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Introduction

Summary

Hepatitis C virus (HCV) infection is characterized by a strong propensity
toward chronicity, autoimmune phenomena and lymphomagenesis, sup-
porting a role for lymphocyte dysregulation during persistent viral infec-
tion. We have shown that HCV core protein inhibits T-cell functions
through interaction with a complement receptor, gC1qR. Here, we further
report that B cells also express gClqR that can be bound by HCV core
protein. Importantly, using flow cytometry, we demonstrated differential
regulation of B and T lymphocytes by the HCV core-gC1qR interaction,
with down-regulation of CD69 activation in T cells but up-regulation of
CD69 activation and cell proliferation in B cells. HCV core treatment led
to decreased interferon-y production in CD8" T cells but to increased
immunoglobulin M and immunoglobulin G production as well as cell sur-
face expression of costimulatory and chemokine receptors, including
CD86 (B7-2), CD154 (CD40L) and CD195 (CCRS5), in CD20" B cells.
Finally, we showed down-regulation of suppressor of cytokine signalling-1
(SOCS-1) using real-time reverse transcription—polymerase chain reaction,
accompanied by up-regulation of signal transducer and activator of tran-
scription-1 (STAT1) phosphorylation in B cells in response to HCV core
protein, with the opposite pattern observed in HCV core-treated T cells.
This study demonstrates differential regulation of B and T lymphocytes
by HCV core and supports a mechanism by which lymphocyte dysregula-
tion occurs in the course of persistent HCV infection.
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the ability to produce T helper type 1 cytokines.”* Dys-
function of T cells limits effective control of viral replica-

Chronic hepatitis C virus (HCV) infects over 170 million
people worldwide and is a major factor in the develop-
ment of chronic hepatitis leading to cirrhosis and hepato-
cellular carcinoma. This virus exhibits a remarkable
propensity toward chronic viral persistence. Chronic HCV
infection is also associated with B-cell lymphoproliferative
disorders, including most notably mixed cryoglobulinemia
and B-cell non-Hodgkin lymphoma. Data suggest that
B-cell clonal expansion or altered B-cell apoptosis may
contribute to these lymphoproliferative disorders."
Targeted studies have shown both B-cell and T-cell dys-
regulation in the setting of chronic HCV infection. Both
proliferative capacity and effector function are impaired
in HCV-specific CD4"/CD8" T cells during chronic HCV
infection, with an anergic/exhausted phenotype that lacks
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tion. Multiple mechanisms have been suggested by which
T cells are dysregulated by HCV.>”

Less well-described is the evidence for B-cell dysregula-
tion that occurs during chronic HCV infection. This is
manifest in several ways, including aberrant B-cell proli-
feration, decreased threshold for B-cell activation via the
B-cell receptor complex, and overproduction of anti-
bodies that are ineffective in controlling viral infection.®
A non-neoplastic expansion of B-cell clones expressing
immunoglobulin M (IgM) has been noted in mixed cryo-
globulinemia, a process that can be observed in more
than 50% of individuals chronically infected with HCV. It
appears that whereas T-cell function is suppressed during
chronic HCV infection, B cells often exhibit activation
and clonal expansion.

197



Z. Q. Yao et al.

It is likely that a gene product(s) encoded by HCV
directly affects B-cell and T-cell functions that are crucial
for limiting virus replication. Several HCV-derived pro-
teins, including the nucleocapsid core protein, may play a
role in the impairment of host immunity either directly
or through interaction with host molecules.”'® It has been
previously demonstrated that HCV core protein is neces-
sary and sufficient to suppress host T-cell responses in a
murine model."" The molecular mechanism of HCV core-
mediated immunomodulation was subsequently deter-
mined by identifying a host-binding partner, the Clq
complement receptor gC1gR, on human T lymphocytes.®
Clg, the natural ligand for gC1qR, is the first molecule to
be activated in the classical complement cascade and plays
a critical role in modulating both innate and adaptive
immunity.'?

Binding of Clq to gCIqR on T lymphocytes leads to
suppression of T-cell responsiveness;'” similarly, HCV
core can inhibit T-cell responses through interaction with
gC1qR.>®'" The engagement of circulating HCV core
protein with gClqR displayed on the surface of T
lymphocytes may therefore provide the virus with a direct
means of affecting host immunity."> In light of the obser-
vations that free core particles circulate in the blood-
stream of HCV-infected patients,'®'” our findings may be
particularly salient to the pathogenesis of HCV. The role
of gC1qR and HCV core in B-cell signalling, however, has
not been elucidated.

Rampant T-cell or B-cell signalling can have disastrous
biological consequences so lymphocyte signalling path-
ways are tightly controlled at multiple levels. Suppressor
of cytokine signalling (SOCS) proteins represent a level of
inhibitory machinery that is induced upon lymphocyte
activation.'® This family consists of at least eight members
and is characterized by an SH-2 domain and a unique
C-terminal motif (the SOCS box). SOCS-1 and SOCS-3
in particular have been shown to bind to cytokine recep-
tors or to receptor-associated Janus-associated kinases
(JAKs) to inhibit activation of signal transducers and acti-
vators of transcription (STAT) members and ultimately
interferon signalling.'”* The SOCS proteins also regulate
tumour necrosis factor-o-mediated cellular apoptosis by
inhibiting phosphatidylinositol 3-kinase and p38 mitogen-
activated protein kinase pathways.>' The role of SOCS
proteins in regulating B-cell and T-cell responses in HCV
infection has not been well studied.

In light of the immunomodulatory role of HCV core
protein in lymphocyte signalling, we explored the possi-
bility that HCV core might differentially regulate B-cell
and T-cell signalling pathways. We found that B cells, like
T cells and monocytes, express gC1qR and that HCV core
can bind to this. There was differential regulation of
B-cell and T-cell activation by HCV core, with up-regula-
tion of activation markers in B cells but down-regulation
in T cells. In terms of cellular function, HCV core
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treatment led to up-regulation of IgM and IgG produc-
tion, cellular proliferation, as well as cell surface receptor
expression including CD154, CD86 and CD195 in CD20"
B cells, but to decreased interferon-y (IFN-v) production
in CD8" T cells. Finally, we observed a differential regula-
tion of SOCS-1 and STAT1 phosphorylation in B cells
(reduced SOCS-1 expression/increased STAT1 phosphory-
lation) and T cells (increased SOCS-1 expression/reduced
STAT1 phosphorylation).

Materials and methods

Cell isolation and culture

Human peripheral blood mononuclear cells (PBMC) were
isolated from the peripheral blood of healthy donors by
Ficoll density centrifugation with lympholyte-H (Cedar-
lane Labs, Hornby, ON, Canada). The B and T lympho-
cytes were further purified from isolated PBMC by
incubation with a fluorescein isothiocyanate (FITC)-con-
jugated anti-CD3 or FITC-conjugated anti-CD20 anti-
body, followed by positive selection with anti-FITC
magnetic beads (Miltenyi Biotec, Auburn, CA) following
the manufacturer’s instruction. Purified cells were washed
twice and cultured with RPMI-1640 (Life Technologies,
Gaithersburg, MD), containing 10% (volume/volume)
fetal bovine serum (Life Technologies), penicillin—strepto-
mycin (100 pg/ml for each drug; Life Technologies),
L-glutamine (2 mM) and 2-mercaptoethanol (55 X
107° m; Life Technologies) at 37° with 5% CO, in a
humidified atmosphere.

Flow cytometry

To determine gClqR expression on the B-cell surface,
1 x 10° isolated PBMC were first incubated with 1 pg
a-gC1qR monoclonal antibody (a generous gift from Dr
Young S. Hahn at University of Virginia) in 100 pl fluo-
rescence-activated cell sorting (FACS) medium (RPMI-
1640 supplemented with 10% fetal bovine serum and 1%
NaN3) at 4° for 1 hr. The cells were washed twice in
FACS medium at 200 g for 5 min at 4°, followed by
incubation with 1 pg of phycoerythrin (PE)-labelled anti-
mouse immunoglobulin secondary antibody (BD Pharm-
ingen, San Diego, CA) in 100 pl FACS medium, and then
double-stained with 20 pl FITC-anti-CD20 conjugate (BD
Pharmingen). The cells were then washed three times and
fixed with 1% paraformaldehyde in phosphate-buffered
saline before flow cytometry (Becton Dickinson, San Jose,
CA). The primary isotype controls were used to deter-
mine the level of background staining and 20 000 events
were collected after gating on lymphocyte populations.

To determine core binding, various concentrations of
B-gal-core protein (0-25, 0-5, 1, 2, 4 and 8 pg/ml; Viro-
Gen, Watertown, MA; certified free of lipopolysaccharide)
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were incubated with 1 x 10° B cells purified by magnetic
antibody cell sorting (MACS) at 37° for 2 hr. Core bind-
ing was determined using a procedure as described.*”
First, cells were washed three times and resuspended with
1 pg anti-HCV core monoclonal antibody (ABR Inc.,
Golden, CO) in 100 pl FACS medium on ice for 1 hr.
Second, the cells were washed three times and resus-
pended in 100 pl FACS medium containing 1 pg PE-con-
jugated anti-mouse immunoglobulin (BD Pharmingen) at
4° for 1 hr in the dark, then fixed and analysed by flow
cytometry as described above.

To determine CD69 expression on activated B and T
lymphocytes, 1 x 10° whole PBMC were stimulated with
either 5 pug/ml phytohaemagglutinin (PHA; Sigma, St
Louis, MO) or 1 pg/ml anti-CD3/CD28 antibodies (BD
Pharmingen) for T cells or 1 pg/ml anti-CD40 antibody
(BD Pharmingen) for B cells for 24 hr. The PBMC con-
taining either activated B or T lymphocytes were simulta-
neously treated with 2 pg/ml HCV core or B-gal protein
at 37° for 24 hr. The treated cells were then washed three
times in FACS medium, resuspended in 100 pul FACS
medium containing 1 pg PE—anti-CD69 conjugate, incu-
bated at 4° for 1 hr in the dark, and double-stained with
FITC-anti-CD4 or FITC-anti-CD20 conjugates as
described above. To further characterize the specificity of
the effect of core protein on CD69 expression on resting
B cells, MACS-purified CD20" B lymphocytes were trea-
ted with either HCV core (2 pg/ml, ViroGen), HCV NS3
(2 pg/ml, ViroGen), PB-gal (2 pg/ml, Sigma), or Clq
(2 pg/ml; Sigma) for 24 hr, and CD69 expression was
measured as above.

To determine the effect of HCV core on intracellular
IEN-y production in T cells, 1 x 10° PBMC were stimu-
lated with 1 pg/ml phorbol 12-myristate 13-acetate and
2 pg/ml calcium ionophore at 37° for 12 hr, followed by
the addition of 2 pm monensin (BD GolgiStop™ protein
transport inhibitor; BD Biosciences, San Jose, CA) for
another 12 hr. The cells were washed with FACS medium
and cell-surface-stained with FITC-anti-CD8 conjugate at
4° for 1 hr. After three washes with FACS medium, the
cells were resuspended in 100 pl Fixation/Permeabiliza-
tion solution (BD Cytofix/Cytoperm Kit; BD Pharmin-
gen) at 4° for 20 min then washed twice in 1 X BD Perm/
Wash buffer before being resuspended in the same buffer
containing 0-4 pg/ml PE-anti-IFN-y or isotype control
antibody at 4° for 1 hr. This was followed by flow
cytometric analysis.

To determine the effect of HCV core on the expression
of the costimulatory molecules B7-2, CD40L, and chemo-
kine receptor CCR5 on the surface of B cells, 1 x 10°
isolated PBMC were activated with PHA and treated with
-gal-core or B-gal control. The PE—anti-CD86, PE—anti-
CD154, PE-anti-CD195 and FITC-anti-CD20 double
staining and flow cytometry analyses were carried out as
above.
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Proliferation assay

A human carboxy-fluorescein diacetate succinimidyl ester
(CFSE) Flow Kit (Renovar Inc., Madison, WI) was used
for the analysis of B-cell proliferation by flow cytometry.
Briefly, 1 x 10° MACS-purified B cells were labelled with
CFSE according to the manufacturer’s instructions, and
then stimulated with PHA (5 pg/ml) and interleukin-2
(50 U/ml; eBioscience, San Diego, CA) in the presence of
B-gal (2 pg/ml), Clq (50 pg/ml), or HCV core protein
(2 pg/ml) for 5 days at 37° in a 5% CO, atmosphere. The
data were collected on a Becton Dickinson FACScan flow
cytometer and analysed as histograms. The percentages of
each distinct cell division peak, gated as M1, M2 and M3,
were shown.

Reverse transcription—polymerase chain reaction
(RT-PCR)

Anti-CD3/CD28 or PHA-activated PBMC or B and T
lymphocytes (2 x 10° cells) were treated with or without
HCV core protein (2 pg/ml; ViroGen) for various times
(12, 24, 48 hr), and total RNA was isolated from these
cells by the RNA isolation kit (Qiagen Sci. MD, Valencia,
CA). A total of 1 pg RNA was treated with DNase to
digest genomic DNA and 0-27 ug RNA was then reverse
transcribed using murine leukaemia virus reverse trans-
criptase under the following conditions: 10 min at room
temperature, 20 min at 42°, 5 min at 99°, and 5 min at
4°. After this, 1 pl of 1: 10 series diluted cDNA, gener-
ated by the reverse transcription, was added to the PCR.
The PCR was carried out using the following primer
pairs: SOCS-1 sense 5-ATG GTA GCA CAC AAC CAG
GTG-3', antisense 5-TCA AAT CTG GAA GGG GAA
GGA-3'; SOCS-3 sense 5-CTC AAG ACC TTC AGC
TCC AA-3, antisense 5'-TTC TCA TAG GAG TCC AGG
TG-3'; B-actin sense 5-CGA GCG GGA AAT CGT GCG
TGA CAT-3', antisense 5-CGT CAT ACT CCT GCT
TGC TGA TCC ACA TCT-3'; for 35 cycles of 95° for
15 seconds, 58° for 15 seconds, 72° for 15 seconds, fol-
lowed by a single 10-min extension at 72°. To control for
genomic DNA contamination, equal amount of ¢cDNA
from each sample were amplified by PCR without RT.
The resulting PCR products were separated on a 2%
BioGel (Bio 101, Carsbad, CA) and viewed with a multi-
mager. To examine whether gC1qR mediated the HCV
core-induced induction of SOCS-1, a 1 : 10-diluted anti-
gCIqR antibody or prebleeding control serum (kindly
provided by Dr Y. S. Hahn) was coincubated with cells
treated with core protein, and SOCS-1 messenger RNA
expression was assessed as described above.

The quantitative real-time PCR was carried out using
2wl of 1: 10 diluted cDNA from the same RT reactions
as above and using the Bio-Rad iCycler iQ Multicolor
Real-Time PCR Detection System (Bio-Rad Life Science
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Research, Hercules, CA). The PCR was performed in a
50-pl volume using RT? real-time™ SYBR Green Fluores-
cein PCR Master Mix (Super-Array Bioscience Corpora-
tion, Frederick, MD). All the PCR assays were performed
in triplicate. The reaction conditions were 95° for 12 min;
followed by 40 cycles at 95° for 15 seconds, 55° for
30 seconds and 72° for 30 seconds. B-Actin was amplified
from all samples on each plate as a housekeeping gene to
normalize the expression level of target between different
samples, and to monitor the reproducibility of the assays.
The reaction mixtures without template cDNA were used
as negative controls. Threshold cycle numbers (Ct) were
determined using the Bio-Rad iCycle iQ Multicolor Real-
Time PCR Detection System and transformed using the
ACt comparative method. The amount of target, normal-
ized to an endogenous reference and relative to a calibra-
tor, was determined by the comparative Cr method
(44Cr).

Immunoblotting

Both B and T lymphocytes were purified from human
PBMC using magnetic beads (Miltenyi Biotec) in accor-
dance with the manufacturer’s instructions. A total of
2 x 10° purified cells were activated with PHA (5 pg/ml;
Sigma) in the presence or absence of 2 pg/ml B-gal-core
at 37° in a 5% CO, atmosphere for 24 hr. Cell lysate was
prepared for 30 min at 4° with a lysis buffer (Life Tech-
nologies). Cell lysates were sonicated three times for
1 min each time. Cellular debris was pelleted by centrifu-
gation at 16 000 g and supernatants were collected and
frozen at —80°.

A total of 80 ng protein was denatured with sample
loading buffer at 100° for 5 min and resolved by sodium
dodecyl sulphate—polyacrylamide gel electrophoresis, fol-
lowed by semidry transfer (GE Healthcare Biosciences,
Piscataway, NJ) to a Hybond-P membrane (Amersham
Biosciences, Arlington Heights, IL). After blocking in
Blotto—-Tween-20 (10 mm Tris—HCI, 0-9% NaCl, 0-1%
Tween-20, 5% non-fat dried milk) at room temperature
for 1 hr, the membrane was probed with polyclonal anti-
bodies (Santa Cruz Biotechnology, Santa Cruz, CA) to
SOCS-1 (1 : 500), phosphor-STAT1 (1 : 1000), or B-actin
(1 :2000). After several 5-min washes with Tris-buffered
saline-Tween and Tris-buffered saline, the membrane was
incubated with horseradish peroxidase-conjugated rabbit
anti-goat IgG secondary antibody (1 :5000) and sub-
sequently developed by enhanced chemiluminescence
(ECL-plus; Amersham Biosciences) on X-OMAT-LS X-ray
film (Kodak, Rochester, NY).

Statistical analysis
Data were shown as mean + SD and the level of signifi-

cance was determined using the analysis of variance pro-

200

gram of STaTA/SE 8.0 software. A P-value of < 0-05 was
considered significant and P < 0-01 was considered very
significant.

Results

HCV core directly binds to gC1qR expressed on B
cells

It was previously demonstrated that HCV core protein
can bind directly to gC1qR on the surface of T lympho-
cytes and inhibit T-cell functions.”* To determine whether
the HCV core-gClqR interaction occurs in B cells, we
examined the ability of HCV core to bind gCIqR on the
surface of human B lymphocytes. We first analysed
whether gC1qR is actually expressed on the surface of B
lymphocytes using a monoclonal anti-gC1qR antibody by
flow cytometry. As shown in Fig. 1(a), as was previously
found on human T cells and monocytes, gClqR was
highly expressed on CD20" B cells. We then examined
core binding to purifed B cells by incubation with an
escalating dose of recombinant B-gal-core followed by
flow cytometry, as previously examined in T cells. As
shown in Fig. 1(b), the core protein was found to bind to
the surface of B lymphocytes in a dose-dependent
manner. Notably, HCV core binding to the B-cell surface
was saturated at a core concentration of 4 pg/ml, with a
positive number close to the ratio of gC1qR" B cells, sug-
gesting that the binding sites for the core on B cells were
fully occupied and that the binding of the core to the cell
surface was mediated through a specific receptor. To
determine whether gC1qR was involved in the binding of
the HCV core to the surface of B lymphocytes, we further
examined the ability of anti-gClqR antibody to prevent
core from associating with B cells. To this end, B cells
were incubated with 2 pg/ml of HCV core and either a
polyclonal anti-gClqR antibody or a control antibody,
and core binding was assessed as before. As shown in
Fig. 1(c), core binding on B lymphocytes was blocked by
anti-gC1qR antibody, whereas the binding was unaffected
by the control antibody.

HCV core differentially regulates B- and
T-lymphocyte functions

To determine the significance of HCV core-gC1qR inter-
action in B cells, we analysed the effect of HCV core on
B-cell function and in parallel compared with the effect
on T cells. CD69 has been used as an early marker for
lymphocyte activation so we first analysed the effect of
HCV core-gCIqR on CD69 expression on the surface of
T and B lymphocytes. To this end, purified human PBMC
were stimulated with PHA in the presence or absence of
HCV core protein for 24 hr, and CD69 expression on the
surface of CD4" T cells, as well as on CD20" B cells, was

© 2008 Blackwell Publishing Ltd, Immunology, 125, 197-207



(a) Isotype
<2%
[any
=)
(@]
()]
T T T "_.u
10° 10" 10> 10° 10*10° 10' 10® 10° 10*
¢ CD20
(b)
200 ~ -
Core pg/ml Gated %
025 134
160 05 266
— 1.0 49.9
120 m— 2.0 60.7
£ —_— 40 691
3
O . 71.
g0t 8.0 9
40+
0 : "
10° 10" 102 10° 10*
Core binding
()
200
Treatment Gated %
1 w=  Core 60-7
160 = Core +a-gC1gR Ab 19:0

Core + Control Ab  49-1

12 -7
0] M1

[2]
<
> 3 J|
< i
O -
80~=
40
1 k
O-,.",. S SR B i o e o s e R L el |
10° 10" 102 10° 10*
Core binding

examined by flow cytometry. As shown in Fig. 2(a), HCV
core protein inhibited CD69 expression on the CD4" T
cells, which was consistent with our previously reported
results that core protein suppresses T-cell activation.
Interestingly, in contrast to its effect on T cells, HCV core
increased the expression of CD69 on the surface of
CD20" B cells. This differential regulation of B- and
T-lymphocyte activation by HCV core was observed not
only in core-treated PBMC stimulated by PHA-mitogenic
activation but also in PBMC stimulated by anti-CD3/
CD28 (T cells) or anti-CD40 (B cells) (data not shown).
Importantly, this differential regulation by HCV core can
be partially abrogated by simultaneously adding anti-
gClqR antibody to the culture system, but not by adding

© 2008 Blackwell Publishing Ltd, /mmunology, 125, 197-207

HCV core modulates SOCS signalling in lymphocytes

Figure 1. HCV core protein specifically binds to gC1qR displayed on
the cell surface of human B lymphocytes. (a) gC1qR expression on
human B lymphocytes. A total of 1 x 10° PBMC were incubated
with 1 pg/ml of anti-gCIqR or an isotype control Ab followed by
1 pg/ml of PE-anti-mouse-Ig conjugate. The cells were then double-
stained with fluorescein isothiocyanate (FITC)-anti-CD20 Ab. The
percentage of gC1qR* cells in the CD20" cell population is shown in
the right upper corner of the dot blot. (b) Dose-dependent core
binding on B lymphocytes. Magnetic antibody cell sorting (MACS)-
purified B cells were incubated with escalating concentrations of
HCV core protein at 37° for 2 hr and core binding on the surface of
B cells was analysed by flow cytometry as described in Materials and
Methods. Data were displayed as overlying histograms and the per-
centages of cells positive for core binding as gated based on the iso-
type control (grey filled area, < 2%) were shown. The histogram
shifted from left to right (increasing fluorescence intensity) as the
core protein increased from lower to higher concentrations until
saturation. (c) HCV core binds to B lymphocytes through gClqgR.
MACS-purified B cells were incubated with 2 pg/ml of HCV core
protein in the presence or absence of anti-gCI1qR or control antibody
at 37° for 2 hr and core binding on the surface of B cells was ana-
lysed as above. Data were displayed as overlying histograms and the
percentages of cells positive for core binding as gated based on the
isotype control (grey filled area, < 2%) were shown.

the control antibody (Fig. 2b, compare with Fig. 2a), sug-
gesting that gC1qR is involved in this process.

To further characterize the specificity of the effect of
HCV core protein on resting B cells, purified CD20" B
lymphocytes were treated with either HCV core, HCV
NS3, B-gal, or Clq protein for 24 hr, and CD69 expres-
sion was measured as described. As shown in Fig. 2(c),
compared with the B-gal control in terms of percentage
of CD69" B cells or total mean fluorescence intensity,
Clq, the natural ligand for gClqR, up-regulated CD69
expression on the surface of B cells. Similarly, HCV core,
but not HCV NS3, was found to increase CD69 expres-
sion as well as Clq-treated B cells.

In addition to activation state, we also observed the
effect of HCV core on the primary function of these
cells. To this end, stimulated PBMC were treated with
HCV core or p-gal control protein for 24 hr, and
intracellular IFN-y production by CD8" T cells and
IgM/IgG production by CD20" B cells were analysed by
flow cytometry. As shown in Fig. 3(a), and consistent
with what we observed in terms of activation status,
HCV core inhibited IFN-y production by CD8" T cells
and enhanced IgM and IgG production by CD20" B
cells when compared to cells treated with B-gal control.
These data are reproducible and hold true when we use
PBMC isolated from at least two different donors in at
least two separate experiments (data not shown). Addi-
tionally, we also examined the effect of HCV core on
the expression of other cell surface markers, including
costimulatory molecules such as CD86 (B7-2) and
CD154 (CD40L), as well as chemokine receptors such
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Figure 2. Differential regulation of B and T lymphocyte activation by HCV core protein. (a) CD69 expression on activated CD20" B cells and CD4*
T cells in the presence of core. PBMC were activated with 5 pg/ml of phytohaemagglutinin (PHA) in the presence or absence of 2 pg/ml of core
protein at 37° for 24 hr in a 5% CO, atmosphere. CD69 expression on CD20" B cells (upper panel) and CD4" T cells (lower panel) was determined
by fluorescence-activated cell sorting (FACS) with PE-conjugated anti-CD69 antibody and either fluorescein isothiocyanate (FITC)-conjugated
anti-CD4 or FITC-conjugated anti-CD20 mcAb. The percentages of CD20* and CD4" lymphocytes positive for CD69 are shown. The results were
reproducible in two independent experiments using different donors. (b) Abrogation of core-mediated differential regulation of B and T lymphocyte
activation by a-gClqR antibody. PHA-activated PBMC were treated with 2 pg/ml of HCV core in the presence of either 1:10 (volume/volume)
0-gC1qR or control Ab at 37° for 24 h. CD69 expression on CD20" B cells and CD4" T cells was examined and shown as above. (c) Specificity
of CD69 upregulation by HCV core. Magnetic antibody cell sorting (MACS)-purified CD20" B lymphocytes were treated with either HCV core
(2 pg/ml), HCV NS3 (2 pg/ml), B-gal (2 pg/ml), or C1q (2 pg/ml) for 24 hr, and CD69 expression was measured as above.

as CD195 (CCR5), on CD20" B cells. As shown in
Fig. 3(b), HCV core increased the expression of CD86,
CD154 and CDI195 on the surface of CD20" B cells
compared with PHA-activated cells treated with [3-gal
control protein, suggesting a broad spectrum of activa-
tion of B lymphocytes by HCV core protein. We have
previously reported by CFSE-Flow analysis, that T-cell
proliferation was inhibited by HCV core protein. Here,
we examined PHA-stimulated, CFSE-labelled, MACS-
purified B-cell proliferation in response to B-gal, Clq
and HCV core and found an increase in proliferation
only in the B cells treated with HCV core proteon
(Fig. 4), but not in Clg-treated B cells, which was con-
sistent with the published data on Clq in B cells (data
not shown).

HCV core regulates SOCS-1 expression differentially
in T and B lymphocytes

Since lymphocyte responses are negatively regulated by
the SOCS proteins through inhibition of the JAK/STAT
pathway,'®' the differential regulation of B- and
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T-lymphocyte responses mediated by HCV core-gClgR
might be a result of the ability of the core protein to
induce or suppress these negative regulators in the cells.
To examine this possibility, we treated anti-CD3/CD28 or
PHA-activated PBMC or purified T and B lymphocytes
with HCV core and then detected SOCS-1 or SOCS-3
messenger RNA by RT-PCR. To determine the role of
gClqR in the core-induced induction of SOCS, anti-
gCIqR or a control serum was added to the culture
simultaneously with core, and SOCS gene expression was
also detected. RT-PCR analysis of PBMC stimulated with
anti-CD3/CD28 in the presence of HCV core for various
times (12, 24 and 48 hr) indicated increased SOCS-1 gene
expression (data not shown). As shown in Fig. 5(a), HCV
core but not P-actin control induced SOCS-1 gene
expression at 24 hr (left panel) and this core-mediated
induction of SOCS-1 gene expression was diminished by
the addition of anti-gClqR (right panel) but not by the
addition of control antibody. SOCS-3 gene expression
was also up-regulated in T-cell receptor-activated PBMC
treated with HCV core (data not shown). At least two
repeated experiments using PBMC isolated from at least
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Figure 3. Effect of HCV core on B and T lymphocyte functions. (a) HCV core on B and T lymphocyte function. Peripheral blood mononuclear

cells (PBMC) were stimulated with PMA and calcium ionophore or phytohaemagglutinin (PHA) in the presence of p-gal-core or B-gal at 37° for

24 hr. The intracellular IFN-y production in CD8" T cells or IgM/IgG production on the surface of B cells was analysed by fluorescence-activated

cell sorting (FACS) as described in Methods. (b) The effect of HCV core on the expression of co-stimulatory molecules and chemokine receptors
on the surface of B lymphocytes. 1 x 10° PBMC were activated with PHA in the presence of B-gal-core or B-gal at 37° for 24 hr. PE-anti-CD86,
PE-anti-CD154, or PE-anti-CD195 and fluorescein isothiocyanate (FITC)—anti-CD20 conjugate were used to examine the expression of these

molecules on the surface of treated CD20" B cells by FACS analysis.

two different donors elicited the same effect on induction
of SOCS-1 and SOCS-3 by core protein, whereas B-actin
was not affected by the treatment. These results were con-
firmed by quantitative real-time PCR using the same RT
reactions of activated T cells treated with HCV core.

To determine whether differential regulation of B- and
T-lymphocyte responses by the HCV core-gClqR inter-
action was associated with the core protein’s ability to
induce SOCS in these cells, B and T lymphocytes from
PBMC were further purified using MACS separation
beads, and the highly purified B and T cells were acti-
vated and treated with HCV core as above. As shown in
Fig. 5(b), SOCS-1 expression was inhibited in B cells and
enhanced in T cells, whereas B-actin was not affected in
these cells upon treatment with core protein. We found
the same differential regulation of SOCS-3 expression in
purified B and T lymphocytes by HCV core protein (data
not shown). Again, these results were confirmed by the
quantitative real-time RT-PCR. Notably, purified B and T
cells treated with Clq showed no differences in SOCS-1
production by semi-quantitative RT-PCR despite multiple
attempts (data not shown), suggesting that whereas both
Clq and HCV core bind gCIqR, the downstream events
may differ.

We also detected the SOCS-1 protein expression by
immunoblotting in purified B and T lymphocytes treated
with HCV core as above. As shown in Fig. 5(c), similar
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to what was observed with messenger RNA expression,
SOCS-1 protein was inhibited in B cells and induced in T
cells treated with HCV core, while B-actin was not
affected by the treatment. Since SOCS-1 protein regulates
lymphocyte responses through inhibition of the JAK/
STAT pathway, we further examined STAT1 phosphoryla-
tion in MACS-purified/PHA-activated B cells and T-cell
receptor-activated T cells exposed to core protein by
immunoblotting.  As Fig. 5(d), STATI1
phosphorylation was up-regulated in B cells and down-
regulated in T cells, but B-actin was not affected in these
cells, by treatment with HCV core. This suggested that
the differential regulation of B- and T-lymphocyte
responses by HCV core was associated with its ability to
induce or suppress SOCS expression, which in turn, alters
JAK/STAT signalling.

shown in

Discussion

Recent reports suggest that HCV infection leads to
immunodysregulation that involves multiple aspects of
the host immune response.>*> In this study, we found
that the nucleocapsid core protein of HCV differentially
regulates the functions of both B- and T-lymphocytes.
This involved regulation of lymphocyte activation mark-
ers, effects on measures of cellular activation and alter-
ation in adapter and kinase pathways fundamental to
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Figure 4. HCV core promotes B cell proliferation. 1 x 10° magnetic
antibody cell sorting (MACS)-purified and carboxy-fluorescein dia-
cetate succinimidyl ester (CFSE)-labeled CD20" B cells were stimu-
lated with PHA (5 pg/ml) and IL-2 (50 pg/ml) in the presence of
B-gal (2 pg/ml) or HCV core (2 pg/ml) at 37°, 5% CO, for 5 days.
Data were collected by flow cytometer and represented as histo-
grams. Percentages of distinct cell division peaks were gated as
M1, M2, and M3. During each round of cell division, the relative
intensity of the fluorescent dye is decreased by half.

lymphocyte function. Our previous studies and current
data would suggest that HCV core protein may be a
major viral antigen involved in immunomodulating host
responses.

Over 90% of individuals with mixed cryoglobulinemia
are found to have HCV infection.”**> Mixed cryoglobu-
linemia is the major extrahepatic manifestation of HCV
infection and is found in 30-50% of HCV patients, who
also have a high prevalence of non-Hodgkin B-cell lym-
phoma.”*™ Investigators have suggested that persistent
HCV antigen may stimulate crucial cell signalling path-
ways, leading to T-cell-dependent B-cell expansion and
predisposing the patient to autoimmune and lympho-
proliferative disorders. For example, monoclonal expan-
sion of B cells in the periphery as well as the livers of
patients with HCV-associated mixed cryoglobulinemia
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has been observed.’®! In addition, successful treatment
of HCV infection with IFN/ribavirin, or elimination of B
cells with novel anti-CD20 chimeric antibodies such as
rituximab, leads to resolution of mixed cryoglobulinemia,
regression of IgM overproduction and clearance of B-cell
clones.®¢

Our data clearly support a role for up-regulation of
B-cell activation and immunoglobulin production in
response to HCV core protein. We found that HCV core
could bind gClqR, a known receptor for HCV core that
is expressed on CD20" B cells. Blocking the HCV core—
gC1qR interaction led to inhibition of core binding. This
appeared to be partial inhibition that may have resulted
from incomplete blockade by a partially effective anti-
gClqR antibody. Our experimental design involved
simultaneous addition of HCV core and anti-gC1qR anti-
body, and it is possible that preincubation with antibody
might have improved the inhibition. The HCV core is
also quite well known for its ability to bind other recep-
tors, particularly in the tumour necrosis factor family,
which we were not targeting but which may provide sites
for core binding.

Treatment with HCV core protein increased cell surface
expression of IgM, IgG and key B-cell activation markers
including CD69, CD40L, B7-2, CCR5 and, ultimately,
B-cell proliferation. This augmented effect on prolifera-
tion was observed following fairly potent B-cell stimula-
tion in two independent experiments and is consistent
with the observed up-regulation of markers of activation.
Conversely, T cells exhibited a suppressive pattern,
with decreased CD69 expression and diminished IFN
production. It has been shown that HCV core can indeed
alter T-cell functions via gC1qR.>” Loss of effective T-cell
responses, and in particular the development of an aner-
gic phenotype, may contribute to the poor control of
viral replication that is observed during chronic HCV
infection.”” This resulting persistent viral replication may
in turn drive antigen-mediated B-cell expansion. Intrigu-
ingly, HCV core is secreted from infected cells and circu-
lates in the bloodstream of infected individuals at levels
consistent with those used in our experiments.'®'” In
addition, the amount of free core protein or core protein
expressed on the surface of infected cells is greater in the
microenvironment of the liver, where virus replication
occurs quite vigorously in early infection. The HCV core
protein therefore appears to be present in the setting
of clinical infection and could play a role in antigen-
mediated B-cell expansion.

The SOCS proteins are considered to be tumor sup-
pressors and represent a powerful mechanism for regulat-
ing the JAK/STAT pathways and, ultimately, cytokine
production and cell proliferation.'"® Our results suggest
that B-cell activation by HCV core is associated with
up-regulated phosphorylation of STAT1 and suppression
of SOCS-1 expression; T-cell suppression by HCV core
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Figure 5. Differential regulation of suppressor of cytokine signalling-1 (SOCS-1) and signal transducer and activator of transcription-1 (STAT1)
in B and T lymphocytes by HCV core. (a) gC1qR is involved in HCV core-induced induction of SOCS-1 gene expression in TCR-stimulated per-
ipheral blood mononuclear cells (PBMCs). Left panel, up-regulation of SOCS-1 in anti-CD3/CD28-stimulated T cells by HCV core. PBMC were
incubated with 1 ug/ml of anti-CD3/CD28 in the presence or absence of 2 pg/ml of B-gal-core for 24 hr, and SOCS-1 and B-actin genes were
amplified as described in Materials and Methods. The fold changes of the amplified genes in cells treated with or without core were quantitatively
analyzed by real-time reverse transcription—polymerase chain reaction (RT-PCR) and shown below, with the absence of core treatment deemed as
one after normalization by B-actin reference control. *represents P < 0-05 between the means from triplicate experiments in the presence or
absence of core treatment. Right panel, anti-CD3/CD28 stimulated PBMC were treated with HCV core in the presence or absence of a-core,
a-gClgR, or a control serum for 24 hr, and SOCS-1 gene amplification by RT-PCR or quantitative PCR was carried out as above. **represents
P < 0-01 between the fold changes of SOCS-1 gene expression in the presence of blocking antibody compared with the absence of blocking anti-
body, which is deemed one after normalization by B-actin reference control. (b) Differential regulation of SOCS-1 gene expression. Magnetic
antibody cell sorting (MACS)-purified B and T lymphocytes were stimulated with phytohaemagglutinin (PHA) or anti-CD3/CD28, respectively,
in the presence or absence of core protein for 24 hr, and SOCS-1 gene amplification by RT-PCR or quantitative real-time PCR were performed
as above. **represents P < 0-01 between the fold changes of the SOCS-1 gene in the presence of core compared with its absence, which is deemed
one after normalization by the B-actin reference control. (c) Differential regulation of SOCS-1 protein expression in B and T lymphocytes by
HCV core. MACS-purified B and T lymphocytes were stimulated with PHA or anti-CD3/CD28, respectively, in the presence or absence of core
protein for 24 hr, and SOCS-1 protein expression in the treated cells was analyzed by immunoblotting. B-actin serves as loading control. (d) Dif-
ferential regulation of STATI protein phosphorylation in B and T lymphocytes by HCV core. MACS-purified B and T lymphocytes were stimu-
lated with PHA or anti-CD3/CD28, respectively, in the presence or absence of core protein for 24 hr, and STAT1 phosphorylation in the treated
cells was analysed by immunoblotting. B-actin serves as loading control. Immunoblot results were reproducible in at least two independent
experiments from two different donors.

exhibits the opposite pattern. SOCS-1 and SOCS-3 are levels differ in T or B cells in HCV-infected individuals

known to be potent negative regulators of T-cell prolifer-
ation and IFN-y production via the JAK/STAT pathway,
and so our findings of SOCS up-regulation and STAT1
down-regulation in T cells are perhaps not surprising and
are in line with several studies focusing on IFN resis-
tance.'**

While the effects of HCV core appear to be mediated

via gClqR, we do not as yet know if gC1qR expression

© 2008 Blackwell Publishing Ltd, /mmunology, 125, 197-207

or if such a difference alters core-mediated signalling. In
addition, the blood level of Clq in HCV-infected patients
remains unknown, and so the interesting question of how
signalling by Clq versus HCV core differs, and if there is
a synergistic or antagonistic effect between Clq and HCV
core that might disrupt T-cell and B-cell responses
in vivo, remains. Given the fact that Clq-deficient sub-
jects, are prone to develop autoimmune disorders, there
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is support for Clq functioning as an immunomodulator
in vivo. We suspect, however, that the binding of Clq to
the N-terminal region of gC1qR (rather than the C-termi-
nal region, where core binds) may affect its signalling. We
have previously discussed this in studies focusing on T
cells and have consistently found that the equal molar
ratios of HCV core and Clq led to more intense
responses by HCV core, perhaps supporting a distinct
pathway or mechanism of signalling.”* The fact that we
found no difference in SOCS-1 expression in response to
Clq in B or T cells despite clear differences in response
to HCV core may also support different downstream sig-
nalling mechanisms.

The role of these regulatory pathways in B cells, how-
ever, has not been studied, and our findings represent the
first report of how a hepatitis C virus gene product affects
SOCS proteins and JAK/STAT signalling in B cells. It is
possible that chronic antigen exposure to circulating HCV
core, while dysregulating T-cell responses and promoting
an anergic state via up-regulation of SOCS proteins, also
leads to down-regulated SOCS-1 and/or SOCS-3 expres-
sion in B cells. This might drive the B-cell clonal expan-
sion that is currently thought to be the impetus behind
the development of mixed cryoglobulinemia and non-
Hodgkin lymphoma. Interestingly, several investigators
have found either inactivation or suppression of SOCS-1
in the setting of uncontrolled growth and malignancies,
including notably multiple myeloma but also breast, pan-
creatic, and ovarian cancer.’®**° How these proteins
might be involved in the development of B-cell clonal
expansion, mixed cryoglobulinemia, and non-Hodgkin
lymphoma in patients who are chronically infected with
HCV is unknown but currently under investigation.
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