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In addition to liver disorders hepatitis C virus HCV is also associated with extrahepatic immune manifestations and Bcell non
Hodgkin lymphoma NHL especially marginal zone lymphoma de novo or transformed diffuse large Bcell lymphoma and to a

lesser extent follicular lymphoma Epidemiological data and clinical observations argue for an association between HCV and

lymphoproliferative disorders The causative role of HCV in NHL has been further supported by the response to antiviral therapy

Pathophysiological processes at stake leading from HCV infection to overt lymphoma still need to be further elucidated Based

on reported biological studies several mechanisms of transformation seem however to emerge A strong body of evidence

supports the hypothesis of an indirect transformation mechanism by which sustained antigenic stimulation leads from

oligoclonal to monoclonal expansion and sometimes to frank lymphoma mostly of marginal zone subtype By infecting

lymphocytes HCV could play a direct role in cellular transformation particularly in de novo large Bcell lymphoma Finally HCV is

associated with follicular lymphoma in a subset of patients In this setting it may be hypothesized that inflammatory cytokines

stimulate proliferation and transformation of IgH–BCL2 clones that are increased during chronic HCV infection Unraveling the

pathogenesis of HCVrelated Bcell lymphoproliferation is of prime importance to optimize therapeutic strategies especially

with the recent development of new direct acting antiviral drugs
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Introduction

Persistent hepatitis C virus HCV infection is an etiological agent of

chronic hepatitis that may evolve toward cirrhosis andhepatocarcinomaInaddition HCVisassociatedwith extrahepatic manifestations

especially lymphoproliferative disorders including type II ‘ mixed’cryoglobulinemiaMC 1 and non Hodgkin lymphoma NHL
This review aims to summarize evidence from epidemiological

and clinical studies that have provided strong support for anetiological
role of HCV in NHL development and maintenance In

addition current knowledge about physiopathology of Bcell

NHL associated with HCV infection will be presented

Clinical features of HCVpositive NHL

HCVassociated lymphoma is mainly of Bcell histologicalsubtypesLow grade marginal zone lymphoma MZL particularly

those of splenic origin and diffuse large Bcell lymphoma

VC The Author 2017 Published by Oxford University Press on behalf of the European Society for Medical Oncology

All rights reserved For Permissions please email journals permissions oup com

Annals of Oncology 29 92–100 2018

doi10.1093 annonc mdx635

Published online 10 October 2017

TRIAL EXHIBIT 1124

316 cv 00525 VC

GOOD SCIENCE 

BETTER.MEDICINE 

BESTPRACTlCE 

Annals of Oncology 29: 92-100, 2018 

doi:l 0.1093/annonc/mdx635 

Published online 10 October 2017 

REVIEW 

From hepatitis C virus infection to B-cell lymphoma 

L. Couronne 1
,
2

,
3*,t, E. Bachy4

'
5t, S. Roulland 6

, B. Nadel6
, F. Davi7

'
8

'
9

, M. Armand 7
'
8

'
9

, D. Canioni 70
, 

J. M. Michot 11, C. Visco 1 u, L. Arcaini 13
'
14*, C. Besson 75

,
75

,
77* & 0. Hermine 1,

2
,
3* 

1Department of Hematology, Assistance Publique-H6pitaux de Paris (APHP), Necker Hospital, Paris, France; 2INSERM UMR 1163, CNRS ERL 8254, Imagine Institute, 

Paris, France; 3Paris Descartes-Sorbonne Paris Cite University, Paris, France; 4Cancer Research Center of Lyon, INSERM Ul 052, CNRS UMR 5286, Lyon, France; 
5Department of Hematology, Lyon Sud Hospital, Lyon, France; 6Center of Immunology of Marseille-Luminy, Aix Marseille University, Marseille, France; 7INSERM 

Ul 104, Marseille, France; 8CNRS UMR 7280, Marseille; 9Departmen t of Hematology, Pitie-Salpetriere Hospital, Pierre et Marie Curie Universi ty, Paris, France; 
10Department of Pathology, Necker Hospital, AP-HP, Paris Descartes-Sorbonne Paris Cite University, Paris, France; 11 Department of Hematology and Drug 

Development, Gustave Roussy Institu te, Villejuif; France; 12Department of Cell Therapy and Hematology, San Bartolo Hospital, Vicenza, Italy; 13Department of 

Molecular Medicine, Universi ty of Pavia, Pavia, Italy; 14 Departement of Hematology Oncology, Fondazione IRCCS Policlinico San Matteo, Pavia, Italy; 15Department 

of Hematology and Oncology, Hospital of Versailles, Le Chesnay, France; 16University of Versailles Saint Quentin en Yvelines, Paris-Saclay University, Communaute 

Paris-Saclay, Paris, France; 17INSERM Ul 184, Center for Immunology of Viral Infections and Autoimmune Diseases, Le Kremlin-Bicetre, France 

*Correspondence to: Dr Lucile Couronne, INSERM UMR 1163, CNRS ERL 8254, lnsti tut Imagine, 24, Boulevard du Montparnasse, 75015 Paris, France. Tel: +33-1-42-75-43-50; 

Fax: +33-1-42-75-42-17; E-mail: lucile.couronne@gmail.com 

tThese authors contributed equally to this work as first authors. 

*These authors contributed equally to this work as last authors. 

In addition to liver disorders, hepatitis C virus (HCV) is also associated with extrahepatic immune manifestations and B-cell non

Hodgkin lymphoma (NHL), especially marginal zone lymphoma, de novo or transformed diffuse large B-cell lymphoma and to a 
lesser extent, follicular lymphoma. Epidemiological data and clinical observations argue for an association between HCV and 
lymphoproliferative disorders. The causative role of HCV in NHL has been further supported by the response to antiviral therapy. 
Pathophysiological processes at stake leading from HCV infection to overt lymphoma still need to be further elucidated. Based 
on reported biological studies, several mechanisms of transformation seem however to emerge. A strong body of evidence 
supports the hypothesis of an indirect transformation mechanism by which sustained antigenic stimulation leads from 
oligoclonal to monoclonal expansion and sometimes to frank lymphoma, mostly of marginal zone subtype. By infecting 
lymphocytes, HCV could play a direct role in cellular transformation, particularly in de novo large B-cell lymphoma. Finally, HCV is 
associated with follicular lymphoma in a subset of patients. In this setting, it may be hypothesized that inflammatory cytokines 
stimulate proliferation and transformation of lgH-BCL2 clones that are increased during chronic HCV infection. Unraveling the 
pathogenesis of HCV-related B-cell lymphoproliferation is of prime importance to optimize therapeutic strategies, especially 
with the recent development of new direct-acting antiviral drugs. 

Key words: hepatitis C virus, non-Hodgkin lymphoma, oncogenesis, models of transformation 

Introduction addition, current knowledge about physiopathology of B-cell 
NHL associated with HCV infection will be presented. 

Persistent hepatitis C virus (HCV) infection is an etiological agent of 
chronic hepatitis that may evolve toward cirrhosis and hepatocarci
noma. In addition, HCV is associated with extrahepatic manifestations, 
especially lymphoproliferative disorders, including type II 'mixed' cry
oglobulinemia (MC) [ 1] and non-Hodgkin lymphoma (NHL). 

This review aims to summarize evidence from epidemiological 
and clinical studies that have provided strong support for an etio
logical role of HCV in NHL development and maintenance. In 
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Clinical features of HCV-positive NHL 

BCV-associated lymphoma is mainly of B-cell histological sub
types. Low-grade marginal zone lymphoma (MZL) particularly 
those of splenic origin and diffuse large B-cell lymphoma 
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DLBCL are the most common subtypes followed by follicular

lymphoma 2–4
At the clinical level HCVpositive NHL displays peculiarfeatureswhen compared with their HCVnegative counterpart

They usually occur following a long period of infection more

than 15 years 5 HCV related low grade Bcell lymphoma

often involves extranodal sites particularly spleen and salivary

glands where the virus can replicate 6 HCV positive DLBCL

frequently affects spleen liver and stomach and international

prognostic index IPI is usually high especially due to LDHelevation7–9
Among HCV associated DLBCL two groups may beidentifiedone with only large B cells named de novo DLBCL and one

associated with infiltration of small B cells suggesting atransformationof MZL into aggressive DLBCL 7 Interestingly the

proportion of transformed DLBCL is significantly higher in

HCV positive patients 32 when compared with HCVnegativepatients 6 7
As aforementioned HCVpositive FL are less commonly

observed 10–14 and any peculiar clinical feature has been so far

described in this subgroup Interestingly IGH–BCL2 positive

clones are not restricted to patients with HCV positive FL and

may be observed more extensively during chronic HCV infection

especially when associated with MC 15 16 and in otherssubtypesof HCV positive NHL 16–18 This point will be discussed

in more detail later in the review

Epidemiology of HCV infection in NHL

Earlyepidemiological studies suggested a significant increased

risk of BNHL in HCV infected patients only in high prevalence

areas 19 20 Further large studies as well as meta analyses

2 21–26 finally documented an overall increased risk of BNHL
in patients with chronic HCV infection when compared with

HCV negative controls overall relative risk estimation 2.4 95
CI 2.0–3.0 26 yet higher in geographic areas with elevated

prevalence of HCV 25 26 In addition a recent large case–controlstudy from North America confirmed a significantly higher

prevalence of HCV infection in NHL patients OR 1.5 95 CI
1.2–1.8 especially BNHL OR 1.6 95 CI 1.3–1.9 when

compared with controls 3 Subtype specific analyses revealed

that HCV seropositivity was greater in MZL and DLBCL but not

in follicular lymphoma cases 3 27 Taken together these data

indicate a greater propensity to develop NHL especially MZL
and DLBCL in the setting of HCV infection with mostprominent

riskin populations with high HCV prevalence

Antiviral therapy in HCVrelated NHL

We first reported that HCVpositive patients with spleniclymphomawith villous lymphocytes SLVL could benefit frominterferonIFNbased antiviral therapy alone or in combination with

ribavirin 28 29 Further prospective studies as well assystematicmeta analyses confirmed these results in HCV associated

lowgrade Bcell lymphomas with a global response rate toantiviraltherapy of 70 10–13 30–34

First line treatment of chronic HCV infection is now based on

the sole use of IFNfree direct acting antivirals DAA whichresultsin complete virologic response in more than 95 of thepatients35 In this line DAA mostly sofosbuvir based regimens

efficacy has been recently evaluated in 46 patients withHCVpositiveindolent Bcell NHL consisting mostly of MZL n 37

36 Sustained virologic response at week 12 was obtained in

98 of patients with chronic HCV infection Hematologicalresponse
rate 67 was similar to those obtained after IFN based

antiviral therapy 32 and was remarkably high in MZL 73
Estimated 1year progressionfree and overall survival were 75
and 98 respectively These results demonstrate that HCVinfected

patients with indolent BNHL especially of marginal zone

type benefit from DAA based antiviral therapy

In clinical practice HCV positive DLBCL patients are usually

treated as their HCVnegative counterpart withanthracyclinebasedchemotherapy coupled with rituximab Howeversustained
viral response after antiviral therapy has beendemonstratedto be associated with a better overall survival inHCVrelatedMZL 10 13 but also in DLBCL patients 37 In view of

this two HCV positive DLBCL cases have been successfully

treated with concurrent concurrent immunochemotherapy and

DAA based antiviral therapy 38 39
Antiviral therapy has been shown to induce disappearance of

circulating t 14 18bearing Bcell clones in HCV positivepatientsfollowed by the reemergence of the same t 14 18 clone

upon virologic relapse 40 41 Clinical studies have alsoreported
efficacy of IFNbased complete response n 2 11 42

as well as DAA based partial response n 2 36 completeresponsen 1 14 antiviral therapy in few HCV positive FL

These results are promising but need to be confirmed in a larger

cohort of HCV positive FL

In summary antiviral therapy efficacy in HCVassociated

lymphoma supports a causative role for HCV in NHLdevelopment
at least in the MZL subgroup

HCV infection and Bcell transformation

During the two last decades two distinct albeit not exclusive

models of infection driven transformation have emerged On

one hand direct lymphocyte transformation by lymphotropic

transforming viruses EBV HHV8 or HTLV1 expressing viral

oncogenes has been clearly demonstrated On the other hand a

model based on indirect mechanism of lymphocytestransformationultimately leading to clonal expansion has been proposed

among which Helicobacter pyloriassociated gastric MALT
lymphoma might be the best characterized 43

Accumulating evidence suggests that several mechanisms of

transformation may contribute alone or combined toHCVrelatedlymphomagenesis

Microenvironment driven lymphomagenesis

continuous external stimulation of lymphocytes

receptors by viral antigens and cytokines

Evidences of chronic antigenic stimulation MC is associated with

HCV in more than 90 of cases 44 and is characterized by a

monoclonal IgM with orwithout overt cryoglobulinemia associated
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(DLBCL) are the most common subtypes, followed by follicular 
lymphoma [2- 4]. 

At the clinical level, BCV-positive NHL displays peculiar fea
tures when compared with their BCV-negative counterpart. 
They usually occur following a long period of infection (more 
than 15 years) [5]. BCV-related low-grade B-cell lymphoma 
often involves extranodal sites particularly spleen and salivary 
glands where the virus can replicate [6]. BCV-positive DLBCL 
frequently affects spleen, liver and stomach and international 
prognostic index (IPI) is usually high, especially due to LDH ele
vation [7- 9]. 

Among BCV-associated DLBCL, two groups may be identi
fied: one with only large B cells named de nova DLBCL and one 
associated with infiltration of small B cells, suggesting a trans
formation of MZL into aggressive DLBCL [7]. Interestingly, the 
proportion of transformed DLBCL is significantly higher in 
BCV-positive patients (32%), when compared with BCV-nega
tive patients ( 6%) [7]. 

As aforementioned, BCV-positive FL are less commonly 
observed [ 10- 14] and any peculiar clinical feature has been so far 
described in this subgroup. Interestingly, IGH-BCL2 positive 
clones are not restricted to patients with BCV-positive FL and 
may be observed more extensively during chronic HCV infection, 
especially when associated with MC [15, 16] and in others sub
types ofHCV-positive NHL [ 16- 18]. This point will be discussed 
in more detail later in the review. 

Epidemiolog of HCV infection in NHL 

Early-epidemiological studies suggested a significant increased 
risk of B-NHL in BCV-infected patients only in high prevalence 
areas [19, 20]. Further large studies as well as meta-analyses 
[2, 21- 26] finally documented an overall increased risk of B-NHL 
in patients with chronic HCV infection when compared with 
BCV-negative controls ( overall relative risk estimation: 2.4; 95% 
CI: 2.0-3.0) [26] yet higher in geographic areas with elevated 
prevalence of HCV [25, 26]. In addition, a recent large case-con
trol study from North America confirmed a significantly higher 
prevalence ofHCV infection in NHL patients (OR: 1.5; 95% CI: 
1.2-1.8), especially B-NHL (OR: 1.6; 95% CI: 1.3-1.9), when 
compared with controls [3]. Subtype-specific analyses revealed 
that HCV-seropositivitywas greater in MZL and DLBCL but not 
in follicular lymphoma cases [3, 27]. Taken together, these data 
indicate a greater propensity to develop NHL, especially MZL 
and DLBCL, in the setting of HCV infection with most promin
ent risk in populations with high HCV prevalence. 

Antiviral therapy in HCV-related NHL ------
We first reported that BCV-positive patients with splenic lymph
oma with villous lymphocytes (SLVL) could benefit from inter
feron (IFN)-based antiviral therapy alone or in combination with 
ribavirin [ 28, 29]. Further prospective studies as well as system
atic meta-analyses confirmed these results in BCV-associated 
low-grade B-cell lymphomas, with a global response rate to anti
viral therapyof70% [10- 13, 30- 34]. 
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First-line treatment of chronic HCV infection is now based on 
the sole use ofIFN-free direct-acting antivirals (DAA), which re
sults in complete virologic response in more than 95% of the pa
tients [35 ]. In this line, DAA (mostly sofosbuvir-based regimens) 
efficacy has been recently evaluated in 46 patients with HCV
positive indolent B-cell NHL, consisting mostly of MZL (n = 37) 
[36]. Sustained virologic response at week 12 was obtained in 
98% of patients with chronic HCV infection. Hematological re
sponse rate ( 67%) was similar to those obtained after IFN-based 
antiviral therapy [32] and was remarkably high in MZL (73%). 
Estimated 1-year progression-free and overall survival were 75% 
and 98%, respectively. These results demonstrate that BCV-in
fected patients with indolent B-NHL, especially of marginal zone 
type, benefit from DAA-based antiviral therapy. 

In clinical practice, BCV-positive DLBCL patients are usually 
treated as their BCV-negative counterpart with anthracycline
based chemotherapy coupled with rituximab. However, sus
tained viral response after antiviral therapy has been demon
strated to be associated with a better overall survival in HCV
related MZL [10, 13] but also in DLBCL patients [37]. In view of 
this, two BCV-positive DLBCL cases have been successfully 
treated with concurrent concurrent immunochemotherapy and 
DAA-based antiviral therapy [38, 39]. 

Antiviral therapy has been shown to induce disappearance of 
circulating t(l4; 18)-bearing B-cell clones in BCV-positive pa
tients, followed by the reemergence of the same t(l4; 18) clone 
upon virologic relapse [ 40, 41 ]. Clinical studies have also re
ported efficacy ofIFN-based (complete response, n = 2) [ 11 , 42] 
as well as DAA-based (partial response, n = 2 [36]; complete re
sponse, n= 1 [14]) antiviral therapy in few BCV-positive FL. 
These results are promising but need to be confirmed in a larger 
cohort ofHCV-positive FL. 

In summary, antiviral therapy efficacy in H CV -associated 
lymphoma supports a causative role for HCV in NHL develop
ment, at least in the MZL subgroup. 

HCV infection and B-cell transformation 

During the two last decades, two distinct albeit not exclusive 
models of infection-driven transformation have emerged. On 
one hand, direct lymphocyte transformation by lymphotropic 
transforming viruses (EBV, HHV8, or HTLVl) expressing viral 
oncogenes has been clearly demonstrated. On the other hand, a 
model based on indirect mechanism of lymphocytes transform
ation ultimately leading to clonal expansion has been proposed, 
among which Helicobacter pylori-associated gastric MALT 
lymphoma might be the best characterized [ 43]. 

Accumulating evidence suggests that several mechanisms of 
transformation may contribute, alone or combined, to HCV
related lymphomagenesis. 

Microenvironment-driven lymphomagenesis: 
continuous external stimulation of lymphocytes 
receptors by viral antigens and cytokines 

Evidences of chronic antigenic stimulation. MC is associated with 
HCV in more than 90% of cases [44] and is characterized by a 
monoclonal IgM with or without overt cryoglobulinemia-associated 
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vasculitis 44 45 About 8%–10 of patients with MC ultimately

develop lymphoproliferative disorders 46 47 andcryoglobulinemia
carriers exhibit a 35times increased risk of NHL 48 MC is

therefore considered as a clinically benign prelymphomatousdisease
characterized by bone marrow and liver Bcell clonesresemblinga picture of lowgrade NHL 49 In MC patients clonal

expansion of selective VH1 69þmemory B cells 50 51 indicates

that Bcell repertoire of HCV associated MC is highly restricted

VDJ pattern analysis of these patients has also shown thatmore than

one clone sustain the lymphoproliferation 52 Restricted usage of

VH1–69 and VK3–2015 regions has also been demonstrated inpatientswith HCV associated NHL 53–55 thereby giving strong

support to an antigenic selection driven process underlyinglymphomadevelopment in HCV positive patients VDJ pattern analysis

carried out sequentially at both times ofMCand overt Bcelllymphoma
in one patient confirmed that lymphoma originated from one

of the clones over stimulated duringMC 56 In additionsequencing
of Ig variable regions has revealed that they are product ofsomatichypermutation 54 strengthening the role of chronic antigenic

stimulation in the development of HCVassociated lymphoma

Figure 1

Role of IgHCV immunocomplexes HCVrelated MC IgMdisplayrheumatoid factor RF activity and are in particularautoreactive
against IgG antiHCV antibodies 57 Figure 1 It has

thus been speculated that MC IgM RF might emerge fromcrossreactionbetween virusassociated epitope and IgG autoantigen

However no crossreactivity of the IgM RF Bcell receptor BCR
or serum IgM RF with HCV antigens has far been demonstrated

In addition it has been shown that BCR from HCVassociated

lymphoma patients was actually not able to bind to HCV antigens

58 Furthermore stereotyped BCR sequences that contribute to

an highly biased repertoire in HCVassociated BNHL have been

also detected in other HCV negative Bcell malignancies eg

MALT lymphoma some associated with RF chroniclymphocyticleukemia non malignant B cells with RF activity andnonmalignantmarginal zone splenic B cells 55 These data suggest

that HCV associated lymphoma may most likely arise fromprecursorswith autoimmune properties rather than B cellsspecificallyaimed at eliminating the virus

Role of CD81 E2 binding Several studies have supported a major

role for HCV envelope glycoprotein E2 in indirecttransformationE2 binding to its receptor on B cells i e CD81 59facilitatesthe assembly of the CD81 CD19CD21 costimulatory

complex 60 Hence E2CD81 engagement plays a role inactivatingB cells by lowering their threshold of activation

HCV E2 binding to CD81 receptor has also been shown toinducesomatic hypermutation of the immunoglobulin gene locus

61 through activation induced deaminase AID activationregardlessHCV replication or direct infection of B cells by HCV
Figure 1 This process has also been demonstrated in thecontextof malaria infection in which chronic stimulation by

Plasmodiumelicits protracted AID expression in GC Bcellsleadingto chromosome translocations 62

Role of cytokines and microenvironment Upregulation of BAFF
a critical survival factor for B cells has been demonstrated in

HCV chronic infection 63 Interestingly BAFF levels are found

being lower in HCV patients without MC intermediate with

those with cryoglobulinemia and higher in those with NHL 64
In addition a specific BAFF promoter polymorphism reported to

induce an increased transcriptional activity has been found with a

higher frequency in HCV infected patients with MC group than

in the HCV infected patients without MC Figure 1 Thissuggests
that mechanisms enhancing Ig production and Bcellsurvivalmay play a relevant role in HCVMCpathogenesis 65

Other cytokines and growth factors such as IL6 IL17 IL10

and TGFb have been also reported to contribute toBcellproliferationin HCV infection 66–68 Figure 1

Direct transformation of Bcell by HCV through

oncogenic effects mediated by intracellular viral

proteins

HCVassociated lymphoma especially aggressive NHL might

occur without history of MC or lowgrade lymphoma Besides

they do not constantly exhibit a bias toward a specific VH usage

55 The data presented hereafter indeed suggest thattransformationmay occur in some cases independently of chronic antigenic

stimulation but rather by direct infection of B cells Figure 2

Evidences from murine models Several murine models have

shown that intracellular virus proteins might contribute to direct

oncogenic transformation For instance combination of IFN

regulatory factor 1 irf 1 inactivation and persistent expression

of HCV structural proteins eg CN2 results in mice in thedevelopmentof lymphoproliferative disorders after a latencycomprisedbetween 180 and 600 days 69 In this model decreased

activation of caspases37 and caspase 9 and increased levels of

IL2 IL10 and Bcl2 as well as increased Bcl2 expression were

the primary events found to induce lymphoproliferation

Another transgenic mouse model expressing HCV core protein

showed frequent development of follicular center cell type

lymphoma 80 at20 month of age with HCV core mRNA
detected in lymphoma tissue 70 Mice expressing the full HCV
genome in B cells develop DLBCL with a significantly higher

Bcell

AID

BCR

IgG

HCV

HCV

E2

CD81

IL17
CD19 CD21

BAFF
IL6

IL17
IL10

BAFF

TGF_

IL6

Figure 1 Model of indirect HCVrelated Bcell transformationcontinuous
external stimulation of lymphocytes receptors by viralantigensand cytokines
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vasculitis [ 44, 45]. About 8%-10% of patients with MC ultimately 
develop lymphoproliferative disorders [ 46, 47] and cryoglobuline
mia carriers exhibit a 35-times increased risk of NHL [48]. MC is 
therefore considered as a clinically benign pre-lymphomatous dis
ease characterized by bone marrow and liver B-cell clones resem
bling a picture of low-grade NHL [49]. In MC patients, clonal 
expansion of selective VH 1-69+ memory B cells [ 50, 51 ] indicates 
that B-cell repertoire of BCV-associated MC is highly restricted. 
VDJ pattern analysis of these patients has also shown that more than 
one clone sustain the lymphoproliferation [52]. Restricted usage of 
Vttl-69 and VK3-20/15 regions has also been demonstrated in pa
tients with BCV-associated NHL [53- 55], thereby giving strong 
support to an antigenic selection driven process underlying lymph
oma development in BCV-positive patients. VDJ pattern analysis 
carried out sequentially at both times of MC and overt B-cell lymph
oma in one patient confirmed that lymphoma originated from one 
of the clones over-stimulated during MC [56]. In addition, sequenc
ing oflg variable regions has revealed that they are product of som
atic hypermutation [ 54], strengthening the role of chronic antigenic 
stimulation in the development of BCV-associated lymphoma 
(Figure 1). 

Role of Ig-HCV immunocomplexes. BCV-related MC IgM dis
play rheumatoid factor (RF) activity and are in particular autor
eactive against IgG anti-HCV antibodies [57] (Figure 1). It has 
thus been speculated that MC IgM RF might emerge from cross
reaction between virus-associated epitope and IgG autoantigen. 
However, no cross-reactivity of the IgM RF B-cell receptor (BCR) 
or serum IgM RF with HCV antigens has far been demonstrated. 

In addition, it has been shown that BCR from BCV-associated 
lymphoma patients was actually not able to bind to HCV antigens 
[ 58 ]. Furthermore, stereotyped BCR sequences that contribute to 
an highly biased repertoire in BCV-associated B-NHL, have been 
also detected in other BCV-negative B-cell malignancies, e.g. 
MALT lymphoma (some associated with RF), chronic lympho
cytic leukemia, non-malignant B cells with RF activity, and non
malignant marginal zone splenic B cells [55 ]. These data suggest 
that BCV-associated lymphoma may most likely arise from pre
cursors with autoimmune properties rather than B cells specific
ally aimed at eliminating the virus. 

Role of CD81-E2 binding. Several studies have supported a major 
role for HCV envelope glycoprotein E2 in indirect transform
ation. E2 binding to its receptor on B cells (i.e. CD81) [59] facili
tates the assembly of the CD81/CD19/CD21 costimulatory 
complex [60]. Hence, E2-CD81 engagement plays a role in acti
vating B cells by lowering their threshold of activation. 

HCV E2 binding to CD81 receptor has also been shown to in
duce somatic hypermutation of the immunoglobulin gene locus 
[61 ] through activation-induced deaminase (AID) activation, re
gardless HCV replication or direct infection of B cells by HCV 
(Figure 1 ). This process has also been demonstrated in the con
text of malaria infection, in which chronic stimulation by 
Plasmodium elicits protracted AID expression in GC B-cells lead
ing to chromosome translocations [ 62]. 

Role of cytokines and microenvironment. Upregulation of BAFF, 
a critical survival factor for B cells, has been demonstrated in 
HCV chronic infection [63]. Interestingly, BAFF levels are found 
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B-cell 

Figure 1. Model of indirect HCV-related B-cell transformation: con
tinuous external stimulation of lymphocytes receptors by viral anti
gens and cytokines. 

being lower in HCV patients without MC, intermediate with 
those with cryoglobulinemia and higher in those with NHL [64]. 
In addition, a specific BAFF promoter polymorphism reported to 
induce an increased transcriptional activity has been found with a 
higher frequency in BCV-infected patients with MC group than 
in the BCV-infected patients without MC (Figure 1). This sug
gests that mechanisms enhancing lg production and B-cell sur
vival may play a relevant role in HCV MC pathogenesis [65]. 

Other cytokines and growth factors, such as IL-6, IL-17, IL-10 
and TGF- ~' have been also reported to contribute to B-cell prolif
eration in BCV infection [66- 68] (Figure 1). 

Direct transformation of B-cell by HCV through 
oncogenic effects mediated by intracellular viral 
proteins 

BCV-associated lymphoma, especially aggressive NHL, might 
occur without history of MC or low-grade lymphoma. Besides, 
they do not constantly exhibit a bias toward a specific VH usage 
[55]. The data presented hereafter indeed suggest that transform
ation may occur in some cases independently of chronic antigenic 
stimulation but rather by direct infection of B cells (Figure 2 ). 

Evidences from murine models. Several murine models have 
shown that intracellular virus proteins might contribute to direct 
oncogenic transformation. For instance, combination of IFN 
regulatory factor-1 (irf-1) inactivation and persistent expression 
ofHCV structural proteins, e.g. CN2, results in mice in the devel
opment of lymphoproliferative disorders after a latency com
prised between 180 and 600 days [ 69]. In this model, decreased 
activation of caspases-3/7 and caspase-9 and increased levels of 
IL-2, IL-10 and Bcl-2, as well as increased Bcl-2 expression, were 
the primary events found to induce lymphoproliferation. 
Another transgenic mouse model expressing HCV core protein 
showed frequent development of follicular center cell type 
lymphoma (80% at >20 month of age), with HCV core mRNA 
detected in lymphoma tissue [70]. Mice expressing the full HCV 
genome in B cells develop DLBCL with a significantly higher 
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frequency compared with their genetically identical counterpart

without HCV expression 71 A possible transformingmechanismcould involve serum soluble interleukin 2 receptor a subunit

sIL2Ra which was found in substantially elevated levels 72

HCV lymphotropism Although a growing number of studies

have detected presence of HCV RNA negative strand in B cells

from patients chronically infected with HCV as well as from

HCV positive MC patients 73–76 whether HCV infects B cells

is still not universally accepted However expression ofHCVencodingprotein NS5 and NS3 in peripheral bloodmononuclear
cells 73–75 indicates that HCV not only replicates but also

produces HCV proteins ruling out the possibility that finding of

negative strand of HCV RNA is solely due to passive absorption

by circulating HCV inperipheralblood

CD81 which is expressed in B cells has been shown to be an

entry receptor for HCV 59 Nevertheless all HCV strains are

not lymphotropic It has been recently demonstrated that HCV
tissue tropism is genetically determined by the properties of viral

envelope proteins and the 50UTR sequences In addition thecostimulatoryreceptor B7.2 CD86 has been shown to mediate

HCV lymphotropism toward memory Bcells Its binding to

HCV leads to inhibition ofmemory Bcell function and enhances

the differentiation of memory B cells into IgM secretingplasmablasts77

In situ detection of HCV proteins on NHL tissues Expression of

NS3 protein in primary Bcells has been detected byimmunohistochemistry
in most cases of HCVpositive DLBCL 1214

in contrast to HCV positive MZL 414 or follicular lymphoma

16 78 These findings indicate that transformation of B cells

toward DLBCL is favored by their infection by HCV and suggest

a possible direct role of HCV in lymphomagenesis

DNA damages induction By activating errorprone polymerases

and AID 79 HCV is able to cause mutations in ‘immunoglobulinheavy chain’ BCL6 TP53 and beta catenin genes of in vitro

HCV infected Bcell lines and HCV associated peripheral blood

mononuclear cells lymphomas and hepatocellular carcinomas

79 Expression of HCV core protein C and non structural

protein 3 NS3 has also been associated with the induction ofnitricoxide synthase NOS and reactive oxygen species ROS
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Figure 2. Model of direct HCV-related B-cell transformation: oncogenic effects mediated by intracellular viral proteins. 

frequency compared with their genetically identical counterpart 
without HCV expression [71 ]. A possible transforming mechan
ism could involve serum-soluble interleukin-2 receptor a subunit 
(sIL-2Ra), which was found in substantially elevated levels [72]. 

HCV lymphotropism. Although a growing number of studies 
have detected presence of HCV RNA negative strand in B cells 
from patients chronically infected with HCV as well as from 
BCV-positive MC patients [73- 76], whether HCV infects B cells 
is still not universally accepted. However, expression of HCV
encoding protein, NS5 and NS3, in peripheral blood mononu
clear cells [73- 75] indicates that HCV not only replicates but also 
produces HCV proteins, ruling out the possibility that finding of 
negative strand ofHCV RNA is solely due to passive absorption 
by circulating HCV in peripheral blood. 

CD81, which is expressed in B cells has been shown to be an 
entry receptor for HCV [59]. Nevertheless, all HCV strains are 
not lymphotropic. It has been recently demonstrated that HCV 
tissue tropism is genetically determined by the properties of viral 
envelope proteins and the 5' -UTR sequences. In addition, the co
stimulatory receptor B7.2 (CD86) has been shown to mediate 
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HCV lymphotropism toward memory B-cells. Its binding to 
HCV leads to inhibition of memory B-cell function and enhances 
the differentiation of memory B cells into IgM-secreting plasma
blasts [77]. 

In situ detection of HCV proteins on NHL tissues. Expression of 
NS3 protein in primary B-cells has been detected by immunohis
tochemistry in most cases of BCV-positive DLBCL (12/14) 
in contrast to BCV-positive MZL (4/14) or follicular lymphoma 
( 1/6) [78]. These findings indicate that transformation of B cells 
toward DLBCL is favored by their infection by HCV and suggest 
a possible direct role ofHCV in lymphomagenesis. 

DNA damages induction. By activating error-prone polymerases 
and AID [79], HCV is able to cause mutations in 'immunoglobu
lin heavy chain', BCL6, TP53 and beta-catenin genes of in vitro 
BCV-infected B-cell lines and BCV-associated peripheral blood 
mononuclear cells, lymphomas and hepatocellular carcinomas 
[79]. Expression of HCV core protein (C) and non-structural 
protein 3 (NS3) has also been associated with the induction of ni
tric oxide synthase (NOS) and reactive oxygen species (ROS) 
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generation which might be responsible for mutations and DNA
double strand breaks 80

In addition the HCV core protein binds toNBS1 protein which

inhibits Mre11–NBS1–Rad50 complex formation and therebyaffects
activation of ATM a key element of the DNA damageresponse

signaling pathway 81 In the same line NS3 4A protease

has been recently demonstrated to downregulate activity of the

Checkpoint kinase 2 CHK2 a key sensor toDNA damage 75
Overall reduced ability of HCV infected cells to efficientlyrepairDNA damage coupled with the ability of HCV to induce

DNA damages would introduce random rearrangements into

the genome leading to predisposition to cancer Figure 2

Deregulation of BCR signaling NS3 4A protease has been shown

to induce CHK2 downregulation which modulatesposttranscriptionalregulation of multiple mRNAs controlled by HuR
HuR one of the CHK2 downstream targets is a RNA binding

protein that binds to the 30UTR region of mRNAs and increases

their stability 75 In response to NS3 4A overexpression the

BCR signaling pathway was found to be the most affectedpathwayswith the largest number of transcripts showing increasedassociationwith HuR such as CD79A CARD11 BTK SYK BCL6

etc 75 Overall HCV infection in B cells maythereforecontributeto Bcell transformation by upregulating host BCR signaling

Figure 2

Deregulation of microRNAs network A reduced expression of

miR26b has been found in HCV positive versus HCV negative

patients with SMZL 82 Diminished expression of miR26b has

demonstrated oncogenic potential in vitro and has been linked to

a malignant tumor phenotype in hepatocellular carcinoma and

lung carcinoma 83
MiR 26b expression was also significantly down regulated in

Bcell lymphoma from HCVtransgenic mice 83 supporting a

direct role of HCV infection in this process Moreover a recent

analysis showed upregulation of miRNA21 and downregulation

of miRNA 26b in peripheral blood mononuclear cells from

HCV associated malignancies i e hepatocellular carcinoma as

well as NHL patients when compared with controls 84 An
overexpression of miR29a miR29b and miR223 was also

observed in patients with HCV related nodal MZL 85
Altogether these findings suggest that deregulation of miRNAs

network participates to HCVrelated tumorigenesis

Additional contributors to HCVrelated

lymphomagenesis

Genomics alterations in HCVassociated lymphoma Given the

latency for Bcell lymphoma development in HCV transgenic

mice 20 months 70 it is most likely that additional genetic

events are necessary for HCVassociated Bcell transformation

NOTCH2 NOTCH1 and PTEN mutations have beenidentifiedin respectively 20 4 and 2 of HCVpositive DLBCL
patients Mutations of the NOTCH pathway are associated with a

shorter overall survival and correlate with coexistence in thediagnosticbiopsy of a lowgrade component along the large cellcomponentproper of DLBCL 86 This finding is in agreement with

the high frequency of NOTCH2 mutations detected in MZLpatients
regardless of the HCV status 87 Altogether these data

suggest that HCV positive NOTCH mutated DLBCL derive

from previous overt or not detectable MZL
Further studies are warranted to better characterize themutationallandscape of HCV associated Bcell lymphoma

Genetic predisposition in HCVrelated diseases More and more

evidences argue for the role of host genetic factors in thedevelopmentof HCV related lymphoproliferative diseases

Some specific SNPs in the MHC class II HLA DRB1 and

DQA1 gene as well as in the NOTCH4 gene have beendemonstratedto be significantly associated with HCVrelated benign

and malignant lymphoproliferative diseases 88 89
The potential impact of the host HLA KIR profile inHCVrelated

disease progression has also been investigated 90
KIRDS2 and KIRDL2 variants were significantly associated with

HCVrelated lymphoproliferative diseases including MC as well

as malignant BNHL When analyzing specific combination of

KIR and HLA haplotypes it has been shown that the HLA Bw6
KIR3DL1 combination was correlated with a higher risk ofdevelopinglymphoma than MC In the other hand reduction of

HLA Bw4 KIR3DS1 was associated with an increased risk ofdevelopingan HCV positive hepatocarcinoma 90
In a French metacentric study including 87 patients withHCVassociatedlymphoma of any histological subtype a specificgenetic

variant of TNFAIP3 A20 the rs2230926G allele was more

frequently detected inpatients with RF activity 20 whencomparedwith RFnegative patients 0 P 0.01 91 It suggests

that in the context of chronic stimulation of RFþB cells a small

constitutive A20 dysfunction leading to increased NFkBactivationmay be sufficient for lymphomatous escape of autoimmune

B cells

Finally specific TLR2 IL28B haplotypes have been recentlyreportedto discriminate between HCV positive patients more

likely evolving toward liver damage rs12979860 IL28b TLR2
174 del variant and those evolving toward a lymphoproliferative

disorder wild type haplotype 92 supporting a role for innate

immunityin HCV disease progression

Models of lymphomagenesis associated

with HCV infection

HCVpositive MZL and DLBCL two distinct models

of HCVrelated lymphomagenesis

In view of the findings described above two different routes of

transformation leading to development of Bcell lymphoma in

HCV infected patients maybe considered

It is now well established that chronic external stimulationleadingto protracted stimulation of antigen specific Bcell clones is

likely to constitute the main driving mechanism in MZL and to

some extent in transformed DLBCL deriving fromMZL 93–96
In addition we propose an alternative pathway oftransformationbased on direct HCV infection of B cells especially in the

HCVpositive de novo DLBCL subgroup 96 MixedcryoglobulinemiaRF and VH1–69þand VK3–2015 restriction usage are

indeed unusual features of de novo large B cells 7 In addition a

fraction of HCV positive DLBCL cases do not display associated
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generation which might be responsible for mutations and DNA 
double strand breaks [ 80]. 

In addition, theHCV core protein binds to NBSl protein, which 
inhibits Mrel 1-NBS l-Rad50 complex formation and thereby af
fects activation of ATM, a key element of the DNA damage re
sponse signaling pathway [81 ]. In the same line, NS3/4A protease 
has been recently demonstrated to downregulate activity of the 
Checkpoint kinase 2 ( CHK2), a key sensor to DNA damage [ 7 5] . 

Overall, reduced ability ofHCV-infected cells to efficiently re
pair DNA damage, coupled with the ability of HCV to induce 
DNA damages, would introduce random rearrangements into 
the genome, leading to predisposition to cancer (Figure 2). 

Deregulation of BCR signaling. NS3/4A protease has been shown 
to induce CHK2 downregulation, which modulates posttran
scriptional regulation of multiple mRNAs controlled by HuR. 
HuR, one of the CHK2 downstream targets, is a RNA-binding 
protein that binds to the 3' -UTR region of mRNAs and increases 
their stability [75]. In response to NS3/4A overexpression, the 
BCR signaling pathway was found to be the most affected path
ways with the largest number of transcripts showing increased as
sociation with HuR, such as CD79A, CARDll, BTK, SYK, BCL6 
etc. [75]. Overall, HCV infection in B cells may therefore contrib
ute to B-cell transformation by upregulating host BCR signaling 
(Figure 2). 

Deregulation of microRNAs network. A reduced expression of 
miR-26b has been found in HCV positive versus HCV negative 
patients with SMZL [82]. Diminished expression of miR-26b has 
demonstrated oncogenic potential in vitro and has been linked to 
a malignant tumor phenotype in hepatocellular carcinoma and 
lung carcinoma [ 83]. 

MiR-26b expression was also significantly down-regulated in 
B-cell lymphoma from BCV-transgenic mice [83], supporting a 
direct role of HCV infection in this process. Moreover, a recent 
analysis showed upregulation of miRNA-21 and downregulation 
of miRNA-26b in peripheral blood mononuclear cells from 
BCV-associated malignancies, i.e. hepatocellular carcinoma as 
well as NHL patients, when compared with controls [84]. An 
overexpression of miR-29a, miR-29b and miR-223 was also 
observed in patients with BCV-related nodal MZL [85]. 
Altogether, these findings suggest that deregulation of miRNAs 
network participates to BCV-related tumorigenesis. 

Additional contributors to HCV-related 
lymphomagenesis 

Genomics alterations in HCV-associated lymphoma. Given the 
latency for B-cell lymphoma development in HCV transgenic 
mice (>20 months) [70], it is most likely that additional genetic 
events are necessary for H CV -associated B-cell transformation. 

NOTCH2, NOTCHl and PTEN mutations have been identi
fied in, respectively, 20%, 4% and 2% ofHCV-positive DLBCL 
patients. Mutations of the NOTCH pathway are associated with a 
shorter overall survival and correlate with coexistence in the diag
nostic biopsy of a low-grade component along the large-cell com
ponent proper ofDLBCL [86]. This finding is in agreement with 
the high frequency of NOTCH2 mutations detected in MZL pa
tients regardless of the HCV status [87]. Altogether, these data 

96 I Couronne et al. 

Annals of Oncology 

suggest that BCV-positive NOTCH-mutated DLBCL derive 
from previous ( overt or not detectable) MZL. 

Further studies are warranted to better characterize the muta
tional landscape ofHCV-associated B-cell lymphoma. 

Genetic predisposition in HCV-related diseases. More and more 
evidences argue for the role of host genetic factors in the develop
ment ofHCV-related lymphoproliferative diseases. 

Some specific SNPs in the MHC class II HLA-DRBl and -
DQAl gene as well as in the NOTCH4 gene have been demon
strated to be significantly associated with BCV-related benign 
and malignant lymphoproliferative diseases [ 88, 89]. 

The potential impact of the host HLA/KIR profile in HCV
related disease progression has also been investigated [90]. 
KIRDS2 and KIRDL2 variants were significantly associated with 
BCV-related lymphoproliferative diseases including MC as well 
as malignant B-NHL. When analyzing specific combination of 
KIR and HLA haplotypes, it has been shown that the HLA-Bw6/ 
KIR3DL1 combination was correlated with a higher risk of de
veloping lymphoma than MC. In the other hand, reduction of 
HLA-Bw4/KIR3DS1 was associated with an increased risk of de
veloping an H CV-positive hepatocarcinoma [90]. 

In a French metacentric study including 87 patients with HCV
associated lymphoma of any histological subtype, a specific gen
etic variant of TNFAIP3/A20, the rs2230926G allele, was more 
frequently detected in patients with RF activity (20%) when com
pared with RF-negative patients (0%) (P= 0.01) [91 ]. It suggests 
that, in the context of chronic stimulation of RF+ B cells, a small 
constitutive A20 dysfunction leading to increased NF-kB activa
tion may be sufficient for lymphomatous escape of autoimmune 
B cells. 

Finally, specific TLR2-IL28B haplotypes have been recently re
ported to discriminate between BCV-positive patients more 
likely evolving toward liver damage (rsl2979860 IL28b, TLR2-
174 de! variant) and those evolving toward a lymphoproliferative 
disorder (wild type haplotype) [92], supporting a role for innate 
immunity in HCV disease progression. 

Models of lymphomagenesis associated 
with HCV infection 

HCV-positive MZL and DLBCL: two distinct models 
of HCV-related lymphomagenesis 

In view of the findings described above, two different routes of 
transformation leading to development of B-cell lymphoma in 
HCV infected patients may be considered. 

It is now well established that chronic external stimulation lead
ing to protracted stimulation of antigen-specific B-cell clones is 
likely to constitute the main driving mechanism in MZL and to 
some extent, in transformed DLBCL deriving from MZL [93- 96]. 

In addition, we propose an alternative pathway of transform
ation based on direct HCV infection of B cells, especially in the 
BCV-positive de nova DLBCL subgroup [96]. Mixed cryoglobu
linemia, RF and Vttl-69+ and V K3-20/15 restriction usage are 
indeed unusual features of de nova large-B cells [7]. In addition, a 
fraction of BCV-positive DLBCL cases do not display associated 
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lowgrade component or NOTCH pathways mutations 86
Finally the presence of viral proteins has been detected in tumor

cells of HCV positive DLBCL 78

HCVpositive FL a third pathogenetic pathway

Although this model is highly speculative we propose that adistinctpathway may be involved in HCV positive FL Figure 3
When compared with normal healthy population 97circulatingIGH–BCL2 positive clones have been indeed observed with

higher frequencies in patients with HCV infection especially

when associated with MC 15 16 and in different subtypes of

HCV positive NHL 11 17 18 We thus speculate that hepatitis

C infection through chronic inflammation would favor GC
reentries of opportunistic t 14 18 positive memory B cellsduring

a lifetime of recurrent immunological challenges aspreviouslyshown in HCV negative FL 98 Stimulation and

proliferation of GCmemory B cells may be triggered by anoncognatebystander Tcell help from T follicular helpers which is

antigen independent and more based on CD40–CD40Linteractionand or cytokine production Furthermore t 14 18positiveGCmemory B cells may acquire secondary oncogenic events

due to AID mediated SHM and CSR which promotes FLdevelopmentand ultimately transformation into DLBCL

However in contrast to the other HCV positive Bcelllymphomasubtypes prevalence of HCV infection in FL patients is not

different from those in the controls 3 We therefore hypothesize

that non cognate bystander effect could occur outside germinal

centers and involve other actors Interaction betweenmannosylated
Ig of FL cells and Ctype lectins expressed by cells of innate

immunity such as macrophages and dendritic cells has beenindeeddemonstrated to provide an activating antigen independent

signal for FL cells 99

Discussion

Conclusion

HCV lymphomagenesis represents a fascinating model of cellular

transformation involving several mechanisms including chronic

antigenic stimulation interactions with infectedmicroenvironmentand cytokines and at least in some cases directtransformationby virus proteins Based on that different models ofHCVrelatedlymphomagenesis have begun to emerge Figure 4 InadditionDAA based antiviral therapy has demonstrated promising

results in HCV positive Bcell lymphoma especially in MZL and

should be integrated as part of the therapeutic arsenal However it
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Figure 3. Hypothetical model of HCV-positive follicular lymphoma pathogenesis. In the context of HCV infection, transformation of t(14; 18)
positive memory B cells into FL could arise through GC reentries but may also involve actors outside mutagenic germinal center 
environment. 

low-grade component or NOTCH pathways mutations [86]. 
Finally, the presence of viral proteins has been detected in tumor 
cells ofHCV-positive DLBCL [78]. 

HCV-positive FL: a third pathogenetic pathway? 

Although this model is highly speculative, we propose that a dis
tinct pathway may be involved in BCV-positive FL (Figure 3 ). 

When compared with normal healthy population [97], circu
lating IGH-BCL2 positive clones have been indeed observed with 
higher frequencies in patients with HCV infection, especially 
when associated with MC [ 15, 16] and in different subtypes of 
BCV-positive NHL [ 11 , 17, 18]. We thus speculate that hepatitis 
C infection, through chronic inflammation, would favor GC 
reentries of opportunistic t(l4; 18)-positive memory B cells, dur
ing a lifetime of recurrent immunological challenges, as previ
ously shown in BCV-negative FL [98]. Stimulation and 
proliferation of GC/memory B cells may be triggered by a non
cognate bystander T-cell help from T follicular helpers which is 
antigen independent and more based on CD40-CD40L inter
action and/or cytokine production. Furthermore, t(l4; 18)-posi
tive GC/memory B cells may acquire secondary oncogenic events 
due to AID-mediated SHM and CSR, which promotes FL devel
opment and ultimately transformation into DLBCL. 
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However, in contrast to the other BCV-positive B-cell lymph
oma subtypes, prevalence of HCV infection in FL patients is not 
different from those in the controls [3]. We therefore hypothesize 
that non-cognate bystander effect could occur outside germinal 
centers and involve other actors. Interaction between mannosy
lated lg of FL cells and C-type lectins expressed by cells of innate 
immunity, such as macrophages and dendritic cells, has been in
deed demonstrated to provide an activating antigen-independent 
signal for FL cells [99]. 

Discussio"7_n~--------------

Conclusion 

HCV lymphomagenesis represents a fascinating model of cellular 
transformation involving several mechanisms, including chronic 
antigenic stimulation, interactions with infected microenviron
ment and cytokines and at least in some cases, direct transform
ation by virus proteins. Based on that, different models ofHCV
relatedlymphomagenesis have begun to emerge (Figure 4). In add
ition, DAA-based antiviral therapy has demonstrated promising 
results in BCV-positive B-cell lymphoma, especially in MZL, and 
should be integrated as part of the therapeutic arsenal. However, it 
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is of prime importance to well define and understandthemechanismsof HCV driven NHL pathogenesis in order to guidetherapeuticdecision More biological evidence is still needed and

appropriate studies should be conducted
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Figure 4. Models of HCV-related lymphomagenesis. In addition to indirect chronic antigenic stimulation prevailing in marginal zone 
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HCV-positive de novo DLBCL and follicular lymphoma (FL). 

is of prime importance to well define and understand the mechan
isms of HCV-driven NHL pathogenesis in order to guide thera
peutic decision. More biological evidence is still needed and 
appropriate studies should be conducted. 
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