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Background. T-cell responses during chronic viral infections become exhausted, which is reflected by upregulation of 
inhibitory receptors (iRs) and increased interleukin 10 (IL-10). We assessed 2 iRs—PD-1 (programmed cell death protein 1) 
and Tim-3 (T-cell immunoglobulin and mucin domain–containing protein 3)—and IL-10 mRNAs in peripheral blood 
mononuclear cells (PBMCs) and their soluble analogs (sPD-1, sTim-3, and IL-10) in plasma in chronic HIV-1/hepatitis C virus 
(HCV) coinfection and explored the effect of HCV treatment on these markers. We also aimed to establish whether iR 
expression may be determined by the HCV CD8+ T-cell immunodominant epitope sequence.

Methods. Plasma and PBMCs from 31 persons with chronic HIV-1/HCV coinfection from the Swiss HIV Cohort Study were 
collected before and after HCV treatment. As controls, 45 persons who were HIV-1 negative with chronic HCV infection were 
recruited. Exhaustion markers were assessed by enzyme-linked immunosorbent assay in plasma and by quantitative reverse 
transcription polymerase chain reaction in PBMCs. Analysis of an HCV epitope sequence was conducted by next-generation 
sequencing: HLA-A*02–restricted NS31073–1081 and NS31406–1415 and HLA-A*01–restricted NS31436–1444.

Results. The study revealed higher plasma sPD-1 (P = .0235) and IL-10 (P = .002) levels and higher IL-10 mRNA in PBMCs 
(P = .0149) in HIV-1/HCV coinfection. A decrease in plasma sPD-1 (P = .0006), sTim-3 (P = .0136), and IL-10 (P = .0003) and 
Tim-3 mRNA in PBMCs (P = .0210) was observed following successful HCV treatment. Infection with the HLA-A*01–restricted 
NS31436–1444 ATDALMTGY prototype variant was related to higher sTim-3 levels than infection with the ATDALMTGF escape 
variant (P = .0326).

Conclusions. The results underscore the synergistic effect of coinfection on expression of exhaustion markers, their reduction 
following successful HCV treatment and imply that iR levels may operate on an epitope-specific manner.

Keywords. HCV treatment; HIV-1/HCV coinfection; sPD-1; sTim-3; T-cell exhaustion.

Received 20 April 2023; editorial decision 10 October 2023; accepted 19 October 2023; 
published online 21 October 2023

Correspondence: Kamila Caraballo Cortés, PhD, Department of Immunopathology of 
Infectious and Parasitic Diseases, Medical University of Warsaw, 3c Pawinskiego St, 02– 
106 Warsaw, Poland (kamila.caraballo@wum.edu.pl); Marek Radkowski, PhD, Department of 
Immunopathology of Infectious and Parasitic Diseases, Medical University of Warsaw, 3c 
Pawinskiego St, 02–106 Warsaw, Poland (marek.radkowski@wum.edu.pl).

Open Forum Infectious Diseases® 

© The Author(s) 2023. Published by Oxford University Press on behalf of Infectious Diseases 
Society of America. This is an Open Access article distributed under the terms of the 
Creative Commons Attribution-NonCommercial-NoDerivs licence (https://creativecommons. 
org/licenses/by-nc-nd/4.0/), which permits non-commercial reproduction and distribution of 
the work, in any medium, provided the original work is not altered or transformed in any 
way, and that the work is properly cited. For commercial re-use, please contact journals.permis
sions@oup.com 
https://doi.org/10.1093/ofid/ofad514

Effector T-cell responses following primary viral infection are 
accompanied by orchestration of gene expression, including 
upregulation of inhibitory receptors, which are downregulated 
when the pathogen is eradicated. In chronic infections, persis
tent antigen load and immune response stimulation induce 

overexpression of inhibitory receptors, which downregulate 
the functional and proliferative potential of the effector cells 
toward exhaustion [1, 2].

T-cell exhaustion is characteristic of chronic immune- 
related processes, including viral infections (eg, HIV-1, hepati
tis B virus, and hepatitis C virus [HCV]) and tumors [3–5]. 
Aggregated data suggest that immune exhaustion is a crucial 
factor facilitating viral persistence [2].

T-cell exhaustion in chronic HCV infection is characterized 
as overexpression of several inhibitory receptors—including 
PD-1 (programmed cell death protein 1) [6] and Tim-3 
(T-cell immunoglobulin and mucin domain–containing pro
tein 3) [7]—on total and HCV-specific CD4+ and CD8+ T cells. 
Blocking PD-1/Tim-3 interaction by monoclonal antibodies re
stored the functionality of HCV-specific T cells, manifested as 
higher expansion, proliferation, and effector cytokine produc
tion [7–9]. A similar approach is becoming an important ther
apeutic measure in oncologic treatment [5, 10]. Additionally, 
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T-cell exhaustion is related to increased secretion of anti- 
inflammatory immunosuppressive interleukin 10 (IL-10) 
[11]. We found that successful treatment of chronic HCV 
monoinfection resulted in a percentage decrease of T cells 
with Tim-3 expression and PD-1/Tim-3 coexpression as well 
as in a reduction of IL-10 in plasma, indicating that T-cell ex
haustion is reversible [12].

Inhibitory receptors have their corresponding analogs in a 
plasma-soluble form (ie, sPD-1 and sTim-3). Five alternative 
splicing isoforms of PD-1 encoding gene have been reported, 
among which the PD-1Δ3 isoform is secreted as a soluble 
molecule [13]. sTim-3 is an effect of enzymatic shedding 
from the cell surface [14]. Their levels correlated with mem
brane expression of their receptors on T cells; thus, they have 
the potential to become convenient markers approximating 
exhaustion [15, 16].

HIV-1/HCV coinfection is associated with higher HCV viral 
loads and more rapid progression of HCV-related disease, likely 
linked to HIV-1–induced immune disturbances (eg, 
HCV-specific T-cell attenuation) [9, 17]. In HIV-1/HCV coin
fection, total and HCV-specific CD8+ T cells coexpressed PD-1 
and Tim-3 at significantly higher frequencies than in HCV 
monoinfection [9]. However, antiretroviral therapy (ART) did 
not alter the exhaustion phenotype of CD8+ and CD4+ cells [9].

Although sPD-1 and sTim-3 have been studied in chronic 
HIV-1 and HCV monoinfections [14, 18, 19], they remain largely 
understudied in HIV-1/HCV coinfection, despite representing 
a unique model of 2 viruses inducing exhaustion [1, 3, 20]. 
Possible complex interactions, including synergistic/superseding 
effects on exhaustion, may be expected and eventually potentiated 
by HIV-1 [21]. Similarly, it is largely unknown whether treatment 
against chronic HCV infection may reduce exhaustion in HIV-1 
coinfection, which could be due to a number of mechanisms— 
for example, the reduction of HCV antigen load or the elimination 
of viral proteins shown to inhibit immune responses [12, 22].

Although viral pathogens encode numerous immunogenic 
epitopes, CD8+ T cells recognize and respond only to 
some of them. This immunodominance is strongly 
determined by human leukocyte antigen (HLA) alleles [23]. 
Immunodominant HCV-specific CD8+ T-cell epitopes within 
E2, NS3, or NS5B are targeted in the majority of individuals ex
pressing the HLA alleles [24, 25]. NS3-immunodominant 
CD8+ T-cell responses to genotype 1 HCV typically include 
NS31406–1415 and NS31073–1081, restricted by the HLA-A*02 al
lele, and NS31436–1444, restricted by the HLA-A*01 allele. 
They represent the most commonly recognized epitopes in pa
tients infected with genotype 1, which is also determined by the 
highest prevalence of these 2 HLA-A alleles among Caucasians 
[26, 27]. Footprints of the HLA-defined T-cell response leading 
to escape variants, which represents an important viral strategy 
of immune evasion, may occur within these epitopes [28]. 
For example, NS31436–1444 ATDALMTGY and ATDALMTGF 

accounted for 93% of genotype 1 sequences and were almost 
equally distributed [26]. NS31436–1444 Y1444F substitution 
impaired epitope binding and recognition, representing an 
escape variant in individuals who were HLA-A*01 positive 
[28, 29]. Since exhaustion is driven by persistent antigen 
stimulation of T cells, it may be expected that epitope se
quence variation, which eventually leads to abrogation of 
its recognition, may be associated with reduced expression 
of exhaustion markers. We previously demonstrated that 
PD-1/Tim-3 expression on T cells in chronic HCV infection 
may be determined by the HCV CD8+ T-cell epitope-specific 
sequence or its intrahost variability [30]. However, to our 
best knowledge, no similar data are available for HIV-1/ 
HCV coinfection. Understanding the exact determinants of 
exhaustion, particularly the role of the epitope sequence con
text, is of high importance, since it may lead to different states 
of susceptibility to reinfection as well as vaccine-induced 
immunity.

The aim of the present study was to explore PD-1, Tim-3, 
and IL-10 mRNA levels in peripheral blood mononuclear cells 
(PBMCs) as well as sPD-1, sTim-3, and IL-10 in plasma in 
chronic HIV-1/HCV coinfection when compared with HCV 
monoinfection and to assess the impact of anti-HCV treatment 
on immune exhaustion in chronic HIV-1/HCV coinfection. 
Additionally, we aimed to investigate whether the expression 
of exhaustion markers may be determined by an HCV CD8+ 

T-cell–immunodominant epitope sequence.

METHODS

Retrospective plasma and PBMC samples from 31 persons with 
HIV from the Swiss HIV Cohort Study (SHCS) with chronic 
HCV genotype 1 infection (anti-HCV+, HCV RNA+), who 
were receiving ART for the entire time of the study and quali
fied for antiviral treatment of hepatitis C, were collected before 
HCV treatment and at a median 12.4 months (range, 4.5–22.4) 
posttreatment. At baseline, the majority (n = 30, 96.8%) had a 
CD4+ T-cell count >200 cells/μL, and 26 (83.9%) had undetect
able HIV-1 RNA, while after HCV treatment all participants 
had a T-cell count >200 cells/μL and undetectable HIV-1 
RNA. Enrolled participants were assigned to 1 of the following 
treatments: pegylated interferon α (PEG-IFN) + ribavirin (n =  
18), PEG-IFN + ribavirin + boceprevir (n = 1), PEG-IFN + ri
bavirin + faldaprevir (n = 6), PEG-IFN + ribavirin + telaprevir 
(n = 6), according to the standard recommendations at the 
time of HCV treatment in Switzerland. Effectiveness of treat
ment (sustained virologic response [SVR]) was assessed 6 
months posttreatment, defined as undetectable HCV RNA in 
plasma via a polymerase chain reaction (PCR) test of sensitivity 
of at least 25 IU/mL (COBAS Amplicor Assay version 2.0; 
Roche Molecular Systems). SVR criterion was achieved in 21 
of 31 (67.7%) individuals. For comparison of baseline 
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expression of exhaustion markers, 45 participants with chronic 
HCV genotype 1 infection, without evidence of any other 
chronic viral infection, were prospectively identified from the 
Outpatient Clinic of the Warsaw Hospital for Infectious 
Diseases. The following clinical data were collected: age, sex, 
baseline liver fibrosis scores, HCV and HIV-1 viral loads, and 
CD4 cell count (when applicable). Baseline liver fibrosis scores 
were assessed by transient elastography [31]. HCV viral load 
was measured by RealTime HCV assay (Abbott Laboratories) 
of sensitivity 12 IU/mL or 25 IU/mL (COBAS Amplicor 
Assay version 2.0). HIV-1 viral load was measured by using 
the COBAS AmpliPrep/COBAS TaqMan HIV-1 Test version 
2.0 with a limit of detection ≤20 HIV-1 RNA copies/mL in 
plasma. Some samples collected before 2010 were measured 
with former versions of the COBAS AmpliPrep/COBAS 
TaqMan HIV-1 Test with higher limits of detection in plasma 
(ie, 40 or 50 HIV-1 RNA copies/mL). Clinical and virologic 
characteristics of enrolled participants are presented in Table 1.

Patient Consent Statement

The study was carried out according to the guidelines of the 
2013 Declaration of Helsinki, and written informed consent 
was obtained from all participants before the enrollment. The 
SHCS has been approved by the ethics committee of the partic
ipating institutions: Kantonale Ethikkommission Bern (ap
proval 21/88), Ethikkommission des Kantons St Gallen 
(approval 12/003), Le Comité d’Ethique des Départements 
des Spécialités Médicales et de Médecine Communautaire et 
de Premier Recours, Hôpitaux Universitaires de Genève (ap
proval 01-142), Kantonale Ethikkommission Zürich (approval 
EK-793), Repubblica e Cantone Ticino—Comitato Ethico 
Cantonale (approval CE 813), Commission cantonale 
d’étique de la recherche sur l’être humain, Canton de Vaud, 
Lausanne (approval 131/01), and Ethikkommission beider 
Basel (approval 688). The study was also approved by the bio
ethics committee of the Medical University of Warsaw (consent 
KB/77/A/2015).

Table 1. Clinical and Virologic Characteristics of the Study Participants

No. or Median (Range)

HIV-1/HCV Coinfection (n = 31) HCV Monoinfection (n = 45)

Sex: male:female 26:5 19:26

Age, y 46 (35–59) 60 (28–83)

HCV viral load, U·mL−1

Baseline 1.1 × 106 (9.2 × 102–2.0 × 107) 9.4 × 105 (1.6 × 104–1.1 × 107)

SVR+ 1.4 × 106 (9.2 × 102–1.8 × 107) …

SVR− 5.0 × 105 (1.2 × 103–2.0 × 107) …

End of treatment

SVR+ 0.0a (0.0–0.0) …

SVR− 7.6 × 102 (0.0–4.7 × 105) …

Follow-up

SVR+ 0.0a (0.0–0.0) …

SVR− 6.1 × 105 (6.4 × 102–3.7 × 107) …

Baseline liver fibrosis score

Minimal: F0/1 7 14

Moderate: F2 1 21

Severe: F3 2 10

Cirrhosis: F4 2 0

Not available 19 …

HIV-1 viral load, copies/mL …

Baseline 0.0a (0.0–8.5 × 102)

Follow-up 0.0a (0.0–0.0)

CD4+ cell count/μLb …

Baseline 560 (159–1265)

SVR+ 672 (159–847)

SVR− 480 (203–1265)

Follow-up 581 (304–1567)

SVR+ 580 (304–1567)

SVR− 617.5 (315–933)

Ellipses (…) indicate not applicable.  

Abbreviations: HCV, hepatitis C virus; SVR, sustained virologic response.  
aBelow the limit of detection.  
bNormal range: 500–1500 cells/μL.
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Assessment of PD-1, Tim-3, and IL-10 mRNA Levels

Total RNA was extracted from PBMCs (typically 106 cells) by a 
modified guanidinium thiocyanate-phenol/chloroform meth
od with Trizol reagent (Life Technologies), followed by DNA 
digestion with a DNA-Free DNA Removal Kit (Life 
Technologies). RNA was subjected to reverse transcription 
with M-MLV Reverse Transcriptase (Life Technologies) and 
random hexamers (Life Technologies). Specific mRNA levels 
were assessed in triplicate by 1-step real-time PCR with a 
LightCycler FastStart DNA Master SYBR Green I Kit (Roche) 
and a set of specific primers (Supplementary Table 1) on a 
Light Cycler 2.0 instrument (Roche) at the following condi
tions: initial denaturation at 95 °C for 10 minutes and 45 cycles 
of amplification, each comprising denaturation (95°C, 1 mi
nute), primer annealing (65 °C, 1 minute) and elongation 
(72°C, 1 minute), and DNA melting (60–95 °C, 15 minutes).

PD-1, Tim-3, and IL-10 expression was normalized to a his
tone 3 housekeeping gene by a ΔCt method according to the 
following equation:

Normalized gene expression = 2ΔCt

ΔCt = Ctreference gene – Ctanalyzed gene (where Ct is cycle 
threshold)

Normalized mRNA expression levels were graphically visu
alized on a semilogarithmic scale via Prism version 9.4.0 
(GraphPad).

Assessment of IL-10, sPD-1, and sTim-3 in Plasma

IL-10, sPD-1, and sTim-3 levels were assessed with an IL-10 
Human UltraSensitive ELISA Kit (sensitivity, <0.2 pg/mL), 
PD-1 Human ELISA Kit (sensitivity, 1.14 pg/mL), and Tim-3 
Human ELISA Kit (sensitivity, 35.3 pg/mL; all by Life 
Technologies). Results were expressed as picograms per millili
ter and visualized with Prism version 9.4.0.

HLA-A*01 and HLA-A*02 Typing

The HLA-A*01 and HLA-A*02 alleles were identified by qual
itative and quantitative PCR, respectively, as described else
where [32, 33].

Sequencing of NS31073–1081, NS31406–1415, and NS31436–1444 HCV Epitopes

Nucleotide sequence analysis of HLA-A*02–restricted NS31073– 

1081 and NS31406–1415 and HLA-A*01–restricted NS31436–1444 

epitopes was conducted by next-generation amplicon sequenc
ing via the Illumina MiSeq platform as previously described 
[30]. Data analysis was performed with Quasirecomb version 
1.2 (ETH Zurich and Swiss Institute of Bioinformatics). It 
uses a jumping hidden Markov model to infer quasispecies se
quences and their frequencies from the next-generation se
quencing data [34]. Epitope sequences were visualized with a 
web-based application (WebLogo version 2.8.2; University of 
California, https://weblogo.berkeley.edu/) [35].

Statistical Analysis

Results were expressed as median (range). A Wilcoxon matched- 
pair test was used to compare immune exhaustion markers be
fore and after treatment. Furthermore, a Mann-Whitney U 
test was used to compare exhaustion markers between HIV-1/ 
HCV coinfection and HCV monoinfection and among HIV-1/ 
HCV cases harboring different variants of the epitopes. All P val
ues were 2-tailed, and P < .05 was considered significant. The 
analysis was performed with Prism version 9.4.0.

RESULTS

Soluble Exhaustion Markers Were Higher in HIV-1/HCV Coinfection and 
Decreased Following Successful HCV Antiviral Treatment

We compared the expression of exhaustion markers between 
HIV-1/HCV coinfected and HCV-monoinfected cases and as
sessed the impact of HCV antiviral treatment on these markers 
in HIV-1/HCV coinfection.

Baseline median (range) sPD-1 levels were higher in cases of 
coinfection than HCV monoinfection (50.4 [4.3–124.3] vs 35.5 
[8.4–132.1] pg/mL, P = .0235; Figure 1A). Differences in sPD-1 
levels remained significant even when 5 participants who were 
HIV-1 RNA+ were excluded from the analysis (47.2 [4.3–124.3] 
vs 35.5 [8.4–132.1] pg/mL, P = .0340).

Baseline median (range) IL-10 levels were higher in cases of 
coinfection than HCV monoinfection (0.951 [0.254–2.674] vs 
0.642 [0.040–4.252] pg/mL, P = .002; Figure 1E). Differences 
in IL-10 levels remained significant even when 5 participants 
who were HIV-1 RNA+ were excluded from the analysis 
(0.878 [0.254–2.674] vs 0.642 [0.040–4.252] pg/mL, P = .0103).

Baseline sTim-3 levels were similar (2142.2 [18.3–4354.2] vs 
1985.3 [120.8–5746.8] pg/mL, P = .5270; Figure 1C).

In the SVR+ subgroup, there was a significant reduction of 
sPD-1 (median [range]; from 50.5 [4.3–124.3] to 33.0 [0.0– 
72.1] pg/mL, P = .0006), which was observed even when 3 partic
ipants who were HIV-1 RNA+ were excluded from the analysis 
(from 47.0 [4.3–124.3] to 41.3 [0.0–72.1] pg/mL, P = .0032). 
Within this subgroup, there was also a reduction of sTim-3 
(from 2089.9 [18.3–4354.2] to 1243.4 [0.0–4406.0] pg/mL, P  
= .0136), even when 3 participants who were HIV-1 RNA+ 

were excluded from the analysis (from 2166.0 [18.3–4354.2] to 
1238.6 [0.0–4406.0] pg/mL, P = .0305). Similarly, a reduction of 
IL-10 levels was observed (from 1.104 [0.254–2.674] to 0.438 
[0.088–1.332] pg/mL, P = .0003), even after exclusion of 3 partic
ipants who were HIV-1 RNA+ (from 0.940 [0.254–2.674] to 0.448 
[0.194–1.332] pg/mL, P = .0021).

In contrast, among SVR− cases, the changes did not reach 
statistical significance (from 50.4 [16.9–90.7] to 38.0 [20.6– 
125.6] pg/mL for sPD-1, P = .7695 [Figure 1A]; from 2481.4 
[1109.9–3965.0] to 1897.3 [1068.7–4586.3] pg/mL for sTim-3, 
P = .4922 [Figure 1C]; from 0.852 [0.358–1.688] to 0.482 
[0.018–1.006] pg/mL for IL-10, P = .0645 [Figure 1E]).
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Expression of Exhaustion Markers in PBMCs

Baseline PD-1 mRNA levels in PBMCs were lower in the 
coinfected cases than in HCV monoinfection (P = .0003, 
Figure 1B), while Tim-3 mRNA levels were similar (Figure 1D). 

In contrast, IL-10 mRNA levels were higher in coinfected cases 
than in HCV monoinfection (P = .0149, Figure 1F). There was 
a reduction in Tim-3 mRNA levels in the SVR+ cases (P  
= .0210, Figure 1D), which was retained even when 3 participants 

Figure 1. sPD-1, sTim-3, and IL-10 in plasma (A, C, E) and their mRNA levels in PBMCs (B, D, F ) in HCV monoinfection (n = 43–45) and HIV-1/HCV coinfection (n = 26–30). 
The effect of antiviral treatment on these markers in HIV-1/HCV coinfection. SVR+, individuals who achieved sustained virologic response; SVR−, individuals who did not 
achieve sustained virologic response. Each symbol (triangle, circle) represents a mean of 3 replicates obtained from each participant. Horizontal lines within each population 
of results represent median values. Numbers above lines representing pairwise comparisons express P values. HCV, hepatitis C virus; IL-10, interleukin 10; PBMC, peripheral 
blood mononuclear cell; PD-1, programmed cell death protein 1; SVR, sustained virologic response; Tim-3, T-cell immunoglobulin and mucin domain–containing protein 3; TX, 
treatment.
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who were HIV-1 RNA+ SVR+ were excluded from the analysis (P  
= .0195). No posttreatment changes were found in PD-1 and 
IL-10 mRNA levels (Figure 1B and 1F, respectively).

Epitope Sequence Polymorphisms Association With Baseline sPD-1, 
sTim-3, and IL-10 Levels in HIV-1/HCV Coinfection

We assessed exhaustion markers in the context of the HCV 
epitope sequence in cases of HIV-1/HCV coinfection. The 
analysis of immunodominant epitopes—HLA-A*02–restricted 
NS31073–1081 and NS31406–1415 and HLA-A*01–restricted 
NS31436–1444—was performed in 22 individuals infected with 
HCV 1a in whom epitope sequences were successfully inferred. 
Of these, 10 (45.4%) were HLA-A*02 positive and 6 (27.3%) 
were HLA-A*01 positive.

The HLA-A*01–restricted prototype ATDALMTGY se
quence was present as a major variant in 1 of 6 (16.7%) of 
HLA-A*01+ cases, while the escape variant ATDALMTGF 
was present in 4 of 6 (66.7%). The remaining major sequence 
was STDALMTGF (1 patient, 16.6%). Intrahost variability (in 
all cases, 2 variants) was present in 2 HLA-A*01+ cases: major 
ATDALMTGF and minor ATDALMTGY in 1 and major 
STDALMTGF and minor ATDALMTGF in 1.

The ATDALMTGF variant predominated over the 
ATDALMTGY among individuals harboring the HLA-A*01 al
lele (4/5, 80.0%) vs those not harboring the allele (10/16, 62.5%), 
but the difference was not statistically significant (P = .6244, 
Figure 2A). Minor variants in participants who were HLA-A*01 
positive included 1 ATDALMTGY and 1 ATDALMTGF.

Infection with ATDALMTGY was associated with higher 
baseline sTim-3 levels than infection with ATDALMTGF 
(2352.0 [2061.3–4354.2] vs 1844.5 [18.3–3965.0] pg/mL, re
spectively; P = .0326), but this difference was not present in 
the case of PBMC mRNA levels (Figure 2B).

The HLA-A*02–restricted NS31406–1415 epitope was 
the most variable among the analyzed epitopes. Variants 
KLVALGVNAV and KLVALGINAV are genotype 1a sequenc
es that are reported to be dominant (74%) at a population level 
as well as cross-reactive (ie, eliciting a similar-magnitude ex 
vivo IFN-γ response of T cells) [26]; as such, these were the 
most prevalent in HLA-A*02+ cases, constituting 8 of 10 major 
variants (80.0%; n = 5 [50.0%] and 3 [30.0%], respectively). The 
remaining variants, KLTALGVNAV and KLVGLGVNAV, 
were found in only 1 patient each (10.0%). The intrahost vari
ability of the epitope was not detected in the participants who 
were HLA-A*02+.

No clear pattern in exhaustion marker expression could be 
seen between individuals infected with KLVALGVNAV and 
other variants or those infected with KLVALGVNAV 
or KLVALGINAV and other variants (Supplementary 
Figure 1). Similarly, no significant differences were observed 
within the HLA-A*02–positive and HLA-A*02–negative sub
groups. However, HLA-A*02–negative cases infected with 

KLVALGVNAV or KLVALGINAV variants displayed signif
icantly higher plasma IL-10 than those infected with other 
variants (median [range], 1.4 [0.7–2.5] vs 0.6 [0.4–0.8]; 
P = .0485).

The HLA-A*02–restricted NS31073–1081 epitope 
CINGVCWTV sequence, representing the 1a prototype—pre
viously shown to account for >90% of 1a variants at a 
population level [26]—was present as a major variant in 8 of 
10 (80%) HLA-A*02+ cases. Another major sequence was 
CVNGVCWTV (n = 2; Supplementary Figure 2), being previ
ously shown to be cross-reactive with CINGVCWTV [26].

Because of the limited number of observations, no meaning
ful statistical comparisons could be made between the exhaus
tion markers and the prototype CINGVCWTV vs variant 
CVNGVCWTV sequence among the HLA-A*02–positive 
cases.

Effect of Epitope Sequence Change on sPD-1, Tim-3, and IL-10 Levels in 
Nonresponders to Treatment

We explored whether eventual evolution (ie, change in epitope 
sequence) following unsuccessful treatment is related to change 
in the expression of exhaustion markers. The analysis was 
performed in 8 individuals, among whom 7 were infected 
with genotype 1a and 1 with 1b. Evolution occurred in 
4 (50%), concerned NS31406–1415 and/or NS31436–1444 epitopes 
(Supplementary Figure 3), and comprised qualitative as well 
as quantitative changes, manifesting in reduction in complexity 
(the number of at least 1 epitope variant). In 2 participants 
(Nos. 14 and 35), evolution of NS31406–1415 and NS31436–1444 

epitopes occurred in parallel. In 6 participants—3 each in 
whom the epitope evolution occurred and did not occur—a re
duction in sTim-3 and IL-10 in plasma was observed 
(Supplementary Table 2). sPD-1 was reduced in 4 nonrespond
ers: 2 in whom the epitope evolution occurred and 2 with no 
evolution.

DISCUSSION

The major aim of the study was to explore the effect of HIV-1 
on immune exhaustion in chronic HCV infection and HCV an
tiviral treatment in HIV-1/HCV coinfection. To our best 
knowledge, this is the first study of this kind.

The study revealed higher sPD-1 and IL-10 levels in plasma 
and higher IL-10 mRNA in PBMCs in chronic HIV-1/HCV co
infection than in HCV monoinfection (Figure 1), which sug
gests more profound exhaustion, despite the fact that these 
patients were receiving ART.

We found opposite levels of PD-1 mRNA in PBMCs and 
sPD-1 in plasma between HIV-1/HCV coinfection and HCV 
monoinfection: while PD-1 expression levels were higher in co
infection, sPD-1 levels were higher in monoinfection 
(Figure 1). The reason for this observation is possibly due to 
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the effect of alternative splicing and differential expression of 
the isoforms between the groups. While the mRNA levels of 
a full-length (flPD-1) membrane-associated variant was as
sessed in PBMCs, a soluble PD-1Δ3 isoform was measured in 
plasma. It was previously reported that there was no correlation 
between levels of sPD-1 and PD-1 mRNA [36].

Plasma sTim-3 as well as Tim-3 mRNA levels were similar in 
both groups, implying a dominant role of HCV infection that 
contributed to Tim-3 expression in coinfection (Figure 1). 
This hypothesis was supported by another study, in which 
sTim-3 levels were elevated in HIV-1 infection, more 

pronounced in HCV coinfection, and positively correlated 
with HCV viremia [21].

We observed a reduction in sPD-1, sTim-3, and Tim-3 
mRNA levels after treatment of SVR+ cases (Figure 1), under
scoring the beneficial effects of HCV antigen load elimination 
on reduction of exhaustion. Importantly, these effects were un
likely to be caused by HIV-1, since the statistically significant 
differences were retained even when patients with detectable 
HIV-RNA were excluded. Although we could not find a similar 
study that analyzed sPD-1 and/or sTim-3 in plasma in SVR+ 

HIV-1/HCV-coinfected cases receiving ART, reduced 

Figure 2. A, Distribution of dominant amino acid sequences in epitope NS31436–1444 among individuals coinfected with HIV/HCV: HLA-A*01 positive (n = 6) and HLA-A*01 
negative (n = 16). Height of letters within the stack indicates the relative frequency of each amino acid at each position. Data reflecting levels of sPD-1, sTim-3, and IL-10 in 
plasma (B) and their mRNA levels in PBMC (C ) in all individuals (A*01 positive and HLA-A*01 negative) infected with the NS31436–1444 prototype or variant epitope sequence 
as the dominant strain. Each symbol (circle) represents a mean of 3 replicates obtained from each participant. Horizontal lines within each population of results represent 
median values. Numbers above lines representing pairwise comparisons express P values. HCV, hepatitis C virus; IL-10, interleukin 10; PD-1, programmed cell death protein 1; 
Tim-3, T-cell immunoglobulin and mucin domain–containing protein 3.
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expression of HLA-DR and CD38 on CD4+ and CD8+ T cells 
and reduced proviral HIV-DNA, sCD14, LPS, 16S rDNA, 
and D-dimer levels were previously observed in patients with 
HIV/HCV coinfection who were receiving antiretroviral treat
ment and achieved SVR with IFN-free regimens [37].

Successful HCV treatment resulted in a reduction of IL-10 in 
plasma (Figure 1), similar to our previous observation in 
chronic HCV monoinfection [12]. This suggests that the 
IL-10 levels in coinfection are likely driven by chronic inflam
mation and immune regulatory mechanisms [11] but also by 
HCV proteins that were shown to directly stimulate IL-10 pro
duction [22, 38].

Finally, we investigated whether exhaustion marker expres
sion in chronic HIV-1/HCV coinfection may be determined 
by the autologous HCV CD8+ T-cell–immunodominant epi
tope sequence. Interestingly, the coinfected cases displayed 
lower variability of epitopes when compared with our earlier 
study of chronic HCV monoinfection, which employed an 
identical method of sequencing and epitope reconstruction 
[30]. For example, while the NS31406–1415 epitope was the 
most variable among all analyzed epitopes, only 7 dominant 
variants were present in coinfection as opposed to 17 in HCV 
monoinfection [30]. Similarly, the NS31073–1081 epitope was 
less variable in coinfected cases (3 vs 8 variants). 
Furthermore, intrahost variability of these epitopes was more 
common in HCV-monoinfected cases. This may imply that 
HIV-1 coinfection negatively affects HCV epitope variability, 
possibly due to diminished immunologic pressure [39]. A lower 
degree of HCV quasispecies variability has been documented in 
immune-compromised hosts, such as those undergoing hemo
dialysis or immune-suppressive treatment [40, 41]. Despite the 
fact that coinfected cases were receiving ART—which should 
result in the enhancement of immunocompetent T cells and 
HLA class I–driven immunologic pressure [42]—the increased 
expression of exhaustion markers shown in coinfection could 
have been related to the worse quality of these responses 
and contributed to the observed phenomenon.

Importantly, the prototype NS31436–1444 ATDALMTGY was 
related to significantly higher sTim-3 levels in plasma than es
cape ATDALMTGF, irrespective of the presence of the 
HLA-A*01 allele, suggesting higher exhaustion (Figure 2). 
Thus, immune escape seems to diminish exhaustion, possibly 
because it may reduce or even abrogate overstimulation with 
cognate antigen. A similar phenomenon was observed in our 
previous study on HCV monoinfection—ATDALMTGY was 
related to higher percentages of Tim-3+ as well as 
PD-1+Tim-3+CD8+ T cells [30]. Furthermore, Bengsch et al 
found that the exhausted phenotype of CD8+ T cells, manifest
ed by coexpression of inhibitory receptors, was associated with 
an absence of sequence variations within the corresponding vi
ral epitopes, indicating ongoing antigen triggering [43]. The 
epitope sequence context seems to play a role in shaping the 

plasma levels of exhaustion markers. However, the clinical sig
nificance of this association remains to be determined.

Administration of anti-HCV treatment may change the rep
ertoire of the viral quasispecies because of the new selective 
drug-related pressure [44]. Unsuccessful therapy may be relat
ed to evolution of the viral epitope variants and consequently 
change in the levels of exhaustion markers. Observation of 
the dynamics of the analyzed HCV epitopes in cases that failed 
to respond to treatment revealed qualitative or quantitative 
changes in NS31406–1415 and/or NS31436–1444, which could 
have been due to drug-related pressure on the viral population 
(Supplementary Figure 3). Since IFN is an immunomodulatory 
drug that has a direct inhibitory effect on lymphocytes [45, 46], 
the question of whether IFN-based therapy itself mediated this 
evolution or was the outgrowth of variants escaping the im
mune system could not be elucidated. However, the observed 
sequence evolution did not seem to be associated with a 
specific pattern of the change in exhaustion markers, since par
ticipants in whom changes did or did not occur experienced a 
similar reduction in the levels of these markers (Supplementary 
Table 2).

Despite being the first of its kind, our study has shortcom
ings. First, it employed simple plasma-soluble measures of im
mune exhaustion, which may not exactly reflect the cellular 
mechanisms/expression of the inhibitory receptors, making 
the analysis of a relatively low resolution. Their clinical use 
might be limited, as well as their use in the description of 
the overall picture of immune exhaustion. Thus, validation of 
these results by flow cytometry on a prospective cohort may 
offer a future direction of the study.

Because of the limited number of epitope sequence observa
tions and thus the limited ability to perform meaningful statis
tical comparisons, some associations between the expression of 
exhaustion markers and epitope variants could have been over
looked. Thus, further analysis of this aspect on a larger cohort 
would be warranted.

Furthermore, the median age of the HCV-monoinfected 
control cohort was higher than that of the coinfected cohort, 
which may raise concerns that age was related to a significant 
increase in exhaustion marker expression and could have re
sulted in an absence of statistically significant differences in 
sTim-3 levels.

Finally, the treatment scheme was based on IFN with or 
without a specific protease inhibitor, which is no longer a rec
ommended standard and patients are not treated with such reg
imens anymore. This aspect would also require verification 
with newer treatment strategies based on direct-acting antivi
rals. Nevertheless, we were able to compare SVR+ and SVR− 

groups in terms of change in exhaustion markers and track epi
tope evolution in nonresponders to treatment, which would be 
impossible in case of IFN-free therapeutic schemes, character
ized by an almost 100% success rate [47].
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CONCLUSIONS

In summary, we provided evidence that HIV-1/HCV coinfec
tion is associated with higher sPD-1 and IL-10 levels in plasma 
and higher IL-10 mRNA in PBMCs than in HCV monoinfec
tion, suggesting that coinfection has an additive effect on im
mune exhaustion. A reduction of sPD-1, sTim-3, and IL-10 
levels in plasma and Tim-3 mRNA levels in PBMCs following 
HCV-oriented treatment was observed, which underscores 
the beneficial effects of such treatment on immune homeostasis 
in HIV-1/HCV coinfection.

Individuals infected with the HCV prototype NS31436–1444 

ATDALMTGY sequence displayed significantly higher 
sTim-3 levels than those infected with ATDALMTGF. These 
results imply that an inhibitory receptor level may be associated 
with the autologous viral epitope sequence context.

Supplementary Data
Supplementary materials are available at Open Forum Infectious Diseases 

online. Consisting of data provided by the authors to benefit the reader, the 
posted materials are not copyedited and are the sole responsibility of the 
authors, so questions or comments should be addressed to the correspond
ing author.
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