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Quantitative Analysis of Anti-Hepatitis C Virus

Antibody-Secreting B Cells in Patients With Chronic

Hepatitis C

Takeji Umemura,'* Richard Y.-H. Wang,’ Cathy Schechterly,’ J. Wai-Kuo Shih,' Kendo Kivosawa,* and Harvey J. Alter!

To investigate the quantitative characteristics of humoral immunity in patients with hepa-
titis C, we established an enzyme-linked immunosorbent spot (ELISpot) assay for detection
of anti-hepatitis C virus (HCV)-secreting B cells. Receiver operating characteristic curve
analysis demonstrated 100% specificity and 58% to 92% sensitivity for detecting B-cell
responses to NS5b, NS3, E2, and core antigens. The median sum of anti-HCV-secreting B
cells to all HCV antigens tested was significantly higher in 39 patients with chronic hepatitis
C (47.3 spot forming cells [SFCs]/10° peripheral blood mononuclear cells [PBMCs]) than in
9 recovered subjects (15.3 SFCs/10° PBMCs; P = .05) or 11 uninfected controls (5.3
SFCs/10¢ PBMCs; P < .001); the significant difference (P = .018) in chronic versus recov-
ered patients was in reactivity to nonstructural antigens NS3 and NS5b. Anti-HCV immu-
noglubulin M (IgM)-secreting B cells were also readily detected and persisted decades into
HCYV infection; there was no difference in IgM-positive cells between chronic and recovered
patients. ELISpot reactivity to genotype 1-derived antigens was equivalent in patients of
genotypes 1, 2, and 3. There was significant correlation between the numbers of anti-HCV
IgG-secreting B cells and serum aminotransferase and to the level of circulating antibody. In
conclusion, ELISpot assays can be adapted to study B-cell as well as T-cell responses to HCV.
Measurement at the single-cell level suggests that humoral immunity plays a minor role in
recovery from HCV infection and that B-cell immunity is strongest in those with persistent

infection. (HEPATOLOGY 2006;43:91-99.)

epatitis C virus (HCV) infection is a major
cause of chronic liver disease worldwide. More
than half of patients with acute HCV infection
develop chronic hepatitis, leading to cirrhosis and/or hep-
atocellular carcinoma in at least 20% of these patients.!-3
Chronic HCV infection results in the induction of a
strong humoral immune response, and measurement of
anti-HCV antibodies in serum is widely used to screen for
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virus; SFC, spor-forming cell; PBMC, peripheral blood mononuclear cell: Ig, im-
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HCV infection. Although several studies have examined
the features of the humoral immune response to HCV,*7
the quantitartive characteristics of HCV-specific antibody
production during infection remain undefined. In pa-
tients with acute hepatitis C, an early HCV-specific T-cell
response is associated with viral clearance,1! but the role
of humoral immune responses in HCV clearance is un-
clear and appears to be subsidiary, because strong anti-
body responses are detected in all immunocomperent
chronic HCV carriers. It is also unknown whether anti-
HCV antibodies serve to control the level of viremia dur-
ing chronic infection and whether they ameliorate
horizontal or vertical transmission.

An enzyme-linked immunosorbent spot (ELISport) as-
say for detecting individual B cells secreting specific anti-
bodies has enabled investigators to study B-cell immuniry
at a cellular level in a variety of clinical applications.’?'?
The advantages of the ELISpor assay are that it can detect
even asingle cell out of 108 peripheral blood mononuclear
cells (PBMCs), whose secretion level may not be sufficient
for detection of circulating antibody, and distinguishes
and quantifies only active immunoglobulin-secreting
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cells. This assay thus provides a useful tool for better un-
derstanding immunity to infectious diseases and im-
proved analysis of the immune response to vaccination. 4
Although studies of antigen-specific antibody-secreting
cells in various viral infections have been conducted, 519
there are no published data on detection and quantifica-
tion of anti-HCV antibody—secreting B cells.

The objective of this study was to adapt the ELISpot
assay for the detection of anti-HCV antibody-secreting B
cells to (1) clarify the HCV-specific humoral immune
responses in patients with chronic heparitis C, (2) exam-
ine the correlation berween the numbers of anti-HCV
antibody-secreting B cells and clinical outcomes, and (3)
examine humoral immune responses in patients with
chronic hepatitis C compared with those who spontane-
ously clear HCV.

Patients and Methods

Subjects. Individuals who were identified by the
Greater Chesapeake and Potomac Region of the Ameri-
can Red Cross as being positive for anti-HCV via enzyme
immunoassay at the time of blood donation were referred
to the Department of Transfusion Medicine at the Na-
tional Institutes of Health for participation in a long-term
study of the natural history of HCV infection20:21; 750
participants were enrolled from 1990 through September
2003. Of these, 48 subjects were selected randomly to
assess humoral immune responses at the B-cell level. The
chronic hepatitis C group included 39 subjects who were
positive for anti-HCV antibodies (EIA-2 and RIBA-3)
and positive for HCV RNA. The recovered group in-
cluded 9 ant-HCV-positive subjects who were HCV
RNA-negative via qualitarive polymerase chain reaction
on at least two consecutive visits. The patients’ characrer-
istics are summarized in Table 1. Eleven volunteer blood
donors without a history of HCV infection served as con-
trols. All subjects were negative for hepatitis B surface
antigen and anribodies to the human immunodeficiency
virus. The study protocols were reviewed and approved by
the appropriate institutional review boards, and all sub-
jects gave written informed consent to partici pate in the
study.

Laboratory Testing. Antibodies to HCV were mea-
sured in serum samples via second-generation enzyme im-
munoassay (EIA-2; Abborr Laboratories, North Chicago,
IL). EIA-2 reactive samples were subsequently tested
via third-generation recombinant immunoblor assay
(RIBA-3; Chiron Corp., Emeryville, CA). Reactivity to at
least two of four HCV antigens (5-1-1/C100-3, C33,
C22, and NS5) was considered a positive RIBA-3 result,
no reactivity was considered a negative result, and reactiv-
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Table 1. Demographic and Clinical Characteristics of
Patients With HCV Infection

All Chronic Recovered
Characteristics (N = 48) (n = 39) (n=9) P Value
Mean age, yrs (range) 51 (33-83) 52 (37-83) 49 (33-78) 46
Male, n (%) 23 (48) 17 (44) 6(67) 28
Race, n (%)
White 43 (90) 35 (90) 8(89) 1.00
Black 5(10) 4(10) 1(11)
Source of infection, n (%)
Transfusion 16(33) 14 (36) 2(22) 30
Injection drug use 18 (40) 15 (38) 4 (44)
Nasal cocaine use 4(8) 2(5) 2(22)
Occupational 6(13) 6(15) 0(0)
Unknown 3(6) 2(5) 1(11)
Genotype, n (%)
1 25 (52) 24 (62) 1(11) 074
2 7(15) 6(15) 1(11)
3 2(4) 1(3) 1(11)
Unknawn 14 (29) 8(21) 6 (67)
Mean values (range)
ALT (Iu/L) 52 (15-251) 58 (28-251) 25 (15-52) 001
AST (IU/L) 43 (12-145) 48 (12-145) 24 (13-37) .001
ALP (IU/L) 69 (32-171) 71(35-171) 59 (32-74) .20
Total bilirubin (mg/dL) 0.7 (0.3-1.5) 0.7 (0.3-1.5) 0.7 (0.4-1.4) .72
Atbumin (g/dL) 3.9(3.3-4.5) 3.9(3.3-4.5) 4.0 (3.6-4.3) .53
GGTP (g/dL) 44 (8-286) 48 (8-286) 27 (8-102) .025
HCV RNA level (10° 11.2(<0.5-73) 14.1(<05-73) ND <.001
U/mL)
Recombinant strip
immunablot assay
c100 3.0 (0-4) 3.2 (0-4) 2.1(0-4) 042
¢33 3.5(1-4) 3.7(1-4) 2.6 (1-4) .011
c22 3.8 (0-4) 3.9(1-4) 3.1(0-4) .068
NS5 2.1(0-4) 2.3(0-4) 1.3 (0-4) .18

Abbreviations: ALP, alkaline phosphatase; GGTP, y-glutamyltransferase: ND,
below the limits of detection.

ity to only one antigen was considered an indeterminare
result. The serum levels of HCV RNA were determined
using the qualitative and quantitative COBAS AMPLI-
COR assays (Roche Diagnostic Systems, Branchburg,
NJ), which amplify HCV RNA via reverse-transcription
polymerase chain reaction. HCV genorypes were deter-
mined using INNO-LiPA HCV 11 (Innogenetics, Gent,
Belgium). Alanine aminotransferase (ALT), aspartate
aminotransferase (AST), and other relevant biochemical
tests were performed using standard methods.

PBMCs. PBMCs were isolated from whole blood using
cellular preparation tubes (Becton Dickinson, Franklin
Lakes, NJ), washed one time in phosphate-buffered saline
(PBS) and three times in medium (RPMI 1640 medium
supplemented with 2 mmol/L L-glutamine, 5 X 105 mol/L
2 mercaptoethanol, 50 U/mL penidillin, 50 ug/mL strepro-
mycin, and 10% fetal bovine serum), and were either studied
immediarely or eryopreserved in media containing 50% fetal
bovine serum, 10% dimethyl sulfoxide (Sigma-Aldrich, St.
Louis, MO), and 10% RPMI 1640.

HCYV Proteins. The recombinant full-length HCV
core protein (amino acid residues 1-191), E2 protein
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(amino acid residues 384-746), NS3 protein (amino acid
residues 1027-1657), and NS5B protein (amino acid res-
idues 2421-3011) were expressed and purified from Esch-
erichia coli using the expression vector as previously
described.?22* Control proteins were expressed as car-
boxy-terminal fusion proteins with human superoxide
dismutase in E. coli.

ELISpot Assay. Ninety-six—well plates containing
high-protein binding membranes (MAIP $4510; Milli-
pore Co., Bedford, MA) were coated with a 10-pg/mL
purified recombinant HCV core, E2, NS3, NS5b, or con-
trol antigens in carbonate coating buffer (0.1 mol/L
Na;COs3, 0.1 mol/L NaHCO3; pH 9.6). After incubation
at 4°C overnight, the plates were washed twice with PBS
and blocked with 3% bovine serum albumin for more
than 30 minurtes at 37°C. Cryopreserved PBMCs were
thawed and incubated for 44 hours at 37°C in a humidi-
fied atmosphere of 5% CO; at 1.25 X 103 or 2.5 X 107
cells/well in AIM V Media (Invitrogen, Carlsbad, CA).
All determinations were run in triplicate. After incuba-
tion, the cells were removed by washing 6 times with PBS
conraining 0.05% NP-40, and the plates incubared with
horseradish peroxidase-linked anti-human IgG or IgM
antibodies (1:1,000; KPL, Gaithersburg, MD) at 37°C
for 2 hours. After the plates were washed twice with PBS
and 6 times with PBS containing 0.05% NP-40, an opti-
mal 4CN peroxidase substrate (Bio-Rad, Hercules, CA)
was added and incubated for 20 to 30 minurtes at room
temperature to develop the spots. The reaction was
stopped by washing with distilled water. The plates were
dried overnighr, and the spots were counted auromatically
by an ELISPOT reader (Carl Zeiss Vision, Hallbergmoos,
Germany). The frequencies of anti-HCV antibody-
secreting B cells were calculated by subtracting the mean
number of spots in the control wells from the HCV anti-
gen-coared wells, and expressed as the mean of triplicates
of spot-forming cells (SFCs) per 10 PBMCs. Assays with
a high background (=5 spots/well in the negative control)
were excluded.

Assay of Anti-HCVINS3 Antibodies. Anti-HCV/
NS3 IgG was assayed via ELISA as described previously.??
Briefly, MaxiSorp Nunc-Immuno plares were coated with
recombinant HCV NS3 protein at 6 pg/mL in coating
buffer (20 mmol/L sodium bicarbonate buffer [pH 9.6],
0.15 mol/L NaCl) and overcoated with 0.1% bovine se-
rum albumin in PBS buffer (pH 7.4). The sera were tested
via two-fold serial dilution in 0.3% IGEPAL CA-630
(Sigma), 5% milk diluent (Kirkegaard & Perry Laborato-
ries, Gaithersburg, MD), and PBS [pH 7.4], with initial
dilution at 1:250. Biotinylated anti-human IgGy
(Kirkegaard & Perry Laboratories) and strepavidin—
horseradish peroxidase (Kirkegaard & Perry Laboratories)
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were added sequentially. One hundred microliters per
well ABTS microwell peroxidase substrate was used to
develop the color and 100 uL per well peroxidase stop
solution (Kirkegaard & Perry Laboratories) was added to
stop the reaction. Absorbance was read at 405 nm. The
IgG titer was determined via end point dilution.

Statistical Analysis. The Mann-Whitey U test or
Student 7 test was used to analyze continuous variables as
appropriate. Spearman’s rank order correlations were
used to evaluate the frequencies of anti-HCV antibody—
secreting B cells to each antigen and to the clinical fea-
tures. A P value of .05 or less was considered significant.
Although SFCs/10¢ PBMCs were expressed in this study,
the staristics were significant whether this was used or the
raw counts were used. Statistical analyses were performed
using SigmaSrar (version 2.03; SPSS, Chicago, IL). Re-
ceiver-operating characteristic (ROC) curve analysis was
performed using MedCale 7.0 software (huep://
www.medcalc.be). The best cutoff values of the ELISpot
assays were chosen automatically by MedCalc 7.0 as the
SFCs with the highest diagnostic accuracy (i.e., the sum of
the false-negative and false-positive rates was minimized).
The respective overall diagnostic values were expressed
using the area under the curve (AUC).

Results

Optimal Cutoff Values for ELISPOT Assay. To
determine the optimal cutoff values for the B-cell ELIS-
por assay in differentiating patients with HCV infection
from HCV seronegative blood donors, ROC curve anal-
ysis was performed. The ROC curves for the ELISpot
assay detecting anti-HCV IgG-specific B cells were ob-
tained via calculations made using the values obrained
from 48 patients with HCV infection and the 11 HCV-
negative volunteer blood donors. The selection of the op-
timal cutoff point value was based on the level at which
the accuracy was maximum (see Patients and Methods).
The optimal cutoff values, sensitivity, specificity, positive
predictive values, negative predictive values, and calcu-
lated AUC:s to all HCV antigens are listed in Table 2. In
our ELISpor assay, the values of sensitvity ranged from
58% to 92%, and the values of specificity were 100%.
The AUC results were constantly high in the ELISpot
assays for all antigens, and AUC values were berween 0.71
(NS5B antigen) and 0.94 (core and E2 anugens).

After we defined the optimal cutoff value for each an-
tigen, we determined the frequencies of anti-HCV 1gG-
secreting B cells in 48 patients with HCV infection. The
prevalence of anti-HCV IgG-secreting B cells during
HCV infection specific for the various antigens were:
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Table 2. Optimal Cutoff Values, Sensitivity, Specificity, AUC, and Predictive Values of Anti-HCV 1gG-Secreting B Cells in
ELISpot Assay in 48 Patients With Chronic Hepatitis C and 11 Volunteer Blood Donors

Cutoff Sensitivity, Specificity, %
Antigen Value % (95% C1) (95% CI1) AUC (95% CI1) PPV, % NPV, %
Core 134 92 (80-98) 100 (71-100) 0.94 (0.84-0.98) 100 73
E2 10.7 92 (80-98) 100 (71-100) 0.94 (0.85-0.99) 100 73
NS3 5.4 77 (63-88) 100 (71-100) 0.83(0.71-0.92) 100 50
NS58B 54 58 (43-72) 100 (71-100) 0.71 (0.58-0.82) 100 36

NOTE. All AUC values were significantly higher than a 0.50 nonpredictive value (P < .001 for all comparisons).
Cutoff values were determined by making ROC curves and are expressed as SFCs/10® PEMCs.

Abbreviations: PPV, positive predictive value; NPV, negative predictive value.

core, 92%; E2, 92%; NS3, 77%; and NS5B, 58% (Table
2).

We furcher assessed the optimal curoff values for the
ELISPOT assay detecting anti-HCV IgM-secreting B
cells using ROC curve analysis in 43 patients with HCV
infection and in 6 HCV-negative blood donors (Table 3).
The AUC values ranged from 0.73 (NS5B antigen) to
0.94 (core antigen). The prevalence of anti-HCV IgM-
secreting B cells ranged from 54% (NS5B antigen) to
84% (core antigen) (Table 3).

Detection and Quantitation of Anti-HCV Anti-
body-Secreting B Cells. Forty-cight PBMC samples ob-
tained from patients with HCV infection and 11 samples
from healthy volunteer blood donors were examined for
detection of anti-HCV IgG-secreting B cells. The median
numbers of the sum of anti-HCV IgG-secreting B cells to
all HCV antigens were significantly higher in patients
with HCV infection (38.3 SFCs/10¢ PBMCs; interquar-
tile range [IQR], 10.7-149.3) compared with control an-
ti-HCV negative donors (5.3 SFCs/10¢ PBMCs; IQR,
2.7-8.0; P < .001). Figure 1A shows box plots for the
numbers of anti-HCV IgG-secreting B cells to all § HCV
antigens in patients with HCV infection and in the con-
trols. Among 48 patients with HCV infection, the me-
dian numbers of anti-HCV IgG-secreting B cells ranged
from 10.7 SFCs/10¢ PBMCs (NS5B antigen) to 119.0
SFCs/10° PBMCs (E2 antigen). The median numbers of
anti-HCV IgG-secreting B cells in patients with HCV
infection were significantly higher than those in controls

for each HCV antigen (Fig. 1A).

Subsequently, we developed an ELISpot assay for de-
tecting anti-HCV IgM-secreting B cells. Detection of the
anti-HCV IgM-secreting B cells was performed in 43 pa-
tients with HCV infection and in 6 anti-HCV negarive
blood donors (Fig. 1B). The median numbers of the sum
of anti-HCV IgM-secreting B cells to all HCV anrigens
were significantly higher in patients with HCV infection
(21.3 SFCs/10° PBMCs; IQR, 9.2-48.0) compared with
the controls (8.0 SFCs/10° PBMCs; IQR, 0.0-10.7; P <
.001). The median numbers of anti-HCV IgM-secreting
B SFC to the core (31.1 vs. 4.0 SFCs/106 PBMCs; P <
.001) and E2 (32.0 vs. 8.0 SFCs/10° PBMCs; P = .005)
antigens in patients with HCV infection were signifi-
cantly higher than those in controls. (Fig. 1B).

Relationship Between Anti-HCV Antibody-Specific
B Cells and HCV Genotypes. Because the antigens used
were derived from HCV genotype la, the numbers of
anti-HCV 1gG-secreting B cells were compared berween
25 patients with HCV genotype 1 infection (10 with 1a,
11 with 1b, and 4 not subtyped) and 9 infected with
another single genotype (1 with 2a, 4 with 2b, 2 with 2
unsubtyped, and 2 with 3a). The median value of the
anti-HCV IgG-secreting B cells to each antigen was not
statistically different between the genotype 1 group and
the other genotype groups (Fig. 2). In addition, there were
no statistically significant differences in detecting anti-
HCV IgM-secreting B cells to all HCV antigens in those
with genotype 1 versus non-1 infections (dara not
shown).

Table 3. Optimal Cutoff Values, Sensitivity, Specificity, AUC, and Predictive Values of Anti-HCV 1gM-Secreting B Cells in
ELISpot Assay in 43 Patients With Chronic Hepatitis C and 6 Volunteer Blood Donors

Cutoff Sensitivity, Specificity,
Antigen Value % (95% CI) % (95% Cl) AUC (95% CI) PPV, % NPV, %
Core 121 B4 (69-93) 100 (54-100) 0.94 (0.84-0.99) 100 46
E2 17.4 72 (56-85) 100 (54-100) 0.86 (0.73-0.94) 100 33
NS3 10.7 70 (54-83) 100 (54-100) 0.74 (0.60-0.86) 100 32
NS5B 8.1 54 (38-69) 100 (54-100) 0.73 (0.58-0.85) 100 23

NOTE. All AUC values were significantly higher than a 0.500 nonpredictive value (P < .001 for all comparisons). Cutoff values were determined by making ROC curves

and are expressed as SFCs/10° PBMCs.

Abbreviations: PPV, positive predictive value: NPV, negative predictive value.
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Fig. 1. Detection of anti-HCV antibody-secreting B cells in patients
with HCV infection and volunteer blood donors. Boxes represent the IQR
of the data. The lines across the boxes indicate the median values, The
hash marks above and below the boxes indicate the 90" and 10™
percentiles for each group, respectively. (A) The frequencies of anti-HCV
lgG-secreting B cells to 4 HCV antigens were detected in 48 patients with
HCV infection and in 11 volunteer blood donors. (B) The frequencies of
anti-HCV IgM-secreting B cells were detected in 43 patients with HCV
infection and in 6 volunteer blood donors. PBMCs, peripheral blood
mononuclear cells; 1gG, immunoglobulin G; HCV, hepatitis C virus; BDs,
blood donors; IgM, immunoblobulin M.

Correlation Between Anti-HCV IgG-Secreting B
Cells and Clinical Features in Patients With HCV
Infection. Several demographic (age and sex) and clinical
(viral load, genotype, ALT, AST, alkaline phosphatase,
total bilirubin, albumin, y-glutamyltransferase, intensity
of RIBA assay, and anti-HCV antibodies) findings were
examined for their correlation with ant-HCV IgG-se-
creting B-cell frequency in patients with HCV infection.
The circulating anti-HCV IgG-secreting B-cell frequency
to the core antigen (Fig. 3A) was significantly correlated
with the value of ALT (P = .048, » = 0.29) and inversely
correlated with serum albumin (P = .048, »r = —0.33).
Similarly, the number of anti-HCV IgG-secreting B cells
to the E2 antigen was significantly correlated with the
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value of ALT (P = .037, r = 0.30) (Fig. 3B) and AST
(P = .033, r = 0.31) (Fig. 3C) and was inversely corre-
lated with serum albumin (P = .029, » = —0.36). Fur-
thermore, the number of SFCs to the N§3 anrtigen was
significantly correlated with the circulating antibody level
to the NS3 antigen in 38 patients with available serum
samples (P = .008, » = 0.43) (Fig. 3D). There was no
significant correlation between the numbers of anti-HCV
IgG-secreting B cells to NS3 or NS5b antigens and any of
the biochemical, demographic, or clinical parameters
specified above.

Comparison of the Number of Anti-HCV Antibody-
Secreting B Cells Between Patients With Chronic
Hepatitis C and Patients Who Recovered. Asshown in
Table 1, patients with chronic hepatitis C had signifi-
cantly higher mean serum levels of ALT (58 vs. 25 TU/L;
P = .001), AST (48 vs. 24 IU/L; P = .001), and yglu-
tamyltransferase (48 vs. 27 1U/L; P = .025) compared
with the recovered patients. The mean HCV RNA level in
the chronic group was 14.1 X 10° IU/mL. There were
significant differences in the mean intensity of the RIBA
assay against the C33 and C100 proteins in chronic vs.
recovered subjects (C33, 3.2 vs. 2.1, P = .042; C100, 3.7
vs. 2.6, P = .011). We found no significant difference
berween patients with chronic hepatitis C and patients
who had recovered when their age, sex, race, source of
infection, HCV genotypes, total bilirubin, or albumin
were compared.

The median numbers of the sum of ant-HCV IgG-
secreting B cells to all HCV antigens were significantly
higher in patients with chronic hepatitis C (47.3 SFCs/
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Fig. 2. Detection of anti-HCV IgG-secreting B cells in patients infected
with HCV of genotype 1 and nongenotype 1. Boxes represent the IQR of
the data. The lines across the boxes indicate the median values. The
hash marks above and below the boxes indicate the 90th and 10th
percentiles for each group, respectively. The frequencies of anti-HCV-
secreting B cells were detected in patients infected with genotype 1 (n =
25) and in those with other genotypes (n = 9). PBMCs, peripheral blood
mononuclear cells; Non1, nongenotype 1.
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10° PBMCs; IQR, 13.3-149.7) than in recovered patients
(15.3 SFCs/10° PBMCs; IQR, 3.3-142.7; P = .05) and
normal controls (5.3 SFCs/10¢ PBMCs; IQR, 2.7-8.0;
P < .001). The median numbers of the sum of anti-IgG—
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secreting B cells to structural antigens were not signifi-
cantly higher in patients with chronic heparitis C (108.3
SFCs/10° PBMCs) than in those who recovered (97.4
SFCs/10° PBMCs) (Fig. 4A). In contrast, the median
numbers of the sum of anti-HCV IgG-secreting B cells o
nonstructural antigens were significantly higher in pa-
tients with chronic hepatitis C (19.0 SFCs/10¢ PBMCs)
than in patients who recovered (4.9 SFCs/106 PBMCs;
P = .018), particularly for NS3 antigen (26.7 vs. 5.3
SFCs/10° PBMCs; P = .032) (Fig. 4B). Furthermore,
patients with chronic hepatitis C had a significantly
higher frequency of anti-HCV IgG-secreting B cells to the
NS3 antigen than those who recovered (85% vs. 44%;
P = .02) (Fig. 4C).

The median numbers of the sum of and-HCV IgM-
secreting B cells to all HCV antigens were similar in pa-
tients with chronic hepatitis C (22.0 SFCs/10¢ PBMCs;
IQR, 8.2-49.3) and recovered patients (20.7 SFCs/10¢
PBMCs; IQR, 12.2-36.7) and were significantly higher
than in the controls (8.0 SFCs/10¢ PBMCs; IQR, 0.0-
10.7; P << .001) (Fig. 4A). When the responses were an-
alyzed for structural and nonstrucrural antigens, the median
numbers of the sum of anti-HCV IgM-secreting B cells were
not significantly different in patients with chronic heparits
C and recovered subjects for either structural antigens (30.7
vs. 31.6 SFCs/10° PBMCs) or nonstructural antigens (20.7
vs. 12.7 SFCs/10% PBMCs) (Fig. 4A).

Discussion

We developed an ELISpot assay for sensitive quantita-
tive assessment of anti-HCV antibody-secreting B cells in
PBMC:s from patients with HCV infection and used this
technique to analyze the induction of humoral immune
responses at the single-cell level. IgG and IgM anti-HCV
antibody secreting B cells to core, E2, NS3, and NS5 were
detected and quantified in patients with chronic HCV
infection and compared with recovered patients and un-
infected controls. The key findings were: (1) anti-HCV
secreting B-cell responses were greater in chronically in-
fected patients than in recovered patients, suggesting that
antibody does not play a major role in recovery from acute

Fig. 3. Corelation of the number of anti-HCV 1gG-secreting B cells
and clinical characteristics in 48 patients with HCV infection. (A) Fre-
quency of circulating anti-HCV IgG-secreting B cells to core antigen was
significantly correlated with the value of ALT (r = 0.29, P = .048). (B-C)
Frequency of circulating anti-HCV 1gG-secreting to E2 antigen was cor-
related with the value of (B) ALT (r = 0.30, P = .037) and (C) AST (r =
0.31, P = .033), respectively. (D) Frequency of circulating anti-lgG-
secreting B cells to NS3 antigen was correlated with the value of anti-HCV
antibodies to NS3 antigen (r = 0.43, P = .0085). ALT, alanine
aminotransferase; PBMCs, peripheral blood mononuclear cells; AST,
aspartate aminotransferase; HCV, hepatitis C virus.
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HCV infection, as also indicated by recently developed
pseudotype assays for HCV-neutralizing antibodies®#2%;
(2) the primary difference berween chronically infected
and recovered subjects was in the greater reactivity of the
former to nonstructural antigens; (3) in chronic infection,
HCV antibodies were cross-reactive against genotypes,
again consistent with recent findings by neutralizing an-
tibody assays®®27; (4) the ELISpot assay can measure IgM
as well as IgG responses at the single-cell level, providing
a new means to measure the more elusive IgM response;
(5) IgM responses were surprisingly well maintained dur-
ing chronic infection; and (6) 1gG responses correlated
positively with serum transaminase levels.

In this study, the B-cell ELISpot assay showed high
specificity (91% to 100%) and sensitivity (58% to 92%)
to all HCV antigens through analysis of the ROC curves
and thus achieved high diagnostic accuracy. Although
there was a general problem that raw numbers of SFCs
were low, staristical analysis and prior publications?®2*
suggest that these small differences are consistent and rel-
evant. Of note, individuals infected with nongenotype 1
variants were strongly positive in this assay, which used
only genotype 1-derived antigens. This suggests that ge-
notype 1 contains conserved epitopes that will allow the
ELISpor assay to assess humoral immune responses to
HCV irrespective of genotype (Fig. 2), with the caveat
that we did not assess genotypes 4, 5, and 6, all of which
are rare in the Unired Startes.

ELISpot assay has been used as a sensitive and specific
tool to measure B-cell responses in autoimmune dis-
eases?®?? and viral infections such as cytomegalovirus,'®
rotavirus,’'® measles virus,'” and hepatitis B virus,'®? as
well as ro evaluate responses to bacterial®® and viral vac-
cines.'®'? Other reports demonstrate that ELISpot is able
to detect and numerate antigen-specific memory B cells in
PBMC:s after in vitro stimulation in both autoimmune
discases and viral infection.?'3? Thus, the B-cell ELIS-
POT assay might be a useful ool o detect anti-HCV-
specific memory B cells, and to monitor the efficacy of
furure HCV vaccines.

Interestingly, this study showed a strong correlation
berween the numbers of anti-HCV IgG-secreting B cells
to the core and E2 antigens and the values of serum
transaminases. The clinical significance of these abserva-
tions is unknown, but raises the possibility that antibodies
can contribute to liver cell injury. In addition, Ni et al.?
recently reported that 10 of 36 hepatitis C patient samples
showed increased B-cell frequencies thart correlated with the
degree of heparic fibrosis. There are insufficient histological
darta in our study to assess whether the numbers of ant-HCV
antibody-secreting B cells correlate with the degree of fibro-
sis as well as biochemical evidence of inflammation.
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The median numbers of the sum of anti-HCV IgG-
secreting B cells to nonstructural antigens were signifi-
cantly higher in patients with chronic hepatitis C than in
recovered patients. Similarly, an HCV-specific B-cell re-
sponse was more frequently detected in patients with
chronic hepatitis C than in recovered subjects (92% vs.
56%; P = .017) and was directed against a broader range
of HCV antigens, particularly to NS3. In conrrast, CD4
T-cell responses to NS3 epitopes are greatest in patients
who recover from HCV infection. 3435

We have also developed and evaluated the ELISpot
assay for detecting anti-HCV IgM-secreting B cells. It has
been reported that IgM anti-HCV in serum might be
predictive of viral clearance in acute hepatitis C or re-
sponse to interferon therapy.6-4¢ However, these results
have been controversial and other studies have shown a
significant correlation between IgM anti-HCV levels in
serum and the recurrence of hepatitis C after liver trans-
plantation.#!42 In this study, we found that [gM-secreting
B cells persisted during chronic infection so thar the use-
fulness of IgM dertection for assessing acute versus chronic
HCV infection would have to depend on quantitative
differences in IgM level rather than the simple presence or
absence of IgM antibody. The fact that there are no stan-
dardized assays for measuring IgM anti-HCV in serum
and the ready detection of IgM-secreting B cells in this
study suggests that the ELISpor assay could be used to
better define the clinical relevance of IgM antibody in
acute and chronic HCV infection.

Overall, this study, as do studies of HCV-specific neu-
tralizing antibodies,?6:27 suggest that the humoral arm of
the HCV immune response is not a critical element of
spontaneous viral clearance. However, because of the dif-
ficulty in obtaining serial acute-phase PBMC collections
from recovering subjects, our study does not exclude a
role for antibody-mediated viral clearance early in HCV
infection. Sequential acure phase ELISpot IgM testing of
PBMC:s is planned in forthcoming chimpanzee infectivity
studies. Nonetheless, studies of neutralizing and antien-
velope antibodies that measured serial acute phase serum
samples from recovering subjects?6:27 did not show that
such antibodies correlated with viral clearance. Rather, it
appears in those studies and the current study that anti-
bodies to HCV increase in strength and broadness of re-
activity during the course of chronic infection,
presumably because of persistent antigenic stimulation.
This is in contrast to cell-mediated immunity thar is
markedly diminished in chronically infected compared
with recovered subjects. This dichotomy between the hu-
moral and cellular immune response to HCV is intriguing
and suggests T-cell tolerance in the absence of B- cell
tolerance.

HEPATOLOGY, January 2006

[t is interesting to speculate on the role that antibodies
might play in HCV infection. First, it seems reasonable
that such antibodies complexed to virus would reduce the
level of free virus and diminish transmission to others.
This reduction in free virus in addition to lowered viral
load might explain the relative rarity of sexual and peri-
natal transmission during chronic HCV infection. More
intriguing is whether such antibodies establish the set
point for viral load during chronic infection. It is known
that viral loads are highest early in HCV infection prior to
the appearance of antibody** and that chronically in-
fected patients establish a lower and relatively constant
level of viremia.* It appears that production and elimi-
nation of virus achieve a steady state. This steady state is
probably multifactorial in origin, but antibody may play a
key role. When patients in a steady state are immunosup-
pressed at the time of transplantations or when coin-
fected with human immunodeficiency virus,4¢ the viral
load increases, supporting an immunological role for viral
containment even in the absence of clearance. A deleteri-
ous function of anti-HCV is that it serves to drive quasi-
species evolurion making it increasingly hard for the
immune system to achieve viral clearance. Farci et al. 47
have shown in both humans and chimpanzees that the
appearance of antibody coincides with increasing viral
diversity and complexity and predicts progression to
chronic infection.

In conclusion, there is much to explore regarding the
funcdon and relevance of IgG and IgM antibodies in HCV
infection, and we believe the ELISpot assay, by measuring
antibody production at the single-cell level, provides a new
and useful tool for understanding the complex interplay be-
tween HCV and the host immune response.
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