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Table 1. Baseline Characteristics

Chronic
HCV
treatment Chronic HCV Healthy
Study cohort naive nonresponder? HCV resolver controls
No. 62 22 12 16
Sex (female/male) 24/38 8/14 6/6 13/3
Age (y)® 46 50 47 29
Genotype 1 39 14 Not —
determined

HCV RNA (IU/mL)b 8.6 x 10° 6.6 x 10° <50 —
Alanine 86 97 Normal Normal

aminotransferase

(U/ne

dncludes null response (n = 11), relapse (n = 8), and dropout (n = 3).
bValues are calculated as median.

CD4" T cells in the peripheral blood of chronically in-
fected patients with HCV using 3 recently established
major histocompatibility complex (MHC) class II tetram-
ers. Profiles of HCV-specific PD-1 and CTLA-4 expression
were compared with self-limiting influenza and latently
persisting Epstein-Barr virus (EBV) infection. The effect
of the in vitro blockade of the different inhibitory path-
ways was studied with respect to the restoration of CD4*
T-cell proliferation, interferon (IFN)-y, IL-2, and tumor
necrosis factor (TNF)-a secretion. The functional data
obtained were compared with the in vitro effects of PD-1,
CTLA-4, and IL-10/TGF-B1 inhibition on influenza- and
EBV-specific CD4" T cells.

Materials and Methods
Study Subjects

Peripheral blood was obtained from study subjects at the
University Hospital Munich after institutional review board approval.
All patients gave written consent. The protocol and the procedures of
the study were conducted in conformity with the ethical guidelines of
the Declaration of Helsinki. Eighty-four patients (DRB1*0101,n = 37;
DRB1%1501, n = 26) with chronic HCV infection (HCV seropositive,
HCV RNA positive, =6 months), 12 patients who spontaneously
cleared the virus (HCV seropositive, HCV RNA negative, normal ala-
nine aminotransferase level), and 16 healthy individuals (HCV serone-
gative, HCV RNA negative) were included. Baseline characteristics are
displayed in Table 1. Study data included GT1a/b and GT2/3 patients
in all. HCV resolvers were enclosed 101 months following viral clear-
ance.

Preparation of Peripheral Blood Mononuclear
Cells

Peripheral blood mononuclear cells (PBMCs) were iso-
lated from whole blood as described previously.!8

Syntbhetic Proteins and Peptides

HCV protein comprising the NS3/4 region was kindly
provided by M. Houghton (Chiron, Emeryville, CA) (>90%
pure). The following HCV, influenza, and EBV peptides corre-
sponding to HLA-DRB1*0101-, DRB1*1501-, and DRB1*0401-
restricted epitopes were used: HCV 1806-1818 (TLLFNILGG
WVAA), HCV 1411-1425 (GINAVAYYRGLDVSV), HCV 1582-
1597 (NFPYLVAYQATVCARA), influenza hemagglutinin
(PKYVKQNTLKLAT), EBV EBNA1 (TSLYNLRRGTALA), and
EBV BHRF1 (PYYVVDLSVRGM). All peptides were synthesized
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by EMC (Microcollections, Tiibingen, Germany) with >90% pu-
rity.

Flow Cytometric Analysis

PD-1FITC, CTLA-4APC, CD4FITC/APC-H7, CD14PerCP CD19PerCP)
CD3PeC? Via Probe, Brefeldin A, functional blocking anti-
CTLA-4, and anti-IgG2ak isotype control were purchased from
BD Biosciences (San Jose, CA). PD-14PC) IL-2FITC [FN-y"E| TNF-
aPB07 functional blocking anti-PD-L1, anti-PD-L2, anti-IL-10,
and anti-IgG1 isotype control were purchased from eBioscience
(San Jose, CA). CD200RTC CD305T¢ functional blocking
anti-CD305, and anti-CD200 were purchased from AbD Serotec
(Oxford, England). Anti-TGF-B1 was purchased from R&D Sys-
tems (Minneapolis, MN). MicroBeads for T-cell enrichment were
purchased from Miltenyi Biotec (Bergisch-Gladbach, Germany).
PD-1 expression =90% or mean fluorescent intensity (MFI)
=4300 (mean value plus 1 SD) was classified as PD-1"sh. PD-1
expression <90% and >0% or MFI <4300 and >0 was classified
as PD-1lv,

Major Histocompatibility Complex Class 11
Tetramer Staining

The following PE-labeled HLA-DRB1*0101- and
DRB1#1501-restricted MHC class II tetramers from Beckman
Coulter Immunomics (Marseille, France) were used: HCV 1806 -
1818 (TLLENILGGWVAA), HCV 1411-1425 (GINAVAYYRGLD-
VSV), HCV 1582-1597 (NFPYLVAYQATVCARA), influenza
hemagglutinin (PKYVKQNTLKLAT), and EBV EBNA1 (TSLYN-
LRRGTALA). HLA-DRB1#0101 patients were stained with the
HCV tetramer reactive to epitope amino acids 1806-1818 or
with the influenza and EBV tetramer. In case of DRB1*1501-
positive individuals, staining was performed with both
DRB1#1501-restricted tetramers (HCV 1411-1425 and HCV
1582-1597) pooled in each included patient. Staining and cal-
culation of tetramer-positive CD4* T-cell frequencies were per-
formed as described previously.'*2° For intracellular CTLA-4
staining, cells were fixed and permeabilized after staining for
tetramers and surface markers. Anti-CTLA-4 was added for 20
minutes at room temperature. After wash step, cells were incu-
bated with MicroBeads and applied to MS Columns (Miltenyi
Biotec, Bergisch-Gladbach, Germany).

In Vitro Expansion Assay

In vitro expansion was performed with 2 X 10° PBMCs
from chronically infected subjects diluted in 1 mL culture me-
dium (RPMI-1640, 5% human AB serum, 2 mmol/L glutamine,
1 mmol/L sodium pyruvate, 100 IU/mL penicillin, 100 pg/mL
streptomycin). After preincubation with blocking antibodies tar-
geting PD-L1/2 (1 pug/mL and 2 ug/mL, respectively), CTLA-4
(50 pmg/mL), CD30S (5 pg/mL), CD200 (10 pwg/mL), and IL-10/
TGF-B1 (1 pg/mL and 10 ng/mL, respectively) for 30 minutes at
room temperature, cells were stimulated with HCV, influenza, or
EBV peptides (10 ug/mL). At day 7, 20 IU/mL recombinant
human IL-2 was added. At day 21, cells were stained with
tetramers and analyzed by fluorescence-activated cell sorting
(FACS). Isotype controls and healthy donors stimulated with
HCV peptides served as controls. The increase of tetramer-
positive T-cell frequencies in patients with chronic HCV was
defined as positive if the enhancement in healthy individuals
(n = 7) was exceeded by the mean value plus 1 SD.
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Figure 1. Frequencies of antigen-specific CD4* T-cells. (A) Percentages of virus-specific CD4* T-cell frequencies determined by MHC class |I
tetramers in the peripheral blood of HCV resolvers (n = 12) and chronically infected patients (n = 35) versus influenza- (n = 12) and EBV-specific
CD4* T cells (n = 10) as well as healthy controls (n = 11). Black bars represent the median. P values were calculated by Mann-Whitney U test. (B)

Dot plot graphs are gated on CD14~, CD19, Via Probe™ T cells.

Intracellular Th-1 Cytokine Staining

After expansion of 3 X 10° PBMCs from chronic sub-
jects with HCV protein (3.3 pwg/mL), HCV peptides (10 ug/mL),
influenza, or EBV peptides (10 ug/mL) in the presence or ab-
sence of blocking antibodies or isotype controls, cells were re-
stimulated with or without antigen in the presence of autolo-
gous irradiated (4000 rads) PBMCs (1 X 10%/well) and Brefeldin
A. SEB (Sigma-Aldrich, St Louis, MO) was used as positive
control. After 6 hours of incubation, cells were stained with
surface markers, fixed, permeabilized, stained with anti-IFN-vy,
anti-IL-2, and anti-TNF-« for 20 minutes at room temperature,
and analyzed by FACS after wash step. Cells were gated on CD3*
and CD4* T cells. Data were shown background corrected with
subtraction of the individual costimulated control sample. The
increase of cytokine production in patients with chronic HCV
was defined as positive if the responsiveness of isotype controls
(IgG1, n = 8;1gG2, n = 5) was exceeded by the mean value plus
1 SD.

Detection of HCV RNA

HCV RNA was quantified by a polymerase chain reaction
assay (ABI Prism 7700 and/or ABI Prism 7500 Fast; Applied
Biosystems, Carlsbad, CA), with a lower detection limit of 50
IU/mL. Viral load was defined as high if plasma RNA levels
exceeded 8 X 10° copies/mL.

Viral Sequencing

Viral sequencing was performed as described previ-
ously.?!

HLA Typing

DNA was obtained using the QlAamp DNA Blood Mini
Kit following the manufacturer’s guidelines. HLA typing was
performed as described previously.??

Statistical Analysis

Samples were acquired on a FACSCanto II flow cytom-
eter from BD Biosciences. Data were analyzed by FlowJo 8.8.6

(Tree Star Inc, Ashland, OR) and shown as median values.
GraphPad Prism 5 (La Jolla, CA) was used for analysis of Mann-
Whitney U test (unpaired), Wilcoxon signed rank test (paired),
and linear regression analysis. P values =.05 were considered
significant.

Results
Frequencies of HCV-Specific CD4* T Cells

We were able to detect HCV-specific CD4* T
cells in 35 of 42 (83.3%) chronically infected patients
with HCV at frequencies between 0.001% and 2.6%
(median, 0.006%) using one HLA-DRB1*0101- and 2
DRB1#%1501-restricted tetramers. Patients who sponta-
neously cleared the virus displayed the highest frequen-
cies when compared with those with chronic infection
(P = .006) (Figure 1A). Tetramer-positive CD4* T cells
were detectable in 12 of 12 HCV resolvers, ranging from
0.001% to 0.178% (median, 0.023%). Frequencies of te-
tramer-positive CD4*% T cells were significantly higher
in chronically infected patients versus healthy individ-
uals (median, 0.00%; P < .0001) (Figure 1A). We were
able to track influenza-specific (n = 12; median,
0.007%) and EBV-specific CD4* T cells (n = 13; median,
0.003%) in chronically infected patients with HCV (Fig-
ure 1A). Frequencies of EBV-specific CD4* T cells were
significantly lower when compared with influenza- and
HCV-specific CD4* T cells (P = .006 and P = .04,
respectively) (Figure 1A). Representative stainings are
displayed in Figure 1B. To define the degree of geno-
type-dependent (GT1a/b vs GT2/3) conservation of the
peptide sequences within the epitopes as used in the
MHC class II tetramers (HCV 1411-1425, HCV 1582-
1597, HCV 1806-1818), we analyzed the sequences in
GTla/b (n = 11) and GT2/3 patients (n = 8) (Supple-
mentary Figure 1A4). GTla/b patients displayed a very
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limited degree of diversity and high homology with the
peptide sequences used for the tetramers and in vitro
stimulation (sequence identity amino acids 1411-1425
in 80%, amino acids 1582-1597 in 66.6%, and amino
acids 1806-1818 in 100% of patients), in contrast to
GT2/3 patients, with only 0 to 25% of patients showing
100% sequence identity. Still, in 2 epitopes, there were
only 1 or 2, mainly conservative, amino acid changes
(87%-93% sequence identity) and just epitope 1806-
1818 showed up to 33% of sequence variability in
GT2/3 patients (Supplementary Figure 1A4). Impor-
tantly, frequencies of tetramer-positive CD4* T cells,
virus-specific PD-1, and CTLA-4 expression did not
differ from patients with prototype sequences and mu-
tations (consensus vs mutation: tetramer, P = .5; PD-1,
P =1.0; CTLA-4, P = .6) (Supplementary Figure 1B-D),
suggesting a high degree of cross-reactivity between the
different sequence variants.

Virus-Specific Expression of Inhibitory

Receptors on HCV-Specific CD4* T Cells

Next, we analyzed the PD-1 and CTLA-4 expres-
sion on total and tetramer-positive CD4* T cells of overall
35 patients with chronic HCV infection, 11 HCV resolvers,
and 13 healthy donors. Virus-specific PD-1 (n = 32; me-
dian, 71%; MFI, 721) and CTLA-4 (n = 26; median, 16.8%;
MFI, 114.5) expression was significantly higher in chronic
HCV infection versus resolvers (PD-1 median, 52.1%; MFI,
395; P = .02; CTLA-4 median, 10.9%; MFIL, 74.1; P = .01
and P = .05), as illustrated in Figure 2A and B. Virus-
specific PD-1 and CTLA-4 expression in chronically in-
fected patients was substantially up-regulated in compar-
ison to total CD4" T cells (PD-1 median, 11.3%; MFI, 129;
P < .0001; CTLA-4 median, 5.35%; MEL 49; P < .0001).
Total CD4" T cells from healthy individuals expressed
low levels of PD-1 (median, 11.5%; MFI, 114) and CTLA-4
(median, 7.5%; MFI, 58.8), similar to chronic or resolved
infection (Figure 2A and B). Further, we investigated
whether different levels of HCV RNA might alter PD-1
and CTLA-4 expression. Both molecules did not differ
between patients with high versus low plasma viral load,
as shown in Supplementary Figure 2A and B (PD-1 me-
dian, 68% vs 75%; MFI, 1005 vs 639; P = 0.7 and P = .5,
respectively; CTLA-4 median, 18% vs 15%; MFI, 106 vs 123;
P = .8 and P = .6, respectively). To define kinetics in
virus-specific PD-1 and CTLA-4 expression during the
course after viral resolution, we characterized 3 HCV re-
solvers longitudinally, each at 3 different time points
(Supplementary Figure 3). Neither PD-1 nor CTLA-4 ex-
pression revealed significant changes up to 149 months
following HCV elimination. To characterize the role of
CD305 and CD200R in CD4" T-cell dysfunction, we in-
vestigated the expression of both molecules in chronically
infected patients with HCV (n = 12), HCV resolvers (n =
8), and healthy donors (n = 14). The lowest level of
virus-specific CD305 was detectable in chronic HCV in-
fection (median, 0.00%; MFI, 128), while CD30S5 was up-
regulated in resolvers (median, 42.4%; MFI, 281; P = .02
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and P = .03, respectively) (Figure 2C). CD30S5 expression
on total CD4* T cells was expressed at high levels as
displayed as median (chronic HCV [cHCV]: 70%; MFI, 512;
resolver: 67.5%; MFI, 443; healthy controls: 72.9%; MFI,
535). Virus-specific CD200R was significantly higher in
HCV resolvers (median, 18.1%; MFI, 242) when compared
with chronically infected patients (median, 10%; MFI, 162;
P = .05 and P = .04, respectively) (Figure 2D). No differ-
ence in CD200R expression was detectable between virus-
specific and total CD4*% T cells of patients with cHCV
(median, 10% vs 14.9%; MFI, 162 vs 179; P = 0.1 and P =
.5, respectively). FACS dot plots of CD305 and CD200R
expression are shown in Figure 2C and D. Notably, self-
limiting influenza infection (n = 12) was associated with
lower virus-specific PD-1 expression (median, 52%) than
HCV-specific PD-1 expression from subjects with cHCV
(median, 71%; P = .02), while latently persisting EBV
infection (n = 13) displayed lower levels of PD-1 (median,
50%) but not significantly (P = .07) (Figure 3A). Antigen-
specific CTLA-4 expression was similar when comparing
influenza- (median, 15%), EBV- (median, 19%), and HCV-
specific CD4* T cells with chronically infected patients
with HCV (Figure 3B).

Virus-Specific Coexpression of Inhibitory
Molecules

Next, we examined virus-specific coexpression of
PD-1 with CTLA-4, CD30S5, and CD200R (Supplementary
Figure 4A). Virus-specific PD-1/CTLA-4 coexpression was
not different in patients with cHCV (n = 21; median,
10.3%) versus resolvers (n = 9; median, 8.8%) (P = .3) but
strongly up-regulated when compared with total CD4" T
cells (¢cHCV median, 1.1%; resolver median, 1.0%; P =
.0005 and P = .02, respectively). Virus-specific CTLA-4 was
significantly associated with coexpression of PD-1/
CTLA-4 (P < .0001; 72> = 0.85) (Supplementary Figure 4B).
In chronic HCV infection, CD305 as well as CD200R
expression was characterized by low levels of PD-1 coex-
pression (CD30S5 median, 2.5%; CD200R median, 7.4%)
(Supplementary Figure 4A). Influenza- (median, 9.8%) and
EBV-specific CD4" T cells (median, 7.1%) displayed simi-
lar levels of virus-specific PD-1/CTLA-4 coexpression as
observed in chronically infected patients with HCV (Sup-
plementary Figure 4C). Representative stainings are
shown in Supplementary Figure 4D and E.

Induction of CD4* T-Cell Expansion After In
Vitro Blockade of Inbibitory Pathways

Further, we defined the effect of in vitro blockade
of the different inhibitory pathways on CD4* T-cell ex-
pansion in chronic HCV infection using neutralizing an-
tibodies against PD-L1/2 (n = 23), CTLA-4 (n = 11),
IL-10/TGE-B1 (n = 16), CD305 (n = 12), and CD200 (n =
9) in the presence of HCV antigen. Inhibition of PD-L1/2
significantly enhanced virus-specific CD4" T-cell frequen-
cies in 11 of 23 patients (47.8%) with cHCV 3.2-fold from
0.2% after antigenic stimulation to 0.64% following PD-
L1/2 blockade (P = .01) (Figure 4A). Four of 11 patients
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Figure 2. Expression pattems of inhibitory receptors on HCV-specific CD4* T cells. Percentages (eft), MFI (middle), and representative dot plots (ight) of
antigen-specific versus (4) total PD-1 (n = 32), (B) CTLA-4 (n = 26), (C) CD305 (n = 7), and (D) CD200R (n = 9) expression in chronically infected patients with HCV
compared with resolvers and healthy individuals. Bars represent the median. MFl is shown as box and whisker plot. P values were calculated by Mann-Whitney

U test and Wilcoxon signed rank test. Dot plot graphs are gated on CD4*, CD14

(36.3%) responded to CTLA-4 blockade with a not signif-
icant increase from 0.09% to 0.2% (P = .5), which was
mainly due to an unusually strong response in a single
patient (Figure 4B). No clinical, immunologic, or virologic

~, CD19, Via Probe™ T cells.

features were predictive of a successful CTLA-4 inhibition
(data not shown). Inhibition of IL-10/TGF-81 augmented
HCV-specific CD4" T-cell frequencies 3.3-fold in 10 of 16
patients (62.5%; P = .02) (Figure 4C). CD305 blockade
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Figure 3. PD-1 and CTLA-4 expression on influenza- and EBV-specific
CD4* T cells. Scatter dot plots (left) show (A) PD-1 and (B) CTLA-4
expression on influenza- (n = 12) and EBV-specific (n = 13) versus
HCV-specific CD4* T cells of chronically infected patients with HCV.
Expression patterns are illustrated on the right. Black bars represent the
median. P values were calculated by Mann-Whitney U test.

had no effect on the restoration of CD4" T-cell expansion
(P = .6) (Figure 4D), while CD200 inhibition even dimin-
ished CD4" T-cell frequencies (P = .05) (Figure 4E). In 6
patients, cell numbers allowed the parallel analysis of
PD-1, CTLA-4, and IL-10/TGF-B1 blockade at a single
time point and revealed heterogenous response patterns; 3
chronically infected patients did not respond to any in
vitro treatment (data not shown), while the other 3 pa-
tients displayed diverse patterns of virus-specific CD4"
T-cell restoration as shown in Supplementary Figure 5.
Combined PD-1/CTLA-4 inhibition in 2 chronically in-
fected patients had no synergistic effect on CD4*+ T-cell
proliferation (data not shown). Interestingly, the outcome
of PD-L1/2 blockade was associated with the ex vivo level
of virus-specific PD-1 expression. Lower levels of PD-1
(median, 67%; MFI, 720; n = 10) were associated with an
increase of virus-specific CD4% T-cell frequencies, while
high levels (median, 100%; MFI, 6500; n = 4) correlated
with  unresponsiveness (PD-1°%: Ag vs Ag +
aPD-L1/2, P = .04; PD-1"sh: Ag vs Ag + aPD-L1/2, P =
1.0). The outcome of PD-L1/2 neutralization was not
associated with the extent of viral load (low: Ag vs Ag +
aPD-L1/2, P = .1; high: Ag vs Ag + aPD-L1/2, P = .07).
We additionally examined the effect of PD-L1/2, CTLA-4,
and IL-10/TGF-B1 inhibition on CD4" T-cell expansion
using other viral specificities, such as influenza and EBV
infection. Blockade of PD-1, CTLA-4, and IL-10/TGF-B1
failed to rescue influenza- (n = 6; Figure SA) and EBV-
specific (n = 6; Figure 5B) CD4" T-cell proliferation as
tested in patients with cHCV. Unspecific proliferative in
vitro reaction was excluded by (1) stimulation of healthy
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Figure 4. Induction of HCV-specific CD4* T-cell proliferation. Virus-specific
CD4* T-cell frequencies in chronically infected patients with HCV following (A)
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from antigenic stimulation (eft) to the inhibition of the different inhibitory mole-
cules (right). MHC class Il tetramer staining was performed after 21 days of in
vitro culturing. P values were calculated by using Wilcoxon signed rank test.
Representative contour plots are illustrated on the right.

controls with HCV peptides in the presence or absence of
neutralizing antibodies (Ag vs Ag + aPD-L1/2, P = .7 [n
7]; Ag vs Ag + aCTLA-4, P = 1.0 [n = 6]; Ag vs Ag
alL-10/TGF-B1, P = 0.8 [n = 7]; Ag vs Ag + aCD305, P
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Figure 5. Induction of influenza- and EBV-specific CD4* T-cell proliferation. Induction of (4) influenza- and (B) EBV-specific CD4* T-cell expansion
in chronically infected patients with HCV following PD-L1/2 (influenza, n = 6; EBV, n = 6) (top), CTLA-4 (influenza, n = 6; EBV, n = 6) (middle), and
IL-10/TGF-B1 (influenza, n = 6; EBV, n = 4) (bottom) inhibition in the presence of influenza or EBV antigens. Point-to-point graphs display changes
from antigenic stimulation (/eft) to the inhibition of the different inhibitory molecules (right). MHC class Il tetramer staining was performed after 21 days
of in vitro culturing. P values were calculated by using Wilcoxon signed rank test. Representative contour plots are illustrated on the right.

4 [n = 5]; Agvs Ag + aCD200, P = 1.0 [n = 4]) (data not
shown) and (2) stimulation of chronically infected patients
with HCV with antigen in the presence of isotype controls
(Agvs Ag + algGl,P = 2 [n = 17]; Agvs Ag + algG2, P =
.5 [n = 7]) (data not shown).

Characterization of Th-1 Cytokine Release
After In Vitro Blockade of Inbibitory
Pathways

Ex vivo analysis of cytokine production during
chronic HCV infection (n = 10) identified impaired virus-
specific IFN-y, IL-2, and TNF-a production below the
limit of detection using intracellular cytokine staining
(data not shown). Next, we evaluated the capacity of Th-1
cytokine induction in chronically infected patients with
HCV following in vitro blockade of PD-L1/2 (n = 19),
CTLA-4 (n = 16), IL-10/TGE-B1 (n = 14), CD305 (n = 5),
and CD200 (n = 5). PD-L1/2 inhibition enhanced virus-
specific IFN-y production in 6 of 19 patients (31.5%;
11-fold; P = .03) (Figure 6A). PD-L1/2 neutralization even
restored IL-2 production in 5 of 18 patients (27.7%) and
TNF-a release in 7 of 19 patients (36.8%), but with a not
significant increase (P = .1 and P = .09, respectively).

Overall, PD-L1/2 inhibition revitalized at least one of the
investigated cytokines in 10 of 19 patients (52.6%). Block-
ade of CTLA-4 was unable to augment IFN-y (3/16;
18.75%; P = .4), IL-2 (1/16; 6.25%; P = .2), and TNF-a
(4/16; 25%; P = .07) secretion significantly (Figure 6C). In
contrast, neutralization of IL-10/TGF-B1 enhanced IFN-y
secretion in 4 of 14 patients (28.5%; 2.5-fold; P = .02), IL-2
secretion in 3 of 14 patients (21.4%; 18-fold; P = .03), and
TNF-« release in 7 of 14 patients (50%; 5.8-fold; P = .01)
(Figure 6B). Overall, 11 of 19 patients (57.8%) responded
to IL-10/TGF-B1 blockade with enhancement of at least
one cytokine. Neither CD305 (Figure 6D) nor CD200
inhibition (Figure 6E) was able to restore impaired cyto-
kine production. Interestingly, PD-L1/2, CTLA-4, and IL-
10/TGF-B1 inhibition failed to enhance influenza- and
EBV-specific cytokine production (Supplementary Figure
6A and B). Further, we defined the influence of PD-L1/2,
CTLA-4, and IL-10/TGF-B1 inhibition on IFN-vy/IL-2,
IFN-y/TNF-«, IL-2/TNF-a, and IFN-y/IL-2/TNF-a pro-
duction in patients with cHCV. No blocking condition
was able to restore multifunctional CD4* T cells (data not
shown). In particular, IL-10/TGF-B1 inhibition was able
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Figure 6. Cytokine release of HCV-specific CD4* T-cells after in vitro treatment. HCV-specific cytokine release of chronically infected patients
following inhibition of (A) PD-L1/2 (IFN-y, n = 19; IL-2, n = 18; TNF-a, n = 18) and (B) IL-10/TGF-B1 (IFN-y, n = 14; IL-2, n = 14; TNF-q, n = 14).
Dot plot graphs show the increase of antigen-specific cytokine secretion from antigenic stimulation alone to Ag + aPD-L1/2 and Ag + alL-10/TGF-
B1. Data are displayed as background-corrected values with subtraction of the individual costimulated control sample. IFN-y (feft), IL-2 (middle), and
TNF-« (right) stainings are illustrated below, showing virus-specific cytokine secretion following antigen stimulation (top) and in the presence of
blocking antibodies (bottom). (C) CTLA-4 (n = 16), (D) CD305 (n = 5), and (E) CD200 (n = 5) blockade failed to restore virus-specific IFN-y, IL-2, and
TNF-a secretion. P values were calculated by using Wilcoxon signed rank test.

to revitalize even polyfunctional CD4* T cells during
chronic HCV infection, but only in some cases (Supple-
mentary Figure 7). Unspecific cytokine release was ex-
cluded using matched isotype controls (Ag vs Ag + algG1:
IFN-y, P = 4;IL-2, P = .5; TNF-o, P = 0.1 [n = 8]; Ag vs
Ag + algG2: IFN-y, P = 8 IL-2, P = .3; TNF-o, P = .6
[n = §]) (data not shown).

Discussion

Up-regulation of inhibitory receptors may be a critical
step in the development of T-cell dysfunction during chronic

viral infections. Previous works highlighted PD-1 as a key mol-
ecule in CD8" T-cell exhaustion.?323-25 Blockade of the ligand
PD-L1 restores virus-specific CD8* T-cell proliferation and cy-
tokine secretion in chronic HCV infection.?3-?5 On virus-spe-
cific CD4* T cells, however, the expression patterns and the
function of inhibitory receptors as well as their hierarchical
coregulation with immunoregulatory cytokines such as IL-10
remained yet undefined. To elucidate the role of inhibitory
molecules on virus-specific CD4" T-cell dysfunction during
chronic HCV infection, we analyzed (1) the expression of mul-
tiple inhibitory receptors on HCV-specific CD4" T cells and (2)
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the changes of CD4" T-cell function after in vitro blockade of
the different inhibitory pathways. The data obtained were com-
pared with influenza- and EBV-specific CD4" T cells. In this
study, 3 recently established MHC class II tetramers complexed
with GT1-derived epitopes were used to characterize HCV-
specific CD4" T cells in different courses of infection.!®2° Viral
sequence analysis of the HLA-DRB1*0101- and DRB1*1501-
restricted peptides showed a very limited degree of sequence
diversity in GT1a/b patients (in 82% of patients 100% sequence
identity, and in 18% of patients 93% sequence identity). A lower
degree of sequence conservation was detected in GT2/3 pa-
tients. Importantly, frequencies of tetramer-positive CD4" T
cells as well as virus-specific PD-1 and CTLA-4 expression did
not differ from patients with prototype sequences and muta-
tions, which could be presumably due to a cross-reactive te-
tramer staining. Otherwise, detection of virus-specific CD4* T
cells to GT1-derived antigens in GT2/3-infected patients might
indicate (1) a prior exposure to GT1 strains or (2) a strain-
specific T-cell depression.?® Our results identified diverse pat-
terns of virus-specific CD4* T-cell restoration in chronic HCV
infection with 5 main conclusions: (1) the PD-1 seemed to play
a critical role in HCV-specific CD4" T-cell exhaustion with
restoration of CD4" T-cell function following PD-L1/2 neutral-
ization, (2) in vitro inhibition of CTLA-4 was effective only in a
minority of chronically infected patients, (3) inhibition of IL-
10/TGF-B1 seemed to be the most promising condition to
restore CD4™ T cells, (4) CD305 and CD200R blockade failed
to revive exhausted HCV-specific CD4" T cells, and (5) influen-
za- and EBV-specific CD4* T cells did not respond to any in
vitro blockade significantly. In our study, chronically infected
patients with HCV are characterized by low HCV-specific CD4*
T-cell frequencies but high levels of virus-specific PD-1 expres-
sion. Kasprowicz et al showed that PD-1 expression was high in
acute infection and most CD4" T-cells continued to express
PD-1 if virus persisted.?” Elevated PD-1 expression on virus-
specific CD4* T cells was also described during HIV infection.®
Importantly, PD-1 expression was down-regulated on virus-
specific CD4" T cells of self-limiting influenza and latently
persisting EBV infection, which underlines the negative regula-
tory role of PD-1 during HCV persistence. Inhibition of PD-
L1/2 augmented virus-specific CD4" T-cell proliferation and
IFN-y secretion but failed to restore IL-2 and TNF-a produc-
tion significantly. These data are consistent with previous re-
ports of impaired CD8* and CD4* T cells during chronic HCV
and HIV infection.®23-25 Interestingly, low levels of virus-specific
PD-1 expression were associated with a better enhancement of
CD4* T-cell expansion following PD-L1/2 blockade compared
with those patients with high PD-1 expression. Nakamoto et al
showed that HCV-specific CD8* T cells with high PD-1 expres-
sion displayed a profound functional impairment that is resis-
tant to PD-1 blockade alone, indicating that the quantity of
PD-1 expression could reflect the magnitude of CD8* and
CD4* T-cell dysfunction.?s Furthermore, we defined the influ-
ence of CTLA-4 on CD4*% T-cell exhaustion. Virus-specific
CTLA-4 and not PD-1/CTLA-4 coexpression was higher in
chronically infected patients with HCV when compared with
resolvers as well as influenza- and EBV-specific CD4* T cells. In
contrast, patients with HIV who have disease progression dis-
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played high levels of virus-specific PD-1/CTLA-4 coexpres-
sion.”?¢ However, these studies determined the virus-specific
CD4* T cells by characterizing functional IFN-y or IL-2-pro-
ducing CD4" T cells and not dysfunctional CD4" T cells
because they could also be examined by MHC class II tetramers.
Distinct patterns of virus-specific PD-1/CTLA-4 coexpression in
HCV versus HIV infection could be therefore due to technolog-
ical differences used in the different studies. Interestingly, virus-
specific CTLA-4 was significantly associated with coexpression
of PD-1/CTLA-4. Indeed, this finding is difficult to interpret
but might represent different degrees of CD4* T-cell silencing
during chronic HCV infection. Several studies showed a critical
role of CTLA-4 in the development of CD8" and CD4" T-cell
dysfunction during chronic HCV and HIV infection, while
CTLA-4 seemed not to be involved into CD8" T-cell exhaustion
during chronic LCMV infection in mice3”# In our study,
CTLA-4 blockade failed to revitalize HCV-specific CD4+ T-cell
functon and had no effects on influenza- or EBV-specific
CD4* T cells. These results are consistent with data reported for
HIV-specific CD4* T cells, showing high CTLA-4 expression in
patients with disease progression but with heterogeneous pat-
terns of CD4* T-cell reversibility.” Previous works have shown
that IL-10 and TGF-31 were able to diminish T-cell activity in
bacterial and viral infections.*%16:17.29-31 Neutralization of IL-10
early during chronic LCMV infection even leads to T-cell recov-
ery with increased functional responsiveness. Our data indi-
cated a strong enhancement of HCV-specific CD4* T-cell func-
ton following IL-10/TGF-1 blockade without effects on
influenza- and EBV-specific CD4* T cells. However, further
studies would be necessary to classify more precisely the regu-
latory role of IL-10/TGF-f1 in the orchestra of multiple inhib-
itory molecules. In addition to the cross-sectional analysis of
PD-L1/2, CTLA-4, and IL-10/TGF-f1 blockade, we investigated
the induction of T-cell proliferation in 6 chronically infected
patients in parallel. The success of in vitro treatment seemed to
act on the basis of an individualized hierarchy of the inhibitory
pathways. Responsiveness or unresponsiveness could be ex-
plained by the (1) complex interactions between the inhibitory
pathways during long-term in vitro conditions, (2) potential
influence of still unknown inhibitory molecules, and (3) addi-
tion of recombinant human IL-2, which may reduce the inhib-
itory effects especially of PD-1.32

In summary, this is the first study to characterize (1) the
expression of multiple inhibitory molecules on HCV-specific
CD4* T cells and (2) their functional impact on CD4* T-cell
dysfunction, measuring changes in T-cell proliferation and cy-
tokine release. We were able to identify a diverse pattern of
virus-specific CD4" T-cell restoration. PD-1 as well as IL-10/
TGF-B1 seemed to be the inhibitory key molecules involved
into CD4" T-cell silencing during chronic HCV infection. How-
ever, further studies would be crucial to reliably classify CD4*
T-cell revitalization following PD-1 and IL-10/TGF-£1 neutral-
ization.

Supplementary Materials

Note: To access the supplementary material accompa-
nying this article, visit the online version of Gastroenterology
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Supplementary Figure 1. Sequences analysis of the HCV epitopes 1411-1425, 1582-1597 and 1806-1818. (A) Consensus sequences for HCV
epitopes amino acids 1411-1425 (top), amino acids 1582—-1597 (middle), and amino acids 1806-1818 (bottom) as used in the HLA-DRB1*0101-
and HLA-DRB1*1501 -restricted tetramers and functional assays are shown in full, and identity at a residue is indicated as a dash. Qualities of amino
acid exchanges in the NS3 and NS4 epitopes are displayed in detail below the prototype sequences. Sequences of each HLA-DRB1*1501 -restricted
epitope (amino acids 1411-1425; amino acids 1582-1597) are determined in patients’ serum simultaneously. Neither (B) HCV-specific CD4* T-cell
frequencies nor (C) virus-specific PD-1 and (D) CTLA-4 expression significantly differ between patients with prototype sequences and mutations.
Data are presented as median. P values were calculated by Mann-Whitney U test.
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Supplementary Figure 2. Expression of PD-1 and CTLA-4 in relation
to viral load. Virus-specific (A) PD-1 and (B) CTLA-4 expression dis-
played as percentages (left) and MFI (right) are shown in association
with the amount of viral load. Data are illustrated as dot plot graphs. Viral
load was defined as high if plasma RNA levels exceeded 8 X 105
copies/mL. Black bars mark the median. P values were calculated by
Mann-Whitney U test.
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Supplementary Figure 3. Longitudinal profiles of PD-1 and CTLA-4 expression after HCV resolution. To define the kinetics of virus-specific PD-1
(filled squares) and CTLA-4 (filled circles) expression during the course after HCV resolution, we characterized 3 HCV resolvers longitudinally each at
3 different time points. Neither PD-1 nor CTLA-4 expression show significant changes up to 149 months following spontaneous HCV elimination, as
indicated in percentages (top) and MFI (bottom).
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Supplementary Figure 4. Virus-specific coexpression of multiple inhibitory molecules. (A) Percentages of antigen-specific coexpression of
CTLA-4 (n = 21), CD305 (n = 5), and CD200R (n = 8) with PD-1 in chronic HCV infection versus HCV resolvers and healthy controls. Analysis of
virus-specific and total coexpression is shown as scatter dot plot graphs. Black bars represent the median. (B) Significant correlation of HCV-specific
CTLA-4 expression with PD-1/CTLA-4 coexpression in chronically infected individuals using linear regression analysis. (C) Percentages of antigen-
specific PD-1 and CTLA-4 coexpression on influenza- and EBV-specific versus HCV-specific CD4* T cells of chronically infected patients. (D and E)
Representative stainings of virus-specific PD-1/CTLA-4 coexpression are displayed as dot plot graphs. Example graphs show events after gating on
CD4+, tetramer-positive, CD14~, CD19, Via Probe™ T cells. P values were calculated by Mann-Whitney U test and Wilcoxon signed rank test.






