From: Cassandra Louis Duthil <clouisduthil@usaid.gov>

Sent: Thu, 19 Jan 2017 18:15:25 +0000

Subject: Re: Time Sensitive: PREDICT International Travel - GVP Beijing Update

To: Andrew Clements <aclements@usaid.gov>, Elizabeth Leasure <ealeasure@ucdavis.edu>

Cc: Alisa Pereira <apereira@usaid.gov>, Cara Chrisman <cchrisman@usaid.gov>, David John Wolking
<djwolking@ucdavis.edu>, Jonna Mazet <jkmazet@ucdavis.edu>, Katherine Leasure <kaleasure@ucdavis.edu>

Hello Liz,

Yes, please proceed with travel arrangements. I only notify the mission of participant changes but they do not reapprove.
Travel is approved.

Best,

On Thu, Jan 19, 2017 at 12:52 PM Elizabeth Leasure <ealeasure@ucdavis.edu> wrote:

Hi Cassandra and Andrew. Just wanted to follow up on concurrence for this update to the Beijing meeting ITA, as we need
to move forward with bookings for Danielle Anderson, or she may not be able to get her visa

in time due to office closures for the Chinese New Year. Would you mind following up on this or confirming that we can
proceed?

Thanks,

Liz

Elizabeth Leasure

One Health Institute
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University of California, Davis

530-754-9034 (office)

~REDA D

From: Andrew Clements [mailto:aclements@usaid.gov]

Sent: Friday, January 13, 2017 1:48 AM

To: Elizabeth Leasure

Cc: Alisa Pereira; Cassandra Louis Duthil; Cara Chrisman; David John Wolking; Jonna Mazet; Katherine Leasure

Subject: Re: PREDICT International Travel - GVP Beijing Update

Thanks, Liz.
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Changes noted and travel approved subject to RDMA concurrence.

Andrew P. Clements, Ph.D.

Senior Scientific Adviser

Emerging Threats Division/Olffice of Infectious Diseases/Bureau for Global Health

U.S. Agency for International Development

Mobile phone = DACTED

Email: aclements@usaid.gov

On Jan 13, 2017, at 2:15 AM, Elizabeth Leasure <ealeasure@ucdavis.edu> wrote:
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Hi Andrew. Please note that Jaime Sepulveda and Nathan Wolfe have cancelled their participation in the Beijing
meeting due to scheduling conflicts.

I have also been advised of an update to the ITA of participant, Gian Luca Burci. He will depart from Geneva,
Switzerland rather than Washington, DC, as that is where he is now based. Lastly, I have included a new
ITA for Daniclle Anderson,

who was recommended to the GVP Beijing meeting by another who was not able to attend (LinFa Wang; not
included in original ITA).

L.
Burci (China): $1,700 airfare/S377 (Beijing) max daily per diem

2.
Anderson (China): $1,200 airfare/$377 (Beijing) max daily per diem

Travel requests:

L.

UC Davis would like to request approval for Gian Luca Burci to travel from

Geneva, Switzerland to Beijing, China from February 4-8. 2017 for a

Global Virome Project Working Group meeting to take place February 5-7. 2017.

Trip purpose: Mr. Burci is an invited participant of the Global Virome Project. The meeting will provide an
opportunity for working groups to mcct and collaboratc on project stratcgics development. There will also
be a
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press event to announce the China National Virome Project.

2

UC Davis would like to request approval for Danielle Anderso to travel from Singapore to

Beijing, China from February 4-8. 2017 for a Global Virome Project Working Group meeting to take place February
5-7.2017.

Trip purpose: Ms. Anderson is an invited participant of the Global Virome Project. The meeting will provide an
opportunity for working groups to meet and collaborate on project strategies development. There will also
be

a press event to announce the China National Virome Project.

Elizabeth Leasure
One Health Institute
University of California, Davis

530-754-9034 (office)

REDACTED
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From: Elizabeth Leasure <ealeasure@ucdavis.edu>

To: PREDICTMGT <predictmgt@usaid.gov>

cC: Jonna Mazet <jkmazet@ucdavis.edu>;David John Wolking
<djwolking@ucdavis.edu>;Katherine Leasure <kaleasure@ucdavis.edu>

Sent: 2/17/2017 4:50:32 PM

Subject: PREDICT International Travel Requests

Please find below international travel requests for your review and approval. Please let me know if you have
any questions. Thanks!!

1.  Euren (Sierra Leone): $1,797 airfare/$319 (Freetown) max daily per diem
2.  Seck, Gomis (Rwanda): $700 airfare each/$294 (Kigali) max daily per diem

Travel requests:
1. Metabiota would like to request travel approvai for Jason Euren, Research and Implementation

Coordinator, to travel from San Francisco, California, USA to Freetown, Sierra Leone from March
12-25. 2017 to train behavioral staff on non-syndromic human surveillance activities.

Trip purpose: Jason Euren will be training behavioral staff on non-syndromic human surveillance activities.
He will spend the first week working in Freetown. After conducting a 2-day refresher training, he will take the
behavioral team to sites in and around Freetown to launch behavioral research in livestock settings. During
the second week, Mr. Euren and the behavioral team will accompany the animal sampling team to
Koinadugu and Kono to launch behavioral research in wildlife settings.

2. UC Davis would like to request travel approval for Mame Cheikh Seck and Jules Gomis, members
of the PREDICT Senegal human surveillance team, to travel from Dakar, Senegal to Kigali, Rwanda
from March 26-31, 2017 to attend fieldwork training with the PREDICT Rwanda human surveillance
team.

Trip purpose: During the visit, Mame and Jules will attend a field sampling trip and be trained in PREDICT
procedures for human surveillance, safe sampling, and data management under the mentorship of Dr. Julius
Nziza. In addition, Mame will gain an insight into the roles and responsibilities of a human surveillance
coordinator, including project management and stakeholder communication. Jules will be trained in project
management.
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From: William B. Karesh <karesh@ecohealthalliance.org>

To: PREDICTMGT <predictmgt@usaid.gov>;Predict inbox <predict@ucdavis.edu>
Sent: 8/712017 7:54:24 AM
Subject: [predict] Fwd: ECDC tool for the prioritisation of infectious disease threats

Begin forwarded message:

From: Preparedness <Preparedness@ecdc.europa.eu>

Subject: ECDC tool for the prioritisation of infectious disease threats
Date: August 7, 2017 at 4:04:52 AM EDT

To: Preparedness <Preparedness@ecdc.europa.eu>

Cc: Massimo Ciotti <Massimo.Ciotti@ecdc.europa.eu>, Jonathan Suk
<Jonathan.Suk@ecdc.europa.eu>

Dear Colleagues,

We are pleased to announce that the ECDC tool for the prioritisation of infectious disease threats is now
available at: https://ecdc.europa.eu/en/publications-data/ecdc-tool-prioritisation-infectious-disease-threats.

This qualitative tool, implemented as an Excel workbook, is based on multi-criteria decision analysis. It ranks
infectious disease threats in a transparent, comparable and methodologically reproducible manner. The tool
enables the relative ranking of different infectious disease threats. It is intended as a supplement to other
methods that also support decision-making in preparedness planning.

Best wishes from the ECDC Preparedness Team

European Centre for Disease Prevention and Control (ECDC)
Postal address: Granits vag 8, 171 65 Solha, Sweden
Vistting address: Tomtebodavagen 11A, 171 65 Sona, Sweden

Phone +46 (0)8 58 60 10 00 / Fax +46 (0)8 58 60 10 01

Follow ECDC on:

Confidentiality Notice
If you are not the intended recipient of this message, you are hereby kindly requested, to, consecutively, refrain from
disclosing its content to any third party, delete it, and inform its sender of the erroneous transmittal.

UCDUSR0007180



From: Damien Joly <djoly@metabiota.com>

To: William B. Karesh <karesh@ecohealthalliance.org>;Jonna Mazet
<jkmazet@ucdavis.edu>;David John Wolking <djwolking@ucdavis.edu>;Tracey Goldstein
<tgoldstein@ucdavis.edu>

Sent: 11/15/2017 12:42:07 PM

Subject: Re: CBEP RFI for wildlife work in Cambodia, Laos, Vietham

Thanks Billy. It seems the submission date has passed?

Damien Joly, PhD
Head, Data Research
Metabiota

Member, American College of Epidemiology
Assoc. Adjunct Professor - Dept. of Ecosystem and Public Health - Faculty of Vet. Med. - U. of Calgary
Information Management Coordinator - Emerging Pandemic Threats - PREDICT program

Unit 7, 1611 Bowen Road, Nanaimo BC V39S 1G5
dioly@metabiota.com - fel +7 250 676 4967 - skype damienjoly
http:.7/www.metabiota.com

CONFIDENTIALITY NOTICE: The information contained in this electronic mail (email) transmission (including
attachments), is intended by Metabiota for the use of the named individual or entity to which it is addressed and may
contain information that is privileged or otherwise confidential. It is not intended for transmission to, or receipt by, any

individual or entity other than the named addressee except as otherwise expressly permitted in this email transmission.

If you have received this email in error, please delete it without copying or forwarding if, and notify the sender of the
error by email reply.

From: William B. Karesh

Sent: November 15, 2017 11:00:50 AM

To: Jonna Mazet; David John Wolking; Tracey Goldstein; Damien Joly
Subject: CBEP RF1 for wildlife work in Cambodia, Laos, Vietnam
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From: Andrew Clements <aclements@usaid.gov>

To: Jonna Mazet <jkmazet@ucdavis.edu>;Jon Epstein
<epstein@ecohealthalliance.org>;desmond@ecohealthalliance.org
<desmond@ecohealthalliance.org>;bhbird@ucdavis.edu <bhbird@ucdavis.edu>

Sent: 2/22/2018 8:21:39 AM
Subject: WHO | Lassa Fever — Liberia
FYI

http://www.who.int/cst/don/22-february-2018-lassa-fever-liberia/en/

Andrew P. Clements, Ph.D.

Senior Scientific Advisor

Emerging Threats Division/Office of Infectious Diseases/Bureau for Global Health
U.S. Agency for International Development

Mobile phone: 1-571-345-4253

Email: aclements@usaid.gov
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From: Andrew Clements <aclements@usaid.gov>

To: David J Wolking <djwolking@ucdavis.edu>

CcC: Christine Kreuder Johnson <ckjohnson@ucdavis.edu>;Jonna Mazet
<jkmazet@ucdavis.edu>;PREDICTMGT <predictmgt@usaid.gov>

Sent: 1/9/2020 12:49:49 PM

Subject: Re: Follow up (global analyses)

Thanks. Have a good trip, Chris.

Andrew P. Clements, Ph.D.

Senior Scientific Advisor

Emerging Threats Division/Office of Infectious Diseases/Bureau for Global Health
U.S. Agency for International Development

Mobile phone: 1-571-345-4253

Email: aclements@usaid.gov

On Jan 9, 2020, at 8:02 PM, David J Wolking <djwolking@ucdavis.edu> wrote:
Hi Andrew,

We're exploring this and options (also frantically prepping Chris for the close-out meetings in Nepal next
week).

We'll get back to you this week with some ideas.
David

On Wed, Jan 8, 2020 at 5:45 AM Andrew Clements <aclements@usaid.gov> wrote:
Hi Chris,

Would sometime next week work for you all to discuss the previewing of the global analyses? If so, please
suggest a day and time.

Thanks!
Andrew

Andrew P. Clements, Ph.D.

Senior Scientific Advisor

Emerging Threats Division/Office of Infectious Diseases/Bureau for Global Health
U.S. Agency for International Development

Mobile phone: 1-571-345-4253

Email: aclements@usaid.gov
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From: Peter Daszak <daszak@ecohealthalliance.org>
To: Jonna Mazet <jkmazet@ucdavis.edu>;Andrew Clements <aclements@usaid.gov>
CcC: Christine Kreuder Johnson <ckjohnson@ucdavis.edu>;David J Wolking

<djwolking@ucdavis.edu>;William B. Karesh <karesh@ecohealthalliance.org>;PREDICTMGT

<predictmgt@usaid.gov>
Sent: 4/6/2020 8:22:36 PM
Subject: RE: Trump ended coronavirus detection pandemic program - Los Angeles Times

Appreciate your email Andrew and I’ll continue trying to get the facts out to reporters, including how this was a
visionary program that USAID launched and funded for 10 yrs.

Cheers,

Peter

Peter Daszak
President

EcoHealth Alliance

460 West 34™ Street
New York, NY 10001
USA

Tel.: +1-212-380-4474

Website: www.ecohealthalliance.org
Twitter: @PeterDaszak

EcoHealth Alliance develops science-based solutions to prevent pandemics and promote conservation

From: Jonna Mazet

Sent: Monday, April 6, 2020 6:31 PM

To: Andrew Clements

Ce: Christine Kreuder Johnson ; David J Wolking ; Peter Daszak ; William B. Karesh ; PREDICTMGT
Subject: Re: Trump ended coronavirus detection pandemic program - Los Angeles Times

Thanks, Andrew, appreciate your understanding and support during this tough time.

Stay well,

Jonna

On Mon, Apr 6, 2020 at 11:55 AM Andrew Clements <aclements@usaid.gov> wrate:

Thanks, Jonna and Peter. I really appreciate all of you continuing to be
responsive to the media and trying to keep them on track which is a
challenge when they have an agenda. I agree that it is not helpful when
reporters are referred to USAID but don't get the information they are

looking for.

Andrew
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Andrew Clements, Ph.D.

Senior Scientific Advisor

Emerging Threats Division/Office of Infectious Discases/Burcau for Global Health
U.S. Agency for International Development

Mobile phone: 1-571-345-4253

E-mail: aclements@usaid. gov

For more information on USAID's Emerging Pandemic Threats program, see: httpy/www.usaid. gov/ept2

On Fri, Apr 3, 2020 at 10:17 PM Jonna Mazet <jkmazet@ucdavis.edu> wrote:

Hi Andrew,

We are trying very hard to turn the slam pieces on the US government into positive ones, especially for
USAID. We were able to help in the last two total really harsh pieces to fix a lot of the content and always
send everyone to USAID for that question. That said, they pick the inflammatory headlines & push. I
personally don't lament the end & both mention the new call & talk about all the positive thing Predict has
done & is doing.

Maybe we should chat about how do this even better, but recognize that perfection is never possible.

Unfortunately, academic freedom at the University of California prevents me from being able to commit to
not answering questions. It is also tough on us that when we refer people to USAID, the reporters are
apparently not given much in the way of interviews, so it looks like we or others are hiding something from
this side.

Let us know if you'd like to talk more,
Jonna

On Fri, Apr 3, 2020 at 8:08 AM Andrew Clements <aclements@usaid.gov> wrote:
Hi all,

Just read the following article:

https://www.latimes.com/science/story/2020-04-02/coronavirus-trump-pandemic-program-viruses-detection

Can I respectfully request that, from now on, all people associated with Predict resist from providing any
quotes to media that have anything to do with the ending of Predict? So no public speculating on why it
ended and no public lamenting that it’s ended. Yes, it’s unfortunate that the work will not continue, but I
think the point has been made enough times now.

A more-helpful alternative (which some of you have used) is to talk about all the great things that were
accomplished by Predict and how USAID was visionary in supporting this kind of work when no one else did
and in the face of many critics. So more of “we had a great run for 10 years” and less of “it should have run
for another 10 years.

As always, any questions about why Predict is ending or the future of the EPT program should be referred to
USAID. Asnoted in the article, USAID is planning a new project to reduce spillover which is a natural
transition of part of the portfolio. Unfortunately, many of the articles about Predict ending neglect to say
there are other continuing and new investments under EPT.

Thanks for your understanding. Please let me know if you have any questions,

Andrew

Andrew P. Clements, Ph.D.
Senior Scientific Advisor
Emerging Threats Division/Office of Infectious Diseases/Bureau for Global Health
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U.S. Agency for International Development
Mobile phone: 1-571-345-4253
Email: aclements@usaid.gov
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Subject: Re: Travel arrangements

From: Carlos Morel <morel@cdts.fiocruz.br>

Sent: Thu, 12 Jan 2017 08:52:08 -0200

Cc: Dennis Carroll <dcarroll@usaid.gov>, Jonna Mazet <jkmazet@ucdavis.edu>
To: Katherine Leasure <kaleasure@ucdavis.edu>

Dear Katie,

Thanks for your email, attention and support.

The alternative I proposed yesterday - attending the PMAC meeting in Bangkok, Feb/3 - was some sort of last tentative not
to miss the GVP meeting. If you approve an exception request for my travel on the same or similar itinerary as Renata, then 1
would not travel via Bangkok, would go directly to Beijing.

This Sunday I will travel to Geneva.

Best regards,

Carlos

Em 12 de jan de 2017, a(s) 01:34, Katherine Leasure <kaleasure@ucdavis.edu> escreveu:

Dear Carlos,

The reservation for Renata has been booked, and confirmation sent to her via email (both her Fiocruz and Gmail
accounts). She will be traveling on the KLM itinerary as noted her email. We are happy to cover the additional nights
of accommodation in Beijing in order to allow adequate time to rest and acclimate.

We are working on the exception request for your travel by business class, and will continue to make every effort to
coordinate travel that will allow you to join and share your valuable contributions in Beijing.

Best regards,
Katie

From: Carlos Morel [mailto:lixd=iBJa )
Sent: Tuesday, January 10, 2017 12:57 PM

To: Dennis Carroll; Jonna Mazet
Cc: katherine Leasure; Renata Curi Hauegen; Carlos M Morel
Subject: Travel arrangements

Dcar Dcnnis an Jonna,
Thanks for your feedback to my message and also for your support.

From 1979 - when I first travelled to UCLA to start a collaborative project funded by Brazil’s CNPq and US National
Science Foundation - until 1998 when I was nominated Director TDR at WHO, I only flew economy, even
during very long international travels. Either paid by Brazilian agencies of S&T or by WHO/TDR as a
temporary adviser to TDR programs before becoming its Director. Even a travel that started in Geneva and
then forced me to go to Thailand, Los Angeles, New York and back to Rio (yes, a round trip around the
world) was in economy: I had to deliver a seminar in each city and I did not complain, as I was young enough
and felt that as routine.

During my period as Director TDR or a member of the Board of Directors of the TB Alliance, they granted me
business for long travels. Coming back to Brazil in 2004 one episode really had a big impact on me: the death
of John La Montagne, deputy director of NIAID, while standing in line at the Mexico City
airport (http://www.nytimes.com/2004/11/06/health/john-lamontagne-61-expert-on-development-of-vaccines-
dies.html? r=0). We were colleagues at the TB Alliance BoD, became colleagues and friends and John started
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to collaborate with us at Fiocruz shaping a very big collaboration Fiocruz-NIH/NIAID. Once we invited him
to come for a two day-meeting in Rio; one week before the meeting he called me to say that a new important
meeting at NIAID forced him to shorten his travel to Rio to only ONE DAY - having dinner with us,
participating at the meeting in the morning & early afternoon, going back to the Rio airport in the evening. |
tried to convince him to cancel his trip, arguing that we could find another suitable date, etc.; no way. John
was so committed to the collaboration that he came to the meeting, spending less than 24 hours in Rio. Some
months later I got a phone call from Maria Freire, then the CEO of the TB Alliance, crying because of John’s
death in Mexico airport. John was unique as a colleague, friend and collaborator and was pushed to his limits
traveling very long fights in economy, due to the NIH travel policy.

Summary of issues to consider:

* The fastest itinerary (Air France or KLM) Rio-Beijing takes 23 hours and 15 minutes - with a
cheaper option taking 27 hours;

I do hope that you can find at the UC Davis travel policy a way to allow business class when dealing
with very long travels - at least for people of my age, 73;

» If UC Davis wants someone to arrive the same day of the meeting after traveling 23+ hours, they
should be prepared to have zombies participating, sleeping during meeting hours or missing sessions due
to exhaustion;

+ Either flying economy or business, we (both Renata and myself) are not prepared to accept an itinerary
that does not allow 1-2 days of rest after over 20 hours flight (we are prepared to cover the hotel
expenses for these additional days);

* My MD colleagues as well as my private physician know well how active I am and therefore I will not
ask them for a waiver due to medical reasons.

I really believe in the GVP project and really want to attend the Beijing meeting, but not at any cost. Renata
has just forwarded to Katie a proposed itinerary and the information requested from her present regular
passport (which expires next April). I propose the following: as soon as Renata receives her travel reservation
and be able to apply for her travel license and service passport, we then move on this discussion, ok?

Best,

Carlos
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From: Jonna Mazet <jkmazet@ucdavis.edu>

To: Jon Epstein <epstein@ecohealthalliance.org>;James Desmond
<desmond@ecohealthalliance.org>

CC: Peter Daszak <daszak@ecohealthalliance.org>;Billy Karesh
<karesh@ecohealthalliance.org>; Tracey Goldstein <tgoldstein@ucdavis.edu>

Sent: 1/25/2017 4:18:43 PM

Subject: Fwd: Jerry Garteh's Work at the FDA

FYI

J

—————————— Forwarded message ------——--

From: Kendra Chittenden <kchittenden@usaid.gov>

Date: Tue, Jan 24, 2017 at 10:07 AM

Subject: Fwd: Jerry Garteh's Work at the FDA

To: Alisa Pereira <apereira@usaid.gov>, Jonna Mazet <jkmazet@ucdavis.edu>

Just found the initial email chain

---------- Forwarded message ----------

From: Kendra Chittenden <kchittenden@usaid.gov>
Date: Mon, Oct 24, 2016 at 9:20 AM

Subject: Re: Jerry Garteh's Work at the FDA

To: Monica Dea <mdea@usaid.gov>

Thanks!

On Mon, Oct 24, 2016 at 9:14 AM, Monica Dea <mdea(@usaid.gov> wrote:

Dear Kendra, please see the information from Adam regarding Jerry Garteh's employment by USAID US
Forest Services.

thanks.

—————————— Forwarded message ------—--

From: Keith Metzner <kmetzner@usaid.gov>

Date: Wed, Oct 19, 2016 at 7:22 PM

Subject: Fwd: Jerry Garteh's Work at the FDA

To: Jennifer Tikka <jtikka(@usaid.gov>

Cc: Leslie Flagg USAID <lflagg@usaid.gov>>, Monica Dea <mdea@usaid.gov>

Jennifer,
You may wish to consult with Monica about how to proceed from here.

According to Monica Mr. Jerry Garteh has been working part-time with PREDICT since April or May of 2016 and has been the
full-time PREDICT Liberia Country Coordinator since 1 Oct.

Something is strange here?

Keith

Keith Metzner
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Natural Resources Officer

USAID LIBERIA

Office of Economic Growth

Embassy of the United States of America
502 Benson Street, Monrovia, Liberia

kmetzner@usaid.gov
Tel: (+231) 77- 677-7000 Ext. 7414
Mobile: (+231) 777-555-073

---------- Forwarded message ----------

From: Welti, Adam J -FS <adamjwelti@fs.fed.us>

Date: Wed, Oct 19, 2016 at 7:11 PM

Subject: RE: Jerry Garteh's Work at the FDA

To: Keith Metzner <kmetzner@usaid.gov>

Cec: Jennifer Tikka <jtikka@usaid.gov>, Leslie Flagg USAID <lflagg@usaid.gov>, "Sheridan, Kathleen A -FS"
<kathleenasheridan(@fs.fed.us>

Hi Keith,

Jerry is under contract with our office via METI and is full time. At this time, his contract runs through December 2016
but as we finalize our work plan for the coming months, our goal would be to extend his contract through September
2017 to support further activities. He and I are working on the draft work plan for this next phase and will submit for
your review in the coming days. Iam attaching here, prior documentation on the survey and follow on associated efforts

(including report on 1%t phase work plan as well as 29 phase work plan).

Please let me know of any additional questions.

Kindly,

Adam Welti
Affica and Middle East Program

US Forest Service, International Programs

From: Keith Metzner [mailto:kmetzner@usaid.gov]

Sent: Wednesday, October 19, 2016 2:43 PM

To: Welti, Adam J -FS <adamjwelti@@fs.fed.us>

Cec: Jennifer Tikka <jtikka@usaid.gov>; Leslie Flagg USAID <lflagg@usaid.gov>
Subject: Jerry Garteh's Work at the FDA

Hi Adam,
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Can you please share something about Jerry Garteh's contract and his work at the FDA.

Is he part or full-time and for how long?

Thanks,

Keith

Keith Metzner

Natural Resources Officer

USAID | LIBERIA

Office of Economic Growth
Embassy of the United States of America

502 Benson Street, Monrovia, Liberia

kmetzner@usaid.gov

Tel: (£231) 77- 677-7000 Ext. 7414

Mobile: (+231) 777-555-073

This electronic message contains information generated by the USDA solely for the intended recipients. Any
unauthorized interception of this message or the use or disclosure of the information it contains may violate
the law and subject the violator to civil or criminal penalties. If you believe you have received this message in
error, please notify the sender and delete the email immediately.

AID
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+H231) 77 677 7000
+H231) 77 677 7226

+(231) 77 673 4677

mobile (703-209-5424) |[KChittenden@usaid.gov

mobile (703-209-5424) IKChittenden@usaid.gov
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From: William B. Karesh <karesh@ecohealthalliance.org>

To: Jonna Mazet <jkmazet@ucdavis.edu>

cC: Jon Epstein <epstein@ecohealthalliance.org>;Jim Desmond
<desmond@ecohealthalliance.org>;Peter Daszak <daszak@ecohealthalliance.org>;Tracey
Goldstein <tgoldstein@ucdavis.edu>

Sent: 1/26/2017 6:55:32 PM
Subject: Re: Jerry Garteh's Work at the FDA
Thanks.

Jon, the emails go back months but I can't see that they ever communicated their questions or concerns with
us, nor do they mention that the US Forest Service Contract stipulates the Mr Garcia is free to work on other
contractual agreements.

Let's discuss in person when you have chance.

William B. Karesh, D.V.M
Executive Vice President for Health and Policy

EcoHealth Alliance
460 West 34th Street - 17th Floor
New York, NY 10001 USA

+1.212.380.4463 (direct)
+1.212.380.4465 (fax)
www.ecohealthalliance.org

President, OIE Working Group on Wildlife

Co-chair, IUCN Species Survival Commission - Wildlife Health Specialist Group

EPT Liaison - USAID Emerging Pandemic Threats - PREDICT 2 program

EcoHealth Alliance leads cutting-edge research into the critical connections between human and wildlife
health and delicate ecosystems. With this science we develop solutions that promote conservation and

prevent pandemics.

On Jan 25, 2017, at 7:19 PM, Jonna Mazet <jkmazet@ucdavis.edu> wrote:

---------- Forwarded message ----------

From: Kendra Chittenden <kchittenden@usaid gov>

Date: Tue, Jan 24, 2017 at 10:07 AM

Subject: Fwd: Jerry Garteh's Work at the FDA

To: Alisa Pereira <apereira@usaid.gov>, Jonna Mazet <jkmazet@ucdavis.edu>

Just found the initial email chain

---------- Forwarded message ----------
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From: Kendra Chittenden <kchittenden@usaid.gov>
Date: Mon, Oct 24, 2016 at 9:20 AM

Subject: Re: Jerry Garteh's Work at the FDA

To: Monica Dea <mdea@usaid.gov>

Thanks!

On Mon, Oct 24, 2016 at 9:14 AM, Monica Dea <mdea@usaid.gov> wrote:

Dear Kendra, please see the information from Adam regarding Jerry Garteh's employment by USAID US
Forest Services.

thanks.

---------- Forwarded message ----------

From: Keith Metzner <kmetzner@usaid.gov>

Date: Wed, Oct 19, 2016 at 7:22 PM

Subject: Fwd: Jerry Garteh's Work at the FDA

To: Jennifer Tikka <jtikka@usaid.gov>

Cc: Leslie Flagg USAID <lflagg@usaid.gov>, Monica Dea <mdea@usaid.gov>

Jennifer,
You may wish to consult with Monica about how to proceed from here.

According to Monica Mr. Jerry Garteh has been working part-time with PREDICT since April or May of 2016 and has been the
full-time PREDICT Liberia Country Coordinator since | Oct.

Something is strange here?

Keith

Keith Metzner

Natural Resources Officer

usaiD LIBERIA

Office of Economic Growth

Embassy of the United States of America
502 Benson Street, Monrovia, Liberia

kmetzner@usaid.gov
Tel: (+231) 77- 677-7000 Ex{. 7414
Mobile: (+231) 777-555-073

---------- Forwarded message ----------

From: Welti, Adam J -FS <adamjwelti@fs.fed us>

Date: Wed, Oct 19, 2016 at 7:11 PM

Subject: RE: Jerry Garteh's Work at the FDA

To: Keith Metzner <kmetzner@usaid.gov>

Ce: Jennifer Tikka <jtikka@usaid.gov>, Leslie Flagg USAID <lflagg@usaid.gov>, "Sheridan, Kathleen A
-FS" <kathleenasheridan(@fs.fed.us>

Hi Keith,
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Jerry is under contract with our office via METT and is full time. At this time, his contract runs through December 2016
but as we finalize our work plan for the coming months, our goal would be to extend his contract through September
2017 to support further activities. He and I are working on the draft work plan for this next phase and will submit for
your review in the coming days. I am attaching here, prior documentation on the survey and follow on associated

efforts (including report on 1% phase work plan as well as 2" phase work plan).

Please let me know of any additional questions.

Kindly,

Adam Welti
Africa and Middle East Program

US Forest Service, International Programs

From: Keith Metzner [mailto:kmetzner@usaid.gov]

Sent: Wednesday, October 19, 2016 2:43 PM

To: Welti, Adam J -FS <adamjwelti@fs.fed.us>

Ce: Jennifer Tikka <jtikka(@usaid.gov>; Leslie Flagg USAID <lfla, usaid.gov>
Subject: Jerry Garteh's Work at the FDA

Hi Adam,

Can you please share something about Jerry Garteh's contract and his work at the FDA.

Is he part or full-time and for how long?

Thanks,

Keith

Keith Metzner

Natural Resources Officer

USAID | LIBERIA
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Office of Economic Growth
Embassy of the United States of America

502 Benson Street, Monrovia, Liberia

kmetzner@usaid.gov

Tel: (+231) 77- 677-7000 Ext. 7414

Mobile: (+231) 777-555-073

This electronic message contains information generated by the USDA solely for the intended recipients. Any
unauthorized interception of this message or the use or disclosure of the information it contains may violate

the law and subject the violator to civil or criminal penalties. If you believe you have received this message in
error, please notify the sender and delete the email immediately.

AID

+(231) 77 677 7000
H231) 77 677 7226
+(231) 77 673 4677

mobile (703-209-5424) [KChittenden@usaid.gov

mobile (703-209-5424) [KChittenden@usaid.gov
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From: Andrew Clements <aclements@usaid.gov>

Sent: Tue, 21 Feb 2017 16:58:04 +0100

Subject: Fwd: CHN 21-02-17 OIE Alert - Alerta - Alerte - Highly pathogenic avian influenza - Influenza aviaire hautement pathogéne -
Influenza aviar altamente patéaepa

To: Gina EDACTED "ZHANG, Wenqing" JiR{=BJA\OI =B Jonna Mazet <jkmazet@ucdavis.edu>,
William Karesh <Karesh@ecohealthalliance.org>, Christine Kreuder Johnson <ckjohnson@ucdavis.edu>, Peter Daszak
<daszak@ecohealthalliance.org>

FYI. Highly pathogenic H7N9 detected in Guangdong province, China. Will be interesting to see if it's still localized or if it has already spread.

---------- Forwarded message ----------

From: <oie-info-web@oie.int>

Date: Tue, Feb 21, 2017 at 4:41 PM

Subject: CHN 21-02-17 OIE Alert - Alerta - Alerte - Highly pathogenic avian influenza - Influenza aviaire hautement
pathogéne - Influenza aviar altamente patdgena

To: oie-info-web@oie.int

English PDF reports
Francais Rapports PDF
Espaiiol informes PDF

Highly pathogenic avian influenza ,China (People's Rep. of)

Information received on 18/02/2017 from Dr Zhang Zhongqui, Director General , China Animal Disease
Control Centre, Veterinary Bureau, Ministry of Agriculture, Beijing, China (People's Rep. of)
Summary

Report type Immediate notification

Date of start of 10/01/2017
the event

Date of 10/01/2017
confirmation of
the event

Report date 18/02/2017

Date submitted 18/02/2017
to OIE

Reason for Reoccurrence of a listed disease
notification

Date of previous 2015
occurrence

Manifestation of Sub-clinical infection
disease

Causal agent Highly pathogenic avian influenza virus

Serotype H7N9
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Nature of Laboratory (advanced)
diagnosis

This event a defined zone within the country
pertains to

New outbreaks
Summary of  Total outbreaks: 1

outbreaks

Outbreak « GUANGDONG ( Live bird markets )

Location

Total animals  Species Susceptible  Cases Deaths Destroyed Slaughtered

affected
Birds o

Outbreak Species Apparent Apparent Apparent case  Proportion

statistics morbidity rate  mortality rate  fatality rate susceptible

animals lost*
Birds skk koK dok sk
* Removed from the susceptible population through death, destruction and/or slaughter;
** Not calculated because of missing information;
Epidemiology

Source of the « Unknown or inconclusive

outbreak(s) or

origin of

infection

Epidemiological Samples from live bird markets sent to the National Reference Laboratory for Avian

comments Influenza by the Guangdong veterinary authotities tested positive for a highly pathogenic
avian influenza H7N9 virus. Affected live poultry markets have been closed and
surveillance is strengthened in the whole province.

Control measures
Measures « Movement control inside the country
applied - Screening
« Disinfection / Disinfestation
 Quarantine
« Vaccination permitted (if a vaccine exists)
« No treatment of affected animals

Measures to be « No other measures
applied

Diagnostic test results
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Laboratory name National Reference [Laboratory for Avian Influenza ( National laboratory )
and type

Tests and results Species Test Testdate  Result
Birds virus sequencing 10/01/2017  Positive
Future Reporting

The event is continuing. Weekly follow-up reports will be submitted.

Influenza aviaire hautement pathogene ,Chine (Rép. pop. de)

Information regue le 18/02/2017 de Dr Zhang Zhongqui, Director General , China Animal Disease Control
Centre, Veterinary Bureau, Ministry of Agriculture, Beijing, Chine (Rép. pop. de)

Résumeé

Type de rapport Notification immédiate

Date de début de 10/01/2017
I’événement

Date de 10/01/2017
confirmation de
l"événement

Date du rapport 18/02/2017

Date d'envoia 18/02/2017
I'OIE

Raison de Réapparition d’une maladie listée par 'OIE
notification

Date de la 2015
précédente

apparition de la
maladie

Manifestation de Infection sub-clinique
la maladie

Agent causal Virus de l'influenza aviaire hautement pathogene

Sérotype H7N9
Nature du Tests approfondis en laboratoire (i.e. virologie, microscopie électronique, biologie
diagnostic moléculaire, immunologie)

Cet événement une zone définie a l'intérieur du pays
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se rapporte a

Nouveaux foyers
Récapitulatif Nombre total de foyers : 1

des foyers

Localisation du « GUANGDONG ( Marchés d'oiseaux vivants )

foyer

Nombre total ~ Espéce(s) Sensibles Cas Morts Deétruits Abattus

d'animaux

atteints Oiseaux o

Statistiques sur  Espéce(s) Taux de morbidité Taux de mortalité Taux de létalité  Proportion

le foyer apparent apparent apparent d'animaux

sensibles perdus*
Oiseaux Kok *% &k &k
* Soustraits de la population sensible suite a la mort, a 1’abattage et/ou a la destruction;
** Non calculé par manque de données;
Epidemiologie

Source du/des « Inconnue ou incertaine

foyer(s) ou

origine de

l'infection

Autres Des échantillons prélevés dans des marchés d'oiseaux vivants envoyés au Laboratoire

renseignements national de référence pour l'influenza aviaire par les autorités vétérinaires de Guangdong se

épidémiologiquessont avéres positifs pour le virus H7N9 de l'influenza aviaire hautement pathogeéne. Les

/ Commentaires marchés d'oiseaux vivants concernés ont €té¢ fermés et la surveillance est renforcée dans
toute la province.

Mesures de lutte
Mesures de lutte « Restriction des déplacements a l'intérieur du pays
appliquées « Dépistage
« Désinfection / Désinfestation
« Quarantaine
- Vaccination autorisée (si un vaccin existe)
 Aucun traitement des animaux atteints

Mesures a « Aucune autre mesure
appliquer

Résultats des tests de diagnostics
Nom du Laboratoire national de référence pour I'influenza aviaire ( Laboratoire national )
laboratoire et
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type
Tests et résultats Espéce(s) Test Date du test Résultat
Oiseaux séquengage viral 10/01/2017 Positif

Rapports futurs
Cet événement se poursuit. Des rapports de suivi hebdomadaires devront étre envoyés.

Influenza aviar altamente patogena ,China (Rep. Pop. de)

Informacion recibida el 18/02/2017 desde Dr Zhang Zhongqui, Director General , China Animal Disease
Control Centre, Veterinary Bureau, Ministry of Agriculture, Beijing, China (Rep. Pop. de)

Resumen

Tipo de informe Notificacion inmediata

Fecha del inicio 10/01/2017
del evento

Fecha de 10/01/2017
confirmacion del
evento

Fecha del 18/02/2017
informe

Fecha de envio 18/02/2017
del informe a la
OIE

Motivo de la Reaparicion de una enfermedad de la Lista de la OIE
notificacion

Fecha de la 2015
anterior

aparicion de la
enfermedad

Manifestacion de Infeccion sub-clinica
la enfermedad

Agente causal  Virus de la influenza aviar altamente patogena
Serotipo H7N9

Naturaleza del  Pruebas de diagnostico de laboratorio avanzadas (ej. virologia, microscopia electronica,
diagnéstico biologia molecular e inmunologia)

UCDUSR0007201



Este evento una zona definida dentro del pais
concierne

Nuevos focos
Resumen de los Numero total de focos: 1
focos

Localizacion del « GUANGDONG ( Mercados de aves vivas )

foco

Numero total de Especies Susceptibles  Casos Muertos Destruidos Sacrificados

animales

afectados Aves ok

Estadistica del  Especies Tasa de Tasa de Tasa de letalidad Proporcion de

foco morbilidad mortalidad aparente animales

aparente aparente susceptibles
perdidos*
A\/es sk sk ek ek
* Descontados de la poblacion susceptible a raiz de su muerte, destruccion o sacrificio;
** No calculado por falta de datos;
Epidemiologia

Fuente del o de « Desconocida o no concluyente

los focos u

origen de la

infeccidon

Otros detalles  Muestras tomadas en los mercados de aves vivas enviadas al Laboratorio nacional de

epidemiologicos referencia para la influenza aviar por las autoridades veterinarias de Guangdong dieron

/ comentarios  positivo para el virus H7NO de la influenza aviar altamente patdgena. Los mercados de aves
vivas afectados han sido cerrados y se ha reforzado la vigilancia en toda la provincia.

Medidas de Control
Medidas « Restriccion de los movimientos en el interior del pais
implementadas « Tamizaje
+ Desinfeccidn / Desinfestacion
« Cuarentena
« Vacunacion autorizada (si existe vacuna)
« Ningun tratamiento de los animales afectados

Medidas para « Ninguna otra medida
implementar

Resultados de las pruebas diagnésticas
Nombre y tipo deLaboratorio nacional de referencia para la influenza aviar ( Laboratorio nacional )
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laboratorio

Pruebas y Especies Prueba Fecha de la  Resultados
resultados prueba
Aves secuenciacion viral 10/01/2017 Positivo

Informes futuros
El episodio contintia. Informes de seguimiento semanales seran enviados

Andrew Clements, Ph.D.

Senior Scientific Adviser

Emerging Threats Division/Office of Infectious Diseases/Bureau for Global Health
U.S. Agency for International Development

Mobile phone: 1-571-345-4253

E-mail: aclements@usaid.gov

For more information on USAID's Emerging Pandemic Threats program, see: http://www.usaid.gov/ept2
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From: William B. Karesh <karesh@ecohealthalliance.org>

To: PREDICTMGT <predictmgt@usaid.gov>;predict@ucdavis.edu”
<predict@ucdavis.edu>;Jonna Mazet <jkmazet@ucdavis.edu>;Peter Daszak
<daszak@ecohealthalliance.org>;Eddy Rubin <erubin@metabiota.com>

CC: Catherine Machalaba <machalaba@ecohealthalliance.org>
Sent: 2/28/2017 11:20:46 PM

Subject: GHSA and IHR MEF

Hi Everyone,

Catherine Machalaba was able to gain some good engagement with WHO at the WHO Stakeholders
Consultation on Planning Costing, and Financing for Accelerated IHR Implementation and Global Health
Security in Geneva over the last two days.

The immediate action items are:

1) providing input on the JEE questions to inform the April revision (and learning more about the
anticipated PVS revision). We will have an opportunity to have input on this and hopefully get
more added related to environment and wildlife capabilities.

2) ensuring environment is included in the development of the costing guide (Catherine thinks
here case was well received and WHO is interested if we can provide specific input when those
discussions happen),

3) encouraging our country partners to participate in planned JEE missions and country planning
workshops (several PREDICT and RESISSE and other project countries are in the pipeline for the
next few months e.g.:

JEE

Tanzania (Zanzibar only) - March 20-24
Myanmar - May 3-9

Mongolia - May 12-19

Thailand - June 26-30

Work planning between now and June:

Liberia, Sierra Leone, Ethiopia, Bangladesh, Jordan.

We will get started on input for the JEE review and costing aspects and follow up with drafts soon.

BK

William B. Karesh, D.V.M
Executive Vice President for Health and Policy

EcoHealth Alliance
460 West 34th Street - 17th Floor
New York, NY 10001 USA

+1.212.380.4463 (direct)
+1.212.380.4465 (fax)
www.ecohealthalliance.org

President, OIE Working Group on Wildlife

Co-chair, IUCN Species Survival Commission - Wildlife Health Specialist Group
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EPT Partners Liaison, USAID Emerging Pandemic Threats - PREDICT-2 Program

EcoHealth Alliance leads cutting-edge research into the critical connections between human and wildlife
health and delicate ecosystems. With this science we develop solutions that promote conservation and

prevent pandemics.
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From: Abel Ekiri <abekiri@ucdavis.edu>

To: "One Health (CDC)" <onehealth@cdc.gov>, "lkramer@usaid.gov" <lkramer@usaid.gov>, " ad = DA\ G4 = D

"nkabir@usaid.gov' <nkabir@usaid gov>, I

"Iparish@usaid.gov" <Iparish@usaid.gov>, "Clements, Andrew (CDC usaid.gov)" <AClements@usaid.gov>,[Jgp{=|BJ\G1 1= Pl
gmwangoka@ihi.or.tz"
<gmwangoka@ihi.or.tz>, David John Wolking <djwolking@ucdavis.edu>, Christopher kilonzo <ckilonzo@ucdavis.edu>,

"predict@ucdavis.edu" <predict@ucdavis.edu>, "Clements, Andrew (CDC usaid.gov)" <AClements@usaid.gov>,

persia@usait.gov" <apereira@usaicov- I

Had = P \WE B = PR janetrix.amuguni@tufts.edu” <janetrix.amuguni@tufts.edu>, "irwego@umn.edu” <irwego@umn.edu>,

"ayawe@ohcea.org" <ayawe@ohcea.org>, "pelicank@umn.edu" <pelicank@umn.edu>, "mcrane@usaid.gov" <mcrane@usaid.gov>,

Jonna Mazet <jkmazet@ucdavis.edu>

Cc: "Barton Behravesh, Casey (CDC/OID/NCEZID)" <dIx9@cdc.gov>, "Eggers, Carrie (CDC/CGH/DGHP)" <xfy1@cdc.gov>,

"Alroy, Karen (CDC/OID/NCIRD)" <nfu1@cdc.gov>, "Salyer, Stephanie J. (CDC/CGH/DGHP)" <wig9@cdc.gov>, "Gatei, Wangeci

(CDC/CGH/DGHP)" <wgg3@cdc.gov>, Sarah Paige <spaige@usaid.gov>, "Ashna Kibria" <akibria@usaid.gov>, Ricardo Echalar

<rechalar@usaid.gov>, "emwijarubi@usaid.gov" <emwijarubi@usaid.gov>,
| "pswai@usaid.gov" <pswai@usaid.gov>, "jdavis@usaid.gov" <jdavis@usaid.gov>,

"emily.s.kelley2.civ@mail.mil" <emily.s.kelley2.civ@mail.mil>, "Judd, Kelsie N CTR (US)" <kelsie.n.judd.ctr@mail.mil>

Subject: Re: Request by 3/3- Information on Zoonotic Disease llinesses or Outbreaks in Tanzania: PREDICT Part 1

Sent: Fri, 3 Mar 2017 19:30:54 +0000

PREDICT data and resources.zip

Dear Kerri,

The PREDICT-Tanzania team has been involved in surveillance activities for emerging and unknown viral zoonotic
pathogens in Tanzania over the last 7 years. We sharing two compressed files containing materials related to PREDICT
surveillance activities and viral findings as well as select publications on what we consider to be critical zoonotic

disease threats to Tanzania, including endemic diseases and transboundary threats from the greater East/Central Africa
region and beyond. We would like to emphasize the importance of considering both known and emerging (including newly
discovered or introduced) zoonotic diseases in the workshop and are proponents of broadening the discussion beyond

specific pathogens to potentially include groups of dangerous zoonotic disease threats with similar sighs and symptoms, for
example viral hemorrhagic fevers.

We hope these resources will contribute to and inform the discussion at the upcoming OHZDP Workshop.

Contents of the two compressed folders are detailed below. Due to large file size, will send these in two parts (Part 1 &
2) so you can download them easily.

PREDICT Data and Resources folder:

1) The PREDICT-1 Tanzania Final Report along with a map and list of viral findings from the first phase of the project (2009-
2014). This information is also publically available in an interactive platform at http://data.predict.global/

2) A selection of publications from PREDICT Consortium partners and from joint work conducted by the collaborative
Sokoine University of Agriculture, Ifakara Health Institute, and UC Davis Health for Animals and Livelihood Improvement

(HALI) project (haliproject.org). These publications were selected as they describe work on known and emerging zoonotic
disease threats in Tanzania and the greater region.
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Emerging viral threats and viral hemorrhagic fevers (VHFs) — East-Central Africa region folder:

A selection of publications demonstrating the risk of influenza and viral hemorrhagic fevers with particular emphasis on
zoonotic disease threats from wildlife (e.g., Ebola, Marburg, CCHF, HPAI, RVF, and novel viral threats such as arenavirues
and henipaviruses). These publications were selected as they provide evidence for these threats within Tanzania’s borders
and in the greater region.

Please don’t hesitate to contact us if we can provide further information that may be useful for the workshop.

Sincerely,

Abel B. Ekiri, BVM, MS, PhD, DACVPM
Research Scientist

USAID PREDICT project

One Health Institute

University of California, Davis

aekiri@ucdavis.edu

From: One Health (CDC) <onehealth@cdc.gov>
Sent: Wednesday, February 22,2017 7:29:04 AM

To: Ikramer@usaictgov; I O el D I = O NP IO sl N [N b7 @usaicgov;

B G ol 0 = VPN I sl B B -7 cc.cov Clements, Anrew (CDC
usaid.gov);|ll 'l mll I VAN W H ==l I Il 5vangoka@ihi.or.tz; David John Wolking; Abel Ekiri; Christopher
kilonzo; predict@ucdavis.edu; Clements, Andrew (CDC usaid.gov); apereira@usaid.gov; a4 =1 BJA [ )
Had=PJAA\OE R =P janctrix.amuguni@tufts.edu; irwego@umn.edu; ayawe@ohcea.org; pelicank@umn.edu;
mcrane@usaid.gov

Cc: One Health (CDC); Barton Behravesh, Casey (CDC/OID/NCEZID); Eggers, Carrie (CDC/CGH/DGHP); Alroy, Karen (CDC/OID/NCIRD);
Salyer, Stephanie J. (CDC/CGH/DGHP); Gatei, Wangeci (CDC/CGH/DGHP); Sarah Paige; Ashna Kibria; Ricardo Echalar;
emwijarubi@usaid.gov; || 'l mll I} JF AN W ==l I B 052 @usaid.gov; jdavis@usaid.gov;
emily.s.kelley2.civ@mail.mil; Judd, Kelsie N CTR (US)

Subject: Request by 3/3- Information on Zoonotic Disease llinesses or Outbreaks in Tanzania

Dear partners,

CDC and USAID are collaborating with the government of Tanzania to conduct a One Health Zoonotic Disease
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Prioritization (OHZDP) workshop. CDC has developed a One Health Zoonotic Disease Prioritization Tool (OHZDPT) which
allows a country to bring together multisectoral, One Health representatives to prioritize endemic and emerging
zoonoses of greatest national concern using equal input from all represented sectors including human, animal (livestock
and wildlife), and environmental health. Having a list of prioritized zoonoses allows a country to focus limited financial
and personnel resources to build laboratory capacity, strengthen surveillance in humans and animals, develop joint
outbreak response plans, and to create joint prevention and control strategies. Specific details are in the attachment
titled, “CDC One Health Zoonotic Disease Prioritization Workshop Overview.” The prioritization of zoonotic diseases is a
key component of GHSA and GHSA roadmaps and helps to set priorities for further systems capacity building in line with
GHSA and JEE. Tanzania’s National One Health Platform is hosting the workshop.

Beginning about 60 days before the desired workshop date, trained CDC workshop facilitators work with in country
partners to develop a list of endemic and emerging zoonoses of concern for prioritization during the workshop and to
identify multisectoral partners, both voting members and observers, for participation in the workshop.

The OHZDP tool is semi-quantitative and relies on facilitators, in collaboration with stakeholders, generating a list of
zoonoses in advance of workshop discussions. Before the stakeholders come together, developing a list of endemic and
emerging zoonotic diseases that each ministry would like to discuss during the prioritization workshop is needed. This list
is developed from both published and unpublished information sources. A team approach should be used to develop the
list of about 30-40 endemic and emerging zoonotic diseases for prioritization during the workshop. The CDC One Health
Office has started with a list of 32 endemic and emerging zoonotic diseases that have been identified either as
reportable diseases in Tanzania’s National One Health Strategy Plan, and/or were deemed important in the report of the
expert group selected to prioritize zoonotic diseases in Tanzania, October-December 2016. Please find the list of 32
diseases attached.

CDC facilitators coordinate the creation of this list and literature review by working with in-country partners, including
CDC and USAID staff. We would like to give partners the opportunity to share information and data on zoonotic diseases
in Tanzania that may be beneficial to have during the workshop. We are asking partners to share any available
information such as reports, publications, or other materials regarding zoonotic disease illnesses or outbreaks in
Tanzania. If you have any additional information you’d like to share on any of the zoonoses on the existing list, or on
zoonoses that are not listed, but are present in Tanzania, please let us know by Friday, March 3rd. Send all information
to onehealth@cdc.gov and CDC facilitators Karen Alroy (nful@cdc.gov) and Carrie Eggers (xfyl@cdc.gov).

Thank you for your partnership in preparing for Tanzania’s One Health Zoonotic Disease Prioritization Workshop. If you
have any questions, please let us know.

Kerri Simone, MPH on behalf of
CDC One Health Office

cdc.gov/onehealth

bpad

Click on the icon to subscribe to One Health updates from CDC.
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Re-Emergence of Crimean-Congo Hemorrhagic Fever
Virus in Central Africa

Gilda Grard'#, Jan Felix Drexler?, Joseph Fair?, Jean-Jacques Muyembe®, Nathan D. Wolfe*>, Christian
Drosten?, Eric M. Leroy'®

1 Centre International de Recherches Médicales de Franceville (CIRMF), Franceville, Gabon, 2 Institute of Virology, University of Bonn Medical Centre, Bonn, Germany,
3 Global Viral Forecasting, San Francisco, California, United States of America, 4 Institut National de Recherche Biomédicale, Kinshasa, Democratic Republic of the Congo,
5 Department of Epidemiology, School of Public Health, University of California Los Angeles, Los Angeles, California, United States of America, 6 Institut de Recherche
pour le Développement (IRD), UMR 224 (MIVEGEC), IRD/CNRS/UM1, Montpellier, France

Abstract

Background: Crimean-Congo hemorrhagic fever (CCHF) is a severe tick-borne disease well recognized through Europe and
Asia where diagnostic tests and medical surveillance are available. However, it is largely neglected in Africa, especially in the
tropical rainforest of Central Africa where only sporadic human cases have been reported and date back to more than 30
years. We describe here an isolated human case that occurred in the Democratic Republic of the Congo in 2008 and
performed phylogenetic analysis to investigate whether it resulted from a regional re-emergence or from the introduction
of a novel virus in the area.

Methods and Findings: Near complete segment S and partial segment M sequences were characterized. Bayesian
phylogenetic analysis and datation were performed to investigate the relationship between this new strain and viral strains
from Africa, Europe and Asia. The new strain is phylogenetically close to the previously described regional genotype (ll) that
appears to be specific to Central Africa. Phylogenetic discrepancy between segment S and M suggested genetic exchange
among local sublineages, which was dated back to 130-590 years before present.

Conclusions: The phylogenetic analyses presented here suggest ongoing CCHF virus circulation in Central Africa for a long
time despite the absence of reported human cases. Many infections have most probably been overlooked, due to the
weakness of healthcare structures and the absence of available diagnostic procedure. However, despite the lack of accurate
ecological data, the sporadic reporting of human cases could also be partly associated with a specific sylvatic cycle in
Central Africa where deforestation may raise the risks of re-emergence. For these reasons, together with the high risk of
nosocomial transmission, public health authorities’ attention should be drawn to this etiological agent.

Citation: Grard G, Drexler JF, Fair J, Muyembe J-J, Wolfe ND, et al. (2011) Re-Emergence of Crimean-Congo Hemorrhagic Fever Virus in Central Africa. PLoS Neg|
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(DRCQ)) in group II, South Africa and West Africa in group III,
Middle East and Asia (that may be split into 2 distinct groups Asia
1 and Asia 2 [4]) in group IV, Europe and Turkey in group V,
and finally Greece in group VI [1-5]. However, some of these
phylogenetic lineages include strains separated by large spatial
distances (such as South Africa and West Africa) suggesting viral
migration, most likely via migratory birds transporting infected
ticks, or secondary introductions following importation of com-

Introduction

Crimean-Congo hemorrhagic fever virus (CCHFV, family
Bunyaviridae, genus Natrovirus) 1s a tick-borne virus. It causes severe
illness throughout Africa, Asia, Southeast Europe and the Middle
East, with case fatality rates ranging from 3% to 30%. Its
worldwide distribution closely matches that of its main arthropod
vector, ixodid ticks belonging to the genus Hyalomma. Human

infection occurs through tick bites, contact with infected livestock,
or nosocomial transmission. The CCHFV negative-stranded RNA
genome is divided into a small (S), medium (M) and large (L)
segment.

Previous phylogenetic analysis of the S segment clustered strains
into 6 to 7 distinct phylogeographic groups: West Africa in group
I, Central Africa (Uganda and Democratic Republic of Congo

@ www.plosntds.org

mercial livestock. Comparative phylogenetic analysis revealed,
with a few exceptions, parallel clustering of the S and L segments,
while M segment reassortment seems more frequent [1,4-6].
During the last 60 years, CCHFV outbreaks have been
described in Asia, the Middle East and the Balkans, where the
virus has become endemic and caused several thousand human
cases. During the last decade, CCHFV has caused human disease
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Author Summary

Crimean-Congo hemorrhagic fever virus (CCHFV) is trans-
mitted to humans through tick-bite or contact with
infected blood or tissues from livestock, the main
vertebrate hosts in a peri-domestic natural cycle. With
numerous outbreaks, a high case fatality rate (3%-30%)
and a high risk for nosocomial transmission, CCHFV
became a public health concern in Europe and Asia.
However virus surveillance in Africa is difficult due to the
limited sanitary facilities. Especially, CCHFV occurrence in
Central Africa is very poorly described and seems highly in
contrast with the temperate to dry environments to which
the virus is usually associated with. We described a single
human infection that occurred in Democratic Republic
of the Congo after nearly 50 years of absence. The
phylogenetic analysis suggests that CCHFV enzootic
circulation in the area is still ongoing despite the absence
of notification, and thus reinforces the need for the
medical workers and authorities to be aware of the
outbreak risk. The source of infection seemed associated
with a forest environment while no link with the usual
agro-pastoral risk factors could be identified. More
accurate ecological data about CCHFV enzootic cycle are
required to assess the risk of emergence in developing
countries subjected to deforestation.

in previously unaffected countries (Turkey 2002, Iran 2003, Greece
2008, Georgia 2009) and has re-emerged in countries located
southwest of the Russian Federation after an absence of nearly 30
years |7]. By contrast, fewer than 100 cases have been recorded in
Africa [8], most of them in South Africa [9,10]. In East and West
Africa, enzootic CCHFV circulation has been shown by serological
surveys of cattle and virus isolation from ticks since the 1970s
[11,12] but untl the outbreaks in Mauritama in 2004 [13] and
Sudan in 2008 [14], only sporadic human cases had been reported.
In Central African Republic (CAR), limited serological evidences of
CCHFYV circulation in Zebu cattle has been provided [15] and
three viral strains were isolated from ticks between 1973 and 1976,
one of which lead to accidental infection of a laboratory worker
[11]. Subsequent isolations from ticks were performed in the
80’s [16] but no human case was reported. Despite the early
identification of human CCHFV infection in DRC (Kisangani,
1956), CCHFV occurrence in Central Africa has not been much
described and only sporadic human cases have been reported. One
month after having isolated the first CCHFV strain (strain Congo
3011) in newborn mice, Dr. Courtois became infected and this was
the last notified case in DRC, from which the strain Congo3010
was isolated [17,18]. The virus was next identified in Uganda
between 1958 and 1978. Fifieen CCHFV strains were isolated from
febrile patients, of which nearly half were laboratory workers
having handled infectious samples [11,17,18]. From the geographic
information associated with the other patients, it can be inferred
that CCHFV was present both in the Entebbe arca and in the Arua
district (previous West Nile district) located 350 km North, near the
border of Sudan. Three CCHFV strains were also isolated from
ticks and an early serological survey suggested cattle infection [11].
No other epidemiological or ecological information is available on
CCHFV in Central Africa or its borders, and no further cases have
been recorded.

In 2008, CIRMF (Centre International de Recherches Médi-
cales de I'ranceville, Gabon) identified CCIII'V in a serum sample
received for etiological diagnosis of a case of hemorrhagic fever in
DRC. This is the only identification of CCHV in DRC for more
than 50 years. To determine whether it was due to introduction of

@ www.plosntds.org
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a novel virus or to re-emergence of a local genotype, we
determined the phylogenetic relationships between this virus
(herealter referred o as Beruwe-2008) and previously described
isolates. Phylogenetic analysis showed that the Beruwe-2008 strain
belonged to the genotype previously identified in this area and thus
suggested that it had re-emerged. Local CCHFV persistence may
have been supported by a sylvatic natural cycle specific to Central
Africa, indicating that countries subject to major deforestation
may note an increasing number of human infections.

Methods

Ethics statement

Laboratory investigations were performed subsequently to the
WHO request for surveillance and early alert of hemorrhagic fever
outbreak in Central Africa. Because of the emergency settings
associated with the suspicion of such acute illnesses, no ethics
committee approval or written consent was deemed necessary.
The blood sample was taken by national healthcare workers of the
Lubutu hospital where the patient came for medical care. He was
informed that his blood sample will be further used for diagnostic
investigation and gave his verbal consent. The patient described
here is anonymous. The blood sample was next sent to the Institut
National de Recherche Biomédicale (Kinshasa, DRC) and then to
CIRMF upon WHO authorities. The study was approved by the
scientific committee of CIRMF.

Case description

The patient was a 26-year-old man living in Beruwe (Nord Kivu
province) in DRC, 325 km from Kisangani (Figure 1). He became
il in the mining area where he worked. He complained of fever
and headache on day 1 and developed moderate bloody diarrhea
on day 2. Epistaxis, oral bleeding and hematuria occurred on day
3. He treated himself with ibuprofen and paracetamol during the
first three days. On day 4 after onset he additionally took quinine
and finally presented with severe asthenia and persistent bleeding
to Lubutu hospital, where the serum sample was taken. At this
stage the patient was subicteric, with bleeding at the venipuncture
site, but had only low-grade fever (37.6°C). He declared no contact
with wild animals during the previous three weeks but he had slept
in the forest. No further information on his outcome was available.

Molecular diagnosis

The patient’s scrum was manipulated in biosafety level 4 (BSL-
4) conditions. The serum was first tested for Ebola and Marburg
viruses. As results were negative, investigations were next
performed for CCHFV. RNA was extracted with the QIAamp
viral RNA mini kit (Qiagen, Courtaboeuf, France) according to
manufacturer’s instructions. Reverse transcription (RT) and real-
time PCR amplification were performed with the High Capacity
cDNA RT kit and Tagman universal PCR master mix (Applied
Biosystems - Life Technologies Corporation, Carlsbad, Califor-
nia), and previously reported primers and probes [19]. Conven-
tional one-step RT-PCR was performed with CCHFV primers as
previously reported [20] and with SuperScript III one-step RT-
PCR system and Platinum Taq DNA polymerase (Invitrogen -Life
Technologies Corporation, Carlsbad, California). This yielded a
536-nucleotide fragment in the S segment, sequencing of which
confirmed CCHFV identification.

Genetic characterization
As viral isolation on Vero cells was unsuccessful, viral RNA was

extracted from the patient’s serum as described above, and was
used for RT-PCR amplification with Platinum Taq DNA
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Mauritania
Senegal

. Burkina Faso Sudan

Guinea o
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Kisangani-1956,
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<. Kenya
Beruwe-2008
DRC - Tanzania
Namibia Madagascar
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1000 km
600 mi
Figure 1. Geographic distribution of CCHFV in Africa. Genotypes |, Il, Ill and IV are indicated in blue, green, orange and mauve, respectively.

Undetermined genotypes are in grey. Stars represent human infections diagnosed in Democratic Republic of the Congo (DRC). CAR: Central African

Republic.
doi:10.1371/journal.pntd.0001350.g001

polymerase (Invitrogen). Primers were derived from nucleotide
alignments (Table 1). Three overlapping PCR products allowed
near-complete characterization of the S segment coding sequence
(GenBank accession number HQ849545) and partial character-
ization of the M segment (GenBank accession number
HQ849546). Amplification of the L. segment was unsuccessful,
being limited by the sample quantity.

Phylogenetic analysis

A total of 44 complete sequences for segment S and 38 complete
sequences for segment M were retrieved from GenBank (Table S1

@ www.plosntds.org

in online supporting information). Nucleotides were aligned
according to the amino-acid profile using the Translation Align
algorithm implemented in Geneious software [21]. Initial
phylogenetic analyses were performed with MrBayes V3.1
[22,23] using a GTR+gamma-+invariant site substitution model
for 4 million MCMC chain iterations sampled every 100
generations, corresponding to 40 000 trees (data not shown).
Following confirmation of the tree topology from MrBayes, the
tip-dated coding alignments were submitted to Bayesian inference
of node ages by using BEAST V1.4.7 [24] under the assumption of
a codon-based substitution model (SRD06) and an uncorrelated
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Table 1. Primers used for CCHFV genetic characterization of the S and M segments.

Segment S
Fragment 1 (590 bp)
1* round

Fragment 2 (550 bp)
1°* round

2" round

Fragment 3 (536 bp) [19]
1°* round

Segment M
Fragment 1 (280 bp)
1°* round

2" round

Fragment 2 (420 bp)

CCHF-M1F

1% round
2" round
Fragment 3 (510 bp)
1* round
2" round CCHF-M4F

CCHF-MU: TCTCAAAGATATCGTTGCC

CCHF-F2b: AAAGAGATGTTGTCAGACATGAT
CCHF-F3b: GAAGAAGGAACTTGATCCTCAA

CCHF-F2: TGGACACCTTCACAAACTC

CCHF-M1F: AATGCAATAGATGCTGAAATGCA

CCHF-M2F: CAAGTRTCRGAGTCAACRGG

CCHF-M3F: TGGCTCTRAAGAGRAGYTGYTGGATRA

CCHF-M4F: GAGTC1CAYAAATGCTAYTGYAGTCT

CCHF-ER7: GAATTAGGGAAGCAACCAAG

CCHF-R2b: GTTTCTTTCCCCACTTCATTGG
CCHF-R2b

CCHF-R3: GACAAATTCCCTGCACCA

CCHF-M2R: TTGYTTGCYTC1AYRGTYGC

CCHF-M1R: GAYTGRACTGG1GAYAWYGAAAC

CCHF-M2R: TTGYTTGCYTCTAYRGTYGC
CCHF-M3R: TTRCARACRGCYAGCATRACATT

CCHF-M4R: ACTGAACTCCAGCTAAGTGCTA
CCHF-M5R: GTTGAYTGRACATTRATTGCYCCCCA

Sequences are reported in 5’-3' orientation.
doi:10.1371/journal.pntd.0001350.t001

relaxed lognormal molecular clock and expansion, exponential
and constant population growth models. The Expansion model
yielded the best results, as indicated by ESS statistics and Bayes
factor analysis of the posterior probability trace in TRACER.
Sixty million generations were sampled every 1000 states,
corresponding to 60 000 trees, that were annotated with
TrecAnnotator and visualized with FigTrece V1.3.1 from the
BEAST package.

Results and Discussion

In 2008 we received a serum sample for etiological diagnosis of
a case of hemorrhagic fever in DRC. The patient’ serum was
handled under BSL-4 facilities for RNA purification and tested
positive for CCHFV by real-time PCR and conventional
amplification with previously described detection
[19,20]. The patient became ill in Beruwe, approximately
325 km from Kisangani, where the only 2 previously reported
cases of CCHFV in DRC occurred in 1956 (Figure 1). The patient
worked in a mining area near a forest environment and didn’t
seem linked to agro pastoral activities. As this was the only
identified case of CCHV in DRC for more than 50 years, we
performed a phylogenetic analysis to determine whether it was due
to introduction of a novel virus or re-emergence of a local
genotype.

Virus isolation in Vero cells was unsuccessful, presumably owing
to virus degradation subsequently to difficulties and delays of
transportation. Genetic characterization was thus based on RT-
PCR of RNA extracted from the patient’s serum. As reassortment
usually affects the M segment, priority was given to sequencing
segments S and M, while segment L. amplification was limited by
sample quantity and was unsuccessful. Near-complete character-
ization of the segment S coding sequence was achieved, yielding
1501 contiguous nucleotides; the 5" end was missing, presumably
owing to RNA degradation. A 1001-nucleotide fragment was
generated for segment M, corresponding to nucleotide positions

systems
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2382 to 3380 of the Congo3010-1956 glycoprotein coding
sequence (DRC strain).

Pairwise nucleotide comparison of the Beruwe-2008 segment S
sequence with those of the most closely related strains Congo3010-
1956 (DRC) and Semunya-1958 (Uganda) — showed 92.4% and
92.0% similarity, respectively. In segment M the pairwise identities
were 96.1% and 93.8% respectively. Identity between the Beruwe-
2008 strain and strains belonging to other genetic groups ranged
from 82.2% to 87.6% in segment S and from 72.5% to 81.3% in
segment M (Table 2).

Bayesian phylogenetic analysis with a molecular clock assump-
tion was applied to segment S (Figure 2A) and M (Figure 2B)
datasets. Both methods yielded tree topologies largely matching
the phylogeographic groups previously defined from complete
segments S and M [1-3]. In both segments, and with posterior
probabilities reaching 1, the Beruwe-2008 sequence grouped with
the aforementioned DRC and Uganda strains forming lineage II

Table 2. P-distances between the Beruwe-2008 sequences
and other sequences included in the phylogenetic analysis.

P-distance range (%)

Segment S Segment M
Group 1: West Africa [16.1-16.4] [18.7-19.5]
Group 2: Central Africa [7.6-8] [3.9-6.2]
Group 3: South & West Africa [14.1-15] [24.6-27]*
Group 4: Asia-Middle East [12.4-14.8]
Group 5: Europe-Turkey [13.2-13.8] [24.4-25.1]
Group 6: Greece [17.8] [27.5]

*In segment M, phylogeographic groups Ill and IV are combined and the
reported p-distances include both groups.
doi:10.1371/journal.pntd.0001350.t002
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Figure 2. Phylogenetic analysis of CCHFV in segments S and M. Caption A: analysis performed on 1501 nucleotides of segment S (near
complete sequence). Caption B: analysis performed on partial sesgment M sequence, 1001 nucleotides long. Genotypes are indicated in roman
numerals, named according to Caroll et al. [2] with the equivalent group nomenclature according to Chamberlin et al. [4] indicated in brackets: | -
West Africa (Africa 1); Il - Central Africa (Africa 2); lll - South and West Africa (Africa 3); IV - Middle East/Asia, divided into groups IVa and IVb
respectively corresponding to groups Asia 1 and Asia 2 acoording to [4]; V - Europe/Turkey (Europe 1); VI- Greece (Europe 2). The sequence from this
study is highlighted in gold. Sequences are named as follows: country_strain_sampling year_host. Posterior probabilities are indicated above
branches, followed by node age estimations. For clarity, posterior probability values below 0.6 and date estimates for the terminal branches were

removed. The scale bar corresponds to evolutionary distance in years.
doi:10.1371/journal.pntd.0001350.g002

(Central Africa group). Although we cannot rule out the possibility
of segment L reassortment, the Beruwe-2008 strain most likely
belongs to the genotype previously identified in Central Africa,
thus representing viral re-emergence rather than introduction of
another genotype. In addition, the phylogenetic position of the
Beruwe-2008 strain inside this Central African clade differed
between the two segments, lying at the most ancestral branch in
segment S while sharing a more recent common ancestry with the
Congo3010-1956 strain from Kisangani in segment M. This is
highly suggestive of intra-genotypic reassortment, thus implying
co-circulation of these two DRC sub-lineages at this time.
However, though it may be less probable, we cannot exclude
definitively recombination between the two strains.

@ www.plosntds.org

Our dating analysis of the S segment resulted in time
estimations slightly more recent than previously reported, but
nonetheless within the same range and in keeping with an ancient
origin of CCHF viruses [2]. The MRCA (most recent common
ancestor) for the whole CCHFV species was estimated to have
arisen 2518 years before present (BP) (95% High Posterior Density
(HPD): 820-5281), the lineage II split-off was dated to 1484 years
BP (95% HPD: 583-3389) and the MRCA of the three Central
African strains was estimated at 587 years BP (95% HPD: 200-
1327). In the M segment, the MRCA estimates were slightly more
recent, most probably owing to the use of partial rather than
complete coding sequences and to different evolution of the two
genes. This resulted in MRCA estimates of 1955 years BP for the
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whole species (95%HPD: 886-3844), 221 years BP for the three
Central African strains (95%HPD: 114-407) and 129 years BP
(95% HPD: 75-228) for the two DRC strains. The genotype 11
split-off was estimated to have occurred 646 years BP, but the
differences in the tree topologies prevented a true node age
comparison with segment S.

CCHV genotype II has been identfied only in DRC and
Uganda, while different CCHV lineages have been identified in
neighboring countries to the north. Multiple genotypes have been
identified in CAR, belonging to groups IV and III [2,20], the latter
also bcing cncountered in Sudan [14]. By contrast no other
genotype has been identified in Central Alrica, for which reports
on CCHFV are scarce and date back to 30 years. Hence, the data
currently available suggest that genotype 11 is specific to central
Africa. In DRC, CCHV has been reported only once, 50 years
ago, but our data strongly suggest that the same genotype is still
actively circulating.

Of note, the MRCA estimates presented here are in agreement
with ancient divergence of this lineage (around 1000 years ago),
but whether or not this split-off was linked to virus adaptation to
Central Africa cannot be assessed. However, as the MRCA of the
three strains was dated back to 683 to 243 years BP (Figure 2A and
B respectively), one might reasonably assume that the association
of genotype II with this area goes back to this time period and thus
did not result from very recent introduction. In addition, the co-
circulation of different sub-lineages supports the possibility that
ongoing CCHFV circulation occurred in the same area for some
time. However, as the reassortment event would have taken place
approximatcly 120 ycars BP, there is no evidence that CCHFV
has been permanently circulating inside the Beruwe microhabitat,
and we cannot exclude the possibility that this virus was very
recently (re)introduced.

In addition to the CCHFV genotypic specificity for Central
Africa, its occurrence in the tropical rainforest contrasts strongly
with the ecological characteristics of other areas in which CCHFV
has been isolated [11]. Indeed, the enzootic distribution of
CCHFV mostly coincides with temperate to dry or semi-dry
climates in the forests, steppes and savannahs of Eurasia and West,
East and South Alrica. In these environments, domestic animals
and their associated ticks are major agents of rural enzootic cycles
affecting nearby human populations [11,25]. Despite the lack of
accurate ecological data, the occurrence of CCHFV in Central
Africa and its apparent genotypic specificity may suggest a
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suggested to explain the geographical distribution of CCHV
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Abstract

Deep sequencing was used to discover a novel rhabdovirus (Bas-Congo virus, or BASV) associated with a 2009 outbreak of 3
human cases of acute hemorrhagic fever in Mangala village, Democratic Republic of Congo (DRC), Africa. The cases,
presenting over a 3-week period, were characterized by abrupt disease onset, high fever, mucosal hemorrhage, and, in two
patients, death within 3 days. BASV was detected in an acute serum sample from the lone survivor at a concentration of
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reads. Phylogenetic analysis revealed that BASV is highly divergent and shares less than 34% amino acid identity with any
other rhabdovirus. High convalescent neutralizing antibody titers of >1:1000 were detected in the survivor and an
asymptomatic nurse directly caring for him, both of whom were health care workers, suggesting the potential for human-
to-human transmission of BASV. The natural animal reservoir host or arthropod vector and precise mode of transmission for
the virus remain unclear. BASV is an emerging human pathogen associated with acute hemorrhagic fever in Africa.
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Introduction

Viral hemorrhagic fever (VHF) encompasses a group of diseases
characterized by fever, malaise, bleeding abhnormalities, and
circulatory shock [1,2,3]. Quality research on these infections is
hindered by the fact that they are sporadic and often occur in
geographically remote and politically unstable regions of the
developing world. Most VHF diseases are associated with a short
incubation period (2-21 days), abrupt onset, rapid clinical course,
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and high mortality, placing VHF agents amongst the most virulent
human pathogens [4]. All known VHFs are zoonoses, and to date
have been attributed to only four families of enveloped, single-
stranded RNA viruses — Arenavindae, Bunyaviridae, Filoviridae and
Flavivindae. Viruses from these families have caused major deadly
outbreaks on the African continent (I'ig. 1). Lassa fever virus
(Arenaviridae) causes an estimated 500,000 cases each year in West
Africa [5]. Crimean-Congo hemorrhagic fever (CCHF) and Rift
Valley Fever viruses (Bunyaviridae) are associated with outbreaks in
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Author Summary

We used deep sequencing, a method for generating
millions of DNA sequence reads from clinical samples, to
discover a novel rhabdovirus (Bas-Congo virus, or BASV)
associated with a 2009 outbreak of 3 human cases of acute
hemorrhagic fever in Mangala village, Democratic Republic
of Congo (DRC), Africa. The cases, presenting over a 3-
week period, were characterized by abrupt disease onset,
high fever, bloody vomiting and diarrhea, and, in two
patients, death within 3 days. BASV was present in the
blood of the lone survivor at a concentration of over a
million copies per milliliter. The genome of BASV,
assembled from over 140 million sequence reads, reveals
that it is very different from any other rhabdovirus. The
lone survivor and a nurse caring for him (with no
symptoms), both health care workers, were found to have
high levels of antibodies to BASV, indicating that they both
had been infected by the virus. Although the source of the
virus remains unclear, our study findings suggest that
BASV may be spread by human-to-human contact and is
an emerging pathogen associated with acute hemorrhagic
fever in Africa.

West, South and East Africa [6]. Ebola and Marburg viruses
(Filoviridae) have caused several sporadic human outbreaks with
high mortality (50 90%) in Central Africa, where they have also
decimated local great ape populations [7]. Yellow fever and
dengue viruses (Faviviridae) are widely distributed throughout Sub-
Saharan Africa where they cause both endemic and sporadic
epidemic diseases in human populations [8].

Rhabdoviruses are members of the family Rhabdoviridae and
order Mononegavirales and are enveloped viruses with single-
stranded, negative-sense RNA genomes [9]. Their genomes
encode at least five core proteins in the following order: 3'-
nucleoprotein  (N), phosphoprotein (P), matrix protein (M),
glycoprotein (G) and large protein, or RNA-dependent RNA
polymerase (L)-5" (N-P-M-G-L). Rhabdoviruses are currently
divided into six genera, with the two genera Fphemerovirus and
Vesiculovirus, together with about 130 unclassified viruses, forming
the dimarhabdovirus supergroup (“dipteran mammal-associated
rhabdovirus”) [10]. Notably, although rhabdoviruses span all
continents and exhibit a wide host range, infecting plants,
invertebrates, vertebrate animals, and humans, relatively few are
known to cause human infections. Rabies virus (RABV) and
related viruses from the Lyssavirus genus and Chandipura virus
(CHPYV) from the Vesiculovirus genus are known to cause acute
encephalitis syndromes [11,12]. Other viruses from the genus
Vesiculovirus cause vesicular stomatitis (mucosal ulcers in the mouth)
and “flu-like” syndromes in both cattle and humans [13].

Unbiased next-generation or “deep” DNA sequencing is an
cmerging mcthod for the surveillance and discovery of pathogens
in clinical samples [14]. Unlike polymerase chain reaction (PCR),
deep sequencing does not rely on the use of target-specific primers.

‘Thus, the technique is particularly useful for the identification of

novel pathogens with high sequence divergence that would elude
detection by conventional PCR assays. Deep sequencing has been
used previously to discover a new hemorrhagic fever-associated
arenavirus from southern Africa, Lujo virus [15], as well as a new
polyomavirus in human Merkel cell carcinoma [16]. With the
depth of sequence data now routinely extending to >100 million
reads, de novo genome assembly of novel viruses directly from
primary clinical samples is feasible, as demonstrated by assembly
of the 2009 pandemic influenza HIN1 virus genome from a single
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patient’s nasal swab without the use of a reference sequence [17].
Here we report the critical role of deep sequencing in the discovery
of a novel rhabdovirus associated with a small outbreak of
fulminant hemorrhagic fever in the remote village of Mangala,
Bas-Congo province, Democratic Republic of Congo (DRC),
between May 25 and June 14, 2009.

Results

Case Reports from an Acute Hemorrhagic Fever Outbreak

Patient 1. The first case was a 15-year-old boy who presented
to the health center in Mangala village (Boma Bungu Health
Zone) on May 25, 2009 with malaise, epistaxis (nose bleeding),
conjunctival injection, gingival bleeding, hematemesis (vomiting
with blood), and watery diarrhea with blood (Table 1). No fever or
respiratory symptoms were noted. Hemorrhagic symptoms initial-
ly appeared on May 24, and the patient died 2 days later from
sudden circulatory collapse. The patient lived in the Tshela
neighborhood of Mangala village and attended the local public
school. All close contacts were monitored for 21 days, and none
developed any signs of illness.

Patient 2. The second case was a 13-year-old girl. She
attended the same public school as Patient 1 but was in a different
class. She also lived in the Tshela neighborhood of Mangala
village, about 50 meters from Patient 1’s house. They knew each
other but had no known face-to-face contact during the previous
weeks. This patient presented to the health center on June 5, 2009
with headache, fever, abdominal pain, epistaxis, conjunctival
imjection, mouth bleeding, hematemesis, and diarrhea with blood.
She was examined by a nurse and received acetaminophen and
dipyrone for fever and quinine for possible malaria. Symptoms
appeared on June 4, and the patient died suddenly on June 7,
three days after onset. None of her close contacts developed
symptoms during the 21 days of monitoring after her death.

Patient 3.
working in the health center visited by Patients 1 and 2. His disease
appeared suddenly on June 13, 2009 with epistaxis, ocular and oral
hemorrhage, hematemesis, and diarrhea with blood. Two days after
the onset of hemorrhagic symptoms, he developed fever, anorexia,
headache, fatigue, and abdominal pain. He was transterred to the
regional general hospital of Boma (Fig. 1), a city of about 200,000
inhabitants, where a serum sample was obtained on June 15, just
prior to treatment with fluid resuscitation, blood transfusion, and
empiric antibiotics. Laboratory tests for malaria, tuberculosis,
dengue, and bacterial sepsis were negative, and the patient
recovered spontancously a few days later. All persons in Mangala
and Boma who had contact with Patient 3 were monitored for 21
days, and none became ill. Patient 3, like the two other patients,
lived in the Tshela neighborhood of Mangala village, about 50
meters from Patients 1 and 2. Importantly, patient 3 was directly
involved in the care of Patients 1 and 2 when they presented to the
health center with hemorrhagic symptoms.

No disease outbreaks had been reported in the past in Boma
Bungu Health Zone with the exception of a cholera diarrheal
outbreak in 2006, and, notably, no cases of hemorrhagic disease
had previously been reported. In addition, although DRC is a
country endemic for filovirus infection (Fig. 1), no outbreaks of
Ebola or Marburg fever have ever been described in Bas-Congo
province. No animal die-offs or other unusual events in association
with these cases were noted.

The third case was a male nurse aged 32 years

Initial Sample Collection and Diagnostic Testing
A cluster of three human cases of typical acute hemorrhagic fever
occurred between May 25 and June 13, 2009 in Mangala village,
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doi:10.1371/journal.ppat.1002924.g001

located in a remote tropical forest region in Central Africa. Cases
were characterized by abrupt disease onset, high fever of >39°C
when present, overt hemorrhagic symptoms with epistaxis,
conjunctival injection, mouth and gastrointestinal bleeding, fol-
lowed by death within 3 days of symptom onset in two patients
(Table 1). The first paticnt, who dicd <48 hours after presentation,
exhibited hemorrhagic symptoms without a documented fever, and
only the third adult patient recovered from his illness. All three
patients lived within a 2500-m” area in the same neighborhood of
Mangala, a remote village in Bas-Congo province of DRC (Fig. 1).
The first two patients died rapidly in Mangala village, and no blood
samples were collected. A blood sample was collected from the third

surviving patient three days after symptom onset and sent to Centre

International de Recherches Médicales de Franceville (CIRMF) for
etiological diagnosis. The sample tested negative by TagMan real-
time PCR assays for all viruses known to cause acute hemorrhagic
fever in Africa (data not shown).

PLOS Pathogens | www.plospathogens.org

Discovery and Genome Assembly of the BASV
Rhabdovirus

To identify a potential causative pathogen in the third surviving
patient with unknown hemorrhagic fever, RNA extracts from the
serum sample were analyzed using unbiased deep sequencing
(Fig. 2). The initial Roche 454 pyrosequencing library yielded a
total of 4,537 sequence reads, of which only a single 220 bp read
(0.022%) aligned with any annotated viral protein sequence in
GenBank. The translation product showed similarity to a segment
of the L protein, or RNA-dependent RNA polymerase, from
Tibrogargan and Coastal Plains rhabdoviruses, with 41% identity
to Coastal Plains virus (GenBank ADG86364; BLASTx E-score of
2x10~%). This finding suggested the presence of a novel, highly
divergent rhabdovirus in the patient’s serum. Attempts to extend
the initial sequence by primer walking or PCR using rhabdovirus
consensus primers failed due to limited sample availability; thus,
we resorted to ultra-deep sequencing on an Illumina HiSeq 2000.
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Table 1. Demographics of and clinical symptoms developed in the three patients suspected to be infected by Bas-Congo virus

doi:10.1371/journal.ppat.1002924.1001

Out of the 140,164,344 reads generated from Illumina sequencing,
4,063 reads (0.0029%) had nucleotide or protein homology to
rhabdoviruses with an E-score of <{107°, These reads were used as
“seeds” for iterative de nove assembly, resulting in construction of
an estimated 98.2% of the genome of the novel rhabdovirus. We
provisionally named this rhabdovirus BASV, or Bas-Congo virus,
referring to the province from which the outbreak originated.

The coverage of BASV achieved by deep sequencing was at
least 10-fold across nearly the entire genome and included 29,894
rcads out of ~140 million (0.021%) (Fig. 2). The viral load in the
patient’s serum was 1.09x10° RNA copies/mL by quantitative
RT-PCR. The only moderately high titer is consistent with the fact
that the sampled patient was a survivor of BASV infection and
would thus be anticipated to have relatively lower viral titers in the
blood, as also seen for survivors of Ebola virus infection [18].

Cultivation of the patient’s serum in Vero, BHK, LLC-MK,
(rhesus monkey kidney), CCL-106 (rabbit kidney) and C6/36
(dedes albopictus mosquito) cell cultures failed to show cytopathic
effect, and serial quantitative BASV RT-PCR assays on primary
and passaged cell culture supernatants turned negative. Subse-
quent electron microscopy of inoculated cell cultures was negative
for viral particles. In addition, no illnesses or deaths occurred in
suckling mice inoculated intracerebrally with the BASV-positive
serum and observed over 14 days.

Phylogenetic Analysis of BASV and Comparison with
other Rhabdoviruses

Phylogenetic trees reveal that BASV belongs to the dimarkabdo-
vindae supergroup and is distantly related to members of the
Tibrogargan group and the Kphemerovirus genus, although it
clusters separately from other rhabdoviruses in an independent
deeply rooted branch (Figs. 3 and 4; Fig. Sl). Comparative
analysis of the concatenated BASV proteins with representative
dimarhabdoviruses reveals very low overall amino acid pairwise
identity of 23.0 to 33.7%, depending on the virus (Fig. 3). Notably,

PLOS Pathogens | www.plospathogens.org

(BASV).

Patient 1 Patient 2 Patient 3
Sex . Male __ Female Male = =
Age 15 13 32
yilage = Mangala Mangala | Mangala
Neighborhood Tshela Tshela Tshela
Occupation Schoolboy Schoolgirl Nurse
Disease onset May 24 June 4 June 13
Time und destn ) S e
Fever (T>39°C) No Yes Yes
A D T
Malaise Yes No No
esdache S e T
Abdominal pain No Yes Yes
Epistoxis (nose bleeding) S
Ocular hemorrhage/conjunctival injection (eye bleeding) Yes Yes Yes
Oral hemorrhage (mouth bleedingg @ = s = Y  Yes
Hemeorrhagic vomiting Yes Yes Yes
Hemaorrhagic diarrhea - Yee 0 Yes Ve .

BASV diverges significantly from cither of the two mam
recognized human pathogens among rhabdoviruses, rabies virus
or Chandipura virus.

The sequence divergence of BASV relative to other rhabdovi-
ruses Is also correlated with differences in genome structure (Fig. 5).
The prototype genome organization of rhabdoviruses, found in
lyssaviruses, is N-P-M-G-L. However, molecular analysis of novel
rhabdoviruses has often revealed more complex genomes, with up
to 10 additional open reading frames (ORF) located within an
existing gene or interposed between the five core genes [19,20,21].
Rhabdoviruses from the Tibrogargan group (TIBV and CPV)
share a distinctive genome structure with three additional genes,
two between M and G (Ul and UZ2) and one between G and L
(U3) [22]. Interestingly, BASV also has these three additional
genes (Ul-U3), confirming the phylogenetic relationship and
overall structural similarity to the Tibrogargan group viruses.
Based on their size, the U3 proteins of TIBV, CPV, and
presumably BASV are candidate viroporins [22]. BASV is more
distant structurally and phylogenetically from the Ephemero and
Hart Park Group rhabdoviruses (Figs. 3 and 4), which do not
contain Ul or U2 genes, but rather an additional two or three
genes between G and L (including a putative U3 viroporin in
BEFV referred to as the alpha-1 protein) (Fig. 5, asterisk). Moussa
virus (MOUV), another rhabdovirus recently discovered in Africa
(Fig. 4), does not contain any accessory genes but instead, shares
the prototype N-P-M-G-L rhabdovirus structure [23].

BASV Serological Testing of the Case Patient and Close
Contacts

To confirm that BASV is infectious to humans, convalescent
sera were collected in early 2012 from surviving Patient 3 as well
as five additional health care workers from Mangala identified as
close contacts and tested in a blinded fashion for the presence of
neutralizing antibodies to BASV (Fig. 6). T'wo of the six sera tested
strongly positive with 50% protective doses between 1:1,000 and
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Figure 2. Deep sequencing and whole-genome de novo assembly of BASV. After initial discovery of BASV from a single 454 pyrosequencing
read, 98.2% of the BASV genome was assembled de novo from >140 million paired-end lllumina reads. The horizontal lines (red) depict regions of the
genome successfully assembled at the end of each cycle. PCR and Sanger sequencing were performed to confirm the assembly and genomic

organization of BASV (green lines).
doi:10.1371/journal.ppat.1002924.9002

1:5,000 (Figs. 6A and 6F). Morecover, the observed neutralization
was highly specific for BASV-G, since no neutralization was
observed with pseudoviruses harboring the vesicular stomatitis virus
glycoprotein (VSV-G). One of the neutralizing sera had been
collected from surviving Patient 3 (Fig. 6A, “Patient 3”), whereas the
other serum sample, containing even higher titers, corresponded to
an asymptomatic nurse directly caring for Patient 3 during his
period of acute hemorrhagic illness (Fig. 6F, “Contact 57).
Specifically, Contact 5 was the primary health care provider to
Patient 3 at the health center and during his transfer to the general
hospital at Boma. All 6 individuals, including Paticnt 3, tested
negative for BASV viremia by specific RT-PCR (data not shown).

Epidemiological Screening for BASV in the DRC

BASV was not detected by PCR in 43 serum samples from
other unknown cases or outbreaks of hemorrhagic fever reported
in the DRC from 20082010 (Fig. 7A, pink). Five of these 43
samples originated from the Bas-Congo outside of Mangala village

PLOS Pathogens | www.plospathogens.org

and the Boma Bungu Health Zone. In total, the unknown
hemorrhagic cases/outbreaks spanned 9 of the 11 provinces in the
DRC, and all 43 samples also tested negative by PCR for the
known hemorrhagic fever viruses circulating in Africa (data not
shown). Fifty plasma samples collected from randomly selected
blood donors in the Kasai-Oriental province of DRC (Fig. 7A,
star; 'T'able S2) were also screened and found to be negative for
BASV-neutralizing antibodies (Fig. 7B).

Discussion

Among more than 160 species of rhabdoviruses identified to
date, fewer than 10 have been isolated from humans [24]. In
addition, while human infection by rhabdoviruses has previously
been associated with encephalitis, vesicular stomatitis, or “flu-like”
illness, the discovery of BASV is the first time that a member of the
Rhabdovirus family has been associated with hemorrhagic fever in
humans with a fulminant disease course and high fatality rate. To
our knowledge, this is also the first successful demonstration of
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Figure 3. Phylogenetic analysis of the L proteins of BASV and other viruses in the order Mononegavirales. The host from which each
virus was isolated is represented by a specific color. To generate the Mononegavirales (Rhabdoviridae, Filoviridae and Paramyxoviridae) phylogeny
trees, all complete sequences of the large (L) protein, or RNA-dependent RNA polymerase (2000-2300 amino acids in length) were downloaded from
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doi:10.1371/journal.ppat.1002924.g003

de novo assembly of a novel, highly divergent viral genome in the only credible viral pathogen detected in the blood of the lone
absence of a reference sequence and directly from a primary survivor during his acute hemorrhagic illness by exhaustive deep
clinical sample by unbiased deep sequencing. sequencing of over 140 million reads. Analysis of the Illumina deep

Several lines of evidence implicate BASV in the hemorrhagic fever sequencing reads for the presence of other viral pathogens yielded
outbreak among the 3 patients in Mangala. I'irst, this virus was the only endogenous flora or confirmed laboratory contaminants (Table
PLOS Pathogens | www.plospathogens.org 6 September 2012 | Volume 8 | Issue 9 | 1002924
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Abbreviations and accession numbers used for the phylogenetic analysis are provided in Methods.
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S| and Fig. 52). Some enteric pathogens, such as E. coli O157:H7,
Campylobacter, Shigella, and Salmonella, are diagnosed through
fecal laboratory testing and not blood, and have been associated with
hemorrhagic diarrhea [25]. However, these outhreaks are typically
foodborne and associated with larger clusters and much greater
numbers of clinical cases than reported here [26,27,28]. Further-
more, enteric diarrheal cases rarely present with systemic symptoms
such as fever or generalized mucosal hemorrhage, with bleeding
most often limited to the gastrointestinal tract, and overall mortality
rates are generally low [26]. Thus, the clinical syndrome observed in
3 patients with hemorrhagic fever in the DRC, a region endemic for
viral hemorrhagic fevers, is much more consistent with infection by a
VHF disease agent. BASV is a plausible hemorrhagic fever
candidate because it is a novel, highly divergent infectious virus,
thus of unknown pathogenicity, and was detected at a titer of >1
million copies/mL in blood from an acutely ill individual. In
addition, there is ample precedent for hemorrhagic disease from
rhabdoviruses, as members of the genus Novirhabdovirus cause severe
hemorrhagic septicemia in fresh and saltwater fish worldwide [29]
(Fig. 4). The detection of BASV seropositivity in an asymptomatic

PLOS Pathogens | www.plospathogens.org

close contact (Fig. 6) is not surprising given that up to 80% of patients
infected with Lassa virus do not exhibit any hemorrhagic fever
symptoms [30,31].

Prior to the BASV outbreak, no hemorrhagic disease cases had
been reported in Boma Bungu Health Zone. BASV was also not
detected in 43 serum samples from unknown, filovirus-negative
cases or outbreaks of hemorrhagic fever from 2008 2010 spanning
9 of the 11 provinces in the DRC (Fig. 7A). In addition, a
serosurvey of 50 random blood donors from Kasai-Oriental
province in central DRC was negative for prior exposure to BASV
(Fig. 7B). Taken together, these data suggest that the virus may
have emerged recently and locally from Boma Bungu in Bas-
Congo, DRC.

We were unable to isolate BASV despite culturing the RNA-
positive serum in a number of cell cultures and inoculation into
suckling mice. One explanation for these negative findings may be
that the virus inoculation titers of <50 ul. were insuflicient,
although this is surprising given the concentration of >1 million
copies per mL of BASV in blood from the lone survivor. A more
likely explanation is viral inactivation resulting from the lack of
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Figure 5. Schematic representation of the genome organization of BASV and its protein similarity plot compared to representative
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doi:10.1371/journal.ppat.1002924.g005

adequate cold chain facilities in remote Boma Bungu. Viral RNA
can often still be detected by RT-PCR in sera that is culture-
negative [32]. In support of this premise, we have observed that
the BASV-G/VSVAG-GFP pseudotyped virus efficiently infects
and replicates in a variety of insect and mammalian (including
human) cell lines (Steffen, e /., manuscript in preparation). In the
approach to
produce recombinant BASV particles, if successful, would greatly

absence of a positive culture, a “reverse genetics”
facilitate further study of the virus, as established previously for
other rhabdoviruses such as VSV [33].

Based on our findings, some speculations on the origin of and
routes of transmission for BASV can be made. All 3 patients

PLOS Pathogens | www.plospathogens.org

became ill with acute hemorrhagic fever over a 3-week period
within the same 2500-m? area of Mangala village, suggesting that
all 3 cases were infected with the same pathogen. Waterborne or
airborne transmission would be expected to result in more
numerous cases than the 3 reported. There were no reports of
animal die-offs that would suggest potential exposures to infected
wild animals or livestock. Taken together, these observations
suggest that an unknown arthropod vector could be a plausible
source of infection by BASV. This hypothesis is consistent with the
phylogenetic and structural relationship of BASV to rhabdoviruses
in the Tibrogargan group and Ephemerovirus genus, which are
transmitted to cattle and buffalo by Culicoides biting midges [9]. In
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Figure 6. Detection of antibodies to BASV by serum neutralization of VSVAG-GFP pseudotypes. Infectivities of VSVAGFP pseudotypes
bearing the glycoproteins of VSV or BASV, respectively, after incubation with 5-fold serial dilutions (1:10, 1:50, 1:250, 1:1,250, 1:6,250, 1:31,250) of sera
from six individuals are depicted as percent of infectivity in the absence of serum. The six individuals tested include a patient with hemorrhagic fever
(panel A, “Patient 3”), the nurse directly caring for him (panel F, “Contact 5”), and other health care workers in Mangala village (panels B-E). All data
points represent the average of triplicate assays; error bars indicate standard deviations. Similar results were obtained in an independent experiment

using murine leukemia virus (MLV)-based pseudotypes (data not shown).

doi:10.1371/journal.ppat.1002924.g006

addition, the recent discovery of Moussa virus MOUYV), isolated
from Culex mosquitoes in Cote d’Ivoire, Africa [23], implies the
presence of hitherto unknown arthropod vectors for rhabdoviruses
on the continent. Nevertheless, at present, we cannot exclude the
possibility of other zoonotic sources for the virus or even
nosocomial bloodborne transmission (as Patients 1 and 2 have
not clearly been established to be BASV cases by serology or direct
detection), and the natural reservoir and precise mode of
transmission for BASV remain unknown. A community-based

PLOS Pathogens | www.plospathogens.org

serosurvey in Boma Bungu and an investigation to track down
potential arthropod or mammalian (e.g. rodents and bats) sources
for BASV are currently underway.

Although we cannot exclude the possibility of independent
arthropod-borne transmission events, our epidemiologic and
serologic data do suggest the potential for limited human-to-
human transmission of BASV. Patient 3, a nurse, had directly
taken care of Patients 1 and 2 at the health center, and another
nurse (Contact 5), who had taken care of Patient 3 (but not
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doi:10.1371/journal.ppat.1002924.g007
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Patients 1 or 2) had serologic evidence of asymptomatic BASV
infection. We present a hypothetical model for BASV transmission
during the hemorrhagic fever outbreak in which the initial
infection of two children in Mangala (Patients 1 and 2) was
followed by successive human-to-human transmission events
involving two healthcare workers (Patient 3 and Contact 5)
(Fig. 8). This pattern of transmission from the community to health
care workers is also commonly seen in association with outbreaks
of Ebola and Crimean-Congo hemorrhagic fever [6,34].

While rhabdoviruses are distributed worldwide, some authors
have suggested that the Rhabdoviridae family probably originated
from tropical regions of the Old or New World [9]. The discovery
of BASV in Central Africa suggests that additional rhabdoviruses
of clinical and public health importance likely await identification,
especially in these poorly investigated geographic regions. Active
epidemiological investigation and disease surveillance will be
needed to fully ascertain the clinical and public health significance
of BASV infection in humans, as well as to prepare for potentially
larger human outbreaks from this newly discovered pathogen.

Methods

Ethics Statement

Written informed consent for publication of their case reports
was obtained from the sole survivor of the hemorrhagic fever
outbreak and the parents of the two deceased children. Written
informed consent was obtained from the surviving patient and 5 of
his close contacts for analysis of the serum samples reported in this
study. Samples were analyzed under protocols approved by the

PLOS Pathogens | www.plospathogens.org
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institutional review boards of University of California, San
Francisco, the University of Texas Medical Branch, and the
National Institute of Biomedical Research (INRB) and CIRMF in
Gabon, and the Institutional Animal Care and Use Committee
(IACUC) of the University of Texas Medical Branch.

Diagnostic Samples

No diagnostic samples were available from Patient 1 or Patient
2. Blood was collected in a red top serum tube from Patient 3 on
June 16, during the acute phase, three days after hemorrhagic
onsct. The sample was transported at 4°C to the BSL-4 facility at
CIRMF. Serum was obtained by centrifugation at 2300 rpm for
10 min. No other acute samples from Patient 3 were available. In
January of 2012 (~2.5 years after the outbreak), convalescent sera
were collected from Patient 3 and close contacts (other workers at
the health center) for BASV neutralization testing. Forty-three
serum samples from other unknown hemorrhagic fever cases or
outbreaks representing 9 of 11 provinces in the DRC were
available for BASV PCR testing (Fig. 7A). Fifty available plasma
samples from random blood donors (median age 27.5 years; age
range 1-76 years) in Kasai Oriental province, DRC, were also
tested for antibodies to BASV (Fig. 7A and B; Table S2).

Nucleic Acid Extraction and Viral PCR Testing

RNA was extracted from 140 pl of serum using the QIAamp
viral RNA mini kit (Qiagen). Tagman real-time reverse-transcrip-
tion-PCR (RT-PCR) testing for known hemorrhagic fever viruses
was performed using primers and probes specific for Marburg
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virus (MARYV), all four species of Ebola virus {Zaire, ZEBOV; Sudan,
SEBOV; Cote d’lvoire, CIEBOV, and Bundibugyo, BEBOV),
Crimean-Congo hemorrhagic fever virus (CCHFV), Yellow fever
virus (YFV), Dengue virus (DENV), Rift Valley fever virus (RVFV)
and Chikungunya virus (CHIKYV) (available upon request).

Discovery of the BASV Rhabdovirus by 454
Pyrosequencing

200 pL of serum sample were inactivated in 1 mL of TRIzol
{(Invitrogen), and nucleic acid extraction and purification were
performed according to the manufacturer’s instructions. Roche
454 pyrosequencing using randomly amplified cDNA libraries was
performed as described previously [35]. Viral sequences were
identified using BLASTn or BLASTx by comparison to the
GenBank nonredundant nucleotide or protein database, respec-
tively (E-score cutoff= 107",

De novo Assembly of the BASV Genome by lllumina
Sequencing

To recover additional BASV sequence, two sets of ¢cDNA
librarics were prepared from DNase-treated extracted RNA using
a random PCR amplification method as described previously [36],
or random hexamer priming according to the manufacturer’s
protocol (INlumina). The libraries were then pooled and sequenced
on two lanes of an Hlumina HiSeq 2000. Raw Hllumina sequences
consisting of 100 base pair (bp) paired-end reads were filtered to
exclude low-complexity, homopolymeric, and low-quality se-
quences, and directly compared using BLASTn or BLASTx
alignments to a library consisting of all rhabdovirus sequences in
GenBank. The initial read obtained by 454 pyrosequencing as well
as other reads aligning to rhabdoviruses were then inputted as
“seeds” into the PRICE de novo assembler [37] (Fig. 2), with a
criterion of at least 85% identity over 25-bp to merge two
fragments. De novo assembly of the BASV genome was performed
iteratively using PRICE and the Geneious software package
(Biomatters) [38]. The necar-complete whole genome sequence of
the novel rhabdovirus (~98.2% based on protein homology to
other rhabdoviruses) was determined to at least 3 X redundancy by
de novo assembly as well as PCR and Sanger sequencing of low-
coverage regions. Sanger sequencing was also performed to verify
the accuracy of the assembly and confirm the genomic organiza-

tion of BASV (Fig. 2).

Deep Sequencing Analysis of the BASV Serum Sample for
Other Pathogens

Rapid classification of the ~140 million 100-bp paired-end
Hlumina reads was performed using a modified cloud computing-
based computational analysis pipeline [17] (Veeraraghavan,
Sittler, and Chiu, manuscript in preparation). Bricfly, reads
corresponding to human sequences were taxonomically classified
using SOAP and BLAT software [39,40]. Other reads were then
identified using BLASTn or BLASTx by comparison to GenBank-
derived reference databases (E-score cutoff=107%),

PCR Quantitation of BASV Burden

To estimate the viral load in the patient’s serum, we first
designed a set of specific PCR primers for detection of BASV
targeting the L protein, BASV-F (5'- CGCTGATGGTTTTT-
GACATGGAAGTCC-3")/BASV-R  (5'-TAAACTTCCTCTC-
TCCTCTAG-3"), for use in a SYBR-Green real-time quantitative
RT-PCR assay. A standard curve for the assay was constructed as
described previously [36]. The viral load in the patient’s serum
was determined by comparison to the standard curve.
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Structural Features and Phylogenetic Analysis

Predicted open reading frames (ORFs) in the BASVY genome
were identified with Geneious [38]. Multiple sequence (Figs. 3 and
4; Ig. S1) and pairwise (Fig. 5) alignments of BASV proteins
relative to corresponding proteins from other rhabdoviruses were
calculated using MAFFT (v6.0) with the E-INS-1 option and at
default settings [41]. To generate the phylogeny trees, all
rhabdoviruses in GenBank were included as well as representative
members of other families within the order Mononegavirales.
Bayesian trec topologies were assessed with MrBayes V.32
software (20,000 sampled trees; 5,000 trees discarded as burn-in)
[42]. Convergence was confirmed by the PSRI statistic in
MrBayes, as well as by visual inspection of individual traces using
TRACER from the BEAST software package [43]. Trees were
visualized after midpoint rooting with FigTree V1.31 [43].

Virus Cultivation in Cell Cultures or Suckling Mice

Initial attempts were made to culture the virus using a total of
200 uL. of BASV-positive serum ioculated onto confluent
monolayers of Vero E6 and C6/36 (Aedes albopicius mosquito) cells
in 6-well plastic tissue culture plates at 37°C and 28°C,
respectively, in a 5% COy environment as previously described
[44]. From 20-30 pL of serum were used to inoculate the cells,
which were examined daily for cytopathic effect (CPE) at days 3, 7,
and 14. Supernatants were harvested and two additional blind
passages were performed, each passage followed by 14 days of
observation for CPE. Cell supernatants were
monitored for evidence of viral replication by quantitative RT-
PCR.

Using the remaining 100 ul. of BASV-positive serum, further
atternpts were made to culture the virus in 5 cell lines and in suckling
mice. The serum sample was split in halt' and diluted 1:20 or 1:10in
phosphate-buflered saline with 20% fetal bovine serum (FBSj to
allow suflicient volume to inoculate cell cultures or mice,
respectively. The first diluted sample was inoculated intracerebrally
into 2 litter (n = 12) of 1 day old mice. Pups were observed daily for
14 days for lethality or signs of clinical illness. The second diluted

culture also

sample was inoculated into 12,5 cm? tissuc culture flasks of Vero,
BHEK, LLC-MK, (rhesus monkey kidney), GCL-106 (rabbit kidney)
and C6736 cells. Vertebrate cells were held at 37°C for 14 days and
observed for evidence of CPE. Mosquito cells were maintained at
28°C for 10 days. Since no CPE was observed in any of the cultures,
cells were subsequently fixed for transmission electron microscopy
to see if viral particles could be visualized [45].

Construction of VSVAG-GFP Pseudotypes and BASV
Serum Neutralization Testing

A pseudotype system based on a vesicular stomatitis virus (VSV)
construct carrying a reporter gene for green {luorescent protein
(VSVAG-GFP) and bearing the predicted synthesized BASV
glycoprotein (BASV-G) was used to generate a serum neutraliza-
tion assay for BASV. Briefly, the predicted BASV glycoprotein
(BASV-G} was synthesized (Genscript) and subcloned into the
pCAGGS expression plasmid. Human embryonic kidney 293T
cells were seeded (DMEM + 10% FBS + penicillin/streptomycin +
Glutamax {Gibcoj + non-essential amino acids (Gibco)) in 10 cm
culture dishes 24 hours prior to transfection. Cells were transfected
with 20 pug BASV-G, VSV-G, or empty pCAGGS DNA per dish
following a calcium phosphate transfection protocol [46]. The
culture medium was replaced 15 hours post-transfection and cells
were stimulated with 6.2 mM valproic acid for 4 hours before the
medium was replaced again. At 36 hours post-transfection the
transfected cells were infected with VSVAG-GFP/VSV-G pseu-
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dotypes at a mulaplicity of 0.1-0.3. The noculum was removed
after 4 hours and replaced by fresh culture medium. At 24 hours
post-infection, infectious supernatants were harvested, filtered
through 0.45 wm filters, and concentrated 10-fold by centrifuga-
tion through a 100-kDA filter (Millipore). Concentrated viruses
were aliquoted and stored at —80°C.

For serum neutralization testing, human hepatoma Huh-7
cells were seeded (DMEM +10% FBS + penicillin/streptomycin
+ Glutamax (Gibco) + non-essential amino acids (Gibco}) in 48-
well plates 24 hours prior to infection. Per well 10 pl of
pscudovirus harboring either BASV-G or VSV-G (adjusted to
obtain 25-50% infection of target cells) was mixed with 10 ul of
the respective serum dilution and incubated for 45 minutes at
37°C. Subsequently, the mix was added to the target cells
(performed in triplicate) and cells were incubated for 24 hours at
37°C. The infected cells were detached with trypsin and washed
with PBS before fixing with 2% paraformaldehyde for 1 hour at
room temperature. GFP expression in infected cells was
quantified by flow cytometry using a LSR II (BD Biosciences)
and the collected data was analyzed with FlowJo software
(TreeStar).

Abbreviations and Nucleotide Sequence Accession
Numbers

The annotated, nearly complete sequence of BASV has been
submitted to GenBank (accession number JX297815). Decp
sequencing reads have been submitted to the NCBI Sequence
Read Archive {accession number SRA056894). Accession num-
bers used for the phylogenetic analyses in Figs 3, 4, and S1 are
listed as follows, in alphabetical order: ABLV, Australian bat
lyssavirus (NP_478343); ARAV, Aravan virus (ABV03822),
BEFV, Bovine ephemeral fever virus (NP_065409); BYSMV,
Barley yellow striate mosaic virus (BYSMV); CDV, Canine
distemper  virus  (AAR32274); CHPV, Chandipura virus
(ADO63669); CPV, Coastal Plains virus (ADG86364); COCV,
Cocal virus (ACB47438); DURV, Durham virus (ADB88761);
DUVV, Duvenhage virus (ABZ81216); EBLVI, LEuropean bat
lyssavirus 1 (ABZ81166), EBLV2, European bat lyssavirus 2
(ABZ81191); EBOV, Ebola virus (AAG40171, AAA79970,
BAB69010); EVEX, Eel virus European X virus (CBH20130);
FDLV, Fer-de-lance virus (NP_899661); FLAV, Flanders virus
(AAN73288); HeV, Hendra virus (NP_047113); HIRRV, Hirame
rhabdovirus (ACO87999); HMPV, Human metapneumovirus
(L_LHMPVC); HPIV-1, Human parainfluenza virus type 1 (AA
A69579); HPIV-2, Human parainfluenza virus type 2 (CAA
40788); HPIV-3, Human parainflucnza virus type 3 (AAA46854);
HPIV-4, Human parainfluenza virus type 4 (BAJ11747); INHV,
Infectious hematopoietic necrosis virus (NP_042681); IRKV, Irkut
virus (ABV03823); ISFV, Isfahan virus (CAH17548); KHUV,
Khujand virus (ABV03824); LBV, Lagos bat virus (ABZ81171);
LNYV, Lettuce necrotic yellows virus (YP_425092); MARAV,
Maraba  virus  (AEI52253); MARYV, Marburg  virus
(YP_001331159); MeV, Measles virus (AF266288); MMV, Maize
mosaic virus (YP_052855); MOKYV, Mokala virus (ABZ81206);
MOUYV, Moussa virus (ACZ81407); MUV, Mumps virus (AF
201473); NCMV, Northern cereal mosaic virus (NP_597914);
NDV, Newcastle disease virus (ADH10207); NGAV, Ngaingan
virus (YP_003518294); NiV, Nipah virus (AAY43917); OVRV,
Oak Vale rhabdovirus (AEJ07657); PFRV, Pike fry rhabdovirus
(ACP28002); RABV, Rabies virus (NP_056797); RSV, Respira-
tory syncytial virus (NP_056866); RYSV, Rice yellow stunt
rhahdovirus (NP_620502); SIGMAV, Sigma virus (ACU65444);
SCRV, Smiperca chuatsi rhabdovirus (YP_802942); SHRYV,
Snakehead virus (AAD56771); SMRYV, Scophthalmus maximus
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rhadovirus (ADU05406); SVCV, Spring viremia of carp virus
(NP_116748); SYNV, Sonchus vyellow net virus (NP_044286);
TIBV, Tibrogargan virus (ADG86355); TUPV, Tupaia virus
(AAX47602); TVCGY, Tomato vein clearing virus (YP_224083);
VHSV, Viral hemorrhagic septicemia virus (NP_049550); VSIV,
Vesicular stomatitis virus, Indiana (NP_041716); VSNJV, Vesicular
stomatitis virus, New Jersey (P16379); WCBV, West Caucasian bat
virus (ABV03821); WONGYV, Wongabel virus (YP_002333280).

Supporting Information

Figure S1 Phylogenetic analysis of the N, P, M, and G
proteins of BASV and other rhahdoviruses. Each phyloge-
netic tree is rooted by using the corresponding protein from
human parainfluenza virus type 1 (HPIV-1), a paramyxovirus, as
an outgroup. Abbreviations and accession numbers used for the
phylogenetic analysis are provided in Methods.

(TIF)

Figure $2 Confirmation of laboratory contamination by
rotavirus and absence of rotavirus in BASV serum by
specific PCR. An RT-PCR assay for detection of Group A
rotaviruses was performed using primers NSP3F (5'-AC-
CATCTWCACRTRACCCTCTATGAG-3") and NSP3R (5'-
GGTCACATAACGCCCCTATAGC-3", which generate an
87-bp amplicon (Freeman, et al,, (2008) ] Med Virol 80: 1489—
1496). PCR conditions for the assay were 30 min at 50°C, 15 min
at 95°C for the reverse transcription step followed by 40 cycles of
95°C, 30 s/55°C, 30 s/72°C, 30 s and 72°C/7 min for the final
extension. PCR products are visualized by gel electrophoresis,
using a 2% agarose gel and 1 kB ladder. Rotavirus is readily
detected in extracted RNA from a stool sample taken from an
ongoing study of viral diarrhea in the laboratory (lane 1), but not
in two separate aliquots of extracted nucleic acid from the BASV
serum sample (fanes 2 and 3).

(TTF)

Table 81 Viral reads in the deep sequencing data
corresponding to the BASV-positive serum sample.
DOCX)

Table $2 Demographics of 50 blood donors from Kasai-
Oriental province, DRC, randomly selected for BASV
antibody screening.

(DOCX)
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Most human infectious diseases, especially recently emerging pathogens, originate from animals,
and ongoing disease transmission from animals to people presents a significant global health burden.
Recognition of the epidemiologic circumstances involved in zoonotic spillover, amplification, and
spread of diseases is essential for prioritizing surveillance and predicting future disease emergence
risk. We examine the animal hosts and transmission mechanisms involved in spillover of zoonotic
viruses to date, and discover that viruses with high host plasticity (i.e. taxonomically and ecologically

. diverse host range) were more likely to amplify viral spillover by secondary human-to-human

. transmission and have broader geographic spread. Viruses transmitted to humans during practices

. that facilitate mixing of diverse animal species had significantly higher host plasticity. Our findings
suggest that animal-to-human spillover of new viruses that are capable of infecting diverse host
species signal emerging disease events with higher pandemic potential in that these viruses are more
likely to amplify by human-to-human transmission with spread on a global scale.

Emerging, re-emerging, and endemic zoonotic diseases continue to place a substantial burden on global
health, particularly where dense human populations and pressures on environmental and economic
resources are greatest. Over one billion cases of human zoonotic disease are estimated to occur annually,
and novel emerging zoonoses have resulted in hundreds of billions of dollars in economic losses'. Given
the rich diversity of animal life on our planet, it is not surprising that animals are the source of most
human infectious diseases, with centuries of intimate contact with domesticated species facilitating the
early transmission of the most adaptable pathogens to humans?. Recent recognition that the majority of
emerging infectious disease events have wildlife origins® highlights the need for a deep understanding of
the type of contact between wild animals and people that enables disease transmission. Opportunities for
close contact between humans and wild animals are relatively rare compared to contact with domestic
animals, yet recent emergence of many diseases, such as severe acute respiratory syndrome, Nipah virus
encephalitis, and Ebola, highlight the threat that wildlife pathogens pose to global health security”.
After centuries of documented outbreaks, we have now begun to unravel the mechanisms underlying
disease transmission from animals to people. Here, we focus on zoonotic viruses, which are the most fre-
quently emerging human pathogen, constituting less than 15% of all known species of human pathogens,
but over 65% of pathogens discovered since 1980°. We seek to understand the mechanisms facilitating
transmission of viruses from animals to people, with special attention to the human activities enabling
direct and indirect contact with wild animal hosts resulting in recent human outbreaks. By evaluating
data reported for all known zoonotic viruses, we test long-held assumptions regarding common traits
among viruses that have spilled over from animals and activities facilitating their transmission. We use
network analyses to evaluate sharing of viruses by animal hosts and high-risk transmission interfaces
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for Global Health, Washington DC, USA. 3Metabiota, San Francisco, CA USA. “EcoHealth Alliance, New York, NY
USA. Correspondence and requests for materials should be addressed to C.K.J. (email: ckjohnson@ucdavis.edu)
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Figure 1. Pandemic properties of zoonotic viruses that spill over from animals to humans and spread
by secondary transmission among humans. Key characteristics of pandemic potential that were evaluated
for associations with viral traits and high-risk disease transmission interfaces include host plasticity, human-
to-human transmissibility, and geographic distribution. Human practices that promote transmission of
mutation-prone RNA viruses able to infect a wide range of taxonomically diverse hosts, including wild and
domestic animals, act synergistically to facilitate viral emergence, particularly for viruses capable of human-
to-human transmission and broad geographic spread (map and illustration created using Adobe Illustrator
CS6).

involving wildlife, and we use regression modeling to identify human activities linked to key pandemic
properties among viruses including viral sharing among taxonomically diverse hosts, amplification by
human-to-human transmission, and international spread (Fig. 1). Our findings uncover key transmission
mechanisms involved in zoonotic virus emergence to inform global disease surveillance and preventive
measures needed to mitigate zoonotic threats.

Results
Through systematic evaluation of data reported in the scientific literature on zoonotic viruses, we identify
several key virus characteristics and transmission mechanisms that are synergistic to zoonotic virus spill-
over, amplification by human-to-human transmission, and global spread. The majority (94%) of zoonotic
viruses described to date (n= 162) are RNA viruses, which is 28 times higher (95% CI 13.9-62.5, exact
P < 0.001) than the proportion of RNA viruses among all vertebrate viruses recognized, indicating that
RNA viruses are far more likely to be zoonotic than DNA viruses, as has been reported among human
pathogens®. Epidemiological circumstances involved in recent zoonotic transmission from animals to
people are summarized here for 95 viruses with data on human activities enabling direct and indirect
contact disease transmission and animal host taxa implicated in transmission. In general, wild animals
were suggested as the source of zoonotic transmission for 91% (86/95) of zoonotic viruses compared
to 34% (32/95) of viruses transmitted from domestic animals, and 25% (24/95) with transmission
described from both wild and domestic animals (see Supplementary Table). Wild animals, which include
a taxonomically diverse range of thousands of species, were significantly more likely to be a source for
animal-to-human spillover of viruses than domesticated species (exact P=0.001). Wild rodents were
implicated as a source of spillover for 58% (55/95) of zoonotic viruses, particularly for zoonotic arena-
viruses (n=8/8, exact P=0.019) and zoonotic bunyaviruses (n=20/24, exact P =0.004). Primates were
implicated as a source of zoonotic retroviruses (exact P=0.017), while bats were more implicated for
zoonotic paramyxoviruses (exact P=0.011) and most zoonotic rhabdoviruses (6/8, exact P=0.002).
Emerging pathogens have been noted for their ability to infect a range of animal hosts>’-1°. We find that
most (63%) zoonotic viruses infecting humans were reported in animal hosts from at least two different
taxonomic orders, and 45% were reported in four or more orders, in addition to humans. The virus-host
unipartite network illustrates high connectivity among host groups sharing zoonotic viruses and the
central role domestic animals play in cross-species transmission (Fig. 2). In a Poisson model predicting
host range and evaluating common hosts and high-risk transmission interfaces, viruses with domestic
animal hosts occurred in twice as many host orders than other viruses (Table 1). Most domestic animal
groups clustered in the middle of the host network with high centrality measures and a high number of
shared viruses (Fig. 2), indicating that domestic animals play a key role in cross-species transmission of
zoonotic viruses. Among viruses from wildlife, we found higher host plasticity (ie, hosts from a higher
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Figure 2. Host unipartite network map showing high host plasticity among zoonotic viruses with wild
and domestic animal hosts connected by shared viruses. High connectivity between hosts by more shared
viruses is evident for domestic animal hosts (green) and wild animal hosts (purple) that are most centrally
located. Host node size is proportionate to the number of connections each host has to another host based
on shared viruses. The width of each edge connecting hosts is relative to the number of viruses shared by
the connection between hosts.

number of taxonomic orders) in viruses transmitted at high-risk interfaces involving wild animals kept
as pets, maintained in sanctuaries or zoos, and sold at markets, which were collapsed into one category
due to similar effect and significance in the final Poisson model. We also found that vector-borne viruses
were reported in three times the number of host taxonomic groups than non-vector-borne viruses, indi-
cating that vector-borne pathogens have significantly broader host range than non-vector-borne viruses.

Based on data published to date, transmission of zoonotic viruses to humans occurs by direct or
indirect contact with wildlife in a diverse array of interconnected animal-to-human interfaces, with little
overlap with viruses transmitted primarily by vectors (Fig. 3). Zoonotic virus spillover from wildlife
was most frequent in and around human dwellings and in agricultural fields, as well as at interfaces
with occupational exposure to animals (hunters, laboratory workers, veterinarians, researchers, wildlife
management, zoo and sanctuary staff). Primate hosts were most frequently cited as the source of viruses
transmitted by direct contact during hunting (exact P=0.051) and in laboratories (exact P =0.009),
while rodent hosts were more likely to be implicated in transmission by indirect contact in and around
human dwellings (exact P < 0.001) and in agricultural fields (exact P=0.001). Approximately 40% of
zoonotic viruses involving wild animals required arthropod vectors for transmission to humans, with
vectors providing an effective bridge for transmission of diseases from wild animals that do not nor-
mally contact humans. Zoonotic viruses with wild avian hosts were most likely to involve vectors (exact
P < 0.001). Network analysis of disease transmission from wild animals illustrates that vector-borne
viruses were the least connected to other transmission interfaces (Fig. 3), consistent with effective control
of vector-borne diseases by elimination of vectors or contact with vectors. In contrast, 22% of viruses
transmitted from domestic animals to humans were by vector only, with close proximity interactions
with domestic animals enabling direct pathogen transmission to humans.

Once animal viruses have spilled over into humans, human-to-human transmission of zoonoses facil-
itates sustained spread of disease with a rapidity and reach infeasible for zoonotic viruses requiring
contact with animal hosts for each transmission opportunity. Human-to-human transmissibility was
described for 20% of zoonotic viruses investigated here (Supplementary Table). We find virus host plas-
ticity to be positively correlated with capability for human-to-human transmission (Table 1). In a logistic
regression model predicting virus capability for human-to-human transmission, we find viruses were
significantly more likely to be human-to-human transmissible with each increase in virus host plas-
ticity (count of host orders and ecological groups). Furthermore, we find viruses in the arenaviridae and
filoviridae families to be more likely to possess human-to-human transmissibility, along with viruses
transmitted by direct contact with hunted and consumed wildlife (Table 1). Hunting poses special risk
for cross-species disease transmission of blood-borne zoonotic viruses!'? as evidenced by re-emerging
threats, including ebolaviruses'® and primate retroviruses!*-'6. Our findings therefore support speculation
that hunting of high-risk host species carries an increased probability of spillover of zoonotic viruses that
can be further spread by human-to-human transmission'®.
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Transmission from domestic animals to humans 1.97 <0.001 (1.56-2.49)
Transmission by direct contact with wildlife at markets 2.00 0.040 (1.03-3.88)
Transmission by direct contact with wild animals kept as pet or in zoos or sanctuaries 1.55 0.039 (1.02-2.34)
Transmission by vector 3.01 <0.001 (2.32-391)

Host plasticity (number of host groups) 1.20 0.039 (1.01-1.44)

Transmission by direct contact with wild animals hunted or consumed” 10.43 0.004 (2.10-51.80)

Host plasticity (number of host groups) 1.22 0.001 (1.08-1.37)

Transmission by direct contact with wild animals in trade or laboratories 6.14 0.014 (1.45-26.10)

Table 1. Host and epidemiologic correlates of zoonotic virus emergence. Multivariable regression models
with viral traits and transmission interfaces significantly associated with zoonotic virus host plasticity,
human-to-human transmissibility, and geographic spread. *Viral family was included as a main effect in the
model. Viral families significantly related to number of host orders were reovirus (IRR=2.07 (1.21-3.55),
P =10.008), rhabdovirus (IRR=1.59 (1.13-2.24), P=0.008), and a collapsed virus family group with
bornavirus and hepatitis E virus (IRR = 4.48 (2.77-7.25), P < 0.001). *Viral family was included as a main
effect in the model. Viral families with a significantly higher probability of human-to-human transmission
were arenavirus (OR=62.6 (8.09-485), P < 0.001) and filovirus (OR=52.92 (3.90-719), P=0.003).

Virus family was included as a random effect using robust standard error estimation clustered on virus
family. "High-risk disease transmission interface categories ‘hunting’ and ‘consumed’ were similar in their
association with virus capability for human-to human transmission so these categories were collapsed for
this model.

We further characterized zoonotic virus capacity for spread by categorizing viruses according to geo-
graphic range in a single country (16%), >1 country in 1-3 World Health Organization-defined (WHO)
regions (55%), or >4 WHO regions (29%), and used ordinal logistic regression to evaluate characteristics
of viruses in broader range categories. We find viruses were more likely to be in broader geographic range
categories with increasing host plasticity (Table 1). Among all high risk interfaces and hosts, only viruses
transmitted to humans by contact with wild animals in the wildlife trade and in laboratories, such as
lymphocytic choriomeningitis virus'’, monkeypox virus'®, herpes B virus'®, and Marburg®, were more
likely to have broader geographic reach.

Discussion
Wild animals were implicated as a source of disease spillover to humans for the vast majority of zoonotic
viruses, further substantiating the concept that the diversity of wildlife on our planet has provided a rich
pool of viruses, a fraction of which have successfully adapted to infect humans. Our findings indicate
that high viral host plasticity is an important trait that is predictive of pandemic potential of viruses in
the zoonotic pool, not only because wide host range was common among viruses that have spilled over
from animals to humans, but also because this trait was associated with increased human-to-human
transmission and spread on a global scale. Reporting bias must be considered in the interpretation of
any association based on data reported in the literature, and the relationship between human-to-human
transmissibility and host plasticity could be biased by increased research effort for viruses that have been
shown to be transmissible among humans. However our analyses identified a strong linear relationship
between host plasticity and likelihood of human-to-human transmissibility, and we estimate zoonotic
viruses found in 10 host orders are 12 times more likely to be human-to-human transmissible than
zoonotic viruses found in only one animal host order. Human-to-human transmission of viruses with
high host plasticity is consistent with the hypothesis that evolutionary selection for viruses with greater
ability to adapt rapidly to new hosts co-selects for viruses capable of effective intraspecies transmission
in the new host. Evolutionary selection of viruses capable of infecting a wide range of hosts has been a
key hypothesis underpinning disease emergence theory”?!, and we provide evidence for the importance
of viral host plasticity as a synergistic trait aiding mechanisms of disease transmission, particularly at the
high-risk human-animal interfaces reported here.

Human practices facilitating heightened contact between taxonomically diverse animal hosts has
likely facilitated selection of viruses with high host plasticity and sharing of zoonotic diseases. Zoonotic

SCIENTIFIC REPORTS | 5:14830 | DOI: 10.1038/srep14830

+

UCDUSR0007233



www.nature.com/scientificreports/

) , ®
¥ 3
@ o0 / - 7»‘ Ind. wildlife management
... . - . d t_ Ind.agricultural
g @ *' ® s .‘ ® o
. . . . Veterin#‘;e : ,A. S . . .
o @ Vectorborne O / E o Ind.human dwelliny
.... @ d Ind.ecotourism Inwontaminated food
il Y .
®e00® \ 9
® Yeoo00 9.9
@ : / @
Lab pathogen P ; \ {
g sd _plnd:vaterborne
e &
Indtade” & ~@ 7 T\

/
s, y Ind.laboratory
Ind,markets. M'et

Figure 3. Epidemiologic bipartite network map showing high-risk disease transmission interfaces
shared by zoonotic viruses transmitted from wildlife to humans. High-risk interfaces are shown with
node size proportionate to the number of viruses reported for each transmission interface, categorized
according to (1) direct contact with wildlife (dark blue), (2) indirect contact with wildlife (light blue), and
(3) transmission by vector (yellow). Virus node size (red, n= 86 viruses) reflects the number of connections
to different transmission interfaces and ecological plasticity of viruses through use of multiple transmission
opportunities. Highly connected and more central interfaces facilitated transmission of more viruses,
providing an epidemiologic picture of circumstances likely to promote future disease emergence, and
important targets for disease surveillance and preventive measures.

viruses reported in domestic animals had a significantly wider host range than viruses not shared by
domesticate species. Increased research effort targeting diseases in domesticated species could bias data
towards this finding, but we also detected increased host range among viruses transmitted by wildlife
kept in similarly confined circumstances. Increased host plasticity among viruses shared by domestic
animals supports the concept that the breeding and keeping of taxonomically diverse domesticated spe-
cies in regular close contact with people for centuries has enabled evolutionary adaptive selection for
mutation-prone RNA viruses capable of cross-species transmission®. For the many viruses shared by
wildlife and domestic animals, domesticated species play a critical role in facilitating direct contact with
people, as well as amplification of disease transmission in intensive animal production facilities.

Our finding of significantly higher host plasticity among viruses transmitted by direct contact with
wildlife kept as pets or in zoos and sanctuaries provides additional evidence to support the premise that
confining taxonomically diverse species in close proximity selects for transmission of adaptable viruses
with high host plasticity, even among wildlife. Diverse species of wild animals that are confined in zoos,
sanctuaries, kept as pets, and sold at markets are also subject to circumstances that facilitate cross-species
virus transmission via intimate contact, particularly for zoonotic viruses already adapted to transmis-
sion among domesticated animals. Vectorborne transmission similarly enables opportunities for effective
contact across diverse animal hosts, which is consistent with our finding of higher host plasticity among
vectorborne viruses. Through this mechanism, vector-borne transmission has facilitated emergence of
animal diseases in humans, particularly those from wildlife, and, for viruses with generalist vectors, this
transmission route is an effective method for interspecific dispersal®.

Here we provide an epidemiologic picture of the animal-human transmission networks likely to per-
petuate future disease emergence, and our findings add to previous efforts to guide global health research
geographically®. In addition to an emphasis on vector control, the myriad of other high-risk interfaces
with human activities that have facilitated animal-to-human viral spillover should be a focus for educa-
tion and interventions directed at disease prevention. More in depth investigation of the epidemiology
of zoonoses at high risk human-animal interfaces is needed to assess risk of viral discase emergence and
direct global, as well as local, disease prevention and control. Risk for a new human pandemic is likely
highest at the high-risk interfaces facilitating disease threats in the past. Unfortunately, wild animal hosts
and high-risk interfaces facilitating spillover of zoonotic viruses, particularly beyond their first emer-
gence, remains vastly under-reported. Adequate data on circumstances at the point of disease spillover
are lacking for many viruses because animal involvement in zoonotic disease exposure is very difficult
to ascertain and this information is often not linked to diagnoses in published reports. Global animal
disease data are largely incomplete due to inadequate livestock and wildlife health surveillance world-
wide. Resulting ascertainment biases are especially problematic for spillover events that do not involve
professions likely to self-report, as is likely the case for veterinarians, researchers, and scientists working
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at laboratory facilities. Detailed patient histories that elucidate activities precipitating animal exposure
will greatly assist in completing the epidemiologic picture underlying the emergence of many zoonotic
viruses. This, together with heightened surveillance to gather data on human practices enabling contact
with animals in settings with diverse host assemblages, particulatly at high-risk interfaces under-reported
to date, will direct us towards critical control points for disease control and behavior change interven-
tions aimed at prevention.

Methods

Zoonotic Virus Datasets. Peer-reviewed scientific literature was searched for reports on zoonotic
viruses transmitted from animals to humans using the Web of Science electronic library database for
published reports through 2010. An initial list of zoonotic pathogens was established with database
searches for topic keywords (zoonotic, zoonoses, and infectious animal disease, emerging wildlife dis-
ease) and cross checked with World Health Organization (WHO), Food and Agricultural Organization
(FAO), Centers for Disease Control and Prevention (CDC), and the World Organization for Animal
Health (OIE) web-based reports, and previously published compilations of human infectious diseases
and human emerging infectious disease events>?. Individual pathogen-specific searches using the Web
of Science database were then made using pathogen common and scientific names to identify general
transmission properties and specific circumstances involved in disease transmission from animals to
humans reported in the peer-reviewed literature. Among 162 zoonotic viruses, data on animal hosts and
human activities associated with naturally occurring animal-to-human transmission from 1990-2010
were collated and summarized for each virus. Viral family categories and virus genome characteristic
(RNA vs DNA) was compiled using the National Center for Biotechnology Information®.

Zoonotic viruses were included in analyses of interfaces and hosts if data were available on the circum-
stances surrounding virus transmission from animals to humans from 1990-2010 in scientific reports
searched as described above (n= 95 viruses, Supplementary Table). Viral transmission from animals to
humans was determined as documented infection or seroconversion, without regard to disease severity.
General transmission categories were used to summarize disease transmission by i) direct or indirect
contact with wild animals, ii) transmission from direct or indirect contact with domestic animals, iii)
transmission by vector involving a wildlife host, domestic animal host, or both. Each virus was also cat-
egorized as human-to-human transmissible if horizontal human-to-human transmission was reported, as
for transmission from animals to humans (by documented infection or seroconversion, without regard
to disease severity) based on search of all reports for each virus in the scientific literature. For this study,
human-to-human transmission excluded transmission between humans by vectors.

For all viruses transmitted from wildlife, data on circumstances of transmission were collated from
all reports for each virus to identify interfaces that best described the human activities suspected or con-
firmed to enable effective contact and natural (ie non-experimental) transmission of zoonotic viruses to
people. Transmission interfaces involving wildlife were stratified by direct and indirect contact transmis-
sion and summarized in categories describing human contact as follows i) wild animals in and around
human dwellings, ii) wild animals hunted, iii) wild animals consumed, iv) wild animals kept as pets, v)
wild animals housed in laboratories, vi) wild animals sold in markets, vii) wild animals kept in zoos and
sanctuaries, viii) wild animal exposure during agricultural activities, ix) wild animal exposure during
ecotourism activities, x) wild animal exposure during wildlife management activities in protected areas,
xi) virus exposure in laboratory settings (lab pathogen), and xii) virus exposure via contaminated water.

For all viruses included in analyses, an extended search was conducted to identify confirmed or sus-
pected hosts serving as a source of spillover as reported in the peer-reviewed literature based on virus
detection by molecular assay, serological assay, or virus isolation. Animal species included were impli-
cated in the scientific reports as hosts suspected in animal-to-human transmission of a given virus, either
through direct contact, indirect contact or vector-borne transmission. Host species were then classified
a priori according to ecological circumstances for human contact (domesticated species, wild terrestrial
species, and wild marine mammal species), which we expected to modify any potential host-pathogen
phylogenetic relationships based on purely taxonomic classification. Stratification of animal host cate-
gories according to general circamstances of human contact was also important so that analyses could
inform on risk interfaces and intervention strategies. Wild terrestrial host species were then categorized
further by taxonomic order, except for orders within the superorder xenarthra, which were collapsed into
one category (n=6 zoonotic viruses). Marine mammal orders were also combined due to sparse data,
as marine mammals were implicated in spillover of only 3 zoonotic viruses. Due to the large number of
viruses reported in domesticated animals, domestic species were grouped according to taxonomy and
stratified by similarity in circumstances for human use of animals and their products; i) cattle, ii) equids,
ili) goats, sheep, llamas, alpaca, camels, iv) pigs, v) poultry (chickens, ducks, geese), and vi) dogs and
cats. Virus host range (host plasticity) was calculated as the total count of animal taxonomic orders and
ecological groups recognized as hosts involved in animal-to-human spillover for each virus.

A literature search was similarly conducted to identify geographic range reported for each virus
in humans and animals. Geographic distribution in animals and people encompassed importation to
another country by infected persons or animals if secondary amplification by animal-to-human or
human-to-human transmission occurred. Zoonotic viruses were further classified according to 3 catego-
ries of international spread based on published reports as to whether viruses had been reported within
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1) a single country only, 2) more than one country but only 1-3 WHO regions, or 3) more than one
country and >4 WHO regions® (Supplementary Table).

While search effort was standardized for all viruses in our approach to the literature review, viruses
varied in the number of scientific reports available describing their traits, hosts, and geographic range. All
virus, host species, and interface data were summarized as binomial variables for each individual virus,
in order to account for a variable number of reports and documented spillover events per virus, and
adjust for likely increased research effort for viruses that infect humans and domesticated species. Each
virus was designated as the unit of analysis for which we compared viral traits, animal hosts involved in
spillover, and human activities noted at the point of spillover.

Statistics. Virus genome category (RNA vs DNA) was compared between zoonotic viruses (n=162)
and all viruses reported to infect humans and other vertebrates minus the zoonotic viruses (n=956)
using Fisher’s exact test. Bipartite affiliation (two-mode) networks were generated for virus-host and
virus-interface matrix data to evaluate connectedness between host orders and between high-risk disease
transmission interfaces involving wildlife. Betweenness centrality was measured for all viruses to indicate
the number of connections with wild and domestic animal hosts in the virus-host network, along with
the centrality of each virus within the host network, relative to all other zoonotic viruses. Betweenness
centrality for each virus was calculated as the number of geodesic paths that pass through a node, stand-
ardized by the total number of virus nodes in the network, multiplied by 100. A unipartite (one-mode)
network was generated to illustrate host taxonomic orders and groups connected by shared viruses.
Network analyses were conducted in the network analysis platform Gephi, using the force-directed algo-
rithm ForceAtlas2 to generate a virus-interface network display®. Centrality indices were normalised
for two-mode data® using specialized software for social network analysis (UCINET 6 for Windows).

Unadjusted bivariate relationships between viral family, interface categories, and host taxa were
examined using exact statistics. Viral traits and transmission circumstances were further evaluated for
multivariable associations with virus host plasticity using Poisson regression to evaluate the influence
of putative viral traits and high-risk interfaces on the count of host taxonomic orders and ecological
groups reported for each virus. Factors evaluated for their relationship with host range included viral
family, general transmission category involving domestic animals, wild animals, or vectors, and spe-
cific direct and indirect contact wildlife transmission interfaces. Incidence rate (indicating count of host
orders) ratios were estimated for all significant independent factors associated with virus host range in
the Poisson model (P < 0.05). Viral traits, general transmission categories, wildlife transmission inter-
faces, and virus host plasticity measures were similarly evaluated for associations with virus capability for
human-to-human transmission. Virus host plasticity, general transmission categories, and wildlife trans-
mission interfaces were also evaluated for associations with international spread using ordered logistic
regression adjusting for clustering of random effects within virus family.

For all multivariable models, putative risk factors with P < 0.20 in univariable analyses were entered
forward stepwise and retained in models if P < 0.05. Correlated variables were not included in the same
model but deviance measures were used to evaluate changes in model fit to the data with each parameter
independently. In all models, variables with <3 categories were evaluated for difference in magnitude,
direction, and significance of effect between categories using the likelihood ratio statistic and similar
categories were collapsed. Overall model fit was evaluated using Hosmer-Lemeshow goodness-of-fit test
and measures of information criteria. Incidence rate and odds ratios were estimated with 95% confi-
dence intervals. Univariable and multivariable statistical analyses were conducted using STATA 13.1 SE
(College Station, TX, USA).
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This mosquito-borne pathogen of humans and animals respects no international or geographic boundaries. It is currently
found in parts of Africa, Madagascar, and the Arabian Peninsula where periodic outbreaks of severe and fatal disease oc-
cur, and threatens to spread into other geographic regions. In recent years, modern molecular techniques have led to many
breakthroughs deepening our understanding of the mechanisms of RVFV virulence, phylogenetics, and the creation of

several next-generation vaccine candidates. Despite tremendous progress in these areas, other challenges remain in RVF
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disease pathogenesis, the virus life-cycle, and outbreak response preparedness that deserve our attention. Here we discuss
and highlight ten key knowledge gaps and challenges in RVFV research. Answers to these key questions may lead to the
development of new effective therapeutics and enhanced control strategies for this serious human and veterinary health

© 2016 Published by Elsevier Ltd.

1. Introduction

Rift Valley fever virus (RVFV; family Bunyaviridae, genus Phle-
bovirus) is a mosquito-borne human and veterinary pathogen asso-
ciated with large outbreaks of severe disease in parts of Africa and
the Arabian Peninsula (Nanyingi et al., 2015; Pepin et al., 2010). The
virus is a complex and classic example of the multi-faceted intersec-
tion of human and animal health and vector ecology that characterize
the “One-Health” aspects of many zoonotic arboviruses (Fig. 1) (Bird
et al., 2009; Linthicum et al., 1988; Swanepoel and Coetzer, 1994).
The hallmark of RVFV outbreaks is widespread abortion and lethal-
ity among livestock animals. Human cases result primarily from trans-
mission from infected mosquitoes or contact with virus contaminated
livestock tissues, fluids, or aborted materials. The majority of human
cases are self-limiting, but a small percentage can progress to more se-
rious sequelae including hepatitis, retinitis, delayed onset encephalitis,
and most severely a hemorrhagic syndrome with high case fatality.

The rapid and sudden development of thousands to tens of thou-
sands of human cases and the widespread agricultural impact of
RVFYV on potentially millions of livestock adds an enhanced layer of
complexity to control strategies. RVFV 1is the only significant hem-
orrhagic fever virus of humans that also causes high-level mortality
and morbidity in livestock, thus threatening both human and animal
health and our food supply. RVF control programs must balance the
needs of multiple stakeholders ranging from individually affected hu-
man patients, local livestock herdsmen, medical and veterinary prac-
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titioners, national level authorities working in public health, agricul-
ture, and food-safety, and importantly a general public who is in-
creasingly concerned about animal welfare issues and the impacts of
emerging viruses (Bird and Nichol, 2012; Kortekaas, 2014).

Even though RVFV has been studied for more than 80 years, many
aspects of its maintenance and ecology in endemic areas, mechanisms
of expansion to other regions, and basic questions related to discase
pathogenesis remain unanswered. The development of modern molec-
ular techniques, such as full genome sequencing and reverse genetics
systems, have dramatically increased our understanding of the evolu-
tionary history and genomics of the virus and some aspects of its vir-
ulence mechanisms, yet as this molecular-level understanding has in-
creased substantially over the past 25 years, other areas have lagged
behind. Herein, we highlight ten key unanswered questions ranging
from the host factors underlying RVF disease pathogenesis, to virus
ecology, to control and eradication plans that we feel warrant addi-
tional study and research priority.

2. RVFYV pathogenesis

2.1. What genetic factors and co-morbidities contribute to severe
disease outcomes in humans?

The majority of human cases are relatively mild and never progress
to severe or life-threatening disease. However, in the 1-2% of cases
that do become severe, what underlying host factors are responsi-
ble? Identifying human genetic factors such as HLA type or single
nucleotide polymorphisms that influence disease progression is an
important next step. In fact, recent cross-sectional studies in Kenya
identified for the first time genetic polymorphisms related to dis-
ease severily in several innate immune response genes (Hise et al.,
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2015; LaBeaud et al., 2015). These studies identified mutations in sev-
eral important virus sensing and response signaling pathways (TLR2,
TLR7, TLR8, MyD88, TRIF, MAVS, and RIG-I) that were associated
with more severe RVF disease outcomes. However, they did not eval-
uate any aspect of the adaptive immune response, nor did they eval-
uate genes involved in other cellular processes that could be impor-
tant in modifying RVF disease severity. These studies are a great and
needed first step towards understanding the influence of the host re-
sponse on RVF severity, but additional large-scale investigations in
multiple human populations are needed.

Patient comorbidities may also contribute prominently to RVF out-
come. For example, during one outbreak in Tanzania, patients who
were HIV positive developed RVFV encephalitis at a higher rate and
had a higher case fatality ratio compared to those who here HIV nega-
tive (Mohamed et al., 2010). It is possible that other viruses (e.g., He-
patitis B or C virus), or other diseases (diabetes, obesity, parasitism
etc.) play a determinant role in RVFV infection outcomes. In order
to address these possibilities, long-term prospective cohort studies in
endemic areas that span the inter-epidemic period and an active epi-
demic period are needed. This will allow for the follow-up of enrolled
participants through the entire course of their clinical disease from ini-
tial onset to eventual recovery. However, given the highly episodic
nature of large-scale RVFV outbreaks this might require longitudinal
research programs spanning 10 years, or more in enzootic regions. A
viable alternative could be to target efforts in areas where climate con-
ditions are conducive to low-level but continuous RVFV transmission
rather than the explosive, but rare, transmission cycles observed clas-
sically in East Africa.

2.2. Why is human maternal to fetal transmission of RVFV so rare?

RVFV epizootics are notorious for widespread and devastating
abortion storms in ruminant livestock, yet case reports of human con-
genital disease or fetal losses during outbreaks or in retrospective stud-
ies examining this are rare (Abdel-Aziz et al., 1980; Adam et al.,
2010; Adam and Karsany, 2008; Laughlin et al., 1979; Niklasson et

Epizootic-Epidemic cycles Red = infected
First human cases H';:f:;:g“

al., 1987). In approximately 70-90% of affected livestock animals,
the virus easily crosses placental barriers and can cause a variety of
fetal malformations or death and resorption/abortion depending on
the stage of gestation (Bird et al., 2009). Typically, aborted fetuses
and gestational fluids contain exceptionally high titers often exceed-
ing 1.0 X 107 plaque forming units (PFU)/g and pose a great risk for
human exposure and infection (Swanepoel and Coetzer, 1994). Is the
lack of similar findings among humans simply attributable to epidemi-
ologic surveillance bias or does this represent true differences in ei-
ther placental or fetal immunology between species? It is clear from
two published case reports that human maternal to fetal transmission
can occur (Adam and Karsany, 2008; Arishi et al., 2006) but what
is unclear is why this appears to be such a rare event. Are human
fetuses and the placenta only susceptible to infection during a very
narrow time-window during gestation, does the human placenta con-
tain cell populations that prevent virus translocation, or does it pro-
duce some anti-viral factor that is restrictive to virus replication, un-
like what is observed in animals? The striking differences between
the histologic structure and anatomical arrangement of human (hemo-
chorial, discoid) and ruminant (epitheliochorial, cotyledonary) placen-
tation likely influence the susceptibility of the fetus to trans-placen-
tal virus infection, reviewed in (Furukawa et al., 2014; Gundling and
Wildman, 2015). However, to date no detailed cross-species in vitro
or ex-vivo experimental studies have been reported. The recent dis-
covery of the highly neurotropic nature of a different arbovirus, Zika
virus, in human fetuses (Martines ct al., 2016) further highlights the
importance of this intriguing area of comparative anatomy, immunol-
ogy, and virology.

2.3. What underlies the pathogenesis of RVF delayed-onset
encephalitis and retinitis?

The main target organ for high-level virus replication and tissue in-
jury in all species is the liver. However, in a small subset of human
patients even those without significant hepatic involvement, retinitis/
visual impairment can develop 5-20 days after the initial febrile pe-
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riod, and/or a delayed onset encephalitis which typically occurs 14-28
days post-onset of initial clinical symptoms can develop (Al-Hazmi et
al., 2003; Alrajhi et al., 2004; Newman-Gerhardt et al., 2013; Siam
and Meegan, 1980; Siam et al., 1980). These could lead to long-term
debilitating sequelae ranging from visual impairment and blindness to
cognitive and neurologic defects. The mechanism of virus invasion
into the CNS or the eye and the possibility that the disease process
might be, at least in part, immune-mediated remain unaddressed ar-
eas of research. The possible routes of virus entry are numerous, in-
cluding direct neuronal invasion via the cranial or peripheral nerves,
hematogenous spread due to high viremia, or infection of antigen
presenting cells (monocytes, dendritic cells) and their use as Trojan
horses to introduce virus into the CNS or eye. Recent work in mice us-
ing an attenuated RVFV strain lacking the NSs gene (ANSs) demon-
strated that CD4" T cells are required for the prevention of RVFV
encephalitis, however activated T-cell infiltration in to the CNS may
cause deleterious effects to the host as the cells attempt to control CNS
infection (Dodd et al., 2013, 2014). These two possible conflicting
roles of host T cells, in both preventing and possibly exacerbating en-
cephalitis requires further clarification, ideally in a model that makes
use of WT rather than attenuated viruses.

The unique immune-privileged environment of the eye and mech-
anisms of ocular RVFV disease have not been examined in any detail
experimentally. However, preliminary human data suggests that ocu-
lar disease may be immune mediated (Newman-Gerhardt et al., 2013).
The reassessment of the gerbil or rat encephalitis models (Anderson
et al., 1988; Bird et al., 2007; Bucci et al., 1981) which demonstrated
delayed onset encephalitis and low level virus replication in retinal
tissues, for the development of more robust animal models of ocu-
lar disease could be useful. The recent recognition of ocular damage
as part of the long-term sequelae of another hemorrhagic fever virus,
Ebola virus, in human survivors from West Africa 2014-2016 epi-
demic (Tiffany et al., 2016; Varkey et al., 2015) serves to strengthen
the importance of developing these experimental models to further un-
derstand the pathogenesis of these debilitating disease outcomes.

2.4. Can targeted antiviral therapeutics that can cross the
blood-brain-barvier be effective in treating RVF neurologic disease?

The lack of effective antivirals capable of crossing the blood-brain
barrier (BBB) is a problem not only restricted to RVFV, but is relevant
to a variety of neurotropic viruses (Laksitorini et al., 2014; Ludlow et
al., 2016). Penetration across the BBB is an important issue in RVF
treatment. Evidence from animal models demonstrates that antiviral
therapeutics can be effective in treating the primaty hepatic manifesta-
tions of RVF disease and increase survival (Schartan et al., 2014). The
benefits of antiviral therapeutics in treating RVFV infection are with-
out question. However, medical professionals should be aware that
because of potentially poor penetration across the BI?E, systemically
delivered antivirals may not prevent all caseIs of delayed-onset neu-
rologic RVF (Scharton et al., 2014; Smithiet al., 2010). The poten-
tial for these delayed neurological diseaseputcomes should be consid-
ered in the design of any prospective ltluman therapeutic trial to ensure
the close monitoring and medical ‘management of study participants
should neurologic symptoms appear. T’*‘uyther research into novel com-
pounds capable of penetrating the BBB of trans-BBB delivery systems
in animal model systems is neededl(RpeH etal., 2013).

[

2.5. What is the importance of cell-mediated immunity against
RVFV?

it is well established that the key early determinant of immune
clearance of many viral infections including RVFV.is robust intracel-
lular innate pathway signaling followed closely by the development
of high titer neutralizing IgG antibodies, reviewed in (Lihoradova and
Tkegami, 2014). These are clear correlates of early and late RVFV vac-
cine induced protection in animals and humans. Significant