trials, once adequate animal data demonstrating safety and efficacy are available. 

		· This should be done as quickly as possible to determine qualifying animal data (de Wit). 

· This timeline works well with the current NIH Antiviral Drug Discovery (AViDD) Centers for Pathogens of Pandemic Concern, which have 2 years of funding left (Freiberg). 

		· Add a reference to a “governance structure” in the milestone. 

· No change to timeline. 





		Milestone 2: By 2026, complete preclinical evaluation in animal models—with administration of the therapeutic agent more than 24 hours after challenge and potentially after symptom onset—of the preliminary safety, tolerability, and efficacy of at least two promising small-molecule therapeutic candidates or combination therapies for the treatment of NiV infection. 

		· AViDD Centers should be pushing out antivirals; the 2026 timeline is realistic (de Wit). 



		· No change to the wording or timeline. 





		Milestone 3: By 2027, further explore in animal models whether two or three of the most promising small-molecule therapeutic candidates are likely suitable for PEP and, therefore, should be assessed as PEP in clinical trials. 

		· This milestone can be removed (de Wit). 



		· Remove this milestone. 





		Milestone 4: By 2027, determine the most cost-effective and feasible routes of administration for use in real-world settings for at least two promising small-molecule therapeutic candidates. 

		· This milestone can be removed (de Wit). 



		· Remove this milestone. 





		Milestone 5: By 2027, complete at least one additional clinical trial (phase 2 or 2/3) in a NiV-affected area of m102.4 or other suitable mAb to further assess safety, tolerability, and efficacy (if NiV incidence allows efficacy assessment). 

		· Revise the milestone so it is not focused on m102.4 specifically (multiple participants). 

· The group agreed that this milestone should be changed to a phase 1 trial.

· Then develop a new milestone on phase 2 or phase 2/3 trials for a mAb or mAb cocktail; this milestone should have a later timeline (de Wit). 



		· Change the milestone to; “complete one additional phase 1 clinical trial of a monoclonal antibody” (i.e., do not specify 102.4) (Moore). 

· With language revision, allow for a mAb cocktail, e.g., “mAb(s)” (Broder, Roth). 

· Change the timeline from 2027 to 2025 (Preziosi). 

· Create a new milestone on phase 2 or 2/3 trials for mAbs with a timeline of 2027. 



		Milestone 6: By 2028, complete clinical evaluation of the preliminary safety, tolerability, and (possibly) efficacy of at least two promising small-molecule therapeutic candidates or combination therapies for the treatment of NiV infection. 

		· The group agreed with the language “combination therapies”; there is no need to specify monoclonal antibodies. 

· Consider a separate milestone for combination therapeutic trials; alternatively, that could be two arms of the same phase 1 trial (Moore, Preziosi, Gurley). This milestone might be maintained with revisions to the language (vs. creating a new milestone). 

		· Possible revision: “By 2028, complete at least one phase 1 clinical trial of at least two small molecule therapeutic agents or combination therapies …” [Note: The language was not finalized during the meeting and will be revised based on written feedback from the group]. 

· No change to the timeline.







Emmie concluded the therapeutics section with a facilitated discussion on roadmap implementation, including barriers to implementation and ideas for implementation. Key points from the discussion: 

· Barriers:

· Money

· Lack of coordination 

· Lack of urgency

· Time

· Delays in ethical clearance; phase 1 trials would mitigate this, given acceptance of results from other countries (clinical trial harmonization). 

· Therapeutics for NiV are not going to make money, they’re mainly for pandemic preparedness.

· The number of detected cases is small, which is a barrier to drug R&D.

· Ideas for implementation: 

· Synergy with other efforts (e.g., JE work) (Preziosi).

· Use existing capacity for conducting clinical trials in affected countries (Bangladesh and India); leverage existing clinical trial infrastructure (Preziosi).

· Build capacity for participating hospitals/facilities: 

· Find ways to improve overall quality of care as part of trials, rather than funding high-expense treatment for a few patients (Gurley). 

· There must be continuity for enrolled patients in all circumstances (Hassan). 

[bookmark: _Toc143687425]

Vaccines in the Nipah R&D Roadmap 

Christopher Broder served as facilitator for discussion. 



Chris began the session with a review of important advances, barriers, challenges, and key needs for NiV vaccines. Key points from that discussion focused on recent advancements in the vaccine field: 

· The measles NIV construct vaccine from the University of Tokyo is a candidate of note (Luby). 

· Another vaccine candidate of note is the ChAdOx1 NiV vaccine, with a phase 1 trial starting by December 2023 (Broder). 

· It has been amazing to see a robust set of vaccine candidates in the last 5 years, with much thanks to CEPI (Luby). 

· Vaccines currently in phase 1 trials are: the NIH-Moderna mRNA vaccine, an rVSV vaccine that expresses the envelope glycoproteins of both Ebola virus (EBOV) and NiV, and a soluble G protein vaccine (Preziosi, Broder).

· Stocks are available and standardized at this stage (Preziosi).

· Elements still needed for the soluble G program include a correlate of protection (CoP) study, challenge strain selection, and identification of who will conduct the studies (Broder). 

· The SG protein candidate is the furthest along; researchers are now characterizing polyclonal immune responses from subjects (Broder). 

· A subunit vaccine could be ready quickly, which could help stop an outbreak from spreading, as well as be used for laboratory workers and first responders (Broder).  



Chris then led a discussion of the draft roadmap strategic goals and milestones for NiV vaccines. Discussion highlights are detailed in the tables below. 




		Vaccines: Strategic Goal 1 and Aligned Milestones 



		Strategic Goal or Milestone

		Discussion highlights

		Suggested actions



		Strategic Goal 1: Develop the tools and policies necessary for evaluating and potentially approving one or more NiV candidate vaccines through a nontraditional regulatory pathway.

		· No comments.

		· No edits suggested.



		Milestone 1: By 2024, generate a fully characterized and controlled virus challenge stock (or potentially one each for NiV-M and NiV-B) for assessing candidate vaccines in animal models. 

		· Other than the mRNA vaccine, all candidate vaccines are based on the G protein, which is nearly identical between the Malaysian and Bangladesh strains, and therefore multiple strains are not needed for challenge studies (Broder). 

· One challenge strain from NiV-B is apparently established (Broder, de Wit).

· All NiV strains are 98% identical. Hendra (at 20% divergent) is 100% protective against both NiV-B and NiV-M, which is a proof of concept for using a single challenge strain in an animal model vaccine efficacy trial (Broder). 

· It would be helpful for this group to share what makes the most sense for the field. NiV-B is responsible for more outbreaks, spillovers, and appears more transmissible and causes more severe disease. As such, the challenge stock should be NiV-B. There might be disagreement on that suggestion, but that choice would be focused and achievable (Luby). 

		· Remove “(or potentially one each for NiV-M and NiV-B).”

· Add (preferably a NiV-B strain). . . 





		Milestone 2: By 2024, establish benchmark parameters (e.g., route of challenge, timing of challenge, and challenge dose) for testing of NiV candidate vaccines in animal models, with particular focus toward meeting criteria necessary for approval via a nontraditional pathway. 

		Discussion for milestones 2 and 3 is combined as follows:

· This timeline (2024) seems too soon, unless a program funding vaccine development wants this path forward. So far, there are limited experiments in primates with aerosolized devices. The model must be interpretable in a small number of animals (Broder). 

· An animal challenge model must be coordinated with regulatory authorities because of the expense (de Wit). 

· Repeated testing has not been performed by many different routes. There is one (intertracheal and internasal) that is accepted; other models on aerosol exposure are being pursued (Broder). 

· It is possible that the existing serum neutralizing IgG antibody will be the CoP. 

· We will never be done characterizing animal models (Broder). 

· There is significant overlap between milestones 2 and 3. They can be merged and given a timeline of 2025. CEPI is aiming for Accelerated Approval, so we need a good surrogate marker; this will be easier than the Animal Rule pathway (de Wit, Broder, Moore). 

· With accelerated approval, the animal model will most likely be the African green monkey (Broder). 

		· Change timeline from 2024 to 2025. 

· Add language that the work in this milestone be done “in conjunction with regulatory authorities” (Moore). 

· Add language to specify a “well-characterized animal model” (Moore).

· Add surrogate markers per discussion of the next milestone.  



		Milestone 3: By 2024, further characterize as needed at least one animal model suitable for determining surrogate markers that correlate with vaccine efficacy. 

		

		· Remove milestone 3 (given overlap with milestone 2) and add determining surrogate markers to the previous milestone (Moore). 





		Milestone 4: By 2025, define the protective threshold against NiV infection for serum neutralizing IgG antibodies (as a CoP or surrogate marker), which can be used in animal studies and for immunobridging to humans. 

		· Traditionally, we do not see high neutralizing titers early on. With our intranasal vaccine, we see good antibody response and good protection in hamsters. We are moving to nonhuman primates (NHPs) in September 2023 (Spiropoulou). 

· The challenge route and the animal model are going to be different each time. But for vaccines used in human trials, antibody response in serum will be measured (Broder). 

· The group discussed whether neutralizing antibodies should be the sole CoP. 

· Avoid language in the milestone that locks into serum neutralizing antibodies despite its prominence as a likely CoP. Include “other” CoPs due to the ability to induce T-cell responses. 

		· Change language to include “serum neutralizing antibodies or other functional CoPs” (Broder, Spiropoulou, Moore). 

· No change to timeline. 





		Milestone 5: By 2025, convene a group of key stakeholders to agree on, through a consensus approach, the most suitable assays (e.g., assays that are developed using live NiV vs. assays developed using pseudoviruses) for determining serum neutralizing IgG antibody titers for NiV vaccine R&D and develop a strategy for standardizing those assays. 

		· A WHO anti-NiV antibody standard is already developed and due for publication in October 2023. This milestone may not be needed (Broder). 



		· Remove this milestone.





		Milestone 6: By 2026, generate standardized assays to measure neutralizing IgG antibodies for NiV vaccine R&D, with a particular focus on assays to be used for regulatory approval via nontraditional pathways. 

		· This should be antibodies in general, not specifically “neutralizing” (Spiropoulou). 

· The WHO antibody standard is forthcoming and should be used; therefore, this milestone is essentially done (multiple participants). 



		· Remove the word “neutralizing” from the milestone. 

· Change timeline from 2026 to 2024 and reorder the milestones. 







		Vaccines: Strategic Goal 2 and Aligned Milestones 



		Strategic Goal or Milestone

		Discussion highlights

		Suggested actions



		Strategic Goal 2: Continue to move the current NiV vaccine pipeline forward toward licensure.

		· Based on group discussion around milestones 4-6, consider revising Strategic Goal 2 to be on moving the pipeline forward (i.e., using language from milestones 1 and 2), and the other milestones remaining in this section would be part of that revised Strategic Goal.

		· Revise the Strategic Goal as detailed in the discussion column. 



		Milestone 1: By 2024, complete current phase 1 clinical trials for at least three promising NiV candidate vaccines. 

		· This work is underway. Keep this as “at least three” as written currently (Broder, de Wit). 



		· No changes to timeline or wording.



		Milestone 2: By 2024, define use cases for NiV vaccines to inform vaccine deployment and manufacturing plans. 

		· We need to understand which vaccines will come through phase 2 for this work (Gurley). 



		· Change timeline from 2024 to 2025. 





		Milestone 3: By 2026, further assess vaccine safety and immunogenicity through additional phase 1 and initial phase 2 clinical trials (preferably in affect areas) for at least two of the most promising NiV candidate vaccines. 

		· The CEPI trial in Bangladesh with a subunit vaccine will likely begin before 2026, as they plan to start phase 2 in 2024 (Broder).

· The VSV vaccine might start phase 2 in Bangladesh in 2024, and the subunit vaccine would follow. Not many patients are needed, but approval will take some time. Two clinical phase 2 trials by 2026 is realistic (Luby).

· The financial support and commitment are there (Luby). 

· This milestone is not entirely dependent on CEPI, as NIAID also could do phase 2 trials (de Wit). 

		· Revise milestone to “initiate phase 2 trials by 2025” (multiple participants). 





		Milestone 4: By 2027, complete immunogenicity and efficacy studies in a well-characterized animal model for at least one cross-protective NiV vaccine candidate and define a surrogate marker that demonstrates likely clinical benefit of candidate vaccines. 

		· The group agreed that this milestone should be removed because this is covered in Strategic Goal 1 of this section.  



		· Remove this milestone. 





		Milestone 5: By 2029, conduct well-controlled clinical trials (preferably in affected areas) to assess a surrogate endpoint in human subjects for at least one NiV candidate vaccine. 

		· Trials for a surrogate endpoint might be necessary to repeat in affected areas with different populations (Broder, Preziosi). 

· Going back to Strategic Goal 1, and then following the progression of activities, we have 1) characterizing the virus stock, 2) establishing benchmark parameters for well-characterized animal model, 3) defining protective thresholds to be used in animal studies for immunobridging, 4) generate/use WHO standard NiV assay, and then 5) clinical trials. 

· This milestone date is currently for completely trials; could be changed to initiating trials (and date moved up) (Moore). Completing phase 2 trials could be done faster than by 2029 if initiated by 2025; they could be done by 2027 (Broder). 

· We may need to do more than one phase 2 trial (e.g., children in Bangladesh). If these are going to be only human studies with efficacy via bridging, questions will be raised, including by regulators, who will want more than initial phase 2 or a more robustly powered trial. It is hard to anticipate an area that has few precedents, but expectations should not be for “normal” vaccine development (Luby, Preziosi). Given that, a 2029 date is appropriate (Moore). 

· Trials will already include humans, and the language should be expanded to detail certain populations. Specifically, children, pregnant women, and women of childbearing age should be noted (Broder, Roth, Luby, Osterholm). We would be compromised in an outbreak without data on pregnant women (Luby). 

· Discussion on milestone rewording included a few recommendations, including: keep the 2029 date and add additional clinical trials including children and pregnant women; detail at least two vaccines; “in affected area” should be a requirement, not “preferably”.  

		· Revise language: for at least two candidates (instead of one) and remove “preferably.” Additionally, see discussion highlights for possible other revisions (e.g., additional clinical trials including vulnerable populations). 

· Ensure that the milestone is clearly for phase 2 (i.e., appropriate phase 2 context).

· Keep the current timeline. 





		Milestone 6: By 2030, complete a regulatory dossier for at least one NiV vaccine candidate based on a suitable animal model with subsequent immunobridging to humans for review via a nontraditional approval pathway. 

		· By 2030 is reasonable for this milestone, but it is unclear if this is for licensure or EUA (Broder, Preziosi). 



		· Add language on “(for licensure or emergency use)” to the milestone (Moore). 









Chris concluded the vaccines section with a facilitated discussion on roadmap implementation, including barriers to implementation and ideas for implementation. Key points from the discussion: 

· Barriers: 

· Money

· Lack of stakeholder engagement and buy-in

· Lack of readiness/coordination for trials during outbreaks 

· Consider adding a milestone in the cross-cutting section, applying to vaccines, therapeutics, and diagnostics (e.g., Strategic Goal 3) (Luby) 

· Include research protocol development (Gurley) 

· There are lessons learned from Ebola that apply; consider use of universal protocols beyond currently affected countries for pandemic prevention (Montgomery) 

· [Note: We added a milestone in the cross-cutting section on developing protocols for emergency use of candidate NiV MCMs during outbreaks.]

· Regulatory uncertainty, given alternate pathways (Rahman, Luby) 

· Requirements for stockpiling

· Ideas for implementation: 

· A lot of forward movement currently exists, with huge strides since 2017; keep up the momentum (Gurley) 

· CEPI is committed to take these vaccines through phase 2 (Rahman, Broder)

· Stockpiling and plans for use 

· Advocacy plans among stakeholders within affected countries

· Ensure that trials are conducted in affected countries 
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Marie-Pierre Preziosi led a facilitated discussion on roadmap implementation, with questions to panelists Shahana Parveen and Mahmudur Rahman and open discussion to all participants. 

· Question: Given the discussions from the last 2 days, what are the most important issues for Bangladesh specifically that align with the goals and milestones for moving NiV diagnostics, therapeutics, and vaccines forward? 

· To deal with small outbreaks, we need POC diagnostics, followed by therapeutics and vaccines (Rahman).

· Vaccines will come first if the situation changes and there is a large outbreak (Rahman). 

· Rapid tests, especially for hospitalized patients, are the most pressing need (Parveen). 

· Vaccine stockpiles are important, but the vaccines shouldn’t remain stockpiled until a major outbreak. It would be better to use the vaccines, even in a research protocol, or offer them to healthcare and laboratory workers for prevention (Gurley). 

· The mistake for mpox (which we can avoid with NiV) is that the vaccine was stockpiled but not released to healthcare workers and laboratory workers who were at risk (Broder). This also happened with Ebola (Roth). 

· Enable voluntary preventive use of vaccines to prevent pandemics; don’t wait until a pandemic starts (Gurley). 

· Countries should have a vaccination strategy that prioritizes who gets vaccines, such as healthcare workers (Rahman). 

· Countries need to improve patient outcomes now with supportive care. There is a need to improve clinical care capacity, along with laboratory and research capacity, and in support of clinical trials (Hassan). 

· WHO is currently revising treatment guidelines and long-term care for people with neurological sequelae and brain infections (Preziosi). 

· Question: What are the most critical resources that you need in Bangladesh to support development of NiV diagnostics, therapeutics, and vaccines? 

· Strong collaboration with CDC and WHO; we need a common platform and collaboration with existing efforts at country-level (Parveen). 

· Technology transfer to countries to enable development of MCMs (Rahman). 

· Consider taking advantage of the money that is moving through One Health efforts now, including from the World Bank (Rahman). 

· There should be a mapping initiative (Rahman, Preziosi). 

· Countries need investment in research; WHO is a potential organizer of such support (Lackritz). 

· SEARO is engaged in helping at-risk countries. It is easier for national institutions to push for surveillance and diagnostics. There are many cases going undiagnosed and we could change that (Formenty). 

· Question: What role do you see WHO playing in promoting R&D of NiV MCMs and implementing the goals and milestones in the NiV roadmap?

· WHO should oversee the development and implementation of an action plan to accomplish roadmap milestones, and designate who will accomplish the milestones. WHO can play an important role in initiating/collaborating on regulatory issues. WHO can initiate international collaborations, and specifically between India and Bangladesh (Parveen). 

· WHO must have a coordinating role in Bangladesh for multiple players, including CDC, CEPI, and the EcoHealth Alliance. An example is the Asia Pacific Strategy for Emerging Diseases and Public Health Emergencies (APSED III, formerly APSED) (Rahman).

· Regarding a follow-up question as to whether other stakeholders (e.g., agriculture, veterinary) should be involved (Preziosi): 

· In Bangladesh, One Health is institutionalized. Other ministries will come forward during outbreaks. World Bank is also an important partner, as are UNICEF, CDC, and the Bill & Melinda Gates Foundation (Rahman). 

· Stakeholder mapping needs to be done (Rahman). 

· We can ask WHO to play a role, but the technical experts on NiV are responsible for advancing this agenda. It is great if Wellcome, the Bill & Melinda Gates Foundation, etc. fund this work generously, but the reality is that those contributions are incremental. We have to continue to push on the value of this agenda throughout our work and networks (Luby). 

· Champions are needed; we can assemble a group to make the investment case for NiV MCMs (Preziosi). 

· SEARO is developing strategy documents to prepare countries in the region for NiV outbreaks, including MCM R&D along with surveillance. We need to push for this beyond SEARO and the Western Pacific Regional Office (WPRO), notably in Africa (Formenty). 

· Governments need to fund NiV R&D, as well as development partners. Within countries, NiV researchers need to be networked (Rahman). 

· While grateful for the work CEPI is doing to push NiV vaccine development, there needs to be similar funding support for therapeutic development (Formenty). 

· From the One Health consideration, we need rapid, field-based diagnostics that can be used in species other than humans (Gurley). 

· This consideration could be added as a TPP-focused milestone (Preziosi).

· While scientifically a simple issue, the application of such a diagnostic is complex with regard to different agencies involved at the country level (e.g., agriculture, health) (Gurley). 

· [Note: Diagnostics for animal species was not added to the roadmap, as the taskforce had decided originally (in 2017-18) that issues related to animals were out of scope for the R&D roadmap.]

· The roadmap has milestones that include protocols and epidemiological studies, but we should verify that they adequately/explicitly mention continuing epidemiological studies (Rahman, Gurley).  

· Question: Who do you think are the most important external partners and what do you think are the most critical roles for those partners in R&D of NiV MCMs?

· In Bangladesh, the national government, specifically the Ministry of Health, is the central resource for engaging external partners, connecting with in-country experts, and engaging with external groups. This applies to the stakeholder mapping that we hope to accomplish, and other activities, such as those related to One Health (Parveen). 

· A consortium for engagement based on the One Health platform could be created, potentially by early 2024 (Preziosi, Parveen). 

· Question: What is the best way to encourage other in-country experts on issues related to NiV MCMs, including WHO regional representatives? 

· Bangladesh has a One Health Forum, initiated in 2007, now with more than 1000 members. It regularly convenes and has an executive committee representing animal, human, and environmental health. The forum acts as a catalyst to push the government to work. There is also a One Health steering committee at the inter-ministerial level; both can be leveraged toward NiV MCMs (Rahman). 

· Question: What are the best ways to promote regional coordination between India and Bangladesh? 

· There should be a memorandum of understanding (MOU) between India and Bangladesh regarding validation. We had this in the past for leishmaniasis, and included Nepal. We tried [to have these] for avian influenza and anthrax, but failed. These MOUs must be negotiated at the highest government level and are effective because they become an obligation for each country and work well at the local level. They would be useful for MCMs, regional coordination, and cooperation. There are, however, challenges in getting these set up (Rahman). [Note: Mahmudur Rahman agreed to provide the leishmaniasis MOU to Marie-Pierre Preziosi.]

· SEARO is a potential forum for engagement between India and Bangladesh, to encourage bilateral exchanges (Luby). 

· Engaging at the community level is challenging, but communities can be leveraged carefully (Rahman). 
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Kristine Moore shared an overview on next steps for the roadmap and an accompanying manuscript. Key points:

· The roadmap will be revised per this meeting, finalized, and published on the WHO website in early 2024.  

· Once the updated draft roadmap is ready (i.e., following revisions from this meeting), it will be shared with the taskforce and select other experts (e.g., CEPI) to sign off. 

· A manuscript will also be developed. Group comments on the manuscript: 

· A journal for publishing should be selected with policymakers and funders in mind; we want to make it easy for them to recognize the roadmap’s purpose and goals (Golding). 

· We should consider more than one publication, with different objectives for different target audiences (e.g., One Health community, development world/development banks beyond World Bank, etc.). Many groups would take a wider interest in short, clear, nontechnical publications that lay out problems and benefits relevant to the roadmap. This is a promotion, not just a single publication (Roth). This could include WHO promotion two-pager (Preziosi) and/or policy briefs (Roth). 

· A full communication package, including sizeable, usable versions of the roadmap that is useful for graphics and seminar presentations, could be shared with stakeholders, via targeted webinars, etc. This would be part of a one-year communication that WHO would develop (Golding). 

· Journals suggested by group members for manuscript publication consideration included: PLOS Neglected Tropical Diseases, BMJ Global Health, and Emerging Infectious Diseases. 
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Nipah R&D Roadmap Taskforce Meeting

July 31 & August 1, 2023

London, UK



Agenda times listed in British Standard Time (BST)



Day 1: Monday, July 31



8:45 am	Registration, tea, coffee, and light breakfast 



Session 1: Welcome, Introductions, and Overview 

9:15 am	Welcome (Josie Golding, Wellcome)



9:20 am 	Introductions (Michael Osterholm, Center for Infectious Disease Research and Policy [CIDRAP])



9:30 am	Update on the WHO Blueprint Initiative (Marie-Pierre Preziosi, WHO)



9:40 am	Overview and meeting objectives (Kristine Moore, CIDRAP)



Session 2: Nipah Cross-Cutting Issues

Session Facilitator: Emily Gurley, Johns Hopkins Bloomberg School of Public Health



9:50 am	General comments on Nipah cross-cutting issues in the current roadmap draft 

· Key progress in the past 5 years

· Critical areas where additional efforts are needed 



10:10 am	Review the Nipah cross-cutting goals and milestones 



10:30 am	Break



10:45 am	Review the Nipah cross-cutting goals and milestones (continued) 



11:45 am	Concluding comments for Nipah cross-cutting issues 

· Barriers to implementing the goals and milestones

· Ideas for Roadmap implementation for this section



Session 3: Nipah Diagnostics

Session Facilitator: Joel Montgomery, US Centers for Disease Control and Prevention (US CDC)



12:05 pm	General comments on Nipah diagnostics in the current roadmap draft 

· Key progress in the past 5 years

· Critical areas where additional efforts are needed 



12:30 pm	Lunch



1:30 pm	Review the Nipah diagnostics goals and milestones 



2:50 pm	Break



3:05 pm	Concluding comments for Nipah diagnostics 

· Barriers to implementing the goals and milestones

· Ideas for Roadmap implementation for this section



Session 4: Nipah Therapeutics 

Session Facilitator: Emmie de Wit, US National Institute of Allergy and Infectious Diseases (NIAID) 



3:25 pm	General comments on Nipah therapeutics in the current roadmap draft 

· Key progress in the past 5 years

· Critical areas where additional efforts are needed 



3:45 pm	Review the Nipah therapeutics goals and milestones



5:10 pm	Concluding comments for Nipah therapeutics  

· Barriers to implementing the goals and milestones

· Ideas for Roadmap implementation for this section



5:30 pm 	Adjourn Day 1
Drinks and reception



6:00 pm	Dinner



Day 2: Tuesday, August 1



8:45 am	Registration, tea, coffee, and light breakfast



9:15 am	Welcome for Day 2 (Michael Osterholm, CIDRAP)



Session 5: Nipah Vaccines

Session Facilitator: Christopher Broder, Uniformed Services University of the Health Sciences 



9:20 am	General comments on Nipah vaccines in the current roadmap draft 

· Key progress in the past 5 years

· Critical areas where additional efforts are needed 



9:40 am	Review the Nipah vaccines goals and milestones



10:15 am	Break



10:30 am	Review the Nipah vaccines goals and milestones (continued)



11:10 am	Concluding comments for Nipah vaccines  

· Barriers to implementing the goals and milestones

· Ideas for Roadmap implementation for this section



Session 6: Nipah R&D Roadmap Implementation and Next Steps



11:30 am	Discussion: Roadmap implementation (Marie-Pierre Preziosi, WHO)

Discussion panelists:

· Shahana Parveen, International Centre for Diarrhoeal Disease Research, Bangladesh (icddr,b)

· Mahmudur Rahman, Eastern Mediterranean Public Health Network (EMPHNET)



12:15 pm	Discussion: Publication process (Kristine Moore, CIDRAP)



12:25 pm	Wrap up and next steps (Michael Osterholm, CIDRAP)



12:30 pm	Meeting close



12:30 pm 	Lunch
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Nipah Research and Development (R&D) Roadmap



Roadmap purpose: To provide a 6-year framework beginning in 2024 for identifying the vision, underpinning strategic goals, and prioritizing areas and activities (from basic research toward advanced development, licensure, manufacture, acceptance and deployment, and assessment) for accelerating the collaborative development of medical countermeasures (MCMs)—diagnostics, therapeutics, and vaccines—against Nipah virus infection. 



INTRODUCTION 

Nipah virus (NiV) is a paramyxovirus that was first identified as a zoonotic pathogen after an outbreak involving respiratory illness in pigs and severe encephalitic disease in humans occurred in Malaysia and Singapore in 1998 and 1999 (Chew 2000, Chua 1999, Chua 2010, Parashar 2000, Paton 1999). As part of that outbreak, 265 human cases of NiV disease (NiVD) were identified in Malaysia, and 11 abattoir workers in Singapore became ill following contact with imported pigs, with an overall case fatality rate of 40%. No new outbreaks have been reported in these countries since May 1999. NiVD was subsequently recognized, however, in Bangladesh in 2001, and nearly annual outbreaks have occurred in that country since (Hsu 2004, WHO 2018, Agrawal 2023). NiVD has also been identified periodically in eastern India (in 2001 and 2007) and, in 2018, an outbreak occurred for the first time in southern India (Arunkumar 2019, Chadha 2006, Chattu 2018, Sharma 2018, Soman Pillai 2020). Additionally, one case was reported from Kerala state in 2019 (Sudeep 2021). Case-fatality rates during outbreaks in Bangladesh and India have generally ranged from 50% to 100% (Sharma 2018). NiV infection in humans results in neurologic and respiratory syndromes, with fever, headache, altered mental state or unconsciousness, dizziness, cough, and vomiting as the primary presenting clinical features. NiV infection may result in late-onset encephalitis and relapsing encephalitis, and survivors may experience long-term neurological sequelae (Goh 2000, Hossain 2008, Tan 2002). A summary of 14 years of NiVD investigations in Bangladesh found no evidence of asymptomatic infection (Nikolay 2019).



The primary natural reservoir host for NiV in South Asia, where cases continue to occur, is Pteropus bats. A recent study suggests that discrete multiannual local epizootics in bat populations contribute to the ongoing sporadic nature of human NiV outbreaks in South Asia (Epstein 2020). The zoonotic potential of NiV is significant, particularly because of its ability to amplify in livestock and other domestic animals, which can serve as a source of exposure to humans (Islam 2023). Other regions may be at risk for NiV infection, as serologic evidence for NiV has been found in Pteropus bats and several other related bat species in Southeast Asia, the Western Pacific, and Africa (Anderson 2019, Breed 2010, Epstein 2008, Hasebe 2012, Iehlé 2007, Plowright 2019, Reynes 2005, Sendow 2013, Wacharapluesadee 2005, Yob 2001). In the 1998-99 Malaysia outbreak, NiV spillover occurred from bats to pigs, which led to pig-to-pig, pig-to-human, and suspected, although limited, human-to-human NiV transmission. Additionally, dogs were found to be infected with NiV on the farms involved in the outbreak (Field 2001). In outbreaks in Bangladesh, intermediary hosts between bat and human have not played a major role to date, with the primary modes of NiV transmission being human consumption of bat-contaminated raw date palm sap and subsequent person-to-person transmission (Arunkumar 2019, Gurley 2007, Islam 2016, Luby 2009, Nikolay 2019, Rahman 2008). However, a recent study in Bangladesh found NiV antibodies in cattle, dogs, and cats from six sites where spillover human NiV infection cases occurred during 2013–2015 (Islam 2023), suggesting the potential of zoonotic spread via intermediary hosts. Respiratory transmission via droplet spread may play an important role in propagating outbreaks (Nikolay 2019, Spiropoulou 2019). The virus could have pandemic potential if a more human-adapted strain, with greater person-to-person transmission emerges (Luby 2013).

The zoonotic potential of NiV is significant, particularly because of its ability to amplify in livestock and other domestic animals, which can serve as a source of exposure to humans (Islam 2023). NiV is part of the Henipavirus genus; this genus also includes another zoonotic pathogen—Hendra virus (HeV)—which predominantly causes infection in horses and also can lead to human disease (usually following contact with infected horses). HeV was initially recognized in 1994, following an outbreak of fatal cases of severe respiratory disease in horses and humans in the Brisbane suburb of Hendra in Queensland, Australia (Murray 1995, Selvey 1995). To date, at least 66 spillover events—all in Australia—involving more than 100 horses and seven humans have been identified (Wang 2023). Changes in bat behavior related to habitat loss and climate change appear to have increased the spillover risk of HeV from bats to horses (Eby 2023). Another henipavirus (Langya virus) was recently identified as the probable cause of febrile illness among a group of people in China (Zhang 2022). An outbreak of an unidentified henipavirus (possibly NiV or a closely related virus) occurred among horses and humans in the Philippines in 2014 (Ching 2015). This outbreak likely involved spillover of the virus into horses and subsequent disease in humans following consumption of contaminated horsemeat; disease also occurred in healthcare workers who cared for infected patients. Detailed genomic information for this virus is limited.



Several other henipaviruses have been identified, although the zoonotic and pathogenic potential of such viruses remains unknown (Li H 2023) and additional research is needed to better understand the global health threat of these viruses. Since additional bat species (particularly in Africa) and potentially other animals may serve as reservoir hosts for henipaviruses, the risk of spillover to humans may encompass up to three-fourths of the world’s population. Although this roadmap is primarily focused on NiV, many of the issues identified also apply to other henipaviruses. While the current incidence of detected disease caused by henipaviruses is low, the COVID-19 pandemic clearly demonstrated that viruses can transform into serious global threats without significant warning; therefore, vigilance is needed to better understand the epidemiology of henipaviruses and to monitor their global occurrence. 

Genomic sequencing has demonstrated that there are two main clades of NiV: the M genotype, which comprises the Malaysian NiV isolates (NiV-M), and the B genotype, which includes Bangladesh (NiV-B) and India NiV isolates (NiV-I) (Liew 2022, Yadav 2019). These three strains share a high percentage of homology (NiV-M and NiV-B strains share 91.8% homology, and NiV-I strains share 85.14to 96.15% homology with both NiV-M and NiV-B). Some strain-related differences, however, have been noted in the clinical features of infection in humans and experimentally infected non-human primates, with strains of the B clade appearing to be more pathogenic than those of the M clade (Mire 2016). Recent data indicate that strains from Bangladesh are segregated into two additional distinct sublineages that have intermingled geographically and temporally in that area over time (Rahman 2021, Whitmer 2020). At this time, however, the molecular epidemiology of NiV remains somewhat unclear and issues around strain diversity and strain evolution require further elucidation (Rahman 2021). One recent summary involving the most comprehensive analysis of available genomic data to date suggests that only about 15% of the overall NiV genetic diversity has been uncovered. Moreover, findings from that analysis demonstrated co-circulation of distinct lineages among bats, coupled with slow migration over large spatial areas (Cortés Azuero 2023).



The R&D roadmap for NiV infection is a key component of the WHO R&D Blueprint initiative for accelerating research and product development of MCMs to enable effective and timely emergency response to infectious disease epidemics. NiVD is identified in the Blueprint’s list of “priority diseases” (defined as diseases that are likely to cause severe outbreaks in the near future and for which few or no MCMs exist) (WHO 2023). The Blueprint calls for the development of R&D roadmaps for the priority diseases to align and stimulate R&D of new or improved countermeasures, such as rapid diagnostic assays, novel therapeutics, and effective vaccines. The scope of R&D addressed in this roadmap ranges from basic research to late-stage development of MCMs to prevent and control NiV outbreaks and endemic disease in humans. The roadmap is organized into four main sections: cross-cutting issues (for areas that apply broadly to more than one MCM category), diagnostics, therapeutics, and vaccines. (Note: These topics are not presented in order of public health priority.) Each section includes barriers (inherent obstacles or technical challenges that may influence the likelihood of success for development of NiV MCMs) and gaps (key needs or unresolved limitations in knowledge that are critical to the development of new NiV MCMs). These are followed by strategic goals and milestones, which build on the gaps and barriers and are focused on achievements for the next 6 years (beginning in 2024) that are necessary for moving NiV MCMs forward. The roadmap milestones will be tracked over time, with periodic assessment of progress and updating as needed. Each section also includes additional ongoing priorities that should be considered for NiV MCM R&D. 

Other aspects of public health preparedness and response, in addition to R&D for diagnostics, therapeutics, and vaccines, are critical to successful NiV infection prevention and control. Examples include minimizing zoonotic NiV transmission, improving use of personal protective equipment (PPE), ensuring adequate hand hygiene and environmental hygiene, promoting effective community engagement, implementing adequate infection prevention and control practices, developing adequate infrastructure (such as cold-chain maintenance) to deploy MCMs, and promoting workforce development and training in endemic and at-risk regions. Many of these issues are beyond the scope of this R&D roadmap, but need to be addressed as part of a broader public health control strategy. Further research of NiV and related henipaviruses in animal species, including development of appropriate MCMs targeted to animal populations (such as vaccines [McLean 2019]), also is needed, since disease in animals may amplify occurrence of NiV (or a related henipavirus species) in humans and virus transmission can occur at the human-animal interface.



VISION

Robust MCMs to detect, prevent, treat, and control human outbreaks of NiV infection (and other closely related henipaviruses) that are readily available and accessible for use in areas of known or potential NiV spillover. These MCMs include: (1) rapid and accurate, point-of-care or near patient diagnostics; (2) safe and effective treatment and post-exposure prophylaxis (PEP); and (3) safe and effective vaccines to prevent disease, disability, and death. 



CROSS-CUTTING ISSUES

Barriers and Gaps

Barriers

· Securing funding for NiV/henipavirus research represents a substantial challenge, since economic incentives to invest in NiV research are not readily apparent because the disease primarily occurs in under-resourced areas of South Asia and reported disease incidence has, so far, been low with small and sporadic outbreaks (Gómez Román 2020). The development of a sustainable value proposition for industry and international philanthropic public-private partnerships is needed to secure funding to complete development, licensure, manufacture, and deployment of NiV MCMs. The value proposition should be informed by a robust assessment of the risk of future outbreaks of NiV and related henipaviruses and the economic, societal, and health impacts that such outbreaks could generate. 

· Demonstrating whether or not a product provides meaningful benefit without undue risk, which is a key aspect of any regulatory approval pathway, can be prohibitively expensive for product developers in the absence of a predictable demand (Gouglas 2018). In addition, licensure of vaccines and therapeutics using alternative regulatory pathways can be very costly, given the regulatory requirements for such approval.

· National regulatory authorities in countries where NiV/henipavirus outbreaks are likely to occur have different regulatory requirements for authorization, licensure, or emergency use of NiV medical countermeasures, which complicates the approval process, particularly for candidate vaccines and therapeutics (Gómez Román 2022). Engagement of international regulators An international, NiV-focused regulatory group has been created and will be an important mechanism for coordinating regulatory issues as NiV MCMs are moved forward (Gómez Román 2020).

· High-level biocontainment requirements may pose an impediment to research on NiV pathogenesis and development of MCMs, as certain materials must be generated under the highest biosafety level (biosafety level 4 [BSL-4]) conditions (Geisbert 2020, Gómez Román 2022), which can increase the cost and complexity of MCM development.

· To date, NiV spillovers to human communities have been identified most commonly in rural communities in Bangladesh and India; the healthcare facilities that serve these communities have limited laboratory and clinical infrastructure for diagnosis and treatment. 

· The primary natural reservoir for NiV and henipaviruses is fruit bats of the Pteropus genus; these bats have a wide geographic range that stretches across much of the Western Pacific region, Southeast and South Asia, and Madagascar (Bruno 2022). Evidence also suggests that other fruit bats of the Pteropodidae family may harbor NiV or related viruses; such bats can be found across Africa and parts of the Middle East (Bruno 2022). This broad host range increases the likelihood of additional spillover events from bats to humans or livestock in new areas where the disease has not yet been detected, which may make accurate and timely diagnosis, disease recognition, and treatment more difficult owing to the lack of clinical experience with the condition, lack of available laboratory testing, and the occurrence of other diseases that have similar clinical presentations. 

· The development and accessibility of animal models that recapitulate human NiV disease are critical for NiV MCM development, given the limitations on clinical samples and the infeasibility of traditional clinical efficacy trials. While ferrets and Syrian golden hamsters are well-established animal models for NiV research, the African green monkey (AGM) is regarded as the most relevant animal model for evaluation of candidate therapeutics and vaccines intended for use in humans (Foster 2022, Geisbert 2010, Geisbert 2020, Geisbert 2021, Johnston 2015, Price 2021, van Doremalen 2022, Woolsey 2023). Studies involving the AGM model may be required for licensure of MCMs via alternative regulatory pathways; however, costs, space requirements (particularly in BSL-4 containment facilities) and ethical concerns constrain their use (Arnason 2020, Bossart 2012, Geisbert 2010, Johnston 2015).

· Phase 1 and 2 clinical trials can be conducted in non-endemic regions or in endemic regions; however, phase 3 clinical efficacy trials will need to be conducted in endemic areas. Because NiV infection occurs in relatively small, focal outbreaks, the low disease incidence poses a major challenge for conducting such trials, in terms of achieving a sufficient sample size to estimate MCM efficacy with adequate statistical power (Gómez Román 2020). It may be possible to address this issue by enhancing case detection through improved surveillance and by combining clinical trial data over time, including across outbreaks; however, it is likely that at least vaccines will need to be licensed via nontraditional regulatory pathways. 

· Patients usually present late in the clinical course of disease and disease progression is often rapid, making it difficult to collect clinical samples before patients succumb to the disease. Additionally, autopsies are often not the standard of care in affected areas, which further reduces opportunities to collect clinical specimens. These barriers hinder the ability to understand disease pathogenesis and immunologic responses to infection, which are important for MCM R&D (Amaya 2020, Arunkumar 2019, Gurley 2020, Liew 2022, Mazzola 2019).

· Sociocultural issues may hinder trust in the formal healthcare and public health systems, which could reduce acceptance of NiV vaccines and therapeutics. 

Gaps

· Continued R&D, improved manufacturing processes, deployment, and assessment of NiV/henipavirus MCMs, as well as other preventive measures, depend on accurate and current information on the ecology and epidemiology of NiV infection, using a One Health approach. Improved surveillance (or dedicated prospective research with a surveillance focus) is needed to determine the true incidence of human disease in endemic areas and to monitor the occurrence of spillover incidents from bats to humans or livestock in new geographic areas (Bruno 2022, Singhai 2021). Improved surveillance might also support the business case for investment in NiV MCMs by identifying a higher incidence of disease than previously demonstrated and revealing a broader geographic range of risk.

· Additionally, continued research is needed to better define and assess the occurrence of NiV and other henipaviruses, including drivers of infection, in the natural reservoir of Pteropus bats and potentially other bat species around the globe (Gómez Román 2020, Plowright 2019).

· Additional research is needed to optimize and further characterize relevant animal challenge models (particularly ferret, Syrian golden hamster, and AGM models) for promoting development and evaluation of NiV MCMs (Geisbert 2020, Gómez Román 2020, Price 2021, Rockx 2014). Examples of additional issues involving animal models include the following (Dhondt 2013, Gómez Román 2020, Johnston 2015, Mathieu 2015, Mire 2019, Price 2021):

· Determine the appropriate animal model(s) for screening assay development.

· Standardize the challenge strain and dose, and determine the most appropriate lethal NiV dose for MCM development.

· Determine when after-challenge MCMs should be administered in animal models to best mimic realistic timing of MCM use in humans.

· Identify the best models for studying chronic (relapsing) infection.

· Determine if different animal models are needed for different clinical endpoints such as infection, disease, and transmission.

· Determine if models perform differently based on the route of virus administration.

· Improve overall standardization of the models.

· Other research needs include the following:

· Improved understanding of the virology, immunology, and pathogenesis of NiV in humans and animals to inform development of NiV MCMs (Gurley 2020, Liew 2022). This includes evaluating the pathophysiologic differences between different NiV strains, determining the mechanisms that allow NiV to escape immunologic clearance and cause delayed onset or recurrent encephalitis, and identifying factors influencing the development of permanent neurologic sequelae. 

· Ongoing phylogenetic and evolutionary analyses of NiV strains to monitor viral heterogeneity and antigenic changes that may affect the epidemiologic and clinical features of disease over time and thereby influence MCM development (Cortés Azuero 2023, Gurley 2020, McKee 2022, Rahman 2021).

· Additional research to determine if: (1) NiV strain variations influence the ability to detect NiV infections; (2) different strains have different phenotypic characteristics, such as different clinical manifestations or transmission dynamics, and (3) if strain variability impacts efficacy of vaccines or therapeutics (CEPI 2023a, Gurley 2020, Whitmer 2020). 

· Whole-genome sequencing of NiV isolates to generate a comprehensive phylogenetic mapping of the global genetic variability among henipaviruses (CEPI 2023a). 

· Sociological and anthropological research to understand how to best engage populations at high risk of exposure (such as persons who consume date palm sap, healthcare workers, and workers at the human-animal interface) and vulnerable populations (such as children, immunocompromised individuals, and pregnant women) for participation in clinical trials and to ensure acceptance of new NiV MCMs, especially if therapeutics and vaccines do not consistently prevent disease (Singhai 2021, Lancet 2018).

· Prospective serosurveillance of henipavirus exposure from susceptible animal species and proximate human populations in areas of predicted risk to assess the potential of human spillover and to build preparedness for detection of human cases and for limiting exposure (Daszak 2020, Deka 2018, Gómez Román 2020, Plowright 2019).

· Expanded use of machine-learning approaches can facilitate an improved understanding of the risk of NiV/henipavirus spillover events (Plowright 2019). Ecological studies are also needed to enhance understanding of the dynamics governing prevalence and shedding of NiV and other henipaviruses in bats (Plowright 2019).

· Other important needs include the following:

· Funding sources (such as public-private partnerships, government agencies, and philanthropic organizations) and industry incentives and competitions for non-dilutive funding to encourage innovation and secure private-sector commitments to develop and manufacture NiV MCMs (Gómez Román 2020). 

· Enhanced clinical, laboratory, and public health infrastructure in endemic and at-risk areas to promote early diagnosis, treatment, surveillance, and implementation of vaccination programs for NiV prevention and control (Bruno 2022). 

· Advocacy to policy makers in affected countries and to global stakeholders to ensure they understand the potential health, societal, and economic benefits of devoting resources to improving NiV surveillance, detection, prevention, and control measures (Gómez Román 2020).

· Scenario planning to clarify regulatory pathways for product approval in countries where NiV/henipavirus outbreaks are likely to occur, including determining whether or not efficacy data from animal models is sufficient for regulatory approval. Such planning should take into consideration the local epidemiology of NiV infection and the different requirements of local national regulatory authorities for product approval and emergency use authorization (Gómez Román 2022). Regulatory pathways and NRA capabilities vary between countries; therefore, early engagement, potentially with support from WHO and other key international stakeholders, is essential to identify country-specific considerations. While it is critical to focus on approaches that make ethical and scientifically valid clinical trials feasible whenever possible, alternative regulatory pathways may need to be considered for licensure of NiV vaccines or therapeutics, if classic clinical trial designs (e.g., randomized controlled trials [RCTs]) are not feasible. 

· Standardized and well-characterized assays (to be further defined based on end use), reagents, antibodies, nucleic acids, and stocks of NiV challenge strains for R&D of MCMs for NiV infection (Rampling 2019, Satterfield 2016). Assays that can be used at lower biosafety levels are an important priority. WHO international standards should be used (when available) as calibrators and reported in units/ml to harmonize assay results. 

· Outreach and education to clinicians and community health workers to improve NiV awareness, training, and outbreak preparedness (e.g., disease diagnosis, clinical management, and infection prevention and control) and to ensure availability of diagnostic tools in endemic areas to increase the likelihood of accurate and timely diagnosis and treatment of NiV infection (Singhai 2021). 

· Enhanced capacity for data sharing and analysis (particularly of NiV sequence data) to support collaborative clinical research, including methods for collecting, standardizing, and sharing clinical data. 

· Collaboration between public health authorities in endemic and at-risk areas and international development partners to support NiV surveillance and strengthen disease prevention and preparedness activities. This effort could potentially involve linking NiV surveillance with other surveillance efforts, such as surveillance for Japanese encephalitis (JE). Human health, animal health, and wildlife officials should be engaged as part of a long-term collaborative effort. 

· Clarification regarding the potential for and possible strategies to promote technology transfer for NiV MCM development and manufacturing to endemic and at-risk areas. 

· Efforts to reduce the cost of medical countermeasure development and ongoing production.



Strategic Goals and Aligned Milestones

Strategic Goal 1: Identify additional and ongoing sources of private- and public-sector funding and develop appropriate incentives and competitions to promote R&D of NiV MCMs. 

Milestones:

1. By 20245, develop a public value proposition to effectively advocate for the development and sustainability of NiV MCMs that: (1) articulates the potential global threat of NiV and related henipaviruses (including the risk of gain-of-function research involving such viruses), (2) demonstrates the need for global engagement to address the threat, and (3) outlines the global social and economic benefits of generating accessible and affordable NiV MCMs. , and (3) details the positive impact on the health systems in affected areas.. 

2. By 20256, create a funding plan based on the global value proposition for moving NiV diagnostics, therapeutics, and vaccines toward clinical evaluation, licensure/approval, acceptance, and sustainable access.

3. By 20256, develop a coordinated strategy (to include addressing indirect costs and shortfalls) for promoting and incentivizing greater industry engagement in R&D for NiV MCMs, particularly in affected countries. 



Strategic Goal 2: Improve understanding of NiV the epidemiology and ecology of NiV and related henipaviruses to better define the disease burden, risk factors for infection, reservoir hosts, and risk of spillover events in affected at-risk countries. 

Milestones:

1. By 20246, generate and implement standardized protocols for case investigation in at-risk countries, using a One Health approach, that are aimed at identifying risk factors for primary NiV infection and at conducting case-contact studies to better understand chains of transmission (Hedge 2023).

2. By 2025, assess country-level capacity in at-risk countries for implementing standardized clinical protocols for case investigation, and develop plans for addressing key gaps in implementation.

3. By 2025, develop and initiate a plan for enhancing human NiV surveillance for NiV and related henipaviruses in India and Bangladesh outside of existing surveillance areas (i.e., where cases previously have been identified). This should include securing funding, identifying additional surveillance catchment areas, engaging key partners in those areas, generating standardized surveillance protocols, and conducting training for implementation, and leveraging other surveillance activities (such as surveillance for JE). 

4. By 2026, initiate enhanced human NiV surveillance to better characterize NiV epidemiology (including the potential for spillover events), promote early case detection, and better define the disease burden in India and Bangladesh, particularly outside of areas where cases previously have been identified. 

5. By 2025, develop plans for conducting human surveillance for NiV and related henipaviruses in at-risk countries other than India and Bangladesh. 

6. By 2025, develop plans for conducting animal surveillance for NiV and related henipaviruses in at-risk countries other than India and Bangladesh. 

7. By 20256, develop plans for conducting additional research in at-risk countries India and Bangladesh to identify the potential for and drivers of spillover events for NiV and related henipaviruses, using a One Health approach, particularly in areas where NiV cases have not yet been identified.

8. By 2026, establish capacity at selected surveillance sites in India and Bangladesh to investigate NiV-related deaths by using post-mortem minimally invasive tissue sampling to enhance understanding of NiV disease pathogenesis (Bassat 2021). 



Strategic Goal 3: Determine the requirements for clinical trials, regulatory pathways, and other considerations that will affect licensure or approval of NiV MCMs by engaging an international regulatory working group regulators representing NRAs in affected areas and other key international stakeholders.

Milestones: 

1. By 2024, conduct scenario planning to identify gaps, clarify the regulatory procedures, and determine the acceptable pathways for approval and emergency use authorization of NiV MCMs (including vaccines, novel candidate therapeutics, repurposed therapeutics, and diagnostics) in countries at highest risk for NiV outbreaks (i.e., Bangladesh and India) through an international NiV-focused regulatory group. forum of regulators.

2. By 2025, determine if any key gaps exist for regulatory approval and emergency use authorization of candidate NiV MCMs in affected countries and develop strategies to address those gaps in regulatory approval and emergency use authorization of candidate NiV MCMs, with specified timelines for completion. 

3. By 2025, assess capacity in affected countries to conduct clinical trials and field studies of MCMs, particularly during outbreaks.

4. By 2026, create a system for monitoring regulatory issues related to licensure or use of candidate NiV MCMs over time. ensure that any issues affecting approval and emergency use of candidate MCMs in affected countries have been resolved and that consensus has been achieved on the necessary regulatory steps and procedures. 

5. By 2026, develop protocols for emergency use of candidate NiV MCMs during outbreaks. 

 

Strategic Goal 4: Support basic science research to improve understanding of NiV virology, pathogenesis, and the immune response to infection in humans and animal models. 

Milestones:

1. By 20245, generate standardized and well-characterized assays, reagents, antibodies, nucleic acids, and stocks of NiV challenge strains to facilitate R&D of NiV MCMs.

2. By 2025, conduct additional research to further optimize animal models that recapitulate disease in humans for use in preclinical studies of NiV MCMs. 

3. By 2026, conduct sequencing of NiV strains from existing clinical samples obtained from past NiV cases to assess variability of NiV strains in India and Bangladesh (CEPI 2023a). 

4. By 2026, establish capacity at selected surveillance sites in India and Bangladesh to investigate NiV-related deaths by using post-mortem minimally invasive tissue sampling to enhance understanding of NiV disease pathogenesis (Bassat 2021). 

5. By 2026, develop a standardized human pathology investigation protocol for improving understanding of NiV pathogenesis. 



6. By 20278, conduct research in animal models to determine if strain variability impacts efficacy of promising NiV MCMs or the accuracy of diagnostic tests.  



Additional Priority Areas/Activities

Research

· Continue to expand research to further understand the ecology and epidemiology of NiV and other pathogenic henipaviruses in human and animal populations (wild and domestic) over time and across geographic areas, using a One Health approach. Such research should include serosurveys in different animal species and ecologic studies in bats, and should utilize computational approaches, such as machine-learning. 

· Continue to perform phylogenetic and evolutionary analyses, using whole-genome sequencing, of NiV strains to monitor antigenic changes and characterize genetic diversity over time. 

· Continue to conduct sequencing of NiV strains from existing clinical samples obtained from past NiV cases to assess variability of NiV strains in India and Bangladesh (CEPI 2023a). 

· Incorporate, on an ongoing basis, additional NiV strains into preclinical research as newer strains become available. 

· Continue to conduct basic science research on the virology, pathogenesis, and immunology of NiV infections to inform development of MCMs.

· Continue to explore alternative strategies to using animal models for research (e.g., use of organoids, other in-vitro approaches, computational modeling).

· Determine key differences in pathogenesis for different NiV strains that may have implications for the development of safe and effective NiV vaccines or therapies.

· Conduct research studies to enable a more comprehensive mapping of genetic variability of henipaviruses to improve understanding of their global distribution.

· Conduct social science research to determine strategies for engaging communities for participation in clinical trials and to support acceptance of MCMs for NiV infection as they become available. 

Product development

· Promote early communication between developers and appropriate NRAs for clarity and guidance on the regulatory aspects of MCM development for NiV infection, including potential regulatory pathways for MCM licensure and approval. 

Key capacities

· Create international partnerships to fund, support, and promote enhanced laboratory capacity, public health surveillance capacity, and infrastructure in endemic and at-risk areas to promote early diagnosis, treatment, and implementation of vaccination programs for NiV prevention and control.

· Improve active and passive surveillance capacity to: (1) better define the incidence of disease in NiV-endemic and at-risk areas and (2) promote targeted research in non-endemic areas to identify evidence of spillover of NiV or other related henipaviruses from the natural reservoir to human or animal populations. 

· Develop an open-access shared data platform to facilitate sharing of NiV sequence and strain data. 

· Collaborate with local government authorities (including human health, animal health, and wildlife representatives) to support NiV surveillance and disease prevention activities in endemic affected and at-risk areas. 

· Promote community-based outreach programs that transfer skills and knowledge for the prevention and early recognition of NiV disease in areas of known or potential NiV spillover risk.

· Strengthen infrastructure and capacity for post-marketing pharmacovigilance of licensed NiV therapeutics and vaccines.

Policy and commercialization

· Support plans for adequate manufacturing and subsequent distribution of NiV diagnostics, therapeutics, and vaccines to endemic and at-risk areas. These should include efforts to reduce production costs and ensure equitable global access as needed. 

· Support the development of affordable pricing mechanisms to promote accessibility of NiV MCMs in low- and middle-income at-risk countries. (Note: According to WHO, an “affordable and fair” price is one that can reasonably be paid by patients and health budgets and simultaneously sustains research and development, production, and distribution within a country.)

· Clarify the potential for and possible strategies to promote technology transfer for development and manufacturing of MCMs for NiV infection. 



DIAGNOSTICS

Barriers and Gaps

Barriers

· Initial signs and symptoms of NiV infection are nonspecific, and infection is often not suspected at the time of presentation. This can hinder accurate diagnosis and creates challenges in outbreak detection and implementation of effective and timely infection control measures and outbreak response activities. Additionally, latent infection can last for months to years after initial exposure, which can complicate epidemiologic investigation (CDC 2020). 

· The accuracy of laboratory results can be affected by a variety of factors, such as clinical sample quality, quantity, type, timing of collection, and the time necessary to transfer the sample from the patient to the laboratory (WHO 2019, Mazzola 2019). 

· The time required to perform diagnostic testing using conventional laboratory methods is problematic, given the potential for rapid disease progression of NiV infection (Sayed 2019). 

· Diagnostic needs vary across the latent, acute, and convalescent phases of NiV infection (Bruno 2023). 

· Limited laboratory infrastructure and diagnostic capabilities in peripheral settings can lead to delays in diagnosis and in outbreak investigation and response (Berge 2019, Bruno 2022, Chua 2013, Wang 2012, WHO 2019). 

· Owing to the high biosafety precautions necessary when working with NiV, diagnostic testing of clinical specimens for NiV poses safety and logistical challenges in under-resourced areas with regard to collection, handling, transport, and laboratory analysis (Watanabe 2020, Widerspick 2022). 

· Limited NiV-positive clinical samples are available, which are important for validation of diagnostic tests (Mazzola 2019).

· Pteropus species (and likely other bat species) may carry other henipaviruses in addition to NiV and HeV, some of which could be pathogenic in humans and livestock. Antibodies to different henipaviruses appear to be highly cross-reactive, making it difficult to discriminate the particular henipaviruses that are in circulation using serologic assays, which is critical to ensuring diagnostic preparedness to respond to future outbreaks (Mazzola 2019, Wang 2012, WHO 2019, Yang 2022). 

Gaps

· Further research is needed to:

· Improve understanding of the kinetics of NiV detection in cerebrospinal fluid, blood, saliva, other body fluids (e.g., urine and respiratory secretions), and tissue samples to enhance the ability to diagnose infection at different stages of disease (Arunkumar 2019, Berge 2019, Mazzola 2019, Thakur 2019). 

· Determine criteria for test performance and further evaluate performance characteristics (including sensitivity, specificity, limits of detection, cross-reactivity, and quantitative vs. qualitative data) for NiV assays, particularly for newer tests (such as rapid diagnostic tests) and tests that are designed to detect more than one henipavirus. Further testing of diagnostics should be conducted in animal models before field trials in humans are pursued. 

· Continue to develop commercialized or standardized rapid nucleic acid tests that can quickly confirm active NiV infection at the point of care or at the level of near-patient care (Berge 2019, Pollack 2023, WHO 2019). This effort may require clarification of the regulatory pathways for commercialization of NiV diagnostic tests. To date, one rapid test has been approved for emergency use in India during an outbreak that occurred in 2018 (Yadav 2021).

· Generate international reference standards to calibrate diagnostic assays to ensure proficiency testing of new diagnostics (Berge 2019, WHO 2019). 

· Clinically validate the performance and operational suitability of new promising diagnostics, particularly rapid diagnostic tests, in endemic geographic regions (Berge 2019, Pollack 2023). 

· Continue to assess and operationally validate safe and simple methods of sample inactivation that do not interfere with diagnosis and that can be used at peripheral sites (Pollack 2023, WHO 2019, Watanabe 2020, Widerspick 2022, Yadav 2021).

· Establish operational suitability at the point of care (i.e., at peripheral community settings) for NiV diagnostic tests by developing an integrated approach to facilitate rapid, accurate, and safe testing procedures (Pollack 2023).This could include a minimal protocol or best practices approach for sample inactivation before testing (WHO 2019).

· Other needs include the following:

· Development of a virtual repository (with specimens being held and maintained in the countries of origin) of clinical samples to assess and validate diagnostic tests (Berge 2019, WHO 2019). As part of this process, a clear approach is needed to: (1) determine what clinical samples should be collected, based on what would be most useful (e.g., plasma, whole blood, urine, cerebrospinal fluid); (2) outline the purposes of sample collection; (3) determine what organizations will be responsible for the activities related to creating and maintaining the repositories; (4) establish standardized protocols for sample collection and maintenance; (5) establish an appropriate governance structure; (6) identify who would have access to the samples; (7) prioritize use of samples and sample distribution; and (8) ensure that material transfer agreements (MTAs) are in place. (Samples obtained from laboratory animals also can be used to assess diagnostic assays during the timeframe when the virtual repository is being created.)

· Optimal deployment strategies for diagnostics in different geographic areas based on the risk and epidemiology of NiV infection (Berge 2019, WHO 2019). 

· In-country laboratories able to conduct proficiency testing to monitor reproducibility and performance of NiV diagnostic assays in the field. 

· Systems for external quality assessment (EQA) monitoring of tests using up-to-date clinical specimen panels and reference standards (Mazzola 2019).

· A sufficient number of laboratories committed to using the diagnostics on a regular basis to support the business case for NiV diagnostics, particularly given the costs of regulatory approval.

· Improvement of diagnostic preparedness in at-risk areas to detect NiV, HeV, and other emergent henipaviruses as they arise (Wang 2012).

· Ongoing efforts to develop affordable and easy-to-use multiplex panels for detection of a range of pathogens using a syndromic approach, if such panels can be deemed cost-saving (Mazzola 2019).

· Use cases and target product profiles (TPPs) have been developed drafted for NiV diagnostics (WHO 2019); however, these need to be finalized and the criteria may need to be modified over time as new lineages are identified (Mazzola 2019). 

· Since NiV strains are continuing to evolve, it’s possible that current diagnostic tests could fail to detect an emergent variant of NiV. Recently, a novel strain of HeV was identified in Australia that was not detected through conventional PCR testing owing to gene sequence mismatches (Annand 2022). Diagnostic tools that can detect a broader range of NiV, HeV, or related viruses capable of spillover may be needed to advance the ability to forecast spillover risks and to detect emergent viruses (Peel 2022). 



Strategic Goals and Aligned Milestones

Strategic Goal 1: Support development of diagnostic assays through creation of reference repository repositories of clinical samples from NiV-infected patients.

Milestones: 

1. By 20246, develop and standardize plans and protocols (including the governance structure) for creating a virtual reference repositoryrepositories of well-characterized acute and convalescent clinical samples to include a recommended set of metadata (i.e., age, sex, days since symptom onset), as feasible, and to be maintained in the two primary NiV-affected countries (Bangladesh and India). 

2. By 20257, identify sustainable, long-term funding, determine sites for sample storage, and initiate creation of the virtual reference repositoryrepositories in Bangladesh and India, with samples samples and associated metadata to be collected during future outbreaks. 



Strategic Goal 2: Continue to develop and assess affordable, highly sensitive and specific (as needed depending on intended use), point-of-care andor near-patient NiV diagnostic tests that are suitable for use in peripheral settings, have extended shelf lives, and that have minimal requirements for biosafety precautions and staff training. 

Milestones: 

1. By 2024, finalize the draft use cases and TPPs for NiV diagnostics.

2. By 20245, engage appropriate regulatory agencies and NRAs to inform commercialization pathways for NiV diagnostic assays. This effort should include clarifying regulatory pathways for approval (including approval for emergency use) of NiV diagnostics.

3. By 2024, generate a call to accelerate the development of point-of-care and near-patient diagnostic testing for NiV.

4. By 2024, develop a protocol or set of best practices (that biosafety committees will accept) for inactivation of clinical samples from humans and animals that are being tested for NiV. 

5. By 2025, create international reference standards for calibrating and harmonizing NiV diagnostic assays. 

6. By 2026, complete preclinical evaluation for at least two of the most promising NiV point-of-care or near-patient diagnostic assays that align with the TPP and can be used in peripheral sites.

7. By 2026, create international reference standards for calibrating and harmonizing NiV diagnostic assays.  

8. By 2026, develop a minimum protocol or set of best practices (that biosafety committees will accept) for inactivation of clinical samples from humans and animals that are being tested for NiV. 

9. By 2027, complete clinical validation of performance and operational suitability for at least two of the most promising NiV point-of-care or near-patient diagnostic assays that align with the TPP and can be used in peripheral sites.

10. By 2028, obtain promote regulatory approval for at least one rapid, point-of-care or near-patient- care NiV diagnostic test that can be commercialized and standardized. 



Strategic Goal 3: Enhance laboratory diagnostic preparedness in areas of known spillover risk to promote early detection of NiV. 

Milestones: 

1. By 20256, continue to expand national laboratory networks for NiV detection in  the primary affected at-risk countries (Bangladesh and India)  that include plans for enhancing laboratory preparedness to enable earlier and timely detection of NiV infection during future outbreaks. 

2. By 20267, generate well-characterized and up-to-date proficiency panels and network quality controls for NiV diagnostic testing to be used in selected laboratories in Bangladesh and Indiaat-risk countries.

3. By 20269, implement routine EQA monitoring of NiV diagnostic testing at selected laboratories in Bangladesh and India.at-risk countries.  



Additional Priority Areas/Activities

Research

· Continue to explore new diagnostic approaches that may allow earlier detection of infection. 

· Further evaluate the kinetics of NiV detection in cerebrospinal fluid, blood, saliva, other body fluids, and tissue samples to enhance the ability to diagnose NiV infection at different stages of disease. 

· Determine criteria for test performance and continue to evaluate performance characteristics for promising new assays for diagnosis of NiV infection.

· Continue to conduct field evaluation studies to assess and validate new diagnostic tests for NiV infection as they become available. 

· Continue to research methods of diagnostic testing that are able to differentiate between various pathogenic henipaviruses.

· Continue to develop affordable and easy-to-use multiplex panels for detection of a range of pathogens using a syndromic approach. 

· Consider development of diagnostic tools that can detect a broader range of NiV, HeV, or related viruses capable of spillover.

 Product development

· Refine over time, as needed, criteria in the existing TPPs to include identification of different NiV lineages/strains. 

· Continue to develop and evaluate point-of-care andor near-patient rapid diagnostic tests for NiV infection that are affordable, highly sensitive and specific (as needed, depending on their intended use), can capture antigenically diverse strains of the virus, and can be performed accurately and safely in peripheral settings under a variety of circumstances. 

· Expand diagnostic test development for other henipaviruses over time. 

Key capacities

· Establish operational suitability in peripheral laboratories of rapid diagnostic tests over time, as new tests become available. 

· Enhance diagnostic preparedness in areas of known or potential henipavirus spillover risk to promote early detection of NiV, HeV, and other emergent henipaviruses as needed. 

Policy and commercialization

· Develop guidance on optimal strategies for the deployment and use of new NiV diagnostic tests across different geographic areas, as such tests become available. 



THERAPEUTICS

Barriers and Gaps

Barriers 

· Patients typically present late in the clinical course of disease, which decreases the likelihood of successful treatment.

· A limiting constraint to assessing the effectiveness of promising therapeutics is the number of patients with NiV infection who can be enrolled in clinical trials over time, given the small number of cases that are identified annually. 

· The absence of improved diagnostic assays for timely diagnosis and surveillance of infection creates an important challenge in providing early treatment of patients and PEP for exposed persons, which can significantly impact clinical evaluation of therapeutic candidates. 

· NiV can infect the central nervous system (CNS), which creates challenges for generating therapeutic agents that cross the blood-brain barrier to inhibit viral replication and prevent severe neurologic disease. 

· Healthcare systems in affected countries often do not have adequate infection control–programs in place to prevent person-to-person transmission. They also lack the ability to rapidly identify contacts most likely to benefit from PEP therapy. 

· One promising therapy is the monoclonal antibody (mAb) m102.4; however, the projected cost per patient for this agent is expected to be more than $1,000 (Gómez Román 2022); this high cost poses an important barrier to its use. 

Gaps 

· Patients may benefit from optimal supportive care, independent of treatment with specific NiV therapeutic agents. Key research areas include obtaining data on the safety and efficacy of components of supportive care for NiV, such as optimal fluid and respiration management strategies, diagnosis and treatment of organ dysfunction, and the use of empiric antibiotics and/or antimalarials to inform best-practice guidelines and evidence-based policy decisions. Standard of care guidelines will be important for conducting clinical efficacy trials of therapeutic agents. 

· During the 1998-99 NiV outbreak in Malaysia, clinicians used ribavirin to treat 140 patients. Outcomes data revealed a lower mortality rate among treated patients (Chong 2001), but the findings may have been biased by the use of historical controls. No additional clinical studies of ribavirin have been conducted, and limited studies in animals have not demonstrated efficacy of ribavirin following NiV or Hendra virus challenge (Georges-Courbot 2006, Rockx 2010). Ribavirin, however, may prove useful for PEP (Banerjee 2019); therefore, further challenge studies in animal models should considered to explore this possibility. 

· Studies in animals have evaluated the usefulness of several agents (including remdesivir, favipiravir, and fusion inhibitory peptides) when delivered prior to disease onset or early during the disease course (Dawes 2018, Lo 2019, Mathieu 2018). One recent study showed that AGMs were only partially protected when remdesivir was administered 3 days post-inoculation; therefore, early administration seems critical for effective treatment (de Wit 2023). Patients with NiV infection are often detected late in the clinical course, which creates challenges for predicting how well a therapeutic agent will work in the field. Additional challenge studies in animals, therefore, are needed to: (1) assess the clinical benefit of these therapeutics as treatment options when administered after symptom onset or at least more than 24 hours after initial exposure, (2) determine whether these agents may be appropriate for PEP, and (3) clarify the most feasible and cost-effective route of administration (e.g., oral, intranasal, intravenous) appropriate for real-world conditions, particularly if being considered for mass prophylaxis in an outbreak setting (Gómez Román 2022). 

· m102.4 has demonstrated protection against lethal NiV challenge in animal models and has been provided under compassionate use programs for a small number of individuals exposed to either HeV or NiV (Broder 2012, Guillaume 2004, Playford 2020). Several other mAbs have also been assessed in animal models and appear promising (Gómez Román 2022). A phase 1 clinical trial for m102.4 with 40 human participants was completed in Australia during 2015 and 2016 (Playford 2020). In that trial, m102.4 was well tolerated and safe, with no evidence of an immunogenic response.

· Additional research needs for mAbs as treatment or PEP for NiV infection include:

· Additional clinical trials in endemic areas to further assess the safety, tolerability, efficacy, and pharmacokinetic parameters of m102.4 (and possibly other mAbs with adequate preclinical data) for PEP and potentially early treatment of clinical disease (CEPI 2023b). 

· Additional research to determine the likelihood of escape mutants with mAb use. While evidence of escape mutants has not been found to date with m102.4, it may be necessary to consider mAb cocktails (Borisevich 2016, Playford 2020).

· Animal studies to determine if mAb cocktails that combine several different mAbs into one formulation are more efficacious than administering one mAb alone (Dang 2021). 

· Future studies to ascertain the efficacy of m102.4 for treatment and prophylaxis against different viral strains of NiV and Hendra viruses, particularly among populations living in settings where there is the potential for an outbreak.

· Adequate stockpiles of m102.4 (or potentially other mAbs) to ensure urgent access at the onset of a NiV outbreak.

· Given the limited number of NiV cases identified each year, a transparent and collaborative process is needed to determine which agents are most appropriate for study in future clinical trials and how best to allocate scarce resources for conducting such trials.

· A prepositioned, agreed-upon protocol for conducting clinical trials of promising therapeutics during NiV outbreaks would be of value in advancing clinical evaluation of such agents (Spiropoulou 2019). 

· Diagnostic criteria and standardized testing are needed for including patients in clinical trials of therapeutics.

· Additional research needs include the following: 

· Further research to broaden the number of novel antiviral candidates (including repurposed drugs) for treatment of NiV infection and strengthen the therapeutic pipeline. Computational aided drug design is one tool that can be useful for this discovery (Yang 2023).  

· Additional data to establish the pharmacokinetic/pharmacodynamic (PK/PD) relationship of promising therapeutic candidates.

· Additional data to determine the role of PEP and to inform development of guidance on the types of exposures that warrant such intervention and the most appropriate agents to administer. This determination should include feasibility for PEP stockpiling and distribution in both affected and at-risk areas, particularly Bangladesh, which has hundreds of potentially exposed persons annually that could be candidates for PEP. 

· Additional information to determine whether or not strain differences will affect the response to therapeutic candidates and results from clinical trials.

· Additional data to determine the therapeutic windows for promising therapeutics for the different NiV strains, as highlighted by a recent study in AGMs that showed that the therapeutic window for m102.4 against a strain from Bangladesh/India was shorter than for a strain from Malaysia (Mire 2016).



Strategic Goals and Aligned Milestones

Strategic Goal 1: Enhance preparedness to conduct clinical trials of therapeutic agents during future outbreaks of NiV or related viruses. outbreaks. 

Milestones: 

1. By 2024, convene a consortium of key stakeholders—in affected areas and internationally—to address the key challenges with conducting clinical trials of therapeutic agents during future NiV outbreaks of NiV or related viruses. This consortium could potentially be modeled after the West Africa Lassa Fever Consortium (WALC) (ISARIC 2023).

2. By 20245, develop NiV infection control and standard of care guidelines to be used in affected countries and , disseminate the guidelines. , and conduct outreach to clinicians as appropriate.

3. By 20245, complete an agreed-upon generic prepositioned protocol for conducting safety and efficacy clinical trials of promising therapeutic candidates (mAbs and small molecules, including repurposed drugs) to be implemented in NiV-affected areas during outbreaks and develop plans for operationalizing the protocol. 

4. By 20245, complete an agreed-upon generic prepositioned protocol for conducting PEP (and potentially pre-exposure prophylaxis [PREP]) trials of promising therapeutic candidates (mAbs and small molecules, including repurposed drugs) to be implemented in NiV-affected areas during outbreaks and develop plans for operationalizing the protocol. 

5. By 2025, conduct outreach and training to clinicians on the NiV infection control and standard of care guidelines in India and Bangladesh.

1. By 2026, complete a broader, harmonized regional protocol (to be used across Bangladesh and India) for conducting clinical trials of promising therapeutic candidates to be implemented in NiV-affected areas during outbreaks or potentially during periods of endemic disease (if comparable data can be generated over time and across different clinical sites) and develop plans for operationalizing the protocol. 

6. By 2026, generate a reliable source or stockpile of a mAB (m102.4 or other mAb) to be used in outbreak-related clinical trials for both PEP, possibly PREP, and early clinical treatment.



Strategic Goal 2: Develop and evaluate therapeutic agents for treatment of NiV infection and for PEP to prevent NiV infection. 

Milestones: 

1. By 2025, create and implement a prioritization process, with a governance structure, for determining which promising NiV therapeutic candidates should be further evaluated in clinical trials, once adequate animal data demonstrating safety and efficacy are available. 

2. By 2026, complete preclinical evaluation in animal models—with administration of the therapeutic agent more than 24 hours after challenge and potentially after symptom onset—of the preliminary safety, tolerability, and efficacy of at least two promising small-molecule therapeutic candidates or combination therapies for the treatment of NiV infection.

3. By 2027, further explore in animal models whether two or three of the most promising small-molecule therapeutic candidates are likely suitable for PEP and, therefore, should be assessed as PEP in clinical trials. 

4. By 2027, determine the most cost-effective and feasible routes of administration for use in real-world settings for at least two promising small-molecule therapeutic candidates. 

5. By 20257, complete at least one additional phase 1 clinical trial (phase 2 or 2/3) in a NiV-affected area of m102.4 or other suitable a promising mAb or mAb cocktail to further assess safety and , tolerability. , and efficacy (if NiV incidence allows efficacy assessment). 

6. By 2027, complete at least one phase 2/3 clinical trial in a NiV-affected area of a promising mAb or mAb cocktail to further assess safety, tolerability, and potentially efficacy (if NiV incidence allows efficacy assessment).

7. By 2028, complete at least one phase 1 clinical evaluation trial of the preliminary safety, and tolerability , and (possibly) efficacy of at least two promising small-molecule therapeutic candidates or combination therapies for the treatment of NiV infection.



Additional Priority Areas/Activities

Research

· Continue to research the safety, tolerability, and efficacy of available investigational therapies (such as m102.4, other mAbs, remdesivir, and favipiravir) for treating and preventing NiV infection, including conducting additional studies in animal models and clinical trials as appropriate and feasible. This should include determining the therapeutic windows for use of therapeutic agents as treatment or PEP.

· Clarify, in animal models, the potential for development of escape mutants from use of mAbs.

· Continue to conduct preclinical research on mAbs other than m102.4 and on mAb cocktails to assess safety, tolerability, and efficacy for treating NiV infection 

· Continue to expand the pipeline of new therapeutic options for treating and preventing NiV infection that should undergo further evaluation, potentially using pseudotyped viruses for initial screening of compounds (Li T 2023).

· Consider conducting additional challenge studies in animal models to assess whether or not ribavirin may be suitable for PEP following NiV exposure. 

· Research optimal treatment and supportive care strategies for NiV infection and determine best-practice guidelines.

Product development

· Continue to develop, evaluate, and license safe and effective therapeutic agents for the treatment of NiV infection that are active against different NiV strains and other henipaviruses, and that can cross the blood-brain barrier to treat or prevent CNS disease.

· Identify therapeutic approaches for PEP that are broadly active against different NiV strains and other pathogenic henipaviruses that may emerge.

Key capacities

· Ensure that clinical trial protocols are in place and are ready to be operationalized in advance of outbreaks, including obtaining appropriate approvals and conducting necessary training.

· Promote enhancements to the healthcare delivery systems in affected areas to improve clinical management and supportive care of patients with NiV infection and to improve infection control practices to limit person-to-person spread.

· Ensure that mechanisms are in place to finance, generate, and maintain stockpiles of NiV therapeutics for further clinical testing and outbreak control. 

Policy and commercialization

· Explore strategies for decreasing the costs associated with m102.4 or other mAbs, such as exploring the possibility of administering mAbs subcutaneously rather than intravenously. 

· Develop guidance for the use of therapeutics for disease treatment and PEP, as new therapies become available.



VACCINES

Barriers and Gaps

Barriers	

· Large clinical efficacy trials, which typically are required for vaccine licensure, will likely not be feasible for NiV vaccines, owing to the sporadic and unpredictable nature of NiV outbreaks and the low case numbers usually involved (Gómez Román 2022, Nikolay 2021, Satterfield 2016).

· In the absence of large clinical efficacy trials, authorization and licensure will likely involve nontraditional regulatory pathways to guide the evaluation of safety and efficacy (Gómez Román 2022). However, experience is limited with these routes (such as the US FDA’s Animal Rule or Accelerated Approval Program, the EMA’s conditional market authorization, and authorization under exceptional circumstances) and there are few successful models for vaccine authorization and approval.

· The limited commercial value of NiV vaccines may impede industry’s involvement in developing and producing NiV vaccines without significant financial support (e.g., through partnerships with organizations such as CEPI, PATH, and high-income country government agencies) (Gómez Román 2022).

· The affordability of creating and maintaining a NiV vaccine stockpile and deploying vaccines during outbreaks is a key issue for low- and middle-income countries; supplementary funding will likely be required to ensure vaccine preparedness for NiV outbreaks (Gómez Román 2022). 

· The absence of improved diagnostic assays for the timely diagnosis of infection creates an important challenge by delaying implementation of a rapid reactive vaccination strategy for NiV outbreak control. 

Gaps 

· NiV vaccines are needed that: (1) are readily accessible with adequate supply chains, particularly in low-resourced areas, (2) can protect against different NiV strains, and (3) provide rapid onset of immunity to adequately prevent and control outbreaks in a timely manner.

· Use cases for NiV vaccines need to be better defined, as how vaccines are to be used will affect vaccine deployment and manufacturing plans. 

· Reference standards for NiV antibodies are needed to evaluate candidate NiV vaccines. 

· Expanded partnerships among researchers, funders, and regulators are needed to advance the development of promising NiV vaccine candidates (Amaya 2020, Gómez Román 2022). NiV vaccine candidates in preclinical development target the F/G glycoproteins and a variety of platform technologies are being considered (e.g., virus vectors, protein subunits, mRNA, and virus-like particles) (Amaya 2020, Geisbert 2021, Gómez Román 2022, Loomis 2021, Monath 2022). NiV vaccine candidates based on three different platforms (protein subunits, mRNA, and viral vectors) are currently in phase 1 clinical trials (Auro Vaccines 2022, NIAID 2023, Public Health Vaccines 2023). 

· Demonstrating vaccine-induced protection against NiV infection or disease in an animal model will require an immune correlate of protection (CoP) or immune surrogate that can predict the likelihood of protective efficacy and that reflects the protective immune responses generated in humans (Amaya 2020, Escudero-Pérez 2023, Price 2021). 

· Accurate and reliable CoPs for determining the protective efficacy of NiV vaccines have not yet been identified (Loomis 2021). Neutralizing IgG is generally used as a CoP, although the protective threshold still needs to be defined to allow additional vaccine testing in animal challenge models and eventual immunobridging of antibody responses to humans, through phase 1/2 clinical studies (Escudero-Pérez 2023, Price 2021). 

· Once the protective threshold for neutralizing IgG antibodies is determined, the most appropriate and feasible assays (e.g., assays that are developed using live NiV vs. assays developed using pseudoviruses expressing the NiV F and G glycoproteins [Luo 2023]) need to be identified and standardized for use in animal models (Price 2021).

· Different types or titers of CoPs may ultimately be needed for different vaccine platforms, antigens, clinical outcomes (e.g., protection against infection, severe disease, chronic disease, or death) and potentially host or population characteristics to support the assessment of candidate NiV vaccines using immunogenicity and efficacy data from preclinical studies.

· Other humoral immune responses that may be relevant as COPs include specific titers of IgM, antibodies and numbers of plasmablasts and activated B cells (Escudero-Pérez 2023). With regard to cellular immune responses, CD8+ T cell measurements may be useful as a CoP (Escudero-Pérez 2023). Additional research is needed to better define these potential CoPs, which may be particularly important for next-generation vaccines. 

· Most current NiV vaccine candidates target the immunodominant fusion (F) and attachment (G) glycoproteins, which elicit potent neutralizing antibody responses (Byrne 2023, Geisbert 2021, Ithinji 2022, Loomis 2020, Loomis 2021, van Doremalen 2022, Wang 2022, Woolsey 2023). Data are needed on the potential role of additional immunogens, such as nucleoproteins and other non-enveloped proteins, in stimulating B and T cell responses that contribute to viral clearance, cross-protection, or immune memory. Robust vaccine-induced humoral and cell-mediated immunity to NiV might include protective antibodies with durable immunologic memory and rapid and efficient effector functions (Escudero-Pérez 2023).

· Additional immunologic research is needed to assess the following key elements of protective immunity against NiV infection and disease: 

· The relative contributions of innate, cell-mediated, and humoral immune responses that lead to protective immunity against NiV.

· Specific cell types and interactions between different immune compartments in achieving viral clearance, surviving acute disease, and modulating chronic infection (Escudero-Pérez 2023, Liew 2022). 

· The roles of neutralizing and non-neutralizing or binding antibodies in protection against NiV (Liew 2022).

· Mechanisms and cell subsets of cellular immune responses (e.g., CD8 T cell activation) that play a role in cross-neutralizing (heterologous) protection against co-circulating NiV strains (e.g., NiV-M, NiV-B, and NiV-I) (Amaya 2020, Arunkumar 2019, Escudero-Pérez 2023, Liew 2022).

· If researchers and regulators agree that a nontraditional regulatory pathway is appropriate for licensure of NiV vaccines, then a number of issues need to be addressed, such as the following (Price 2021): 

· Generate a fully characterized and controlled virus challenge stock (or potentially one each for NiV-M and NiV-B) for assessing candidate vaccines in animal models. 

· Further characterize, as needed, at least one animal model suitable for vaccine efficacy evaluation. 

· Standardize the challenge strain and dose, and determine the most appropriate lethal NiV dose for MCM development. Challenge strains used in experimental research also need to be compared against any circulating strains in humans (CEPI 2023a). 

· Determine the most appropriate CoP or surrogate marker (e.g., IgG neutralizing antibodies) for measuring protection and generate standardized assays for measurement. 

· Bridge NiV vaccine efficacy data from animal models to humans, including identifying thresholds of vaccine protection, to determine appropriate human vaccine doses.

· If the accelerated approval process is deemed an acceptable regulatory approval pathway for NiV vaccines, then plans will be needed to conduct well-controlled clinical trials to establish that vaccines have an effect on an appropriate surrogate endpoint that is likely to predict clinical benefit against NiVD.

· Post-licensure clinical trials will also be needed to confirm the clinical benefit of any NiV vaccines that are approved via nontraditional pathways. 

· Additional research is also needed to address the following areas:

· Clarification of vaccine attributes (such as time from administration to immune protection, duration of immunity, and the need for booster doses) and to determine safety profiles of candidate vaccines. 

· Alternative vaccine delivery approaches, such as oral tablets or transdermal patches, to facilitate rapid NiV vaccine deployment in response to NiV outbreaks in low-resource settings.

· Further evaluation of optimal NiV antigen combinations (e.g., including stabilized prefusion F protein trimers, multimeric G constructs, and chimeric proteins containing both pre-F and G glycoproteins), and antigen/vaccine platform combinations for generating rapid and durable protective responses to NiV infection (Byrne 2023, Loomis 2020, Loomis 2021, Srivastava 2023). 

· Research in animal models to determine if vaccine candidates are cross-protective between different NiV strains, including recently identified strains; only a few studies demonstrating cross-protection have been performed to date. 

· Mathematical modelling and forecasting may be useful in (Nikolay 2021): (1) assessing whether or not disease incidence is high enough in endemic areas for conducting clinical trials of candidate vaccines, (2) simulating various epidemiologic scenarios for development of vaccination strategies, (3) estimating the potential impact of NiV vaccines (once vaccines become available), (4) estimating disease risk based on risk behaviors and practices in communities or specific population groups, and (5) estimating the vaccine quantity that may be necessary to maintain vaccine stockpiles. 

· Researchers should consider efforts toward developing pan-henipavirus vaccines to maximize potential benefit, similar to projects aimed at developing pan-coronavirus vaccines or universal influenza vaccines (Tan 2023). One strategy for developing broadly protective henipavirus vaccines involves identifying conserved epitopes or cross-reactive antibodies targeting Henipavirus F proteins (Byrne 2023, Ithinji 2022). Public communication outreach strategies that address possible vaccine uptake hesitancy in target populations and guidance for community sensitization to vaccine acceptation and promotion within the community.

· Once vaccines are available, the following will be needed:

·  Guidance on the use of NiV vaccines to include vaccination strategies for special populations (such as children, immunocompromised individuals, and pregnant women); different epidemiologic scenarios; and different vaccine attributes. 

· Enhanced surveillance capacity to assess the impact of vaccination programs and to refine vaccination strategies over time.

· Strategic planning for stockpiling and deploying NiV vaccines. 



Strategic Goals and Aligned Milestones

Strategic Goal 1: Develop the tools and policies necessary for evaluating and potentially approving one or more NiV candidate vaccines through a nontraditional regulatory pathway.

Milestones:

1. By 2024, generate a fully characterized and controlled virus challenge stock (preferably using a NiV-B strain) (or potentially one each for NiV-M and NiV-B) for assessing candidate vaccines in animal models. 

2. By 2024, generate standardized assays to measure IgG antibodies for NiV vaccine R&D, with a particular focus on assays to be used for regulatory approval via nontraditional pathways.

3. By 20254, in conjunction with regulatory authorities, establish benchmark parameters (e.g., route of challenge, timing of challenge, and challenge dose) for testing of NiV candidate vaccines in well-characterized animal models, with particular focus toward meeting criteria necessary for approval via a nontraditional pathway, including identifying surrogate markers that correlate with vaccine efficacy.

4. By 2024, further characterize as needed at least one animal model suitable for determining surrogate markers that correlate with vaccine efficacy. 

5. By 2025, define the protective threshold against NiV infection for serum neutralizing IgG antibodies or other functional CoPs,  (as a CoP or surrogate marker), which can be used in animal studies and for immunobridging to humans.

6. By 2025, convene a group of key stakeholders to agree on, through a consensus approach, the most suitable assays (e.g., assays that are developed using live NiV vs. assays developed using pseudoviruses) for determining serum neutralizing IgG antibody titers for NiV vaccine R&D and develop a strategy for standardizing those assays.

7. By 2026, generate standardized assays to measure neutralizing IgG antibodies for NiV vaccine R&D, with a particular focus on assays to be used for regulatory approval via nontraditional pathways.

[bookmark: _GoBack]

Strategic Goal 2: Continue to move the current NiV vaccine pipeline forward through clinical trials. toward licensure.

Milestones: 

1. By 2024, complete current phase 1 clinical trials for at least three promising NiV candidate vaccines. 

2. By 20254, define use cases for NiV vaccines to inform vaccine deployment and manufacturing plans.

3. By 20256, further assess vaccine safety and immunogenicity throughinitiate additional phase 1 and initial phase 2 clinical trials (preferably in affect areas) to further assess immunogenicity and safety for at least two of the most promising NiV candidate vaccines. 

4. By 2027, complete immunogenicity and efficacy studies in a well-characterized animal model for at least one cross-protective NiV vaccine candidate and define a surrogate marker that demonstrates likely clinical benefit of candidate vaccines. 

5. By 2029, conduct additional well-controlled phase 2 clinical trials (preferably in affected areas) to assess a surrogate endpoint in human subjects (to include children and pregnant women) for at least twoone NiV candidate vaccines.

6. By 2030, complete a regulatory dossier (for licensure or emergency use) for at least one NiV vaccine candidate based on a suitable animal model with subsequent immunobridging to humans for review via a nontraditional approval pathway.



Additional Priority Areas/Activities

Research

· Improve understanding of humoral (e.g., NiV-specific IgG and IgM antibodies) and cellular (e.g., CD8 T cell) immune responses to NiV infection in animal models to inform the design of vaccines and the identification of correlates of protection (Arunkumar 2019, Escudero-Pérez 2023). 

· Improve understanding of innate immune responses (e.g., involving interferon impairment and pro-inflammatory cytokine release) in relation to humoral and cellular immune responses to NiV infection (Escudero-Pérez 2023).

· Continue research on identifying the key NiV antigens (including surface glycoproteins and internal proteins) that modulate the host immune response to NiV infection to inform future vaccine design (Escudero-Pérez 2023).

· Continue to research different types of CoPs (both humoral and cell-mediated) for NiV vaccines that are currently in the R&D pipeline and next-generation vaccines, taking into consideration different vaccine platforms, antigens, and clinical outcomes. 

· Generate international reference standards to calibrate serologic assays for vaccine potency analyses.

· Continue to conduct preclinical evaluation of promising candidate NiV vaccines (current and future vaccines) for safety, immunogenicity, efficacy in animal models, correlates of protection, and durability.

· Further study cross protection of various vaccine candidates against different NiV strains, and between NiV strains and HeV strains. 

· Conduct mathematical modelling to estimate the potential impact of NiV vaccines and inform strategies for vaccine use. 

· Explore the possibility of creating pan-henipavirus vaccines that will protect against NiV, HeV, and other henipaviruses. 

Product development

· Continue to develop and clinically evaluate safe and effective monovalent NiV vaccines for humans. 

· Expand partnerships among researchers, government agencies, and industry to provide the resources necessary for ongoing R&D of NiV vaccines.

· Define vaccine attributes (such as time from administration to immune protection, durability of protection, and the need for booster doses) for the most promising candidate vaccines.

Key capacities

· Improve surveillance capabilities to assess the impact of vaccine use and vaccination strategies (once vaccines become available).

· Support plans for adequate manufacturing and stockpiling of NiV vaccines for further clinical evaluation and use when outbreaks occur. 

Policy and commercialization

· Provide guidance on vaccination strategies for various target populations and epidemiologic scenarios that align with vaccine attributes, once vaccines are available.

· Develop guidance for community sensitization to vaccine acceptance and promotion within the community.

· Consider developing a strategy for vaccine surge capacity to rapidly ramp up the vaccine supply, if NiV is used as a bioterrorism agent or if a NiV strain emerges with increased capacity for person-to-person transmission and potential for faster spread. 
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Nipah Research and Development (R&D) Roadmap

Roadmap purpose: To provide a 6-year framework beginning in 2024 for identifying the vision,
underpinning strategic goals, and prioritizing areas and activities (from basic research toward advanced
development, licensure, manufacture, acceptance and deployment, and assessment) for accelerating
the collaborative development of medical countermeasures (MCMs)—diagnostics, therapeutics, and
vaccines—against Nipah virus infection.

INTRODUCTION

Nipah virus (NiV) is a paramyxovirus that was first identified as a zoonotic pathogen after an outbreak
involving respiratory illness in pigs and severe encephalitic disease in humans occurred in Malaysia and
Singapore in 1998 and 1999 (Chew 2000, Chua 1999, Chua 2010, Parashar 2000, Paton 1999). As part of
that outbreak, 265 human cases of NiV disease (NiVD) were identified in Malaysia, and 11 abattoir

workers in Singapore became ill following contact with imported pigs, with an overall case fatality rate
of 40%. No new outbreaks have been reported in these countries since May 1999. NiVD was
subsequently recognized, however, in Bangladesh in 2001, and nearly annual outbreaks have occurred
in that country since (Hsu 2004, WHO 2018, Agrawal 2023). NiVD has also been identified periodically in
eastern India (in 2001 and 2007) and, in 2018, an outbreak occurred for the first time in southern India
(Arunkumar 2019, Chadha 2006, Chattu 2018, Sharma 2018, Soman Pillai 2020). Additionally, one case
was reported from Kerala state in 2019 (Sudeep 2021). Case-fatality rates during outbreaks in
Bangladesh and India have generally ranged from 50% to 100% (Sharma 2018). NiV infection in humans

results in neurologic and respiratory syndromes, with fever, headache, altered mental state or
unconsciousness, dizziness, cough, and vomiting as the primary presenting clinical features. NiV
infection may result in late-onset encephalitis and relapsing encephalitis, and survivors may experience
long-term neurological sequelae (Goh 2000, Hossain 2008, Tan 2002). A summary of 14 years of NiVD

investigations in Bangladesh found no evidence of asymptomatic infection (Nikolay 2019).

The primary natural reservoir host for NiV in South Asia, where cases continue to occur, is Pteropus bats.
A recent study suggests that discrete multiannual local epizootics in bat populations contribute to the
ongoing sporadic nature of human NiV outbreaks in South Asia (Epstein 2020). Other regions may be at
risk for NiV infection, as serologic evidence for NiV has been found in Pteropus bats and several other
related bat species in Southeast Asia, the Western Pacific, and Africa (Anderson 2019, Breed 2010,
Epstein 2008, Hasebe 2012, lehlé 2007, Plowright 2019, Reynes 2005, Sendow 2013, Wacharapluesadee
2005, Yob 2001). In the 1998-99 Malaysia outbreak, NiV spillover occurred from bats to pigs, which led
to pig-to-pig, pig-to-human, and suspected, although limited, human-to-human NiV transmission.

Additionally, dogs were found to be infected with NiV on the farms involved in the outbreak (Field
2001). In outbreaks in Bangladesh, intermediary hosts between bat and human have not played a major
role to date, with the primary modes of NiV transmission being human consumption of bat-
contaminated raw date palm sap and subsequent person-to-person transmission (Arunkumar 2019,
Gurley 2007, Islam 2016, Luby 2009, Nikolay 2019, Rahman 2008). However, a recent study in
Bangladesh found NiV antibodies in cattle, dogs, and cats from six sites where spillover human NiV
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infection cases occurred during 2013-2015 (Islam 2023), suggesting the potential of zoonotic spread via
intermediary hosts. Respiratory transmission via droplet spread may play an important role in
propagating outbreaks (Nikolay 2019, Spiropoulou 2019). The virus could have pandemic potential if a

more human-adapted strain, with greater person-to-person transmission emerges (Luby 2013).

The zoonotic potential of NiV is significant, particularly because of its ability to amplify in livestock and
other domestic animals, which can serve as a source of exposure to humans (Islam 2023). NiV is part of
the Henipavirus genus; this genus also includes another zoonotic pathogen—Hendra virus (HeV)—which
predominantly causes infection in horses and also can lead to human disease (usually following contact
with infected horses). HeV was initially recognized in 1994, following an outbreak of fatal cases of severe
respiratory disease in horses and humans in the Brisbane suburb of Hendra in Queensland, Australia
(Murray 1995, Selvey 1995). To date, at least 66 spillover events—all in Australia—involving more than

100 horses and seven humans have been identified (Wang 2023). Changes in bat behavior related to
habitat loss and climate change appear to have increased the spillover risk of HeV from bats to horses
(Eby 2023). An outbreak of an unidentified henipavirus (possibly NiV or a closely related virus) occurred
among horses and humans in the Philippines in 2014 (Ching 2015). This outbreak likely involved spillover
of the virus into horses and subsequent disease in humans following consumption of contaminated
horsemeat; disease also occurred in healthcare workers who cared for infected patients. Detailed
genomic information for this virus is limited.

Genomic sequencing has demonstrated that there are two main clades of NiV: the M genotype, which
comprises the Malaysian NiV isolates (NiV-M), and the B genotype, which includes Bangladesh (NiV-B)
and India NiV isolates (NiV-l) (Liew 2022, Yadav 2019). These three strains share a high percentage of
homology (NiV-M and NiV-B strains share 91.8% homology, and NiV-I strains share 85.14t0 96.15%
homology with both NiV-M and NiV-B). Some strain-related differences, however, have been noted in

the clinical features of infection in humans and experimentally infected non-human primates, with
strains of the B clade appearing to be more pathogenic than those of the M clade (Mire 2016). Recent
data indicate that strains from Bangladesh are segregated into two additional distinct sublineages that
have intermingled geographically and temporally in that area over time (Rahman 2021, Whitmer 2020).

At this time, however, the molecular epidemiology of NiV remains somewhat unclear and issues around
strain diversity and strain evolution require further elucidation (Rahman 2021).

The R&D roadmap for NiV infection is a key component of the WHO R&D Blueprint initiative for
accelerating research and product development of MCMs to enable effective and timely emergency
response to infectious disease epidemics. NiVD is identified in the Blueprint’s list of “priority diseases”
(defined as diseases that are likely to cause severe outbreaks in the near future and for which few or no
MCMs exist) (WHO 2023). The Blueprint calls for the development of R&D roadmaps for the priority
diseases to align and stimulate R&D of new or improved countermeasures, such as rapid diagnostic
assays, novel therapeutics, and effective vaccines. The scope of R&D addressed in this roadmap ranges
from basic research to late-stage development of MCMs to prevent and control NiV outbreaks and
endemic disease in humans. The roadmap is organized into four main sections: cross-cutting issues (for
areas that apply broadly to more than one MCM category), diagnostics, therapeutics, and vaccines.
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(Note: These topics are not presented in order of public health priority.) Each section includes barriers
(inherent obstacles or technical challenges that may influence the likelihood of success for development
of NiV MCMs) and gaps (key needs or unresolved limitations in knowledge that are critical to the
development of new NiV MCMs). These are followed by strategic goals and milestones, which build on
the gaps and barriers and are focused on achievements for the next 6 years (beginning in 2024) that are
necessary for moving NiV MCMs forward. The roadmap milestones will be tracked over time, with
periodic assessment of progress and updating as needed. Each section also includes additional ongoing
priorities that should be considered for NiV MCM R&D.

Other aspects of public health preparedness and response, in addition to R&D for diagnostics,
therapeutics, and vaccines, are critical to successful NiV infection prevention and control. Examples
include minimizing zoonotic NiV transmission, improving use of personal protective equipment (PPE),
ensuring adequate hand hygiene and environmental hygiene, promoting effective community
engagement, implementing adequate infection prevention and control practices, developing adequate
infrastructure (such as cold-chain maintenance) to deploy MCMs, and promoting workforce
development and training in endemic and at-risk regions. Many of these issues are beyond the scope of
this R&D roadmap, but need to be addressed as part of a broader public health control strategy. Further
research of NiV and related henipaviruses in animal species, including development of appropriate
MCMs targeted to animal populations (such as vaccines [McLean 2019]), also is needed, since disease in
animals may amplify occurrence of NiV (or a related henipavirus species) in humans and virus
transmission can occur at the human-animal interface.

VISION

Robust MCMs to detect, prevent, treat, and control human outbreaks of NiV infection (and other
closely related henipaviruses) that are readily available and accessible for use in areas of known or
potential NiV spillover. These MCMs include: (1) rapid and accurate, point-of-care or near patient
diagnostics; (2) safe and effective treatment and post-exposure prophylaxis (PEP); and (3) safe and
effective vaccines to prevent disease, disability, and death.

CROSS-CUTTING ISSUES

Barriers and Gaps
Barriers
« Securing funding for NiV research represents a substantial challenge, since economic incentives
to invest in NiV research are not readily apparent because the disease primarily occurs in under-
resourced areas of South Asia and reported disease incidence has, so far, been low with small
and sporadic outbreaks (Gédmez Roman 2020). The development of a sustainable value

proposition for industry and international philanthropic public-private partnerships is needed to
secure funding to complete development, licensure, manufacture, and deployment of NiV
MCMs. The value proposition should be informed by a robust assessment of the risk of future
outbreaks and the economic, societal, and health impacts that such outbreaks could generate.
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« Demonstrating whether or not a product provides meaningful benefit without undue risk, which
is a key aspect of any regulatory approval pathway, can be prohibitively expensive for product
developers in the absence of a predictable demand (Gouglas 2018). In addition, licensure of
vaccines and therapeutics using alternative regulatory pathways can be very costly, given the
regulatory requirements for such approval.

« National regulatory authorities in countries where NiV outbreaks are likely to occur have
different regulatory requirements for authorization, licensure, or emergency use of NiV medical
countermeasures, which complicates the approval process, particularly for candidate vaccines
and therapeutics (Gdmez Roman 2022). An international, NiV-focused regulatory group has

been created and will be an important mechanism for coordinating regulatory issues as NiV
MCMs are moved forward (Gémez Roman 2020).

« High-level biocontainment requirements may pose an impediment to research on NiV
pathogenesis and development of MCMs, as certain materials must be generated under the
highest biosafety level (biosafety level 4 [BSL-4]) conditions (Geisbert 2020, Gémez Romdn

2022), which can increase the cost and complexity of MCM development.

+ To date, NiV spillovers to human communities have been identified most commonly in rural
communities in Bangladesh and India; the healthcare facilities that serve these communities
have limited laboratory and clinical infrastructure for diagnosis and treatment.

« The natural reservoir for NiV is fruit bats of the Pteropus genus; these bats have a wide
geographic range that stretches across much of the Western Pacific region, Southeast and South
Asia, and Madagascar (Bruno 2022). Evidence also suggests that other fruit bats of the
Pteropodidae family may harbor NiV or related viruses; such bats can be found across Africa and
parts of the Middle East (Bruno 2022). This broad host range increases the likelihood of
additional spillover events from bats to humans or livestock in new areas where the disease has
not yet been detected, which may make accurate and timely diagnosis, disease recognition, and
treatment more difficult owing to the lack of clinical experience with the condition, lack of
available laboratory testing, and the occurrence of other diseases that have similar clinical
presentations.

« The development and accessibility of animal models that recapitulate human NiV disease are
critical for NiV MCM development, given the limitations on clinical samples and the infeasibility
of traditional clinical efficacy trials. While ferrets and Syrian golden hamsters are well-
established animal models for NiV research, the African green monkey (AGM) is regarded as the
most relevant animal model for evaluation of candidate therapeutics and vaccines intended for
use in humans (Foster 2022, Geisbert 2010, Geisbert 2020, Geisbert 2021, Johnston 2015, Price
2021, van Doremalen 2022, Woolsey 2023). Studies involving the AGM model may be required

for licensure of MCMs via alternative regulatory pathways; however, costs, space requirements
(particularly in BSL-4 containment facilities) and ethical concerns constrain their use (Arnason
2020, Bossart 2012, Geisbert 2010, Johnston 2015).

+ Phase 1 and 2 clinical trials can be conducted in non-endemic regions or in endemic regions;

however, phase 3 clinical efficacy trials will need to be conducted in endemic areas. Because NiV
infection occurs in relatively small, focal outbreaks, the low disease incidence poses a major
challenge for conducting such trials, in terms of achieving a sufficient sample size to estimate

4
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Gaps

MCM efficacy with adequate statistical power (Gémez Roman 2020). It may be possible to

address this issue by enhancing case detection through improved surveillance and by combining
clinical trial data over time, including across outbreaks; however, it is likely that at least vaccines
will need to be licensed via nontraditional regulatory pathways.

Patients usually present late in the clinical course of disease and disease progression is often
rapid, making it difficult to collect clinical samples before patients succumb to the disease.
Additionally, autopsies are often not the standard of care in affected areas, which further
reduces opportunities to collect clinical specimens. These barriers hinder the ability to
understand disease pathogenesis and immunologic responses to infection, which are important
for MCM R&D (Amaya 2020, Arunkumar 2019, Gurley 2020, Liew 2022, Mazzola 2019).
Sociocultural issues may hinder trust in the formal healthcare and public health systems, which

could reduce acceptance of NiV vaccines and therapeutics.

Continued R&D, improved manufacturing processes, deployment, and assessment of NiV MCMs,
as well as other preventive measures, depend on accurate and current information on the
ecology and epidemiology of NiV infection, using a One Health approach. Improved surveillance
(or dedicated prospective research with a surveillance focus) is needed to determine the true
incidence of human disease in endemic areas and to monitor the occurrence of spillover
incidents from bats to humans or livestock in new geographic areas (Bruno 2022, Singhai 2021).

Additionally, continued research is needed to better define and assess the occurrence of NiV
and other henipaviruses, including drivers of infection, in the natural reservoir of Pteropus bats
and potentially other bat species around the globe (Gdmez Roman 2020, Plowright 2019).

Additional research is needed to optimize and further characterize relevant animal challenge

models (particularly ferret, Syrian golden hamster, and AGM models) for promoting

development and evaluation of NiV MCMs (Geisbert 2020, Gdmez Roman 2020, Price 2021,

Rockx 2014). Examples of additional issues involving animal models include the following

(Dhondt 2013, Gdmez Romdan 2020, Johnston 2015, Mathieu 2015, Mire 2019, Price 2021):
o Determine the appropriate animal model(s) for screening assay development.

o Standardize the challenge strain and dose, and determine the most appropriate lethal
NiV dose for MCM development.

o Determine when after-challenge MCMs should be administered in animal models to
best mimic realistic timing of MCM use in human:s.
Identify the best models for studying chronic (relapsing) infection.
Determine if different animal models are needed for different clinical endpoints such as
infection, disease, and transmission.

o Determine if models perform differently based on the route of virus administration.

o Improve overall standardization of the models.

Other research needs include the following:

o Improved understanding of the virology, immunology, and pathogenesis of NiV in

humans and animals to inform development of NiV MCMs (Gurley 2020, Liew 2022).

This includes evaluating the pathophysiologic differences between different NiV strains,

5
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determining the mechanisms that allow NiV to escape immunologic clearance and cause
delayed onset or recurrent encephalitis, and identifying factors influencing the
development of permanent neurologic sequelae.

Ongoing phylogenetic and evolutionary analyses of NiV strains to monitor viral
heterogeneity and antigenic changes that may affect the epidemiologic and clinical
features of disease over time and thereby influence MCM development (Gurley 2020,
McKee 2022, Rahman 2021).

Additional research to determine if: (1) NiV strain variations influence the ability to

detect NiV infections; (2) different strains have different phenotypic characteristics,
such as different clinical manifestations or transmission dynamics, and (3) if strain
variability impacts efficacy of vaccines or therapeutics (CEPI 2023a, Gurley 2020,
Whitmer 2020).

Whole-genome sequencing of NiV isolates to generate a comprehensive phylogenetic

mapping of the global genetic variability among henipaviruses (CEPI 2023a).
Sociological and anthropological research to understand how to best engage
populations at high risk of exposure (such as persons who consume date palm sap,
healthcare workers, and workers at the human-animal interface) and vulnerable
populations (such as children, immunocompromised individuals, and pregnant women)
for participation in clinical trials and to ensure acceptance of new NiV MCMs, especially
if therapeutics and vaccines do not consistently prevent disease (Singhai 2021, Lancet
2018).

Prospective serosurveillance of henipavirus exposure from susceptible animal species

and proximate human populations in areas of predicted risk to assess the potential of
human spillover and to build preparedness for detection of human cases and for limiting
exposure (Daszak 2020, Deka 2018, Gémez Roman 2020, Plowright 2019).

Expanded use of machine-learning approaches can facilitate an improved understanding

of the risk of NiV spillover events (Plowright 2019).Ecological studies are also needed to
enhance understanding of the dynamics governing prevalence and shedding of NiV and
other henipaviruses in bats (Plowright 2019).

Other important needs include the following:

O

Funding sources (such as public-private partnerships, government agencies, and
philanthropic organizations) and industry incentives and competitions for non-dilutive
funding to encourage innovation and secure private-sector commitments to develop
and manufacture NiV MCMs (Gémez Roman 2020).

Enhanced clinical, laboratory, and public health infrastructure in endemic and at-risk

areas to promote early diagnosis, treatment, surveillance, and implementation of
vaccination programs for NiV prevention and control (Bruno 2022).

Advocacy to policy makers in affected countries and to global stakeholders to ensure
they understand the potential health, societal, and economic benefits of devoting
resources to improving NiV surveillance, detection, prevention, and control measures
(Gémez Roman 2020).
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o Scenario planning to clarify regulatory pathways for product approval in countries
where NiV outbreaks are likely to occur, including determining whether or not efficacy
data from animal models is sufficient for regulatory approval. Such planning should take
into consideration the local epidemiology of NiV infection and the different
requirements of local national regulatory authorities for product approval and
emergency use authorization (Gdmez Roman 2022). Regulatory pathways and NRA

capabilities vary between countries; therefore, early engagement, potentially with
support from WHO and other key international stakeholders, is essential to identify
country-specific considerations. While it is critical to focus on approaches that make
ethical and scientifically valid clinical trials feasible whenever possible, alternative
regulatory pathways may need to be considered for licensure of NiV vaccines or
therapeutics, if classic clinical trial designs (e.g., randomized controlled trials [RCTs]) are
not feasible.

o Standardized and well-characterized assays (to be further defined based on end use),
reagents, antibodies, nucleic acids, and stocks of NiV challenge strains for R&D of MCMs
for NiV infection (Rampling 2019, Satterfield 2016). Assays that can be used at lower
biosafety levels are an important priority. WHO international standards should be used

(when available) as calibrators and reported in units/ml to harmonize assay results.

o Outreach and education to clinicians and community health workers to improve NiV
awareness, training, and outbreak preparedness (e.g., disease diagnosis, clinical
management, and infection prevention and control) and to ensure availability of
diagnostic tools in endemic areas to increase the likelihood of accurate and timely
diagnosis and treatment of NiV infection (Singhai 2021).

o Enhanced capacity for data sharing and analysis (particularly of NiV sequence data) to
support collaborative clinical research, including methods for collecting, standardizing,
and sharing clinical data.

o Collaboration between public health authorities in endemic and at-risk areas and
international development partners to support NiV surveillance and strengthen disease
prevention and preparedness activities. Human health, animal health, and wildlife
officials should be engaged as part of a long-term collaborative effort.

o Clarification regarding the potential for and possible strategies to promote technology
transfer for NiV MCM development and manufacturing to endemic and at-risk areas.

o Efforts to reduce the cost of medical countermeasure development and ongoing
production.

Strategic Goals and Aligned Milestones

Strategic Goal 1: |dentify additional and ongoing sources of private- and public-sector funding and
develop appropriate incentives and competitions to promote R&D of NiV MCMs.

Milestones:
1. By 2025, develop a public value proposition to effectively advocate for the development and
sustainability of NiV MCMs that: (1) articulates the potential global threat of NiV infection, (2)
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outlines the social and economic benefits of generating accessible and affordable NiV MCMs,
and (3) details the positive impact on the health systems in affected areas.

2. By 2026, create a funding plan based on the value proposition for moving NiV diagnostics,
therapeutics, and vaccines toward clinical evaluation, licensure/approval, acceptance, and
sustainable access.

3. By 2026, develop a coordinated strategy for promoting and incentivizing greater industry
engagement in R&D for NiV MCM:s.

Strategic Goal 2: Improve understanding of NiV epidemiology and ecology to better define the disease
burden, risk factors for infection, and risk of spillover events in affected countries.

Milestones:

1. By 2025, develop a plan for enhancing human NiV surveillance in India and Bangladesh outside
of existing surveillance areas (i.e., where cases previously have been identified). This should
include securing funding, identifying additional surveillance catchment areas, engaging key
partners in those areas, generating standardized surveillance protocols, and conducting training
for implementation.

2. By 2026, initiate enhanced human NiV surveillance to better characterize NiV epidemiology
(including the potential for spillover events), promote early case detection, and better define
the disease burden in India and Bangladesh, particularly outside of areas where cases previously
have been identified.

3. By 2026, generate and implement standardized protocols for case investigation that are aimed
at identifying risk factors for primary NiV infection and at conducting case-contact studies to
better understand chains of transmission (Hedge 2023).

4. By 2026, develop plans for conducting additional research in India and Bangladesh to identify
the potential for and drivers of spillover events, particularly in areas where NiV cases have not
yet been identified.

Strategic Goal 3: Determine the requirements for clinical trials, regulatory pathways, and other
considerations that will affect licensure or approval of NiV MCMs by engaging an international
regulatory working group representing NRAs in affected areas and other key international stakeholders.

Milestones:

1. By 2024, conduct scenario planning to clarify the regulatory procedures and determine the
acceptable pathways for approval and emergency use authorization of NiV MCMs (including
vaccines, novel candidate therapeutics, repurposed therapeutics, and diagnostics) in countries
at highest risk for NiV outbreaks (i.e., Bangladesh and India) through an international NiV-
focused regulatory group.
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By 2025, determine if any key gaps exist for regulatory approval and emergency use
authorization of candidate NiV MCMs in affected countries and develop strategies to address
those gaps, with specified timelines for completion.

By 2026, ensure that any issues affecting approval and emergency use of candidate MCMs in
affected countries have been resolved and that consensus has been achieved on the necessary
regulatory steps and procedures.

Strategic Goal 4: Support basic science research to improve understanding of NiV virology,

pathogenesis, and the immune response to infection in humans and animal models.

Milestones:

1. By 2025, generate standardized and well-characterized assays, reagents, antibodies, nucleic
acids, and stocks of NiV challenge strains to facilitate R&D of NiV MCMs.

2. By 2025, conduct additional research to further optimize animal models that recapitulate
disease in humans for use in preclinical studies of NiV MCMs.

3. By 2026, conduct sequencing of NiV strains from existing clinical samples obtained from past
NiV cases to assess variability of NiV strains in India and Bangladesh (CEPI 2023a).

4. By 2026, establish capacity at selected surveillance sites in India and Bangladesh to investigate
NiV-related deaths by using post-mortem minimally invasive tissue sampling to enhance
understanding of NiV disease pathogenesis (Bassat 2021).

5. By 2028, conduct research in animal models to determine if strain variability impacts efficacy of

promising NiV MCMs or the accuracy of diagnostic tests.

Additional Priority Areas/Activities

Research

Continue to expand research to further understand the ecology and epidemiology of NiV and
other pathogenic henipaviruses in human and animal populations (wild and domestic) over time
and across geographic areas, using a One Health approach. Such research should include
serosurveys in different animal species and ecologic studies in bats, and should utilize
computational approaches, such as machine-learning approaches.

Continue to perform phylogenetic and evolutionary analyses, using whole-genome sequencing,
of NiV strains to monitor antigenic changes and characterize genetic diversity over time.
Incorporate, on an ongoing basis, additional NiV strains into preclinical research as newer
strains become available.

Continue to conduct basic science research on the virology, pathogenesis, and immunology of
NiV infections to inform development of MCMs.

Determine key differences in pathogenesis for different NiV strains that may have implications
for the development of safe and effective NiV vaccines or therapies.

Conduct research studies to enable a more comprehensive mapping of genetic variability of
henipaviruses to improve understanding of their global distribution.
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Conduct social science research to determine strategies for engaging communities for
participation in clinical trials and to support acceptance of MCMs for NiV infection as they
become available.

Product development

Key cap

Promote early communication between developers and appropriate NRAs for clarity and
guidance on the regulatory aspects of MCM development for NiV infection, including potential
regulatory pathways for MCM licensure and approval.

acities

Create international partnerships to fund, support, and promote enhanced laboratory capacity,
public health surveillance capacity, and infrastructure in endemic and at-risk areas to promote
early diagnosis, treatment, and implementation of vaccination programs for NiV prevention and
control.

Improve active and passive surveillance capacity to: (1) better define the incidence of disease in
NiV-endemic and at-risk areas and (2) promote targeted research in non-endemic areas to
identify evidence of spillover of NiV or other related henipaviruses from the natural reservoir to
human or animal populations.

Develop an open-access shared data platform to facilitate sharing of NiV sequence and strain
data.

Collaborate with local government authorities (including human health, animal health, and
wildlife representatives) to support NiV surveillance and disease prevention activities in endemic
and at-risk areas.

Promote community-based outreach programs that transfer skills and knowledge for the
prevention and early recognition of NiV disease in areas of known or potential NiV spillover risk.
Strengthen infrastructure and capacity for post-marketing pharmacovigilance of licensed NiV
therapeutics and vaccines.

Policy and commercialization

Support plans for adequate manufacturing and subsequent distribution of NiV diagnostics,
therapeutics, and vaccines to endemic and at-risk areas. These should include efforts to reduce
production costs and ensure equitable global access as needed.

Support the development of affordable pricing mechanisms to promote accessibility of NiV
MCMs in low- and middle-income at-risk countries. (Note: According to WHO, an “affordable
and fair” price is one that can reasonably be paid by patients and health budgets and
simultaneously sustains research and development, production, and distribution within a
country.)

Clarify the potential for and possible strategies to promote technology transfer for development
and manufacturing of MCMs for NiV infection.

DIAGNOSTICS

Barriers and Gaps

Barriers

10
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Gaps

Initial signs and symptoms of NiV infection are nonspecific, and infection is often not suspected
at the time of presentation. This can hinder accurate diagnosis and creates challenges in
outbreak detection and implementation of effective and timely infection control measures and
outbreak response activities. Additionally, latent infection can last for months to years after
initial exposure, which can complicate epidemiologic investigation (CDC 2020).

The accuracy of laboratory results can be affected by a variety of factors, such as clinical sample
quality, quantity, type, timing of collection, and the time necessary to transfer the sample from
the patient to the laboratory (WHOQO 2019, Mazzola 2019).

The time required to perform diagnostic testing using conventional laboratory methods is

problematic, given the potential for rapid disease progression of NiV infection (Sayed 2019).
Diagnostic needs vary across the latent, acute, and convalescent phases of NiV infection (Bruno
2023).

Limited laboratory infrastructure and diagnostic capabilities in peripheral settings can lead to
delays in diagnosis and in outbreak investigation and response (Berge 2019, Bruno 2022, Chua
2013, Wang 2012, WHO 2019).

Owing to the high biosafety precautions necessary when working with NiV, diagnostic testing of

clinical specimens for NiV poses safety and logistical challenges in under-resourced areas with
regard to collection, handling, transport, and laboratory analysis (Watanabe 2020, Widerspick
2022).

Limited NiV-positive clinical samples are available, which are important for validation of
diagnostic tests (Mazzola 2019).

Pteropus species (and likely other bat species) may carry other henipaviruses in addition to NiV

and HeV, some of which could be pathogenic in humans and livestock. Antibodies to different
henipaviruses appear to be highly cross-reactive, making it difficult to discriminate the particular
henipaviruses that are in circulation using serologic assays, which is critical to ensuring
diagnostic preparedness to respond to future outbreaks (Mazzola 2019, Wang 2012, WHO 2019,

Yang 2022).

Further research is needed to:

o Improve understanding of the kinetics of NiV detection in cerebrospinal fluid, blood,
saliva, other body fluids (e.g., urine and respiratory secretions), and tissue samples to
enhance the ability to diagnose infection at different stages of disease (Arunkumar
2019, Berge 2019, Mazzola 2019, Thakur 2019).

o Determine criteria for test performance and further evaluate performance

characteristics (including sensitivity, specificity, limits of detection, cross-reactivity, and
guantitative vs. qualitative data) for NiV assays, particularly for newer tests (such as
rapid diagnostic tests) and tests that are designed to detect more than one henipavirus.
Further testing of diagnostics should be conducted in animal models before field trials in
humans are pursued.

o Continue to develop commercialized or standardized rapid nucleic acid tests that can
quickly confirm active NiV infection at the point of care or at the level of near-patient

11
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care (Berge 2019, Pollack 2023, WHO 2019). This effort may require clarification of the
regulatory pathways for commercialization of NiV diagnostic tests. To date, one rapid

test has been approved for emergency use in India during an outbreak that occurred in
2018 (Yadav 2021).

Generate international reference standards to calibrate diagnostic assays to ensure
proficiency testing of new diagnostics (Berge 2019, WHO 2019).

Clinically validate the performance and operational suitability of new promising
diagnostics, particularly rapid diagnostic tests, in endemic geographic regions (Berge
2019, Pollack 2023).

Continue to assess and operationally validate safe and simple methods of sample

inactivation that do not interfere with diagnosis and that can be used at peripheral sites
(Pollack 2023, WHO 2019, Watanabe 2020, Widerspick 2022, Yadav 2021).
Establish operational suitability at the point of care (i.e., at peripheral community

settings) for NiV diagnostic tests by developing an integrated approach to facilitate
rapid, accurate, and safe testing procedures (Pollack 2023).This could include a minimal
protocol or best practices approach for sample inactivation before testing (WHO 2019).

o Other needs include the following:

O

Development of a virtual repository (with specimens being held and maintained in the
countries of origin) of clinical samples to assess and validate diagnostic tests (Berge
2019, WHO 2019). As part of this process, a clear approach is needed to: (1) determine

what clinical samples should be collected, based on what would be most useful (e.g.,
plasma, whole blood, urine, cerebrospinal fluid); (2) outline the purposes of sample
collection; (3) determine what organizations will be responsible for the activities related
to creating and maintaining the repositories; (4) establish standardized protocols for
sample collection and maintenance; (5) establish an appropriate governance structure;
(6) identify who would have access to the samples; (7) prioritize use of samples and
sample distribution; and (8) ensure that material transfer agreements (MTAs) are in
place. (Samples obtained from laboratory animals also can be used to assess diagnostic
assays during the timeframe when the virtual repository is being created.)

Optimal deployment strategies for diagnostics in different geographic areas based on
the risk and epidemiology of NiV infection (Berge 2019, WHO 2019).

In-country laboratories able to conduct proficiency testing to monitor reproducibility

and performance of NiV diagnostic assays in the field.

Systems for external quality assessment (EQA) monitoring of tests using up-to-date
clinical specimen panels and reference standards (Mazzola 2019).

A sufficient number of laboratories committed to using the diagnostics on a regular
basis to support the business case for NiV diagnostics, particularly given the costs of
regulatory approval.

Improvement of diagnostic preparedness in at-risk areas to detect NiV, HeV, and other
emergent henipaviruses as they arise (Wang 2012).

12
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o Ongoing efforts to develop affordable and easy-to-use multiplex panels for detection of
a range of pathogens using a syndromic approach, if such panels can be deemed cost-
saving (Mazzola 2019).
Use cases and target product profiles (TPPs) have been developed for NiV diagnostics (WHO
2019); however, the criteria may need to be modified over time as new lineages are identified
(Mazzola 2019).
Since NiV strains are continuing to evolve, it’s possible that current diagnostic tests could fail to
detect an emergent variant of NiV. Recently, a novel strain of HeV was identified in Australia
that was not detected through conventional PCR testing owing to gene sequence mismatches
(Annand 2022). Diagnostic tools that can detect a broader range of NiV, HeV, or related viruses
capable of spillover may be needed to advance the ability to forecast spillover risks and to
detect emergent viruses (Peel 2022).

Strategic Goals and Aligned Milestones

Strategic Goal 1: Support development of diagnostic assays through creation of a virtual reference

repository of clinical samples from NiV-infected patients.

Milestones:

1.

By 2026, develop and standardize plans and protocols (including the governance structure) for
creating a virtual reference repository of well-characterized clinical samples to be maintained in
the two primary NiV-affected countries (Bangladesh and India).

By 2027, identify sustainable, long-term funding, determine sites for sample storage, and initiate
creation of the virtual reference repository in Bangladesh and India, with samples to be
collected during future outbreaks.

Strategic Goal 2: Continue to develop and assess affordable, highly sensitive and specific (as needed

depending on intended use), point-of-care or near-patient NiV diagnostic tests that are suitable for use

in peripheral settings and that have minimal requirements for biosafety precautions and staff training.

Milestones:

1.

By 2025, engage appropriate regulatory agencies and NRAs to inform commercialization
pathways for NiV diagnostic assays. This effort should include clarifying regulatory pathways for
approval (including approval for emergency use) of NiV diagnostics.

By 2026, complete preclinical evaluation for at least two of the most promising NiV point-of-care
or near-patient diagnostic assays that align with the TPP and can be used in peripheral sites.

By 2026, create international reference standards for calibrating and harmonizing NiV diagnostic
assays.

By 2026, develop a minimum protocol or set of best practices (that biosafety committees will
accept) for inactivation of clinical samples from humans and animals that are being tested for
NiV.

13
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By 2027, complete clinical validation of performance and operational suitability for at least two
of the most promising NiV point-of-care or near-patient diagnostic assays that align with the TPP
and can be used in peripheral sites.

By 2028, obtain regulatory approval for at least one rapid, point-of-care or near-patient care NiV
diagnostic test that can be commercialized and standardized.

Strategic Goal 3: Enhance laboratory diagnostic preparedness in areas of known spillover risk to

promote early detection of NiV.

Milestones:

1.

By 2026, expand national laboratory networks for NiV detection in the primary affected
countries (Bangladesh and India) that include plans for enhancing laboratory preparedness to
enable earlier and timely detection of NiV infection during future outbreaks.

By 2027, generate well-characterized and up-to-date proficiency panels for NiV diagnostic
testing to be used in selected laboratories in Bangladesh and India.

By 2029, implement routine EQA monitoring of NiV diagnostic testing at selected laboratories in
Bangladesh and India.

Additional Priority Areas/Activities

Research

Continue to explore new diagnostic approaches that may allow earlier detection of infection.
Further evaluate the kinetics of NiV detection in cerebrospinal fluid, blood, saliva, other body
fluids, and tissue samples to enhance the ability to diagnose NiV infection at different stages of
disease.

Determine criteria for test performance and continue to evaluate performance characteristics
for promising new assays for diagnosis of NiV infection.

Continue to conduct field evaluation studies to assess and validate new diagnostic tests for NiV
infection as they become available.

Continue to research methods of diagnostic testing that are able to differentiate between
various pathogenic henipaviruses.

Continue to develop affordable and easy-to-use multiplex panels for detection of a range of
pathogens using a syndromic approach.

Consider development of diagnostic tools that can detect a broader range of NiV, HeV, or
related viruses capable of spillover.

Product development

Refine over time, as needed, criteria in the existing TPPs to include identification of different NiV
lineages/strains.

Continue to develop and evaluate point-of-care or near-patient rapid diagnostic tests for NiV
infection that are affordable, highly sensitive and specific (as needed, depending on their

14
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intended use), can capture antigenically diverse strains of the virus, and can be performed
accurately and safely in peripheral settings under a variety of circumstances.

Key capacities
« Establish operational suitability in peripheral laboratories of rapid diagnostic tests over time, as
new tests become available.
« Enhance diagnostic preparedness in areas of known or potential henipavirus spillover risk to
promote early detection of NiV, HeV, and other emergent henipaviruses as needed.

Policy and commercialization
« Develop guidance on optimal strategies for the deployment and use of new NiV diagnostic tests
across different geographic areas, as such tests become available.

THERAPEUTICS

Barriers and Gaps
Barriers
« Patients typically present late in the clinical course of disease, which decreases the likelihood of
successful treatment.
¢ Alimiting constraint to assessing the effectiveness of promising therapeutics is the number of
patients with NiV infection who can be enrolled in clinical trials over time, given the small
number of cases that are identified annually.
¢ The absence of improved diagnostic assays for timely diagnosis and surveillance of infection
creates an important challenge in providing early treatment of patients and PEP for exposed
persons, which can significantly impact clinical evaluation of therapeutic candidates.
¢ NiV can infect the central nervous system (CNS), which creates challenges for generating
therapeutic agents that cross the blood-brain barrier to inhibit viral replication and prevent
severe neurologic disease.
¢ Healthcare systems in affected countries often do not have adequate infection control—
programs in place to prevent person-to-person transmission. They also lack the ability to rapidly
identify contacts most likely to benefit from PEP therapy.
e One promising therapy is the monoclonal antibody (mAb) m102.4; however, the projected cost
per patient for this agent is expected to be more than $1,000 (Gémez Roman 2022); this high

cost poses an important barrier to its use.

Gaps
¢ Patients may benefit from optimal supportive care, independent of treatment with specific NiV

therapeutic agents. Key research areas include obtaining data on the safety and efficacy of
components of supportive care for NiV, such as optimal fluid and respiration management
strategies, diagnosis and treatment of organ dysfunction, and the use of empiric antibiotics
and/or antimalarials to inform best-practice guidelines and evidence-based policy decisions.
Standard of care guidelines will be important for conducting clinical efficacy trials of therapeutic
agents.

15
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¢ During the 1998-99 NiV outbreak in Malaysia, clinicians used ribavirin to treat 140 patients.
Outcomes data revealed a lower mortality rate among treated patients (Chong 2001), but the
findings may have been biased by the use of historical controls. No additional clinical studies of
ribavirin have been conducted, and limited studies in animals have not demonstrated efficacy of
ribavirin following NiV or Hendra virus challenge (Georges-Courbot 2006, Rockx 2010). Ribavirin,

however, may prove useful for PEP (Banerjee 2019); therefore, further challenge studies in
animal models should considered to explore this possibility.

e Studies in animals have evaluated the usefulness of several agents (including remdesivir,
favipiravir, and fusion inhibitory peptides) when delivered prior to disease onset or early during
the disease course (Dawes 2018, Lo 2019, Mathieu 2018). One recent study showed that AGMs
were only partially protected when remdesivir was administered 3 days post-inoculation;

therefore, early administration seems critical for effective treatment (de Wit 2023). Patients
with NiV infection are often detected late in the clinical course, which creates challenges for
predicting how well a therapeutic agent will work in the field. Additional challenge studies in
animals, therefore, are needed to: (1) assess the clinical benefit of these therapeutics as
treatment options when administered after symptom onset or at least more than 24 hours after
initial exposure, (2) determine whether these agents may be appropriate for PEP, and (3) clarify
the most feasible and cost-effective route of administration (e.g., oral, intranasal, intravenous)
appropriate for real-world conditions, particularly if being considered for mass prophylaxis in an
outbreak setting (Gdmez Roman 2022).

*« m102.4 has demonstrated protection against lethal NiV challenge in animal models and has
been provided under compassionate use programs for a small number of individuals exposed to
either HeV or NiV (Broder 2012, Guillaume 2004, Playford 2020). Several other mAbs have also
been assessed in animal models and appear promising (Gédmez Roman 2022). A phase 1 clinical

trial for m102.4 with 40 human participants was completed in Australia during 2015 and 2016
(Playford 2020). In that trial, m102.4 was well tolerated and safe, with no evidence of an
immunogenic response.

e Additional research needs for mAbs as treatment or PEP for NiV infection include:

o Additional clinical trials in endemic areas to further assess the safety, tolerability,
efficacy, and pharmacokinetic parameters of m102.4 (and possibly other mAbs with
adequate preclinical data) for PEP and potentially early treatment of clinical disease
(CEPI 2023b).

o Additional research to determine the likelihood of escape mutants with mAb use. While
evidence of escape mutants has not been found to date with m102.4, it may be
necessary to consider mAb cocktails (Borisevich 2016, Playford 2020).

o Animal studies to determine if mAb cocktails that combine several different mAbs into
one formulation are more efficacious than administering one mAb alone (Dang 2021).

o Future studies to ascertain the efficacy of m102.4 for treatment and prophylaxis against
different viral strains of NiV and Hendra viruses, particularly among populations living in
settings where there is the potential for an outbreak.

o Adequate stockpiles of m102.4 (or potentially other mAbs) to ensure urgent access at
the onset of an NiV outbreak.
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¢ Given the limited number of NiV cases identified each year, a transparent and collaborative
process is needed to determine which agents are most appropriate for study in future clinical
trials and how best to allocate scarce resources for conducting such trials.

e A prepositioned, agreed-upon protocol for conducting clinical trials of promising therapeutics
during NiV outbreaks would be of value in advancing clinical evaluation of such agents
(Spiropoulou 2019).

+ Diagnostic criteria and standardized testing are needed for including patients in clinical trials of

therapeutics.
¢ Additional research needs include the following:

o Further research to broaden the number of novel antiviral candidates (including
repurposed drugs) for treatment of NiV infection and strengthen the therapeutic
pipeline. Computational aided drug design is one tool that can be useful for this
discovery (Yang 2023).

o Additional data to establish the pharmacokinetic/pharmacodynamic (PK/PD)
relationship of promising therapeutic candidates.

o Additional data to determine the role of PEP and to inform development of guidance on
the types of exposures that warrant such intervention and the most appropriate agents
to administer. This determination should include feasibility for PEP stockpiling and
distribution in both affected and at-risk areas, particularly Bangladesh, which has
hundreds of potentially exposed persons annually that could be candidates for PEP.

o Additional information to determine whether or not strain differences will affect the
response to therapeutic candidates and results from clinical trials.

o Additional data to determine the therapeutic windows for promising therapeutics for
the different NiV strains, as highlighted by a recent study in AGMs that showed that the
therapeutic window for m102.4 against a strain from Bangladesh/India was shorter than
for a strain from Malaysia (Mire 2016).

Strategic Goals and Aligned Milestones

Strategic Goal 1: Enhance preparedness to conduct clinical trials of therapeutic agents during future NiV
outbreaks.

Milestones:

1. By 2024, convene a consortium of key stakeholders—in affected areas and internationally—to
address the key challenges with conducting clinical trials of therapeutic agents during future NiV
outbreaks. This consortium could potentially be modeled after the West Africa Lassa Fever
Consortium (WALC) (ISARIC 2023).

2. By 2025, develop NiV standard of care guidelines to be used in affected countries, disseminate
the guidelines, and conduct outreach to clinicians as appropriate.

3. By 2025, complete an agreed-upon generic prepositioned protocol for conducting safety and
efficacy clinical trials of promising therapeutic candidates (mAbs and small molecules, including
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repurposed drugs) to be implemented in NiV-affected areas during outbreaks and develop plans
for operationalizing the protocol.

By 2025, complete an agreed-upon generic prepositioned protocol for conducting PEP trials of
promising therapeutic candidates (mAbs and small molecules, including repurposed drugs) to be
implemented in NiV-affected areas during outbreaks and develop plans for operationalizing the
protocol.

By 2026, complete a broader, harmonized regional protocol (to be used across Bangladesh and
India) for conducting clinical trials of promising therapeutic candidates to be implemented in
NiV-affected areas during outbreaks or potentially during periods of endemic disease (if
comparable data can be generated over time and across different clinical sites) and develop
plans for operationalizing the protocol.

By 2026, generate a reliable source or stockpile of an mAB (m102.4 or other mAb) to be used in
outbreak-related clinical trials for both PEP and early clinical treatment.

Strategic Goal 2: Develop and evaluate therapeutic agents for the treatment of NiV infection and for

PEP to prevent NiV infection.

Milestones:

1.

By 2025, create and implement a prioritization process for determining which promising NiV
therapeutic candidates should be further evaluated in clinical trials, once adequate animal data
demonstrating safety and efficacy are available.

By 2026, complete preclinical evaluation in animal models—with administration of the
therapeutic agent more than 24 hours after challenge and potentially after symptom onset—of
the preliminary safety, tolerability, and efficacy of at least two promising small-molecule
therapeutic candidates or combination therapies for the treatment of NiV infection.

By 2027, further explore in animal models whether two or three of the most promising small-
molecule therapeutic candidates are likely suitable for PEP and, therefore, should be assessed as
PEP in clinical trials.

By 2027, determine the most cost-effective and feasible routes of administration for use in real-
world settings for at least two promising small-molecule therapeutic candidates.

By 2027, complete at least one additional clinical trial (phase 2 or 2/3) in an NiV-affected area of
m102.4 or other suitable mAb to further assess safety, tolerability, and efficacy (if NiV incidence
allows efficacy assessment).

By 2028, complete clinical evaluation of the preliminary safety, tolerability, and (possibly)
efficacy of at least two promising small-molecule therapeutic candidates or combination
therapies for the treatment of NiV infection.

Additional Priority Areas/Activities
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Research

Continue to research the safety, tolerability, and efficacy of available investigational therapies
(such as m102.4, remdesivir, and favipiravir) for treating and preventing NiV infection, including
conducting additional studies in animal models and clinical trials as appropriate and feasible.
This should include determining the therapeutic windows for use of therapeutic agents as
treatment or PEP.

Clarify, in animal models, the potential for development of escape mutants from use of mAbs.
Continue to conduct preclinical research on mAbs other than m102.4 and on mAb cocktails to
assess safety, tolerability, and efficacy for treating NiV infection

Continue to expand the pipeline of new therapeutic options for treating and preventing NiV
infection that should undergo further evaluation, potentially using pseudotyped viruses for
initial screening of compounds (Li 2023).

Consider conducting additional challenge studies in animal models to assess whether or not
ribavirin may be suitable for PEP following NiV exposure.

Research optimal treatment and supportive care strategies for NiV infection and determine
best-practice guidelines.

Product development

Continue to develop, evaluate, and license safe and effective therapeutic agents for the
treatment of NiV infection that are active against different NiV strains and other henipaviruses,
and that can cross the blood-brain barrier to treat or prevent CNS disease.

Identify therapeutic approaches for PEP that are broadly active against different NiV strains and
other pathogenic henipaviruses that may emerge.

Key capacities

Ensure that clinical trial protocols are in place and are ready to be operationalized, including
obtaining appropriate approvals and conducting necessary training.

Promote enhancements to the healthcare delivery systems in affected areas to improve clinical
management and supportive care of patients with NiV infection and to improve infection control
practices to limit person-to-person spread.

Ensure that mechanisms are in place to finance, generate, and maintain stockpiles of NiV
therapeutics for further clinical testing and outbreak control.

Policy and commercialization

Explore strategies for decreasing the costs associated with m102.4, such as exploring the
possibility of administering mAbs subcutaneously rather than intravenously.

Develop guidance for the use of therapeutics for disease treatment and PEP, as new therapies
become available.

VACCINES

Barriers and Gaps

Barriers
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Gaps

Large clinical efficacy trials, which typically are required for vaccine licensure, will likely not be
feasible for NiV vaccines, owing to the sporadic and unpredictable nature of NiV outbreaks and
the low case numbers usually involved (Gomez Romdan 2022, Nikolay 2021, Satterfield 2016).

In the absence of large clinical efficacy trials, authorization and licensure will likely involve
nontraditional regulatory pathways to guide the evaluation of safety and efficacy (Gdmez
Roman 2022). However, experience is limited with these routes (such as the US FDA’s Animal
Rule or Accelerated Approval Program, the EMA’s conditional market authorization, and
authorization under exceptional circumstances) and there are few successful models for vaccine
authorization and approval.

The limited commercial value of NiV vaccines may impede industry’s involvement in developing
and producing NiV vaccines without significant financial support (e.g., through partnerships with
organizations such as CEPI, PATH, and high-income country government agencies) (Gémez
Roman 2022).

The affordability of creating and maintaining an NiV vaccine stockpile and deploying vaccines
during outbreaks is a key issue for low- and middle-income countries; supplementary funding
will likely be required to ensure vaccine preparedness for NiV outbreaks (Gémez Roman 2022).

The absence of improved diagnostic assays for the timely diagnosis of infection creates an
important challenge by delaying implementation of a rapid reactive vaccination strategy for NiV
outbreak control.

NiV vaccines are needed that: (1) are readily accessible with adequate supply chains, particularly
in low-resourced areas, (2) can protect against different NiV strains, and (3) provide rapid onset
of immunity to adequately prevent and control outbreaks in a timely manner.

Use cases for NiV vaccines need to be better defined, as how vaccines are to be used will affect
vaccine deployment and manufacturing plans.

Reference standards for NiV antibodies are needed to evaluate candidate NiV vaccines.
Expanded partnerships among researchers, funders, and regulators are needed to advance the
development of promising NiV vaccine candidates (Amaya 2020, Gémez Roman 2022). NiV

vaccine candidates in preclinical development target the F/G glycoproteins and a variety of
platform technologies are being considered (e.g., virus vectors, protein subunits, mRNA, and
virus-like particles) (Amaya 2020, Geisbert 2021, Gémez Roman 2022, Loomis 2021, Monath
2022). NiV vaccine candidates based on three different platforms (protein subunits, mRNA, and

viral vectors) are currently in phase 1 clinical trials (Auro Vaccines 2022, NIAID 2023, Public
Health Vaccines 2023).
Demonstrating vaccine-induced protection against NiV infection or disease in an animal model

will require an immune correlate of protection (CoP) or immune surrogate that can predict the
likelihood of protective efficacy and that reflects the protective immune responses generated in
humans (Amaya 2020, Escudero-Pérez 2023, Price 2021).

o Accurate and reliable CoPs for determining the protective efficacy of NiV vaccines have

not yet been identified (Loomis 2021). Neutralizing IgG is generally used as a CoP,
although the protective threshold still needs to be defined to allow additional vaccine
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testing in animal challenge models and eventual immunobridging of antibody responses
to humans, through phase 1/2 clinical studies (Escudero-Pérez 2023, Price 2021).

Once the protective threshold for neutralizing 1gG antibodies is determined, the most
appropriate and feasible assays (e.g., assays that are developed using live NiV vs. assays
developed using pseudoviruses expressing the NiV F and G glycoproteins [Luo 2023])
need to be identified and standardized for use in animal models (Price 2021).

Different types or titers of CoPs may ultimately be needed for different vaccine
platforms, antigens, clinical outcomes (e.g., protection against infection, severe disease,
chronic disease, or death) and potentially host or population characteristics to support
the assessment of candidate NiV vaccines using immunogenicity and efficacy data from
preclinical studies.

Other humoral immune responses that may be relevant as COPs include specific titers of
IgM, antibodies and numbers of plasmablasts and activated B cells (Escudero-Pérez
2023). With regard to cellular immune responses, CD8+ T cell measurements may be
useful as a CoP (Escudero-Pérez 2023). Additional research is needed to better define

these potential CoPs, which may be particularly important for next-generation vaccines.

e Most current NiV vaccine candidates target the immunodominant fusion (F) and attachment (G)

glycoproteins, which elicit potent neutralizing antibody responses (Byrne 2023, Geisbert 2021,
Ithinji 2022, Loomis 2020, Loomis 2021, van Doremalen 2022, Wang 2022, Woolsey 2023). Data

are needed on the potential role of additional immunogens, such as nucleoproteins and other

non-enveloped proteins, in stimulating B and T cell responses that contribute to viral clearance,

cross-protection, orimmune memory. Robust vaccine-induced humoral and cell-mediated

immunity to NiV might include protective antibodies with durable immunologic memory and

rapid and efficient effector functions (Escudero-Pérez 2023).

¢ Additional immunologic research is needed to assess the following key elements of protective

immunity against NiV infection and disease:

O

O

The relative contributions of innate, cell-mediated, and humoral immune responses that
lead to protective immunity against NiV.

Specific cell types and interactions between different immune compartments in
achieving viral clearance, surviving acute disease, and modulating chronic infection
(Escudero-Pérez 2023, Liew 2022).

The roles of neutralizing and non-neutralizing or binding antibodies in protection against
NiV (Liew 2022).

Mechanisms and cell subsets of cellular immune responses (e.g., CD8 T cell activation)

that play a role in cross-neutralizing (heterologous) protection against co-circulating NiV
strains (e.g., NiV-M, NiV-B, and NiV-I) (Amaya 2020, Arunkumar 2019, Escudero-Pérez
2023, Liew 2022).

« Ifresearchers and regulators agree that a nontraditional regulatory pathway is appropriate

for licensure of NiV vaccines, then a number of issues need to be addressed, such as the
following (Price 2021):

o Generate a fully characterized and controlled virus challenge stock (or potentially
one each for NiV-M and NiV-B) for assessing candidate vaccines in animal models.

21



Revised July 2023 —

FOR REVIEW ONLY—NOT FOR DISTRIBUTION

Further characterize, as needed, at least one animal model suitable for vaccine
efficacy evaluation.

Standardize the challenge strain and dose, and determine the most appropriate
lethal NiV dose for MCM development. Challenge strains used in experimental
research also need to be compared against any circulating strains in humans (CEPI
2023a).

Determine the most appropriate CoP or surrogate marker (e.g., 1gG neutralizing
antibodies) for measuring protection and generate standardized assays for
measurement.

Bridge NiV vaccine efficacy data from animal models to humans, including
identifying thresholds of vaccine protection, to determine appropriate human
vaccine doses.

If the accelerated approval process is deemed an acceptable regulatory approval
pathway for NiV vaccines, then plans will be needed to conduct well-controlled
clinical trials to establish that vaccines have an effect on an appropriate surrogate
endpoint that is likely to predict clinical benefit against NiVD.

Post-licensure clinical trials will also be needed to confirm the clinical benefit of any
NiV vaccines that are approved via nontraditional pathways.

* Additional research is also needed to address the following areas:

O

O

Clarification of vaccine attributes (such as time from administration to immune
protection, duration of immunity, and the need for booster doses) and to determine
safety profiles of candidate vaccines.

Alternative vaccine delivery approaches, such as oral tablets or transdermal
patches, to facilitate rapid NiV vaccine deployment in response to NiV outbreaks in
low-resource settings.

Further evaluation of optimal NiV antigen combinations (e.g., including stabilized
prefusion F protein trimers, multimeric G constructs, and chimeric proteins
containing both pre-F and G glycoproteins), and antigen/vaccine platform
combinations for generating rapid and durable protective responses to NiV infection
(Byrne 2023, Loomis 2020, Loomis 2021, Srivastava 2023).

Research in animal models to determine if vaccine candidates are cross-protective

between different NiV strains, including recently identified strains; only a few
studies demonstrating cross-protection have been performed to date.

e Mathematical modelling and forecasting may be useful in (Nikolay 2021): (1) assessing

whether or not disease incidence is high enough in endemic areas for conducting clinical

trials of candidate vaccines, (2) simulating various epidemiologic scenarios for development

of vaccination strategies, (3) estimating the potential impact of NiV vaccines (once vaccines

become available), (4) estimating disease risk based on risk behaviors and practices in

communities or specific population groups, and (5) estimating the vaccine quantity that may

be necessary to maintain vaccine stockpiles.

¢ Researchers should consider efforts toward developing pan-henipavirus vaccines to

maximize potential benefit, similar to projects aimed at developing pan-coronavirus
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vaccines or universal influenza vaccines (Tan 2023). One strategy for developing broadly
protective henipavirus vaccines involves identifying conserved epitopes or cross-reactive
antibodies targeting Henipavirus F proteins (Byrne 2023, Ithinji 2022). Public communication

outreach strategies that address possible vaccine uptake hesitancy in target populations and
guidance for community sensitization to vaccine acceptation and promotion within the
community.

¢ Once vaccines are available, the following will be needed:

o Guidance on the use of NiV vaccines to include vaccination strategies for special
populations (such as children, immunocompromised individuals, and pregnant
women); different epidemiologic scenarios; and different vaccine attributes.

o Enhanced surveillance capacity to assess the impact of vaccination programs and to
refine vaccination strategies over time.

o Strategic planning for stockpiling and deploying NiV vaccines.

Strategic Goals and Aligned Milestones

Strategic Goal 1: Develop the tools and policies necessary for evaluating and potentially approving one

or more NiV candidate vaccines through a nontraditional regulatory pathway.

1.

By 2024, generate a fully characterized and controlled virus challenge stock (or potentially one
each for NiV-M and NiV-B) for assessing candidate vaccines in animal models.

By 2024, establish benchmark parameters (e.g., route of challenge, timing of challenge, and
challenge dose) for testing of NiV candidate vaccines in animal models, with particular focus
toward meeting criteria necessary for approval via a nontraditional pathway.

By 2024, further characterize as needed at least one animal model suitable for determining
surrogate markers that correlate with vaccine efficacy.

By 2025, define the protective threshold against NiV infection for serum neutralizing IgG
antibodies (as a CoP or surrogate marker), which can be used in animal studies and for
immunobridging to humans.

By 2025, convene a group of key stakeholders to agree on, through a consensus approach, the
most suitable assays (e.g., assays that are developed using live NiV vs. assays developed using
pseudoviruses) for determining serum neutralizing IgG antibody titers for NiV vaccine R&D and
develop a strategy for standardizing those assays.

By 2026, generate standardized assays to measure neutralizing I1gG antibodies for NiV vaccine
R&D, with a particular focus on assays to be used for regulatory approval via nontraditional
pathways.

Strategic Goal 2: Continue to move the current NiV vaccine pipeline forward toward licensure.

Milestones:
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By 2024, complete current phase 1 clinical trials for at least three promising NiV candidate
vaccines.

By 2024, define use cases for NiV vaccines to inform vaccine deployment and manufacturing
plans.

By 2026, further assess vaccine safety and immunogenicity through additional phase 1 and
initial phase 2 clinical trials (preferably in affect areas) for at least two of the most promising NiV
candidate vaccines.

By 2027, complete immunogenicity and efficacy studies in a well-characterized animal model for
at least one cross-protective NiV vaccine candidate and define a surrogate marker that
demonstrates likely clinical benefit of candidate vaccines.

By 2029, conduct well-controlled clinical trials (preferably in affected areas) to assess a
surrogate endpoint in human subjects for at least one NiV candidate vaccine.

By 2030, complete a regulatory dossier for at least one NiV vaccine candidate based on a
suitable animal model with subsequent immunobridging to humans for review via a
nontraditional approval pathway.

Additional Priority Areas/Activities

Research

Improve understanding of humoral (e.g., NiV-specific IgG and IgM antibodies) and cellular (e.g.,
CD8 T cell) immune responses to NiV infection in animal models to inform the design of vaccines
and the identification of correlates of protection (Arunkumar 2019, Escudero-Pérez 2023).

Improve understanding of innate immune responses (e.g., involving interferon impairment and
pro-inflammatory cytokine release) in relation to humoral and cellular immune responses to NiV
infection (Escudero-Pérez 2023).

Continue research on identifying the key NiV antigens (including surface glycoproteins and
internal proteins) that modulate the host immune response to NiV infection to inform future
vaccine design (Escudero-Pérez 2023).

Continue to research different types of CoPs (both humoral and cell-mediated) for NiV vaccines
that are currently in the R&D pipeline and next-generation vaccines, taking into consideration
different vaccine platforms, antigens, and clinical outcomes.

Generate international reference standards to calibrate serologic assays for vaccine potency
analyses.

Continue to conduct preclinical evaluation of promising candidate NiV vaccines (current and
future vaccines) for safety, immunogenicity, efficacy in animal models, correlates of protection,
and durability.

Further study cross protection of various vaccine candidates against different NiV strains, and
between NiV strains and HeV strains.

Conduct mathematical modelling to estimate the potential impact of NiV vaccines and inform
strategies for vaccine use.
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« Explore the possibility of creating pan-henipavirus vaccines that will protect against NiV, HeV,
and other henipaviruses.

Product development
« Continue to develop and clinically evaluate safe and effective monovalent NiV vaccines for
humans.
« Expand partnerships among researchers, government agencies, and industry to provide the
resources necessary for ongoing R&D of NiV vaccines.
- Define vaccine attributes (such as time from administration to immune protection, durability of
protection, and the need for booster doses) for the most promising candidate vaccines.

Key capacities
« Improve surveillance capabilities to assess the impact of vaccine use and vaccination strategies
(once vaccines become available).
+ Support plans for adequate manufacturing and stockpiling of NiV vaccines for further clinical
evaluation and use when outbreaks occur.

Policy and commercialization

« Provide guidance on vaccination strategies for various target populations and epidemiologic
scenarios that align with vaccine attributes, once vaccines are available.

« Develop guidance for community sensitization to vaccine acceptance and promotion within the
community.

+ Consider developing a strategy for vaccine surge capacity to rapidly ramp up the vaccine supply,
if NiV is used as a bioterrorism agent or if an NiV strain emerges with increased capacity for
person-to-person transmission and potential for faster spread.
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Nipah R&D Roadmap Taskforce Meeting
July 31 & August 1, 2023

Background

The Nipah Research and Development (R&D) Roadmap provides a 6-year framework beginning
in 2024 for identifying the vision, underpinning strategic goals, and prioritizing areas and
activities for accelerating the collaborative development of medical countermeasures —
diagnostics, therapeutics, and vaccines — against Nipah virus infection. The roadmap is a key
component of the World Health Organization’s (WHO’s) R&D Blueprint Initiative, and was first
drafted in 2017/2018 with input from subject matter experts, including a core group of
taskforce members. WHO now aims to finalize and formally launch the Nipah R&D Roadmap,
and the draft has been updated to incorporate recent scientific advances and research. The
roadmap will be delivered to WHO in late 2023 for publication on the WHO website.

Meeting Objectives
The meeting objective include the following:
1. Briefly recap each of the four topic areas of the Nipah R&D Roadmap (cross-cutting,
diagnostics, therapeutics, and vaccines).
2. Review the goals and milestones in each section and develop consensus on the wording
and timelines for each milestone, as time allows.
3. Identify the milestones or issues that are highest priority.
4. Discuss challenges and opportunities for implementing the roadmap goals and
milestones.

Meeting Format

The meeting will be held in a hybrid format; participants will join either in person at Wellcome
in London, UK, or virtually. Presentations and facilitated discussions will be used throughout the
1.5-day meeting.

Meeting Agenda
Agenda times listed in British Standard Time (BST)

Day 1: Monday, July 31

8:45 am Registration, tea, coffee, and light breakfast

Session 1: Welcome, Introductions, and Overview
9:15am Welcome (Josie Golding, Wellcome)

9:20 am Introductions (Michael Osterholm, Center for Infectious Disease Research and
Policy [CIDRAP])

9:30 am Update on the WHO Blueprint Initiative (Marie-Pierre Preziosi, WHO)
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9:40 am Overview and meeting objectives (Kristine Moore, CIDRAP)

Session 2: Nipah Cross-Cutting Issues
Session Facilitator: Emily Gurley, Johns Hopkins Bloomberg School of Public Health

9:50am General comments on Nipah cross-cutting issues in the current roadmap draft
e Key progress in the past 5 years
e Critical areas where additional efforts are needed

10:10 am Review the Nipah cross-cutting goals and milestones
10:30 am Break
10:45 am Review the Nipah cross-cutting goals and milestones (continued)

11:45am Concluding comments for Nipah cross-cutting issues
e High-priority milestones
e Barriers to implementing the goals and milestones
e |deas Roadmap implementation for this section

Session 3: Nipah Diagnostics
Session Facilitator: Joel Montgomery, US Centers for Disease Control and Prevention (US CDC)

12:05 pm General comments on Nipah diagnostics in the current roadmap draft
e Key progress in the past 5 years
e Critical areas where additional efforts are needed

12:30 pm Lunch

1:30 pm Review the Nipah diagnostics goals and milestones
2:50 pm Break
3:05 pm Concluding comments for Nipah diagnostics

e High-priority milestones
e Barriers to implementing the goals and milestones
e |deas Roadmap implementation for this section

Session 4: Nipah Therapeutics
Session Facilitator: Emmie de Wit, US National Institute of Allergy and Infectious Diseases (US
NIAID)

3:25 pm General comments on Nipah therapeutics in the current roadmap draft
e Key progress in the past 5 years
e Critical areas where additional efforts are needed

3:45 pm Review the Nipah therapeutics goals and milestones

5:10 pm Concluding comments for Nipah therapeutics
e High-priority milestones



Nipah R&D Roadmap Taskforce Meeting

DRAFT V.8
e Barriers to implementing the goals and milestones
e |deas Roadmap implementation for this section
5:30 pm Adjourn Day 1
Drinks and reception
6:00 pm Dinner
8:45am Registration, tea, coffee, and light breakfast
9:15am Welcome for Day 2 (Michael Osterholm, CIDRAP)

Session 5: Nipah Vaccines
Session Facilitator: Pending

9:20 am General comments on Nipah vaccines in the current roadmap draft
e Key progress in the past 5 years
e Critical areas where additional efforts are needed

9:40 am Review the Nipah vaccines goals and milestones
10:15am Break
10:30 am Review the Nipah vaccines goals and milestones (continued)

11:10am Concluding comments for Nipah vaccines
e High-priority milestones
e Barriers to implementing the goals and milestones
e |deas Roadmap implementation for this section
Session 6: Nipah R&D Roadmap Implementation and Next Steps
11:30am Discussion: Roadmap implementation (Marie-Pierre Preziosi, WHO)
12:15 pm Discussion: Publication process (Kristine Moore, CIDRAP)
12:25 pm Wrap up and next steps (Michael Osterholm, CIDRAP)
12:30 pm Meeting close

12:30 pm Lunch
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"Nicolina Moua"

Subject: Revised version of the Nipah R&D roadmap and near-final agenda for the July 31 and August 1 meeting at
Wellcome in London

Date: Thursday, July 13, 2023 2:55:19 PM

Attachments: Nipah RD Roadmap.Revision.July2023.ForTFReview.docx

Nipah Agenda NearFinal.Draft.docx

Dear Colleagues: Attached please find the revised version of the Nipah R&D Roadmap for your
review. This version contains extensive updates from progress made over the past 5 years and
includes many additional references from the recent literature.

Please review this version in advance of the Nipah taskforce meeting. In the interest of time, during
the meeting we will focus primarily on discussing the goals and milestones. We would also like to

spend some time discussing roadmap implementation.

Following the meeting, we will revise the roadmap and will send it out to taskforce members for
your written feedback and comments.

We have also included a near-final agenda of the meeting for your information.

Thank you, again, for your involvement in this important effort. | look forward to seeing many of you
either in-person or virtually at the end of the month.

Kind regards,

Kris

Kristine Moore, MD, MPH

Senior Advisor for Public Health Science and Policy
Center for Infectious Disease Research and Policy (CIDRAP)
University of Minnesota

420 Delaware Street, SE

C315 Mayo Memorial Building, MMC 263
Minneapolis, MN 55455

612-626-6770 (office)

303-998-1697 (direct line)

303-818-2594 (cell)

612-626-6783 (fax)

kamoore@umn.edu

http://www.cidrap.umn.edu
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Nipah Research and Development (R&D) Roadmap



Roadmap purpose: To provide a 6-year framework beginning in 2024 for identifying the vision, underpinning strategic goals, and prioritizing areas and activities (from basic research toward advanced development, licensure, manufacture, acceptance and deployment, and assessment) for accelerating the collaborative development of medical countermeasures (MCMs)—diagnostics, therapeutics, and vaccines—against Nipah virus infection. 



INTRODUCTION 

Nipah virus (NiV) is a paramyxovirus that was first identified as a zoonotic pathogen after an outbreak involving respiratory illness in pigs and severe encephalitic disease in humans occurred in Malaysia and Singapore in 1998 and 1999 (Chew 2000, Chua 1999, Chua 2010, Parashar 2000, Paton 1999). As part of that outbreak, 265 human cases of NiV disease (NiVD) were identified in Malaysia, and 11 abattoir workers in Singapore became ill following contact with imported pigs, with an overall case fatality rate of 40%. No new outbreaks have been reported in these countries since May 1999. NiVD was subsequently recognized, however, in Bangladesh in 2001, and nearly annual outbreaks have occurred in that country since (Hsu 2004, WHO 2018, Agrawal 2023). NiVD has also been identified periodically in eastern India (in 2001 and 2007) and, in 2018, an outbreak occurred for the first time in southern India (Arunkumar 2019, Chadha 2006, Chattu 2018, Sharma 2018, Soman Pillai 2020). Additionally, one case was reported from Kerala state in 2019 (Sudeep 2021). Case-fatality rates during outbreaks in Bangladesh and India have generally ranged from 50% to 100% (Sharma 2018). NiV infection in humans results in neurologic and respiratory syndromes, with fever, headache, altered mental state or unconsciousness, dizziness, cough, and vomiting as the primary presenting clinical features. NiV infection may result in late-onset encephalitis and relapsing encephalitis, and survivors may experience long-term neurological sequelae (Goh 2000, Hossain 2008, Tan 2002). A summary of 14 years of NiVD investigations in Bangladesh found no evidence of asymptomatic infection (Nikolay 2019).



The primary natural reservoir host for NiV in South Asia, where cases continue to occur, is Pteropus bats. A recent study suggests that discrete multiannual local epizootics in bat populations contribute to the ongoing sporadic nature of human NiV outbreaks in South Asia (Epstein 2020). Other regions may be at risk for NiV infection, as serologic evidence for NiV has been found in Pteropus bats and several other related bat species in Southeast Asia, the Western Pacific, and Africa (Anderson 2019, Breed 2010, Epstein 2008, Hasebe 2012, Iehlé 2007, Plowright 2019, Reynes 2005, Sendow 2013, Wacharapluesadee 2005, Yob 2001). In the 1998-99 Malaysia outbreak, NiV spillover occurred from bats to pigs, which led to pig-to-pig, pig-to-human, and suspected, although limited, human-to-human NiV transmission. Additionally, dogs were found to be infected with NiV on the farms involved in the outbreak (Field 2001). In outbreaks in Bangladesh, intermediary hosts between bat and human have not played a major role to date, with the primary modes of NiV transmission being human consumption of bat-contaminated raw date palm sap and subsequent person-to-person transmission (Arunkumar 2019, Gurley 2007, Islam 2016, Luby 2009, Nikolay 2019, Rahman 2008). However, a recent study in Bangladesh found NiV antibodies in cattle, dogs, and cats from six sites where spillover human NiV infection cases occurred during 2013–2015 (Islam 2023), suggesting the potential of zoonotic spread via intermediary hosts. Respiratory transmission via droplet spread may play an important role in propagating outbreaks (Nikolay 2019, Spiropoulou 2019). The virus could have pandemic potential if a more human-adapted strain, with greater person-to-person transmission emerges (Luby 2013).

The zoonotic potential of NiV is significant, particularly because of its ability to amplify in livestock and other domestic animals, which can serve as a source of exposure to humans (Islam 2023). NiV is part of the Henipavirus genus; this genus also includes another zoonotic pathogen—Hendra virus (HeV)—which predominantly causes infection in horses and also can lead to human disease (usually following contact with infected horses). HeV was initially recognized in 1994, following an outbreak of fatal cases of severe respiratory disease in horses and humans in the Brisbane suburb of Hendra in Queensland, Australia (Murray 1995, Selvey 1995). To date, at least 66 spillover events—all in Australia—involving more than 100 horses and seven humans have been identified (Wang 2023). Changes in bat behavior related to habitat loss and climate change appear to have increased the spillover risk of HeV from bats to horses (Eby 2023). An outbreak of an unidentified henipavirus (possibly NiV or a closely related virus) occurred among horses and humans in the Philippines in 2014 (Ching 2015). This outbreak likely involved spillover of the virus into horses and subsequent disease in humans following consumption of contaminated horsemeat; disease also occurred in healthcare workers who cared for infected patients. Detailed genomic information for this virus is limited. 



Genomic sequencing has demonstrated that there are two main clades of NiV: the M genotype, which comprises the Malaysian NiV isolates (NiV-M), and the B genotype, which includes Bangladesh (NiV-B) and India NiV isolates (NiV-I) (Liew 2022, Yadav 2019). These three strains share a high percentage of homology (NiV-M and NiV-B strains share 91.8% homology, and NiV-I strains share 85.14to 96.15% homology with both NiV-M and NiV-B). Some strain-related differences, however, have been noted in the clinical features of infection in humans and experimentally infected non-human primates, with strains of the B clade appearing to be more pathogenic than those of the M clade (Mire 2016). Recent data indicate that strains from Bangladesh are segregated into two additional distinct sublineages that have intermingled geographically and temporally in that area over time (Rahman 2021, Whitmer 2020). At this time, however, the molecular epidemiology of NiV remains somewhat unclear and issues around strain diversity and strain evolution require further elucidation (Rahman 2021). 



The R&D roadmap for NiV infection is a key component of the WHO R&D Blueprint initiative for accelerating research and product development of MCMs to enable effective and timely emergency response to infectious disease epidemics. NiVD is identified in the Blueprint’s list of “priority diseases” (defined as diseases that are likely to cause severe outbreaks in the near future and for which few or no MCMs exist) (WHO 2023). The Blueprint calls for the development of R&D roadmaps for the priority diseases to align and stimulate R&D of new or improved countermeasures, such as rapid diagnostic assays, novel therapeutics, and effective vaccines. The scope of R&D addressed in this roadmap ranges from basic research to late-stage development of MCMs to prevent and control NiV outbreaks and endemic disease in humans. The roadmap is organized into four main sections: cross-cutting issues (for areas that apply broadly to more than one MCM category), diagnostics, therapeutics, and vaccines. (Note: These topics are not presented in order of public health priority.) Each section includes barriers (inherent obstacles or technical challenges that may influence the likelihood of success for development of NiV MCMs) and gaps (key needs or unresolved limitations in knowledge that are critical to the development of new NiV MCMs). These are followed by strategic goals and milestones, which build on the gaps and barriers and are focused on achievements for the next 6 years (beginning in 2024) that are necessary for moving NiV MCMs forward. The roadmap milestones will be tracked over time, with periodic assessment of progress and updating as needed. Each section also includes additional ongoing priorities that should be considered for NiV MCM R&D. 

[bookmark: _GoBack]Other aspects of public health preparedness and response, in addition to R&D for diagnostics, therapeutics, and vaccines, are critical to successful NiV infection prevention and control. Examples include minimizing zoonotic NiV transmission, improving use of personal protective equipment (PPE), ensuring adequate hand hygiene and environmental hygiene, promoting effective community engagement, implementing adequate infection prevention and control practices, developing adequate infrastructure (such as cold-chain maintenance) to deploy MCMs, and promoting workforce development and training in endemic and at-risk regions. Many of these issues are beyond the scope of this R&D roadmap, but need to be addressed as part of a broader public health control strategy. Further research of NiV and related henipaviruses in animal species, including development of appropriate MCMs targeted to animal populations (such as vaccines [McLean 2019]), also is needed, since disease in animals may amplify occurrence of NiV (or a related henipavirus species) in humans and virus transmission can occur at the human-animal interface.



VISION

Robust MCMs to detect, prevent, treat, and control human outbreaks of NiV infection (and other closely related henipaviruses) that are readily available and accessible for use in areas of known or potential NiV spillover. These MCMs include: (1) rapid and accurate, point-of-care or near patient diagnostics; (2) safe and effective treatment and post-exposure prophylaxis (PEP); and (3) safe and effective vaccines to prevent disease, disability, and death. 



CROSS-CUTTING ISSUES

Barriers and Gaps

Barriers

· Securing funding for NiV research represents a substantial challenge, since economic incentives to invest in NiV research are not readily apparent because the disease primarily occurs in under-resourced areas of South Asia and reported disease incidence has, so far, been low with small and sporadic outbreaks (Gómez Román 2020). The development of a sustainable value proposition for industry and international philanthropic public-private partnerships is needed to secure funding to complete development, licensure, manufacture, and deployment of NiV MCMs. The value proposition should be informed by a robust assessment of the risk of future outbreaks and the economic, societal, and health impacts that such outbreaks could generate. 

· Demonstrating whether or not a product provides meaningful benefit without undue risk, which is a key aspect of any regulatory approval pathway, can be prohibitively expensive for product developers in the absence of a predictable demand (Gouglas 2018). In addition, licensure of vaccines and therapeutics using alternative regulatory pathways can be very costly, given the regulatory requirements for such approval.

· National regulatory authorities in countries where NiV outbreaks are likely to occur have different regulatory requirements for authorization, licensure, or emergency use of NiV medical countermeasures, which complicates the approval process, particularly for candidate vaccines and therapeutics (Gómez Román 2022). An international, NiV-focused regulatory group has been created and will be an important mechanism for coordinating regulatory issues as NiV MCMs are moved forward (Gómez Román 2020).

· High-level biocontainment requirements may pose an impediment to research on NiV pathogenesis and development of MCMs, as certain materials must be generated under the highest biosafety level (biosafety level 4 [BSL-4]) conditions (Geisbert 2020, Gómez Román 2022), which can increase the cost and complexity of MCM development.

· To date, NiV spillovers to human communities have been identified most commonly in rural communities in Bangladesh and India; the healthcare facilities that serve these communities have limited laboratory and clinical infrastructure for diagnosis and treatment. 

· The natural reservoir for NiV is fruit bats of the Pteropus genus; these bats have a wide geographic range that stretches across much of the Western Pacific region, Southeast and South Asia, and Madagascar (Bruno 2022). Evidence also suggests that other fruit bats of the Pteropodidae family may harbor NiV or related viruses; such bats can be found across Africa and parts of the Middle East (Bruno 2022). This broad host range increases the likelihood of additional spillover events from bats to humans or livestock in new areas where the disease has not yet been detected, which may make accurate and timely diagnosis, disease recognition, and treatment more difficult owing to the lack of clinical experience with the condition, lack of available laboratory testing, and the occurrence of other diseases that have similar clinical presentations. 

· The development and accessibility of animal models that recapitulate human NiV disease are critical for NiV MCM development, given the limitations on clinical samples and the infeasibility of traditional clinical efficacy trials. While ferrets and Syrian golden hamsters are well-established animal models for NiV research, the African green monkey (AGM) is regarded as the most relevant animal model for evaluation of candidate therapeutics and vaccines intended for use in humans (Foster 2022, Geisbert 2010, Geisbert 2020, Geisbert 2021, Johnston 2015, Price 2021, van Doremalen 2022, Woolsey 2023). Studies involving the AGM model may be required for licensure of MCMs via alternative regulatory pathways; however, costs, space requirements (particularly in BSL-4 containment facilities) and ethical concerns constrain their use (Arnason 2020, Bossart 2012, Geisbert 2010, Johnston 2015).

· Phase 1 and 2 clinical trials can be conducted in non-endemic regions or in endemic regions; however, phase 3 clinical efficacy trials will need to be conducted in endemic areas. Because NiV infection occurs in relatively small, focal outbreaks, the low disease incidence poses a major challenge for conducting such trials, in terms of achieving a sufficient sample size to estimate MCM efficacy with adequate statistical power (Gómez Román 2020). It may be possible to address this issue by enhancing case detection through improved surveillance and by combining clinical trial data over time, including across outbreaks; however, it is likely that at least vaccines will need to be licensed via nontraditional regulatory pathways. 

· Patients usually present late in the clinical course of disease and disease progression is often rapid, making it difficult to collect clinical samples before patients succumb to the disease. Additionally, autopsies are often not the standard of care in affected areas, which further reduces opportunities to collect clinical specimens. These barriers hinder the ability to understand disease pathogenesis and immunologic responses to infection, which are important for MCM R&D (Amaya 2020, Arunkumar 2019, Gurley 2020, Liew 2022, Mazzola 2019).

· Sociocultural issues may hinder trust in the formal healthcare and public health systems, which could reduce acceptance of NiV vaccines and therapeutics. 



Gaps

· Continued R&D, improved manufacturing processes, deployment, and assessment of NiV MCMs, as well as other preventive measures, depend on accurate and current information on the ecology and epidemiology of NiV infection, using a One Health approach. Improved surveillance (or dedicated prospective research with a surveillance focus) is needed to determine the true incidence of human disease in endemic areas and to monitor the occurrence of spillover incidents from bats to humans or livestock in new geographic areas (Bruno 2022, Singhai 2021).

· Additionally, continued research is needed to better define and assess the occurrence of NiV and other henipaviruses, including drivers of infection, in the natural reservoir of Pteropus bats and potentially other bat species around the globe (Gómez Román 2020, Plowright 2019).

· Additional research is needed to optimize and further characterize relevant animal challenge models (particularly ferret, Syrian golden hamster, and AGM models) for promoting development and evaluation of NiV MCMs (Geisbert 2020, Gómez Román 2020, Price 2021, Rockx 2014). Examples of additional issues involving animal models include the following (Dhondt 2013, Gómez Román 2020, Johnston 2015, Mathieu 2015, Mire 2019, Price 2021):

· Determine the appropriate animal model(s) for screening assay development.

· Standardize the challenge strain and dose, and determine the most appropriate lethal NiV dose for MCM development.

· Determine when after-challenge MCMs should be administered in animal models to best mimic realistic timing of MCM use in humans.

· Identify the best models for studying chronic (relapsing) infection.

· Determine if different animal models are needed for different clinical endpoints such as infection, disease, and transmission.

· Determine if models perform differently based on the route of virus administration.

· Improve overall standardization of the models.

· Other research needs include the following:

· Improved understanding of the virology, immunology, and pathogenesis of NiV in humans and animals to inform development of NiV MCMs (Gurley 2020, Liew 2022). This includes evaluating the pathophysiologic differences between different NiV strains, determining the mechanisms that allow NiV to escape immunologic clearance and cause delayed onset or recurrent encephalitis, and identifying factors influencing the development of permanent neurologic sequelae. 

· Ongoing phylogenetic and evolutionary analyses of NiV strains to monitor viral heterogeneity and antigenic changes that may affect the epidemiologic and clinical features of disease over time and thereby influence MCM development (Gurley 2020, McKee 2022, Rahman 2021).

· Additional research to determine if: (1) NiV strain variations influence the ability to detect NiV infections; (2) different strains have different phenotypic characteristics, such as different clinical manifestations or transmission dynamics, and (3) if strain variability impacts efficacy of vaccines or therapeutics (CEPI 2023a, Gurley 2020, Whitmer 2020). 

· Whole-genome sequencing of NiV isolates to generate a comprehensive phylogenetic mapping of the global genetic variability among henipaviruses (CEPI 2023a). 

· Sociological and anthropological research to understand how to best engage populations at high risk of exposure (such as persons who consume date palm sap, healthcare workers, and workers at the human-animal interface) and vulnerable populations (such as children, immunocompromised individuals, and pregnant women) for participation in clinical trials and to ensure acceptance of new NiV MCMs, especially if therapeutics and vaccines do not consistently prevent disease (Singhai 2021, Lancet 2018).

· Prospective serosurveillance of henipavirus exposure from susceptible animal species and proximate human populations in areas of predicted risk to assess the potential of human spillover and to build preparedness for detection of human cases and for limiting exposure (Daszak 2020, Deka 2018, Gómez Román 2020, Plowright 2019).

· Expanded use of machine-learning approaches can facilitate an improved understanding of the risk of NiV spillover events (Plowright 2019).Ecological studies are also needed to enhance understanding of the dynamics governing prevalence and shedding of NiV and other henipaviruses in bats (Plowright 2019).

· Other important needs include the following:

· Funding sources (such as public-private partnerships, government agencies, and philanthropic organizations) and industry incentives and competitions for non-dilutive funding to encourage innovation and secure private-sector commitments to develop and manufacture NiV MCMs (Gómez Román 2020). 

· Enhanced clinical, laboratory, and public health infrastructure in endemic and at-risk areas to promote early diagnosis, treatment, surveillance, and implementation of vaccination programs for NiV prevention and control (Bruno 2022). 

· Advocacy to policy makers in affected countries and to global stakeholders to ensure they understand the potential health, societal, and economic benefits of devoting resources to improving NiV surveillance, detection, prevention, and control measures (Gómez Román 2020).

· Scenario planning to clarify regulatory pathways for product approval in countries where NiV outbreaks are likely to occur, including determining whether or not efficacy data from animal models is sufficient for regulatory approval. Such planning should take into consideration the local epidemiology of NiV infection and the different requirements of local national regulatory authorities for product approval and emergency use authorization (Gómez Román 2022). Regulatory pathways and NRA capabilities vary between countries; therefore, early engagement, potentially with support from WHO and other key international stakeholders, is essential to identify country-specific considerations. While it is critical to focus on approaches that make ethical and scientifically valid clinical trials feasible whenever possible, alternative regulatory pathways may need to be considered for licensure of NiV vaccines or therapeutics, if classic clinical trial designs (e.g., randomized controlled trials [RCTs]) are not feasible. 

· Standardized and well-characterized assays (to be further defined based on end use), reagents, antibodies, nucleic acids, and stocks of NiV challenge strains for R&D of MCMs for NiV infection (Rampling 2019, Satterfield 2016). Assays that can be used at lower biosafety levels are an important priority. WHO international standards should be used (when available) as calibrators and reported in units/ml to harmonize assay results. 

· Outreach and education to clinicians and community health workers to improve NiV awareness, training, and outbreak preparedness (e.g., disease diagnosis, clinical management, and infection prevention and control) and to ensure availability of diagnostic tools in endemic areas to increase the likelihood of accurate and timely diagnosis and treatment of NiV infection (Singhai 2021). 

· Enhanced capacity for data sharing and analysis (particularly of NiV sequence data) to support collaborative clinical research, including methods for collecting, standardizing, and sharing clinical data. 

· Collaboration between public health authorities in endemic and at-risk areas and international development partners to support NiV surveillance and strengthen disease prevention and preparedness activities. Human health, animal health, and wildlife officials should be engaged as part of a long-term collaborative effort. 

· Clarification regarding the potential for and possible strategies to promote technology transfer for NiV MCM development and manufacturing to endemic and at-risk areas. 

· Efforts to reduce the cost of medical countermeasure development and ongoing production.



Strategic Goals and Aligned Milestones

Strategic Goal 1: Identify additional and ongoing sources of private- and public-sector funding and develop appropriate incentives and competitions to promote R&D of NiV MCMs. 

Milestones:

1. By 2025, develop a public value proposition to effectively advocate for the development and sustainability of NiV MCMs that: (1) articulates the potential global threat of NiV infection, (2) outlines the social and economic benefits of generating accessible and affordable NiV MCMs, and (3) details the positive impact on the health systems in affected areas.

2. By 2026, create a funding plan based on the value proposition for moving NiV diagnostics, therapeutics, and vaccines toward clinical evaluation, licensure/approval, acceptance, and sustainable access.

3. By 2026, develop a coordinated strategy for promoting and incentivizing greater industry engagement in R&D for NiV MCMs. 



Strategic Goal 2: Improve understanding of NiV epidemiology and ecology to better define the disease burden, risk factors for infection, and risk of spillover events in affected countries. 

Milestones:

1. By 2025, develop a plan for enhancing human NiV surveillance in India and Bangladesh outside of existing surveillance areas (i.e., where cases previously have been identified). This should include securing funding, identifying additional surveillance catchment areas, engaging key partners in those areas, generating standardized surveillance protocols, and conducting training for implementation. 

2. By 2026, initiate enhanced human NiV surveillance to better characterize NiV epidemiology (including the potential for spillover events), promote early case detection, and better define the disease burden in India and Bangladesh, particularly outside of areas where cases previously have been identified. 

3. By 2026, generate and implement standardized protocols for case investigation that are aimed at identifying risk factors for primary NiV infection and at conducting case-contact studies to better understand chains of transmission (Hedge 2023).

4. By 2026, develop plans for conducting additional research in India and Bangladesh to identify the potential for and drivers of spillover events, particularly in areas where NiV cases have not yet been identified. 



Strategic Goal 3: Determine the requirements for clinical trials, regulatory pathways, and other considerations that will affect licensure or approval of NiV MCMs by engaging an international regulatory working group representing NRAs in affected areas and other key international stakeholders.

Milestones: 

1. By 2024, conduct scenario planning to clarify the regulatory procedures and determine the acceptable pathways for approval and emergency use authorization of NiV MCMs (including vaccines, novel candidate therapeutics, repurposed therapeutics, and diagnostics) in countries at highest risk for NiV outbreaks (i.e., Bangladesh and India) through an international NiV-focused regulatory group. 

2. By 2025, determine if any key gaps exist for regulatory approval and emergency use authorization of candidate NiV MCMs in affected countries and develop strategies to address those gaps, with specified timelines for completion. 

3. By 2026, ensure that any issues affecting approval and emergency use of candidate MCMs in affected countries have been resolved and that consensus has been achieved on the necessary regulatory steps and procedures. 

 

Strategic Goal 4: Support basic science research to improve understanding of NiV virology, pathogenesis, and the immune response to infection in humans and animal models. 

Milestones:

1. By 2025, generate standardized and well-characterized assays, reagents, antibodies, nucleic acids, and stocks of NiV challenge strains to facilitate R&D of NiV MCMs.

2. By 2025, conduct additional research to further optimize animal models that recapitulate disease in humans for use in preclinical studies of NiV MCMs. 

3. By 2026, conduct sequencing of NiV strains from existing clinical samples obtained from past NiV cases to assess variability of NiV strains in India and Bangladesh (CEPI 2023a). 

4. By 2026, establish capacity at selected surveillance sites in India and Bangladesh to investigate NiV-related deaths by using post-mortem minimally invasive tissue sampling to enhance understanding of NiV disease pathogenesis (Bassat 2021). 

5. By 2028, conduct research in animal models to determine if strain variability impacts efficacy of promising NiV MCMs or the accuracy of diagnostic tests.  



Additional Priority Areas/Activities

Research

· Continue to expand research to further understand the ecology and epidemiology of NiV and other pathogenic henipaviruses in human and animal populations (wild and domestic) over time and across geographic areas, using a One Health approach. Such research should include serosurveys in different animal species and ecologic studies in bats, and should utilize computational approaches, such as machine-learning approaches. 

· Continue to perform phylogenetic and evolutionary analyses, using whole-genome sequencing, of NiV strains to monitor antigenic changes and characterize genetic diversity over time. 

· Incorporate, on an ongoing basis, additional NiV strains into preclinical research as newer strains become available. 

· Continue to conduct basic science research on the virology, pathogenesis, and immunology of NiV infections to inform development of MCMs.

· Determine key differences in pathogenesis for different NiV strains that may have implications for the development of safe and effective NiV vaccines or therapies.

· Conduct research studies to enable a more comprehensive mapping of genetic variability of henipaviruses to improve understanding of their global distribution.

· Conduct social science research to determine strategies for engaging communities for participation in clinical trials and to support acceptance of MCMs for NiV infection as they become available. 

Product development

· Promote early communication between developers and appropriate NRAs for clarity and guidance on the regulatory aspects of MCM development for NiV infection, including potential regulatory pathways for MCM licensure and approval. 

Key capacities

· Create international partnerships to fund, support, and promote enhanced laboratory capacity, public health surveillance capacity, and infrastructure in endemic and at-risk areas to promote early diagnosis, treatment, and implementation of vaccination programs for NiV prevention and control.

· Improve active and passive surveillance capacity to: (1) better define the incidence of disease in NiV-endemic and at-risk areas and (2) promote targeted research in non-endemic areas to identify evidence of spillover of NiV or other related henipaviruses from the natural reservoir to human or animal populations. 

· Develop an open-access shared data platform to facilitate sharing of NiV sequence and strain data. 

· Collaborate with local government authorities (including human health, animal health, and wildlife representatives) to support NiV surveillance and disease prevention activities in endemic and at-risk areas. 

· Promote community-based outreach programs that transfer skills and knowledge for the prevention and early recognition of NiV disease in areas of known or potential NiV spillover risk.

· Strengthen infrastructure and capacity for post-marketing pharmacovigilance of licensed NiV therapeutics and vaccines.

Policy and commercialization

· Support plans for adequate manufacturing and subsequent distribution of NiV diagnostics, therapeutics, and vaccines to endemic and at-risk areas. These should include efforts to reduce production costs and ensure equitable global access as needed. 

· Support the development of affordable pricing mechanisms to promote accessibility of NiV MCMs in low- and middle-income at-risk countries. (Note: According to WHO, an “affordable and fair” price is one that can reasonably be paid by patients and health budgets and simultaneously sustains research and development, production, and distribution within a country.)

· Clarify the potential for and possible strategies to promote technology transfer for development and manufacturing of MCMs for NiV infection. 



DIAGNOSTICS

Barriers and Gaps

Barriers

· Initial signs and symptoms of NiV infection are nonspecific, and infection is often not suspected at the time of presentation. This can hinder accurate diagnosis and creates challenges in outbreak detection and implementation of effective and timely infection control measures and outbreak response activities. Additionally, latent infection can last for months to years after initial exposure, which can complicate epidemiologic investigation (CDC 2020). 

· The accuracy of laboratory results can be affected by a variety of factors, such as clinical sample quality, quantity, type, timing of collection, and the time necessary to transfer the sample from the patient to the laboratory (WHO 2019, Mazzola 2019). 

· The time required to perform diagnostic testing using conventional laboratory methods is problematic, given the potential for rapid disease progression of NiV infection (Sayed 2019). 

· Diagnostic needs vary across the latent, acute, and convalescent phases of NiV infection (Bruno 2023). 

· Limited laboratory infrastructure and diagnostic capabilities in peripheral settings can lead to delays in diagnosis and in outbreak investigation and response (Berge 2019, Bruno 2022, Chua 2013, Wang 2012, WHO 2019). 

· Owing to the high biosafety precautions necessary when working with NiV, diagnostic testing of clinical specimens for NiV poses safety and logistical challenges in under-resourced areas with regard to collection, handling, transport, and laboratory analysis (Watanabe 2020, Widerspick 2022). 

· Limited NiV-positive clinical samples are available, which are important for validation of diagnostic tests (Mazzola 2019).

· Pteropus species (and likely other bat species) may carry other henipaviruses in addition to NiV and HeV, some of which could be pathogenic in humans and livestock. Antibodies to different henipaviruses appear to be highly cross-reactive, making it difficult to discriminate the particular henipaviruses that are in circulation using serologic assays, which is critical to ensuring diagnostic preparedness to respond to future outbreaks (Mazzola 2019, Wang 2012, WHO 2019, Yang 2022). 



Gaps

· Further research is needed to:

· Improve understanding of the kinetics of NiV detection in cerebrospinal fluid, blood, saliva, other body fluids (e.g., urine and respiratory secretions), and tissue samples to enhance the ability to diagnose infection at different stages of disease (Arunkumar 2019, Berge 2019, Mazzola 2019, Thakur 2019). 

· Determine criteria for test performance and further evaluate performance characteristics (including sensitivity, specificity, limits of detection, cross-reactivity, and quantitative vs. qualitative data) for NiV assays, particularly for newer tests (such as rapid diagnostic tests) and tests that are designed to detect more than one henipavirus. Further testing of diagnostics should be conducted in animal models before field trials in humans are pursued. 

· Continue to develop commercialized or standardized rapid nucleic acid tests that can quickly confirm active NiV infection at the point of care or at the level of near-patient care (Berge 2019, Pollack 2023, WHO 2019). This effort may require clarification of the regulatory pathways for commercialization of NiV diagnostic tests. To date, one rapid test has been approved for emergency use in India during an outbreak that occurred in 2018 (Yadav 2021).

· Generate international reference standards to calibrate diagnostic assays to ensure proficiency testing of new diagnostics (Berge 2019, WHO 2019). 

· Clinically validate the performance and operational suitability of new promising diagnostics, particularly rapid diagnostic tests, in endemic geographic regions (Berge 2019, Pollack 2023). 

· Continue to assess and operationally validate safe and simple methods of sample inactivation that do not interfere with diagnosis and that can be used at peripheral sites (Pollack 2023, WHO 2019, Watanabe 2020, Widerspick 2022, Yadav 2021).

· Establish operational suitability at the point of care (i.e., at peripheral community settings) for NiV diagnostic tests by developing an integrated approach to facilitate rapid, accurate, and safe testing procedures (Pollack 2023).This could include a minimal protocol or best practices approach for sample inactivation before testing (WHO 2019).

· Other needs include the following:

· Development of a virtual repository (with specimens being held and maintained in the countries of origin) of clinical samples to assess and validate diagnostic tests (Berge 2019, WHO 2019). As part of this process, a clear approach is needed to: (1) determine what clinical samples should be collected, based on what would be most useful (e.g., plasma, whole blood, urine, cerebrospinal fluid); (2) outline the purposes of sample collection; (3) determine what organizations will be responsible for the activities related to creating and maintaining the repositories; (4) establish standardized protocols for sample collection and maintenance; (5) establish an appropriate governance structure; (6) identify who would have access to the samples; (7) prioritize use of samples and sample distribution; and (8) ensure that material transfer agreements (MTAs) are in place. (Samples obtained from laboratory animals also can be used to assess diagnostic assays during the timeframe when the virtual repository is being created.)

· Optimal deployment strategies for diagnostics in different geographic areas based on the risk and epidemiology of NiV infection (Berge 2019, WHO 2019). 

· In-country laboratories able to conduct proficiency testing to monitor reproducibility and performance of NiV diagnostic assays in the field. 

· Systems for external quality assessment (EQA) monitoring of tests using up-to-date clinical specimen panels and reference standards (Mazzola 2019).

· A sufficient number of laboratories committed to using the diagnostics on a regular basis to support the business case for NiV diagnostics, particularly given the costs of regulatory approval.

· Improvement of diagnostic preparedness in at-risk areas to detect NiV, HeV, and other emergent henipaviruses as they arise (Wang 2012).

· Ongoing efforts to develop affordable and easy-to-use multiplex panels for detection of a range of pathogens using a syndromic approach, if such panels can be deemed cost-saving (Mazzola 2019).

· Use cases and target product profiles (TPPs) have been developed for NiV diagnostics (WHO 2019); however, the criteria may need to be modified over time as new lineages are identified (Mazzola 2019). 

· Since NiV strains are continuing to evolve, it’s possible that current diagnostic tests could fail to detect an emergent variant of NiV. Recently, a novel strain of HeV was identified in Australia that was not detected through conventional PCR testing owing to gene sequence mismatches (Annand 2022). Diagnostic tools that can detect a broader range of NiV, HeV, or related viruses capable of spillover may be needed to advance the ability to forecast spillover risks and to detect emergent viruses (Peel 2022). 



Strategic Goals and Aligned Milestones

Strategic Goal 1: Support development of diagnostic assays through creation of a virtual reference repository of clinical samples from NiV-infected patients.



Milestones: 

1. By 2026, develop and standardize plans and protocols (including the governance structure) for creating a virtual reference repository of well-characterized clinical samples to be maintained in the two primary NiV-affected countries (Bangladesh and India). 

2. By 2027, identify sustainable, long-term funding, determine sites for sample storage, and initiate creation of the virtual reference repository in Bangladesh and India, with samples to be collected during future outbreaks. 



Strategic Goal 2: Continue to develop and assess affordable, highly sensitive and specific (as needed depending on intended use), point-of-care or near-patient NiV diagnostic tests that are suitable for use in peripheral settings and that have minimal requirements for biosafety precautions and staff training. 



Milestones: 

1. By 2025, engage appropriate regulatory agencies and NRAs to inform commercialization pathways for NiV diagnostic assays. This effort should include clarifying regulatory pathways for approval (including approval for emergency use) of NiV diagnostics.

2. By 2026, complete preclinical evaluation for at least two of the most promising NiV point-of-care or near-patient diagnostic assays that align with the TPP and can be used in peripheral sites.

3. By 2026, create international reference standards for calibrating and harmonizing NiV diagnostic assays. 

4. By 2026, develop a minimum protocol or set of best practices (that biosafety committees will accept) for inactivation of clinical samples from humans and animals that are being tested for NiV. 

5. By 2027, complete clinical validation of performance and operational suitability for at least two of the most promising NiV point-of-care or near-patient diagnostic assays that align with the TPP and can be used in peripheral sites.

6. By 2028, obtain regulatory approval for at least one rapid, point-of-care or near-patient care NiV diagnostic test that can be commercialized and standardized. 



Strategic Goal 3: Enhance laboratory diagnostic preparedness in areas of known spillover risk to promote early detection of NiV. 



Milestones: 

1. By 2026, expand national laboratory networks for NiV detection in the primary affected countries (Bangladesh and India) that include plans for enhancing laboratory preparedness to enable earlier and timely detection of NiV infection during future outbreaks. 

2. By 2027, generate well-characterized and up-to-date proficiency panels for NiV diagnostic testing to be used in selected laboratories in Bangladesh and India.

3. By 2029, implement routine EQA monitoring of NiV diagnostic testing at selected laboratories in Bangladesh and India. 

Additional Priority Areas/Activities

Research

· Continue to explore new diagnostic approaches that may allow earlier detection of infection. 

· Further evaluate the kinetics of NiV detection in cerebrospinal fluid, blood, saliva, other body fluids, and tissue samples to enhance the ability to diagnose NiV infection at different stages of disease. 

· Determine criteria for test performance and continue to evaluate performance characteristics for promising new assays for diagnosis of NiV infection.

· Continue to conduct field evaluation studies to assess and validate new diagnostic tests for NiV infection as they become available. 

· Continue to research methods of diagnostic testing that are able to differentiate between various pathogenic henipaviruses.

· Continue to develop affordable and easy-to-use multiplex panels for detection of a range of pathogens using a syndromic approach. 

· Consider development of diagnostic tools that can detect a broader range of NiV, HeV, or related viruses capable of spillover.

 Product development

· Refine over time, as needed, criteria in the existing TPPs to include identification of different NiV lineages/strains. 

· Continue to develop and evaluate point-of-care or near-patient rapid diagnostic tests for NiV infection that are affordable, highly sensitive and specific (as needed, depending on their intended use), can capture antigenically diverse strains of the virus, and can be performed accurately and safely in peripheral settings under a variety of circumstances. 

Key capacities

· Establish operational suitability in peripheral laboratories of rapid diagnostic tests over time, as new tests become available. 

· Enhance diagnostic preparedness in areas of known or potential henipavirus spillover risk to promote early detection of NiV, HeV, and other emergent henipaviruses as needed. 

Policy and commercialization

· Develop guidance on optimal strategies for the deployment and use of new NiV diagnostic tests across different geographic areas, as such tests become available. 



THERAPEUTICS

Barriers and Gaps

Barriers 

· Patients typically present late in the clinical course of disease, which decreases the likelihood of successful treatment.

· A limiting constraint to assessing the effectiveness of promising therapeutics is the number of patients with NiV infection who can be enrolled in clinical trials over time, given the small number of cases that are identified annually. 

· The absence of improved diagnostic assays for timely diagnosis and surveillance of infection creates an important challenge in providing early treatment of patients and PEP for exposed persons, which can significantly impact clinical evaluation of therapeutic candidates. 

· NiV can infect the central nervous system (CNS), which creates challenges for generating therapeutic agents that cross the blood-brain barrier to inhibit viral replication and prevent severe neurologic disease. 

· Healthcare systems in affected countries often do not have adequate infection control–programs in place to prevent person-to-person transmission. They also lack the ability to rapidly identify contacts most likely to benefit from PEP therapy. 

· One promising therapy is the monoclonal antibody (mAb) m102.4; however, the projected cost per patient for this agent is expected to be more than $1,000 (Gómez Román 2022); this high cost poses an important barrier to its use. 

Gaps 

· Patients may benefit from optimal supportive care, independent of treatment with specific NiV therapeutic agents. Key research areas include obtaining data on the safety and efficacy of components of supportive care for NiV, such as optimal fluid and respiration management strategies, diagnosis and treatment of organ dysfunction, and the use of empiric antibiotics and/or antimalarials to inform best-practice guidelines and evidence-based policy decisions. Standard of care guidelines will be important for conducting clinical efficacy trials of therapeutic agents. 

· During the 1998-99 NiV outbreak in Malaysia, clinicians used ribavirin to treat 140 patients. Outcomes data revealed a lower mortality rate among treated patients (Chong 2001), but the findings may have been biased by the use of historical controls. No additional clinical studies of ribavirin have been conducted, and limited studies in animals have not demonstrated efficacy of ribavirin following NiV or Hendra virus challenge (Georges-Courbot 2006, Rockx 2010). Ribavirin, however, may prove useful for PEP (Banerjee 2019); therefore, further challenge studies in animal models should considered to explore this possibility. 

· Studies in animals have evaluated the usefulness of several agents (including remdesivir, favipiravir, and fusion inhibitory peptides) when delivered prior to disease onset or early during the disease course (Dawes 2018, Lo 2019, Mathieu 2018). One recent study showed that AGMs were only partially protected when remdesivir was administered 3 days post-inoculation; therefore, early administration seems critical for effective treatment (de Wit 2023). Patients with NiV infection are often detected late in the clinical course, which creates challenges for predicting how well a therapeutic agent will work in the field. Additional challenge studies in animals, therefore, are needed to: (1) assess the clinical benefit of these therapeutics as treatment options when administered after symptom onset or at least more than 24 hours after initial exposure, (2) determine whether these agents may be appropriate for PEP, and (3) clarify the most feasible and cost-effective route of administration (e.g., oral, intranasal, intravenous) appropriate for real-world conditions, particularly if being considered for mass prophylaxis in an outbreak setting (Gómez Román 2022). 

· m102.4 has demonstrated protection against lethal NiV challenge in animal models and has been provided under compassionate use programs for a small number of individuals exposed to either HeV or NiV (Broder 2012, Guillaume 2004, Playford 2020). Several other mAbs have also been assessed in animal models and appear promising (Gómez Román 2022). A phase 1 clinical trial for m102.4 with 40 human participants was completed in Australia during 2015 and 2016 (Playford 2020). In that trial, m102.4 was well tolerated and safe, with no evidence of an immunogenic response.

· Additional research needs for mAbs as treatment or PEP for NiV infection include:

· Additional clinical trials in endemic areas to further assess the safety, tolerability, efficacy, and pharmacokinetic parameters of m102.4 (and possibly other mAbs with adequate preclinical data) for PEP and potentially early treatment of clinical disease (CEPI 2023b). 

· Additional research to determine the likelihood of escape mutants with mAb use. While evidence of escape mutants has not been found to date with m102.4, it may be necessary to consider mAb cocktails (Borisevich 2016, Playford 2020).

· Animal studies to determine if mAb cocktails that combine several different mAbs into one formulation are more efficacious than administering one mAb alone (Dang 2021). 

· Future studies to ascertain the efficacy of m102.4 for treatment and prophylaxis against different viral strains of NiV and Hendra viruses, particularly among populations living in settings where there is the potential for an outbreak.

· Adequate stockpiles of m102.4 (or potentially other mAbs) to ensure urgent access at the onset of an NiV outbreak.

· Given the limited number of NiV cases identified each year, a transparent and collaborative process is needed to determine which agents are most appropriate for study in future clinical trials and how best to allocate scarce resources for conducting such trials.

· A prepositioned, agreed-upon protocol for conducting clinical trials of promising therapeutics during NiV outbreaks would be of value in advancing clinical evaluation of such agents (Spiropoulou 2019). 

· Diagnostic criteria and standardized testing are needed for including patients in clinical trials of therapeutics.

· Additional research needs include the following: 

· Further research to broaden the number of novel antiviral candidates (including repurposed drugs) for treatment of NiV infection and strengthen the therapeutic pipeline. Computational aided drug design is one tool that can be useful for this discovery (Yang 2023).  

· Additional data to establish the pharmacokinetic/pharmacodynamic (PK/PD) relationship of promising therapeutic candidates.

· Additional data to determine the role of PEP and to inform development of guidance on the types of exposures that warrant such intervention and the most appropriate agents to administer. This determination should include feasibility for PEP stockpiling and distribution in both affected and at-risk areas, particularly Bangladesh, which has hundreds of potentially exposed persons annually that could be candidates for PEP. 

· Additional information to determine whether or not strain differences will affect the response to therapeutic candidates and results from clinical trials.

· Additional data to determine the therapeutic windows for promising therapeutics for the different NiV strains, as highlighted by a recent study in AGMs that showed that the therapeutic window for m102.4 against a strain from Bangladesh/India was shorter than for a strain from Malaysia (Mire 2016).



Strategic Goals and Aligned Milestones

Strategic Goal 1: Enhance preparedness to conduct clinical trials of therapeutic agents during future NiV outbreaks. 



Milestones: 

1. By 2024, convene a consortium of key stakeholders—in affected areas and internationally—to address the key challenges with conducting clinical trials of therapeutic agents during future NiV outbreaks. This consortium could potentially be modeled after the West Africa Lassa Fever Consortium (WALC) (ISARIC 2023).

2. By 2025, develop NiV standard of care guidelines to be used in affected countries, disseminate the guidelines, and conduct outreach to clinicians as appropriate.

3. By 2025, complete an agreed-upon generic prepositioned protocol for conducting safety and efficacy clinical trials of promising therapeutic candidates (mAbs and small molecules, including repurposed drugs) to be implemented in NiV-affected areas during outbreaks and develop plans for operationalizing the protocol. 

4. By 2025, complete an agreed-upon generic prepositioned protocol for conducting PEP trials of promising therapeutic candidates (mAbs and small molecules, including repurposed drugs) to be implemented in NiV-affected areas during outbreaks and develop plans for operationalizing the protocol. 

5. By 2026, complete a broader, harmonized regional protocol (to be used across Bangladesh and India) for conducting clinical trials of promising therapeutic candidates to be implemented in NiV-affected areas during outbreaks or potentially during periods of endemic disease (if comparable data can be generated over time and across different clinical sites) and develop plans for operationalizing the protocol. 

6. By 2026, generate a reliable source or stockpile of an mAB (m102.4 or other mAb) to be used in outbreak-related clinical trials for both PEP and early clinical treatment.



Strategic Goal 2: Develop and evaluate therapeutic agents for the treatment of NiV infection and for PEP to prevent NiV infection. 



Milestones: 

1. By 2025, create and implement a prioritization process for determining which promising NiV therapeutic candidates should be further evaluated in clinical trials, once adequate animal data demonstrating safety and efficacy are available. 

2. By 2026, complete preclinical evaluation in animal models—with administration of the therapeutic agent more than 24 hours after challenge and potentially after symptom onset—of the preliminary safety, tolerability, and efficacy of at least two promising small-molecule therapeutic candidates or combination therapies for the treatment of NiV infection.

3. By 2027, further explore in animal models whether two or three of the most promising small-molecule therapeutic candidates are likely suitable for PEP and, therefore, should be assessed as PEP in clinical trials. 

4. By 2027, determine the most cost-effective and feasible routes of administration for use in real-world settings for at least two promising small-molecule therapeutic candidates. 

5. By 2027, complete at least one additional clinical trial (phase 2 or 2/3) in an NiV-affected area of m102.4 or other suitable mAb to further assess safety, tolerability, and efficacy (if NiV incidence allows efficacy assessment).

6. By 2028, complete clinical evaluation of the preliminary safety, tolerability, and (possibly) efficacy of at least two promising small-molecule therapeutic candidates or combination therapies for the treatment of NiV infection.



Additional Priority Areas/Activities

Research

· Continue to research the safety, tolerability, and efficacy of available investigational therapies (such as m102.4, remdesivir, and favipiravir) for treating and preventing NiV infection, including conducting additional studies in animal models and clinical trials as appropriate and feasible. This should include determining the therapeutic windows for use of therapeutic agents as treatment or PEP.

· Clarify, in animal models, the potential for development of escape mutants from use of mAbs.

· Continue to conduct preclinical research on mAbs other than m102.4 and on mAb cocktails to assess safety, tolerability, and efficacy for treating NiV infection 

· Continue to expand the pipeline of new therapeutic options for treating and preventing NiV infection that should undergo further evaluation, potentially using pseudotyped viruses for initial screening of compounds (Li 2023). 

· Consider conducting additional challenge studies in animal models to assess whether or not ribavirin may be suitable for PEP following NiV exposure. 

· Research optimal treatment and supportive care strategies for NiV infection and determine best-practice guidelines.

Product development

· Continue to develop, evaluate, and license safe and effective therapeutic agents for the treatment of NiV infection that are active against different NiV strains and other henipaviruses, and that can cross the blood-brain barrier to treat or prevent CNS disease.

· Identify therapeutic approaches for PEP that are broadly active against different NiV strains and other pathogenic henipaviruses that may emerge.

Key capacities

· Ensure that clinical trial protocols are in place and are ready to be operationalized, including obtaining appropriate approvals and conducting necessary training.

· Promote enhancements to the healthcare delivery systems in affected areas to improve clinical management and supportive care of patients with NiV infection and to improve infection control practices to limit person-to-person spread.

· Ensure that mechanisms are in place to finance, generate, and maintain stockpiles of NiV therapeutics for further clinical testing and outbreak control. 

Policy and commercialization

· Explore strategies for decreasing the costs associated with m102.4, such as exploring the possibility of administering mAbs subcutaneously rather than intravenously. 

· Develop guidance for the use of therapeutics for disease treatment and PEP, as new therapies become available.



VACCINES

Barriers and Gaps

Barriers	

· Large clinical efficacy trials, which typically are required for vaccine licensure, will likely not be feasible for NiV vaccines, owing to the sporadic and unpredictable nature of NiV outbreaks and the low case numbers usually involved (Gómez Román 2022, Nikolay 2021, Satterfield 2016).

· In the absence of large clinical efficacy trials, authorization and licensure will likely involve nontraditional regulatory pathways to guide the evaluation of safety and efficacy (Gómez Román 2022). However, experience is limited with these routes (such as the US FDA’s Animal Rule or Accelerated Approval Program, the EMA’s conditional market authorization, and authorization under exceptional circumstances) and there are few successful models for vaccine authorization and approval.

· The limited commercial value of NiV vaccines may impede industry’s involvement in developing and producing NiV vaccines without significant financial support (e.g., through partnerships with organizations such as CEPI, PATH, and high-income country government agencies) (Gómez Román 2022).

· The affordability of creating and maintaining an NiV vaccine stockpile and deploying vaccines during outbreaks is a key issue for low- and middle-income countries; supplementary funding will likely be required to ensure vaccine preparedness for NiV outbreaks (Gómez Román 2022). 

· The absence of improved diagnostic assays for the timely diagnosis of infection creates an important challenge by delaying implementation of a rapid reactive vaccination strategy for NiV outbreak control. 

Gaps 

· NiV vaccines are needed that: (1) are readily accessible with adequate supply chains, particularly in low-resourced areas, (2) can protect against different NiV strains, and (3) provide rapid onset of immunity to adequately prevent and control outbreaks in a timely manner.

· Use cases for NiV vaccines need to be better defined, as how vaccines are to be used will affect vaccine deployment and manufacturing plans. 

· Reference standards for NiV antibodies are needed to evaluate candidate NiV vaccines. 

· Expanded partnerships among researchers, funders, and regulators are needed to advance the development of promising NiV vaccine candidates (Amaya 2020, Gómez Román 2022). NiV vaccine candidates in preclinical development target the F/G glycoproteins and a variety of platform technologies are being considered (e.g., virus vectors, protein subunits, mRNA, and virus-like particles) (Amaya 2020, Geisbert 2021, Gómez Román 2022, Loomis 2021, Monath 2022). NiV vaccine candidates based on three different platforms (protein subunits, mRNA, and viral vectors) are currently in phase 1 clinical trials (Auro Vaccines 2022, NIAID 2023, Public Health Vaccines 2023). 

· Demonstrating vaccine-induced protection against NiV infection or disease in an animal model will require an immune correlate of protection (CoP) or immune surrogate that can predict the likelihood of protective efficacy and that reflects the protective immune responses generated in humans (Amaya 2020, Escudero-Pérez 2023, Price 2021). 

· Accurate and reliable CoPs for determining the protective efficacy of NiV vaccines have not yet been identified (Loomis 2021). Neutralizing IgG is generally used as a CoP, although the protective threshold still needs to be defined to allow additional vaccine testing in animal challenge models and eventual immunobridging of antibody responses to humans, through phase 1/2 clinical studies (Escudero-Pérez 2023, Price 2021). 

· Once the protective threshold for neutralizing IgG antibodies is determined, the most appropriate and feasible assays (e.g., assays that are developed using live NiV vs. assays developed using pseudoviruses expressing the NiV F and G glycoproteins [Luo 2023]) need to be identified and standardized for use in animal models (Price 2021).

· Different types or titers of CoPs may ultimately be needed for different vaccine platforms, antigens, clinical outcomes (e.g., protection against infection, severe disease, chronic disease, or death) and potentially host or population characteristics to support the assessment of candidate NiV vaccines using immunogenicity and efficacy data from preclinical studies.

· Other humoral immune responses that may be relevant as COPs include specific titers of IgM, antibodies and numbers of plasmablasts and activated B cells (Escudero-Pérez 2023). With regard to cellular immune responses, CD8+ T cell measurements may be useful as a CoP (Escudero-Pérez 2023). Additional research is needed to better define these potential CoPs, which may be particularly important for next-generation vaccines. 

· Most current NiV vaccine candidates target the immunodominant fusion (F) and attachment (G) glycoproteins, which elicit potent neutralizing antibody responses (Byrne 2023, Geisbert 2021, Ithinji 2022, Loomis 2020, Loomis 2021, van Doremalen 2022, Wang 2022, Woolsey 2023). Data are needed on the potential role of additional immunogens, such as nucleoproteins and other non-enveloped proteins, in stimulating B and T cell responses that contribute to viral clearance, cross-protection, or immune memory. Robust vaccine-induced humoral and cell-mediated immunity to NiV might include protective antibodies with durable immunologic memory and rapid and efficient effector functions (Escudero-Pérez 2023).

· Additional immunologic research is needed to assess the following key elements of protective immunity against NiV infection and disease: 

· The relative contributions of innate, cell-mediated, and humoral immune responses that lead to protective immunity against NiV.

· Specific cell types and interactions between different immune compartments in achieving viral clearance, surviving acute disease, and modulating chronic infection (Escudero-Pérez 2023, Liew 2022). 

· The roles of neutralizing and non-neutralizing or binding antibodies in protection against NiV (Liew 2022).

· Mechanisms and cell subsets of cellular immune responses (e.g., CD8 T cell activation) that play a role in cross-neutralizing (heterologous) protection against co-circulating NiV strains (e.g., NiV-M, NiV-B, and NiV-I) (Amaya 2020, Arunkumar 2019, Escudero-Pérez 2023, Liew 2022).

· If researchers and regulators agree that a nontraditional regulatory pathway is appropriate for licensure of NiV vaccines, then a number of issues need to be addressed, such as the following (Price 2021): 

· Generate a fully characterized and controlled virus challenge stock (or potentially one each for NiV-M and NiV-B) for assessing candidate vaccines in animal models. 

· Further characterize, as needed, at least one animal model suitable for vaccine efficacy evaluation. 

· Standardize the challenge strain and dose, and determine the most appropriate lethal NiV dose for MCM development. Challenge strains used in experimental research also need to be compared against any circulating strains in humans (CEPI 2023a). 

· Determine the most appropriate CoP or surrogate marker (e.g., IgG neutralizing antibodies) for measuring protection and generate standardized assays for measurement. 

· Bridge NiV vaccine efficacy data from animal models to humans, including identifying thresholds of vaccine protection, to determine appropriate human vaccine doses.

· If the accelerated approval process is deemed an acceptable regulatory approval pathway for NiV vaccines, then plans will be needed to conduct well-controlled clinical trials to establish that vaccines have an effect on an appropriate surrogate endpoint that is likely to predict clinical benefit against NiVD.

· Post-licensure clinical trials will also be needed to confirm the clinical benefit of any NiV vaccines that are approved via nontraditional pathways. 

· Additional research is also needed to address the following areas:

· Clarification of vaccine attributes (such as time from administration to immune protection, duration of immunity, and the need for booster doses) and to determine safety profiles of candidate vaccines. 

· Alternative vaccine delivery approaches, such as oral tablets or transdermal patches, to facilitate rapid NiV vaccine deployment in response to NiV outbreaks in low-resource settings.

· Further evaluation of optimal NiV antigen combinations (e.g., including stabilized prefusion F protein trimers, multimeric G constructs, and chimeric proteins containing both pre-F and G glycoproteins), and antigen/vaccine platform combinations for generating rapid and durable protective responses to NiV infection (Byrne 2023, Loomis 2020, Loomis 2021, Srivastava 2023). 

· Research in animal models to determine if vaccine candidates are cross-protective between different NiV strains, including recently identified strains; only a few studies demonstrating cross-protection have been performed to date. 

· Mathematical modelling and forecasting may be useful in (Nikolay 2021): (1) assessing whether or not disease incidence is high enough in endemic areas for conducting clinical trials of candidate vaccines, (2) simulating various epidemiologic scenarios for development of vaccination strategies, (3) estimating the potential impact of NiV vaccines (once vaccines become available), (4) estimating disease risk based on risk behaviors and practices in communities or specific population groups, and (5) estimating the vaccine quantity that may be necessary to maintain vaccine stockpiles. 

· Researchers should consider efforts toward developing pan-henipavirus vaccines to maximize potential benefit, similar to projects aimed at developing pan-coronavirus vaccines or universal influenza vaccines (Tan 2023). One strategy for developing broadly protective henipavirus vaccines involves identifying conserved epitopes or cross-reactive antibodies targeting Henipavirus F proteins (Byrne 2023, Ithinji 2022). Public communication outreach strategies that address possible vaccine uptake hesitancy in target populations and guidance for community sensitization to vaccine acceptation and promotion within the community.

· Once vaccines are available, the following will be needed:

·  Guidance on the use of NiV vaccines to include vaccination strategies for special populations (such as children, immunocompromised individuals, and pregnant women); different epidemiologic scenarios; and different vaccine attributes. 

· Enhanced surveillance capacity to assess the impact of vaccination programs and to refine vaccination strategies over time.

· Strategic planning for stockpiling and deploying NiV vaccines. 



Strategic Goals and Aligned Milestones

Strategic Goal 1: Develop the tools and policies necessary for evaluating and potentially approving one or more NiV candidate vaccines through a nontraditional regulatory pathway.

1. By 2024, generate a fully characterized and controlled virus challenge stock (or potentially one each for NiV-M and NiV-B) for assessing candidate vaccines in animal models. 

2. By 2024, establish benchmark parameters (e.g., route of challenge, timing of challenge, and challenge dose) for testing of NiV candidate vaccines in animal models, with particular focus toward meeting criteria necessary for approval via a nontraditional pathway.

3. By 2024, further characterize as needed at least one animal model suitable for determining surrogate markers that correlate with vaccine efficacy. 

4. By 2025, define the protective threshold against NiV infection for serum neutralizing IgG antibodies (as a CoP or surrogate marker), which can be used in animal studies and for immunobridging to humans.

5. By 2025, convene a group of key stakeholders to agree on, through a consensus approach, the most suitable assays (e.g., assays that are developed using live NiV vs. assays developed using pseudoviruses) for determining serum neutralizing IgG antibody titers for NiV vaccine R&D and develop a strategy for standardizing those assays.

6. By 2026, generate standardized assays to measure neutralizing IgG antibodies for NiV vaccine R&D, with a particular focus on assays to be used for regulatory approval via nontraditional pathways.



Strategic Goal 2: Continue to move the current NiV vaccine pipeline forward toward licensure.

Milestones: 

1. By 2024, complete current phase 1 clinical trials for at least three promising NiV candidate vaccines. 

2. By 2024, define use cases for NiV vaccines to inform vaccine deployment and manufacturing plans.

3. By 2026, further assess vaccine safety and immunogenicity through additional phase 1 and initial phase 2 clinical trials (preferably in affect areas) for at least two of the most promising NiV candidate vaccines. 

4. By 2027, complete immunogenicity and efficacy studies in a well-characterized animal model for at least one cross-protective NiV vaccine candidate and define a surrogate marker that demonstrates likely clinical benefit of candidate vaccines. 

5. By 2029, conduct well-controlled clinical trials (preferably in affected areas) to assess a surrogate endpoint in human subjects for at least one NiV candidate vaccine.

6. By 2030, complete a regulatory dossier for at least one NiV vaccine candidate based on a suitable animal model with subsequent immunobridging to humans for review via a nontraditional approval pathway.



Additional Priority Areas/Activities

Research

· Improve understanding of humoral (e.g., NiV-specific IgG and IgM antibodies) and cellular (e.g., CD8 T cell) immune responses to NiV infection in animal models to inform the design of vaccines and the identification of correlates of protection (Arunkumar 2019, Escudero-Pérez 2023). 

· Improve understanding of innate immune responses (e.g., involving interferon impairment and pro-inflammatory cytokine release) in relation to humoral and cellular immune responses to NiV infection (Escudero-Pérez 2023).

· Continue research on identifying the key NiV antigens (including surface glycoproteins and internal proteins) that modulate the host immune response to NiV infection to inform future vaccine design (Escudero-Pérez 2023).

· Continue to research different types of CoPs (both humoral and cell-mediated) for NiV vaccines that are currently in the R&D pipeline and next-generation vaccines, taking into consideration different vaccine platforms, antigens, and clinical outcomes. 

· Generate international reference standards to calibrate serologic assays for vaccine potency analyses.

· Continue to conduct preclinical evaluation of promising candidate NiV vaccines (current and future vaccines) for safety, immunogenicity, efficacy in animal models, correlates of protection, and durability.

· Further study cross protection of various vaccine candidates against different NiV strains, and between NiV strains and HeV strains. 

· Conduct mathematical modelling to estimate the potential impact of NiV vaccines and inform strategies for vaccine use. 

· Explore the possibility of creating pan-henipavirus vaccines that will protect against NiV, HeV, and other henipaviruses. 



Product development

· Continue to develop and clinically evaluate safe and effective monovalent NiV vaccines for humans. 

· Expand partnerships among researchers, government agencies, and industry to provide the resources necessary for ongoing R&D of NiV vaccines.

· Define vaccine attributes (such as time from administration to immune protection, durability of protection, and the need for booster doses) for the most promising candidate vaccines.

 

Key capacities

· Improve surveillance capabilities to assess the impact of vaccine use and vaccination strategies (once vaccines become available).

· Support plans for adequate manufacturing and stockpiling of NiV vaccines for further clinical evaluation and use when outbreaks occur. 

Policy and commercialization

· Provide guidance on vaccination strategies for various target populations and epidemiologic scenarios that align with vaccine attributes, once vaccines are available.

· Develop guidance for community sensitization to vaccine acceptance and promotion within the community.

· Consider developing a strategy for vaccine surge capacity to rapidly ramp up the vaccine supply, if NiV is used as a bioterrorism agent or if an NiV strain emerges with increased capacity for person-to-person transmission and potential for faster spread. 



REFERENCES

Agrawal R, Murmu J, Pattnaik S, Kanungo S, Pati S. Bangladesh sees spike in Nipah virus cases: A matter of public health concern? New Microbes New Infect 2023 Mar 30;53:101119 [Full text] 

Amaya M, Broder CC. Vaccines to emerging viruses: Nipah and Hendra. Annu Rev Virol 2020 Sep 29;7(1):447-473 [Full text] 

Anderson DE, Islam A, Crameri G, et al. Isolation and full-genome characterization of Nipah viruses from bats, Bangladesh. Emerg Infect Dis 2019;25:166-70 [Full text]

Annand EJ, Horsburgh BA, Xu K, et al. Novel Hendra virus variant detected by sentinel surveillance of horses in Australia. Emerg Infect Dis 2022 Mar;28(3):693-704 [Full text] 

Arnason G. The emergence and development of animal research ethics: A review with a focus on nonhuman primates. Sci Eng Ethics 2020 Aug;26(4):2277-2293 [Full text] 

Arunkumar G, Chandni R, Mourya DT, et al. Outbreak investigation of Nipah virus disease in Kerala, India, 2018. J Infect Dis 2019 May 24;219(12):1867-1878 [Full text]

Arunkumar G, Devadiga S, McElroy AK, et al. Adaptive immune responses in humans during Nipah virus acute and convalescent phases of infection. Clin Infect Dis 2019 Oct 30;69(10):1752-1756 [Full text]

Auro Vaccines LLC. Safety and immunogenicity of a Nipah virus vaccine. ClinicalTrials.gov Identifier: NCT04199169. First posted 2019 Dec 12; most recent update 2022 Nov 16 [Trial record] 

Banerjee S, Niyas VKM, Soneja M, et al. First experience of ribavirin postexposure prophylaxis for Nipah virus, tried during the 2018 outbreak in Kerala, India. J Infect 2019;78:491-503 [PubMed]

Bassat Q, Varo R, Hurtado JC, et al. Minimally invasive tissue sampling as an alternative to complete diagnostic autopsies in the context of epidemic outbreaks and pandemics: The example of coronavirus disease 2019 (COVID-19). Clin Infect Dis 2021 Dec 15;73(Suppl_5):S472-S479 [Full text] 

Berge C and Torheim E. Nipah@20: Nipah virus international conference. Conference proceedings. 2019 December 9 and 10 [Full text] 

Borisevich V, Lee B, Hickey A, et al. Escape from monoclonal antibody neutralization affects henipavirus fitness in vitro and in vivo. J Infect Dis 2016 Feb 1;213(3):448-55 [Full text] 

Bossart KN, Rockx B, Feldmann F, et al. A Hendra virus G glycoprotein subunit vaccine protects African green monkeys from Nipah virus challenge. Sci Transl Med 2012 Aug 8;4(146):146ra107 [Full text]

Breed AC, Meng Yu, Barr, et al. Prevalence of henipavirus and rubulavirus antibodies in pteropid bats, Papua New Guinea. Emerg Infect Dis 2010;16:1997-9 [Full text]

Broder CC. Henipavirus outbreaks to antivirals: the current status of potential therapeutics. Curr Opin Virol 2012;2:176-87 [Full text] 

Bruno L, Nappo MA, Ferrari L, et al. Nipah virus disease: Epidemiological, clinical, diagnostic and legislative aspects of this unpredictable emerging zoonosis. Animals (Basel) 2022 Dec 31;13(1):159 [Full text] 

Byrne PO, Fisher BE, Ambrozak DR, et al. Structural basis for antibody recognition of vulnerable epitopes on Nipah virus F protein. Nat Commun 2023 Mar 17;14(1):1494 [Full text]

CDC (US Centers for Disease Control and Prevention). Nipah virus (NiV) signs and symptoms. Last updated 6 Oct 2020 [Web page]

CEPI (Coalition for Epidemic Preparedness Innovations). CEPI-funded project to enhance scientific understanding of deadly Nipah virus strains. 19 June 2023 [News Release] CEPI 2023a



CEPI. Call for proposals: Clinical development of a Nipah monoclonal antibody (mAb) to protect against Nipah virus (NiV) disease. 6 June 2023 [Full text] CEPI 2023b



Chadha MS, Comer JA, Lowe L, et al. Nipah virus-associated encephalitis outbreak, Siliguri, India. Emerg Infect Dis 2006 Feb;12(2):235–240 [Full text]

Chattu VK, Kumar R, Kumary S, et al. Nipah virus epidemic in southern India and emphasizing "One Health" approach to ensure global health security. J Family Med Prim Care 2018 Mar-Apr;7(2):275-283 [Full text]

Chew MH, Arguin PM, Shay DK, et al. Risk factors for Nipah virus infection among abattoir workers in Singapore. J Infect Dis 2000 May;181(5):1760-3 [Full text] 



Ching PKG, de los Reyes V, Sucaldito M, et al. Outbreak of henipavirus infection, Philippines, 2014. Emerg Infect Dis 2015 Feb;21(2):328-31 [Full text]

Chong HT, Kamarulzaman A, Tan CT, et al. Treatment of acute Nipah encephalitis with ribavirin. Ann Neurol 2001 Jun;49(6):810-3 [Abstract]

Chua KB. Epidemiology, surveillance and control of Nipah virus infections in Malaysia. Malaysian J Pathol 2010; 32(2):69-73 [Full text]

Chua KB, Goh KJ, Wong KT, et al. Fatal encephalitis due to Nipah virus among pig-farmers in Malaysia. Lancet 1999 Oct 9;354(9186):1257-9 [Abstract]

Chua KB, Gubler DJ. Perspectives of public health laboratories in emerging infectious diseases. Emerg Microb Infect 2013 Jun;2(6):e37 [Full text]

Dang HV, Cross RW, Borisevich V, et al. Broadly neutralizing antibody cocktails targeting Nipah virus and Hendra virus fusion glycoproteins. Nat Struct Mol Biol 2021 May;28(5):426-434 [Full text] 

Dawes BE, Kalveram B, Ikegami T, et al. Favipiravir (T-705) protects against Nipah virus infection in the hamster model. Sci Rep 2018 May 15;8:7604 [Full text]

Daszak P, Olival KJ, Li H. A strategy to prevent future epidemics similar to the 2019-nCoV outbreak. Biosaf Health 2020 Mar;2(1):6-8 [Full text] 

Deka MA, Morshed N. Mapping disease transmission risk of Nipah virus in South and Southeast Asia. Trop Med Infect Dis 2018 May 30;3(2).pii:E57 [Full text]

de Wit E, Williamson BN, Feldmann F, et al. Late remdesivir treatment initiation partially protects African green monkeys from lethal Nipah virus infection. Antiviral Res 2023 Jun 23;216:105658 [Full text] 

Dhondt KP, Horvat B. Henipavirus infections: lessons from animal models. Pathogens 2013 Apr 9;2(2):264-87 [Full text] 

Eby P, Peel AJ, Hoegh A, Madden W, Giles JR, Hudson PJ, Plowright RK. Pathogen spillover driven by rapid changes in bat ecology. Nature. 2023 Jan;613(7943):340-344 [Full text] 

Epstein JH, Anthony SJ, Islam A, et al. Nipah virus dynamics in bats and implications for spillover to humans. Proc Natl Acad Sci USA 2020 Nov 17;117(46):29190-29201 [Full text] 

Epstein JH, Prakash V, Smith CS, et al. Henipavirus Infection in fruit bats (Pteropus giganteus), India. Emerg Infect Dis 2008 Aug;14(8):1309–1311 [Full text]

Escudero-Pérez B, Lawrence P, Castillo-Olivares J. Immune correlates of protection for SARS-CoV-2, Ebola and Nipah virus infection. Front Immunol 2023 Apr 17;14:1156758 [Full text]

Field H, Young P, Yob JM, et al. The natural history of Hendra and Nipah viruses. Microbes Infect 2001 Apr;3(4):307-14 [Abstract] 

Foster SL, Woolsey C, Borisevich V, et al. A recombinant VSV-vectored vaccine rapidly protects nonhuman primates against lethal Nipah virus disease. Proc Natl Acad Sci USA 2022 Mar 22;119(12):e2200065119 [Full text]

Geisbert JB, Borisevich V, Prasad AN, et al. An intranasal exposure model of lethal Nipah virus infection in African green monkeys. J Infect Dis 2020 May 11;221(Suppl 4):S414-S418 [Full text] 

Geisbert TW, Bobb K, Borisevich V, et al. A single dose investigational subunit vaccine for human use against Nipah virus and Hendra virus. NPJ Vaccines 2021 Feb 8;6(1):23 [Full text]

Geisbert TW, Daddario-DiCaprio KM, Hickey AC, et al. Development of an acute and highly pathogenic nonhuman primate model of Nipah virus infection. PLoS One 2010 May 18;5(5):e0010690 [Full text]

Georges-Courbot MC, Contamin H, Faure C, et al. Poly(I)-poly(C12U) but not ribavirin prevents death in a hamster model of Nipah virus infection. Antimicrob Agents Chemother 2016 May;50(5):1768-7 [Full text]

Goh KJ, Tan CT, Chew NK, et al. Clinical features of Nipah virus encephalitis among pig farmers in Malaysia. N Engl J Med 2000;342:1229-35 [Full text]

Gómez Román R, Tornieporth N, Cherian NG, et al. Medical countermeasures against henipaviruses: a review and public health perspective. Lancet Infect Dis 2022 Jan;22(1):e13-e27 [Full text] 

Gómez Román R, Wang LF, Lee B, et al. Nipah@20: Lessons learned from another virus with pandemic potential. mSphere 2020 Jul 8;5(4):e00602-20 [Full text] 

Gouglas D, Thanh Le T, Henderson K, et al. Estimating the cost of vaccine development against epidemic infectious diseases: A cost minimisation study. Lancet Glob Health 2018 Dec;6(12):e1386-e1396 [Full text] 

Guillaume V, Contamin H, Loth P, et al. Nipah virus: vaccination and passive protection studies in a hamster model. J Virol 2004 Jan;78(2):834-40 [Full text]

Gurley ES, Montgomery JM, Hossain MJ, et al. Person-to-person transmission of Nipah virus in a Bangladeshi community. Emerg Infec Dis 2007 Jul;13(7):1031-7 [Full text]

Gurley ES, Spiropoulou CF, de Wit E. Twenty years of Nipah virus research: Where do we go from here? J Infect Dis 2020 May 11;221(Suppl 4):S359-S362 [Full text] 

Hasebe F, Thuy NTT, Inoue S, et al. Serologic evidence of Nipah virus infection in bats, Vietnam. Emerg Infect Dis 2012;18:536-7 [Full text] 

Hedge S, Lee KH, Styczynski A, et al. Potential for person-to-person transmission of henipaviruses: A systematic review of the literature. Preprint on Medrxiv. doi: https://doi.org/10.1101/2023.02.26.23286473 [Full text]

Hossain MJ, Gurley ES, Montgomery JM, et al. Clinical presentation of Nipah virus infection in Bangladesh. Clin Infect Dis 2008 Apr 1;46(7):977-84 [Full text]

Hsu VP, Hossain MJ, Parshar UD, et al. Nipah virus encephalitis reemergence, Bangladesh. Emerg Infect Dis 2004 Dec;10(12):2082-7 [Full text]

Iehlé C, Razafitrimo G, Razainirina, et al. Henipavirus and Tioman virus antibodies in pteropodid bats, Madagascar. Emerg Infect Dis 2007 Jan;13(1):159-61 [Full text]

ISARIC (International Severe Acute Respiratory and Emerging Infection Consortium). West Africa Lassa Fever Consortium. Accessed June 2023 [Webpage]

Islam A, Cannon DL, Rahman MZ,et al. Nipah virus exposure in domestic and peridomestic animals living in human outbreak sites, Bangladesh, 2013-2015. Emerg Infect Dis 2023 Feb;29(2):393-396 [Full text] 

Islam MS, Sazzad HM, Satter SM, et al. Nipah virus transmission from bats to humans associated with drinking traditional liquor made from date palm sap, Bangladesh, 2011-2014. Emerg Infect Dis 2016 Apr;22(4):664-70 [Full text] 

Ithinji DG, Buchholz DW, Ezzatpour S, et al. Multivalent viral particles elicit safe and efficient immunoprotection against Nipah Hendra and Ebola viruses. NPJ Vaccines 2022 Dec 17;7(1):166 [Full text]

Johnston SC, Briese T, Bell TM, et al. Detailed analysis of the African green monkey model of Nipah virus disease. PLoS One 2015 Feb 23;10(2):e0117817 [Full text]

Lancet. Nipah virus control needs more than R&D. Lancet 2018 Jun 9;391(10137):2295 [Full text]

Li T, Liang Z, Huang W, Wang Y. Pseudotyped virus for Henipavirus. Adv Exp Med Biol 2023;1407:175-190 [Abstract] 

Liew YJM, Ibrahim PAS, Ong HM, et al. The immunobiology of Nipah virus. Microorganisms 2022 Jun 6;10(6):1162 [Full text]

Lo MK, Feldmann F, Gary JM, et al. Remdesivir (GS-5734) protects African green monkeys from Nipah virus challenge. Sci Transl Med 2019 May 29;11(494):eaau9242 [Full text] 

Loomis RJ, DiPiazza AT, Falcone S, et al. Chimeric fusion (F) and attachment (G) glycoprotein antigen delivery by mRNA as a candidate Nipah vaccine. Front Immunol 2021 Dec 8;12:772864 [Full text]

Loomis RJ, Stewart-Jones GBE, Tsybovsky Y, et al. Structure-based design of Nipah virus vaccines: a generalizable approach to paramyxovirus immunogen development. Front Immunol 2020 Jun 11;11:842 [Full text]

Luby SP. The pandemic potential of Nipah virus. Antiviral Res 2013 Oct;100(1):38-43 [Abstract] 

Luby SP, Hossain MJ, Gurley ES, et al. Recurrent zoonotic transmission of Nipah virus into humans, Bangladesh, 2001–2007. Emerg Infect Dis 2009 Aug; 15(8): 1229–1235 [Full text]

Luo X, Wang C, Huang Y, Cong S, Tan J, Hou W, Ma F, Zheng L. Establishment of a neutralization assay for Nipah virus using a high-titer pseudovirus system. Biotechnol Lett 2023 Apr;45(4):489-498 [Full text] 

Mathieu C, Horvat B. Henipavirus pathogenesis and antiviral approaches. Expert Rev Anti Infect Ther 2015 Mar;13(3):343-54 [Abstract]

Mathieu C, Porotto M Fogueira TN, et al. Fusion inhibitory lipopeptides engineered for prophylaxis of Nipah virus in primates. J Infect Dis 2018 Jun 20;218(2):218-227 [Full text]

Mazzola LT, Kelly-Cirino C. Diagnostics for Nipah virus: a zoonotic pathogen endemic to Southeast Asia. BMJ Global Health 2019;4:e001118 [Full text]

McKee CD, Islam A, Rahman MZ, et al. Nipah virus detection at bat roosts after spillover events, Bangladesh, 2012-2019. Emerg Infect Dis 2022 Jul;28(7):1384-1392 [Full text] 

McLean RK, Graham SP. Vaccine Development for Nipah Virus Infection in Pigs. Front Vet Sci 2019 Feb 4;6:16 [Full text] 

Mire CE, Geisbert JB, Agans KN, et al. Use of single-injection recombinant vesicular stomatitis virus vaccine to protect nonhuman primates against lethal Nipah virus disease. Emerg Infect Dis 2019;25:1144-52 [Full text]

Mire CE, Satterfield BA, Geisbert JB, et al. Pathogenic differences between Nipah virus Bangladesh and Malaysia strains in primates: implications for antibody therapy. Sci Rep 2016 Aug 3;6:30916 [Full text]

Monath TP, Nichols R, Tussey L, et al. Recombinant vesicular stomatitis vaccine against Nipah virus has a favorable safety profile: Model for assessment of live vaccines with neurotropic potential. PLoS Pathog 2022 Jun 27;18(6):e1010658 [Full text]

Murray K, Selleck P, Hooper P, et al. A morbillivirus that caused fatal disease in horses and humans. Science 1995 Apr 7;268(5207):94-7 [Abstract] 



NIAID. Dose Escalation, Open-label clinical trial to evaluate safety, tolerability and immunogenicity of a Nipah virus (NiV) mRNA vaccine, mRNA-1215, in healthy adults. ClinicalTrials.gov Identifier: NCT05398796. First Posted 2022 May 31; most recent update 2023 Apr 15 [Trial record]

Nikolay B, Ribeiro Dos Santos G, et al. Assessing the feasibility of Nipah vaccine efficacy trials based on previous outbreaks in Bangladesh. Vaccine 2021 Sep 15;39(39):5600-5606 [Abstract] 



Nikolay B, Salje H, Hossain MJ, et al. Transmission of Nipah virus — 14 years of investigations in Bangladesh. N Engl J Med 2019;380:1804-14 [Full text]



Parashar UD, Sunn LM, Ong F, et al. Case-control study of risk factors for human infection with a new zoonotic paramyxovirus, Nipah virus, during a 1998-1999 outbreak of severe encephalitis in Malaysia. J Infect Dis 2000 May;181(5):1755-9 [Full text]

Paton NI, Leo YS, Zaki SR, et al. Outbreak of Nipah-virus infection among abattoir workers in Singapore. Lancet 1999 Oct 9;354(9186):1253-6 [Abstract] 

Peel AJ, Yinda CK, Annand EJ, et al. Novel Hendra virus variant circulating in black flying foxes and grey-headed flying foxes, Australia. Emerg Infect Dis 2022 May;28(5):1043-1047 [Full text] 

Playford EG, Munro T, Mahler SM, et al. Safety, tolerability, pharmacokinetics, and immunogenicity of a human monoclonal antibody targeting the G glycoprotein of henipaviruses in healthy adults: A first-in-human, randomised, controlled, phase 1 study. Lancet Infect Dis 2020 Apr;20(4):445-454 [Abstract] 

Plowright RK, Becker DJ, Crowley DE, et al. Prioritizing surveillance of Nipah virus in India. PloS Negl Trop Dis 2019 Jun 27;13(6):e0007393 [Full text]

Pollak NM, Olsson M, et al. Evaluation of three rapid low-resource molecular tests for Nipah virus. Front Microbiol 2023;13:1101914 [Full text] 

Price A, Sizemore D, Hassell T, Gómez Román R, Holst J, Kristiansen P. Nipah virus assays and animal models for vaccine development. Landscape Analysis, January 2021. Coalition for Epidemic Preparedness Innovations [Full text] 

Public Health Vaccines LLC. A phase 1 study to evaluate safety & immunogenicity of rVSV-Nipah virus vaccine candidate PHV02 in healthy adult subjects. ClinicalTrials.gov Identifier: NCT05178901. First Posted 2022 Jan 4; most recent update 2023 Mar 10 [Trial record]

Rahman MA, Hossain MJ, Sultana S, et al. Date palm sap linked to Nipah virus outbreak in Bangladesh, 2008. Vector Borne Zoonotic Dis. 2012 Jan;12(1):65-72 [Abstract] 

Rahman MZ, Islam MM, Hossain ME, et al. Genetic diversity of Nipah virus in Bangladesh. Int J Infect Dis 2021 Jan;102:144-151 [Full text] 

Rampling T, Page M, Horby P. International biological reference preparations for epidemic infectious diseases. Emerg Infect Dis 2019;25:205-11 [Full text]

Reynes JM, Counor D, Ong S, et al. Nipah virus in Lyle's flying foxes, Cambodia. Emerg Infect Dis 2005 Jul;11(7):1042-7 [Full text]

Rockx B. Recent developments in experimental animal models of Henipavirus infection. Pathog Dis 2014 Jul;71(2):199-206 [Full text]

Rockx B, Bossart KN, Feldmann F, et al. A novel model of lethal Hendra virus infection in African green monkeys and the effectiveness of ribavirin treatment. J Virol 2010 Oct;84(19):9831-9 [Full text]

Satterfield BA, Dawes BE, Milligan GN. Status of vaccine research and development of vaccines for Nipah virus. Vaccine 2016 Jun 3;34(26):2971-5 [Full text]

Satterfield BA, Geisbert TW, Mire CE. Inhibition of the host antiviral response by Nipah virus: current understanding and future perspectives. Future Virol 2016 Apr 15;11(5):331-4 [Abstract]

Sayed A, Bottu A, Qaisar M, Mane MP, Acharya Y. Nipah virus: a narrative review of viral characteristics and epidemiological determinants. Public Health 2019;173:97-104 [Abstract]

Selvey LA, Wells RM, McCormack JG, et al. Infection of humans and horses by a newly described morbillivirus. Med J Aust 1995 Jun 19;162(12):642-5 [Abstract] 

Sendow I, Ratnawati A, Taylor T, et al. Nipah Virus in the Fruit Bat Pteropus vampyrus in Sumatera, Indonesia PLoS One 2013; 8(7): e69544. Published online 2013 Jul 22 [Full text]

Sharma V, Kaushik S, Kumar R, et al. Emerging trends of Nipah virus: a review. Rev Med Virol 2018 Sep 24:e2010 [Full text]

Singhai M, Jain R, Jain S, et al. Nipah virus: Recent perspective and One Health approach. Ann Glob Health 2021 Oct 12;87(1):102 [Full text] 

Soman Pillai V, Krishna G, Valiya Veettil M. Nipah virus: Past outbreaks and future containment. Viruses 2020 Apr 20;12(4):465 [Full text] 

Spiropoulou CF. Nipah virus outbreaks: Still small but extremely lethal. J Infect Dis 2019;219:1855-7 [Full text] 

Srivastava S, Verma S, Kamthania M, et al. Exploring the structural basis to develop efficient multi-epitope vaccines displaying interaction with HLA and TAP and TLR3 molecules to prevent NIPAH infection, a global threat to human health. PLoS One 2023 Mar 15;18(3):e0282580 [Full text]

Sudeep AB, Yadav PD, Gokhale MD, et al. Detection of Nipah virus in Pteropus medius in 2019 outbreak from Ernakulam district, Kerala, India. BMC Infect Dis 2021 Feb 9;21(1):162 [Full text] 

Tan CW, Valkenburg SA, Poon LLM, Wang LF. Broad-spectrum pan-genus and pan-family virus vaccines. Cell Host Microbe 2023 Jun 14;31(6):902-916 [Full text]

Tan CT, Goh KJ, Wong KT, et al. Relapsed and late-onset Nipah encephalitis. Ann Neurol 2002 Jun;51(6):703-8 [Abstract]

Thakur N, Bailey D. Advances in diagnostics, vaccines and therapeutics for Nipah virus. Microbes Infect 2019;21(7):278-286 [Abstract] 

van Doremalen N, Avanzato VA, Goldin K, et al. ChAdOx1 NiV vaccination protects against lethal Nipah Bangladesh virus infection in African green monkeys. NPJ Vaccines 2022 Dec 21;7(1):171 [Full text]

Wacharapluesadee S, Lumlertdacha B, Boongird K, et al. Bat Nipah virus, Thailand. Emerg Infect Dis 2005 Dec; 11(12):1949–1951 [Full text]

Wang Z, Amaya M, Addetia A, et al. Architecture and antigenicity of the Nipah virus attachment glycoprotein. Science 2022 Mar 25;375(6587):1373-1378 [Abstract] 

Wang LF, Daniels P. Diagnosis of henipavirus infection: Current capabilities and future directions. Curr Top Microbiol Immunol 2012;359:179-96 [Abstract]

Wang X, Wise JC, Stewart AJ. Hendra Virus: An update on diagnosis, vaccination, and biosecurity protocols for horses. Vet Clin North Am Equine Pract 2023 Apr;39(1):89-98 [Abstract] 

Watanabe S, Fukushi S, et al. Effective inactivation of Nipah virus in serum samples for safe processing in low-containment laboratories. Virol J 2020 Oct 9;17(1):151 [Full text]

Whitmer SLM, Lo MK, Sazzad HMS, et al. Inference of Nipah virus evolution, 1999-2015. Virus Evol 2020 Aug 19;7(1):veaa062 [Full text] 

WHO (World Health Organization). Nipah Virus fact sheet. 2018 May 30 [Web page]

WHO. WHO R&D Blueprint. Accessed June 2023 [Webpage]

WHO. WHO R&D Blueprint: Priority diagnostics for Nipah use cases and target product profiles. Draft v0.3. 2019 [Full text]

Widerspick L, Vázquez CA, et al. Inactivation methods for experimental Nipah virus infection. Viruses 2022;14(5):1052 [Full text]

Woolsey C, Borisevich V, Fears AC, et al. Recombinant vesicular stomatitis virus-vectored vaccine induces long-lasting immunity against Nipah virus disease. J Clin Invest 2023 Feb 1;133(3):e164946 [Full text]

Yadav PD, Majumdar T, Gupta N, et al. Standardization & validation of Truenat™ point-of-care test for rapid diagnosis of Nipah. Indian J Med Res 2021 Apr;154(4):645-649 [Full text] 

Yadav PD, Shete AM, Kumar GA, et al. Nipah virus sequences from humans and bats during Nipah Outbreak, Kerala, India, 2018. Emerg Infect Dis 2019 May;25(5):1003-1006 [Full text] 

Yang S, Kar S. Are we ready to fight the Nipah virus pandemic? An overview of drug targets, current medications, and potential leads. Struct Chem 2023 Mar 8:1-19 [Full text] 

Yang M, Zhu W, Truong T, et al. Detection of Nipah and Hendra viruses using recombinant human ephrin B2 capture virus in immunoassays. Viruses 2022 Jul 28;14(8):1657 [Full text] 

Yob JM, Field H, Rashdi AM, et al. Nipah virus infection in bats (order Chiroptera) in peninsular Malaysia. Emerg Infect Dis 2001;7:439–41 [Full text]





3




Nipah R&D Roadmap Taskforce Meeting

DRAFT V.8

Nipah R&D Roadmap Taskforce Meeting
July 31 & August 1, 2023



Background

The Nipah Research and Development (R&D) Roadmap provides a 6-year framework beginning in 2024 for identifying the vision, underpinning strategic goals, and prioritizing areas and activities for accelerating the collaborative development of medical countermeasures – diagnostics, therapeutics, and vaccines – against Nipah virus infection. The roadmap is a key component of the World Health Organization’s (WHO’s) R&D Blueprint Initiative, and was first drafted in 2017/2018 with input from subject matter experts, including a core group of taskforce members. WHO now aims to finalize and formally launch the Nipah R&D Roadmap, and the draft has been updated to incorporate recent scientific advances and research. The roadmap will be delivered to WHO in late 2023 for publication on the WHO website.



Meeting Objectives

The meeting objective include the following:

1. Briefly recap each of the four topic areas of the Nipah R&D Roadmap (cross-cutting, diagnostics, therapeutics, and vaccines).

2. Review the goals and milestones in each section and develop consensus on the wording and timelines for each milestone, as time allows.

3. Identify the milestones or issues that are highest priority.

4. Discuss challenges and opportunities for implementing the roadmap goals and milestones. 



Meeting Format

The meeting will be held in a hybrid format; participants will join either in person at Wellcome in London, UK, or virtually. Presentations and facilitated discussions will be used throughout the 1.5-day meeting.



Meeting Agenda

Agenda times listed in British Standard Time (BST)



Day 1: Monday, July 31



8:45 am	Registration, tea, coffee, and light breakfast 



Session 1: Welcome, Introductions, and Overview 



9:15 am	Welcome (Josie Golding, Wellcome)



9:20 am 	Introductions (Michael Osterholm, Center for Infectious Disease Research and Policy [CIDRAP])



9:30 am	Update on the WHO Blueprint Initiative (Marie-Pierre Preziosi, WHO)



9:40 am	Overview and meeting objectives (Kristine Moore, CIDRAP)



Session 2: Nipah Cross-Cutting Issues

Session Facilitator: Emily Gurley, Johns Hopkins Bloomberg School of Public Health



9:50 am	General comments on Nipah cross-cutting issues in the current roadmap draft 

· Key progress in the past 5 years

· Critical areas where additional efforts are needed 



10:10 am	Review the Nipah cross-cutting goals and milestones 



10:30 am	Break



10:45 am	Review the Nipah cross-cutting goals and milestones (continued) 



11:45 am	Concluding comments for Nipah cross-cutting issues 

· High-priority milestones

· Barriers to implementing the goals and milestones

· Ideas Roadmap implementation for this section



Session 3: Nipah Diagnostics

Session Facilitator: Joel Montgomery, US Centers for Disease Control and Prevention (US CDC)



12:05 pm	General comments on Nipah diagnostics in the current roadmap draft 

· Key progress in the past 5 years

· Critical areas where additional efforts are needed 



12:30 pm	Lunch



1:30 pm	Review the Nipah diagnostics goals and milestones 



2:50 pm	Break



3:05 pm	Concluding comments for Nipah diagnostics 

· High-priority milestones

· Barriers to implementing the goals and milestones

· Ideas Roadmap implementation for this section



Session 4: Nipah Therapeutics 

Session Facilitator: Emmie de Wit, US National Institute of Allergy and Infectious Diseases (US NIAID) 



3:25 pm	General comments on Nipah therapeutics in the current roadmap draft 

· Key progress in the past 5 years

· Critical areas where additional efforts are needed 



3:45 pm	Review the Nipah therapeutics goals and milestones



5:10 pm	Concluding comments for Nipah therapeutics  

· High-priority milestones

· Barriers to implementing the goals and milestones

· Ideas Roadmap implementation for this section



5:30 pm 	Adjourn Day 1
Drinks and reception



6:00 pm	Dinner



Day 2: Tuesday, August 1



8:45 am	Registration, tea, coffee, and light breakfast



9:15 am	Welcome for Day 2 (Michael Osterholm, CIDRAP)



Session 5: Nipah Vaccines

[bookmark: _GoBack]Session Facilitator: Pending



9:20 am	General comments on Nipah vaccines in the current roadmap draft 

· Key progress in the past 5 years

· Critical areas where additional efforts are needed 



9:40 am	Review the Nipah vaccines goals and milestones



10:15 am	Break



10:30 am	Review the Nipah vaccines goals and milestones (continued)



11:10 am	Concluding comments for Nipah vaccines  

· High-priority milestones

· Barriers to implementing the goals and milestones

· Ideas Roadmap implementation for this section



Session 6: Nipah R&D Roadmap Implementation and Next Steps



11:30 am	Discussion: Roadmap implementation (Marie-Pierre Preziosi, WHO)



12:15 pm	Discussion: Publication process (Kristine Moore, CIDRAP)



12:25 pm	Wrap up and next steps (Michael Osterholm, CIDRAP)



12:30 pm	Meeting close



12:30 pm 	Lunch











A. BACKGROUND AND SIGNIFICANCE. Paramyxoviruses, nairoviruses, and arenaviruses are widely
distributed RNA viruses that cause severe human syndromes. Because of their geographical distribution and
expansion, changes in human demographics and increased exposures to wild animals including rodents and
bats, and their capacity for human-to-human spread, these viruses have the potential to cause pandemics.
Together with the other investigators in PABVAX, we have selected several important prototype
paramyxoviruses, nairoviruses, and arenaviruses to study to learn the rules governing immunity to these
pathogens. The work on the pathogens selected is justified based on their prevalence and severity alone, but
also because of their ability to serve as prototypes for genetically related viruses. We chose the viruses for focus
in this RP4 on human antibody development because of their clinical relevance and because several will be
studied as prototypes for vaccine development in RP1 (arenaviruses, nairoviruses) and RP2 (paramyxoviruses).
Among the arenaviruses, we will target Lassa virus (LASV) and Machupo virus (MACV), and among the
nairoviruses, we will study Crimean—Congo hemorrhagic fever virus (CCHFV). In tandem with the vaccine project
in RP2 focused on paramyxoviruses, we will study Nipah virus (NiV) and Hendra virus (HeV) as the prototypes.
Information about the principles we discover about critical neutralizing epitopes identified here in RP4 with
prototype viruses can feed back into all other Projects that address the subsequent plug and play test cases in
later years (Lujo, Chapare, Kasokero, Langya).

LASV is an Old World arenavirus (OWAV) with a single-stranded RNA virus belonging to the Arenaviridae family.
Infection in humans is often the result of exposure to infected excreta from the rodent reservoir, Mastomys
natalensis where up to 500,000 cases and an estimated 5,000 deaths occur annually in West Africa2. While
rodent infection is largely benign, human infection can result in severe hemorrhagic disease with neurological
complications and long-term hearing and vision sequelae®“. There are no approved vaccines or treatments for
LASV infection. MACV is a New World Arenavirus (NWAV) and the causative agent of Bolivian Hemorrhagic
fever. Humans are infected after exposure to excreta from the reservoir, Calomys callosus, the large vesper
mouse. Disease in humans has a slow onset, but can progress to severe hemorrhagic fever coupled to insidious
neurological complications including tremors, seizures, and paralysis®. There are no approved vaccines or
therapies approved for MACV. CCHFV is a highly pathogenic tick-borne virus classified under the Nairovirus
genus within the Bunyaviridae family®. CCHF outbreaks have a case fatality rate of up to 40%, and there are no
vaccines or treatments approved for human use._NiV/HeV. Bat-borne, NiV and HeV are enveloped, negative-
sense, single-stranded RNA viruses belonging to the Henipavirus genus within the Paramyxoviridae family’.
These emerging zoonotic viruses pose a significant threat to human and animal health due to their high fatality
rates and broad host range. As with the other prototype virus in the PABAX Center, there are no vaccines or
treatments against henipaviruses licensed for human use.

Antibodies (Abs) are important correlates of protection for paramyxoviruses, nairoviruses, and arenaviruses.
Immune sera against members of each of these groups of viruses has been shown to exhibit protective efficacy
in vivo, which supports the use for Abs as treatment options. However, the specificity, functional properties, and
other attributes of protective antibodies are poorly defined for most of these viruses. MAbs to the attachment and
fusion surface proteins of paramyxoviruses (such as the G and F proteins of Hendra/Nipah®® and the GP proteins
of the arenaviruses like LASV'®') can neutralize and protect against infection in rodent models. CCHFV is a bit
of a conundrum in that ultrapotent human neutralizing antibodies to the related Rift Valley fever virus surface
proteins are highly protective in vivo'?'3, but CCHFV neutralizing antibodies are not protective. In contrast, some
non-neutralizing antibodies do protect partially for CCHFV'4. Clearly, there is a lot to learn about the rules of
immunity to these viruses, and the genetic, molecular, and structural basis of antibody-mediated protection for
viruses like CCHFV. Based on these data, we propose the use of mAbs as treatment options to learn the rule of
how to protect against emerging paramyxoviruses, nairoviruses, and arenaviruses and to develop candidate
antibody countermeasures for translational development with Core D. To do so, we will further develop our
technical methods for rapidly discovering mAbs, in the case of a future unexpected epidemic caused by viruses
of these families. Most importantly, we will define the principles governing combination antibody therapy to
prevent virus escape from treatment or prevention and to optimize the efficacy of the beneficial effects conferred
by passive immunity.

B. SCIENTIFIC PREMISE. The work proposed here in RP4 is based on the extensive basic, translational, and
clinical trial data on the role of neutralizing Abs in protection against infection and disease caused by
paramyxoviruses, nairoviruses, and arenaviruses. Although a significant amount of data supports the use of
mAbs to prevent or control paramyxovirus, nairovirus, and arenavirus infection, many questions remain, such as
the ideal epitopes to target with mAb combination therapy to improve upon neutralization potency, in vivo efficacy,
and resistance to viral escape. Identifying these epitopes can help inform vaccine design to elicit optimal
protective polyclonal responses (in RP1 and RP2, especially with designs for test cases in years 4 and 5). Here
we aim to refine our understanding of the correlates of mAb protection against paramyxoviruses, nairoviruses,
and arenaviruses to enable the design of a modular “plug-and-play” workflow to rapidly respond to potential



pandemics by generating optimized combinations of vaccine-like mAbs with an extended half-life that could be
used for long-term prophylaxis (> 6 months) and therapy.

C. INNOVATION. RP4 has many innovative conceptual and technical features including: Conceptual. (1)
determining the principles that govern optimal combinations of human mAbs against paramyxoviruses,
nairoviruses, and arenaviruses for protection and resistance to viral escape; (2) the development of a clear
workflow that generates therapeutic or preventative antibodies (long half-life mAbs that serve as vaccine
surrogates) against emerging or new paramyxoviruses, nairoviruses, and arenaviruses with pandemic potential.
Our goal is to define the principles and features, including epitope, combination ratios, and mechanisms of action,
that result in optimal efficacy of mAbs against paramyxoviruses, nairoviruses, and arenaviruses in animal models
and create a higher barrier for resistance. These studies will serve as paradigms for rapid antibody discovery in
response to future paramyxovirus, nairovirus, and arenavirus pandemic threats. Technical. (3) large-scale B cell
repertoire sequencing with customized methods and software; (4) use of humanized (Alloy) mice and novel
immunogens from RP1 and RP2 and Core D; (5) single B cell functional (neutralization) assays performed on a
Beacon instrument; (6) development of high-throughput real-time label-free virus neutralization assays
(xCELLigence platform); and (7) use of simultaneous in parallel screening with several different high-throughput
virus-specific B cell isolation approaches (Beacon, 10X Genomics, Rhapsody) to generate and validate best-in-
class human mAbs as candidate medical countermeasures.

D. LINKAGE TO OTHER PABVAX PROJECTS AND CORES. The group will focus on developing a modular
test case platform for rapid selection of highly neutralizing and/or protective mAbs against paramyxoviruses,
nairoviruses, and arenaviruses. Members of our group have active collaborations with most members of the
PABVAX Center as reflected in previous collaborations and publications (see Overall document). We will
interact extensively with the Animal Model and Preclinical Evaluation Core (Core E) to study neutralization
against authentic viruses and to test for protection in small and large animals as well as with RP3 for testing
paramyxovirus mAbs. The knowledge gained from our studies on the structure-function relationships of
neutralizing mAb combinations can be applied to rational vaccine design for RP 1 and RP2 in later years of the
effort when we pivot to apply the lessons learned to the same test case targets as RP1 and RP2. Numerous
antigens will be made available to our RP. Finally, long-half-life Fc mutations are now available based on
engineering of human IgG1 for enhanced binding to the neonatal Fc receptor (FcRn) such as LS (M428L
IN434S)'5, or YTE (M252Y/S254T/T256E)'® mutations. With = 90 days half-life in humans, our approach will
generate mAbs with vaccine-like properties that remain effective for months during a virus epidemic and thus
provides a platform for response to future paramyxovirus, nairovirus, and arenavirus pandemic threats, a key
goal of our PABVAX Center. Our laboratory previously validated this vaccine surrogate concept when we
isolated the human mAbs that formed the basis for Evusheld with YTE long-half-life Fc mutations (used in 70
countries and millions of people) that exhibited > 6 months protective levels in humans after single IM injections.

E. APPROACH

E.1. Specific Aim 1. Discover potently neutralizing arenavirus mAb combination therapies. For the
prototypes, we will focus on LASV, an Old-World virus and MACV, a New-World virus. We will investigate the
principles underlying antibody-mediated arenavirus protection. Preliminary evidence suggests that potent virus
neutralization is a mechanistic correlate of protection for arenaviruses'”'®. RP1/Core D will provide optimized
antigens for mAb selection for the Prototype LASV and MACV (or subsequent Test Cases). We will use a
workflow for rapid identification of potently neutralizing mAb combinations for LASV and MACV. We will generate
mAbs from individuals with prior natural infection or use transgenic mice with human antibody repertoires. Alarge
panel of human anti-LASV and anti-MACV mAbs will be generated using multiple approaches (immune human
B cells and immunized humanized mice), and highly neutralizing mAbs will be evaluated to identify optimal
combinations. The best mAb combinations will be assessed to determine the minimal effective dose for
protection, and the lead mAb combination therapy(ies) will be transferred to Core E for further evaluation and
ultimately testing in an NHP model of LASV or MACYV infection. Leads will be transferred to Core D for further
translational development as medical countermeasures. The prototype LASV and MACYV will be studied in years
1 to 3, followed by mAb discovery efforts for Test Cases Lujo and Chapare viruses based on the established
principles in years 4-5.

Preliminary Data. (a) Potently neutralizing human anti-arenavirus mAbs. The Crowe laboratory has
previously characterized panels of neutralizing human anti-viral human mAbs from virus-immune or vaccinated
individuals for about 50 viruses, mostly RNA viruses. Isolated peripheral blood mononuclear cells (PBMCs) are
used to generate hybridomas or alternatively antigen-sorted at single B cell level and antibody variable genes
sequenced to generate mAbs recombinantly. Panels of human anti-viral mAbs are produced rapidly (we recently




reported isolation of 15,000 mAb gene pairs from single Ebola-virus-specific
human B cells from a single blood sample of an immune individual'®. Previous
studies by others clearly show that representative neutralizing and protective
human antibodies can be isolated from LASV-immune subjects?®?4, In this Aim,  w-.
we will refine the approaches we have developed previously for other RNA
viruses in a proof-of-concept study by identifying potently neutralizing
combinations of anti-LASV and anti-MACV human mAbs. We will rapidly
discover human anti-LASV mAbs from LASV-immune individuals and human
anti-MACV mAbs by immunizing Alloy transgenic mice. Synergy studies will be
performed to identify optimal mAb combinations by pairing them. Through these
studies, we aim to identify optimal anti-LASV and anti-MACV mAb combinations
and further advance the discovery platform for rapid response against emerging
arenaviruses.

(b) Advanced mAb technologies. The Crowe laboratory has developed some )
of the highest yield systems to isolate naturally occurring human mAbs using &=
human hybridoma or advanced single-cell RNA-seq methods (Fig 1). We have
used sorting of antigen-specific cells with recombinant viral surface protein
antigens (like the GP1 and GP2 proteins we will use here), cloning of Ab e
variable genes, and then expression of mAbs as recombinant IgG. Alternatively,
cells can be expanded on feeder layers expressing CD40 ligand, IL-21, and "
BAFF. One variation we will use is to capture Ab genes directly from viral Figure 1. Single cel _
glycoprotein-specific Ab-secreting B cells on the Berkeley Lights Beacon® Cpggcvfhﬁﬁp'ceasnagz‘foer‘t’etdofi?rg’:tg’;n?
optofluidic platform or through single-cell RNA-seq approaches (10X Genomics  specific B cells. Expansion allows us to
and BD Rhapsody™), as we have done for Ebola virus'®?® and SARS-CoV-2"26  further assess the functionality of the B

31 These single-cell techniques enhance the capture of rare antigen-specific B ¢e!ls_or for antibody sequencing.
Recombinant mAb expression validates

cells. the mAb sequence and functional

E.1.1. Rapid isolation of human anti-LASV and anti-MACV mAbs. (a) 2cit. Figureis adapted from '
Immune cells. We have obtained human PBMCs from one previously LASV-infected individual who was
medically managed previously by Emory University in their infectious diseases containment unit. This person
has a documented robust neutralizing serum antibody response, suggesting isolation of neutralizing human
mAbs from these PBMC aliquots will be straightforward for us. Our colleagues in RP1 have ongoing field
operations for over a decade in Sierra Leone, Liberia, and Nigeria. This work is currently in association with the
NIH-Centers for Research on Emerging Infectious Diseases (CREID) with a heavy focus on the study of LASV
ecology, epidemiology, and host responses. RP4 is currently working with RP1 on obtaining PBMCs from ~10
individuals with prior laboratory-confirmed cases of LASV. The acquisition of these samples is being managed
by the Vanderbilt Vaccine Center Biorepository with separate institutional funding to be de-identified prior to use
in the studies proposed here. Blood samples are only obtained after informed consent, de-identified, and
assigned random specimen numbers. The studies have been approved by the Vanderbilt University Medical
Center IRB. PBMCs isolated from the blood samples will be deposited into the Vanderbilt Vaccine Center
Biorepository, but we can designate their used for mAb generation in this RP4, if funded. For anti-MACV mAbs,
as a human PBMC source is not readily available, we will immunize Alloy humanized mice. These animals yield
PBMCs that secrete fully human mAbs. Alloy mice are used routinely in the Crowe lab workflow.

(b) Ab screening and sequence analysis. Our goal is to identify human anti-LASV and anti-MACV mAbs in a
rapid manner to mimic a pandemic response to an outbreak. We will single-cell sort antigen-specific B cells using
recombinant LASV or MACV proteins (e.g., Table 1) or non-infectious viral particles as bait. These cells will be
expanded on feeder layers expressing CD40 ligand, IL-21, and BAFF for downstream applications, including
LASV and MACV neutralization assays. Alternatively, we will use the Berkeley Lights
Beacon® optofluidic platform, which can functionally ascribe GP protein or virus-particle
binding to single B cells. These cells are exported for sequencing of the variable gene Lassa Josiah NP
regions and analysis using the PyIR software developed in the Crowe laboratory. We will Lassa Josiah GPe
select a panel of up to 500 neutralizing anti-LASV mAbs and a similar number of anti-MACV e o o5 Gpe
mADbs to express recombinantly and advance for further characterization. We can easily ["machupo NP
conduct multiple approaches simultaneously in parallel’32.

(c) Recombinant mAb cloning. We will synthesize heavy and light chain variable regions for cloning,
expression, and downstream functional assays to validate the mAb sequence. We will perform high-throughput
synthesis of mAb genes using a custom, commercial synthesis platform (Twist Bioscience). MAb genes are
Gibson-assembly-cloned on-instrument into our custom full-length Ig expression vectors.



(d) Micro-scale mAb expression. The Crowe laboratory has the capacity for large-throughput micro-scale mAb
expression and purification. The lower end of this range allows expression of thousands of mAbs, which will feed
into automated mAb purification platforms. This approach allows early-stage assays to identify candidate mAbs
that will then be produced at larger scale by Core D with a variety of Fc mutants to assess the role of Fc-mediated
effector functions in vivo (Core E).

(e) A CPE-based LASV and MACYV neutralization assay using RTCA. We have established a high-throughput
assay to assess mAb-mediated neutralization of viruses through the detection of cytopathic effect (CPE). Here,
we will apply this method to assess neutralization of LASV. Recently, we validated the inclusion of simultaneous
live-cell fluorescence microscopy into this real-time CPE-based screening platform (xCelligence RTCA eSight).
These capabilities expand the platform to screen viruses that may or may not induce CPE, allowing us to also
use a replication-competent vesicular stomatitis virus (VSV) LASV surrogate that expresses LASV surface
proteins and causes CPE®. Currently, we have a VSV-LASV-Josiah (lineage 1V)** and a Sauerwald version
(lineage 1) of these recombinants. Making additional LASV VSV-LASVs is not difficult, and RP1 will make the
other missing lineages or needed arenaviruses based on the same approaches as previously published. RP1
also can easily make versions of these VSVs that express the green fluorescent protein (GFP) reporter gene.
Existing VSV-CCHFV, VSV-NiV, and VSV-HeV vectors343¢ will be provided by Dr. Geisbert overall Pl and Lead
of Core E. We already have Vanderbilt IBC approval for use of these constructs. A decrease in cell impedance
due to CPE and a corresponding decrease in GFP expression if used will identify mAbs with neutralizing activity
against LASV. These mAbs will be moved forward for additional studies to identify an optimal anti-LASV mAb
combination. Similar processes will be followed to determine neutralization capacity of MACV mAb candidates.

E.1.2. Identifying LASV and MACV mAb combinations. (a) Epitope mapping through competition-binding
studies. Using previously established methods for competition-binding assays in Octet HTX biosensor (biolayer
interferometry) or high-throughput analytical flow cytometry (using an iQue Plus screener), we will identify mAb
pairs that can simultaneously bind LASV or MACV and validate their epitopes. We will perform competition-
binding studies with GP or subunit proteins (as above) or virus-like particles (VLPs)* available from Core E at
UTMB. Core E will also inactivate LASV and MACYV virus particles that they have at UTMB by gamma irradiation
and safety test and send those to our Vanderbilt site (we have previously accomplished this transfer with Ebola
and Marburg particles). Inactivated virus particles will be used in ELISA. We will include positive controls made
recombinantly from previously reported antibodies for the identification of mAbs that can concurrently bind LASV
or MACV with a goal of finding more potent clones at those sites or clones that complement these inhibitory
mAbs. (b) Synergy studies using RTCA. To assess functional compatibility of the anti-LASV or anti-MACV
mAb pairs, we will assess neutralization potency using the RTCA platform. We anticipate testing up to 15 mAb
combinations for each virus, using rational selection based on preliminary epitope mapping data. We can assess
for synergy, additivity, or antagonism of neutralization. Based on these results, we will down-select mAb pairs,
with our priority on combinations with synergistic effects. (c) Identification of key residues binding residues
of human anti-LASV and anti-MACV mAbs. To determine the key residues for binding of down-selected mAbs,
we will perform deep mutational scanning®®. Briefly, all amino acids of the GP proteins will be mutated to the
other 19 amino acids with a unique barcode using PCR-based mutagenesis. The LASV or MACV GP protein
library will be incubated with the appropriate mAbs to identify residues with loss-of-binding phenotypes. A
sequence ‘logo’ showing the relative contributions of each amino acid mutation will identify residues critical for
binding. Multiple amino acid substitutions can then be assessed by reverse genetics at UTMB to confirm the
epitopes recognized by the down-selected mAbs. This method also serves as a surrogate for in vitro
neutralization escape studies. (d) Neutralization escape analysis. The generation of mAb combinations should
increase the barrier to viral escape. To assess whether mAb pairs reduce the incidence of viral escape, we will
perform in vitro neutralization escape mutant analyses. For these analyses, we will passage VSV-LASV or VSV-
MACYV constructs at BSL2 in the presence of saturating concentrations of mAbs (single or combination) using
the RTCA platform to detect virus-induced CPE. Resistant virus will induce CPE, and supernatants will be
extracted for sequencing. Confirmatory reverse genetics studies will be performed by introducing mutations into
an infectious cDNA clone of LASV or MACV by RP1 to test neutralization. We hypothesize that escape will be
less likely in the presence of mAb combinations than single mAbs. Even if partial escape occurs, virus fitness
may suffer. We can test this concept in vivo by determining the level of infection of escape variants in the
presence of mAbs.

E.1.3. Structural basis of neutralization by mAb combinations. The studies above should identify optimal
anti-LASV and anti-MACV mAb combinations that simultaneously bind, neutralize, and increase the barrier for
viral escape under mAb selective pressure. For a limited number of mAb pairs (n = 3), we will determine the
structural basis of this synergy with cryo-EM and crystallography, for which we have all capabilities and
equipment in our laboratory in the Vanderbilt Vaccine Center, Vanderbilt Structural Biology Core, and external
synchrotron sources. An understanding of the structural basis and rules governing an optimal neutralizing mAb



combination can be applied to mAb therapy development against arenavirus pandemic threats and inform
vaccine design for arenavirus by identifying key epitope targets (RP1).

E.1.4. Protective efficacy of human anti-arenavirus mAbs. (a) Studies in guinea pigs. MAbs that satisfy the
criteria stated above and that display stage-appropriate manufacturability characteristics will advance to in vivo
testing. We will use established models of LASV'3 and MACV#%#! infection in guinea pigs. PABVAX Core E
has access to many strains from different LASV and MACYV lineages, which will be tested. For prioritization, we
will focus on LASV lineage I, Ill, and IV strains and MACYV lineage I, Il, and VIl strains for which uniformly lethal
models are available. Groups of 6 outbred Hartley guinea pigs will be treated with low, medium, and high doses
of single or combinations of anti-LASV or anti-MACVs mADb, or isotype controls at day +1 after inoculation with
the LASVs or MACVs This approach allows us to determine whether combinations provide advantage over the
best monotherapy treatments. These experiments will be repeated at least two independent times. We expect
to test 10 single mAbs and 5 pairs of anti-LASV and anti-MACV mAbs in these studies. Protection will be
assessed using the following metrics: (i) survival; (ii) weight loss; (iii) clinical scores; (iv) viral burden
measurements (blood) at day 5 or 6 after LASV or MACV challenge and the day 35 study endpoint by plaque
and gRT-PCR assays. For any animals that show virological breakthrough of infection, deep sequencing will be
performed from recovered viruses to assess for possible emergence of in vivo resistance. From these studies,
we expect to down-select further to 2 optimal LASV and MACV mAb pairs that are comparable to or outperform
previously reported mAbs for further testing in Core E for additional dose-down studies.

(b) Validation of the protective efficacy of a down-selected human anti-LASV and anti-MACV mAb
combination against LASV or MACV in NHPs. As a final test of an optimal anti-LASV and anti-MACV mAb
combinations, we will assess protective efficacy of the lead anti-LASV mAb pair in NHPs as well as the anti-
MACYV mAb pair in NHPs. These anti-LASV and anti-MACV mAb pairs will be selected based on the in vitro and
guinea pig data from Core E and manufacturability data from Core D. Down-selection for testing in cynomolgus
monkeys will only be considered pending success in the guinea pig studies and consultation with the external
Scientific Advisory Board (SAB) and NIAID program staff.

E.1.5. Applying lessons learned in LASV and MACYV research with the selected test case pathogens for
mAb generation: Lujo and Chapare mAbs. Once we have completed the LASV and MACV discovery
campaigns, will turn to the test case pathogens to see if we can use the prototype pathogen approach to related
viruses, Lujo (LUJV) and Chapare (CHAPV). We do not have access to human PBMCs from LUJV - or CHAPV-
immune donors. As an alternative approach, we will use humanized mouse models as a source of B cells
encoding fully human monoclonal antibodies. The Vanderbilt core investigators have an established fully
executed agreement to use Alloy human antibody mice for this purpose (See Letter of Support). The Alloy ATX-
Gx™ mouse is one of the most effective in vivo human antibody discovery platforms, with over 140 partners and
counting. This mouse system was originally invented and validated inside a major pharma company and then
further developed by Alloy. This foundational suite of highly immunocompetent transgenic mice is engineered to
drive the greatest potential diversity of unique human antibodies binding to the viral target of interest, with broad
epitopic coverage. The comprehensive functional human antibody repertoire in these mice is optimized for
human Ab sequence developability and diversity. Alloy and Vanderbilt have already executed a simple licensing
process for use of the ATX-Gx platform, and as an established partner the Vanderbilt core team will access the
expanding portfolio of transgenic Alloy strains designed to address a range of discovery challenges (including
diverse Ab isotypes). Mice will be immunized with conformationally correct recombinant
protein antigens (Table 2), cDNAs encoding protective antigens, or replication-competent
VSV strains encoding protective antigens for the target of interest. After the immunization
protocol is completed, animals will be sacrificed humanely, spleens collected, and [ YV NPNTD
suspensions of splenocytes (enriched in B cells) will be purified by density gradient (n—l
selection. Downstream, the generation of human mAbs follows our well-established sy ~enNTD
methods as above for making human mAbs from B cells using single-cell RNAseq or [ chapvare
human hybridoma methods. The development will follow as for LASV and MACYV. CHAPV NP NTD +GPe

Anticipated results, potential problems, and alternative approaches. In this Aim, we will identify human anti-
LASV and anti-MACV mAb combinations with optimal neutralizing and protective activity. These mAb
combinations can be endowed genetically with half-life-extended Fc modifications to produce vaccine-like
therapy options (for humans) for rapid response to emerging LASV, MACYV, or related arenaviruses. Given our
previous ability to generate human antiviral mAbs, we do not anticipate problems in isolating anti-LASV or anti-
MACV mAbs. We may observe that mAb combinations do not add any benefit over individual mAbs. If we do not
identify potently neutralizing anti-LASV or anti-MACV mAbs via the planned approaches, we can also take a
target-agnostic approach and perform single-cell RNA-seq (10X Genomics and BD Rhapsody™) on enriched B
cells (i.e., memory B cells) isolated from human LASV-immune PBMC samples. In addition, we can deep
sequence the B cell repertoires present in LASV-immune PBMC samples and identify clonal lineages, including




siblings. Often, additional Abs in the lineages may be more potently neutralizing than the ones obtained directly
from human B cells. Together, through these complementary approaches (antigen-specific mAb isolation +
single-cell RNA-seq + bulk NGS), we likely can select a diverse panel of human anti-LASV mAbs. We also
anticipate defining key epitopes targeted by potently neutralizing anti-LASV mAb combinations that can inform
vaccine design (RP1) for related viruses being used as test cases in years 4 and 5. In the case that VSV-LASV
does not cause sufficient CPE via the RTCA platform (highly unlikely), established focus reduction neutralization
assays that detect VSV-LASV-infected foci will be used to identify mAbs with synergistic properties. Furthermore,
for competitive binding assays, biolayer interferometry using the high-throughput Octet HT X instrumentation also
can be used to assess binding of mAbs in solution.

E2. Specific Aim 2. Discover a protective CCHF virus mAb combination therapy. Establishing the generality
of protection approaches against nairoviruses, we will perform a mAb discovery proof-of-concept campaign for
the Prototype CCHFV. Preliminary studies have identified human anti-CCHF
mAbs with varying levels of protection in experimentally infected
animals™4243 We will isolate a large panel of human anti-CCHFV mAbs and
determine the rules governing optimal mAb combinations through
competition-binding, epitope mapping, neutralization, and viral escape
studies. Lead antibodies with acceptable manufacturability characteristics
(Core D) and the highest capacity to overcome resistance while maintaining
potency of protection will be selected. The structural basis of their activity | |z . .
will be established using structural biology techniques (electron | |T— /1 . gmBie=
microscopy and crystallography). Lead mAb cocktail therapies will be T amE
evaluated for in vivo protective efficacy in STAT17~ mice (with Core E). As W
a final test of an optimal anti-CCHFV mAb combination, we will assess —
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protective efficacy of the lead anti-CCHFV mAb pair in NHPs, to be selected
based on the in vitro and mouse data from Core E and manufacturability
data from Core D. Down-selection for testing in cynomolgus monkeys
studies would only be considered pending success in the mouse studies and
consultation with the external Scientific Advisory Board and NIAID program
staff. In years 4-5, we will apply the lessons learned to the plug and play
test case Kasokero virus (KASV) in collaboration with RP1, Core D, and
Core E.

Preliminary Data. (a) Potently neutralizing and non-neutralizing human
anti-CCHFV mAbs. In this Aim, we will rapidly discover human anti-CCHFV
mAbs from CCHFV-immune individuals and perform synergy studies to
identify optimal mAb combinations by pairing them. Through these studies,
we aim to identify an optimal anti-CCHFV mAb combination and further
advance the discovery platform for rapid response against emerging

Figure 2. Competition assessment
of human Abs to CCHFV using M-
segment expressing cells. We
tested 28 mAbs in competition assays.
MADbs are displayed in 8 groups (A-H)
based on their ability to compete for
binding. Values shown are the % of
binding that occurred during
competition compared to non-
competed binding of the mAb. This
value was normalized to 100%. The
values are also indicated by the box fill
color; darker colors toward black
indicate higher competition and lighter
colors toward white indicate less
competition, on a gradient scale.

nairoviruses. In preliminary experiments in collaboration with
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investigators in RP1 and Core E, the Crowe laboratory has previously 1004
isolated and characterized panels of neutralizing human anti-CCHFV 80
human mAbs from individuals who were convalescent after naturally- g 60
acquired laboratory-confirmed infection in Spain or Turkey. We R
isolated a panel of antibodies against CCHFV that recognize the M- 20
segment in transfected cells, and they exhibit a diversity of 0

recognition patterns in that they fall into multiple competition-binding
groups (Fig 2). This panel contains cross-binding and cross-
neutralizing antibodies for diverse strains. We observed a human
mAb designated CCHF-82 competing with competition group 1 and
group 2 antibodies from the previously isolated GP38-reactive murine
antibodies. CCHF-82 showed some protection in a STAT17~ mouse
model of infection conducted by investigators in RP1 (Fig 3). Further
investigation with this antibody in the IbAr10200 prophylaxis and
therapeutic models is warranted. In contrast, the CCHFV-neutralizing
mAbs that we isolated and tested in vivo did not perform well in the
Turkish strain STAT17~ mouse model. We now know protection in this
model is possible, given the work from Fels et al., 2021 who showed
that potent antibodies against various sites on the Gc surface can
afford protection in this model*?. However, in their study they did not
test GP38-reactive antibodies. To our knowledge, our preliminary
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Figure 3. Human mAb CCHF-82 provides
partial protection as a post-exposure
prophylaxis against the Turkish strain of
CCHFV in the STAT1™~ mouse model.

A single dose of mAb was administered by the
IP route to mice (n=6 per group (3 male, 3
female)) at 30 min post infections. A lethal dose
of Turkish strain of CCHFV was administered.
CCHF mAbs or DENV-2D22 (an isotype-
matched negative control mAb) were tested in a
single dose of 250 ug per mouse. Kaplan-Meier
survival curves were statistically analyzed using
a log-rank (Mantel-Cox) test where mAb-treated
animals (P value shown in figure) were
compared to animals treated with the DENV-
2D22 negative control mAb. Unpublished data.




data is the first indication that a human GP38-targeting antibody can provide some protection in this mouse
model.

Non-neutralizing murine mAbs protect in mouse models of infection'™, but it is unknown if the human antibody
response could provide similar levels of protection. Murine mAb 13G8 binds to GP38 and does not neutralize
CCHFV. This mAb provides protection against lethal challenge as a prophylaxis and a therapeutic against
CCHFV. In preliminary experiments we sought to understand if human survivors of CCHFV infection possess B
cells encoding mAbs that bind a similar epitope as 13G8 and provide protection. CCHF-82 competes for binding
with 13G8 to preGn-transfected cells containing GP38. This antibody offered some protection as a post-exposure
prophylaxis against the Turkish strain of CCHFV (Fig 3). Human antibodies like this should be further studied
and the frequency of these clones should be elucidated to understand if this is a feasible strategy for future
vaccine efforts for humans. The epitope that 13G8 and CCHF-82 identifies could inform vaccine design if these
antibodies offer protection in larger animal models. Understanding how non-neutralizing antibodies function is
critical in efforts to validate the GP38-binding class of antibodies. Golden et al. undertook a study to understand
the mechanisms 13G8 functioned and observed that complement activation contributes to the protective capacity
of this antibody'*. Here, in studies of CCHF-82, we also will assess complement activation in mouse models of
infection to fully understand the function of this mAb in vivo. Furthermore, if this mAb protects in the CCHFV
IbAr10200 strain challenge model, assessing its mechanism is warranted. Together with Core D, we will assess
IgG molecules with complement knockout (“KA”) and Fc gamma receptor knockout (LALA-PG) mutations in the
Fc domain to study this matter. Human mAb CCHF-82 displayed limited cross-protection against experimental
infection with the Turkish strain of CCHFV. Our antibody isolation here will aim to identify cross-protective non-
neutralizing antibodies reactive with GP38. Recently, vaccinating with NP was shown to be another way to elicit
non- neutralizing antibodies**. The NP of CCHFV is more conserved than the glycoproteins and might also be a
non-canonical target for the identification of cross-protective non-neutralizing antibodies**.

(b) Applying mAb technologies for new mAb isolation. We will use sorting of antigen-specific cells with
recombinant viral surface protein antigens, cloning of Ab variable genes, and then expression of mAbs as as
described above in Specific Aim 1.

E.2.1. Rapid isolation of human anti-CCHFV mAbs. (a) Immune cells. We have obtained human PBMCs
from a number of previously CCHFV-infected individuals. One was a health care survivor who was infected while
caring for a patient in Spain*®. We also collected a panel of 10 fully de-identified PBMC samples from individuals
naturally infected in Turkey, in sample acquisition work supervised by the Vanderbilt Vaccine Center
Biorepository with separate institutional funding. Blood samples were only obtained after informed consent, de-
identified, and assigned random specimen numbers. The studies were approved by the Vanderbilt University
Medical Center IRB. PBMCs isolated from the blood samples were deposited into the Vanderbilt Vaccine Center
Biorepository, but we can designate their used for mAb generation in this RP4, if funded.

(b) Ab screening and sequence analysis. Our goal is to identify human anti-CCHFV mAbs rapidly, as if we
had to respond to a nairovirus outbreak in real time. Our ability to respond rapidly in the setting of outbreaks is
well-documented in the lay press (60 Minutes features and others) and the scientific literature, e.g., 78 days from
sample to protection of NHPs for Zika virus®?, and 25 days from PBMC sample receipt to delivery of the antibody
genes for the approved COVID-19 drug Evusheld to AstraZeneca'. Here, we will single-cell Table 3. Core D
sort antigen-specific B cells using recombinant CCHFV proteins (GP38, Gc, Gn, Gc¢/Gn) or
non-infectious particles as bait as described in Specific Aim 1. We will generate [ CCHF Turkey GnGc
recombinant GP antigens for selecting GP-specific B cells, based on prior validated designs | CCHF Turkey GP38
in the field, and use the antigens produced by Core D, (Table 3) or by RP1 (Table 4). CCHF NP

(c) Recombinant mAb cloning. As described in Specific Aim 1 above.

Table 4. Antigens
(d) Micro-scale mAb expression. As described in Specific Aim 1 above. available from RP1

(¢) A CPE-based CCHFV neutralization assay using RTCA. As above, we have Fcniioerencs
established a high-throughput assay to assess mAb-mediated neutralization of viruses [cchrTurkey NP
through the detection of CPE. In this aim, we will apply this method to assess neutralization | ccHr Turkey

of CCHFV. We will use a rVSV CCHFV surrogate that expresses CCHFV surface proteins | GnGc+GP38+NP
and causes CPE®. Investigators in RP1 have the VSV-CCHFV-GFP versions of clades 1 | CCHF Turkey GnGe+GP38
through 7 based on this publication. We will obtain these VSV constructs from investigators EE:E E:EZ Eiém

in PABVAX. Existing VSV vectors will be provided by investigators in RP1 and Core E. A

decrease in cell impedance due to CPE and a corresponding decrease in GFP expression will identify mAbs with
neutralizing activity against CCHFV. These mAbs will be moved forward for additional studies to identify an
optimal anti-CCHFV mAb combination. GP38-reactive clones will be advanced based on avidity ranking since
they are not likely to be neutralizing but may be protective in vivo.




E.2.2. Identifying CCHFV mAb combinations. (a) Epitope mapping through competition-binding studies.
Using previously established methods for competition-binding assays in Octet HTX biosensor (biolayer
interferometry) (as above, Fig 2) or high-throughput analytical flow cytometry (using an iQue Plus screener), we
will identify mAb pairs that can simultaneously bind CCHFV surface proteins and validate their epitopes. We will
perform competition-binding studies with CCHFV Gc/Gn or subunit proteins (as above) or CCHFV virus-like
particles (VLPs) made from a replicon system in hand. Core E will inactivate CCHFV virus particles that they
have at UTMB by gamma irradiation and safety test and send those to our Vanderbilt site. Inactivated virus
particles will be used in ELISA. We will include positive controls made recombinantly from some of the mAbs
shown in the unpublished preliminary data above for the identification of mAbs that can concurrently bind CCHFV
proteins with a goal of finding more potent clones at those sites or clones that complement these mAbs. (b)
Synergy studies using RTCA. To assess functional compatibility of the anti-CCHFV mAb pairs, we will assess
neutralization potency using the RTCA platform. We anticipate testing up to 15 mAb combinations, using rational
selection based on preliminary epitope mapping data. We can assess for synergy, additivity, or antagonism of
neutralization. Based on these results, we will down-select neutralizing mAb pairs, with our priority on
combinations with synergistic effects. GP-38-reactive clones will be screened for synergistic binding as they are
not expected to be neutralizing. (c) Identification of key binding residues of human anti-CCHFV mAbs by
neutralization escape analysis. The generation of mAb combinations should increase the barrier to viral
escape. To assess whether combination mAb pairs reduce the incidence of viral escape, we will perform in vitro
neutralization escape mutant analyses. For these analyses, we will passage VSV-CCHFV constructs at BSL2 in
the presence of saturating concentrations of CCHFV mAbs (single or combination) using the RTCA platform to
detect virus-induced CPE. Resistant virus will induce CPE, and supernatants will be extracted for sequencing.
Even if partial escape occurs, virus fithess may suffer. We can test this concept in vivo by determining the level
of infection of VSV-CCHFV escape variants in the presence of mAbs.

E.2.3. Structural basis of neutralization by anti-CCHFV mAb combinations. For a limited number of mAb
pairs (n = 3), we will determine the structural basis of this synergy with cryo-EM and crystallography, as described
in Specific Aim 1 above.

E.2.4. Protective efficacy of human anti-CCHF mAbs. (a) Studies in STAT1”~ mouse models. MAbs that
meet the above criteria and demonstrate acceptable manufacturability (Core D), will advance to in vivo testing.
We will use an established STAT1~”~ mouse model of CCHFV infection that the RP1 and Core E investigators
have deployed®®. To benchmark our mAbs, a separate set of STAT1~~ mice will be treated with CCHF-82, which
we showed in unpublished preliminary data above confers substantial but incomplete protection (Fig 3). The
Core E laboratory has access to strains representing all 6 clades that can be tested. Groups of 6-8 STAT17/~
mice will be treated with low, medium, and high doses) of single or combinations of anti-CCHFV mAb, or isotype
controls at day +1 after inoculation with CCHFVs. This approach allows us to determine whether combinations
provide advantage over the best CCHFV monotherapy treatments. These experiments will be repeated at least
two independent times. We expect to test 10 single mAbs and 5 pairs of anti-CCHFV mAbs in these studies.
Protection will be assessed using the following metrics: (i) survival; (ii) weight loss; (iii) clinical scores; (iv) viral
burden measurements at day 3 after CCHFV exposure and the day 35 study endpoint by plaque and gRT-PCR
assays. For any animals that show virological breakthrough of infection, deep sequencing will be performed from
recovered viruses to assess for possible emergence of in vivo resistance. From these studies, we expect to
down-select further to 2 optimal CCHFV mAb pairs that are comparable to or outperform the mAbs we reported
above. The lead mAbs will be advanced for further testing in Core E for additional dose-down studies.

(b) Validation of the protective efficacy of a down-selected human anti-CCHFV mAb combination against
CCHFV in NHPs. As a final test of an optimal anti-CCHFV mAb combination, we will assess efficacy of the lead
anti-CCHFV mAb pair in NHPs (Core E), to be selected based on the in vitro, STAT17 mice, and
manufacturability data (Core D). Down-selection for testing in cynomolgus monkeys would only be considered
with success in the STAT1”~ mouse studies and in consultation with the external SAB and NIAID program staff.

E.2.5. Applying lessons learned in CCHFV research to Kasokero mAbs. Once we have completed the
CCHFV discovery campaigns, will turn to the test case pathogen Kasokero virus to see if we can use the
prototype pathogen approach for this virus. We do not have access to human PBMCs from Kasokero-immune
donors. We will use Alloy humanized mouse models as a source of B cells encoding fully human mAbs, as
described above. Mice will be immunized with conformationally correct recombinant protein antigens (Table 5),
cDNAs encoding protective antigens, or replication-competent VSV strains encoding protective antigens for
Kasokero. After the immunization protocol is completed, animals will be sacrificed humanely, spleens collected,
and suspensions of splenocytes (enriched in B cells) will be purified by density gradient selection. Downstream,
the generation of human mAbs follows our well-established methods as above for making human mAbs from B
cells using single-cell RNAseq or human hybridoma methods. The development will follow as for CCHFV.



Anticipated results, potential problems, and alternative approaches. In this Aim, we will identify human anti-
CCHFV mAb combinations with optimal protective activity. These mAb combinations can be endowed genetically
with half-life-extended Fc modifications to produce vaccine-like therapy options (for humans) for rapid response
to emerging CCHFV or related nairoviruses. Given our previous ability to generate human anti-CCHFV mAbs,
as shown in preliminary data, we do not anticipate problems in isolating anti-CCHFV mAbs. We may observe
that mAb combinations do not add any benefit over individual mAbs. If we do not identify
potently protective anti-CCHFV mAbs via the planned approaches, we can also take a
target-agnostic approach and perform single-cell RNA-seq (10X Genomics and BD
Rhapsody™) on enriched B cells (i.e., memory B cells) isolated from human CCHFV- | Kasokero GnGC
immune PBMC samples. In addition, we can deep sequence the B cell repertoires present i:zggg ﬁg%

in CCHFV-immune PBMC samples and identify clonal lineages, including siblings. Often, xasokero Gnae
additional Abs in the lineages may be more potently neutralizing than the ones obtained | +GP38 +NP
directly from human B cells. Together, through these complementary approaches (antigen- | Kasokero GnGc
specific mADb isolation + single-cell RNA-seq + bulk NGS), we likely can select a diverse ;S;igem BnGo +NP
panel of human anti-CCHFV mAbs. We also anticipate defining key epitopes targeted by [kasokero GP38 +NP
potently neutralizing anti-CCHFV mAb combinations that can inform vaccine design (RP1)
for related viruses being used as test cases in years 4 and 5. In the case that VSV-CCHFV does not cause
sufficient CPE via the RTCA platform (highly unlikely), established focus reduction neutralization assays that
detect VSV-CCHFV-infected foci will be used to identify mAbs with synergistic properties. Furthermore, for
competitive binding assays, biolayer interferometry using the Octet HTX instrumentation also can be used to
assess binding of mAbs in solution.

E3. Specific Aim 3. Establish optimal mAb combination therapies against henipaviruses Hendra (HeV)
and Nipah (NiV) viruses. We will use a large panel of potent anti-henipavirus mAbs that we previously made
from the memory B cells of immune individuals and generate new antibodies targeting the fusion (F) protein.
RP2 will provide new antigens for mAb selection and BSL-2-compatible viruses for neutralization screens
including Cedar virus constructs displaying HeV and NiV F and G proteins. We will identify optimal mAb
combinations to enhance henipavirus therapy, minimize viral escape, and improve treatment efficacy through
synergy. In vitro competition-binding, neutralization, and mechanistic studies will be conducted, including
authentic virus neutralization with PABVAX Core E. We will refine the recognized epitopes and investigate
the structural basis for optimal combination neutralization of henipaviruses using HeV and NiV as prototypes. In
vivo assessment of mAb combinations will determine the minimal effective dose for protection and the ability to
prevent in vivo escape. Protective efficacy of lead mAb combinations will be assessed in hamster models of NiV
and HeV infection with Core E. Leads will be transferred to Core D. As a final test of optimal henipavirus mAb
combinations, we will assess protective efficacy of the lead henipavirus mAb pairs in NHPs, to be selected based
on the in vitro and hamster data from Core E and manufacturability data from Core D. Down-selection for testing
in African green monkey (AGM) henipavirus model studies would only be considered pending success in the
hamster studies and consultation with the external SAB and NIAID program staff. The HeV and NiV studies will
be conducted in years 1-3 and then applied to the plug-and-play test case Langya virus in years 2-5. If RP2 and
Core E cannot rescue recombinant Langya virus, the lessons learned in Years 1-3 will be applied to the alternate
“plug and play” test viruses Angavokely or Sosuga (SOSV) virus. Preliminary data on SOSV mAbs are provided.

Preliminary Data. (a) Potently neutralizing and non-neutralizing human anti-NIV/HeV mAbs. In this Aim,
we will further adapt approaches we have developed in preliminary experiments with henipavirus mAb studies
by identifying a potently protective combination of anti-NiV/HeV human mAbs. Through these studies, we aim to
identify an optimal anti-NiV+HeV mAb combination and further advance the discovery platform for rapid response
against emerging paramyxoviruses, especially henipaviruses. In previous experiments in collaboration with
investigators in RP2 and Core E, the Crowe laboratory has isolated characterized panels of neutralizing human
anti-G NiV/HeV human mAbs from an individual with G-based immunity following occupational exposure to an
equine HeV G subunit vaccine. Isolated peripheral blood mononuclear cells (PBMCs) were used to generate
human B cell hybridomas secreting human mAbs to G, and antibody variable genes were sequenced to generate
mAbs recombinantly. We isolated a panel of antibodies against the G protein that recognize the HeV G, NiV
Bangladesh G, and NiV Malaysia G proteins. The mAbs exhibited a diversity of recognition patterns in that they
fall into multiple competition-binding groups. This panel contains cross-binding and cross-neutralizing antibodies
for diverse NiV and HeV strains. In the work proposed here, we will rapidly discover human NiV/HeV anti-F mAbs
from NiV-immune individuals and outstanding potency anti-G antibodies with extensive characterization,
including synergistic neutralization.

(b) Applying mAb technologies for new mAb isolation. We will use sorting of antigen-specific cells with
recombinant henipavirus F protein antigens, as described above in Specific Aim 1.



E.3.1. Rapid isolation of human anti-HeV/NiV mAbs. (a) Immune cells. We are obtaining human PBMCs
from a number of previously NiV-infected individuals who acquired immunity following natural infection in
collaboration with the icddr,b, an international health research institute based in Dhaka, Bangladesh. We are
collecting a panel of 10 fully de-identified PBMC samples from individuals naturally infected in Bangladesh, in
sample acquisition work supervised by the Vanderbilt Vaccine Center Biorepository with separate institutional
funding. Blood samples are only obtained after informed consent, de-identified, and assigned random specimen
numbers. The studies are approved by the icddr,b and Vanderbilt University Medical Center IRBs. PBMCs
isolated from the blood samples are deposited into the Vanderbilt Vaccine Center Biorepository, but we can
designate their use in this RP4, if funded. (b) Applying mAb technologies for new mAb isolation. We will use
sorting of antigen-specific B cells, cloning of Ab variable genes, and then expression of mAbs as recombinant
IgG. Alternatively, cells can be expanded on feeder layers expressing CD40 ligand, IL-21, and BAFF. As above,
we can use high-throughput systems to capture Ab genes directly from viral protein-specific Ab-secreting B cells
on the Berkeley Lights Beacon® optofluidic platform or through single-cell RNA-seq approaches (10X Genomics
and BD Rhapsody™), and this may be helpful for rarer antigen-specific B cells. We will sort soluble fusion (sF)
or attachment (G) protein-specific cells with recombinant viral surface protein antigens from Core D (Table 6).

(c) Ab screening and sequence analysis. Our goal is to identify human anti-NiV/HeV mAbs rapidly, as if we
had to respond to a paramyxovirus outbreak in real time. We will single-cell sort antigen-specific B cells using
recombinant HeV and NiV proteins (sF or G) as bait as described in Specific Aim 1 above.

(d) Recombinant mAb cloning. As described in Specific Aim 1 above.
(e) Micro-scale mAb expression. As described in Specific Aim 1 above.

(f) CPE-based HeV/NiV neutralization assay using RTCA. As above, we have established a high-throughput
assay to assess mAb-mediated neutralization of viruses through the detection of CPE. In
this aim, we will apply this method to assess neutralization of HeV and NiV. We will use
rVSV HeV and NiV surrogates that expresses henipaviurs surface proteins and cause CPE.
Investigators in RP2 and RP3 have VSV-NiV F and VSV-NiV G with GFP3*, VSV-NiV G Nioah SF
without GFP3¢ and VSV-HeVG (Geisbert and Cross, unpublished). We will obtain these all Hepndra SF
these VSV constructs from investigators in PABVAX. A decrease in cell impedance due to [Niv G
CPE and a corresponding decrease in GFP expression will identify mAbs with neutralizing
activity against HeV and NiV. We also can use Cedar virus constructs for neutralization assays as the have
reduced pathogenicity*® and can be used in high-throughput screening assays for henipavirus antiviral
discovery*’. Cedar viruses will be provided by Dr. Broder of RP2. The mAbs with most potent activity will be
moved forward for additional studies to identify an optimal anti-HeV/NiV mAb combination.

E.3.2. Identifying HeV/NiV mAb combinations. (a) Epitope mapping through competition-binding studies.
Using previously established methods for competition-binding assays in Octet HTX biosensor (biolayer
interferometry) (as above, Fig 2) or high-throughput analytical flow cytometry (using an iQue Plus screener), we
will identify mAb pairs that can simultaneously bind HeV/NiV surface proteins and validate their epitopes. We
will perform competition-binding studies with HeV/NiV sF or G proteins (as above). We will include positive
controls made recombinantly from some of the mAbs shown in the preliminary data above for the identification
of mAbs that can concurrently bind HeV/NiV proteins with a goal of finding more potent clones at those sites or
clones that complement these mAbs. (b) Synergy studies using RTCA. To assess functional compatibility of
the anti- HeV/NiV mAb pairs, we will assess neutralization potency using the RTCA platform. We anticipate
testing up to 15 mAb combinations, using rational selection based on preliminary epitope mapping data. We can
assess for synergy, additivity, or antagonism of neutralization. Based on these results, we will down-select
neutralizing mAb pairs, with our priority on combinations with synergistic effects. (c) Identification of key
binding residues of human anti-HeV/NiV mAbs by neutralization escape analysis. The generation of mAb
combinations should increase the barrier to viral escape. To assess whether combination mAb pairs reduce the
incidence of viral escape, we will perform in vitro neutralization escape mutant analyses. For these analyses, we
will passage VSV-NiV F, VSV-NiV G and VSV-HeV G constructs at BSL-2 in the presence of saturating
concentrations of HeV/NiV mAbs (single or combination) using RTCA to detect virus-induced CPE. Resistant
virus will induce CPE, and supernatants will be extracted for sequencing. Even if partial escape occurs, virus
fitness may suffer. We can test the level of infection of VSV-HeV/NiV escape variants in the presence of mAbs.

E.3.3. Structural basis of neutralization by anti-HeV/NiV mAb combinations. For a limited number of mAb
pairs (n = 3), we will determine the structural basis of this synergy with cryo-EM and crystallography, as described
in Specific Aim 1 above.

E.3.4. Protective efficacy of human anti-henipavirus mAbs. (a) Studies in hamsters. MAbs that meet the
above criteria and demonstrate acceptable manufacturability (Core D), will advance to in vivo testing. We will
use an established hamster model of NiV or HeV infection that the Core E investigators have deployed. To



benchmark our mAbs, a separate set of hamsters will be treated with G mAbs HENV-103+HENV-117, which we
showed in previous data above confers substantial protection®. Groups of 6-8 hamsters will be treated with low,
medium, or high IgG doses) of single or combinations of anti-HeV/NiV mAbs, or isotype controls at day +1 after
inoculation with HeV or NiV. This approach allows us to determine whether combinations provide advantage over
the best HeV or NiV mAb monotherapy treatments. These experiments will be repeated at least two independent
times. We expect to test 10 single mAbs and 5 pairs of anti-HeV and anti-NiV mAbs in these studies. Protection
will be assessed using the following metrics: (i) survival; (ii) weight loss; (iii) clinical scores; (iv) viral burden
measurements at day 3 after HeV or NiV exposure and the day 35 study endpoint by plaque and gRT-PCR
assays. For any animals that show virological breakthrough of infection, deep sequencing will be performed from
recovered viruses to assess for possible emergence of in vivo resistance. From these studies, we expect to
down-select further to 2 optimal HeV/NiV mAb pairs that are comparable to or outperform the mAbs we reported
previously. The lead mAbs will be advanced for further testing in Core E for additional dose-down studies.

(b) Validation of the protective efficacy of a down-selected human anti-HeV/NiV mAb combination
against HeV and NiV in NHPs. As a final test of an optimal anti-HeV/NiV mAb combination, we may assess
efficacy of the lead anti-HeV/NiV mAb pair in NHPs (Core E), selected based on the in vitro, hamster data, and
manufacturability data (Core D). Down-selection for testing in AGMs would only be considered with success in
the hamster studies and in consultation with the external SAB and NIAID program staff.

E.3.5. Applying lessons learned in HeV/INiV research to A s ™ Pre-usion F mAbs mab
Langya, Angavokely and Sosuga viruses. Once we have 1 g = Rosvr .+ ovas
completed the HeV/NiV discovery campaigns, will turn to the test MR\ el Rnind
case pathogen Langya (or alternate Angavokely and Sosuga oo e
(SOSV) viruses) to see if we can use the prototype pathogen

approach for this virus. We have plenty of human PBMCs from the
sole identified SOSV-immune individual and have already shown
that itis possible to obtain HN- and F-specific neutralizing antibodies
from this individual's B cells®® and Fig 4. We also have already i .
prepared recombinant SOSV prefusion F and HN proteins*®. We do MR
not have access to human PBMCs from Langya- or Angavokely- — T
immune donors. For those mAb discovery campaigns, we will use iy
Alloy humanized mouse models as a source of B cells encoding B 4 ® HN mAbs
human mAbs, as above. Mice will be immunized with recombinant 1 1f:.14

protein antigens (Table 7), cDNAs encoding protective antigens, or :j;:zt—*——L = o @ cosus
replication-competent VSV strains encoding o7 = TN > eonvae
protective  antigens for Langya or —r

Angavokely. After the immunization protocol

Mojang sF is completed, animals will be sacrificed Fi%;'“- Ne“tt';_a“zat_im ass(s)asyv()figsv
Angavokely sk humanely,  spleens  collected, and | M7°S2gainstve virus. MADS were

Langya sF h . . tested for inhibition of authentic rSOSV-ZsG in
suspensions of splenocytes (enriched in B | gyadruplicate on Vero-E6 cell culture

cells) will be purified by density gradient selection. Downstream, the | monolayers. (A) Neutralization data for anti-F
generation of human mAbs follows our well-established methods as | mAbs. Data are grouped according to the

above using single-cell RNAseq or human hybridoma methods. The | Pattern of antigen-reactivity: pre-fusion F, pre-
development will follow as for Hev/NiV described above. and post-usion F, or post-fusion F protein. (5)

Neutralization data for the HN-specific mAbs.

Anticipated results, potential problems, and alternative

approaches. In this Aim, we will identify human anti-HeV/NiV mAb combinations with optimal protective activity.
These mAb combinations will be endowed genetically with half-life-extended Fc modifications to produce
vaccine-like therapy options (for humans) for rapid response to emerging HeV/NiV or related paramyxoviruses.
Given our previous ability to generate human anti- HeV/NiV mAbs, as shown in preliminary data, we do not
anticipate problems in isolating anti-HeV/NiV mAbs. We may observe that new mAb combinations do not add
any benefit over individual mAbs. If we do not identify potently protective anti-HeV/NiV mAbs via the planned
approaches, we can also take a target-agnostic approach and perform single-cell RNA-seq (10X Genomics and
BD Rhapsody™) on enriched B cells (i.e., memory B cells) isolated from human NiV-immune PBMC samples.
In addition, we can deep sequence the B cell repertoires present in NiV-immune PBMC samples and identify
clonal lineages, including siblings. Often, additional Abs in the lineages may be more potently neutralizing than
the ones obtained directly from human B cells. Together, through these complementary approaches (antigen-
specific mAb isolation + single-cell RNA-seq + bulk NGS), we likely can select a diverse panel of human anti-
HeV/NiV mAbs. We also anticipate defining key epitopes targeted by potently neutralizing anti-HeV/NiV mAb
combinations that can inform vaccine design (RP2) for related viruses used as test cases in years 2 through 5.
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F. Scientific rigor. Experimental design. Experiments will include biological and technical replicates, and
results will be analyzed by parametric or non-parametric analyses (depending on data distribution) and
corrections for multiple comparisons. ECso (binding) and ICso (neutralization) values will be reported only
following at least 3 identically conducted experiments. All mAb screening will incorporate appropriate + and -
controls. Positive signals in binding assays will be defined as >3 SD above background. Protein quality. We
have a high capacity to purify proteins using a Protein Maker workstation that allows purification chromatography
on 24 parallel columns. We perform QC on protein reagents using a Maurice instrument with capillary
electrophoresis technology to automate our protein profiling either by size or charge, providing clEF and CE-
SDS data. Animal studies will be performed blinded with independent replicates and include negative (e.g.,
placebo), and positive (when available) controls. We will use power calculations (Data Management Core B) to
determine sample sizes. For virological studies, power analysis was performed using accepted values for type |
error (0.05) and power (80%). The values for population variance (15x) are based on existing data sets and our
experience with rodent challenge studies. We will perform experiments at least 2-3 independent times (n = 4-5
each) to attain n = 12-15 per arm. Smaller group sizes can be used if differences are larger than expected.

G. Relevant biological variables. The human mAbs are derived from immune human donors or Alloy mice.
Humans. Human Abs will be isolated for biological, structural, and functional studies at a clonal level. The sample
size is not powered for large scale epidemiologic or clinical study conclusions. There is no evidence that sex,
age, body mass index, or underlying health conditions other than immunodeficiency or immunosuppressive
treatments alters the activity of cloned Abs in structure/function studies. The samples are de-identified without
patient specific identifiers to protect the health information of the donors; thus, research with these samples is
considered Not Human Subjects Research category activity. Mice, hamsters, guinea pigs, NHP, and viruses are
also biological systems used in this application. Conventional animal housing conditions will be used because
there is no evidence that altered room temperatures and light/dark cycles influence paramyxovirus, nairovirus,
or arenavirus pathogenesis. Mice, hamsters, guinea pigs, and NHPs of both sexes will be used, and phenotypes
will be monitored for sex-based differences. Virus stocks will be either low passage seed stocks from natural
isolates or generated from existing cDNA clones and sequence-confirmed prior to use for infection studies.

H. Milestones and quantitative Go/No-Go criteria. Through Aims 1-3, we have proposed experiments that
will advance our knowledge of the mAb-mediated mechanisms of action against paramyxoviruses, nairoviruses,
and arenaviruses. In each Aim, we will use down-selection criteria (as below) to advance mAb combinations or
variants for additional studies. By year 3, we will have defined the principles that govern optimal mAb
combinations for paramyxoviruses, nairoviruses, and arenaviruses and the rational approaches needed to select
mAbs for potency and breadth. We will use the following metrics to advance mAbs: (a) Neutralizing activity. All
mAbs will have neutralizing potency < 10 ng/mL, ECs value; (b) Binding affinity. MAbs will be of high affinity
to surface proteins or virions (Kp < 5 nM). (¢) Protein stability and production quality. MAbs must produce at
high levels without optimization (> 100 mg/L) and show biochemical/functional stability at 4°C or -80°C (>90%
retention of binding and neutralization activity at 30 d). (d) Synergy. Combinations of 2 mAbs against a given
virus ideally will show synergy of neutralization in vitro or at a minimum, additive inhibition (no antagonism); (e)
Epitopes. To avoid resistance, mAbs in combination will bind 2 epitopes (determined by competition binding
(<20% reduction in binding), mapping, and structural studies. (f) Resistance against mAbs will be assessed for
virus escape. Deep sequencing of viruses that emerge from cells or animals treated with mAbs will inform
prioritization. Combinations of mAbs with high genetic barriers to resistance (<10x loss in ECsp) will be advanced.
(g) Protection in mice, hamsters, guinea pigs, or NHPs. The following metrics can be used: (i) Protection
against lethal challenge by homologous virus (>90% survival; (ii) Protection against clinical disease by
homologous virus (>80%); (iii) Protection against infection by homologous virus (>100-fold reduction in viral titers
in multiple organs). (h) pK measurements. For lead protective mAbs with mutations that should confer extended
half-life, we will perform pK studies in NHPs (with Core D and E) to assess levels over time with a goal of a
human predicted serum half-life of >6 months.

Timeline for RP4 Year 1 | Year 2 | Year 3 Year4 | Year 5
Prototype mAb generation and testing: LASV and MACV mAbs X X X X
Test case mAb generation and testing: Lujo and Chapare mAbs X X X
Prototype mAb generation and testing: CCHFV mAbs 1:
Test case mAb generation and testing: Kasokero mAbs
Prototype mAb generation and testing: NiV/HeV mAbs X X X
Test case mAb generation: Langya, Angavokely/Sosuga mAbs X X X X
In vivo efficacy studies with Core E X X X X X
Translational activities with Core D X X X X X
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A. BACKGROUND AND SIGNIFICANCE. Paramyxoviruses, nairoviruses, and arenaviruses are widely
distributed RNA viruses that cause severe human syndromes. Because of their geographical distribution and
expansion, changes in human demographics and increased exposures to wild animals including rodents and
bats, and their capacity for human-to-human spread, these viruses have the potential to cause pandemics.
Together with the other investigators in PABVAX, we have selected several important prototype
paramyxoviruses, nairoviruses, and arenaviruses to study to learn the rules governing immunity to these
pathogens. The work on the pathogens selected is justified based on their prevalence and severity alone, but
also because of their ability to serve as prototypes for genetically related viruses. We chose the viruses for focus
in this RP4 on human antibody development because of their clinical relevance and because several will be
studied as prototypes for vaccine development in RP1 (arenaviruses, nairoviruses) and RP2 (paramyxoviruses).
Among the arenaviruses, we will target Lassa virus (LASV) and Machupo virus (MACV), and among the
nairoviruses, we will study Crimean—-Congo hemorrhagic fever virus (CCHFV). In tandem with the vaccine
projects in RP2 focused on paramyxoviruses, we will study Nipah virus (NiV) and Hendra virus (HeV) as the
prototypes. Information about the principles we discover about critical neutralizing epitopes identified here in
RP4 with prototype viruses can feed back into all other Projects that address the subsequent plug and play test
cases in later years (Lujo, Chapare, Kasokero, Langya).

LASV is an Old World arenavirus (OWAV) with a single-stranded RNA virus belonging to the Arenaviridae family.
Infection in humans is often the result of exposure to infected excreta from the rodent reservoir, Mastomys
natalensis where up to 500,000 cases and an estimated 5,000 deaths occur annually in West Africa2. While
rodent infection is largely benign, human infection can result in severe hemorrhagic disease with neurological
complications and long-term hearing and vision sequelae®“. There are no approved vaccines or treatments for
LASV infection. MACV is a New World Arenavirus (NWAV) and the causative agent of Bolivian Hemorrhagic
fever. Humans are infected after exposure to excreta from the reservoir, Calomys callosus, the large vesper
mouse. Disease in humans has a slow onset, but can progress to severe hemorrhagic fever coupled to insidious
neurological complications including tremors, seizures, and paralysis®. There are no approved vaccines or
therapies approved for MACV. CCHFV is a highly pathogenic tick-borne virus classified under the Nairovirus
genus within the Bunyaviridae family®. CCHF outbreaks have a case fatality rate of up to 40%, and there are no
vaccines or treatments approved for human use._NiV/HeV. Bat-borne, NiV and HeV are enveloped, negative-
sense, single-stranded RNA viruses belonging to the Henipavirus genus within the Paramyxoviridae family’.
These emerging zoonotic viruses pose a significant threat to human and animal health due to their high fatality
rates and broad host range. As with the other prototype virus in the PABAX Center, there are no vaccines or
treatments against henipaviruses licensed for human use.

Antibodies (Abs) are important correlates of protection for paramyxoviruses, nairoviruses, and arenaviruses.
Immune sera against members of each of these groups of viruses has been shown to exhibit protective efficacy
in vivo, which supports the use for Abs as treatment options. However, the specificity, functional properties, and
other attributes of protective antibodies are poorly defined for most of these viruses. MAbs to the attachment and
fusion surface proteins of paramyxoviruses (such as the G and F proteins of Hendra/Nipah®® and the GP proteins
of the arenaviruses like LASV'®') can neutralize and protect against infection in rodent models. CCHFV is a bit
of a conundrum in that ultrapotent human neutralizing antibodies to the related Rift Valley fever virus surface
proteins are highly protective in vivo'?'3, but CCHFV neutralizing antibodies are not protective. In contrast, some
non-neutralizing antibodies do protect partially for CCHFV'4. Clearly, there is a lot to learn about the rules of
immunity to these viruses, and the genetic, molecular, and structural basis of antibody-mediated protection for
viruses like CCHFV. Based on these data, we propose the use of mAbs as treatment options to learn the rule of
how to protect against emerging paramyxoviruses, nairoviruses, and arenaviruses and to develop candidate
antibody countermeasures for translational development with Core D. To do so, we will further develop our
technical methods for rapidly discovering mAbs, in the case of a future unexpected epidemic caused by viruses
of these families. Most importantly, we will define the principles governing combination antibody therapy to
prevent virus escape from treatment or prevention and to optimize the efficacy of the beneficial effects conferred
by passive immunity.

B. SCIENTIFIC PREMISE. The work proposed here in RP4 is based on the extensive basic, translational, and
clinical trial data on the role of neutralizing Abs in protection against infection and disease caused by
paramyxoviruses, nairoviruses, and arenaviruses. Although a significant amount of data supports the use of
mAbs to prevent or control paramyxovirus, nairovirus, and arenavirus infection, many questions remain, such as
the ideal epitopes to target with mAb combination therapy to improve upon neutralization potency, in vivo efficacy,
and resistance to viral escape. Identifying these epitopes can help inform vaccine design to elicit optimal
protective polyclonal responses (in RP1 and RP2, especially with designs for test cases in years 4 and 5). Here
we aim to refine our understanding of the correlates of mAb protection against paramyxoviruses, nairoviruses,
and arenaviruses to enable the design of a modular “plug-and-play” workflow to rapidly respond to potential



pandemics by generating optimized combinations of vaccine-like mAbs with an extended half-life that could be
used for long-term prophylaxis (> 6 months) and therapy.

C. INNOVATION. RP4 has many innovative conceptual and technical features including: Conceptual. (1)
determining the principles that govern optimal combinations of human mAbs against paramyxoviruses,
nairoviruses, and arenaviruses for protection and resistance to viral escape; (2) the development of a clear
workflow that generates therapeutic or preventative antibodies (long half-life mAbs that serve as vaccine
surrogates) against emerging or new paramyxoviruses, nairoviruses, and arenaviruses with pandemic potential.
Our goal is to define the principles and features, including epitope, combination ratios, and mechanisms of action,
that result in optimal efficacy of mAbs against paramyxoviruses, nairoviruses, and arenaviruses in animal models
and create a higher barrier for resistance. These studies will serve as paradigms for rapid antibody discovery in
response to future paramyxovirus, nairovirus, and arenavirus pandemic threats. Technical. (3) large-scale B cell
repertoire sequencing with customized methods and software; (4) use of humanized (Alloy) mice and novel
immunogens from RP1 and RP2 and Core D; (5) single B cell functional (neutralization) assays performed on a
Beacon instrument; (6) development of high-throughput real-time label-free virus neutralization assays
(xCELLigence platform); and (7) use of simultaneous in parallel screening with several different high-throughput
virus-specific B cell isolation approaches (Beacon, 10X Genomics, Rhapsody) to generate and validate best-in-
class human mAbs as candidate medical countermeasures.

D. LINKAGE TO OTHER PABVAX PROJECTS AND CORES. The group will focus on developing a modular
test case platform for rapid selection of highly neutralizing and/or protective mAbs against paramyxoviruses,
nairoviruses, and arenaviruses. Members of our group have active collaborations with most members of the
PABVAX Center as reflected in previous collaborations and publications (see Overall document). We will
interact extensively with the Animal Model and Preclinical Evaluation Core (Core E) to study neutralization
against authentic viruses and to test for protection in small and large animals as well as with RP3 for testing
paramyxovirus mAbs. The knowledge gained from our studies on the structure-function relationships of
neutralizing mAb combinations can be applied to rational vaccine design for RP 1 and RP2 in later years of the
effort when we pivot to apply the lessons learned to the same test case targets as RP1 and RP2. Numerous
antigens will be made available to our RP. Finally, long-half-life Fc mutations are now available based on
engineering of human IgG1 for enhanced binding to the neonatal Fc receptor (FcRn) such as LS (M428L
IN434S)'5, or YTE (M252Y/S254T/T256E)'® mutations. With = 90 days half-life in humans, our approach will
generate mAbs with vaccine-like properties that remain effective for months during a virus epidemic and thus
provides a platform for response to future paramyxovirus, nairovirus, and arenavirus pandemic threats, a key
goal of our PABVAX Center. Our laboratory previously validated this vaccine surrogate concept when we
isolated the human mAbs that formed the basis for Evusheld with YTE long-half-life Fc mutations (used in 70
countries and millions of people) that exhibited > 6 months protective levels in humans after single IM injections.

E. APPROACH

E.1. Specific Aim 1. Discover potently neutralizing arenavirus combination therapies. For the prototypes,
we will focus on LASV, an Old-World virus and MACV, a New-World virus. We will investigate the principles
underlying antibody-mediated arenavirus protection. Preliminary evidence suggests that potent virus
neutralization is a mechanistic correlate of protection for arenaviruses'”'®. RP1/Core D will provide optimized
antigens for mAb selection for the Prototype LASV and MACV (or subsequent Test Cases). We will use a
workflow for rapid identification of potently neutralizing mAb combinations for LASV and MACV. We will generate
mAbs from individuals with prior natural infection or use transgenic mice with human antibody repertoires. Alarge
panel of human anti-LASV and anti-MACV mAbs will be generated using multiple approaches (immune human
B cells and immunized humanized mice), and highly neutralizing mAbs will be evaluated to identify optimal
combinations. The best mAb combinations will be assessed to determine the minimal effective dose for
protection, and the lead mAb combination therapy(ies) will be transferred to Core E for further evaluation and
ultimately testing in an NHP model of LASV or MACYV infection. Leads will be transferred to Core D for further
translational development as medical countermeasures. The prototype LASV and MACYV will be studied in years
1 to 3, followed by mAb discovery efforts for Test Cases Lujo and Chapare viruses based on the established
principles in years 4-5.

Preliminary Data. (a) Potently neutralizing human anti-LASV and anti-MACV mAbs. The Crowe laboratory
has previously characterized panels of neutralizing human anti-viral human mAbs from virus-immune or
vaccinated individuals for about 50 viruses, mostly RNA viruses. Isolated peripheral blood mononuclear cells
(PBMCs) are used to generate hybridomas or alternatively antigen-sorted at single B cell level and antibody
variable genes sequenced to generate mAbs recombinantly. Panels of human anti-viral mAbs are produced
rapidly (we recently reported isolation of 15,000 mAb gene pairs from single Ebola-virus-specific human B cells




from a single blood sample of an immune individual'. Previous studies by N
others clearly show that representative neutralizing and protective human =
antibodies can be isolated from LASV-immune subjects?°-?4. In this Aim, we will
refine the approaches we have developed previously for other RNA viruses in o
a proof-of-concept study by identifying potently neutralizing combinations of
anti-LASV and anti-MACV human mAbs. We will rapidly discover human anti-
LASV mAbs from LASV-immune individuals and human anti-MACV mAbs by
immunizing Alloy transgenic mice. Synergy studies will be performed to identify
optimal mAb combinations by pairing them. Through these studies, we aim to
identify optimal anti-LASV and anti-MACV mAb combinations and further
advance the discovery platform for rapid response against emerging
arenaviruses.

(b) Advanced mAb technologies. The Crowe laboratory has developed some
of the highest yield systems to isolate naturally occurring human mAbs using )
human hybridoma or advanced single-cell RNA-seq methods (Fig 1). We have =
used sorting of antigen-specific cells with recombinant viral surface protein
antigens (like the GP1 and GP2 proteins we will use here), cloning of Ab
variable genes, and then expression of mAbs as recombinant IgG. Alternatively, .
cells can be expanded on feeder layers expressing CD40 ligand, IL-21, and
BAFF. One variation we will use is to capture Ab genes directly from viral "
glycoprotein-specific Ab-secreting B cells on the Berkeley Lights Beacon® Figure 1. Single cel _
optofluidic platform or through single-cell RNA-seq approaches (10X Genomics 5MC samples are used fo ;?”::tg’é 5
and BD Rhapsody™), as we have done for Ebola virus'®2®> and SARS-CoV-2"%%  ¢iecific B cells. Expansion allows us to

31, These single-cell techniques enhance the capture of rare antigen-specific B further assess the functionality of the B
cells cells or for antibody sequencing.

Recombinant mAb expression validates
E.1.1. Rapid isolation of human anti-LASV and anti-MACV mAbs. (a) the mAb sequence and functional

Immune cells. We have obtained human PBMCs from one previously LASV- 2ctivity- Figure is adapted from '
infected individual who was medically managed previously by Emory University in their infectious diseases
containment unit. This person has a documented robust neutralizing serum antibody response, suggesting
isolation of neutralizing human mAbs from these PBMC aliquots will be straightforward for us. Our colleagues in
RP1 have ongoing field operations for over a decade in Sierra Leone, Liberia, and Nigeria. This work is currently
in association with the NIH-Centers for Research on Emerging Infectious Diseases (CREID) with a heavy focus
on the study of LASV ecology, epidemiology, and host responses. RP4 is currently working with RP1 on
obtaining PBMCs from ~10 individuals with prior laboratory-confirmed cases of LASV. The acquisition of these
samples is being managed by the Vanderbilt Vaccine Center Biorepository with separate institutional funding to
be de-identified prior to use in the studies proposed here. Blood samples are only obtained after informed
consent, de-identified, and assigned random specimen numbers. The studies have been approved by the
Vanderbilt University Medical Center IRB. PBMCs isolated from the blood samples will be deposited into the
Vanderbilt Vaccine Center Biorepository, but we can designate their used for mAb generation in this RP4, if
funded. For anti-MACV mAbs, as a human PBMC source is not readily available, we will immunize Alloy
humanized mice. These animals yield PBMCs that secrete fully human mAbs. Alloy mice are used routinely in
the Crowe lab workflow.

(b) Ab screening and sequence analysis. Our goal is to identify human anti-LASV and anti-MACV mAbs in a
rapid manner to mimic a pandemic response to an outbreak. We will single-cell sort antigen-specific B cells using
recombinant LASV or MACV proteins (e.g., Table 1) or non-infectious viral particles as bait. These cells will be
expanded on feeder layers expressing CD40 ligand, IL-21, and BAFF for downstream applications, including
LASV and MACV neutralization assays. Alternatively, we will use the Berkeley Lights
Beacon® optofluidic platform, which can functionally ascribe GP protein or virus-particle
binding to single B cells. These cells are exported for sequencing of the variable gene Lassa Josiah NP
regions and analysis using the PyIR software developed in the Crowe laboratory. We will Lassa Josiah GPe
select a panel of up to 500 neutralizing anti-LASV mAbs and a similar number of anti-MACV e o o5 Gpe
mADbs to express recombinantly and advance for further characterization. We can easily ["machupo NP
conduct multiple approaches simultaneously in parallel’32.

(c) Recombinant mAb cloning. We will synthesize heavy and light chain variable regions for cloning,
expression, and downstream functional assays to validate the mAb sequence. We will perform high-throughput
synthesis of mAb genes using a custom, commercial synthesis platform (Twist Bioscience). MAb genes are
Gibson-assembly-cloned on-instrument into our custom full-length Ig expression vectors.



(d) Micro-scale mAb expression. The Crowe laboratory has the capacity for large-throughput micro-scale mAb
expression and purification. The lower end of this range allows expression of thousands of mAbs, which will feed
into automated mAb purification platforms. This approach allows early-stage assays to identify candidate mAbs
that will then be produced at larger scale by Core D with a variety of Fc mutants to assess the role of Fc-mediated
effector functions in vivo (Core E).

(e) A CPE-based LASV and MACYV neutralization assay using RTCA. We have established a high-throughput
assay to assess mAb-mediated neutralization of viruses through the detection of cytopathic effect (CPE). Here,
we will apply this method to assess neutralization of LASV. Recently, we validated the inclusion of simultaneous
live-cell fluorescence microscopy into this real-time CPE-based screening platform (xCelligence RTCA eSight).
These capabilities expand the platform to screen viruses that may or may not induce CPE, allowing us to also
use a replication-competent vesicular stomatitis virus (VSV) LASV surrogate that expresses LASV surface
proteins and causes CPE®. Currently, we have a VSV-LASV-Josiah (lineage 1V)** and a Sauerwald version
(lineage 1) of these recombinants. Making additional LASV VSV-LASVs is not difficult, and RP1 will make the
other missing lineages or needed arenaviruses based on the same approaches as previously published. RP1
also can easily make versions of these VSVs that express the green fluorescent protein (GFP) reporter gene.
Existing VSV-CCHFV, VSV-NiV, and VSV-HeV vectors343¢ will be provided by Dr. Geisbert overall Pl and Lead
of Core E. We already have Vanderbilt IBC approval for use of these constructs. A decrease in cell impedance
due to CPE and a corresponding decrease in GFP expression if used will identify mAbs with neutralizing activity
against LASV. These mAbs will be moved forward for additional studies to identify an optimal anti-LASV mAb
combination. Similar processes will be followed to determine neutralization capacity of MACV mAb candidates.

E.1.2. Identifying LASV and MACV mAb combinations. (a) Epitope mapping through competition-binding
studies. Using previously established methods for competition-binding assays in Octet HTX biosensor (biolayer
interferometry) or high-throughput analytical flow cytometry (using an iQue Plus screener), we will identify mAb
pairs that can simultaneously bind LASV or MACV and validate their epitopes. We will perform competition-
binding studies with GP or subunit proteins (as above) or virus-like particles (VLPs)* available from Core E at
UTMB. Core E will also inactivate LASV and MACYV virus particles that they have at UTMB by gamma irradiation
and safety test and send those to our Vanderbilt site (we have previously accomplished this transfer with Ebola
and Marburg particles). Inactivated virus particles will be used in ELISA. We will include positive controls made
recombinantly from previously reported antibodies for the identification of mAbs that can concurrently bind LASV
or MACV with a goal of finding more potent clones at those sites or clones that complement these inhibitory
mAbs. (b) Synergy studies using RTCA. To assess functional compatibility of the anti-LASV or anti-MACV
mAb pairs, we will assess neutralization potency using the RTCA platform. We anticipate testing up to 15 mAb
combinations for each virus, using rational selection based on preliminary epitope mapping data. We can assess
for synergy, additivity, or antagonism of neutralization. Based on these results, we will down-select mAb pairs,
with our priority on combinations with synergistic effects. (c) Identification of key residues binding residues
of human anti-LASV and anti-MACV mAbs. To determine the key residues for binding of down-selected mAbs,
we will perform deep mutational scanning®®. Briefly, all amino acids of the GP proteins will be mutated to the
other 19 amino acids with a unique barcode using PCR-based mutagenesis. The LASV or MACV GP protein
library will be incubated with the appropriate mAbs to identify residues with loss-of-binding phenotypes. A
sequence ‘logo’ showing the relative contributions of each amino acid mutation will identify residues critical for
binding. Multiple amino acid substitutions can then be assessed by reverse genetics at UTMB to confirm the
epitopes recognized by the down-selected mAbs. This method also serves as a surrogate for in vitro
neutralization escape studies. (d) Neutralization escape analysis. The generation of mAb combinations should
increase the barrier to viral escape. To assess whether mAb pairs reduce the incidence of viral escape, we will
perform in vitro neutralization escape mutant analyses. For these analyses, we will passage VSV-LASV or VSV-
MACYV constructs at BSL2 in the presence of saturating concentrations of mAbs (single or combination) using
the RTCA platform to detect virus-induced CPE. Resistant virus will induce CPE, and supernatants will be
extracted for sequencing. Confirmatory reverse genetics studies will be performed by introducing mutations into
an infectious cDNA clone of LASV or MACV by RP1 to test neutralization. We hypothesize that escape will be
less likely in the presence of mAb combinations than single mAbs. Even if partial escape occurs, virus fitness
may suffer. We can test this concept in vivo by determining the level of infection of escape variants in the
presence of mAbs.

E.1.3. Structural basis of neutralization by mAb combinations. The studies above should identify optimal
anti-LASV and anti-MACV mAb combinations that simultaneously bind, neutralize, and increase the barrier for
viral escape under mAb selective pressure. For a limited number of mAb pairs (n = 3), we will determine the
structural basis of this synergy with cryo-EM and crystallography, for which we have all capabilities and
equipment in our laboratory in the Vanderbilt Vaccine Center, Vanderbilt Structural Biology Core, and external
synchrotron sources. An understanding of the structural basis and rules governing an optimal neutralizing mAb



combination can be applied to mAb therapy development against arenavirus pandemic threats and inform
vaccine design for arenavirus by identifying key epitope targets (RP1).

E.1.4. Protective efficacy of human anti-arenavirus mAbs. (a) Studies in guinea pigs. MAbs that satisfy the
criteria stated above and that display stage-appropriate manufacturability characteristics will advance to in vivo
testing. We will use established models of LASV'3 and MACV#%#! infection in guinea pigs. PABVAX Core E
has access to many strains from different LASV and MACYV lineages, which will be tested. For prioritization, we
will focus on LASV lineage I, Ill, and IV strains and MACYV lineage I, Il, and VIl strains for which uniformly lethal
models are available. Groups of 6 outbred Hartley guinea pigs will be treated with low, medium, and high doses
of single or combinations of anti-LASV or anti-MACVs mADb, or isotype controls at day +1 after inoculation with
the LASVs or MACVs This approach allows us to determine whether combinations provide advantage over the
best monotherapy treatments. These experiments will be repeated at least two independent times. We expect
to test 10 single mAbs and 5 pairs of anti-LASV and anti-MACV mAbs in these studies. Protection will be
assessed using the following metrics: (i) survival; (ii) weight loss; (iii) clinical scores; (iv) viral burden
measurements (blood) at day 5 or 6 after LASV or MACV challenge and the day 35 study endpoint by plaque
and gRT-PCR assays. For any animals that show virological breakthrough of infection, deep sequencing will be
performed from recovered viruses to assess for possible emergence of in vivo resistance. From these studies,
we expect to down-select further to 2 optimal LASV and MACV mAb pairs that are comparable to or outperform
previously reported mAbs for further testing in Core E for additional dose-down studies.

(b) Validation of the protective efficacy of a down-selected human anti-LASV and anti-MACV mAb
combination against LASV or MACV in NHPs. As a final test of an optimal anti-LASV and anti-MACV mAb
combinations, we will assess protective efficacy of the lead anti-LASV mAb pair in NHPs as well as the anti-
MACYV mAb pair in NHPs. These anti-LASV and anti-MACV mAb pairs will be selected based on the in vitro and
guinea pig data from Core E and manufacturability data from Core D. Down-selection for testing in cynomolgus
monkeys will only be considered pending success in the guinea pig studies and consultation with the external
Scientific Advisory Board (SAB) and NIAID program staff.

E.1.5. Applying lessons learned in LASV and MACYV research with the selected test case pathogens for
mAb generation: Lujo and Chapare mAbs. Once we have completed the LASV and MACV discovery
campaigns, will turn to the test case pathogens to see if we can use the prototype pathogen approach to related
viruses, Lujo (LUJV) and Chapare (CHAPV). We do not have access to human PBMCs from LUJV - or CHAPV-
immune donors. As an alternative approach, we will use humanized mouse models as a source of B cells
encoding fully human monoclonal antibodies. The Vanderbilt core investigators have an established fully
executed agreement to use Alloy human antibody mice for this purpose (See Letter of Support). The Alloy ATX-
Gx™ mouse is one of the most effective in vivo human antibody discovery platforms, with over 140 partners and
counting. This mouse system was originally invented and validated inside a major pharma company and then
further developed by Alloy. This foundational suite of highly immunocompetent transgenic mice is engineered to
drive the greatest potential diversity of unique human antibodies binding to the viral target of interest, with broad
epitopic coverage. The comprehensive functional human antibody repertoire in these mice is optimized for
human Ab sequence developability and diversity. Alloy and Vanderbilt have already executed a simple licensing
process for use of the ATX-Gx platform, and as an established partner the Vanderbilt core team will access the
expanding portfolio of transgenic Alloy strains designed to address a range of discovery challenges (including
diverse Ab isotypes). Mice will be immunized with conformationally correct recombinant
protein antigens (Table 2), cDNAs encoding protective antigens, or replication-competent
VSV strains encoding protective antigens for the target of interest. After the immunization
protocol is completed, animals will be sacrificed humanely, spleens collected, and [ YV NPNTD
suspensions of splenocytes (enriched in B cells) will be purified by density gradient (n—l
selection. Downstream, the generation of human mAbs follows our well-established sy ~enNTD
methods as above for making human mAbs from B cells using single-cell RNAseq or [ chapvare
human hybridoma methods. The development will follow as for LASV and MACYV. CHAPV NP NTD +GPe

Anticipated results, potential problems, and alternative approaches. In this Aim, we will identify human anti-
LASV and anti-MACV mAb combinations with optimal neutralizing and protective activity. These mAb
combinations can be endowed genetically with half-life-extended Fc modifications to produce vaccine-like
therapy options (for humans) for rapid response to emerging LASV, MACYV, or related arenaviruses. Given our
previous ability to generate human antiviral mAbs, we do not anticipate problems in isolating anti-LASV or anti-
MACV mAbs. We may observe that mAb combinations do not add any benefit over individual mAbs. If we do not
identify potently neutralizing anti-LASV or anti-MACV mAbs via the planned approaches, we can also take a
target-agnostic approach and perform single-cell RNA-seq (10X Genomics and BD Rhapsody™) on enriched B
cells (i.e., memory B cells) isolated from human LASV-immune PBMC samples. In addition, we can deep
sequence the B cell repertoires present in LASV-immune PBMC samples and identify clonal lineages, including




siblings. Often, additional Abs in the lineages may be more potently neutralizing than the ones obtained directly
from human B cells. Together, through these complementary approaches (antigen-specific mAb isolation +
single-cell RNA-seq + bulk NGS), we likely can select a diverse panel of human anti-LASV mAbs. We also
anticipate defining key epitopes targeted by potently neutralizing anti-LASV mAb combinations that can inform
vaccine design (RP1) for related viruses being used as test cases in years 4 and 5. In the case that VSV-LASV
does not cause sufficient CPE via the RTCA platform (highly unlikely), established focus reduction neutralization
assays that detect VSV-LASV-infected foci will be used to identify mAbs with synergistic properties. Furthermore,
for competitive binding assays, biolayer interferometry using the high-throughput Octet HT X instrumentation also
can be used to assess binding of mAbs in solution.

E2. Specific Aim 2. Discover a protective CCHF virus mAb combination therapy. Establishing the generality
of protection approaches against nairoviruses, we will perform a mAb discovery proof-of-concept campaign for
the Prototype CCHFV. Preliminary studies have identified human anti-CCHF
mAbs with varying levels of protection in experimentally infected
animals™4243 We will isolate a large panel of human anti-CCHFV mAbs and
determine the rules governing optimal mAb combinations through
competition-binding, epitope mapping, neutralization, and viral escape
studies. Lead antibodies with acceptable manufacturability characteristics
(Core D) and the highest capacity to overcome resistance while maintaining
potency of protection will be selected. The structural basis of their activity | |z . .
will be established using structural biology techniques (electron | |T— /1 . gmBie=
microscopy and crystallography). Lead mAb cocktail therapies will be T amE
evaluated for in vivo protective efficacy in STAT17~ mice (with Core E). As W
a final test of an optimal anti-CCHFV mAb combination, we will assess —
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protective efficacy of the lead anti-CCHFV mAb pair in NHPs, to be selected
based on the in vitro and mouse data from Core E and manufacturability
data from Core D. Down-selection for testing in cynomolgus monkeys
studies would only be considered pending success in the mouse studies and
consultation with the external Scientific Advisory Board and NIAID program
staff. In years 4-5, we will apply the lessons learned to the plug and play
test case Kasokero virus (KASV) in collaboration with RP1, Core D, and
Core E.

Preliminary Data. (a) Potently neutralizing and non-neutralizing human
anti-CCHFV mAbs. In this Aim, we will rapidly discover human anti-CCHFV
mAbs from CCHFV-immune individuals and perform synergy studies to
identify optimal mAb combinations by pairing them. Through these studies,
we aim to identify an optimal anti-CCHFV mAb combination and further
advance the discovery platform for rapid response against emerging

Figure 2. Competition assessment
of human Abs to CCHFV using M-
segment expressing cells. We
tested 28 mAbs in competition assays.
MADbs are displayed in 8 groups (A-H)
based on their ability to compete for
binding. Values shown are the % of
binding that occurred during
competition compared to non-
competed binding of the mAb. This
value was normalized to 100%. The
values are also indicated by the box fill
color; darker colors toward black
indicate higher competition and lighter
colors toward white indicate less
competition, on a gradient scale.

nairoviruses. In preliminary experiments in collaboration with
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investigators in RP1 and Core E, the Crowe laboratory has previously 1004
isolated and characterized panels of neutralizing human anti-CCHFV 80
human mAbs from individuals who were convalescent after naturally- g 60
acquired laboratory-confirmed infection in Spain or Turkey. We R
isolated a panel of antibodies against CCHFV that recognize the M- 20
segment in transfected cells, and they exhibit a diversity of 0

recognition patterns in that they fall into multiple competition-binding
groups (Fig 2). This panel contains cross-binding and cross-
neutralizing antibodies for diverse strains. We observed a human
mAb designated CCHF-82 competing with competition group 1 and
group 2 antibodies from the previously isolated GP38-reactive murine
antibodies. CCHF-82 showed some protection in a STAT17~ mouse
model of infection conducted by investigators in RP1 (Fig 3). Further
investigation with this antibody in the IbAr10200 prophylaxis and
therapeutic models is warranted. In contrast, the CCHFV-neutralizing
mAbs that we isolated and tested in vivo did not perform well in the
Turkish strain STAT17~ mouse model. We now know protection in this
model is possible, given the work from Fels et al., 2021 who showed
that potent antibodies against various sites on the Gc surface can
afford protection in this model*?. However, in their study they did not
test GP38-reactive antibodies. To our knowledge, our preliminary

0 3 6 9121518212427

Days post-infection

Figure 3. Human mAb CCHF-82 provides
partial protection as a post-exposure
prophylaxis against the Turkish strain of
CCHFV in the STAT1™~ mouse model.

A single dose of mAb was administered by the
IP route to mice (n=6 per group (3 male, 3
female)) at 30 min post infections. A lethal dose
of Turkish strain of CCHFV was administered.
CCHF mAbs or DENV-2D22 (an isotype-
matched negative control mAb) were tested in a
single dose of 250 ug per mouse. Kaplan-Meier
survival curves were statistically analyzed using
a log-rank (Mantel-Cox) test where mAb-treated
animals (P value shown in figure) were
compared to animals treated with the DENV-
2D22 negative control mAb. Unpublished data.




data is the first indication that a human GP38-targeting antibody can provide some protection in this mouse
model.

Non-neutralizing murine mAbs protect in mouse models of infection'™, but it is unknown if the human antibody
response could provide similar levels of protection. Murine mAb 13G8 binds to GP38 and does not neutralize
CCHFV. This mAb provides protection against lethal challenge as a prophylaxis and a therapeutic against
CCHFV. In preliminary experiments we sought to understand if human survivors of CCHFV infection possess B
cells encoding mAbs that bind a similar epitope as 13G8 and provide protection. CCHF-82 competes for binding
with 13G8 to preGn-transfected cells containing GP38. This antibody offered some protection as a post-exposure
prophylaxis against the Turkish strain of CCHFV (Fig 3). Human antibodies like this should be further studied
and the frequency of these clones should be elucidated to understand if this is a feasible strategy for future
vaccine efforts for humans. The epitope that 13G8 and CCHF-82 identifies could inform vaccine design if these
antibodies offer protection in larger animal models. Understanding how non-neutralizing antibodies function is
critical in efforts to validate the GP38-binding class of antibodies. Golden et al. undertook a study to understand
the mechanisms 13G8 functioned and observed that complement activation contributes to the protective capacity
of this antibody'*. Here, in studies of CCHF-82, we also will assess complement activation in mouse models of
infection to fully understand the function of this mAb in vivo. Furthermore, if this mAb protects in the CCHFV
IbAr10200 strain challenge model, assessing its mechanism is warranted. Together with Core D, we will assess
IgG molecules with complement knockout (“KA”) and Fc gamma receptor knockout (LALA-PG) mutations in the
Fc domain to study this matter. Human mAb CCHF-82 displayed limited cross-protection against experimental
infection with the Turkish strain of CCHFV. Our antibody isolation here will aim to identify cross-protective non-
neutralizing antibodies reactive with GP38. Recently, vaccinating with NP was shown to be another way to elicit
non- neutralizing antibodies**. The NP of CCHFV is more conserved than the glycoproteins and might also be a
non-canonical target for the identification of cross-protective non-neutralizing antibodies**.

(b) Applying mAb technologies for new mAb isolation. We will use sorting of antigen-specific cells with
recombinant viral surface protein antigens, cloning of Ab variable genes, and then expression of mAbs as as
described above in Specific Aim 1.

E.2.1. Rapid isolation of human anti-CCHFV mAbs. (a) Immune cells. We have obtained human PBMCs
from a number of previously CCHFV-infected individuals. One was a health care survivor who was infected while
caring for a patient in Spain*®. We also collected a panel of 10 fully de-identified PBMC samples from individuals
naturally infected in Turkey, in sample acquisition work supervised by the Vanderbilt Vaccine Center
Biorepository with separate institutional funding. Blood samples were only obtained after informed consent, de-
identified, and assigned random specimen numbers. The studies were approved by the Vanderbilt University
Medical Center IRB. PBMCs isolated from the blood samples were deposited into the Vanderbilt Vaccine Center
Biorepository, but we can designate their used for mAb generation in this RP4, if funded.

(b) Ab screening and sequence analysis. Our goal is to identify human anti-CCHFV mAbs rapidly, as if we
had to respond to a nairovirus outbreak in real time. Our ability to respond rapidly in the setting of outbreaks is
well-documented in the lay press (60 Minutes features and others) and the scientific literature, e.g., 78 days from
sample to protection of NHPs for Zika virus®?, and 25 days from PBMC sample receipt to delivery of the antibody
genes for the approved COVID-19 drug Evusheld to AstraZeneca'. Here, we will single-cell Table 3. Core D
sort antigen-specific B cells using recombinant CCHFV proteins (GP38, Gc, Gn, Gc¢/Gn) or
non-infectious particles as bait as described in Specific Aim 1. We will generate [ CCHF Turkey GnGc
recombinant GP antigens for selecting GP-specific B cells, based on prior validated designs | CCHF Turkey GP38
in the field, and use the antigens produced by Core D, (Table 3) or by RP1 (Table 4). CCHF NP

(c) Recombinant mAb cloning. As described in Specific Aim 1 above.

Table 4. Antigens
(d) Micro-scale mAb expression. As described in Specific Aim 1 above. available from RP1

(¢) A CPE-based CCHFV neutralization assay using RTCA. As above, we have Fcniioerencs
established a high-throughput assay to assess mAb-mediated neutralization of viruses [cchrTurkey NP
through the detection of CPE. In this aim, we will apply this method to assess neutralization | ccHr Turkey

of CCHFV. We will use a rVSV CCHFV surrogate that expresses CCHFV surface proteins | GnGc+GP38+NP
and causes CPE®. Investigators in RP1 have the VSV-CCHFV-GFP versions of clades 1 | CCHF Turkey GnGe+GP38
through 7 based on this publication. We will obtain these VSV constructs from investigators EE:E E:EZ Eiém

in PABVAX. Existing VSV vectors will be provided by investigators in RP1 and Core E. A

decrease in cell impedance due to CPE and a corresponding decrease in GFP expression will identify mAbs with
neutralizing activity against CCHFV. These mAbs will be moved forward for additional studies to identify an
optimal anti-CCHFV mAb combination. GP38-reactive clones will be advanced based on avidity ranking since
they are not likely to be neutralizing but may be protective in vivo.




E.2.2. Identifying CCHFV mAb combinations. (a) Epitope mapping through competition-binding studies.
Using previously established methods for competition-binding assays in Octet HTX biosensor (biolayer
interferometry) (as above, Fig 2) or high-throughput analytical flow cytometry (using an iQue Plus screener), we
will identify mAb pairs that can simultaneously bind CCHFV surface proteins and validate their epitopes. We will
perform competition-binding studies with CCHFV Gc/Gn or subunit proteins (as above) or CCHFV virus-like
particles (VLPs) made from a replicon system in hand. Core E will inactivate CCHFV virus particles that they
have at UTMB by gamma irradiation and safety test and send those to our Vanderbilt site. Inactivated virus
particles will be used in ELISA. We will include positive controls made recombinantly from some of the mAbs
shown in the unpublished preliminary data above for the identification of mAbs that can concurrently bind CCHFV
proteins with a goal of finding more potent clones at those sites or clones that complement these mAbs. (b)
Synergy studies using RTCA. To assess functional compatibility of the anti-CCHFV mAb pairs, we will assess
neutralization potency using the RTCA platform. We anticipate testing up to 15 mAb combinations, using rational
selection based on preliminary epitope mapping data. We can assess for synergy, additivity, or antagonism of
neutralization. Based on these results, we will down-select neutralizing mAb pairs, with our priority on
combinations with synergistic effects. GP-38-reactive clones will be screened for synergistic binding as they are
not expected to be neutralizing. (c) Identification of key binding residues of human anti-CCHFV mAbs by
neutralization escape analysis. The generation of mAb combinations should increase the barrier to viral
escape. To assess whether combination mAb pairs reduce the incidence of viral escape, we will perform in vitro
neutralization escape mutant analyses. For these analyses, we will passage VSV-CCHFV constructs at BSL2 in
the presence of saturating concentrations of CCHFV mAbs (single or combination) using the RTCA platform to
detect virus-induced CPE. Resistant virus will induce CPE, and supernatants will be extracted for sequencing.
Even if partial escape occurs, virus fithess may suffer. We can test this concept in vivo by determining the level
of infection of VSV-CCHFV escape variants in the presence of mAbs.

E.2.3. Structural basis of neutralization by anti-CCHFV mAb combinations. For a limited number of mAb
pairs (n = 3), we will determine the structural basis of this synergy with cryo-EM and crystallography, as described
in Specific Aim 1 above.

E.2.4. Protective efficacy of human anti-CCHF mAbs. (a) Studies in STAT1”~ mouse models. MAbs that
meet the above criteria and demonstrate acceptable manufacturability (Core D), will advance to in vivo testing.
We will use an established STAT1~”~ mouse model of CCHFV infection that the RP1 and Core E investigators
have deployed®®. To benchmark our mAbs, a separate set of STAT1~~ mice will be treated with CCHF-82, which
we showed in unpublished preliminary data above confers substantial but incomplete protection (Fig 3). The
Core E laboratory has access to strains representing all 6 clades that can be tested. Groups of 6-8 STAT17/~
mice will be treated with low, medium, and high doses) of single or combinations of anti-CCHFV mAb, or isotype
controls at day +1 after inoculation with CCHFVs. This approach allows us to determine whether combinations
provide advantage over the best CCHFV monotherapy treatments. These experiments will be repeated at least
two independent times. We expect to test 10 single mAbs and 5 pairs of anti-CCHFV mAbs in these studies.
Protection will be assessed using the following metrics: (i) survival; (ii) weight loss; (iii) clinical scores; (iv) viral
burden measurements at day 3 after CCHFV exposure and the day 35 study endpoint by plaque and gRT-PCR
assays. For any animals that show virological breakthrough of infection, deep sequencing will be performed from
recovered viruses to assess for possible emergence of in vivo resistance. From these studies, we expect to
down-select further to 2 optimal CCHFV mAb pairs that are comparable to or outperform the mAbs we reported
above. The lead mAbs will be advanced for further testing in Core E for additional dose-down studies.

(b) Validation of the protective efficacy of a down-selected human anti-CCHFV mAb combination against
CCHFV in NHPs. As a final test of an optimal anti-CCHFV mAb combination, we will assess efficacy of the lead
anti-CCHFV mAb pair in NHPs (Core E), to be selected based on the in vitro, STAT17 mice, and
manufacturability data (Core D). Down-selection for testing in cynomolgus monkeys would only be considered
with success in the STAT1”~ mouse studies and in consultation with the external SAB and NIAID program staff.

E.2.5. Applying lessons learned in CCHFV research to Kasokero mAbs. Once we have completed the
CCHFV discovery campaigns, will turn to the test case pathogen Kasokero virus to see if we can use the
prototype pathogen approach for this virus. We do not have access to human PBMCs from Kasokero-immune
donors. We will use Alloy humanized mouse models as a source of B cells encoding fully human mAbs, as
described above. Mice will be immunized with conformationally correct recombinant protein antigens (Table 5),
cDNAs encoding protective antigens, or replication-competent VSV strains encoding protective antigens for
Kasokero. After the immunization protocol is completed, animals will be sacrificed humanely, spleens collected,
and suspensions of splenocytes (enriched in B cells) will be purified by density gradient selection. Downstream,
the generation of human mAbs follows our well-established methods as above for making human mAbs from B
cells using single-cell RNAseq or human hybridoma methods. The development will follow as for CCHFV.



Anticipated results, potential problems, and alternative approaches. In this Aim, we will identify human anti-
CCHFV mAb combinations with optimal protective activity. These mAb combinations can be endowed genetically
with half-life-extended Fc modifications to produce vaccine-like therapy options (for humans) for rapid response
to emerging CCHFV or related nairoviruses. Given our previous ability to generate human anti-CCHFV mAbs,
as shown in preliminary data, we do not anticipate problems in isolating anti-CCHFV mAbs. We may observe
that mAb combinations do not add any benefit over individual mAbs. If we do not identify
potently protective anti-CCHFV mAbs via the planned approaches, we can also take a
target-agnostic approach and perform single-cell RNA-seq (10X Genomics and BD
Rhapsody™) on enriched B cells (i.e., memory B cells) isolated from human CCHFV- | Kasokero GnGC
immune PBMC samples. In addition, we can deep sequence the B cell repertoires present i:zggg ﬁg%

in CCHFV-immune PBMC samples and identify clonal lineages, including siblings. Often, xasokero Gnae
additional Abs in the lineages may be more potently neutralizing than the ones obtained | +GP38 +NP
directly from human B cells. Together, through these complementary approaches (antigen- | Kasokero GnGc
specific mADb isolation + single-cell RNA-seq + bulk NGS), we likely can select a diverse ;S;igem BnGo +NP
panel of human anti-CCHFV mAbs. We also anticipate defining key epitopes targeted by [kasokero GP38 +NP
potently neutralizing anti-CCHFV mAb combinations that can inform vaccine design (RP1)
for related viruses being used as test cases in years 4 and 5. In the case that VSV-CCHFV does not cause
sufficient CPE via the RTCA platform (highly unlikely), established focus reduction neutralization assays that
detect VSV-CCHFV-infected foci will be used to identify mAbs with synergistic properties. Furthermore, for
competitive binding assays, biolayer interferometry using the Octet HTX instrumentation also can be used to
assess binding of mAbs in solution.

E3. Specific Aim 3. Establish optimal mAb combination therapies against henipaviruses Hendra (HeV)
and Nipah (NiV) viruses. We will use a large panel of potent anti-henipavirus mAbs that we previously made
from the memory B cells of immune individuals and generate new antibodies targeting the fusion (F) protein.
RP2 will provide new antigens for mAb selection and BSL-2-compatible viruses for neutralization screens
including Cedar virus constructs displaying HeV and NiV F and G proteins. We will identify optimal mAb
combinations to enhance henipavirus therapy, minimize viral escape, and improve treatment efficacy through
synergy. In vitro competition-binding, neutralization, and mechanistic studies will be conducted, including
authentic virus neutralization with PABVAX Core E. We will refine the recognized epitopes and investigate
the structural basis for optimal combination neutralization of henipaviruses using HeV and NiV as prototypes. In
vivo assessment of mAb combinations will determine the minimal effective dose for protection and the ability to
prevent in vivo escape. Protective efficacy of lead mAb combinations will be assessed in hamster models of NiV
and HeV infection with Core E. Leads will be transferred to Core D. As a final test of optimal henipavirus mAb
combinations, we will assess protective efficacy of the lead henipavirus mAb pairs in NHPs, to be selected based
on the in vitro and hamster data from Core E and manufacturability data from Core D. Down-selection for testing
in African green monkey (AGM) henipavirus model studies would only be considered pending success in the
hamster studies and consultation with the external SAB and NIAID program staff. The HeV and NiV studies will
be conducted in years 1-3 and then applied to the plug-and-play test case Langya virus in years 2-5. If RP2 and
Core E cannot rescue recombinant Langya virus, the lessons learned in Years 1-3 will be applied to the alternate
“plug and play” test viruses Angavokely or Sosuga (SOSV) virus. Preliminary data on SOSV mAbs are provided.

Preliminary Data. (a) Potently neutralizing and non-neutralizing human anti-NIV/HeV mAbs. In this Aim,
we will further adapt approaches we have developed in preliminary experiments with henipavirus mAb studies
by identifying a potently protective combination of anti-NiV/HeV human mAbs. Through these studies, we aim to
identify an optimal anti-NiV+HeV mAb combination and further advance the discovery platform for rapid response
against emerging paramyxoviruses, especially henipaviruses. In previous experiments in collaboration with
investigators in RP2 and Core E, the Crowe laboratory has isolated characterized panels of neutralizing human
anti-G NiV/HeV human mAbs from an individual with G-based immunity following occupational exposure to an
equine HeV G subunit vaccine. Isolated peripheral blood mononuclear cells (PBMCs) were used to generate
human B cell hybridomas secreting human mAbs to G, and antibody variable genes were sequenced to generate
mAbs recombinantly. We isolated a panel of antibodies against the G protein that recognize the HeV G, NiV
Bangladesh G, and NiV Malaysia G proteins. The mAbs exhibited a diversity of recognition patterns in that they
fall into multiple competition-binding groups. This panel contains cross-binding and cross-neutralizing antibodies
for diverse NiV and HeV strains. In the work proposed here, we will rapidly discover human NiV/HeV anti-F mAbs
from NiV-immune individuals and outstanding potency anti-G antibodies with extensive characterization,
including synergistic neutralization.

(b) Applying mAb technologies for new mAb isolation. We will use sorting of antigen-specific cells with
recombinant henipavirus F protein antigens, as described above in Specific Aim 1.



E.3.1. Rapid isolation of human anti-HeV/NiV mAbs. (a) Immune cells. We are obtaining human PBMCs
from a number of previously NiV-infected individuals who acquired immunity following natural infection in
collaboration with the icddr,b, an international health research institute based in Dhaka, Bangladesh. We are
collecting a panel of 10 fully de-identified PBMC samples from individuals naturally infected in Bangladesh, in
sample acquisition work supervised by the Vanderbilt Vaccine Center Biorepository with separate institutional
funding. Blood samples are only obtained after informed consent, de-identified, and assigned random specimen
numbers. The studies are approved by the icddr,b and Vanderbilt University Medical Center IRBs. PBMCs
isolated from the blood samples are deposited into the Vanderbilt Vaccine Center Biorepository, but we can
designate their use in this RP4, if funded. (b) Applying mAb technologies for new mAb isolation. We will use
sorting of antigen-specific B cells, cloning of Ab variable genes, and then expression of mAbs as recombinant
IgG. Alternatively, cells can be expanded on feeder layers expressing CD40 ligand, IL-21, and BAFF. As above,
we can use high-throughput systems to capture Ab genes directly from viral protein-specific Ab-secreting B cells
on the Berkeley Lights Beacon® optofluidic platform or through single-cell RNA-seq approaches (10X Genomics
and BD Rhapsody™), and this may be helpful for rarer antigen-specific B cells. We will sort soluble fusion (sF)
or attachment (G) protein-specific cells with recombinant viral surface protein antigens from Core D (Table 6).

(c) Ab screening and sequence analysis. Our goal is to identify human anti-NiV/HeV mAbs rapidly, as if we
had to respond to a paramyxovirus outbreak in real time. We will single-cell sort antigen-specific B cells using
recombinant HeV and NiV proteins (sF or G) as bait as described in Specific Aim 1 above.

(d) Recombinant mAb cloning. As described in Specific Aim 1 above.
(e) Micro-scale mAb expression. As described in Specific Aim 1 above.

(f) CPE-based HeV/NiV neutralization assay using RTCA. As above, we have established a high-throughput
assay to assess mAb-mediated neutralization of viruses through the detection of CPE. In
this aim, we will apply this method to assess neutralization of HeV and NiV. We will use
rVSV HeV and NiV surrogates that expresses henipaviurs surface proteins and cause CPE.
Investigators in RP2 and RP3 have VSV-NiV F and VSV-NiV G with GFP3*, VSV-NiV G Nioah SF
without GFP3¢ and VSV-HeVG (Geisbert and Cross, unpublished). We will obtain these all Hepndra SF
these VSV constructs from investigators in PABVAX. A decrease in cell impedance due to [Niv G
CPE and a corresponding decrease in GFP expression will identify mAbs with neutralizing
activity against HeV and NiV. We also can use Cedar virus constructs for neutralization assays as the have
reduced pathogenicity*® and can be used in high-throughput screening assays for henipavirus antiviral
discovery*’. Cedar viruses will be provided by Dr. Broder of RP2. The mAbs with most potent activity will be
moved forward for additional studies to identify an optimal anti-HeV/NiV mAb combination.

E.3.2. Identifying HeV/NiV mAb combinations. (a) Epitope mapping through competition-binding studies.
Using previously established methods for competition-binding assays in Octet HTX biosensor (biolayer
interferometry) (as above, Fig 2) or high-throughput analytical flow cytometry (using an iQue Plus screener), we
will identify mAb pairs that can simultaneously bind HeV/NiV surface proteins and validate their epitopes. We
will perform competition-binding studies with HeV/NiV sF or G proteins (as above). We will include positive
controls made recombinantly from some of the mAbs shown in the preliminary data above for the identification
of mAbs that can concurrently bind HeV/NiV proteins with a goal of finding more potent clones at those sites or
clones that complement these mAbs. (b) Synergy studies using RTCA. To assess functional compatibility of
the anti- HeV/NiV mAb pairs, we will assess neutralization potency using the RTCA platform. We anticipate
testing up to 15 mAb combinations, using rational selection based on preliminary epitope mapping data. We can
assess for synergy, additivity, or antagonism of neutralization. Based on these results, we will down-select
neutralizing mAb pairs, with our priority on combinations with synergistic effects. (c) Identification of key
binding residues of human anti-HeV/NiV mAbs by neutralization escape analysis. The generation of mAb
combinations should increase the barrier to viral escape. To assess whether combination mAb pairs reduce the
incidence of viral escape, we will perform in vitro neutralization escape mutant analyses. For these analyses, we
will passage VSV-NiV F, VSV-NiV G and VSV-HeV G constructs at BSL-2 in the presence of saturating
concentrations of HeV/NiV mAbs (single or combination) using RTCA to detect virus-induced CPE. Resistant
virus will induce CPE, and supernatants will be extracted for sequencing. Even if partial escape occurs, virus
fitness may suffer. We can test the level of infection of VSV-HeV/NiV escape variants in the presence of mAbs.

E.3.3. Structural basis of neutralization by anti-HeV/NiV mAb combinations. For a limited number of mAb
pairs (n = 3), we will determine the structural basis of this synergy with cryo-EM and crystallography, as described
in Specific Aim 1 above.

E.3.4. Protective efficacy of human anti-henipavirus mAbs. (a) Studies in hamsters. MAbs that meet the
above criteria and demonstrate acceptable manufacturability (Core D), will advance to in vivo testing. We will
use an established hamster model of NiV or HeV infection that the Core E investigators have deployed. To



benchmark our mAbs, a separate set of hamsters will be treated with G mAbs HENV-103+HENV-117, which we
showed in previous data above confers substantial protection®. Groups of 6-8 hamsters will be treated with low,
medium, or high IgG doses) of single or combinations of anti-HeV/NiV mAbs, or isotype controls at day +1 after
inoculation with HeV or NiV. This approach allows us to determine whether combinations provide advantage over
the best HeV or NiV mAb monotherapy treatments. These experiments will be repeated at least two independent
times. We expect to test 10 single mAbs and 5 pairs of anti-HeV and anti-NiV mAbs in these studies. Protection
will be assessed using the following metrics: (i) survival; (ii) weight loss; (iii) clinical scores; (iv) viral burden
measurements at day 3 after HeV or NiV exposure and the day 35 study endpoint by plaque and gRT-PCR
assays. For any animals that show virological breakthrough of infection, deep sequencing will be performed from
recovered viruses to assess for possible emergence of in vivo resistance. From these studies, we expect to
down-select further to 2 optimal HeV/NiV mAb pairs that are comparable to or outperform the mAbs we reported
previously. The lead mAbs will be advanced for further testing in Core E for additional dose-down studies.

(b) Validation of the protective efficacy of a down-selected human anti-HeV/NiV mAb combination
against HeV and NiV in NHPs. As a final test of an optimal anti-HeV/NiV mAb combination, we may assess
efficacy of the lead anti-HeV/NiV mAb pair in NHPs (Core E), selected based on the in vitro, hamster data, and
manufacturability data (Core D). Down-selection for testing in AGMs would only be considered with success in
the hamster studies and in consultation with the external SAB and NIAID program staff.

E.3.5. Applying lessons learned in HeV/INiV research to A s ™ Pre-usion F mAbs mab
Langya, Angavokely and Sosuga viruses. Once we have 1 g = Rosvr .+ ovas
completed the HeV/NiV discovery campaigns, will turn to the test MR\ el Rnind
case pathogen Langya (or alternate Angavokely and Sosuga oo e
(SOSV) viruses) to see if we can use the prototype pathogen

approach for this virus. We have plenty of human PBMCs from the
sole identified SOSV-immune individual and have already shown
that itis possible to obtain HN- and F-specific neutralizing antibodies
from this individual's B cells®® and Fig 4. We also have already i .
prepared recombinant SOSV prefusion F and HN proteins*®. We do MR
not have access to human PBMCs from Langya- or Angavokely- — T
immune donors. For those mAb discovery campaigns, we will use iy
Alloy humanized mouse models as a source of B cells encoding B 4 ® HN mAbs
human mAbs, as above. Mice will be immunized with recombinant 1 1f:.14
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suspensions of splenocytes (enriched in B | gyadruplicate on Vero-E6 cell culture

cells) will be purified by density gradient selection. Downstream, the | monolayers. (A) Neutralization data for anti-F
generation of human mAbs follows our well-established methods as | mAbs. Data are grouped according to the

above using single-cell RNAseq or human hybridoma methods. The | Pattern of antigen-reactivity: pre-fusion F, pre-
development will follow as for Hev/NiV described above. and post-usion F, or post-fusion F protein. (B)

Neutralization data for the HN-specific mAbs.

Anticipated results, potential problems, and alternative

approaches. In this Aim, we will identify human anti-HeV/NiV mAb combinations with optimal protective activity.
These mAb combinations will be endowed genetically with half-life-extended Fc modifications to produce
vaccine-like therapy options (for humans) for rapid response to emerging HeV/NiV or related paramyxoviruses.
Given our previous ability to generate human anti- HeV/NiV mAbs, as shown in preliminary data, we do not
anticipate problems in isolating anti-HeV/NiV mAbs. We may observe that new mAb combinations do not add
any benefit over individual mAbs. If we do not identify potently protective anti-HeV/NiV mAbs via the planned
approaches, we can also take a target-agnostic approach and perform single-cell RNA-seq (10X Genomics and
BD Rhapsody™) on enriched B cells (i.e., memory B cells) isolated from human NiV-immune PBMC samples.
In addition, we can deep sequence the B cell repertoires present in NiV-immune PBMC samples and identify
clonal lineages, including siblings. Often, additional Abs in the lineages may be more potently neutralizing than
the ones obtained directly from human B cells. Together, through these complementary approaches (antigen-
specific mAb isolation + single-cell RNA-seq + bulk NGS), we likely can select a diverse panel of human anti-
HeV/NiV mAbs. We also anticipate defining key epitopes targeted by potently neutralizing anti-HeV/NiV mAb
combinations that can inform vaccine design (RP2) for related viruses used as test cases in years 2 through 5.
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F. Scientific rigor. Experimental design. Experiments will include biological and technical replicates, and
results will be analyzed by parametric or non-parametric analyses (depending on data distribution) and
corrections for multiple comparisons. ECso (binding) and ICso (neutralization) values will be reported only
following at least 3 identically conducted experiments. All mAb screening will incorporate appropriate + and -
controls. Positive signals in binding assays will be defined as >3 SD above background. Protein quality. We
have a high capacity to purify proteins using a Protein Maker workstation that allows purification chromatography
on 24 parallel columns. We perform QC on protein reagents using a Maurice instrument with capillary
electrophoresis technology to automate our protein profiling either by size or charge, providing clEF and CE-
SDS data. Animal studies will be performed blinded with independent replicates and include negative (e.g.,
placebo), and positive (when available) controls. We will use power calculations (Data Management Core B) to
determine sample sizes. For virological studies, power analysis was performed using accepted values for type |
error (0.05) and power (80%). The values for population variance (15x) are based on existing data sets and our
experience with rodent challenge studies. We will perform experiments at least 2-3 independent times (n = 4-5
each) to attain n = 12-15 per arm. Smaller group sizes can be used if differences are larger than expected.

G. Relevant biological variables. The human mAbs are derived from immune human donors or Alloy mice.
Humans. Human Abs will be isolated for biological, structural, and functional studies at a clonal level. The sample
size is not powered for large scale epidemiologic or clinical study conclusions. There is no evidence that sex,
age, body mass index, or underlying health conditions other than immunodeficiency or immunosuppressive
treatments alters the activity of cloned Abs in structure/function studies. The samples are de-identified without
patient specific identifiers to protect the health information of the donors; thus, research with these samples is
considered Not Human Subjects Research category activity. Mice, hamsters, guinea pigs, NHP, and viruses are
also biological systems used in this application. Conventional animal housing conditions will be used because
there is no evidence that altered room temperatures and light/dark cycles influence paramyxovirus, nairovirus,
or arenavirus pathogenesis. Mice, hamsters, guinea pigs, and NHPs of both sexes will be used, and phenotypes
will be monitored for sex-based differences. Virus stocks will be either low passage seed stocks from natural
isolates or generated from existing cDNA clones and sequence-confirmed prior to use for infection studies.

H. Milestones and quantitative Go/No-Go criteria. Through Aims 1-3, we have proposed experiments that
will advance our knowledge of the mAb-mediated mechanisms of action against paramyxoviruses, nairoviruses,
and arenaviruses. In each Aim, we will use down-selection criteria (as below) to advance mAb combinations or
variants for additional studies. By year 3, we will have defined the principles that govern optimal mAb
combinations for paramyxoviruses, nairoviruses, and arenaviruses and the rational approaches needed to select
mAbs for potency and breadth. We will use the following metrics to advance mAbs: (a) Neutralizing activity. All
mAbs will have neutralizing potency < 10 ng/mL, ECs value; (b) Binding affinity. MAbs will be of high affinity
to surface proteins or virions (Kp < 5 nM). (¢) Protein stability and production quality. MAbs must produce at
high levels without optimization (> 100 mg/L) and show biochemical/functional stability at 4°C or -80°C (>90%
retention of binding and neutralization activity at 30 d). (d) Synergy. Combinations of 2 mAbs against a given
virus ideally will show synergy of neutralization in vitro or at a minimum, additive inhibition (no antagonism); (e)
Epitopes. To avoid resistance, mAbs in combination will bind 2 epitopes (determined by competition binding
(<20% reduction in binding), mapping, and structural studies. (f) Resistance against mAbs will be assessed for
virus escape. Deep sequencing of viruses that emerge from cells or animals treated with mAbs will inform
prioritization. Combinations of mAbs with high genetic barriers to resistance (<10x loss in ECsp) will be advanced.
(g) Protection in mice, hamsters, guinea pigs, or NHPs. The following metrics can be used: (i) Protection
against lethal challenge by homologous virus (>90% survival; (ii) Protection against clinical disease by
homologous virus (>80%); (iii) Protection against infection by homologous virus (>100-fold reduction in viral titers
in multiple organs). (h) pK measurements. For lead protective mAbs with mutations that should confer extended
half-life, we will perform pK studies in NHPs (with Core D and E) to assess levels over time with a goal of a
human predicted serum half-life of >6 months.

Timeline for RP4 Year 1 | Year 2 | Year 3 Year4 | Year 5
Prototype mAb generation and testing: LASV and MACV mAbs X X X X
Test case mAb generation and testing: Lujo and Chapare mAbs X X X
Prototype mAb generation and testing: CCHFV mAbs 1:
Test case mAb generation and testing: Kasokero mAbs
Prototype mAb generation and testing: NiV/HeV mAbs X X X
Test case mAb generation: Langya, Angavokely/Sosuga mAbs X X X X
In vivo efficacy studies with Core E X X X X X
Translational activities with Core D X X X X X
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A. BACKGROUND AND SIGNIFICANCE. Paramyxoviruses, nairoviruses, and arenaviruses are widely
distributed RNA viruses that cause severe human syndromes. Because of their geographical distribution and
expansion, changes in human demographics and increased exposures to wild animals including rodents and
bats, and their capacity for human-to-human spread, these viruses have the potential to cause pandemics.
Together with the other investigators in PABVAX, we have selected several important prototype
paramyxoviruses, nairoviruses, and arenaviruses to study to learn the rules governing immunity to these
pathogens. The work on the pathogens selected is justified based on their prevalence and severity alone, but
also because of their ability to serve as prototypes for genetically related viruses. We chose the viruses for focus
in this RP4 on human antibody development because of their clinical relevance and because several will be
studied as prototypes for vaccine development in RP1 (arenaviruses, nairoviruses) and RP2 (paramyxoviruses).
Among the arenaviruses, we will target Lassa virus (LASV) and Machupo virus (MACV), and among the
nairoviruses, we will study Crimean—-Congo hemorrhagic fever virus (CCHFV). In tandem with the vaccine
projects in RP2 focused on paramyxoviruses, we will study Nipah virus (NiV) and Hendra virus (HeV) as the
prototypes. Information about the principles we discover about critical neutralizing epitopes identified here in
RP4 with prototype viruses can feed back into all other Projects that address the subsequent plug and play test
cases in later years (Lujo, Chapare, Kasokero, Langya).

LASV is an Old World arenavirus (OWAV) with a single-stranded RNA virus belonging to the Arenaviridae family.
Infection in humans is often the result of exposure to infected excreta from the rodent reservoir, Mastomys
natalensis where up to 500,000 cases and an estimated 5,000 deaths occur annually in West Africa2. While
rodent infection is largely benign, human infection can result in severe hemorrhagic disease with neurological
complications and long-term hearing and vision sequelae®“. There are no approved vaccines or treatments for
LASV infection. "MACV is a New World Arenavirus (NWAV) and the causative agent of Bolivian Hemorrhagic
fever. Humans are infected after exposure to excreta from the reservoir, Calomys callosus, the large vesper
mouse. Disease in humans has a slow onset, but can progress to severe hemorrhagic fever coupled to insidious
neurological complications including tremors, seizures, and paralysis®. There are no approved vaccines or
therapies approved for MACV._CCHEFV is a highly pathogenic tick-borne virus classified under the Nairovirus
genus within the Bunyaviridae family®. CCHF outbreaks have a case fatality rate of up to 40% and there are no
vaccines or treatments approved for human use._NiV/HeV. Bat borne, NiV and HeV are enveloped, negative-
sense, single-stranded RNA viruses belonging to the Henipavirus genus within the Paramyxoviridae family’.
These emerging zoonotic viruses pose a significant threat to human and animal health due to their high fatality
rates and broad host range. As with the other prototype virus in the PABAX Center there are no vaccines or
treatments against henipaviruses licensed for human use.

Antibodies (Abs) are important correlates of protection for paramyxoviruses, nairoviruses, and arenaviruses.
Immune sera against members of each of these groups of viruses has been shown to exhibit protective efficacy
in vivo, which supports the use for Abs as treatment options. However, the specificity, functional properties, and
other attributes of protective antibodies are poorly defined for most of these viruses. MAbs to the attachment and
fusion surface proteins of paramyxoviruses (such as the G and F proteins of Hendra/Nipah®® and the GP proteins
of the arenaviruses like LASV'®') can neutralize and protect against infection in rodent models. CCHFV is a bit
of a conundrum in that ultrapotent human neutralizing antibodies to the related Rift Valley fever virus surface
proteins are highly protective in vivo'?'3, but CCHFV neutralizing antibodies are not protective. In contrast, some
non-neutralizing antibodies do protect partially for CCHFV'4. Clearly, there is a lot to learn about the rules of
immunity to these viruses, and the genetic, molecular, and structural basis of antibody-mediated protection for
viruses like CCHFV. Based on these data, we propose the use of mAbs as treatment options to learn the rule of
how to protect against emerging paramyxoviruses, nairoviruses, and arenaviruses and to develop candidate
antibody countermeasures for translational development with Core D. To do so, we will further develop our
technical methods for rapidly discovering mAbs, in the case of a future unexpected epidemic caused by viruses
of these families. Most importantly, we will define the principles governing combination antibody therapy to
prevent virus escape from treatment or prevention and to optimize the efficacy of the beneficial effects conferred
by passive immunity.

B. SCIENTIFIC PREMISE. The work proposed here in RP4 is based on the extensive basic, translational, and
clinical trial data on the role of neutralizing Abs in protection against infection and disease caused by
paramyxoviruses, nairoviruses, and arenaviruses. Although a significant amount of data supports the use of
mAbs to prevent or control paramyxovirus, nairovirus, and arenavirus infection, many questions remain, such as
the ideal epitopes to target with mAb combination therapy to improve upon neutralization potency, in vivo efficacy,
and resistance to viral escape. Identifying these epitopes can help inform vaccine design to elicit optimal
protective polyclonal responses (in RP1 and RP2, especially with designs for test cases in years 4 and 5). Here
we aim to refine our understanding of the correlates of mAb protection against paramyxoviruses, nairoviruses,
and arenaviruses to enable the design of a modular “plug-and-play” workflow to rapidly respond to potential



pandemics by generating optimized combinations of vaccine-like mAbs with an extended half-life that could be
used for long-term prophylaxis (> 6 months) and therapy.

C. INNOVATION. RP4 has many innovative conceptual and technical features including: Conceptual. (1)
determining the principles that govern optimal combinations of human mAbs against paramyxoviruses,
nairoviruses, and arenaviruses for protection and resistance to viral escape; (2) the development of a clear
workflow that generates therapeutic or preventative antibodies (long half-life mAbs that serve as vaccine
surrogates) against emerging or new paramyxoviruses, nairoviruses, and arenaviruses with pandemic potential.
Our goal is to define the principles and features, including epitope, combination ratios, and mechanisms of action,
that result in optimal efficacy of mAbs against paramyxoviruses, nairoviruses, and arenaviruses in animal models
and create a higher barrier for resistance. These studies will serve as paradigms for rapid antibody discovery in
response to future paramyxovirus, nairovirus, and arenavirus pandemic threats. Technical. (3) large-scale B cell
repertoire sequencing with customized methods and software; (4) use of humanized (Alloy) mice and novel
immunogens from RP1 and RP2 and Core D; (5) single B cell functional (neutralization) assays performed on a
Beacon instrument; (6) development of high-throughput real-time label-free virus neutralization assays
(xCELLigence platform); and (7) use of simultaneous in parallel screening with several different high-throughput
virus-specific B cell isolation approaches (Beacon, 10X Genomics, Rhapsody) to generate and validate best-in-
class human mAbs as candidate medical countermeasures.

D. LINKAGE TO OTHER PABVAX PROJECTS AND CORES. The group will focus on developing a modular
test case platform for rapid selection of highly neutralizing and/or protective mAbs against paramyxoviruses,
nairoviruses, and arenaviruses. Members of our group have active collaborations with most members of the
PABVAX Center as reflected in previous collaborations and publications (see Overall document). We will
interact extensively with the Animal Model and Preclinical Evaluation Core (Core E) to study neutralization
against authentic viruses and to test for protection in small and large animals as well as with RP3 for testing
paramyxovirus mAbs. The knowledge gained from our studies on the structure-function relationships of
neutralizing mAb combinations can be applied to rational vaccine design for RP 1 and RP2 in later years of the
effort when we pivot to apply the lessons learned to the same test case targets as RP1 and RP2. Numerous
antigens will be made available to our RP. Finally, long-half-life Fc mutations are now available based on
engineering of human IgG1 for enhanced binding to the neonatal Fc receptor (FcRn) such as LS (M428L
IN434S)'5, or YTE (M252Y/S254T/T256E)'® mutations. With = 90 days half-life in humans, our approach will
generate mAbs with vaccine-like properties that remain effective for months during a virus epidemic and thus
provides a platform for response to future paramyxovirus, nairovirus, and arenavirus pandemic threats, a key
goal of our PABVAX Center. Our laboratory previously validated this vaccine surrogate concept when we
isolated the human mAbs that formed the basis for Evusheld with YTE long-half-life Fc mutations (used in 70
countries and millions of people) that exhibited > 6 months protective levels in humans after single IM injections.

E. APPROACH

E.1. Specific Aim 1. Discover potently neutralizing arenavirus combination therapies. For the prototypes,
we will focus on LASV, an OIld World virus and MACV, a New World virus. We will investigate the principles
underlying antibody-mediated arenavirus protection. Preliminary evidence suggests that potent virus
neutralization is a mechanistic correlate of protection for arenaviruses'”'®. RP1/Core D will provide optimized
antigens for mAb selection for the Prototype LASV and MACV (or subsequent Test Cases). We will use a
workflow for rapid identification of potently neutralizing mAb combinations for LASV and MACV. We will generate
mAbs from individuals with prior natural infection or use transgenic mice with human antibody repertoires. Alarge
panel of human anti-LASV and anti-MACV mAbs will be generated using multiple approaches (immune human
B cells and immunized humanized mice), and highly neutralizing mAbs will be evaluated to identify optimal
combinations. The best mAb combinations will be assessed to determine the minimal effective dose for
protection, and the lead mAb combination therapy(ies) will be transferred to Core E for further evaluation and
ultimately testing in an NHP model of LASV or MACYV infection. Leads will be transferred to Core D for further
translational development as medical countermeasures. The prototype LASV and MACYV will be studied in years
1 to 3, followed by mAb discovery efforts for Test Cases Lujo and Chapare viruses based on the established
principles in years 4-5.

Preliminary Data. (a) Potently neutralizing human anti-LASV and anti-MACV mAbs. The Crowe laboratory
has previously characterized panels of neutralizing human anti-viral human mAbs from virus-immune or
vaccinated individuals for about 50 viruses, mostly RNA viruses. Isolated peripheral blood mononuclear cells
(PBMCs) are used to generate hybridomas or alternatively antigen-sorted at single B cell level and antibody
variable genes sequenced to generate mAbs recombinantly. Panels of human anti-viral mAbs are produced
rapidly (we recently reported isolation of 15,000 mAb gene pairs from single Ebola-virus-specific human B cells




from a single blood sample of an immune individual'. Previous studies by N
others clearly show that representative neutralizing and protective human =
antibodies can be isolated from LASV-immune subjects?°-?4. In this Aim, we will
refine the approaches we have developed previously for other RNA viruses in o
a proof-of-concept study by identifying potently neutralizing combinations of
anti-LASV and anti-MACV human mAbs. We will rapidly discover human anti-
LASV mAbs from LASV-immune individuals and human anti-MACV mAbs by
immunizing Alloy transgenic mice. Synergy studies will be performed to identify
optimal mAb combinations by pairing them. Through these studies, we aim to
identify optimal anti-LASV and anti-MACV mAb combinations and further
advance the discovery platform for rapid response against emerging
arenaviruses.

(b) Advanced mAb technologies. The Crowe laboratory has developed some
of the highest yield systems to isolate naturally occurring human mAbs using )
human hybridoma or advanced single-cell RNA-seq methods (Fig 1). We have =
used sorting of antigen-specific cells with recombinant viral surface protein
antigens (like the GP1 and GP2 proteins we will use here), cloning of Ab
variable genes, and then expression of mAbs as recombinant IgG. Alternatively, .
cells can be expanded on feeder layers expressing CD40 ligand, IL-21, and
BAFF. One variation we will use is to capture Ab genes directly from viral "
glycoprotein-specific Ab-secreting B cells on the Berkeley Lights Beacon® Figure 1. Single cel _
optofluidic platform or through single-cell RNA-seq approaches (10X Genomics 5MC samples are used fo ;?”::tg’é 5
and BD Rhapsody™), as we have done for Ebola virus'®2®> and SARS-CoV-2"%%  ¢iecific B cells. Expansion allows us to

31, These single-cell techniques enhance the capture of rare antigen-specific B further assess the functionality of the B
cells cells or for antibody sequencing.

Recombinant mAb expression validates
E.1.1. Rapid isolation of human anti-LASV and anti-MACV mAbs. (a) the mAb sequence and functional

Immune cells. We have obtained human PBMCs from one previously LASV- 2ctivity- Figure is adapted from '
infected individual who was medically managed previously by Emory University in their infectious diseases
containment unit. This person has a documented robust neutralizing serum antibody response, suggesting
isolation of neutralizing human mAbs from these PBMC aliquots will be straightforward for us. Our colleagues in
RP1 have ongoing field operations for over a decade in Sierra Leone, Liberia, and Nigeria. This work is currently
in association with the NIH-Centers for Research on Emerging Infectious Diseases (CREID) with a heavy focus
on the study of LASV ecology, epidemiology, and host responses. RP4 is currently working with RP1 on
obtaining PBMCs from ~10 individuals with prior laboratory-confirmed cases of LASV. The acquisition of these
samples is being managed by the Vanderbilt Vaccine Center Biorepository with separate institutional funding to
be de-identified prior to use in the studies proposed here. Blood samples are only obtained after informed
consent, de-identified, and assigned random specimen numbers. The studies have been approved by the
Vanderbilt University Medical Center IRB. PBMCs isolated from the blood samples will be deposited into the
Vanderbilt Vaccine Center Biorepository, but we can designate their used for mAb generation in this RP4, if
funded. For anti-MACV mAbs, as a human PBMC source is not readily available, we will immunize Alloy
humanized mice. These animals yield PBMCs that secrete fully human mAbs. Alloy mice are used routinely in
the Crowe lab workflow.

(b) Ab screening and sequence analysis. Our goal is to identify human anti-LASV and anti-MACV mAbs in a
rapid manner to mimic a pandemic response to an outbreak. We will single-cell sort antigen-specific B cells using
recombinant LASV or MACV proteins (e.g., Table 1) or non-infectious viral particles as bait. These cells will be
expanded on feeder layers expressing CD40 ligand, IL-21, and BAFF for downstream applications, including
LASV and MACV neutralization assays. Alternatively, we will use the Berkeley Lights
Beacon® optofluidic platform, which can functionally ascribe GP protein or virus-particle
binding to single B cells. These cells are exported for sequencing of the variable gene Lassa Josiah NP
regions and analysis using the PyIR software developed in the Crowe laboratory. We will Lassa Josiah GPe
select a panel of up to 500 neutralizing anti-LASV mAbs and a similar number of anti-MACV e o o5 Gpe
mADbs to express recombinantly and advance for further characterization. We can easily ["machupo NP
conduct multiple approaches simultaneously in parallel’32.

(c) Recombinant mAb cloning. We will synthesize heavy and light chain variable regions for cloning,
expression, and downstream functional assays to validate the mAb sequence. We will perform high-throughput
synthesis of mAb genes using a custom, commercial synthesis platform (Twist Bioscience). MAb genes are
Gibson-assembly-cloned on-instrument into our custom full-length Ig expression vectors.



(d) Micro-scale mAb expression. The Crowe laboratory has the capacity for large-throughput micro-scale mAb
expression and purification. The lower end of this range allows expression of thousands of mAbs, which will feed
into automated mAb purification platforms. This approach allows early-stage assays to identify candidate mAbs
that will then be produced at larger scale by Core D with a variety of Fc mutants to assess the role of Fc-mediated
effector functions in vivo (Core E).

(e) A CPE-based LASV and MACYV neutralization assay using RTCA. We have established a high-throughput
assay to assess mAb-mediated neutralization of viruses through the detection of cytopathic effect (CPE). Here,
we will apply this method to assess neutralization of LASV. Recently, we validated the inclusion of simultaneous
live-cell fluorescence microscopy into this real-time CPE-based screening platform (xCelligence RTCA eSight).
These capabilities expand the platform to screen viruses that may or may not induce CPE, allowing us to also
use a replication-competent vesicular stomatitis virus (VSV) LASV surrogate that expresses LASV surface
proteins and causes CPE®. Currently, we have a VSV-LASV-Josiah (lineage 1V)** and a Sauerwald version
(lineage 1) of these recombinants. Making additional LASV VSV-LASVs is not difficult, and RP1 will make the
other missing lineages or needed arenaviruses based on the same approaches as previously published. RP1
also can easily make versions of these VSVs that express the green fluorescent protein (GFP) reporter gene.
Existing VSV-CCHFV, VSV-NiV, and VSV-HeV vectors343¢ will be provided by Dr. Geisbert overall Pl and Lead
of Core E. We already have Vanderbilt IBC approval for use of these constructs. A decrease in cell impedance
due to CPE and a corresponding decrease in GFP expression if used will identify mAbs with neutralizing activity
against LASV. These mAbs will be moved forward for additional studies to identify an optimal anti-LASV mAb
combination. Similar processes will be followed to determine neutralization capacity of MACV mAb candidates.

E.1.2. Identifying LASV and MACV mAb combinations. (a) Epitope mapping through competition-binding
studies. Using previously established methods for competition-binding assays in Octet HTX biosensor (biolayer
interferometry) or high-throughput analytical flow cytometry (using an iQue Plus screener), we will identify mAb
pairs that can simultaneously bind LASV or MACV and validate their epitopes. We will perform competition-
binding studies with GP or subunit proteins (as above) or virus-like particles (VLPs)* available from Core E at
UTMB. Core E will also inactivate LASV and MACYV virus particles that they have at UTMB by gamma irradiation
and safety test and send those to our Vanderbilt site (we have previously accomplished this transfer with Ebola
and Marburg particles). Inactivated virus particles will be used in ELISA. We will include positive controls made
recombinantly from previously reported antibodies for the identification of mAbs that can concurrently bind LASV
or MACV with a goal of finding more potent clones at those sites or clones that complement these inhibitory
mAbs. (b) Synergy studies using RTCA. To assess functional compatibility of the anti-LASV or anti-MACV
mAb pairs, we will assess neutralization potency using the RTCA platform. We anticipate testing up to 15 mAb
combinations for each virus, using rational selection based on preliminary epitope mapping data. We can assess
for synergy, additivity, or antagonism of neutralization. Based on these results, we will down-select mAb pairs,
with our priority on combinations with synergistic effects. (c) Identification of key residues binding residues
of human anti-LASV and anti-MACV mAbs. To determine the key residues for binding of down-selected mAbs,
we will perform deep mutational scanning®®. Briefly, all amino acids of the GP proteins will be mutated to the
other 19 amino acids with a unique barcode using PCR-based mutagenesis. The LASV or MACV GP protein
library will be incubated with the appropriate mAbs to identify residues with loss-of-binding phenotypes. A
sequence ‘logo’ showing the relative contributions of each amino acid mutation will identify residues critical for
binding. Multiple amino acid substitutions can then be assessed by reverse genetics at UTMB to confirm the
epitopes recognized by the down-selected mAbs. This method also serves as a surrogate for in vitro
neutralization escape studies. (d) Neutralization escape analysis. The generation of mAb combinations should
increase the barrier to viral escape. To assess whether mAb pairs reduce the incidence of viral escape, we will
perform in vitro neutralization escape mutant analyses. For these analyses, we will passage VSV-LASV or VSV-
MACYV constructs at BSL2 in the presence of saturating concentrations of mAbs (single or combination) using
the RTCA platform to detect virus-induced CPE. Resistant virus will induce CPE, and supernatants will be
extracted for sequencing. Confirmatory reverse genetics studies will be performed by introducing mutations into
an infectious cDNA clone of LASV or MACV by RP1 to test neutralization. We hypothesize that escape will be
less likely in the presence of mAb combinations than single mAbs. Even if partial escape occurs, virus fitness
may suffer. We can test this concept in vivo by determining the level of infection of escape variants in the
presence of mAbs.

E.1.3. Structural basis of neutralization by mAb combinations. The studies above should identify optimal
anti-LASV and anti-MACV mAb combinations that simultaneously bind, neutralize, and increase the barrier for
viral escape under mAb selective pressure. For a limited number of mAb pairs (n = 3), we will determine the
structural basis of this synergy with cryo-EM and crystallography, for which we have all capabilities and
equipment in our laboratory in the Vanderbilt Vaccine Center, Vanderbilt Structural Biology Core, and external
synchrotron sources. An understanding of the structural basis and rules governing an optimal neutralizing mAb



combination can be applied to mAb therapy development against arenavirus pandemic threats and inform
vaccine design for arenavirus by identifying key epitope targets (RP1).

E.1.4. Protective efficacy of human anti-arenavirus mAbs. (a) Studies in guinea pigs. MAbs that satisfy the
criteria stated above and that display stage-appropriate manufacturability characteristics will advance to in vivo
testing. We will use established models of LASV'3 and MACV#%#! infection in guinea pigs. PABVAX Core E
has access to many strains from different LASV and MACYV lineages, which will be tested. For prioritization, we
will focus on LASV lineage I, Ill, and IV strains and MACYV lineage I, Il, and VIl strains for which uniformly lethal
models are available. Groups of 6 outbred Hartley guinea pigs will be treated with low, medium, and high doses
of single or combinations of anti-LASV or anti-MACVs mADb, or isotype controls at day +1 after inoculation with
the LASVs or MACVs This approach allows us to determine whether combinations provide advantage over the
best monotherapy treatments. These experiments will be repeated at least two independent times. We expect
to test 10 single mAbs and 5 pairs of anti-LASV and anti-MACV mAbs in these studies. Protection will be
assessed using the following metrics: (i) survival; (ii) weight loss; (iii) clinical scores; (iv) viral burden
measurements (blood) at day 5 or 6 after LASV or MACV challenge and the day 35 study endpoint by plaque
and gRT-PCR assays. For any animals that show virological breakthrough of infection, deep sequencing will be
performed from recovered viruses to assess for possible emergence of in vivo resistance. From these studies,
we expect to down-select further to 2 optimal LASV and MACV mAb pairs that are comparable to or outperform
previously reported mAbs for further testing in Core E for additional dose-down studies.

(b) Validation of the protective efficacy of a down-selected human anti-LASV and anti-MACV mAb
combination against LASV or MACV in NHPs. As a final test of an optimal anti-LASV and anti-MACV mAb
combinations, we will assess protective efficacy of the lead anti-LASV mAb pair in NHPs as well as the anti-
MACYV mAb pair in NHPs. These anti-LASV and anti-MACV mAb pairs will be selected based on the in vitro and
guinea pig data from Core E and manufacturability data from Core D. Down-selection for testing in cynomolgus
monkeys will only be considered pending success in the guinea pig studies and consultation with the external
Scientific Advisory Board (SAB) and NIAID program staff.

E.1.5. Applying lessons learned in LASV and MACYV research with the selected test case pathogens for
mAb generation: Lujo and Chapare mAbs. Once we have completed the LASV and MACV discovery
campaigns, will turn to the test case pathogens to see if we can use the prototype pathogen approach to related
viruses, Lujo (LUJV) and Chapare (CHAPV). We do not have access to human PBMCs from LUJV - or CHAPV-
immune donors. As an alternative approach, we will use humanized mouse models as a source of B cells
encoding fully human monoclonal antibodies. The Vanderbilt core investigators have an established fully
executed agreement to use Alloy human antibody mice for this purpose (See Letter of Support). The Alloy ATX-
Gx™ mouse is one of the most effective in vivo human antibody discovery platforms, with over 140 partners and
counting. This mouse system was originally invented and validated inside a major pharma company and then
further developed by Alloy. This foundational suite of highly immunocompetent transgenic mice is engineered to
drive the greatest potential diversity of unique human antibodies binding to the viral target of interest, with broad
epitopic coverage. The comprehensive functional human antibody repertoire in these mice is optimized for
human Ab sequence developability and diversity. Alloy and Vanderbilt have already executed a simple licensing
process for use of the ATX-Gx platform, and as an established partner the Vanderbilt core team will access the
expanding portfolio of transgenic Alloy strains designed to address a range of discovery challenges (including
diverse Ab isotypes). Mice will be immunized with conformationally correct recombinant
protein antigens (Table 2), cDNAs encoding protective antigens, or replication-competent
VSV strains encoding protective antigens for the target of interest. After the immunization
protocol is completed, animals will be sacrificed humanely, spleens collected, and [ YV NPNTD
suspensions of splenocytes (enriched in B cells) will be purified by density gradient (n—l
selection. Downstream, the generation of human mAbs follows our well-established sy ~enNTD
methods as above for making human mAbs from B cells using single-cell RNAseq or [ chapvare
human hybridoma methods. The development will follow as for LASV and MACYV. CHAPV NP NTD +GPe

Anticipated results, potential problems, and alternative approaches. In this Aim, we will identify human anti-
LASV and anti-MACV mAb combinations with optimal neutralizing and protective activity. These mAb
combinations can be endowed genetically with half-life-extended Fc modifications to produce vaccine-like
therapy options (for humans) for rapid response to emerging LASV, MACYV, or related arenaviruses. Given our
previous ability to generate human antiviral mAbs, we do not anticipate problems in isolating anti-LASV or anti-
MACV mAbs. We may observe that mAb combinations do not add any benefit over individual mAbs. If we do not
identify potently neutralizing anti-LASV or anti-MACV mAbs via the planned approaches, we can also take a
target-agnostic approach and perform single-cell RNA-seq (10X Genomics and BD Rhapsody™) on enriched B
cells (i.e., memory B cells) isolated from human LASV-immune PBMC samples. In addition, we can deep
sequence the B cell repertoires present in LASV-immune PBMC samples and identify clonal lineages, including




siblings. Often, additional Abs in the lineages may be more potently neutralizing than the ones obtained directly
from human B cells. Together, through these complementary approaches (antigen-specific mAb isolation +
single-cell RNA-seq + bulk NGS), we likely can select a diverse panel of human anti-LASV mAbs. We also
anticipate defining key epitopes targeted by potently neutralizing anti-LASV mAb combinations that can inform
vaccine design (RP1) for related viruses being used as test cases in years 4 and 5. In the case that VSV-LASV
does not cause sufficient CPE via the RTCA platform (highly unlikely), established focus reduction neutralization
assays that detect VSV-LASV-infected foci will be used to identify mAbs with synergistic properties. Furthermore,
for competitive binding assays, biolayer interferometry using the high-throughput Octet HT X instrumentation also
can be used to assess binding of mAbs in solution.

E2. Specific Aim 2. Discover a protective CCHF virus mAb combination therapy. Establishing the generality
of protection approaches against nairoviruses, we will perform a mAb discovery proof-of-concept campaign for
the Prototype CCHFV. Preliminary studies have identified human anti-CCHF
mAbs with varying levels of protection in experimentally infected
animals™4243 We will isolate a large panel of human anti-CCHFV mAbs and
determine the rules governing optimal mAb combinations through
competition-binding, epitope mapping, neutralization, and viral escape
studies. Lead antibodies with acceptable manufacturability characteristics
(Core D) and the highest capacity to overcome resistance while maintaining
potency of protection will be selected. The structural basis of their activity | |z . .
will be established using structural biology techniques (electron | |T— /1 . gmBie=
microscopy and crystallography). Lead mAb cocktail therapies will be T amE
evaluated for in vivo protective efficacy in STAT17~ mice (with Core E). As W
a final test of an optimal anti-CCHFV mAb combination, we will assess —
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protective efficacy of the lead anti-CCHFV mAb pair in NHPs, to be selected
based on the in vitro and mouse data from Core E and manufacturability
data from Core D. Down-selection for testing in cynomolgus monkeys
studies would only be considered pending success in the mouse studies and
consultation with the external Scientific Advisory Board and NIAID program
staff. In years 4-5, we will apply the lessons learned to the plug and play
test case Kasokero virus (KASV) in collaboration with RP1, Core D, and
Core E.

Preliminary Data. (a) Potently neutralizing and non-neutralizing human
anti-CCHFV mAbs. In this Aim, we will rapidly discover human anti-CCHFV
mAbs from CCHFV-immune individuals and perform synergy studies to
identify optimal mAb combinations by pairing them. Through these studies,
we aim to identify an optimal anti-CCHFV mAb combination and further
advance the discovery platform for rapid response against emerging

Figure 2. Competition assessment
of human Abs to CCHFV using M-
segment expressing cells. We
tested 28 mAbs in competition assays.
MADbs are displayed in 8 groups (A-H)
based on their ability to compete for
binding. Values shown are the % of
binding that occurred during
competition compared to non-
competed binding of the mAb. This
value was normalized to 100%. The
values are also indicated by the box fill
color; darker colors toward black
indicate higher competition and lighter
colors toward white indicate less
competition, on a gradient scale.

nairoviruses. In preliminary experiments in collaboration with

- CCHFV-23
-+~ CCHFV-135
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investigators in RP1 and Core E, the Crowe laboratory has previously 1004
isolated and characterized panels of neutralizing human anti-CCHFV 80
human mAbs from individuals who were convalescent after naturally- g 60
acquired laboratory-confirmed infection in Spain or Turkey. We R
isolated a panel of antibodies against CCHFV that recognize the M- 20
segment in transfected cells, and they exhibit a diversity of 0

recognition patterns in that they fall into multiple competition-binding
groups (Fig 2). This panel contains cross-binding and cross-
neutralizing antibodies for diverse strains. We observed a human
mAb designated CCHF-82 competing with competition group 1 and
group 2 antibodies from the previously isolated GP38-reactive murine
antibodies. CCHF-82 showed some protection in a STAT17~ mouse
model of infection conducted by investigators in RP1 (Fig 3). Further
investigation with this antibody in the IbAr10200 prophylaxis and
therapeutic models is warranted. In contrast, the CCHFV-neutralizing
mAbs that we isolated and tested in vivo did not perform well in the
Turkish strain STAT17~ mouse model. We now know protection in this
model is possible, given the work from Fels et al., 2021 who showed
that potent antibodies against various sites on the Gc surface can
afford protection in this model*?. However, in their study they did not
test GP38-reactive antibodies. To our knowledge, our preliminary
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Figure 3. Human mAb CCHF-82 provides
partial protection as a post-exposure
prophylaxis against the Turkish strain of
CCHFV in the STAT1™~ mouse model.

A single dose of mAb was administered by the
IP route to mice (n=6 per group (3 male, 3
female)) at 30 min post infections. A lethal dose
of Turkish strain of CCHFV was administered.
CCHF mAbs or DENV-2D22 (an isotype-
matched negative control mAb) were tested in a
single dose of 250 ug per mouse. Kaplan-Meier
survival curves were statistically analyzed using
a log-rank (Mantel-Cox) test where mAb-treated
animals (P value shown in figure) were
compared to animals treated with the DENV-
2D22 negative control mAb. Unpublished data.




data is the first indication that a human GP38-targeting antibody can provide some protection in this mouse
model.

Non-neutralizing murine mAbs protect in mouse models of infection'™, but it is unknown if the human antibody
response could provide similar levels of protection. Murine mAb 13G8 binds to GP38 and does not neutralize
CCHFV. This mAb provides protection against lethal challenge as a prophylaxis and a therapeutic against
CCHFV. In preliminary experiments we sought to understand if human survivors of CCHFV infection possess B
cells encoding mAbs that bind a similar epitope as 13G8 and provide protection. CCHF-82 competes for binding
with 13G8 to preGn-transfected cells containing GP38. This antibody offered some protection as a post-exposure
prophylaxis against the Turkish strain of CCHFV (Fig 3). Human antibodies like this should be further studied
and the frequency of these clones should be elucidated to understand if this is a feasible strategy for future
vaccine efforts for humans. The epitope that 13G8 and CCHF-82 identifies could inform vaccine design if these
antibodies offer protection in larger animal models. Understanding how non-neutralizing antibodies function is
critical in efforts to validate the GP38-binding class of antibodies. Golden et al. undertook a study to understand
the mechanisms 13G8 functioned and observed that complement activation contributes to the protective capacity
of this antibody'*. Here, in studies of CCHF-82, we also will assess complement activation in mouse models of
infection to fully understand the function of this mAb in vivo. Furthermore, if this mAb protects in the CCHFV
IbAr10200 strain challenge model, assessing its mechanism is warranted. Together with Core D, we will assess
IgG molecules with complement knockout (“KA”) and Fc gamma receptor knockout (LALA-PG) mutations in the
Fc domain to study this matter. Human mAb CCHF-82 displayed limited cross-protection against experimental
infection with the Turkish strain of CCHFV. Our antibody isolation here will aim to identify cross-protective non-
neutralizing antibodies reactive with GP38. Recently, vaccinating with NP was shown to be another way to elicit
non- neutralizing antibodies**. The NP of CCHFV is more conserved than the glycoproteins and might also be a
non-canonical target for the identification of cross-protective non-neutralizing antibodies**.

(b) Applying mAb technologies for new mAb isolation. We will use sorting of antigen-specific cells with
recombinant viral surface protein antigens, cloning of Ab variable genes, and then expression of mAbs as as
described above in Specific Aim 1.

E.2.1. Rapid isolation of human anti-CCHFV mAbs. (a) Immune cells. We have obtained human PBMCs
from a number of previously CCHFV-infected individuals. One was a health care survivor who was infected while
caring for a patient in Spain*®. We also collected a panel of 10 fully de-identified PBMC samples from individuals
naturally infected in Turkey, in sample acquisition work supervised by the Vanderbilt Vaccine Center
Biorepository with separate institutional funding. Blood samples were only obtained after informed consent, de-
identified, and assigned random specimen numbers. The studies were approved by the Vanderbilt University
Medical Center IRB. PBMCs isolated from the blood samples were deposited into the Vanderbilt Vaccine Center
Biorepository, but we can designate their used for mAb generation in this RP4, if funded.

(b) Ab screening and sequence analysis. Our goal is to identify human anti-CCHFV mAbs rapidly, as if we
had to respond to a nairovirus outbreak in real time. Our ability to respond rapidly in the setting of outbreaks is
well-documented in the lay press (60 Minutes features and others) and the scientific literature, e.g., 78 days from
sample to protection of NHPs for Zika virus®?, and 25 days from PBMC sample receipt to delivery of the antibody
genes for the approved COVID-19 drug Evusheld to AstraZeneca'. Here, we will single-cell Table 3. Core D
sort antigen-specific B cells using recombinant CCHFV proteins (GP38, Gc, Gn, Gc¢/Gn) or
non-infectious particles as bait as described in Specific Aim 1. We will generate [ CCHF Turkey GnGc
recombinant GP antigens for selecting GP-specific B cells, based on prior validated designs | CCHF Turkey GP38
in the field, and use the antigens produced by Core D, (Table 3) or by RP1 (Table 4). CCHF NP

(c) Recombinant mAb cloning. As described in Specific Aim 1 above.

Table 4. Antigens
(d) Micro-scale mAb expression. As described in Specific Aim 1 above. available from RP1

(¢) A CPE-based CCHFV neutralization assay using RTCA. As above, we have Fcniioerencs
established a high-throughput assay to assess mAb-mediated neutralization of viruses [cchrTurkey NP
through the detection of CPE. In this aim, we will apply this method to assess neutralization | ccHr Turkey

of CCHFV. We will use a rVSV CCHFV surrogate that expresses CCHFV surface proteins | GnGc+GP38+NP
and causes CPE®. Investigators in RP1 have the VSV-CCHFV-GFP versions of clades 1 | CCHF Turkey GnGe+GP38
through 7 based on this publication. We will obtain these VSV constructs from investigators EE:E E:EZ Eiém

in PABVAX. Existing VSV vectors will be provided by investigators in RP1 and Core E. A

decrease in cell impedance due to CPE and a corresponding decrease in GFP expression will identify mAbs with
neutralizing activity against CCHFV. These mAbs will be moved forward for additional studies to identify an
optimal anti-CCHFV mAb combination. GP38-reactive clones will be advanced based on avidity ranking since
they are not likely to be neutralizing but may be protective in vivo.




E.2.2. Identifying CCHFV mAb combinations. (a) Epitope mapping through competition-binding studies.
Using previously established methods for competition-binding assays in Octet HTX biosensor (biolayer
interferometry) (as above, Fig 2) or high-throughput analytical flow cytometry (using an iQue Plus screener), we
will identify mAb pairs that can simultaneously bind CCHFV surface proteins and validate their epitopes. We will
perform competition-binding studies with CCHFV Gc/Gn or subunit proteins (as above) or CCHFV virus-like
particles (VLPs) made from a replicon system in hand. Core E will inactivate CCHFV virus particles that they
have at UTMB by gamma irradiation and safety test and send those to our Vanderbilt site. Inactivated virus
particles will be used in ELISA. We will include positive controls made recombinantly from some of the mAbs
shown in the unpublished preliminary data above for the identification of mAbs that can concurrently bind CCHFV
proteins with a goal of finding more potent clones at those sites or clones that complement these mAbs. (b)
Synergy studies using RTCA. To assess functional compatibility of the anti-CCHFV mAb pairs, we will assess
neutralization potency using the RTCA platform. We anticipate testing up to 15 mAb combinations, using rational
selection based on preliminary epitope mapping data. We can assess for synergy, additivity, or antagonism of
neutralization. Based on these results, we will down-select neutralizing mAb pairs, with our priority on
combinations with synergistic effects. GP-38-reactive clones will be screened for synergistic binding as they are
not expected to be neutralizing. (c) Identification of key binding residues of human anti-CCHFV mAbs by
neutralization escape analysis. The generation of mAb combinations should increase the barrier to viral
escape. To assess whether combination mAb pairs reduce the incidence of viral escape, we will perform in vitro
neutralization escape mutant analyses. For these analyses, we will passage VSV-CCHFV constructs at BSL2 in
the presence of saturating concentrations of CCHFV mAbs (single or combination) using the RTCA platform to
detect virus-induced CPE. Resistant virus will induce CPE, and supernatants will be extracted for sequencing.
Even if partial escape occurs, virus fithess may suffer. We can test this concept in vivo by determining the level
of infection of VSV-CCHFV escape variants in the presence of mAbs.

E.2.3. Structural basis of neutralization by anti-CCHFV mAb combinations. For a limited number of mAb
pairs (n = 3), we will determine the structural basis of this synergy with cryo-EM and crystallography, as described
in Specific Aim 1 above.

E.2.4. Protective efficacy of human anti-CCHF mAbs. (a) Studies in STAT1”~ mouse models. MAbs that
meet the above criteria and demonstrate acceptable manufacturability (Core D), will advance to in vivo testing.
We will use an established STAT1~”~ mouse model of CCHFV infection that the RP1 and Core E investigators
have deployed®®. To benchmark our mAbs, a separate set of STAT1~~ mice will be treated with CCHF-82, which
we showed in unpublished preliminary data above confers substantial but incomplete protection (Fig 3). The
Core E laboratory has access to strains representing all 6 clades that can be tested. Groups of 6-8 STAT17/~
mice will be treated with low, medium, and high doses) of single or combinations of anti-CCHFV mAb, or isotype
controls at day +1 after inoculation with CCHFVs. This approach allows us to determine whether combinations
provide advantage over the best CCHFV monotherapy treatments. These experiments will be repeated at least
two independent times. We expect to test 10 single mAbs and 5 pairs of anti-CCHFV mAbs in these studies.
Protection will be assessed using the following metrics: (i) survival; (ii) weight loss; (iii) clinical scores; (iv) viral
burden measurements at day 3 after CCHFV exposure and the day 35 study endpoint by plaque and gRT-PCR
assays. For any animals that show virological breakthrough of infection, deep sequencing will be performed from
recovered viruses to assess for possible emergence of in vivo resistance. From these studies, we expect to
down-select further to 2 optimal CCHFV mAb pairs that are comparable to or outperform the mAbs we reported
above. The lead mAbs will be advanced for further testing in Core E for additional dose-down studies.

(b) Validation of the protective efficacy of a down-selected human anti-CCHFV mAb combination against
CCHFV in NHPs. As a final test of an optimal anti-CCHFV mAb combination, we will assess efficacy of the lead
anti-CCHFV mAb pair in NHPs (Core E), to be selected based on the in vitro, STAT17 mice, and
manufacturability data (Core D). Down-selection for testing in cynomolgus monkeys would only be considered
with success in the STAT1”~ mouse studies and in consultation with the external SAB and NIAID program staff.

E.2.5. Applying lessons learned in CCHFV research to Kasokero mAbs. Once we have completed the
CCHFV discovery campaigns, will turn to the test case pathogen Kasokero virus to see if we can use the
prototype pathogen approach for this virus. We do not have access to human PBMCs from Kasokero-immune
donors. We will use Alloy humanized mouse models as a source of B cells encoding fully human mAbs, as
described above. Mice will be immunized with conformationally correct recombinant protein antigens (Table 5),
cDNAs encoding protective antigens, or replication-competent VSV strains encoding protective antigens for
Kasokero. After the immunization protocol is completed, animals will be sacrificed humanely, spleens collected,
and suspensions of splenocytes (enriched in B cells) will be purified by density gradient selection. Downstream,
the generation of human mAbs follows our well-established methods as above for making human mAbs from B
cells using single-cell RNAseq or human hybridoma methods. The development will follow as for CCHFV.



Anticipated results, potential problems, and alternative approaches. In this Aim, we will identify human anti-
CCHFV mAb combinations with optimal protective activity. These mAb combinations can be endowed genetically
with half-life-extended Fc modifications to produce vaccine-like therapy options (for humans) for rapid response
to emerging CCHFV or related nairoviruses. Given our previous ability to generate human anti-CCHFV mAbs,
as shown in preliminary data, we do not anticipate problems in isolating anti-CCHFV mAbs. We may observe
that mAb combinations do not add any benefit over individual mAbs. If we do not identify
potently protective anti-CCHFV mAbs via the planned approaches, we can also take a
target-agnostic approach and perform single-cell RNA-seq (10X Genomics and BD
Rhapsody™) on enriched B cells (i.e., memory B cells) isolated from human CCHFV- | Kasokero GnGC
immune PBMC samples. In addition, we can deep sequence the B cell repertoires present i:zggg ﬁg%

in CCHFV-immune PBMC samples and identify clonal lineages, including siblings. Often, xasokero Gnae
additional Abs in the lineages may be more potently neutralizing than the ones obtained | +GP38 +NP
directly from human B cells. Together, through these complementary approaches (antigen- | Kasokero GnGc
specific mADb isolation + single-cell RNA-seq + bulk NGS), we likely can select a diverse ;S;igem BnGo +NP
panel of human anti-CCHFV mAbs. We also anticipate defining key epitopes targeted by [kasokero GP38 +NP
potently neutralizing anti-CCHFV mAb combinations that can inform vaccine design (RP1)
for related viruses being used as test cases in years 4 and 5. In the case that VSV-CCHFV does not cause
sufficient CPE via the RTCA platform (highly unlikely), established focus reduction neutralization assays that
detect VSV-CCHFV-infected foci will be used to identify mAbs with synergistic properties. Furthermore, for
competitive binding assays, biolayer interferometry using the Octet HTX instrumentation also can be used to
assess binding of mAbs in solution.

E3. Specific Aim 3. Establish optimal mAb combination therapies against henipaviruses Hendra (HeV)
and Nipah (NiV) viruses. We will use a large panel of potent anti-henipavirus mAbs that we previously made
from the memory B cells of immune individuals and generate new antibodies targeting the fusion (F) protein.
RP2 will provide new antigens for mAb selection and BSL-2-compatible viruses for neutralization screens
including Cedar virus constructs displaying HeV and NiV F and G proteins. We will identify optimal mAb
combinations to enhance henipavirus therapy, minimize viral escape, and improve treatment efficacy through
synergy. In vitro competition-binding, neutralization, and mechanistic studies will be conducted, including
authentic virus neutralization with PABVAX Core E. We will refine the recognized epitopes and investigate
the structural basis for optimal combination neutralization of henipaviruses using HeV and NiV as prototypes. In
vivo assessment of mAb combinations will determine the minimal effective dose for protection and the ability to
prevent in vivo escape. Protective efficacy of lead mAb combinations will be assessed in hamster models of NiV
and HeV infection with Core E. Leads will be transferred to Core D. As a final test of optimal henipavirus mAb
combinations, we will assess protective efficacy of the lead henipavirus mAb pairs in NHPs, to be selected based
on the in vitro and hamster data from Core E and manufacturability data from Core D. Down-selection for testing
in African green monkey (AGM) henipavirus model studies would only be considered pending success in the
hamster studies and consultation with the external SAB and NIAID program staff. The HeV and NiV studies will
be conducted in years 1-3 and then applied to the plug-and-play test case Langya virus in years 2-5. If RP2 and
Core E cannot rescue recombinant Langya virus, the lessons learned in Years 1-3 will be applied to the alternate
“plug and play” test viruses Angavokely or Sosuga (SOSV) virus. Preliminary data on SOSV mAbs are provided.

Preliminary Data. (a) Potently neutralizing and non-neutralizing human anti-NIV/HeV mAbs. In this Aim,
we will further adapt approaches we have developed in preliminary experiments with henipavirus mAb studies
by identifying a potently protective combination of anti-NiV/HeV human mAbs. Through these studies, we aim to
identify an optimal anti-NiV+HeV mAb combination and further advance the discovery platform for rapid response
against emerging paramyxoviruses, especially henipaviruses. In previous experiments in collaboration with
investigators in RP2 and Core E, the Crowe laboratory has isolated characterized panels of neutralizing human
anti-G NiV/HeV human mAbs from an individual with G-based immunity following occupational exposure to an
equine HeV G subunit vaccine. Isolated peripheral blood mononuclear cells (PBMCs) were used to generate
human B cell hybridomas secreting human mAbs to G, and antibody variable genes were sequenced to generate
mAbs recombinantly. We isolated a panel of antibodies against the G protein that recognize the HeV G, NiV
Bangladesh G, and NiV Malaysia G proteins. The mAbs exhibited a diversity of recognition patterns in that they
fall into multiple competition-binding groups. This panel contains cross-binding and cross-neutralizing antibodies
for diverse NiV and HeV strains. In the work proposed here, we will rapidly discover human NiV/HeV anti-F mAbs
from NiV-immune individuals and outstanding potency anti-G antibodies with extensive characterization,
including synergistic neutralization.

(b) Applying mAb technologies for new mAb isolation. We will use sorting of antigen-specific cells with
recombinant henipavirus F protein antigens, as described above in Specific Aim 1.



E.3.1. Rapid isolation of human anti-HeV/NiV mAbs. (a) Immune cells. We are obtaining human PBMCs
from a number of previously NiV-infected individuals who acquired immunity following natural infection in
collaboration with the icddr,b, an international health research institute based in Dhaka, Bangladesh. We are
collecting a panel of 10 fully de-identified PBMC samples from individuals naturally infected in Bangladesh, in
sample acquisition work supervised by the Vanderbilt Vaccine Center Biorepository with separate institutional
funding. Blood samples are only obtained after informed consent, de-identified, and assigned random specimen
numbers. The studies are approved by the icddr,b and Vanderbilt University Medical Center IRBs. PBMCs
isolated from the blood samples are deposited into the Vanderbilt Vaccine Center Biorepository, but we can
designate their use in this RP4, if funded. (b) Applying mAb technologies for new mAb isolation. We will use
sorting of antigen-specific B cells, cloning of Ab variable genes, and then expression of mAbs as recombinant
IgG. Alternatively, cells can be expanded on feeder layers expressing CD40 ligand, IL-21, and BAFF. As above,
we can use high-throughput systems to capture Ab genes directly from viral protein-specific Ab-secreting B cells
on the Berkeley Lights Beacon® optofluidic platform or through single-cell RNA-seq approaches (10X Genomics
and BD Rhapsody™), and this may be helpful for rarer antigen-specific B cells. We will sort soluble fusion (sF)
or attachment (G) protein-specific cells with recombinant viral surface protein antigens from Core D (Table 6).

(c) Ab screening and sequence analysis. Our goal is to identify human anti-NiV/HeV mAbs rapidly, as if we
had to respond to a paramyxovirus outbreak in real time. We will single-cell sort antigen-specific B cells using
recombinant HeV and NiV proteins (sF or G) as bait as described in Specific Aim 1 above.

(d) Recombinant mAb cloning. As described in Specific Aim 1 above.
(e) Micro-scale mAb expression. As described in Specific Aim 1 above.

(f) CPE-based HeV/NiV neutralization assay using RTCA. As above, we have established a high-throughput
assay to assess mAb-mediated neutralization of viruses through the detection of CPE. In
this aim, we will apply this method to assess neutralization of HeV and NiV. We will use
rVSV HeV and NiV surrogates that expresses henipaviurs surface proteins and cause CPE.
Investigators in RP2 and RP3 have VSV-NiV F and VSV-NiV G with GFP3*, VSV-NiV G Nioah SF
without GFP3¢ and VSV-HeVG (Geisbert and Cross, unpublished). We will obtain these all Hepndra SF
these VSV constructs from investigators in PABVAX. A decrease in cell impedance due to [Niv G
CPE and a corresponding decrease in GFP expression will identify mAbs with neutralizing
activity against HeV and NiV. We also can use Cedar virus constructs for neutralization assays as the have
reduced pathogenicity*® and can be used in high-throughput screening assays for henipavirus antiviral
discovery*’. Cedar viruses will be provided by Dr. Broder of RP2. The mAbs with most potent activity will be
moved forward for additional studies to identify an optimal anti-HeV/NiV mAb combination.

E.3.2. Identifying HeV/NiV mAb combinations. (a) Epitope mapping through competition-binding studies.
Using previously established methods for competition-binding assays in Octet HTX biosensor (biolayer
interferometry) (as above, Fig 2) or high-throughput analytical flow cytometry (using an iQue Plus screener), we
will identify mAb pairs that can simultaneously bind HeV/NiV surface proteins and validate their epitopes. We
will perform competition-binding studies with HeV/NiV sF or G proteins (as above). We will include positive
controls made recombinantly from some of the mAbs shown in the preliminary data above for the identification
of mAbs that can concurrently bind HeV/NiV proteins with a goal of finding more potent clones at those sites or
clones that complement these mAbs. (b) Synergy studies using RTCA. To assess functional compatibility of
the anti- HeV/NiV mAb pairs, we will assess neutralization potency using the RTCA platform. We anticipate
testing up to 15 mAb combinations, using rational selection based on preliminary epitope mapping data. We can
assess for synergy, additivity, or antagonism of neutralization. Based on these results, we will down-select
neutralizing mAb pairs, with our priority on combinations with synergistic effects. (c) Identification of key
binding residues of human anti-HeV/NiV mAbs by neutralization escape analysis. The generation of mAb
combinations should increase the barrier to viral escape. To assess whether combination mAb pairs reduce the
incidence of viral escape, we will perform in vitro neutralization escape mutant analyses. For these analyses, we
will passage VSV-NiV F, VSV-NiV G and VSV-HeV G constructs at BSL-2 in the presence of saturating
concentrations of HeV/NiV mAbs (single or combination) using RTCA to detect virus-induced CPE. Resistant
virus will induce CPE, and supernatants will be extracted for sequencing. Even if partial escape occurs, virus
fitness may suffer. We can test the level of infection of VSV-HeV/NiV escape variants in the presence of mAbs.

E.3.3. Structural basis of neutralization by anti-HeV/NiV mAb combinations. For a limited number of mAb
pairs (n = 3), we will determine the structural basis of this synergy with cryo-EM and crystallography, as described
in Specific Aim 1 above.

E.3.4. Protective efficacy of human anti-henipavirus mAbs. (a) Studies in hamsters. MAbs that meet the
above criteria and demonstrate acceptable manufacturability (Core D), will advance to in vivo testing. We will
use an established hamster model of NiV or HeV infection that the Core E investigators have deployed. To



benchmark our mAbs, a separate set of hamsters will be treated with G mAbs HENV-103+HENV-117, which we
showed in previous data above confers substantial protection®. Groups of 6-8 hamsters will be treated with low,
medium, or high IgG doses) of single or combinations of anti-HeV/NiV mAbs, or isotype controls at day +1 after
inoculation with HeV or NiV. This approach allows us to determine whether combinations provide advantage over
the best HeV or NiV mAb monotherapy treatments. These experiments will be repeated at least two independent
times. We expect to test 10 single mAbs and 5 pairs of anti-HeV and anti-NiV mAbs in these studies. Protection
will be assessed using the following metrics: (i) survival; (ii) weight loss; (iii) clinical scores; (iv) viral burden
measurements at day 3 after HeV or NiV exposure and the day 35 study endpoint by plaque and gRT-PCR
assays. For any animals that show virological breakthrough of infection, deep sequencing will be performed from
recovered viruses to assess for possible emergence of in vivo resistance. From these studies, we expect to
down-select further to 2 optimal HeV/NiV mAb pairs that are comparable to or outperform the mAbs we reported
previously. The lead mAbs will be advanced for further testing in Core E for additional dose-down studies.

(b) Validation of the protective efficacy of a down-selected human anti-HeV/NiV mAb combination
against HeV and NiV in NHPs. As a final test of an optimal anti-HeV/NiV mAb combination, we may assess
efficacy of the lead anti-HeV/NiV mAb pair in NHPs (Core E), selected based on the in vitro, hamster data, and
manufacturability data (Core D). Down-selection for testing in AGMs would only be considered with success in
the hamster studies and in consultation with the external SAB and NIAID program staff.

E.3.5. Applying lessons learned in HeV/NiV research to Langya, Angavokely and Sosuga viruses. Once
we have completed the HeV/NiV discovery campaigns, will turn to the test case pathogen Langya (or alternate
Angavokely and Sosuga (SOSV) viruses) to see if we can use the prototype pathogen approach for this virus.
We have plenty of human PBMCs from the sole identified SOSV-immune individual and have already shown
that it is possible to obtain HN- and F-specific neutralizing antibodies from this individual’'s B cells*®. We also
have already prepared recombinant SOSV prefusion F and HN proteins*®. We do not have access to human
PBMCs from Langya- or Angavokely-immune donors. For those mAb discovery
campaigns, we will use Alloy humanized mouse models as a source of B cells encoding
human mAbs, as above. Mice will be immunized with recombinant protein antigens (Table
7), cDNAs encoding protective antigens, or replication-competent VSV strains encoding | Mojang sF
protective antigens for Langya or Angavokely. After the immunization protocol is | Angavokely sF
completed, animals will be sacrificed humanely, spleens collected, and suspensions of LLangyasF
splenocytes (enriched in B cells) will be purified by density gradient selection. Downstream, the generation of
human mAbs follows our well-established methods as above for making human mAbs from B cells using single-
cell RNAseq or human hybridoma methods. The development will follow as for Hev/NiV described above.

Anticipated results, potential problems, and alternative approaches. In this Aim, we will identify human anti-
HeV/NiV mAb combinations with optimal protective activity. These mAb combinations will be endowed
genetically with half-life-extended Fc modifications to produce vaccine-like therapy options (for humans) for rapid
response to emerging HeV/NiV or related paramyxoviruses. Given our previous ability to generate human anti-
HeV/NiV mAbs, as shown in preliminary data, we do not anticipate problems in isolating anti-HeV/NiV mAbs. We
may observe that new mAb combinations do not add any benefit over individual mAbs. If we do not identify
potently protective anti-HeV/NiV mAbs via the planned approaches, we can also take a target-agnostic approach
and perform single-cell RNA-seq (10X Genomics and BD Rhapsody™) on enriched B cells (i.e., memory B cells)
isolated from human NiV-immune PBMC samples. In addition, we can deep sequence the B cell repertoires
present in NiV-immune PBMC samples and identify clonal lineages, including siblings. Often, additional Abs in
the lineages may be more potently neutralizing than the ones obtained directly from human B cells. Together,
through these complementary approaches (antigen-specific mAb isolation + single-cell RNA-seq + bulk NGS),
we likely can select a diverse panel of human anti-HeV/NiV mAbs. We also anticipate defining key epitopes
targeted by potently neutralizing anti-HeV/NiV mAb combinations that can inform vaccine design (RP2) for
related viruses being used as test cases in years 2 through 5.

F. Scientific rigor. Experimental design. Experiments will include biological and technical replicates, and
results will be analyzed by parametric or non-parametric analyses (depending on data distribution) and
corrections for multiple comparisons. ECso (binding) and ICso (neutralization) values will be reported only
following at least 3 identically conducted experiments. All mAb screening will incorporate appropriate + and -
controls. Positive signals in binding assays will be defined as >3 SD above background. Protein quality. We
have a high capacity to purify proteins using a Protein Maker workstation that allows purification chromatography
on 24 parallel columns. We perform QC on protein reagents using a Maurice instrument with capillary
electrophoresis technology to automate our protein profiling either by size or charge, providing clEF and CE-
SDS data. Animal studies will be performed blinded with independent replicates and include negative (e.g.,
placebo), and positive (when available) controls. We will use power calculations (Data Management Core B) to




determine sample sizes. For virological studies, power analysis was performed using accepted values for type |
error (0.05) and power (80%). The values for population variance (15x) are based on existing data sets and our
experience with rodent challenge studies. We will perform experiments at least 2-3 independent times (n = 4-5
each) to attain n = 12-15 per arm. Smaller group sizes can be used if differences are larger than expected.

G. Relevant biological variables. The human mAbs are derived from immune human donors or Alloy mice.
Humans. Human Abs will be isolated for biological, structural, and functional studies at a clonal level. The sample
size is not powered for large scale epidemiologic or clinical study conclusions. There is no evidence that sex,
age, body mass index, or underlying health conditions other than immunodeficiency or immunosuppressive
treatments alters the activity of cloned Abs in structure/function studies. The samples are de-identified without
patient specific identifiers to protect the health information of the donors; thus, research with these samples is
considered Not Human Subjects Research category activity. Mice, hamsters, guinea pigs, NHP, and viruses are
also biological systems used in this application. Conventional animal housing conditions will be used because
there is no evidence that altered room temperatures and light/dark cycles influence paramyxovirus, nairovirus,
or arenavirus pathogenesis. Mice, hamsters, guinea pigs, and NHPs of both sexes will be used, and phenotypes
will be monitored for sex-based differences. Virus stocks will be either low passage seed stocks from natural
isolates or generated from existing cDNA clones and sequence-confirmed prior to use for infection studies.

H. Milestones and quantitative Go/No-Go criteria. Through Aims 1-3, we have proposed experiments that
will advance our knowledge of the mAb-mediated mechanisms of action against paramyxoviruses, nairoviruses,
and arenaviruses. In each Aim, we will use down-selection criteria (as below) to advance mAb combinations or
variants for additional studies. By year 3, we will have defined the principles that govern optimal mAb
combinations for paramyxoviruses, nairoviruses, and arenaviruses and the rational approaches needed to select
mAbs for potency and breadth. We will use the following metrics to advance mAbs: (a) Neutralizing activity. All
mAbs will have neutralizing potency < 10 ng/mL, ECs value; (b) Binding affinity. MAbs will be of high affinity
to surface proteins or virions (Kp < 5 nM). (¢) Protein stability and production quality. MAbs must produce at
high levels without optimization (> 100 mg/L) and show biochemical/functional stability at 4°C or -80°C (>90%
retention of binding and neutralization activity at 30 d). (d) Synergy. Combinations of 2 mAbs against a given
virus ideally will show synergy of neutralization in vitro or at a minimum, additive inhibition (no antagonism); (e)
Epitopes. To avoid resistance, mAbs in combination will bind 2 epitopes (determined by competition binding
(<20% reduction in binding), mapping, and structural studies. (f) Resistance against mAbs will be assessed for
virus escape. Deep sequencing of viruses that emerge from cells or animals treated with mAbs will inform
prioritization. Combinations of mAbs with high genetic barriers to resistance (<10x loss in ECsp) will be advanced.
(g) Protection in mice, hamsters, guinea pigs, or NHPs. The following metrics can be used: (i) Protection
against lethal challenge by homologous virus (>90% survival; (ii) Protection against clinical disease by
homologous virus (>80%); (iii) Protection against infection by homologous virus (>100-fold reduction in viral titers
in multiple organs). (h) pK measurements. For lead protective mAbs with mutations that should confer extended
half-life, we will perform pK studies in NHPs (with Core D and E) to assess levels over time with a goal of a
human predicted serum half-life of >6 months.

Timeline for RP4 Year1 | Year2 | Year 3 Year4 | Year5
Prototype mAb generation and testing: LASV and MACV mAbs X X X X
Test case mAb generation and testing: Lujo and Chapare mAbs X X X
Prototype mAb generation and testing: CCHFV mAbs 1:
Test case mAb generation and testing: Kasokero mAbs
Prototype mAb generation and testing: NIVVHENV mAbs X X X
Test case mAb generation: Langya, Angavokely/Sosuga mAbs X X X X
In vivo efficacy studies with Core E X X X X X
Translational activities with Core D X X X X X
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A. BACKGROUND AND SIGNIFICANCE. Paramyxoviruses, nairoviruses, and arenaviruses are widely
distributed RNA viruses that cause severe human syndromes. Because of their geographical distribution and
expansion, changes in human demographics and increased exposures to wild animals including rodents and
bats, and their capacity for human-to-human spread, these viruses have the potential to cause pandemics.
Together with the other investigators in PABVAX, we have selected several important prototype
paramyxoviruses, nairoviruses, and arenaviruses to study to learn the rules governing immunity to these
pathogens. The work on the pathogens selected is justified based on their prevalence and severity alone, but
also because of their ability to serve as prototypes for genetically related viruses. We chose the viruses for focus
in this RP4 on human antibody development because of their clinical relevance and because several will be
studied as prototypes for vaccine development in RP1 (arenaviruses, nairoviruses) and RP2 (paramyxoviruses).
Among the arenaviruses, we will target Lassa virus (LASV) and Machupo virus (MACV), and among the
nairoviruses, we will study Crimean—-Congo hemorrhagic fever virus (CCHFV). In tandem with the vaccine
projects in RP2 focused on paramyxoviruses, we will study Nipah virus (NiV) and Hendra virus (HeV) as the
prototypes. Information about the principles we discover about critical neutralizing epitopes identified here in
RP4 with prototype viruses can feed back into all other Projects that address the subsequent plug and play test
cases in later years (Lujo, Chapare, Kasokero, Langya).

LASV is an Old World arenavirus (OWAV) with a single-stranded RNA virus belonging to the Arenaviridae family.
Infection in humans is often the result of exposure to infected excreta from the rodent reservoir, Mastomys
natalensis where up to 500,000 cases and an estimated 5,000 deaths occur annually in West Africa?. While
rodent infection is largely benign, human infection can result in severe hemorrhagic disease with neurological
complications and Iong-term hearmg and vision sequelae®*. There are no approved vaccines or treatments for
LASV mfectlon v

MACYV is a New World Arenavirus (NWAV) and the causative agent of Bolivian Hemorrhagic fever. Humans are
infected after exposure to excreta from the reservoir, Calomys callosus, the large vesper mouse. Disease in
humans has a slow onset, but can progress to severe hemorrhagic fever coupled to insidious neurological

compllcatlons |nc|ud|ng tremors, seizures, and paraly5|s7 P L e o el cono e oroenb ool
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CCHEFV is a highly pathogenic tick-borne virus classified under the Nairovirus genus within the Bunyaviridae

family™. CCHF outbreaks have acase fatalltv rate of up to 40% and there are no vaccmes ortreatments approved
for human use. y :
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NiV/HeV. Bat borne, NiV and HeV are enveloped, negative-sense, smgle -stranded RNA viruses belonging to the
Henipavirus genus within the Paramyxoviridae family'®. These emerging zoonotic viruses pose a significant
threat to human and anlmal health due to the|r high fatallty rates and broad host range Ihegenemesref—M%Land

PABAX Center there are no vaccines or treatments aqalnst henipaviruses licensed for human use.

Antibodies (Abs) are important correlates of protection for paramyxoviruses, nairoviruses, and arenaviruses.
Immune sera against members of each of these groups of viruses has been shown to exhibit protective efficacy
in vivo, which supports the use for Abs as treatment options. However, the specificity, functional properties, and
other attributes of protective antibodies are poorly defined for most of these viruses. MAbs to the attachment and
fusion surface proteins of paramyxoviruses (such as the G and F proteins of Hendra/Nipah'®?° and the GP
proteins of the arenaviruses like LASV?"22) can neutralize and protect against infection in rodent models. CCHFV
is a bit of a conundrum in that ultrapotent human neutralizing antibodies to the related Rift Valley fever virus
surface proteins are highly protective in vivo®?*, but CCHFV neutralizing antibodies are not protective. In
contrast, some non-neutralizing antibodies do protect partially for CCHFV?. Clearly, there is a lot to learn about
the rules of immunity to these viruses, and the genetic, molecular, and structural basis of antibody-mediated
protection for viruses like CCHFV. Based on these data, we propose the use of mAbs as treatment options to
learn the rule of how to protect against emerging paramyxoviruses, nairoviruses, and arenaviruses and to
develop candidate antibody countermeasures for translational development with Core D. To do so, we will further
develop our technical methods for rapidly discovering mAbs, in the case of a future unexpected epidemic caused
by viruses of these families. Most importantly, we will define the principles governing combination antibody
therapy to prevent virus escape from treatment or prevention and to optimize the efficacy of the beneficial effects
conferred by passive immunity.

B. SCIENTIFIC PREMISE. The work proposed here in RP4 is based on the extensive basic, translational, and
clinical trial data on the role of neutralizing Abs in protection against infection and disease caused by
paramyxoviruses, nairoviruses, and arenaviruses. Although a significant amount of data supports the use of
mAbs to prevent or control paramyxovirus, nairovirus, and arenavirus infection, many questions remain, such as
the ideal epitopes to target with mAb combination therapy to improve upon neutralization potency, in vivo efficacy,
and resistance to viral escape. Identifying these epitopes can help inform vaccine design to elicit optimal
protective polyclonal responses (in RP1 and RP2, especially with designs for test cases in years 4 and 5). Here
we aim to refine our understanding of the correlates of mAb protection against paramyxoviruses, nairoviruses,
and arenaviruses to enable the design of a modular “plug-and-play” workflow to rapidly respond to potential
pandemics by generating optimized combinations of vaccine-like mAbs with an extended half-life that could be
used for long-term prophylaxis (> 6 months) and therapy.

C. INNOVATION. RP4 has many innovative conceptual and technical features including: Conceptual. (1)
determining the principles that govern optimal combinations of human mAbs against paramyxoviruses,
nairoviruses, and arenaviruses for protection and resistance to viral escape; (2) the development of a clear
workflow that generates therapeutic or preventative antibodies (long half-life mAbs that serve as vaccine
surrogates) against emerging or new paramyxoviruses, nairoviruses, and arenaviruses with pandemic potential.
Our goal is to define the principles and features, including epitope, combination ratios, and mechanisms of action,
that result in optimal efficacy of mAbs against paramyxoviruses, nairoviruses, and arenaviruses in animal models
and create a higher barrier for resistance. These studies will serve as paradigms for rapid antibody discovery in
response to future paramyxovirus, nairovirus, and arenavirus pandemic threats. Technical. (3) large-scale B cell
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repertoire sequencing with customized methods and software; (4) use of humanized (Alloy) mice and novel
immunogens from RP1 and RP2 and Core D; (5) single B cell functional (neutralization) assays performed on a
Beacon instrument; (6) development of high-throughput real-time label-free virus neutralization assays
(xCELLigence platform); and (7) use of simultaneous in parallel screening with several different high-throughput
virus-specific B cell isolation approaches (Beacon, 10X Genomics, Rhapsody) to generate and validate best-in-
class human mAbs as candidate medical countermeasures.

D. LINKAGE TO OTHER PABVAX PROJECTS AND CORES. The group will focus on developing a modular
test case platform for rapid selection of highly neutralizing and/or protective mAbs against paramyxoviruses,
nairoviruses, and arenaviruses. Members of our group have active collaborations with most members of the
PABVAX Center as reflected in previous collaborations and publications (see Overall document). We will
interact extensively with the Animal Model and Preclinical Evaluation Core (Core E) to study neutralization
against authentic viruses and to test for protection in small and large animals as well as with RP3 for testing
paramyxovirus mAbs. The knowledge gained from our studies on the structure-function relationships of
neutralizing mAb combinations can be applied to rational vaccine design for RP 1 and RP2 in later years of the
effort when we pivot to apply the lessons learned to the same test case targets as RP1 and RP2. Numerous
antigens will be made available to our RP. Finally, long-half-life Fc mutations are now available based on
engineering of human IgG1 for enhanced binding to the neonatal Fc receptor (FcRn) such as LS (M428L
IN434S)%, or YTE (M252Y/S254T/T256E)*” mutations. With = 90 days half-life in humans, our approach will
generate mAbs with vaccine-like properties that remain effective for months during a virus epidemic and thus
provides a platform for response to future paramyxovirus, nairovirus, and arenavirus pandemic threats, a key
goal of our PABVAX Center. Our laboratory previously validated this vaccine surrogate concept when we
isolated the human mAbs that formed the basis for Evusheld with YTE long-half-life Fc mutations (used in 70
countries and millions of people) that exhibited > 6 months protective levels in humans after single IM injections.

E. APPROACH

E.1. Specific Aim 1. Discover potently neutralizing arenavirus combination therapies. For the prototypes
we will focus on LASV, an Old World virus and MACV, a New World virus. We will investigate the principles
underlying antibody-mediated arenavirus protection. Preliminary evidence suggests that potent virus
neutralization is a mechanistic correlate of protection for arenaviruses?®%°.

RP1/Core D will provide optimized antigens for mAb selection for the Prototype === 1H-g%a ===
LASV and MACV (or subsequent Test Cases). We will use a workflow for rapid W
identification of potently neutralizing mAb combinations for LASV and MACV. We
will generate mAbs from individuals with prior natural infection or use transgenic
mice with human antibody repertoires. A large panel of human anti-LASV and
anti-MACV mAbs will be generated using multiple approaches (immune human
B cells and immunized humanized mice), and highly neutralizing mAbs will be
evaluated to identify optimal combinations. The best mAb combinations will be
assessed to determine the minimal effective dose for protection, and the lead
mAb combination therapy(ies) will be transferred to Core E for further evaluation
and ultimately testing in an NHP model of LASV or MACV infection. Leads will
be transferred to Core D for further translational development as medical
countermeasures. The prototype LASV and MACV will be studied in vears 1 to
3, followed by mAb discovery efforts for Test Cases Lujo and Chapare viruses
based on the established principles in years 4-5.
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Figure 1. Single cell mAb discovery.
PBMC samples are used to enrich for B
cells, which can be sorted for antigen-
specific B cells. Expansion allows us to
further assess the functionality of the B
cells or for antibody sequencing.
Recombinant mAb expression validates
the mAb sequence and functional
activity. Figure is adapted from .
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Preliminary Data. (a) Potently neutralizing human anti-LASV and anti-
MACV mAbs. The Crowe laboratory has previously characterized panels of e
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neutralizing human anti-viral human mAbs from virus-immune or vaccinated
individuals for about 50 viruses, mostly RNA viruses. Isolated peripheral blood o
mononuclear cells (PBMCs) are used to generate hybridomas or alternatively
antigen-sorted at single B cell level and antibody variable genes sequenced to
generate mAbs recombinantly. Panels of human anti-viral mAbs are produced
rapidly (we recently reported isolation of 15,000 mAb gene pairs from single
Ebola-virus-specific human B cells from a single blood sample of an immune
individual®. Previous studies by others clearly show that representative =i
neutralizing and protective human antibodies can be isolated from LASV- ==
immune subjects®'%. In this Aim, we will refine the approaches we have
developed previously for other RNA viruses in a proof-of-concept study by
identifying potently neutralizing combinations of anti-LASV and anti-MACV e
human mAbs. We will rapidly discover human anti-LASV mAbs from LASV-
immune individuals and human anti-MACV mAbs by immunizing Alloy
transgenic mice. Synergy studies will be performed to identify optimal mAb
combinations by pairing them. Through these studies, we aim to identify optimal
anti-LASV and anti-MACV mAb combinations and further advance the =]
discovery platform for rapid response against emerging arenaviruses.
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(b) Advanced mAb technologies. The Crowe laboratory has developed some Figure 1. Single cell mAb discovery.

of the highest yield systems to isolate naturally occurring human mAbs using Eggcwiﬁglpf;nagi‘;ie:et;’%?’g’:ﬁg’e’ s

human hybridoma or advanced single-cell RNA-seq methods (Fig 1). We have  specific B cells. Expansion allows us to
used sorting of antigen-specific cells with recombinant viral surface protein further assess the functionality of the B
antigens (like the GP1 and GP2 proteins we will use here), cloning of Ab ;‘fe”csom‘t’)‘inafn"t’m:g‘;:‘:gss;‘:\q\f;i’:g’l‘gs-
variable genes, and then expression of mAbs as recombinant IgG. Alternatively, e mab sequence and functional
cells can be expanded on feeder layers expressing CD40 ligand, IL-21, and activity. Figure is adapted from ".
BAFF. One variation we will use is to capture Ab genes directly from viral

glycoprotein-specific Ab-secreting B cells on the Berkeley Lights Beacon® optofluidic platform or through single-
cell RNA-seq approaches (10X Genomics and BD Rhapsody™), as we have done for Ebola virus®®*¢ and SARS-
CoV-2"%742 These single-cell techniques enhance the capture of rare antigen-specific B cells.

E.1.1. Rapid isolation of human anti-LASV and anti-MACV mAbs. (a) Inmune cells. We have obtained
human PBMCs from one previously LASV-infected individual who was medically managed previously by Emory
University in their infectious diseases containment unit. This person has a documented robust neutralizing serum
antibody response, suggesting isolation of neutralizing human mAbs from these PBMC aliquots will be
straightforward for us. Our colleagues in RP1 have ongoing field operations for over a decade in Sierra Leone,
Liberia, and Nigeria. This work is currently in association with the NIH-Centers for Research on Emerging
Infectious Diseases (CREID) with a heavy focus on the study of LASV ecology, epidemiology, and host
responses. RP4 is currently working with RP1 on obtaining PBMCs from ~10 individuals with prior laboratory-




confirmed cases of LASV. The acquisition of these samples is being managed by the Vanderbilt Vaccine Center
Biorepository with separate institutional funding to be de-identified prior to use in the studies proposed here.
Blood samples are only obtained after informed consent, de-identified, and assigned random specimen numbers.
The studies have been approved by the Vanderbilt University Medical Center IRB. PBMCs isolated from the
blood samples will be deposited into the Vanderbilt Vaccine Center Biorepository, but we can designate their
used for mAb generation in this RP4, if funded. For anti-MACV mAbs, as a human PBMC source is not readily
available, we will immunize Alloy humanized mice. These animals yield PBMCs that secrete fully human mAbs.
Alloy mice are used routinely in the Crowe lab workflow.

(b) Ab screening and sequence analysis. Our goal is to identify human anti-LASV and anti-MACV mAbs in a
rapid manner to mimic a pandemic response to an outbreak. We will single-cell sort antigen-specific B cells using
recombinant LASV or MACYV proteins (e.g., Table 1) or non-infectious viral particles as bait. These cells will be
expanded on feeder layers expressing CD40 ligand, IL-21, and BAFF for downstream applications, including
LASV and MACV neutralization assays. Alternatively, we will use the Berkeley Lights
Beacon® optofluidic platform, which can functionally ascribe GP protein or virus-particle
binding to single B cells. These cells are exported for sequencing of the variable gene omIGorEl

; . X . . assa Josiah NP
regions and analysis using the PyIR software developed in the Crowe laboratory. We will Lassa Josiah GPa
select a panel of up to 500 neutralizing anti-LASV mAbs and a similar number of anti-MACV Machupo GPe
MADs to express recombinantly and advance for further characterization. We can easily ["Machupo NP
conduct multiple approaches simultaneously in parallel"*3.

(c) Recombinant mAb cloning. We will synthesize heavy and light chain variable regions for cloning,
expression, and downstream functional assays to validate the mAb sequence. We will perform high-throughput
synthesis of mAb genes using a custom, commercial synthesis platform (Twist Bioscience). MAb genes are
Gibson-assembly-cloned on-instrument into our custom full-length Ig expression vectors.

(d) Micro-scale mAb expression. The Crowe laboratory has the capacity for large-throughput micro-scale mAb
expression and purification. The lower end of this range allows expression of thousands of mAbs, which will feed
into automated mAb purification platforms. This approach allows early-stage assays to identify candidate mAbs
that will then be produced at larger scale by Core D with a variety of Fc mutants to assess the role of Fc-mediated
effector functions in vivo (Core E).

(e) A CPE-based LASV and MACV neutralization assay using RTCA. We have established a high-throughput
assay to assess mAb-mediated neutralization of viruses through the detection of cytopathic effect (CPE). Here,
we will apply this method to assess neutralization of LASV. Recently, we validated the inclusion of simultaneous
live-cell fluorescence microscopy into this real-time CPE-based screening platform (xCelligence RTCA eSight).
These capabilities expand the platform to screen viruses that may or may not induce CPE, allowing us to also
use a replication-competent vesicular stomatitis virus (VSV) LASV surrogate that expresses LASV surface
proteins and causes CPE**. Currently, we have a VSV-LASV-Josiah (lineage 1V)* and a Sauerwald version
(lineage Il) of these recombinants. Making additional LASV VSV-LASVs is not difficult, and RP1 will make the
other missing lineages or needed arenaviruses based on the same approaches as previously published. RP1
also can easily make versions of these VSVs that express the green fluorescent protein (GFP) reporter gene.
Existing VSV-CCHFV, VSV-NiV, and VSV-HeV vectors“#” will be provided by Dr. Geisbert overall Pl and Lead
of Core E. We already have Vanderbilt IBC approval for use of these constructs. A decrease in cell impedance
due to CPE and a corresponding decrease in GFP expression if used will identify mAbs with neutralizing activity
against LASV. These mAbs will be moved forward for additional studies to identify an optimal anti-LASV mAb
combination. Similar processes will be followed to determine neutralization capacity of MACV mAb candidates.

E.1.2. Identifying LASV and MACV mAb combinations. (a) Epitope mapping through competition-binding
studies. Using previously established methods for competition-binding assays in Octet HTX biosensor (biolayer
interferometry) or high-throughput analytical flow cytometry (using an iQue Plus screener), we will identify mAb
pairs that can simultaneously bind LASV or MACV and validate their epitopes. We will perform competition-
binding studies with GP or subunit proteins (as above) or virus-like particles (VLPs)*® available from Core E at
UTMB. Core E will also inactivate LASV and MACYV virus particles that they have at UTMB by gamma irradiation
and safety test and send those to our Vanderbilt site (we have previously accomplished this transfer with Ebola
and Marburg particles). Inactivated virus particles will be used in ELISA. We will include positive controls made
recombinantly from previously reported antibodies for the identification of mAbs that can concurrently bind LASV
or MACV with a goal of finding more potent clones at those sites or clones that complement these inhibitory
mAbs. (b) Synergy studies using RTCA. To assess functional compatibility of the anti-LASV or anti-MACV
mADb pairs, we will assess neutralization potency using the RTCA platform. We anticipate testing up to 15 mAb
combinations for each virus, using rational selection based on preliminary epitope mapping data. We can assess
for synergy, additivity, or antagonism of neutralization. Based on these results, we will down-select mAb pairs,



with our priority on combinations with synergistic effects. (c) Identification of key residues binding residues
of human anti-LASV and anti-MACV mAbs. To determine the key residues for binding of down-selected mAbs,
we will perform deep mutational scanning*®. Briefly, all amino acids of the GP proteins will be mutated to the
other 19 amino acids with a unique barcode using PCR-based mutagenesis. The LASV or MACV GP protein
library will be incubated with the appropriate mAbs to identify residues with loss-of-binding phenotypes. A
sequence ‘logo’ showing the relative contributions of each amino acid mutation will identify residues critical for
binding. Multiple amino acid substitutions can then be assessed by reverse genetics at UTMB to confirm the
epitopes recognized by the down-selected mAbs. This method also serves as a surrogate for in vitro
neutralization escape studies. (d) Neutralization escape analysis. The generation of mAb combinations should
increase the barrier to viral escape. To assess whether mAb pairs reduce the incidence of viral escape, we will
perform in vitro neutralization escape mutant analyses. For these analyses, we will passage VSV-LASV or VSV-
MACYV constructs at BSL2 in the presence of saturating concentrations of mAbs (single or combination) using
the RTCA platform to detect virus-induced CPE. Resistant virus will induce CPE, and supernatants will be
extracted for sequencing. Confirmatory reverse genetics studies will be performed by introducing mutations into
an infectious cDNA clone of LASV or MACV by RP1 to test neutralization. We hypothesize that escape will be
less likely in the presence of mAb combinations than single mAbs. Even if partial escape occurs, virus fitness
may suffer. We can test this concept in vivo by determining the level of infection of escape variants in the
presence of mAbs.

E.1.3. Structural basis of neutralization by mAb combinations. The studies above should identify optimal
anti-LASV and anti-MACV mAb combinations that simultaneously bind, neutralize, and increase the barrier for
viral escape under mAb selective pressure. For a limited number of mAb pairs (n = 3), we will determine the
structural basis of this synergy with cryo-EM and crystallography, for which we have all capabilities and
equipment in our laboratory in the Vanderbilt Vaccine Center, Vanderbilt Structural Biology Core, and external
synchrotron sources. An understanding of the structural basis and rules governing an optimal neutralizing mAb
combination can be applied to mAb therapy development against arenavirus pandemic threats and inform
vaccine design for arenavirus by identifying key epitope targets (RP1).

E.1.4. Protective efficacy of human anti-arenavirus mAbs. (a) Studies in guinea pigs. MAbs that satisfy the
criteria stated above and that display stage-appropriate manufacturability characteristics will advance to in vivo
testing. We will use established models of LASV??%° and MACV®'"%2 infection in guinea pigs. PABVAX Core E
has access to many strains from different LASV and MACYV lineages, which will be tested. For prioritization, we
will focus on LASYV lineage I, lll, and IV strains and MACYV lineage |, Il, and VIII strains for which uniformly lethal
models are available. Groups of 6 outbred Hartley guinea pigs will be treated with low, medium, and high doses
of single or combinations of anti-LASV or anti-MACVs mAb, or isotype controls at day +1 after inoculation with
the LASVs or MACVs This approach allows us to determine whether combinations provide advantage over the
best monotherapy treatments. These experiments will be repeated at least two independent times. We expect
to test 10 single mAbs and 5 pairs of anti-LASV and anti-MACV mAbs in these studies. Protection will be
assessed using the following metrics: (i) survival; (ii) weight loss; (iii) clinical scores; (iv) viral burden
measurements (blood) at day 5 or 6 after LASV or MACV challenge and the day 35 study endpoint by plaque
and gRT-PCR assays. For any animals that show virological breakthrough of infection, deep sequencing will be
performed from recovered viruses to assess for possible emergence of in vivo resistance. From these studies,
we expect to down-select further to 2 optimal LASV and MACV mAb pairs that are comparable to or outperform
previously reported mAbs for further testing in Core E for additional dose-down studies.

(b) Validation of the protective efficacy of a down-selected human anti-LASV and anti-MACV mAb
combination against LASV or MACV in NHPs. As a final test of an optimal anti-LASV and anti-MACV mAb
combinations, we will assess protective efficacy of the lead anti-LASV mAb pair in NHPs as well as the anti-
MACV mAb pair in NHPs. These anti-LASV and anti-MACV mAb pairs will be selected based on the in vitro and
guinea pig data from Core E and manufacturability data from Core D. Down-selection for testing in cynomolgus
monkeys will only be considered pending success in the guinea pig studies and consultation with the external
Scientific Advisory Board (SAB) and NIAID program staff.



E.1.5. Applying lessons learned in LASV and MACV research with the selected test case pathogens for
mAb generation: Lujo and Chapare mAbs. Once we have completed the LASV and MACV discovery
campaigns, will turn to the test case pathogens to see if we can use the prototype pathogen approach to related
viruses, Lujo (LUJV) and Chapare (CHAPV). We do not have access to human PBMCs from LUJV - or CHAPV-
immune donors. As an alternative approach, we will use humanized mouse models as a source of B cells
encoding fully human monoclonal antibodies. The Vanderbilt core investigators have an established fully
executed agreement to use Alloy human antibody mice for this purpose (See Letter of Support). The Alloy ATX-
Gx™ mouse is one of the most effective in vivo human antibody discovery platforms, with over 140 partners and
counting. This mouse system was originally invented and validated inside a major pharma company and then
further developed by Alloy. This foundational suite of highly immunocompetent transgenic mice is engineered to
drive the greatest potential diversity of unique human antibodies binding to the viral target of interest, with broad
epitopic coverage. The comprehensive functional human antibody repertoire in these mice is optimized for
human Ab sequence developability and diversity. Alloy and Vanderbilt have already executed a simple licensing
process for use of the ATX-Gx platform, and as an established partner the Vanderbilt core team will access the
expanding portfolio of transgenic Alloy strains designed to address a range of discovery challenges (including
diverse Ab isotypes). Mice will be immunized with conformationally correct recombinant
protein antigens (Table 2), cDNAs encoding protective antigens, or replication-competent
VSV strains encoding protective antigens for the target of interest. After the immunization
protocol is completed, animals will be sacrificed humanely, spleens collected, and

suspensions of splenocytes (enriched in B cells) will be purified by density gradient tﬂjmii‘m —ore
selection. Downstream, the generation of human mAbs follows our well-established [~ciapvnenTD
methods as above for making human mAbs from B cells using single-cell RNAseq or [chapvcpe
human hybridoma methods. The development will follow as for LASV and MACV. CHAPV NP NTD +GPe

Anticipated results, potential problems, and alternative approaches. In this Aim, we will identify human anti-
LASV and anti-MACV mAb combinations with optimal neutralizing and protective activity. These mAb

combinations can be endowed genetically with half-life-extended Fc modifications to produce vaccine-like
therapy options (for humans) for rapid response to emerging LASV, MACYV, or related arenaviruses. Given our
previous ability to generate human antiviral mAbs, we do not anticipate problems in isolating anti-LASV or anti-
MACV mAbs. We may observe that mAb combinations do not add any benefit over individual mAbs. If we do not
identify potently neutralizing anti-LASV or anti-MACV mAbs via the planned approaches, we can also take a
target-agnostic approach and perform single-cell RNA-seq (10X Genomics and BD Rhapsody™) on enriched B
cells (i.e., memory B cells) isolated from human LASV-immune PBMC samples. In addition, we can deep
sequence the B cell repertoires present in LASV-immune PBMC samples and identify clonal lineages, including
siblings. Often, additional Abs in the lineages may be more potently neutralizing than the ones obtained directly
from human B cells. Together, through these complementary approaches (antigen-specific mAb isolation +
single-cell RNA-seq + bulk NGS), we likely can select a diverse panel of human anti-LASV mAbs. We also
anticipate defining key epitopes targeted by potently neutralizing anti-LASV mAb combinations that can inform
vaccine design (RP1) for related viruses being used as test cases in years 4 and 5. In the case that VSV-LASV
does not cause sufficient CPE via the RTCA platform (highly unlikely), established focus reduction neutralization
assays that detect VSV-LASV-infected foci will be used to identify mAbs with synergistic properties. Furthermore,
for competitive binding assays, biolayer interferometry using the high-throughput Octet HT X instrumentation also
can be used to assess binding of mAbs in solution.

LUJV NP NTD

E2. Specific Aim 2. Discover a protective CCHF virus mAb combination therapy. Establishing the generality
of protection approaches against nairoviruses, we will perform a mAb discovery proof-of-concept campaign for
the Prototype CCHFV. Preliminary studies have identified human anti-CCHF mAbs with varying levels of
protection in experimentally infected animals?>%354. We will isolate a large panel of human anti-CCHFV mAbs
and determine the rules governing optimal mAb combinations through competition-binding, epitope mapping,
neutralization, and viral escape studies. Lead antibodies with acceptable manufacturability characteristics (Core
D) and the highest capacity to overcome resistance while maintaining potency of protection will be selected. The



structural basis of their activity will be established using structural biology techniques (electron microscopy and
crystallography). Lead mAb cocktail therapies will be evaluated for in vivo protective efficacy in STAT17~ mice

(with Core E). As a final test of an optimal anti-CCHFV mAb combination,
we will assess protective efficacy of the lead anti-CCHFV mAb pair in NHPs,
to be selected based on the in vitro and mouse data from Core E and
manufacturability data from Core D. Down-selection for testing in
cynomolgus monkeys studies would only be considered pending success in
the mouse studies and consultation with the external Scientific Advisory
Board and NIAID program staff. In years 4-5, we will apply the lessons
learned to the plug and play test case Kasokero virus (KASV) in
collaboration with RP1, Core D, and Core E.

Preliminary Data. (a) Potently neutralizing and non-neutralizing human
anti-CCHFV mAbs. In this Aim, we will rapidly discover human anti-CCHFV
mAbs from CCHFV-immune individuals and perform synergy studies to
identify optimal mAb combinations by pairing them. Through these studies,
we aim to identify an optimal anti-CCHFV mAb combination and further
advance the discovery platform for rapid response against emerging
nairoviruses. In preliminary experiments in collaboration with investigators
in RP1 and Core E, the Crowe laboratory has previously isolated and
characterized panels of neutralizing human anti-CCHFV human mAbs from
individuals who were convalescent after naturally-acquired laboratory-
confirmed infection in Spain or Turkey. We isolated a panel of antibodies
against CCHFYV that recognize the M-segment in transfected cells, and they
exhibit a diversity of recognition patterns in that they fall into multiple
competition-binding groups (Fig 2). This panel contains cross-binding and
cross-neutralizing antibodies for diverse strains. We observed a human mAb
designated CCHF-82 competing with competition group 1 and group 2
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Figure 2. Competition assessment
of human Abs to CCHFV using M-
segment expressing cells. We
tested 28 mAbs in competition assays.
MADbs are displayed in 8 groups (A-H)
based on their ability to compete for
binding. Values shown are the % of
binding that occurred during
competition compared to non-
competed binding of the mAb. This
value was normalized to 100%. The
values are also indicated by the box fill
color; darker colors toward black
indicate higher competition and lighter
colors toward white indicate less
competition, on a gradient scale.

antibodies from the previously isolated GP38-reactive murine
antibodies. CCHF-82 showed some protection in a STAT1™~ mouse

100
model of infection conducted by investigators in RP1 (Fig 3). Further T 80 =3 iRV
investigation with this antibody in the IbAr10200 prophylaxis and % 60 T Conves
therapeutic models is warranted. In contrast, the CCHFV-neutralizing @ 40 P-00193  -> CCHFVa2
mAbs that we isolated and tested in vivo did not perform well in the X2 - CCHFV-7O
Turkish strain STAT1~~ mouse model. We now know protection in this 0 e DENV:2022

model is possible, given the work from Fels et al., 2021 who showed
that potent antibodies against various sites on the Gc surface can

0 3 6 9121518212427
Days post-infection

afford protection in this model®®. However, in their study they did not
test GP38-reactive antibodies. To our knowledge, our preliminary
data is the first indication that a human GP38-targeting antibody can
provide some protection in this mouse model.

Non-neutralizing murine mAbs protect in mouse models of infection®,
but it is unknown if the human antibody response could provide
similar levels of protection. Murine mAb 13G8 binds to GP38 and
does not neutralize CCHFV. This mAb provides protection against
lethal challenge as a prophylaxis and a therapeutic against CCHFV.
In preliminary experiments we sought to understand if human
survivors of CCHFV infection possess B cells encoding mAbs that
bind a similar epitope as 13G8 and provide protection. CCHF-82
competes for binding with 13G8 to preGn-transfected cells containing

Figure 3. Human mAb CCHF-82 provides
partial protection as a post-exposure
prophylaxis against the Turkish strain of
CCHFV in the STAT1~~ mouse model.

A single dose of mAb was administered by the
IP route to mice (n=6 per group (3 male, 3
female)) at 30 min post infections. A lethal dose
of Turkish strain of CCHFV was administered.
CCHF mAbs or DENV-2D22 (an isotype-
matched negative control mAb) were tested in a
single dose of 250 ug per mouse. Kaplan-Meier
survival curves were statistically analyzed using
a log-rank (Mantel-Cox) test where mAb-treated
animals (P value shown in figure) were
compared to animals treated with the DENV-
2D22 negative control mAb. Unpublished data.

GP38. This antibody offered some protection as a post-exposure

prophylaxis against the Turkish strain of CCHFV (Fig 3). Human antibodies like this should be further studied
and the frequency of these clones should be elucidated to understand if this is a feasible strategy for future
vaccine efforts for humans. The epitope that 13G8 and CCHF-82 identifies could inform vaccine design if these
antibodies offer protection in larger animal models. Understanding how non-neutralizing antibodies function is
critical in efforts to validate the GP38-binding class of antibodies. Golden et al. undertook a study to understand
the mechanisms 13G8 functioned and observed that complement activation contributes to the protective capacity
of this antibody?. Here, in studies of CCHF-82, we also will assess complement activation in mouse models of
infection to fully understand the function of this mAb in vivo. Furthermore, if this mAb protects in the CCHFV
IbAr10200 strain challenge model, assessing its mechanism is warranted. Together with Core D, we will assess



IgG molecules with complement knockout (“KA”) and Fc gamma receptor knockout (LALA-PG) mutations in the
Fc domain to study this matter. Human mAb CCHF-82 displayed limited cross-protection against experimental
infection with the Turkish strain of CCHFV. Our antibody isolation here will aim to identify cross-protective non-
neutralizing antibodies reactive with GP38. Recently, vaccinating with NP was shown to be another way to elicit
non- neutralizing antibodies®. The NP of CCHFV is more conserved than the glycoproteins and might also be a
non-canonical target for the identification of cross-protective non-neutralizing antibodies®.

(b) Applying mAb technologies for new mAb isolation. We will use sorting of antigen-specific cells with
recombinant viral surface protein antigens, cloning of Ab variable genes, and then expression of mAbs as as
described above in Specific Aim 1.

E.2.1. Rapid isolation of human anti-CCHFV mAbs. (a) Immune cells. We have obtained human PBMCs
from a number of previously CCHFV-infected individuals. One was a health care survivor who was infected while
caring for a patient in Spain®. We also collected a panel of 10 fully de-identified PBMC samples from individuals
naturally infected in Turkey, in sample acquisition work supervised by the Vanderbilt Vaccine Center
Biorepository with separate institutional funding. Blood samples were only obtained after informed consent, de-
identified, and assigned random specimen numbers. The studies were approved by the Vanderbilt University
Medical Center IRB. PBMCs isolated from the blood samples were deposited into the Vanderbilt Vaccine Center
Biorepository, but we can designate their used for mAb generation in this RP4, if funded.

(b) Ab screening and sequence analysis. Our goal is to identify human anti-CCHFV mAbs rapidly, as if we
had to respond to a nairovirus outbreak in real time. Our ability to respond rapidly in the setting of outbreaks is
well-documented in the lay press (60 Minutes features and others) and the scientific literature, e.g., 78 days from
sample to protection of NHPs for Zika virus*3, and 25 days from PBMC sample receipt to delivery of the antibody

genes for the approved COVID-19 drug Evusheld to AstraZeneca'. Here, we will single-cell Table 3. Core D
sort antigen-specific B cells using recombinant CCHFV proteins (GP38, Gc, Gn, Gc/Gn) or CCHFV antigens

non-infectious particles as bait as described in Specific Aim 1. We will generate | CCHF Turkey GnGc
recombinant GP antigens for selecting GP-specific B cells, based on prior validated designs gg:i Lgkey GP38

in the field, and use the antigens produced by Core D, (Table 3) or by RP1 (Table 4).
(c) Recombinant mAb cloning. As described in Specific Aim 1 above.
(d) Micro-scale mAb expression. As described in Specific Aim 1 above.

(e) A CPE-based CCHFV neutralization assay using RTCA. As above, we have
established a high-throughput assay to assess mAb-mediated neutralization of viruses
through the detection of CPE. In this aim, we will apply this method to assess neutralization
of CCHFV. We will use a rVSV CCHFV surrogate that expresses CCHFV surface proteins

Table 4. Antigens
available from RP1
CCHF Turkey GnGc
CCHF Turkey GP38

CCHF Turkey NP

CCHF Turkey
GnGc+GP38+NP

and causes CPE*. Investigators in RP1 have the VSV-CCHFV-GFP versions of clades 1
through 7 based on this publication. We will obtain these VSV constructs from investigators
in PABVAX. Existing VSV vectors will be provided by investigators in RP1 and Core E. A

CCHF Turkey GnGc+GP38
CCHF Turkey GP38+NP
CCHF Turkey GnGc+NP

decrease in cell impedance due to CPE and a corresponding decrease in GFP expression will identify mAbs with
neutralizing activity against CCHFV. These mAbs will be moved forward for additional studies to identify an
optimal anti-CCHFV mAb combination. GP38-reactive clones will be advanced based on avidity ranking since
they are not likely to be neutralizing but may be protective in vivo.

E.2.2. Identifying CCHFV mAb combinations. (a) Epitope mapping through competition-binding studies.
Using previously established methods for competition-binding assays in Octet HTX biosensor (biolayer
interferometry) (as above, Fig 2) or high-throughput analytical flow cytometry (using an iQue Plus screener), we
will identify mAb pairs that can simultaneously bind CCHFV surface proteins and validate their epitopes. We will
perform competition-binding studies with CCHFV Gc/Gn or subunit proteins (as above) or CCHFV virus-like
particles (VLPs) made from a replicon system in hand. Core E will inactivate CCHFV virus particles that they
have at UTMB by gamma irradiation and safety test and send those to our Vanderbilt site. Inactivated virus
particles will be used in ELISA. We will include positive controls made recombinantly from some of the mAbs
shown in the unpublished preliminary data above for the identification of mAbs that can concurrently bind CCHFV
proteins with a goal of finding more potent clones at those sites or clones that complement these mAbs. (b)
Synergy studies using RTCA. To assess functional compatibility of the anti-CCHFV mAb pairs, we will assess
neutralization potency using the RTCA platform. We anticipate testing up to 15 mAb combinations, using rational
selection based on preliminary epitope mapping data. We can assess for synergy, additivity, or antagonism of
neutralization. Based on these results, we will down-select neutralizing mAb pairs, with our priority on
combinations with synergistic effects. GP-38-reactive clones will be screened for synergistic binding as they are
not expected to be neutralizing. (c) Identification of key binding residues of human anti-CCHFV mAbs by
neutralization escape analysis. The generation of mAb combinations should increase the barrier to viral
escape. To assess whether combination mAb pairs reduce the incidence of viral escape, we will perform in vitro



neutralization escape mutant analyses. For these analyses, we will passage VSV-CCHFV constructs at BSL2 in
the presence of saturating concentrations of CCHFV mAbs (single or combination) using the RTCA platform to
detect virus-induced CPE. Resistant virus will induce CPE, and supernatants will be extracted for sequencing.
Even if partial escape occurs, virus fithess may suffer. We can test this concept in vivo by determining the level
of infection of VSV-CCHFV escape variants in the presence of mAbs.

E.2.3. Structural basis of neutralization by anti-CCHFV mAb combinations. For a limited number of mAb
pairs (n = 3), we will determine the structural basis of this synergy with cryo-EM and crystallography, as described
in Specific Aim 1 above.

E.2.4. Protective efficacy of human anti-CCHF mAbs. (a) Studies in STAT1”- mouse models. MAbs that
meet the above criteria and demonstrate acceptable manufacturability (Core D), will advance to in vivo testing.
We will use an established STAT1”~ mouse model of CCHFV infection that the RP1 and Core E investigators
have deployed®. To benchmark our mAbs, a separate set of STAT1~~ mice will be treated with CCHF-82, which
we showed in unpublished preliminary data above confers substantial but incomplete protection (Fig 3). The
Core E laboratory has access to strains representing all 6 clades that can be tested. Groups of 6-8 STAT17/~
mice will be treated with low, medium, and high doses) of single or combinations of anti-CCHFV mAb, or isotype
controls at day +1 after inoculation with CCHFVs. This approach allows us to determine whether combinations
provide advantage over the best CCHFV monotherapy treatments. These experiments will be repeated at least
two independent times. We expect to test 10 single mAbs and 5 pairs of anti-CCHFV mAbs in these studies.
Protection will be assessed using the following metrics: (i) survival; (ii) weight loss; (iii) clinical scores; (iv) viral
burden measurements at day 3 after CCHFV exposure and the day 35 study endpoint by plague and qRT-PCR
assays. For any animals that show virological breakthrough of infection, deep sequencing will be performed from
recovered viruses to assess for possible emergence of in vivo resistance. From these studies, we expect to
down-select further to 2 optimal CCHFV mAb pairs that are comparable to or outperform the mAbs we reported
above. The lead mAbs will be advanced for further testing in Core E for additional dose-down studies.

(b) Validation of the protective efficacy of a down-selected human anti-CCHFV mAb combination against
CCHFV in NHPs. As a final test of an optimal anti-CCHFV mAb combination, we will assess efficacy of the lead
anti-CCHFV mAb pair in NHPs (Core E), to be selected based on the in vitro, STAT17~ mice, and
manufacturability data (Core D). Down-selection for testing in cynomolgus monkeys would only be considered
with success in the STAT17~ mouse studies and in consultation with the external SAB and NIAID program staff.

E.2.5. Applying lessons learned in CCHFV research to Kasokero mAbs. Once we have completed the
CCHEFV discovery campaigns, will turn to the test case pathogen Kasokero virus to see if we can use the
prototype pathogen approach for this virus. We do not have access to human PBMCs from Kasokero-immune
donors. We will use Alloy humanized mouse models as a source of B cells encoding fully human mAbs, as
described above. Mice will be immunized with conformationally correct recombinant protein antigens (Table 5)
cDNAs encoding protective antigens, or replication-competent VSV _strains encoding protective antigens for
Kasokero. After the immunization protocol is completed, animals will be sacrificed humanely, spleens collected
and suspensions of splenocytes (enriched in B cells) will be purified by density gradient selection. Downstream
the generation of human mAbs follows our well-established methods as above for making human mAbs from B
cells using single-cell RNAseq or human hybridoma methods. The development will follow as for CCHFV.

Table 5. Antigens
available from RP1

Kasokero GnGC
Kasokero GP38
Kasokero NP

. . . . . . Kasokero GnGc
Anticipated results, potential problems, and alternative approaches. In this Aim, we | .gp3g +NP

will identify human anti-CCHFV mAb combinations with optimal protective activity. These | Kasokero GnGc
mAb combinations can be endowed genetically with half-life-extended Fc modifications to | *GP38

produce vaccine-like therapy options (for humans) for rapid response to emerging CCHFV ﬁzzgt::g gg(;g :sg
or related nairoviruses. Given our previous ability to generate human anti-CCHFV mAbs,

as shown in preliminary data, we do not anticipate problems in isolating anti-CCHFV mAbs. We may observe
that mAb combinations do not add any benefit over individual mAbs. If we do not identify potently protective anti-




CCHFV mAbs via the planned approaches, we can also take a target-agnostic approach and perform single-cell
RNA-seq (10X Genomics and BD Rhapsody™) on enriched B cells (i.e., memory B cells) isolated from human
CCHFV-immune PBMC samples. In addition, we can deep sequence the B cell repertoires present in CCHFV-
immune PBMC samples and identify clonal lineages, including siblings. Often, additional Abs in the lineages
may be more potently neutralizing than the ones obtained directly from human B cells. Together, through these
complementary approaches (antigen-specific mAb isolation + single-cell RNA-seq + bulk NGS), we likely can
select a diverse panel of human anti-CCHFV mAbs. We also anticipate defining key epitopes targeted by potently
neutralizing anti-CCHFV mAb combinations that can inform vaccine design (RP1) for related viruses being used
as test cases in years 4 and 5. In the case that VSV-CCHFV does not cause sufficient CPE via the RTCA platform
(highly unlikely), established focus reduction neutralization assays that detect VSV-CCHFV-infected foci will be
used to identify mAbs with synergistic properties. Furthermore, for competitive binding assays, biolayer
interferometry using the Octet HTX instrumentation also can be used to assess binding of mAbs in solution.

E3. Specific Aim 3. Establish optimal mAb combination therapies against henipaviruses Hendra (HeV)
and Nipah (NiV) viruses. We will use a large panel of potent anti-henipavirus mAbs that we previously made
from the memory B cells of immune individuals and generate new antibodies targeting the fusion (F) protein.
RP2 will provide new antigens for mAb selection and BSL-2-compatible viruses for neutralization screens
including Cedar virus constructs displaying HeV and NiV F and G proteins. We will identify optimal mAb
combinations to enhance henipavirus therapy, minimize viral escape, and improve treatment efficacy through
synergy. In vitro competition-binding, neutralization, and mechanistic studies will be conducted, including
authentic virus neutralization with PABVAX Core E. We will refine the recognized epitopes and investigate
the structural basis for optimal combination neutralization of henipaviruses using HeV and NiV as prototypes. In
vivo assessment of mAb combinations will determine the minimal effective dose for protection and the ability to
prevent in vivo escape. Protective efficacy of lead mAb combinations will be assessed in hamster models of NiV
and HeV infection with Core E. Leads will be transferred to Core D. As a final test of optimal henipavirus mAb
combinations, we will assess protective efficacy of the lead henipavirus mAb pairs in NHPs, to be selected based
on the in vitro and hamster data from Core E and manufacturability data from Core D. Down-selection for testing
in African green monkey (AGM) henipavirus model studies would only be considered pending success in the
hamster studies and consultation with the external SAB and NIAID program staff. The HeV and NiV studies will
be conducted in years 1-3 and then applied to the plug-and-play test case Langya virus in years 2-5. If RP2 and
Core E cannot rescue recombinant Langya virus, the lessons learned in Years 1-3 will be applied to the alternate
“plug and play” test viruses Angavokely or Sosuga (SOSV) virus. Preliminary data on SOSV mAbs are provided.

Preliminary Data. (a) Potently neutralizing and non-neutralizing human anti-NIV/HeV mAbs. In this Aim,
we will further adapt approaches we have developed in preliminary experiments with henipavirus mAb studies
by identifying a potently protective combination of anti-NiV/HeV human mAbs. Through these studies, we aim to
identify an optimal anti-NiV+HeV mAb combination and further advance the discovery platform for rapid response
against emerging paramyxoviruses, especially henipaviruses. In previous experiments in collaboration with
investigators in RP2 and Core E, the Crowe laboratory has isolated characterized panels of neutralizing human
anti-G NiV/HeV human mAbs from an individual with G-based immunity following occupational exposure to an
equine HeV G subunit vaccine. Isolated peripheral blood mononuclear cells (PBMCs) were used to generate
human B cell hybridomas secreting human mAbs to G, and antibody variable genes were sequenced to generate
mAbs recombinantly. We isolated a panel of antibodies against the G protein that recognize the HeV G, NiV
Bangladesh G, and NiV Malaysia G proteins. The mAbs exhibited a diversity of recognition patterns in that they
fall into multiple competition-binding groups. This panel contains cross-binding and cross-neutralizing antibodies
for diverse NiV and HeV strains. In the work proposed here, we will rapidly discover human NiV/HeV anti-F mAbs
from NiV-immune individuals and outstanding potency anti-G antibodies with extensive characterization,
including synergistic neutralization.

(b) Applying mAb technologies for new mAb isolation. We will use sorting of antigen-specific cells with
recombinant henipavirus F protein antigens, as described above in Specific Aim 1.

E.3.1. Rapid isolation of human anti-HeV/NiV mAbs. (a) Immune cells. We are obtaining human PBMCs
from a number of previously NiV-infected individuals who acquired immunity following natural infection in
collaboration with the icddr,b, an international health research institute based in Dhaka, Bangladesh. We are
collecting a panel of 10 fully de-identified PBMC samples from individuals naturally infected in Bangladesh, in
sample acquisition work supervised by the Vanderbilt Vaccine Center Biorepository with separate institutional
funding. Blood samples are only obtained after informed consent, de-identified, and assigned random specimen
numbers. The studies are approved by the icddr,b and Vanderbilt University Medical Center IRBs. PBMCs
isolated from the blood samples are deposited into the Vanderbilt Vaccine Center Biorepository, but we can
designate their use in this RP4, if funded. (b) Applying mAb technologies for new mAb isolation. We will use



sorting of antigen-specific B cells, cloning of Ab variable genes, and then expression of mAbs as recombinant
1gG. Alternatively, cells can be expanded on feeder layers expressing CD40 ligand, IL-21, and BAFF. As above,
we can use high-throughput systems to capture Ab genes directly from viral protein-specific Ab-secreting B cells
on the Berkeley Lights Beacon® optofluidic platform or through single-cell RNA-seq approaches (10X Genomics
and BD Rhapsody™), and this may be helpful for rarer antigen-specific B cells. We will sort soluble fusion (sF)
or attachment (G) protein-specific cells with recombinant viral surface protein antigens from Core D (Table 6).

(c) Ab screening and sequence analysis. Our goal is to identify human anti-NiV/HeV mAbs rapidly, as if we
had to respond to a paramyxovirus outbreak in real time. We will single-cell sort antigen-specific B cells using
recombinant HeV and NiV proteins (sF or G) as bait as described in Specific Aim 1 above.

(d) Recombinant mAb cloning. As described in Specific Aim 1 above.
(e) Micro-scale mAb expression. As described in Specific Aim 1 above.

(f) CPE-based HeV/NiV neutralization assay using RTCA. As above, we have established a high-throughput
assay to assess mAb-mediated neutralization of viruses through the detection of CPE. In
this aim, we will apply this method to assess neutralization of HeV and NiV. We will use Table 6. Core D

rVSV HeV and NiV surrogates that expresses henipaviurs surface proteins and cause CPE. Hz:it'?a"ri]rsus
Investigators in RP2 and RP3 have VSV-NiV F and VSV-NiV G with GFP*, VSV-NiV G Nipah sF o°

without GFP* and VSV-HeVG (Geisbert and Cross, unpublished). We will obtain these all g qa sF
these VSV constructs from investigators in PABVAX. A decrease in cell impedance due to [ Niv G
CPE and a corresponding decrease in GFP expression will identify mAbs with neutralizing
activity against HeV and NiV. We also can use Cedar virus constructs for neutralization assays as the have
reduced pathogenicity’” and can be used in high-throughput screening assays for henipavirus antiviral
discovery®®. Cedar viruses will be provided by Dr. Broder of RP2. The mAbs with most potent activity will be
moved forward for additional studies to identify an optimal anti-HeV/NiV mAb combination.

E.3.2. Identifying HeV/NiV mAb combinations. (a) Epitope mapping through competition-binding studies.
Using previously established methods for competition-binding assays in Octet HTX biosensor (biolayer
interferometry) (as above, Fig 2) or high-throughput analytical flow cytometry (using an iQue Plus screener), we
will identify mAb pairs that can simultaneously bind HeV/NiV surface proteins and validate their epitopes. We
will perform competition-binding studies with HeV/NiV sF or G proteins (as above). We will include positive
controls made recombinantly from some of the mAbs shown in the preliminary data above for the identification
of mAbs that can concurrently bind HeV/NiV proteins with a goal of finding more potent clones at those sites or
clones that complement these mAbs. (b) Synergy studies using RTCA. To assess functional compatibility of
the anti- HeV/NiV mAb pairs, we will assess neutralization potency using the RTCA platform. We anticipate
testing up to 15 mAb combinations, using rational selection based on preliminary epitope mapping data. We can
assess for synergy, additivity, or antagonism of neutralization. Based on these results, we will down-select
neutralizing mAb pairs, with our priority on combinations with synergistic effects. (c) Identification of key
binding residues of human anti-HeV/NiV mAbs by neutralization escape analysis. The generation of mAb
combinations should increase the barrier to viral escape. To assess whether combination mAb pairs reduce the
incidence of viral escape, we will perform in vitro neutralization escape mutant analyses. For these analyses, we
will passage VSV-NiV F, VSV-NiV G and VSV-HeV G constructs at BSL-2 in the presence of saturating
concentrations of HeV/NiV mAbs (single or combination) using RTCA to detect virus-induced CPE. Resistant
virus will induce CPE, and supernatants will be extracted for sequencing. Even if partial escape occurs, virus
fitness may suffer. We can test the level of infection of VSV-HeV/NiV escape variants in the presence of mAbs.

E.3.3. Structural basis of neutralization by anti-HeV/NiV mAb combinations. For a limited number of mAb
pairs (n = 3), we will determine the structural basis of this synergy with cryo-EM and crystallography, as described
in Specific Aim 1 above.

E.3.4. Protective efficacy of human anti-henipavirus mAbs. (a) Studies in hamsters. MAbs that meet the
above criteria and demonstrate acceptable manufacturability (Core D), will advance to in vivo testing. We will
use an established hamster model of NiV or HeV infection that the Core E investigators have deployed. To
benchmark our mAbs, a separate set of hamsters will be treated with G mAbs HENV-103+HENV-117, which we
showed in previous data above confers substantial protection®. Groups of 6-8 hamsters will be treated with low,
medium, or high IgG doses) of single or combinations of anti-HeV/NiV mAbs, or isotype controls at day +1 after
inoculation with HeV or NiV. This approach allows us to determine whether combinations provide advantage over
the best HeV or NiV mAb monotherapy treatments. These experiments will be repeated at least two independent
times. We expect to test 10 single mAbs and 5 pairs of anti-HeV and anti-NiV mAbs in these studies. Protection
will be assessed using the following metrics: (i) survival; (ii) weight loss; (iii) clinical scores; (iv) viral burden
measurements at day 3 after HeV or NiV exposure and the day 35 study endpoint by plaque and qRT-PCR
assays. For any animals that show virological breakthrough of infection, deep sequencing will be performed from



recovered viruses to assess for possible emergence of in vivo resistance. From these studies, we expect to
down-select further to 2 optimal HeV/NiV mAb pairs that are comparable to or outperform the mAbs we reported
previously. The lead mAbs will be advanced for further testing in Core E for additional dose-down studies.

(b) Validation of the protective efficacy of a down-selected human anti-HeV/NiV mAb combination
against HeV and NiV in NHPs. As a final test of an optimal anti-HeV/NiV mAb combination, we may assess
efficacy of the lead anti-HeV/NiV mAb pair in NHPs (Core E), selected based on the in vitro, hamster data, and
manufacturability data (Core D). Down-selection for testing in AGMs would only be considered with success in
the hamster studies and in consultation with the external SAB and NIAID program staff.

E.3.5. Applying lessons learned in HeV/NiV research to Langya, Angavokely and Sosuga viruses. Once
we have completed the HeV/NiV discovery campaigns, will turn to the test case pathogen Langya (or alternate
Angavokely and Sosuga (SOSV) viruses) to see if we can use the prototype pathogen approach for this virus.
We have plenty of human PBMCs from the sole identified SOSV-immune individual and have already shown
that it is possible to obtain HN- and F-specific neutralizing antibodies from this individual's B cells®®. We also
have already prepared recombinant SOSV prefusion F and HN proteins®. We do not have access to human
PBMCs from Langya- or Angavokely-immune donors. For those mAb discovery
campaigns, we will use Alloy humanized mouse models as a source of B cells encoding
human mAbs, as above. Mice will be immunized with recombinant protein antigens (Table
7), cDNAs encoding protective antigens, or replication-competent VSV strains encoding | Mojang sF
protective antigens for Langya or Angavokely. After the immunization protocol is | Angavokely sF
completed, animals will be sacrificed humanely, spleens collected, and suspensions of LLangya sF
splenocytes (enriched in B cells) will be purified by density gradient selection. Downstream, the generation of
human mAbs follows our well-established methods as above for making human mAbs from B cells using single-
cell RNAseq or human hybridoma methods. The development will follow as for Hev/NiV described above.

Anticipated results, potential problems, and alternative approaches. In this Aim, we will identify human anti-
HeV/NiV mAb combinations with optimal protective activity. These mAb combinations will be endowed
genetically with half-life-extended Fc modifications to produce vaccine-like therapy options (for humans) for rapid
response to emerging HeV/NiV or related paramyxoviruses. Given our previous ability to generate human anti-
HeV/NiV mAbs, as shown in preliminary data, we do not anticipate problems in isolating anti-HeV/NiV mAbs. We
may observe that new mAb combinations do not add any benefit over individual mAbs. If we do not identify
potently protective anti-HeV/NiV mAbs via the planned approaches, we can also take a target-agnostic approach
and perform single-cell RNA-seq (10X Genomics and BD Rhapsody™) on enriched B cells (i.e., memory B cells)
isolated from human NiV-immune PBMC samples. In addition, we can deep sequence the B cell repertoires
present in NiV-immune PBMC samples and identify clonal lineages, including siblings. Often, additional Abs in
the lineages may be more potently neutralizing than the ones obtained directly from human B cells. Together,
through these complementary approaches (antigen-specific mAb isolation + single-cell RNA-seq + bulk NGS),
we likely can select a diverse panel of human anti-HeV/NiV mAbs. We also anticipate defining key epitopes
targeted by potently neutralizing anti-HeV/NiV mAb combinations that can inform vaccine design (RP2) for
related viruses being used as test cases in years 2 through 5.

F. Scientific rigor. Experimental design. Experiments will include biological and technical replicates, and
results will be analyzed by parametric or non-parametric analyses (depending on data distribution) and
corrections for multiple comparisons. ECso (binding) and ICsy (neutralization) values will be reported only
following at least 3 identically conducted experiments. All mAb screening will incorporate appropriate + and -
controls. Positive signals in binding assays will be defined as >3 SD above background. Protein quality. We
have a high capacity to purify proteins using a Protein Maker workstation that allows purification chromatography
on 24 parallel columns. We perform QC on protein reagents using a Maurice instrument with capillary
electrophoresis technology to automate our protein profiling either by size or charge, providing clEF and CE-
SDS data. Animal studies will be performed blinded with independent replicates and include negative (e.g.,
placebo), and positive (when available) controls. We will use power calculations (Data Management Core B) to
determine sample sizes. For virological studies, power analysis was performed using accepted values for type |
error (0.05) and power (80%). The values for population variance (15x) are based on existing data sets and our
experience with rodent challenge studies. We will perform experiments at least 2-3 independent times (n = 4-5
each) to attain n = 12-15 per arm. Smaller group sizes can be used if differences are larger than expected.

G. Relevant biological variables. The human mAbs are derived from immune human donors or Alloy mice.
Humans. Human Abs will be isolated for biological, structural, and functional studies at a clonal level. The sample
size is not powered for large scale epidemiologic or clinical study conclusions. There is no evidence that sex,
age, body mass index, or underlying health conditions other than immunodeficiency or immunosuppressive
treatments alters the activity of cloned Abs in structure/function studies. The samples are de-identified without



patient specific identifiers to protect the health information of the donors; thus, research with these samples is
considered Not Human Subjects Research category activity. Mice, hamsters, guinea pigs, NHP, and viruses are
also biological systems used in this application. Conventional animal housing conditions will be used because
there is no evidence that altered room temperatures and light/dark cycles influence paramyxovirus, nairovirus,
or arenavirus pathogenesis. Mice, hamsters, guinea pigs, and NHPs of both sexes will be used, and phenotypes
will be monitored for sex-based differences. Virus stocks will be either low passage seed stocks from natural
isolates or generated from existing cDNA clones and sequence-confirmed prior to use for infection studies.

H. Milestones and quantitative Go/No-Go criteria. Through Aims 1-3, we have proposed experiments that
will advance our knowledge of the mAb-mediated mechanisms of action against paramyxoviruses, nairoviruses,
and arenaviruses. In each Aim, we will use down-selection criteria (as below) to advance mAb combinations or
variants for additional studies. By year 3, we will have defined the principles that govern optimal mAb
combinations for paramyxoviruses, nairoviruses, and arenaviruses and the rational approaches needed to select
mAbs for potency and breadth. We will use the following metrics to advance mAbs: (a) Neutralizing activity. All
mAbs will have neutralizing potency < 10 ng/mL, ECso value; (b) Binding affinity. MAbs will be of high affinity
to surface proteins or virions (Kp < 5 nM). (c) Protein stability and production quality. MAbs must produce at
high levels without optimization (> 100 mg/L) and show biochemical/functional stability at 4°C or -80°C (>90%
retention of binding and neutralization activity at 30 d). (d) Synergy. Combinations of 2 mAbs against a given
virus ideally will show synergy of neutralization in vitro or at a minimum, additive inhibition (no antagonism); (e)
Epitopes. To avoid resistance, mAbs in combination will bind 2 epitopes (determined by competition binding

(<20% reduction in binding), mapping, and

structural studies. (f) Resistance against mAbs Timeline for RP4 Year | Year | Year Year | Year
will be assessed for virus escape. Deep Prototype mAD, generation and testing: x x x x
sequencing of viruses that emerge from cells or T - —
animals treated with mAbs will inform !

prioritization. Combinations of mAbs with high Frotatype mih.generation and testing: IR E :
genetic barriers to resistance (<10x loss in ECso) Test case mAb generation: Kasokero x x x
will be advanced. (g) Protection in mice, | | A e —

hamsters, guinea pigs, or NHPs. The NIVHENV mAbs

following metrics can be used: (i) Protection e o Lanaya: <1 L
against lethal challenge by homologous virus v x x x x x
(>90% survival; (i) Protection against clinical

disease by homologous virus (>80%); (iii) Protection against infection by homologous virus (>100-fold reduction
in viral titers in multiple organs). (h) pK measurements. For lead protective mAbs with mutations that should
confer extended half-life, we will perform pK studies in NHPs (with Core D and E) to assess levels over time with
a goal of a human predicted serum half-life of >6 months.



LITERATURE CITED - RP4

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.
22.

23.

Zost, S.J., et al. Rapid isolation and profiling of a diverse panel of human monoclonal antibodies
targeting the SARS-CoV-2 spike protein. Nat Med 26, 1422-1427 (2020).

Fischer, W.A., Il & Wohl, D.A. Moving Lassa Fever Research and Care Into the 21st Century. The Journal
of Infectious Diseases 215, 1779-1781 (2017).

Ezeomah, C., et al. Sequelae of Lassa Fever: Postviral Cerebellar Ataxia. Open Forum Infect Dis 6, 0fz512
(2019).

Li, A.L., et al. Ophthalmic manifestations and vision impairment in Lassa fever survivors. PloS one 15,
€0243766 (2020).

Whitmer, S.L.M., et al. New Lineage of Lassa Virus, Togo, 2016. Emerging infectious diseases 24, 599-
602 (2018).

Ibukun, F.I. Inter-Lineage Variation of Lassa Virus Glycoprotein Epitopes: A Challenge to Lassa Virus
Vaccine Development. Viruses 12(2020).

Webb, P.A., Johnson, K.M., Mackenzie, R.B. & Kuns, M.L. Some characteristics of Machupo virus,
causative agent of Bolivian hemorrhagic fever. Am J Trop Med Hyg 16, 531-538 (1967).

Aguilar, PV.,, et al. Reemergence of Bolivian hemorrhagic fever, 2007-2008. Emerging infectious diseases
15, 1526-1528 (2009).

Enria, D.A., Ambrosio, A.M., Briggiler, A.M., Feuillade, M.R. & Crivelli, E. [Candid#1 vaccine against
Argentine hemorrhagic fever produced in Argentina. Immunogenicity and safety]. Medicina (B Aires)
70, 215-222 (2010).

Enria, D.A. & Maiztegui, J.I. Antiviral treatment of Argentine hemorrhagic fever. Antiviral research 23,
23-31(1994).

Hawman, D.W. & Feldmann, H. Crimean—Congo haemorrhagic fever virus. Nature Reviews Microbiology
(2023).

Chinikar, S., et al. Genetic Diversity of Crimean Congo Hemorrhagic Fever Virus Strains from Iran. J
Arthropod Borne Dis 10, 127-140 (2016).

Shepherd, A.J., Swanepoel, R. & Leman, P.A. Antibody response in Crimean-Congo hemorrhagic fever.
Rev Infect Dis 11 Suppl 4, S801-806 (1989).

Lombe, B.P, et al. Mapping of Antibody Epitopes on the Crimean-Congo Hemorrhagic Fever Virus
Nucleoprotein. Viruses 14(2022).

Mackenzie, J., Wang, L. & Broder, C.C. Henipaviruses. in Fields Virology, Vol. 2 1070-1085 (2013).
Whitmer, S.L.M., et al. Inference of Nipah virus evolution, 1999-2015. Virus Evolution 7(2020).

Dong, J., et al. Potent Henipavirus Neutralization by Antibodies Recognizing Diverse Sites on Hendra
and Nipah Virus Receptor Binding Protein. Cell 183, 1536-1550 e1517 (2020).

Doyle, M.P, et al. Cooperativity mediated by rationally selected combinations of human monoclonal
antibodies targeting the henipavirus receptor binding protein. Cell Rep 36, 109628 (2021).

Mire, C.E., et al. A Cross-Reactive Humanized Monoclonal Antibody Targeting Fusion Glycoprotein
Function Protects Ferrets Against Lethal Nipah Virus and Hendra Virus Infection. J Infect Dis 221, S471-
5479 (2020).

Dang, H.V, et al. Broadly neutralizing antibody cocktails targeting Nipah virus and Hendra virus fusion
glycoproteins. Nat Struct Mol Biol 28, 426-434 (2021).

Cross, R\W.,, et al. Antibody therapy for Lassa fever. Curr Opin Virol 37, 97-104 (2019).

Cross, R.W,, et al. Treatment of Lassa virus infection in outbred guinea pigs with first-in-class human
monoclonal antibodies. Antiviral research 133, 218-222 (2016).

Cartwright, H.N., Barbeau, D.J. & McElroy, A.K. Isotype-Specific Fc Effector Functions Enhance Antibody-
Mediated Rift Valley Fever Virus Protection In Vivo. mSphere 6, €0055621 (2021).



24.

25.

26.

27.

28.

29.

30.

31.
32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Gutjahr, B., et al. Two monoclonal antibodies against glycoprotein Gn protect mice from Rift Valley
Fever challenge by cooperative effects. PLoS Negl Trop Dis 14, e0008143 (2020).

Golden, J.W.,, et al. GP38-targeting monoclonal antibodies protect adult mice against lethal Crimean-
Congo hemorrhagic fever virus infection. Sci Adv 5, eaaw9535 (2019).

Zalevsky, J., et al. Enhanced antibody half-life improves in vivo activity. Nat Biotechnol 28, 157-159
(2010).

Dall'Acqua, W.F, et al. Increasing the affinity of a human IgG1 for the neonatal Fc receptor: biological
consequences. J Immunol 169, 5171-5180 (2002).

Enria, D.A., Briggiler, A.M., Fernandez, N.J., Levis, S.C. & Maiztegui, J.l. Importance of dose of
neutralising antibodies in treatment of Argentine haemorrhagic fever with immune plasma. Lancet 2,
255-256 (1984).

Jahrling, P.B. & Peters, C.J. Passive antibody therapy of Lassa fever in cynomolgus monkeys: importance
of neutralizing antibody and Lassa virus strain. Infection and immunity 44, 528-533 (1984).

Chen, E.C., et al. Systematic analysis of human antibody response to ebolavirus glycoprotein shows high
prevalence of neutralizing public clonotypes. Cell Rep 42, 112370 (2023).

Buck, T.K., et al. Neutralizing Antibodies against Lassa Virus Lineage |. mBio 13, €0127822 (2022).
Enriquez, A.S., et al. Delineating the mechanism of anti-Lassa virus GPC-A neutralizing antibodies. Cell
Rep 39, 110841 (2022).

Hastie, K.M., et al. Convergent Structures Illuminate Features for Germline Antibody Binding and Pan-
Lassa Virus Neutralization. Cell 178, 1004-1015 e1014 (2019).

Hastie, K.M., et al. Structural basis for antibody-mediated neutralization of Lassa virus. Science 356,
923-928 (2017).

Li, H., et al. A cocktail of protective antibodies subverts the dense glycan shield of Lassa virus. Sci Transl
Med 14, eabq0991 (2022).

Gilchuk, P., et al. Pan-ebolavirus protective therapy by two multifunctional human antibodies. Cell 184,
5593-5607 5518 (2021).

Chen, E.C., et al. Convergent antibody responses to the SARS-CoV-2 spike protein in convalescent and
vaccinated individuals. Cell Rep 36, 109604 (2021).

Dong, J., et al. Genetic and structural basis for SARS-CoV-2 variant neutralization by a two-antibody
cocktail. Nat Microbiol 6, 1233-1244 (2021).

Greaney, A.J., et al. Complete Mapping of Mutations to the SARS-CoV-2 Spike Receptor-Binding Domain
that Escape Antibody Recognition. Cell Host Microbe 29, 44-57 e49 (2021).

Kramer, K.J., et al. Potent neutralization of SARS-CoV-2 variants of concern by an antibody with an
uncommon genetic signature and structural mode of spike recognition. Cell Rep 37, 109784 (2021).
Suryadevara, N., et al. Neutralizing and protective human monoclonal antibodies recognizing the N-
terminal domain of the SARS-CoV-2 spike protein. Cell 184, 2316-2331 2315 (2021).

Zost, S.J., et al. Potently neutralizing and protective human antibodies against SARS-CoV-2. Nature 584,
443-449 (2020).

Gilchuk, P, et al. Integrated pipeline for the accelerated discovery of antiviral antibody therapeutics.
Nat Biomed Eng 4, 1030-1043 (2020).

Cross, R.W.,, et al. A recombinant VSV-vectored vaccine rapidly protects nonhuman primates against
heterologous lethal Lassa fever. Cell Rep 40, 111094 (2022).

Mire, C.E., et al. Single injection recombinant vesicular stomatitis virus vaccines protect ferrets against
lethal Nipah virus disease. Virol J 10, 353 (2013).

Rodriguez, S.E., et al. Vesicular Stomatitis Virus-Based Vaccine Protects Mice against Crimean-Congo
Hemorrhagic Fever. Sci Rep 9, 7755 (2019).

Foster, S.L., et al. A recombinant VSV-vectored vaccine rapidly protects nonhuman primates against
lethal Nipah virus disease. Proc Natl Acad Sci U S A 119, e2200065119 (2022).



48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Branco, L.M., et al. Lassa virus-like particles displaying all major immunological determinants as a
vaccine candidate for Lassa hemorrhagic fever. Virol J 7, 279 (2010).

Starr, T.N., et al. Deep Mutational Scanning of SARS-CoV-2 Receptor Binding Domain Reveals Constraints
on Folding and ACE2 Binding. Cell 182, 1295-1310 1220 (2020).

Deschambault, Y., et al. An Outbred Guinea Pig Disease Model for Lassa Fever Using a Host-Adapted
Clade Il Nigerian Lassa Virus. Viruses 15(2023).

Bell, .M., et al. Pathogenesis of Bolivian Hemorrhagic Fever in Guinea Pigs. Vet Pathol 53, 190-199
(2016).

Golden, JW,, et al. An attenuated Machupo virus with a disrupted L-segment intergenic region protects
guinea pigs against lethal Guanarito virus infection. Sci Rep 7, 4679 (2017).

Fels, J.M., et al. Protective neutralizing antibodies from human survivors of Crimean-Congo
hemorrhagic fever. Cell 184, 3486-3501 e3421 (2021).

Mishra, A.K., et al. Structural basis of synergistic neutralization of Crimean-Congo hemorrhagic fever
virus by human antibodies. Science 375, 104-109 (2022).

Leventhal, S.S., et al. Replicating RNA vaccination elicits an unexpected immune response that
efficiently protects mice against lethal Crimean-Congo hemorrhagic fever virus challenge. EBioMedicine
82,104188 (2022).

Negredo, A., et al. Autochthonous Crimean-Congo Hemorrhagic Fever in Spain. N Engl J Med 377, 154-
161 (2017).

Laing, E.D., et al. Rescue and characterization of recombinant cedar virus, a non-pathogenic
Henipavirus species. Virol J 15, 56 (2018).

Amaya, M., et al. A recombinant Cedar virus based high-throughput screening assay for henipavirus
antiviral discovery. Antiviral research 193, 105084 (2021).

Parrington, H.M., et al. Potently neutralizing human mAbs against the zoonotic pararubulavirus Sosuga
virus. JCI Insight 8(2023).



A. BACKGROUND AND SIGNIFICANCE. Paramyxoviruses, nairoviruses, and arenaviruses are widely
distributed RNA viruses that cause severe human syndromes. Because of their geographical distribution and
expansion, changes in human demographics and increased exposures to wild animals including rodents and
bats, and their capacity for human-to-human spread, these viruses have the potential to cause pandemics.
Together with the other investigators in PABVAX, we have selected several important prototype
paramyxoviruses, nairoviruses, and arenaviruses to study to learn the rules governing immunity to these
pathogens. The work on the pathogens selected is justified based on their prevalence and severity alone, but
also because of their ability to serve as prototypes for genetically related viruses. We chose the viruses for focus
in this RP4 on human antibody development because of their clinical relevance and because several will be
studied as prototypes for vaccine development in RP1 (arenaviruses, nairoviruses) and RP2 (paramyxoviruses).
Among the arenaviruses, we will target Lassa virus (LASV) and Machupo virus (MACV), and among the
nairoviruses, we will study Crimean—-Congo hemorrhagic fever virus (CCHFV). In tandem with the vaccine
projects in RP2 focused on paramyxoviruses, we will study Nipah virus (NiV) and Hendra virus (HeV) as the
prototypes. Information about the principles we discover about critical neutralizing epitopes identified here in
RP4 with prototype viruses can feed back into all other Projects that address the subsequent plug and play test
cases in later years (Lujo, Chapare, Kasokero, Langya).

LASV is an Old World arenavirus (OWAV) with a single-stranded RNA virus belonging to the Arenaviridae family.
Infection in humans is often the result of exposure to infected excreta from the rodent reservoir, Mastomys
natalensis where up to 500,000 cases and an estimated 5,000 deaths occur annually in West Africa?. While
rodent infection is largely benign, human infection can result in severe hemorrhagic disease with neurological
complications and Iong-term hearrng and vision sequelae®*. There are no approved vaccines or treatments for
LASV mfectlon v

MACYV is a New World Arenavirus (NWAV) and the causative agent of Bolivian Hemorrhagic fever. Humans are
infected after exposure to excreta from the reservoir, Calomys callosus, the large vesper mouse. Disease in
humans has a slow onset, but can progress to severe hemorrhagic fever coupled to insidious neurological

compllcatlons |nc|ud|ng tremors, seizures, and paralys.ls7 P L e ool cono e orcenb oo

A na-prog :am” avai ab eto ppeuent and tpeat—ehrsease—respeetl-ve,LyLThere are no
approved vaccines or therapres approved for MACVaHy—etheFNAAQA\,LmelHdmg—M-AG\,LEHHher—R—B—Het—weH

CCHEFV is a highly pathogenic tick-borne virus classified under the Nairovirus genus within the Bunyaviridae

family™. CCHF outbreaks have acase fatalrtv rate of up to 40% and there are no vaccrnes or treatments approved
for human use. y :
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NiV/HeV. Bat borne, NiV and HeV are enveloped, negative-sense, smgle -stranded RNA viruses belonging to the
Henipavirus genus within the Paramyxoviridae family'®. These emerging zoonotic viruses pose a significant
threat to human and anlmal health due to the|r high fatallty rates and broad host range Ihegenemesref—M%Land

PABAX Center there are no vaccines or treatments aqalnst henipaviruses licensed for human use.

Antibodies (Abs) are important correlates of protection for paramyxoviruses, nairoviruses, and arenaviruses.
Immune sera against members of each of these groups of viruses has been shown to exhibit protective efficacy
in vivo, which supports the use for Abs as treatment options. However, the specificity, functional properties, and
other attributes of protective antibodies are poorly defined for most of these viruses. MAbs to the attachment and
fusion surface proteins of paramyxoviruses (such as the G and F proteins of Hendra/Nipah'®?° and the GP
proteins of the arenaviruses like LASV?"22) can neutralize and protect against infection in rodent models. CCHFV
is a bit of a conundrum in that ultrapotent human neutralizing antibodies to the related Rift Valley fever virus
surface proteins are highly protective in vivo®?*, but CCHFV neutralizing antibodies are not protective. In
contrast, some non-neutralizing antibodies do protect partially for CCHFV?. Clearly, there is a lot to learn about
the rules of immunity to these viruses, and the genetic, molecular, and structural basis of antibody-mediated
protection for viruses like CCHFV. Based on these data, we propose the use of mAbs as treatment options to
learn the rule of how to protect against emerging paramyxoviruses, nairoviruses, and arenaviruses and to
develop candidate antibody countermeasures for translational development with Core D. To do so, we will further
develop our technical methods for rapidly discovering mAbs, in the case of a future unexpected epidemic caused
by viruses of these families. Most importantly, we will define the principles governing combination antibody
therapy to prevent virus escape from treatment or prevention and to optimize the efficacy of the beneficial effects
conferred by passive immunity.

B. SCIENTIFIC PREMISE. The work proposed here in RP4 is based on the extensive basic, translational, and
clinical trial data on the role of neutralizing Abs in protection against infection and disease caused by
paramyxoviruses, nairoviruses, and arenaviruses. Although a significant amount of data supports the use of
mAbs to prevent or control paramyxovirus, nairovirus, and arenavirus infection, many questions remain, such as
the ideal epitopes to target with mAb combination therapy to improve upon neutralization potency, in vivo efficacy,
and resistance to viral escape. Identifying these epitopes can help inform vaccine design to elicit optimal
protective polyclonal responses (in RP1 and RP2, especially with designs for test cases in years 4 and 5). Here
we aim to refine our understanding of the correlates of mAb protection against paramyxoviruses, nairoviruses,
and arenaviruses to enable the design of a modular “plug-and-play” workflow to rapidly respond to potential
pandemics by generating optimized combinations of vaccine-like mAbs with an extended half-life that could be
used for long-term prophylaxis (> 6 months) and therapy.

C. INNOVATION. RP4 has many innovative conceptual and technical features including: Conceptual. (1)
determining the principles that govern optimal combinations of human mAbs against paramyxoviruses,
nairoviruses, and arenaviruses for protection and resistance to viral escape; (2) the development of a clear
workflow that generates therapeutic or preventative antibodies (long half-life mAbs that serve as vaccine
surrogates) against emerging or new paramyxoviruses, nairoviruses, and arenaviruses with pandemic potential.
Our goal is to define the principles and features, including epitope, combination ratios, and mechanisms of action,
that result in optimal efficacy of mAbs against paramyxoviruses, nairoviruses, and arenaviruses in animal models
and create a higher barrier for resistance. These studies will serve as paradigms for rapid antibody discovery in
response to future paramyxovirus, nairovirus, and arenavirus pandemic threats. Technical. (3) large-scale B cell
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repertoire sequencing with customized methods and software; (4) use of humanized (Alloy) mice and novel
immunogens from RP1 and RP2 and Core D; (5) single B cell functional (neutralization) assays performed on a
Beacon instrument; (6) development of high-throughput real-time label-free virus neutralization assays
(xCELLigence platform); and (7) use of simultaneous in parallel screening with several different high-throughput
virus-specific B cell isolation approaches (Beacon, 10X Genomics, Rhapsody) to generate and validate best-in-
class human mAbs as candidate medical countermeasures.

D. LINKAGE TO OTHER PABVAX PROJECTS AND CORES. The group will focus on developing a modular
test case platform for rapid selection of highly neutralizing and/or protective mAbs against paramyxoviruses,
nairoviruses, and arenaviruses. Members of our group have active collaborations with most members of the
PABVAX Center as reflected in previous collaborations and publications (see Overall document). We will
interact extensively with the Animal Model and Preclinical Evaluation Core (Core E) to study neutralization
against authentic viruses and to test for protection in small and large animals as well as with RP3 for testing
paramyxovirus mAbs. The knowledge gained from our studies on the structure-function relationships of
neutralizing mAb combinations can be applied to rational vaccine design for RP 1 and RP2 in later years of the
effort when we pivot to apply the lessons learned to the same test case targets as RP1 and RP2. Numerous
antigens will be made available to our RP. Finally, long-half-life Fc mutations are now available based on
engineering of human IgG1 for enhanced binding to the neonatal Fc receptor (FcRn) such as LS (M428L
IN434S)%, or YTE (M252Y/S254T/T256E)*” mutations. With = 90 days half-life in humans, our approach will
generate mAbs with vaccine-like properties that remain effective for months during a virus epidemic and thus
provides a platform for response to future paramyxovirus, nairovirus, and arenavirus pandemic threats, a key
goal of our PABVAX Center. Our laboratory previously validated this vaccine surrogate concept when we
isolated the human mAbs that formed the basis for Evusheld with YTE long-half-life Fc mutations (used in 70
countries and millions of people) that exhibited > 6 months protective levels in humans after single IM injections.

E. APPROACH

E.1. Specific Aim 1. Discover potently neutralizing arenavirus combination therapies. For the prototypes
we will focus on LASV, an Old World virus and MACV, a New World virus. We will investigate the principles
underlying antibody-mediated arenavirus protection. Preliminary evidence suggests that potent virus
neutralization is a mechanistic correlate of protection for arenaviruses?®%°.

RP1/Core D will provide optimized antigens for mAb selection for the Prototype === 1H-g%a ===
LASV and MACV (or subsequent Test Cases). We will use a workflow for rapid W
identification of potently neutralizing mAb combinations for LASV and MACV. We
will generate mAbs from individuals with prior natural infection or use transgenic
mice with human antibody repertoires. A large panel of human anti-LASV and
anti-MACV mAbs will be generated using multiple approaches (immune human
B cells and immunized humanized mice), and highly neutralizing mAbs will be
evaluated to identify optimal combinations. The best mAb combinations will be
assessed to determine the minimal effective dose for protection, and the lead
mAb combination therapy(ies) will be transferred to Core E for further evaluation
and ultimately testing in an NHP model of LASV or MACV infection. Leads will
be transferred to Core D for further translational development as medical
countermeasures. The prototype LASV and MACV will be studied in vears 1 to
3, followed by mAb discovery efforts for Test Cases Lujo and Chapare viruses
based on the established principles in years 4-5.
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Figure 1. Single cell mAb discovery.
PBMC samples are used to enrich for B
cells, which can be sorted for antigen-
specific B cells. Expansion allows us to
further assess the functionality of the B
cells or for antibody sequencing.
Recombinant mAb expression validates
the mAb sequence and functional
activity. Figure is adapted from .
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Preliminary Data. (a) Potently neutralizing human anti-LASV and anti-
MACV mAbs. The Crowe laboratory has previously characterized panels of e
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neutralizing human anti-viral human mAbs from virus-immune or vaccinated
individuals for about 50 viruses, mostly RNA viruses. Isolated peripheral blood o
mononuclear cells (PBMCs) are used to generate hybridomas or alternatively
antigen-sorted at single B cell level and antibody variable genes sequenced to
generate mAbs recombinantly. Panels of human anti-viral mAbs are produced
rapidly (we recently reported isolation of 15,000 mAb gene pairs from single
Ebola-virus-specific human B cells from a single blood sample of an immune
individual®. Previous studies by others clearly show that representative =i
neutralizing and protective human antibodies can be isolated from LASV- ==
immune subjects®'%. In this Aim, we will refine the approaches we have
developed previously for other RNA viruses in a proof-of-concept study by
identifying potently neutralizing combinations of anti-LASV and anti-MACV e
human mAbs. We will rapidly discover human anti-LASV mAbs from LASV-
immune individuals and human anti-MACV mAbs by immunizing Alloy
transgenic mice. Synergy studies will be performed to identify optimal mAb
combinations by pairing them. Through these studies, we aim to identify optimal
anti-LASV and anti-MACV mAb combinations and further advance the =]
discovery platform for rapid response against emerging arenaviruses.
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(b) Advanced mAb technologies. The Crowe laboratory has developed some Figure 1. Single cell mAb discovery.

of the highest yield systems to isolate naturally occurring human mAbs using Eggcwiﬁglpf;nagi‘;ie:et;’%?’g’:ﬁg’e’ s

human hybridoma or advanced single-cell RNA-seq methods (Fig 1). We have  specific B cells. Expansion allows us to
used sorting of antigen-specific cells with recombinant viral surface protein further assess the functionality of the B
antigens (like the GP1 and GP2 proteins we will use here), cloning of Ab ;‘fe”csom‘t’)‘inafn"t’m:g‘;:‘:gss;‘:\q\f;i’:g’l‘gs-
variable genes, and then expression of mAbs as recombinant IgG. Alternatively, e mab sequence and functional
cells can be expanded on feeder layers expressing CD40 ligand, IL-21, and activity. Figure is adapted from ".
BAFF. One variation we will use is to capture Ab genes directly from viral

glycoprotein-specific Ab-secreting B cells on the Berkeley Lights Beacon® optofluidic platform or through single-
cell RNA-seq approaches (10X Genomics and BD Rhapsody™), as we have done for Ebola virus®®*¢ and SARS-
CoV-2"%742 These single-cell techniques enhance the capture of rare antigen-specific B cells.

E.1.1. Rapid isolation of human anti-LASV and anti-MACV mAbs. (a) Inmune cells. We have obtained
human PBMCs from one previously LASV-infected individual who was medically managed previously by Emory
University in their infectious diseases containment unit. This person has a documented robust neutralizing serum
antibody response, suggesting isolation of neutralizing human mAbs from these PBMC aliquots will be
straightforward for us. Our colleagues in RP1 have ongoing field operations for over a decade in Sierra Leone,
Liberia, and Nigeria. This work is currently in association with the NIH-Centers for Research on Emerging
Infectious Diseases (CREID) with a heavy focus on the study of LASV ecology, epidemiology, and host
responses. RP4 is currently working with RP1 on obtaining PBMCs from ~10 individuals with prior laboratory-




confirmed cases of LASV. The acquisition of these samples is being managed by the Vanderbilt Vaccine Center
Biorepository with separate institutional funding to be de-identified prior to use in the studies proposed here.
Blood samples are only obtained after informed consent, de-identified, and assigned random specimen numbers.
The studies have been approved by the Vanderbilt University Medical Center IRB. PBMCs isolated from the
blood samples will be deposited into the Vanderbilt Vaccine Center Biorepository, but we can designate their
used for mAb generation in this RP4, if funded. For anti-MACV mAbs, as a human PBMC source is not readily
available, we will immunize Alloy humanized mice. These animals yield PBMCs that secrete fully human mAbs.
Alloy mice are used routinely in the Crowe lab workflow.

(b) Ab screening and sequence analysis. Our goal is to identify human anti-LASV and anti-MACV mAbs in a
rapid manner to mimic a pandemic response to an outbreak. We will single-cell sort antigen-specific B cells using
recombinant LASV or MACYV proteins (e.g., Table 1) or non-infectious viral particles as bait. These cells will be
expanded on feeder layers expressing CD40 ligand, IL-21, and BAFF for downstream applications, including
LASV and MACV neutralization assays. Alternatively, we will use the Berkeley Lights
Beacon® optofluidic platform, which can functionally ascribe GP protein or virus-particle
binding to single B cells. These cells are exported for sequencing of the variable gene omIGorEl

; . X . . assa Josiah NP
regions and analysis using the PyIR software developed in the Crowe laboratory. We will Lassa Josiah GPa
select a panel of up to 500 neutralizing anti-LASV mAbs and a similar number of anti-MACV Machupo GPe
MADs to express recombinantly and advance for further characterization. We can easily ["Machupo NP
conduct multiple approaches simultaneously in parallel"*3.

(c) Recombinant mAb cloning. We will synthesize heavy and light chain variable regions for cloning,
expression, and downstream functional assays to validate the mAb sequence. We will perform high-throughput
synthesis of mAb genes using a custom, commercial synthesis platform (Twist Bioscience). MAb genes are
Gibson-assembly-cloned on-instrument into our custom full-length Ig expression vectors.

(d) Micro-scale mAb expression. The Crowe laboratory has the capacity for large-throughput micro-scale mAb
expression and purification. The lower end of this range allows expression of thousands of mAbs, which will feed
into automated mAb purification platforms. This approach allows early-stage assays to identify candidate mAbs
that will then be produced at larger scale by Core D with a variety of Fc mutants to assess the role of Fc-mediated
effector functions in vivo (Core E).

(e) A CPE-based LASV and MACV neutralization assay using RTCA. We have established a high-throughput
assay to assess mAb-mediated neutralization of viruses through the detection of cytopathic effect (CPE). Here,
we will apply this method to assess neutralization of LASV. Recently, we validated the inclusion of simultaneous
live-cell fluorescence microscopy into this real-time CPE-based screening platform (xCelligence RTCA eSight).
These capabilities expand the platform to screen viruses that may or may not induce CPE, allowing us to also
use a replication-competent vesicular stomatitis virus (VSV) LASV surrogate that expresses LASV surface
proteins and causes CPE**. Currently, we have a VSV-LASV-Josiah (lineage 1V)* and a Sauerwald version
(lineage Il) of these recombinants. Making additional LASV VSV-LASVs is not difficult, and RP1 will make the
other missing lineages or needed arenaviruses based on the same approaches as previously published. RP1
also can easily make versions of these VSVs that express the green fluorescent protein (GFP) reporter gene.
Existing VSV-CCHFV, VSV-NiV, and VSV-HeV vectors“#” will be provided by Dr. Geisbert overall Pl and Lead
of Core E. We already have Vanderbilt IBC approval for use of these constructs. A decrease in cell impedance
due to CPE and a corresponding decrease in GFP expression if used will identify mAbs with neutralizing activity
against LASV. These mAbs will be moved forward for additional studies to identify an optimal anti-LASV mAb
combination. Similar processes will be followed to determine neutralization capacity of MACV mAb candidates.

E.1.2. Identifying LASV and MACV mAb combinations. (a) Epitope mapping through competition-binding
studies. Using previously established methods for competition-binding assays in Octet HTX biosensor (biolayer
interferometry) or high-throughput analytical flow cytometry (using an iQue Plus screener), we will identify mAb
pairs that can simultaneously bind LASV or MACV and validate their epitopes. We will perform competition-
binding studies with GP or subunit proteins (as above) or virus-like particles (VLPs)*® available from Core E at
UTMB. Core E will also inactivate LASV and MACYV virus particles that they have at UTMB by gamma irradiation
and safety test and send those to our Vanderbilt site (we have previously accomplished this transfer with Ebola
and Marburg particles). Inactivated virus particles will be used in ELISA. We will include positive controls made
recombinantly from previously reported antibodies for the identification of mAbs that can concurrently bind LASV
or MACV with a goal of finding more potent clones at those sites or clones that complement these inhibitory
mAbs. (b) Synergy studies using RTCA. To assess functional compatibility of the anti-LASV or anti-MACV
mADb pairs, we will assess neutralization potency using the RTCA platform. We anticipate testing up to 15 mAb
combinations for each virus, using rational selection based on preliminary epitope mapping data. We can assess
for synergy, additivity, or antagonism of neutralization. Based on these results, we will down-select mAb pairs,



with our priority on combinations with synergistic effects. (c) Identification of key residues binding residues
of human anti-LASV and anti-MACV mAbs. To determine the key residues for binding of down-selected mAbs,
we will perform deep mutational scanning*®. Briefly, all amino acids of the GP proteins will be mutated to the
other 19 amino acids with a unique barcode using PCR-based mutagenesis. The LASV or MACV GP protein
library will be incubated with the appropriate mAbs to identify residues with loss-of-binding phenotypes. A
sequence ‘logo’ showing the relative contributions of each amino acid mutation will identify residues critical for
binding. Multiple amino acid substitutions can then be assessed by reverse genetics at UTMB to confirm the
epitopes recognized by the down-selected mAbs. This method also serves as a surrogate for in vitro
neutralization escape studies. (d) Neutralization escape analysis. The generation of mAb combinations should
increase the barrier to viral escape. To assess whether mAb pairs reduce the incidence of viral escape, we will
perform in vitro neutralization escape mutant analyses. For these analyses, we will passage VSV-LASV or VSV-
MACYV constructs at BSL2 in the presence of saturating concentrations of mAbs (single or combination) using
the RTCA platform to detect virus-induced CPE. Resistant virus will induce CPE, and supernatants will be
extracted for sequencing. Confirmatory reverse genetics studies will be performed by introducing mutations into
an infectious cDNA clone of LASV or MACV by RP1 to test neutralization. We hypothesize that escape will be
less likely in the presence of mAb combinations than single mAbs. Even if partial escape occurs, virus fitness
may suffer. We can test this concept in vivo by determining the level of infection of escape variants in the
presence of mAbs.

E.1.3. Structural basis of neutralization by mAb combinations. The studies above should identify optimal
anti-LASV and anti-MACV mAb combinations that simultaneously bind, neutralize, and increase the barrier for
viral escape under mAb selective pressure. For a limited number of mAb pairs (n = 3), we will determine the
structural basis of this synergy with cryo-EM and crystallography, for which we have all capabilities and
equipment in our laboratory in the Vanderbilt Vaccine Center, Vanderbilt Structural Biology Core, and external
synchrotron sources. An understanding of the structural basis and rules governing an optimal neutralizing mAb
combination can be applied to mAb therapy development against arenavirus pandemic threats and inform
vaccine design for arenavirus by identifying key epitope targets (RP1).

E.1.4. Protective efficacy of human anti-arenavirus mAbs. (a) Studies in guinea pigs. MAbs that satisfy the
criteria stated above and that display stage-appropriate manufacturability characteristics will advance to in vivo
testing. We will use established models of LASV??%° and MACV®'"%2 infection in guinea pigs. PABVAX Core E
has access to many strains from different LASV and MACYV lineages, which will be tested. For prioritization, we
will focus on LASYV lineage I, lll, and IV strains and MACYV lineage |, Il, and VIII strains for which uniformly lethal
models are available. Groups of 6 outbred Hartley guinea pigs will be treated with low, medium, and high doses
of single or combinations of anti-LASV or anti-MACVs mAb, or isotype controls at day +1 after inoculation with
the LASVs or MACVs This approach allows us to determine whether combinations provide advantage over the
best monotherapy treatments. These experiments will be repeated at least two independent times. We expect
to test 10 single mAbs and 5 pairs of anti-LASV and anti-MACV mAbs in these studies. Protection will be
assessed using the following metrics: (i) survival; (ii) weight loss; (iii) clinical scores; (iv) viral burden
measurements (blood) at day 5 or 6 after LASV or MACV challenge and the day 35 study endpoint by plaque
and gRT-PCR assays. For any animals that show virological breakthrough of infection, deep sequencing will be
performed from recovered viruses to assess for possible emergence of in vivo resistance. From these studies,
we expect to down-select further to 2 optimal LASV and MACV mAb pairs that are comparable to or outperform