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Summary
Adaptation of hepatitis C virus (HCV) to CD8+ T cell selection pressure is well de-
scribed; however, it is unclear if HCV differentially adapts in different populations. 
Here, we studied HLA class I-associated viral sequence polymorphisms in HCV 1b 
isolates in a Chinese population and compared viral substitution patterns between 
Chinese and German populations. We identified three HLA class I-restricted epitopes 
in HCV NS3 with statistical support for selection pressure and found evidence for 
differential escape pathways between isolates from China and Germany depending 
on the HLA class I molecule. The substitution patterns particularly differed in the 
epitope VTLTHPITK1635-1643, which was presented by HLA-A*03 as well as HLA-
A*11, two alleles with highly different frequencies in the two populations. In Germany, 
a substitution in position seven of the epitope was the most frequent substitution in 
the presence of HLA-A*03, functionally associated with immune escape and nearly 
absent in Chinese isolates. In contrast, the most frequent substitution in China was 
located at position two of the epitope and became the predominant consensus resi-
due. Moreover, substitutions in position one of the epitope were significantly en-
riched in HLA-A*11-positive individuals in China and associated with different 
patterns of CD8+ T cell reactivity. Our study confirms the differential escape path-
ways selected by HCV that depended on different HLA class I alleles in Chinese and 
German populations, indicating that HCV differentially adapts to distinct HLA class I 
alleles in these populations. This result has important implications for vaccine design 
against highly variable and globally distributed pathogens, which may require match-
ing antigen sequences to geographic regions for T cell-based vaccine strategies.

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction 
in any medium, provided the original work is properly cited and is not used for commercial purposes. 
© 2018 The Authors. Journal of Viral Hepatitis Published by John Wiley & Sons Ltd

www.wileyonlinelibrary.com/journal/jvh
http://orcid.org/0000-0001-9241-884X
http://orcid.org/0000-0001-7799-3045
http://orcid.org/0000-0001-5387-2660
mailto:dlyang@hust.edu.cn
mailto:joerg.timm@med.uni-duesseldorf.de
http://creativecommons.org/licenses/by-nc/4.0/


74  |     XIA et al.

1  | INTRODUC TION

Globally, an estimated 71 million people have chronic hepatitis C 
virus (HCV) infection.1 Although great success has been achieved 
in the antiviral therapy of chronic hepatitis C (CHC),2 the lack of an 
effective prophylactic vaccine and the expensive cost for treatment 
make CHC a major health burden in developing countries. Several 
studies suggest that robust HCV-specific CD8+ T cell responses di-
rected at multiple epitopes are important for viral control.3-6 Many 
vaccine candidates in current preclinical and clinical development 
therefore aim to efficiently activate T cells.7-9 One of the major ob-
stacles to vaccine development is the inherent sequence diversity 
of HCV.10 Due to the lack of a proofreading function in the NS5B 
polymerase, HCV exists in the human host as a quasispecies with 
distinct variants.11 The quasispecies nature of HCV enables rapid ad-
aptation to changes in the replication environment. Accordingly, the 
rapid selection of variants by targeting cytotoxic T lymphocyte (CTL) 
epitopes is well documented and potentially associated with failure 
of immune control.12-14

CTL epitopes are presented by HLA class I molecules on the sur-
face of an infected cell. Allelic variation at the HLA class I gene loci 
enables the binding and presentation of multiple different peptides 
derived from intracellular proteins. The enormous diversity of HLA 
class I molecules expressed in a population limits a pathogen’s abil-
ity to evade immune pressure through adaptation to any individual 
host. Co-evolution of HLA class I-encoding genes with pathogens in a 
population was proposed as a driving force for this HLA diversity.15,16 
Of note, there are marked differences in the frequency of distinct 
HLA class I alleles within a single population but also between the fre-
quencies of these alleles in distinct populations and different ethnic 
groups. Such differences between ethnic groups are the basis for the 
use of different T cell repertoires against viral infections.17,18

At the population level, reproducible escape in CD8 epitopes 
in subjects sharing the same restricting HLA class I allele drives as-
sociations between viral sequence polymorphisms and particular 
HLA alleles.19-21 Host-to-host transmission of viral strains adapted 
to immune pressure has important consequences for vaccine devel-
opment. Continuous accumulation of an escape mutation in a CD8 
epitope in circulating isolates may eventually lead to deletion of the 
target antigen from the population. In support of this hypothesis, 
adaptation to the immune pressure of individual epitopes in the ma-
jority of circulating isolates was demonstrated in EBV and HIV.22,23 
In HIV, a fascinating observation suggested that expression of rare 
HLA alleles is a selection advantage and associated with lower viral 
load, presumably because circulating isolates may have adapted to 
frequent HLA alleles in a population.24,25 In HCV, we similarly re-
ported a relatively stable escape mutation in an immunodominant 
CD8 epitope in NS3 that replaced the immunogenic prototype epi-
tope sequence in the majority of circulating isolates in Europe.19 In 
a vaccine, such immune targets would likely be less efficient in pro-
viding protective immunity, as the relevant antigen is not present in 
most viral isolates.

The aim of this study was to address whether the adaptation of 
viral sequences to immune pressure is influenced by the HLA back-
ground of the host population. We sequenced HCV NS3 (genotype 
1b) from circulating isolates in China and compared their sequences 
with the sequences of isolates from Germany. We utilized an algo-
rithm to identify polymorphic sites that differ in isolates from these 
populations and compared viral substitution patterns between iso-
lates from Chinese and German populations. By this approach, we 
found evidence for differential adaptation to the immune pressure 
of circulating HCV isolates in HLA-diverse populations.

2  | MATERIAL S AND METHODS

2.1 | Patients

All Chinese patients were recruited at the outpatient department of 
infectious disease of the Union Hospital of the Huazhong University 
of Science and Technology in Wuhan, China. Only subjects with HCV 
genotype 1b infection and no evidence for acute hepatitis based on 
their history were included, and all patients were currently HCV-
infected and untreated. All German patients were recruited at the 
hepatology outpatient clinics of the Essen University Hospital and 
in the ward for inpatient detoxification treatment of drug-addicted 
patients, as well as in the clinic for opiate substitution treatment at 
the Department of Addictive Behavior and Addiction Medicine, LVR 
Hospital Essen, Hospital of the University of Duisburg-Essen. The 
local ethics committee approved the study, and all patients gave 
written informed consent.

2.2 | PCR and sequencing of NS3

PCR and sequencing of the NS3 gene from 89 patient samples were 
performed in two overlapping fragments, essentially as previously 
described.19 Viral RNA was extracted from 140 μL of serum utiliz-
ing the Qiagen vRNA extraction kit. Then, 10 μL of the eluted RNA 
served as a template for RT-PCR utilizing the Promega RT-PCR kit. 
Next, 2 μL of the PCR product served as a template for the first 
and second rounds of PCR with nested primers. The PCR prod-
ucts were directly sequenced with gene-specific primers, and the 
chromatograms were analysed and edited with program Codon 
Code Aligner. All sequences were submitted to GenBank (acces-
sion numbers: MG993225-MG993277, MG993280-MG993312 and 
MG993314-MG993319)

2.3 | Phylogenetic analyses

All nucleotide sequences from the Chinese and German samples 
were aligned with previously published sequences from a large 
HCV single-source outbreak (“East German anti-D cohort”26). 
Phylogenetic trees were constructed with the neighbour-joining 
method as implemented in Neighbor TreeMaker (available at https://

info:ddbj-embl-genbank/MG993225
info:ddbj-embl-genbank/MG993277
info:ddbj-embl-genbank/MG993280
info:ddbj-embl-genbank/MG993312
info:ddbj-embl-genbank/MG993314
info:ddbj-embl-genbank/MG993319
https://hcv.lanl.gov/content/sequence/TREEMAKER/TreeMaker.html
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hcv.lanl.gov/content/sequence/TREEMAKER/TreeMaker.html) 
using the General Time Reversible substitution model as suggested 
by FindModel (available at http://hcv.lanl.gov).

2.4 | HLA typing

Reference Chinese and German HLA frequencies were obtained 
from the HLA database (http://www.allelefrequencies.net). Only re-
sults from Bone Marrow Registry study and the Golden population 
standard were selected (China Jiangsu: sample size 3238, Germany 
pop 8: sample size 39 689). All the HLA-A alleles with frequencies 
higher than 0.1 and HLA-B alleles with frequencies higher than 0.05 
were included.

HLA-A and HLA-B typing at the two-digit level were performed 
by using sequence-specific primer methodology (LABType method-
ology, both provided by One Lambda Inc., Canoga Park, CA, USA) 
at the Institute of Transfusion Medicine, Essen University Hospital, 
Essen, Germany.

2.5 | Analysis of associations between 
mutations and HLA class I alleles

The majority of consensus sequences were generated for Chinese 
and German isolates and served as references. Residues under 

selection pressure in the presence of individual HLA class I alleles 
were identified in a statistical approach utilizing the analysis tool 
SeqFeatR.27

2.6 | Analysis of the CD8+ T cell response

Antigen-specific T cells were expanded from cryopreserved HLA-
A*11- and A*03-positive PBMCs. Synthetic peptides were purchased 
from EMC, Tubingen, Germany. PBMCs were cultured in R10 medium 
(RPMI 1640 medium containing 10% foetal calf serum, 100 U/mL peni-
cillin, 100 μg/mL streptomycin, 10 mmol/L HEPES buffer and 25 U/mL 
recombinant interleukin-2) and stimulated with different prototype 
peptides (1 μg/mL per peptide) and 0.1 μg/mL anti-CD28 and anti-
CD49d. On day 7, medium containing IL-2 was added. On day 10, the 
cells were restimulated with the prototype or variant peptides in the 
presence of brefeldin A (100 ng/mL) for 4 hours, and the frequency 
of IFNγ-secreting CD8+ T cells was analysed via flow cytometry. All 
samples were acquired using a FACS Canto (BD), and the data were 
analysed using FlowJo software (Tree Star Inc., Ashland, OR, USA)

2.7 | Statistical analysis

All statistical tests were performed using GraphPad Prism 5.0 soft-
ware (GraphPad Software, San Diego, CA, USA).

3  | RESULTS

3.1 | Phylogenetic analysis revealed two distinct 
clades in Chinese isolates

The complete NS3 region was sequenced from 89 Chinese and 96 
German patients. Phylogenetic analyses of isolates from China and 
Germany together with additional sequences from a large single-
source outbreak were performed. Interestingly, the Chinese se-
quences fell into two phylogenetically distinct clusters (Figure 1), 
suggesting a founder effect with at least two GT1b origins in China. 
The genetic distance between isolates within these two Chinese 
clusters was similar to the distance between isolates of the “East 
German anti-D outbreak” that occurred in 1978/1979,28 while no 
clear clusters were formed in the remaining German isolates. It has 
been reported that there are two main origins of HCV infections in 
China due to rapid transmission and spread of selected isolates in 
the 1960s-1990s.29,30

3.2 | Differential escape of HCV from CD8+ T cell 
selection pressure between China and Germany

We compared the Chinese and German HLA-A and HLA-B allele 
frequencies in our cohort with data from the HLA database.31 
While only minor differences between the reported frequencies 
of common HLA class I alleles and the observed frequencies in 
our cohorts were present, there were substantial differences be-
tween the frequencies in China and Germany. The most frequent 

F IGURE  1 Phylogenetic tree of complete HCV NS3 sequences 
from China together with unrelated sequences and sequences 
from a single-source outbreak from Germany. Sequences from 
China (red) predominantly form two separate clades suggesting a 
common ancestor. Sequences from the anti-D cohort (blue) fall into 
three distinct clades. No clusters were formed within the German 
unrelated isolates (black)

https://hcv.lanl.gov/content/sequence/TREEMAKER/TreeMaker.html
http://hcv.lanl.gov
http://www.allelefrequencies.net
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HLA allele in both populations is HLA-A*02. However, other fre-
quent alleles at the HLA-A locus in China such as A*11 and A*24 
are nearly absent from the German population. In turn, frequent 

alleles in Germany such as A*01 and A*03 are rare in China. Similar 
differences in HLA frequencies are also detected at the HLA-B 
locus (Table S1).

HLA P value Described epitope Described HLA

Substitution in China

V1635I A*11 0.001152 VTLTHPITK1635-1643 A*03/11

K1378R B*51 0.008989 IPFYGKAI1371-1380 B*51

Q1598L B*58 0.007896 RAQAPPPSWDQ1596-1606 B*58

Substitution in German

I1641V A*03 0.003797 VTLTHPITK1635-1643 A*03/11

I1373V B*51 0.0704 IPFYGKAI1371-1380 B*51

TABLE  1 Substitutions in described 
CD8 T cell epitopes with statistical 
support for selection pressure

F IGURE  2 Frequency of HLA-A*11 and HLA-A*03 associated sequence polymorphisms in the NS31635-1643. A, The frequencies of 
variations from the consensus sequence in isolates from China (light grey) and Germany (dark grey) are shown. B and C, The frequency of 
variations from the consensus sequence in viral isolates from China from individuals carrying HLA-A*11 (dark grey) and individuals lacking 
HLA-A*11 (white) is shown for each position. In C, the frequency of variations from the amino acids isoleucine and threonine in position 
is shown. D and E, The frequency of variations from the consensus sequence in viral isolates from Germany from individuals carrying 
HLA-A*03 (dark grey) and individuals lacking HLA-A*03 (white) is shown for each position. In E, the frequency of variations from the amino 
acids isoleucine and threonine in position is shown. P-values were calculated with a Fisher’s exact test
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Given the evidence of HLA class I adaptation of HCV at the 
population level,19,20,32 whether similar adaptation has occurred in 
Chinese isolates was addressed. We first analysed if viral sequence 
polymorphisms inside known CD8 T cell epitopes were statistically 
more frequent in the presence of the relevant HLA class I allele than 
in the absence of the relevant allele. The results are summarized in 
Table 1. In three previously described epitopes of NS3, there was 
statistical evidence for immune selection pressure on viral iso-
lates from China by CD8 T cells. Notably, although the HLA-B*58-
restricted epitope has been previously described in a Caucasian 
patient, there has been no evidence for immune selection.33 The 
HLA-B*51-restricted epitope is also under selection pressure in 
German isolates, although a different substitution is selected in gen-
otype 1b. One epitope region was particularly interesting because 
it was described to be presented by HLA-A*03 as well as HLA-A*11 
(VTLTHPITK1635-1643). In China, the substitution V1635I is selected 
in the presence of HLA-A*11, while in Germany, the substitution 
I1641V is selected in the presence of HLA-A*03.

The frequencies of sequence variants of this epitope are shown 
in more detail in Figure 2. There are three positions in the epitope 
showing a higher degree of sequence variation (Figure 2A). In po-
sition 1635, sequence variants are more frequent in China (20.4%) 
than in Germany (12.8%). The predominant substitution in this po-
sition in China (V1635I) is significantly enriched in the presence of 
HLA-A*11 (P = 0.0011; Figure 2B). Position 1636 is highly polymor-
phic in Chinese isolates, with isoleucine being the most prevalent 
amino acid in this position (49.0%) followed by threonine (38.0%), 
while other variants in this position (valine, asparagine, alanine, ser-
ine) were less frequent. Collectively, these less frequent variants 
were again significantly enriched in China in the presence of HLA-
A*11 (Figure 2C), suggesting that rare variants are selected by HLA-
A*11-restricted immune pressure. In German isolates, this position 
is more conserved with threonine being the most prevalent amino 
acid (76.6%), followed by isoleucine (14.9%). Interestingly, there was 
evidence that the consensus residue, threonine, was selected in the 
presence of HLA-A*03, as variations from threonine in position 1636 
were only observed in the absence of HLA-A*03. There was no evi-
dence for selection of rare variants in this position in the presence of 

HLA-A*03 (Figure 2E). In position 1641 sequence variants are more 
frequent in Germany (27.1%) than in China (6.5%). Here, the most 
frequent substitution (I1641V) was selected in the presence of HLA-
A*03 (P = 0.0037; Figure 2D).

Taken together, we identified three HLA class I-restricted epi-
topes in HCV NS3 with statistical support for selection pressure 
and found evidence for distinct escape pathways between isolates 
from China and Germany depending on the presenting HLA class I 
molecule.

3.3 | Substitutions selected in the presence of 
HLA-A*11 and HLA-A*03 are associated with 
functional immune escape

The originally described HLA-A*03-restricted epitope in this re-
gion was a 9-mer (VTLTHPITK1635-1643),

34,35 whereas the HLA-
A*11-restricted epitope was originally described as an N-terminally 
truncated 8-mer (TLTHPITK1636-1643).

36 Accordingly, the V1635I 
substitution selected in the presence of HLA-A*11 was one amino 
acid upstream of the originally described epitope. Therefore, the 
exact length of the epitope presented by HLA-A*11 was determined 
again by expansion of antigen-specific CD8+ T cells from an HLA-
A*11-positive patient with spontaneously resolved HCV infection 
with a 9-mer as well as with an 8-mer including either the German 
consensus residue (threonine) or the Chinese consensus residue (iso-
leucine). After 10 days of expansion, the cells were restimulated with 
the different variants and the frequency of IFNγ-producing CD8+ T 
cells was determined by flow cytometry. Importantly, IFNγ-positive 
cells were only detectable when cells were expanded and restimu-
lated with the 9-mer (Figure 3). In contrast, no IFNγ was produced 
upon restimulation of the same culture with the truncated 8-mer 
or upon expansion of PBMCs with an 8-mer, followed by restimula-
tion with any variant. Collectively, the data indicate that in contrast 
to the originally described data, the 9-mer (VTLTHPITK1635-1643) 
but not the 8-mer (TLTHPITK1636-1643) is presented by HLA-A*11. 
Accordingly, the same peptide is presented by HLA-A*03 and HLA-
A*11 with different residues being under selection pressure in the 
presence of both alleles.

F IGURE  3 Characterization of the 
correct length of the epitope NS31635-1643 
in the context of HLA-A*11. HLA-A*11 
positive PBMCs were expanded 
for 10 days with the 9-mer peptide 
VTLTHPITK and truncated 8-mer variants 
and restimulated with different peptide 
variants as indicated. After intracellular 
cytokine staining, the frequency of 
IFN-gamma positive CD8+ T cells was 
determined by flow cytometry and is 
shown in % of restimulated CD8+ T cells
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Next, the impact of sequence variants of the epitope on the 
CD8 T cell response was determined in the context of HLA-A*03 
and HLA-A*11. PBMCs of three different HLA-A*03-positive 
HCV-exposed donors were used to expand antigen-specific T 
cells (Figure 4). Here, both the German consensus sequence 
(VTLTHPITK), which represents the originally described prototype 
epitope as well as the Chinese consensus sequence (VILTHPITK) 
were used for antigen-specific expansion. As expected, IFNγ-
positive CD8+ T cells were detected upon expansion and restim-
ulation of PBMCs with the prototype epitope (VTLTHPITK). The 
I1641V substitution under selection pressure in the presence of 
HLA-A*03 functionally acts as an immune escape mutation, as the 

frequency of IFNγ-positive CD8+ T cells was substantially reduced 
upon restimulation with this variant. Notably, the Chinese consen-
sus did not activate antigen-specific CD8+ T cells, suggesting that 
only the German consensus sequence is immunogenic in the con-
text of HLA-A*03.

In the context of HLA-A*11, the impact of sequence variants of 
the epitope was more complex and differed among individuals. Two 
distinct patterns of CD8 T cell reactivity were distinguished. In the 
first pattern, CD8 T cells predominantly reacted with the German 
consensus sequence (VTLTHPITK) and the response to the Chinese 
sequence variant (VILTHPITK) was substantially weaker or nearly 
absent. In turn, when PBMCs were expanded in the presence of the 

F IGURE  4 The substitution I1641V in the epitope NS31635-1643 is associated with functional immune escape in the context of HLA-A*03. 
HLA-A*03 positive PBMCs from three different donors were expanded with the peptide VTLTHPITK (German consensus) or VILTHPITK 
(Chinese consensus) for 10 days and then restimulated with different peptide variants as indicated. After intracellular cytokine staining, the 
frequency of IFN-gamma positive CD8+ T cells was determined by flow cytometry and is shown in % of restimulated CD8+ T cells
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Chinese consensus no or substantially weaker CD8 T cell responses 
were detected, suggesting that the Chinese consensus sequence 
represents an escape variant. The I1641V substitution selected in 

the context of HLA-A*03 did not have a functional impact on the 
CD8 T cell response in the context of HLA-A*11. In contrast, the 
V1635I substitution within either the Chinese consensus sequence 

F IGURE  5 Two different patterns of immune escape from HLA-A*11-associated selection pressure. HLA-A*11 positive PBMCs from four 
different donors were expanded with the peptide VTLTHPITK (German consensus) or VILTHPITK (Chinese consensus) for 10 days and then 
restimulated with different peptide variants as indicated. After intracellular cytokine staining, the frequency of IFN-gamma positive CD8+ T 
cells was determined by flow cytometry and is shown in % of restimulated CD8+ T cells. Two distinct patterns of CD8+ T cell reactivity were 
observed: A, In the first pattern, the response was predominantly directed against the German consensus (VTLTHPITK) and the Chinese 
consensus (VILTHPITK) as well as the V1635I variants were associated with lower CD8+ T cell responses. B and C, In the second pattern, the 
response was predominantly directed against the Chinese consensus (VILTHPITK), here, the V1635I variant was not associated with a lower 
response (B). In this pattern, rare substitutions in position two of the epitope were associated with lower CD8+ T cell responses (C)
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(IILTHPITK) or the German consensus sequence (ITLTHPITK) both 
strongly impaired the CD8+ T cell response, although the latter 
was unfortunately tested in only one individual (Figure 5A). Taking 
these results together, in the first pattern the CD8 T cell response 
is predominantly directed against the German consensus sequence 
(VTLTHPITK) and the Chinese consensus sequence and the V1635I 
substitution are both consistent with immune escape.

In the second pattern of CD8 T cell reactivity, the Chinese con-
sensus sequence was more reactive than German consensus se-
quence. The IFNγ-positive CD8 T cells were more frequent against 
the Chinese consensus sequence (VILTHPITK) than against the 
German consensus sequence (VTLTHPITK) after the expansion of 
PBMCs in the presence of both epitope variants (Figure 5B). Here, 
the V1635I substitution within the Chinese consensus sequence 
(IILTHPITK) selected in the presence of HLA-A*11 did not have a 
functional impact on the CD8 T cell response. Importantly, other 
substitutions in position two of the epitope such as mutations to as-
paragine, alanine or serine impaired the immune response consistent 
with immune escape. Taking these results together, in the second 
pattern CD8 T cells are predominantly directed against the Chinese 
consensus sequence. In this pattern, the V1635I substitution does 
not impair the CD8 T cell response; however, the behaviour of some 
of the rare variants in position two of the epitope are consistent with 
immune escape.

4  | DISCUSSION

The ability of HCV to adapt to immune pressure by selection of mu-
tations conferring resistance to components of the adaptive immune 
system within one infected individual is well documented.10,12,14 
Previous studies suggested that cellular immune selection pressure 
can be reproducible at the population level, resulting in “HLA class 
I footprints” in sequences of circulating isolates.19,21,37 Here, we ex-
tend this analysis to sequences from different geographic regions 
and with host populations with HLA class I backgrounds.

One epitope region was particularly interesting because it was 
presented by two different HLA class I molecules, one that is fre-
quent in Germany (HLA-A*03) but rare in China and one that is highly 
prevalent in China (HLA-A*11) but rare in Germany. In the context of 
HLA-A*11, the epitope was originally described as an 8-mer36; how-
ever, in our hands, no CD8 T cell response was detected against the 
8-mer. In contrast, the N-terminally elongated 9-mer was targeted 
by CD8 T cells. Notably, the most frequent consensus residue in po-
sition 1636 in the epitope differed between circulating isolates from 
China and Germany. We found immunological support for immune-
driven accumulation of the consensus residue isoleucine as an HLA-
A*11 escape mutation in HLA-A*11-positive individuals in China. 
Moreover, at the sequence level, different positions were under se-
lection pressure in Germany and in China. In China, substitutions at 
position 1635 were selected in the presence of HLA-A*11, whereas 
in Germany, substitutions at position 1641 were selected. Distinct 
selection pressure on the same epitope region that depended on the 

presenting HLA class I allele has been described in HIV38; however, 
this observation has not been linked to differences in populations. 
The data presented here are consistent with differential escape 
pathways by HCV in different populations.

Although the selected I1641V substitution was clearly associ-
ated with CD8 T cell immune escape in the context of HLA-A*03, 
the impact of sequence variation in the epitope region was more 
complex in the context of HLA-A*11. Two distinct patterns of CD8 T 
cell cross-reactivity were observed when the epitope was presented 
by HLA-A*11. In the first pattern, the German consensus sequence 
of the epitope was strongly reactive, but the Chinese consensus se-
quence carrying the T1636I substitution was not, consistent with 
immune escape of the Chinese consensus sequence. In contrast, the 
second pattern of CD8 T cell reactivity was characterized by a maxi-
mum response against the Chinese consensus sequence. In these pa-
tients, rare substitutions in position 1636 (to asparagine, alanine or 
serine) were functionally associated with immune escape. Notably, 
at the sequence level, there was statistical evidence that these rare 
substitutions were indeed predominantly selected in the presence of 
HLA-A*11 (Figure 2C). The reasons for the different cross-reactivity 
patterns of CD8 T cells in the context of HLA-A*11 are unclear. 
Individual differences between the TCR repertoires recruited for 
the immune response against this epitope may have contributed to 
the effect. Distinct TCR repertoires may be the consequence of dif-
ferent abundance of suitable TCRs in the naïve repertoire prior to 
T cell priming.39 However, the original viral sequence at the time of 
transmission may also play a role in the cross-reactivity patterns. In 
a previous study, we analysed the consequences of sequence vari-
ation in an immunodominant HLA-A*02-restricted epitope on the 
cross-reactivity of in vitro primed CD8 T cells.26 These data revealed 
that different epitope variants were associated with distinct and 
reproducible cross-reactivity patterns. In the context of HLA-A*11, 
similar sequence differences at the time of priming (eg, the T1636I 
sequence polymorphism) may have contributed to the different 
cross-reactivity patterns of CD8 T cells.

In Germany, there was even evidence for selection of threonine 
in position 1636 in the context of HLA-A*03, although the Chinese 
consensus sequence carrying the isoleucine in this position was 
consistent with immune escape in the context of HLA-A*03. This 
observation is more difficult to explain because the results of the 
immunological assays would argue for the preferential selection of 
the T1636I substitution. Other factors may prevent selection of this 
residue. It is possible that an overlapping epitope presented by a 
different HLA class allele alters the direction of selection pressure. 
Opposing selection forces on the same residue that depend on the 
presenting HLA class I allele have been described in HIV and HCV.40 
Negative selection pressure on isoleucine in position 1636 due to 
fitness constraints seems less likely, given that the accumulation 
of this substitution has occurred in China. However, it is possible 
that the genome plasticity depends on the larger sequence context 
and that the T1636I substitution is less fit in the context of GT1b 
isolates from Germany and more fit in the context of GT1b isolates 
from China. In line with this reasoning, clade-specific differences in 
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the functional constraints associated with different escape path-
ways has been described for HIV.41 In the phylogenetic tree of the 
HCV sequences, the Chinese isolates form two separate clusters 
that are possibly associated with different sequence constraints. 
Unfortunately, the relevance of individual substitutions for viral fit-
ness in different genetic GT1b backgrounds is difficult to address in 
cell culture experiments, as only few GT1b isolates support replica-
tion in vitro.42

The phylogenetic tree confirms previous observations suggest-
ing the rapid spread of individual GT1b isolates between 1960 and 
1990 in China.29,30 In line with this possibility, the genetic distance 
between Chinese isolates is similar to the genetic distance between 
isolates from a large HCV GT1b outbreak that occurred in the for-
mer German Democratic Republic between 1977/78.28 Accordingly, 
founder effects in China may play a role for sequence differences 
between isolates from Germany and China.43 It is possible that the 
transmission and rapid spread of a few isolates carrying the T1636I 
substitution resulted in different consensus sequences in Germany 
and China. Nevertheless, the impact of the substitution on the im-
mune response in the context of the highly prevalent allele HLA-
A*11 in China may have promoted the transmission of this viral 
variant.

It was previously reported in a large HCV genotype 1b outbreak 
in Ireland that HLA-A*03 is associated with spontaneous clearance 
of HCV infection.44 The protective effect was linked to targeting of 
a dominant epitope located in NS3 (TVYHGAGTK) and fitness costs 
associated with individual escape mutations requiring additional 
compensatory mutations.45,46 Notably, the protective effect was 
exclusively observed in the Irish outbreak and not in a similar HCV 
genotype 1b outbreak in East Germany, possibly because the immu-
nodominant target in NS3 differed between the sources of these 
outbreaks.40 There are no data available suggesting that HLA-A*11 
has a differential impact on the outcome of HCV infection; however, 
no such studies have been performed in Asian cohorts. Reproducible 
selection pressure on different residues within the epitope and a 
complex escape pathway, as observed here for HLA-A*11, would be 
consistent with a beneficial effect of HLA-A*11 for disease outcome.

Collectively, our data are consistent with differential escape 
pathways selected by HCV in the context of different HLA class I 
alleles. This result has important implications for vaccine design 
against highly variable and globally distributed pathogens. Our re-
sults suggest that pathogens such as HCV differentially adapt in 
HLA-diverse populations, which may require matching antigen se-
quences to geographic regions for T cell-based vaccine strategies.
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