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Alteration of B cell function by hepatitis C virus

Hepatitis C Virus (HCV) is associated epidemiologically with B cell lymphoma. Recent
reports have documented that these lymphomas can regress when patients are treated
with antiviral therapy for their coexistent HCV. This exciting result implies that the con-
tinued presence of the virus is necessary for the survival of the lymphoma cells. HCV is
also known to be the primary cause of mixed cryoglobulinemia (MC), a benign B cell pro-
liferative disorder that can sometimes progresses to lymphoma. The connection between
HCV infection and these B cell lymphoproliferative diseases may serve as an important
model for how an immune response can go awry and lead to lymphoma. We hypothesize
that rare B cells, which recognize the foreign viral antigen(s), could be diverted by the virus

from its immune function to uncontrolled proliferation.

B cell proliferative diseases in Hepati-
tis C virus (HCV)-infected patients
HCV has infected over 170 million people
worldwide. The virus cannot be reproducibly
grown in tissue culture or in small animal
models. The only known hosts for HCV are
human and chimpanzee. Our current under-
standing of HCV pathogenesis is based
mostly on epidemiological and molecular
studies. The majority of HCV infected
patients develop chronic hepatitis. Chronic
HCV infection is the most prevalent cause
of liver cirrhosis and is the major cause of
mixed cryoglobulinemia (MC), a B cell pro-
liferative disorder. It is estimated that 30-
40% of patients chronically infected by
HCV have MC.' Moreover, nearly all MC
patients are infected by HCV, indicating
that this virus plays a major role in the eti-
ology of this B cell proliferative disease.?
While MC is mostly an indolent disease,
patients with MC can progress to overt B
cell lymphomas.® MC patients responding
to anti-viral therapy show regression of
their expanded B cell populations. The dis-
appearance of these B cell clones in
response to anti- HCV treatment has been
documented by tracking their unique clon-
al immunoglobulin (Ig) heavy chain rear-
rangements and/or their clonal Bcl-2
t(14:18) translocations.* These studies
demonstrate that the expansion of clonal B
cells is tightly linked to HCV infection.

haematologica reports 2005; 1(5):September 2005

HCV is associated with non Hodgkin lym-
phomas (NHL). In Italy 9-35% of patients
with B cell NHL are chronically infected
with HCV, compared to 2-13% of patients
with other hematological malignancies and
to 1-5% of healthy individuals.® In one US
study (Southern CA) 22% of NHL patients
were infected by HCV compared to 5%, of
patients with non-malignant hematological
conditions.® In contrast, a number of simi-
lar studies from other countries such as
France, Scotland, Canada, Germany, and
other U.S. regions have not found a high
prevalence of HCV infection in lymphoma
patients, reviewed in.? Currently, the reason
for this geographically varied incidence of
HCV association with lymphoma is not
clear. Neither is the mechanism by which
these two diseases could be associated.
Nevertheless, Anti-viral treatment caused
the regression of B cell lymphomas as doc-
umented for HCV-infected patients who
also had marginal zone lymphoma and
were treated with interferon-o. +/- rib-
avirin.” Coincident with the clearance of
viremia these patients showed regression
of their splenic marginal zone lymphomas.

Viral- B cell interactions

The viral sequence predicts the presence
of two envelope glycoproteins E1 and E2.%
A soluble recombinant form of E2 was
shown to interact with CD81 on the sur-
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face of lymphocytes.® A large number of studies have
confirmed the direct interaction between CD81 and
HCV envelope proteins® and defined the critical
residues of the CD81 involved in this interaction.” It is
important to note that while CD81 is necessary, it is
not sufficient for infectivity by the virus and that addi-
tional cell surface receptors, such as the scavenger
receptor (SR-B1), the LDL receptor and DC-SIGN/L-
SIGN have been implicated in the binding and inter-
nalization of viral pseudoparticles.’"

Role of CD81 in B cells

We originally identified CD81 as the target of an
anti-proliferative antibody (TAPA-1) in human B cells™
CD81 is a member of the tetraspanin superfamily of
cell-surface proteins. Tetraspanins play a role in cell
adhesion, motility, proliferation, and differentiation™
they share a common membrane topology, forming
four transmembrane domains and two extracellular
loops and a signature of conserved amino acid residues
that distinguishes them from other molecules with
four transmembrane domains.' Tetraspanins, in gen-
eral and particularly CD81, tend to assemble multi-
molecular complexes in the cell membrane. Compo-
nents of these complexes differ in different cell types.
Thus, triggering a specific tetraspanin molecule results
in downstream signaling events that differ according
to the cell type.” Because CD81 is a widely expressed
molecule forming such varied molecular complexes,
its engagement leads to different functional effects in
cells of different origins. For example, engagement of
CD81 by HCV E2 on T cells leads to their activation,
while on NK cells it leads to their inhibition [18, 19].
(D81 is expressed in the liver, but its function in hepa-
tocytes is still unknown.
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Figure 1: Direct engagement of HCV E2 by the BCR and
CD81 on the surface of a B cell leading to dual stimula-
tion.
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In B cells CD81 associates with the CD19/CD21 co-
receptor complex (Figure 1). This signaling complex
serves as a link between the innate and the acquired
immune systems. The dual binding of an antigen
opsonized by complement to both the complement
receptor (CD21) and to a specific B cell receptor (BCR)
triggers synergistic signaling pathways. Indeed, it was
demonstrated that co-engagement of the BCR and the
CD19/CD21/CD81 complexes lowers the threshold of B
cell activation.®® HCV, by virtue of binding directly to
CD81 could react with a specific BCR and deliver a
dual activation signal to specific B cells.

The B cell immune response to HCV infection

Support for the dual receptor hypothesis comes from
our published studies in which we analyzed the
immune response of patients to HCV infection. In these
studies we tested the ability of the immunoglobulin,
secreted by B cells from an HCV-infected patient, to
block interactions between cells and viral envelope
proteins. We characterized a panel of human hybrido-
mas derived from peripheral B cells of an asympto-
matic HCV-infected individual. These hybridomas were
selected because of their reactivity with the HCV enve-
lope glycoprotein E2. The panel included 10 hybrido-
mas, 9 of which produced mAbs that recognized con-
formational epitopes within the viral envelope pro-
tein. Six of the 9 conformational mAbs inhibited bind-
ing of E2 to cells in a CD81-dependent manner. This
study demonstrated that HCV-infected patients pro-
duce antibodies that may neutralize the binding of the
virus to the CD81 receptor. Interestingly, five of the
six neutralizing mAbs were broadly reactive and bound
E2 from several HCV genotypes, indicating an immune
response to common epitopes that may play a role in
viral-cell interaction.

Earlier studies of HCV-infected patients with cryo-
globulinemia have demonstrated that these immuno-
globulins were derived from B cells with a biased V
gene repertoire.’ We therefore wondered whether the
immune response against HCV is also restricted. We
analyzed the V gene usage of the panel of human anti-
HCV E2 mAbs. Sequences of the V region genes
expressed by the 10 hybridomas demonstrated that
each hybridoma expressed unique VH and VL genes.
Remarkably, 7/10 of the anti-E2 hybridomas used the
VH1-69 gene or the closely related VH1-e gene. Analy-
sis of replacement to silent mutation ratios indicated
that these V genes had undergone somatic mutation
and antigenic selection. The preferential usage of the
VH1-69 gene was known to occur in HCV-associated
type Il MC.?" Moreover, the same biased use of the
VH1-69 gene was found in BCRs from HCV-associat-
ed lymphomas.” Taken together, these studies impli-
cate a biased immune response to HCV E2, which is
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reproduced in pathogenic B cell proliferative disorders
associated with this viral infection.

Analysis of the B cell receptor (BCR) of HCV-
associated B cell ymphomas: evidence for anti-
gen-driven lymphomagenesis

The monoclonal nature of B cell lymphomas pro-
vides a unique opportunity to investigate the BCR
expressed on the surface of an expanded B cell popu-
lation. We determined the V gene repertoire used by
HCV-associated lymphomas in our patient population.
By producing the BCR proteins we were able to test
them for binding to HCV antigens. Intact tumor cells
cannot be used for this purpose because E2 also binds
CD81."* We therefore molecularly rescued the Vyand
V. region genes from 7 independent lymphoma biop-
sies, obtained from patients who were also infected by
HCV. The molecularly rescued V genes were then
inserted into an expression vector for the production
of soluble immunoglobulins.* The rescued soluble
immunoglobulins were then tested for their binding to
the HCV E2 protein. One of the 7 rescued lymphoma
immunoglobulins reacted with the HCV E2 antigen.
This binding was similar in every respect to that of a
well-characterized human anti-E2 mAb. In contrast,
none of 23 rescued immunoglobulins from non-HCV
associated lymphoma cases bound E2. The HCV-asso-
ciated NHL immunoglobulin precipitated E2 molecules
with a size distribution that was identical to that pre-
cipitated by the known anti-E2 mAb. Both immuno-
globulins bound multiple E2 glycoforms. The lym-
phoma-derived immunoglobulin bound E2 from all
tested genotypes, implying reactivity with a conserved
E2 epitope. The lymphoma in this patient evidently
arose from a B cell that was part of an immune
response to the HCV-E2 protein. We believe this to be
the first identification of a cognate antigen for a
human lymphoma BCR.

The seven cases analyzed show a limited V region
gene repertoire with a high frequency of the V,; 1-69

Table 1. V gene usage of HCV-associated lymphomas
identified to-date.

Patient Vy VL

1 Vi, 1-69 V,3-A27
2 V,,4-59 V,3-A27
3 Vy 3-48 V(1-012
4 V, 4-34 V,3-A27
5 Vi 3-15 V,(1-012
6 Vi T-e* V,3-A27
7 Vi, 1-69 V(1-L15

**Closely related to V, 1-69.

haematologica reports 2005; 1(5):September 2005

Infection-Driven Lymphomas, Rome, April 17-19, 2005

and VK3-A27 genes (Table 1). These isolated V region
genes were unique to each patient, as they had accu-
mulated unique somatic mutation patterns, indicating
antigenic selection. This same bias in V gene reper-
toire was reported in a study of Italian HCV-associat-
ed lymphomas® and in the normal B cells that respond
to the HCV envelope protein E2* Taken together these
findings support the hypothesis that lymphomas can
arise from B cells that are part of an immune response
against an HCV antigen.

Role of CD81 in the dual activation of B cells

Co-engagement of the BCR and the CD19/CD21
complex results in the prolonged association of the
BCR with lipid rafts and prolonged signaling from the
rafts as compared to that achieved by BCR cross-link-
ing alone.” The ability of the CD19/CD21/CD81 com-
plex to enhance BCR signaling by stabilizing its asso-
ciation with rafts appears to be a novel mechanism by
which co-receptors can function. To determine the role
of CD81 in the enhancement of BCR signaling by the
CD19/CD21 co-receptor complex we employed our
CD81-deficient mice.”® Our studies provide evidence
that CD81 is critical for the function of the CD19/CD21
co-receptor complex in B cells. In wild-type B cells,
(D81 associates with lipid rafts upon co-engagement
of the BCR and the CD19/CD21 complex. In contrast,
B cells from our CD81-deficient mice were impaired in
their ability to partition the co-ligated BCR and
CD19/CD21 complexes into lipid rafts, which resulted
in reduced signaling.

B cell ymphomagenesis

There are at least two possible mechanisms by which
the immune response of normal B cells to HCV infec-
tion could go awry:

1. Dual stimulation, whereby B cells responding to
the virus receive a chronic activating signal through
both their BCR and through the CD19/CD21/CD81
complex placing them at risk for malignant transfor-
mation.

2. Facilitated viral entry, whereby B cells that bind
the virus through both receptors efficiently internal-
ize the virus, which then could cause genomic insta-
bility.

Experimental systems in which to test the dual
receptor hypothesis in both its cell signaling and viral
entry aspects will be discussed.

References

1. Sasso, E.H., The rheumatoid factor response in the etiology of
mixed cryoglobulins associated with hepatitis C virus infection.
Ann Med Interne (Paris), 2000 151:30-40.

2. Cacoub, P, et al., Mixed cryoglobulinemia in hepatitis C patients.
GERMIVIC. Ann Med Interne (Paris), 2000 15:20-9.

3. Weng, WK. and S. Levy, Hepatitis C virus (HCV) and lymphoma-
genesis. Leuk Lymphoma 2003; 44:1113-20.

57



S. Levy

10.

1.

12.

13.

14.

15.

58

Franzin, F, et al., Clonal B-cell expansions in peripheral blood of
HCV-infected patients. Br J Haematol, 1995; 90:548-52.

De Rosa, G., et al., High prevalence of hepatitis C virus infection
in patients with B-cell lymphoproliferative disorders in Italy. Am
J Hematol 1997; 55:77-82.

. Zuckerman, E., et al., Hepatitis C virus infection in patients with

B-cell non-Hodgkin lymphoma. Ann Intern Med 1997;127: 423-
8

. H.ermine, 0., et al.,, Regression of splenic lymphoma with villous

lymphocytes after treatment of hepatitis C virus infection. N Engl
J Med 2002; 347:89-94.

. Choo, Q.-L,, et al., Isolation of a cDNA clone derived from a blood-

borne non-A, non-B viral hepatitis genome. Science, 1989; 244:
359-62.

. Pileri, P, et al., Binding of hepatitis C virus to CD81. Science 1998.

282:938-41.

Cocquerel, L., et al., Recognition of native hepatitis C virus E1E2
heterodimers by a human monoclonal antibody. J Virol 2003.
77:1604-9.

Higginbottom, A., et al., Identification of amino acid residues in
CD81 critical for interaction with hepatitis C virus envelope gly-
coprotein E2. J Virol, 2000. 74:3642-9.

Masciopinto, F, et al., Expression of human CD81 in transgenic
mice does not confer susceptibility to hepatitis C virus infection.
Virology 2002; 304:187-96.

Hsu, M., et al., Hepatitis C virus glycoproteins mediate pH-depend-
ent cell entry of pseudotyped retroviral particles. Proc Natl Acad
Sci U S A, 2003; 100:7271-6.

Oren, R., et al., TAPA-1, the target of an antiproliferative antibody,
defines a new family of transmembrane proteins. Mol Cell Biol,
1990. 10:4007-15.

Levy, S. and T. Shoham, The tetraspanin web modulates immune-
signalling complexes. Nat Rev Immunol, 2005. 5:136-48.

20.

21.

22.

23.

24,

25.

26.

. Maecker, H.T,, S.C. Todd, and S. Levy, The tetraspanin superfamily:

molecular facilitators. Faseb J, 1997. 11:428-42.

. Takahashi, S., et al., TAPA-1, the target of an antiproliferative anti-

body, is associated on the cell surface with the Leu-13 antigen. J
Immunol, 1990. 145:2207-13.

. Crotta, S., et al., Inhibition of natural killer cells through engage-

ment of CD81 by the major hepatitis C virus envelope protein. J
Exp Med, 2002. 195:35-41.

. Tseng, C.T. and G.R. Klimpel, Binding of the hepatitis C virus enve-

lope protein E2 to CD81 inhibits natural killer cell functions. J Exp
Med, 2002; 195:43-9.

Fearon, D.T. and M.C. Carroll, Regulation of B lymphocyte respons-
es to foreign and self-antigens by the CD19/CD21 complex. Annu
Rev Immunol, 2000; 18:393-422.

Kunkel, H.G., et al., Cross-idiotypic specificity among monoclonal
IgM proteins with anti-gamma-globulin activity. J Exp Med 1973;
137:331-42.

Ivanovski, M., et al., Somatic hypermutation, clonal diversity, and
preferential expression of the VH 51p1/VL kv325 immunoglobu-
lin gene combination in hepatitis C virus-associated immunocy-
tomas. Blood, 1998; 91:2433-42.

Flint, M., et al., Characterization of hepatitis C virus E2 glycopro-
tein interaction with a putative cellular receptor, CD81. J Virol,
1999. 73:6235-44.

Chan, C.H., et al., V(H)1-69 gene is preferentially used by hepati-
tis C virus-associated B cell lymphomas and by normal B cells
responding to the E2 viral antigen. Blood 2001; 97: 1023-6.
Cherukuri, A., et al., The CD19/CD21 complex functions to prolong
B cell antigen receptor signaling from lipid rafts. Immunity, 2001.
14:169-79.

Maecker, H.T. and S. Levy, Normal lymphocyte development but
delayed humoral immune response in CD81-null mice. J Exp Med,
1997; 185:1505-10.

haematologica reports 2005; 1(5):September 2005



