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Highly replicating hepatitis C virus variants
emerge in immunosuppressed patients
causing severe disease
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Volker Lohmann 1,2

Hepatitis C virus (HCV) exists as a heterogenous quasispecies, but the phe-
notypic consequences of viral variability are widely unexplored. Here we
identify a replication enhancing domain (ReED) in non-structural protein 5A
conferring high replication fitness to clinical isolates. Accumulation of muta-
tions in the ReED mediates high genome replication capacity. In a cohort of
liver transplant patients, high replicator variants are exclusively found in
individuals with severe disease outcome, suggesting that high viral replication
fitness is associated with increased viral pathogenesis. Analysis of large
sequence cohorts reveals that overall only 10% of viral genomes show genetic
signatures of high replicators, which are enriched in recipients of liver trans-
plantations, patients developing hepatocellular carcinoma and in HIV coin-
fected individuals. Overall, our data suggests that low replication fitness is a
hallmark of HCV, contributing to establishment of persistence, whereas high
replicators appear to have an advantage under conditions of immune sup-
pression, thereby enforcing pathogenesis.

Infections with the hepatitis C virus (HCV) become chronic in ~75% of
all patients1, but direct acting antivirals (DAAs) achieve virus elimina-
tion in >95% of cases, rendering chronic hepatitis C a curable disease
(reviewed in ref. 2). Nevertheless, a protective vaccine remains elusive
thus HCV still is a major public health concern with 50million patients
being infected and 240,000 dying from the disease in 20223. Chronic
HCV infections can last for decades but eventually end-stage liver
disease or development of hepatocellular carcinoma (HCC) can create
a need for liver transplantation (LTX). A severe complication post LTX

in the context of HCV is the development of fibrosing cholestatic
hepatitis (FCH) which is marked by high viral titers and rapid fibrosis
progression accompanied by only mild inflammation4, occurring in 2-
10% of LTX patients5,6. DAA treatment efficiency is also high in FCH
patients7,8. HCV is a remarkably heterogenous virus with 8 genotypes
(gt) and over 100 subtypes differing by up to 30% on a nucleotide
sequence level9. This is enabled by the error prone genome replication
of the virus resulting in a heterogenous group of viruses inhabiting
each patient, the so called quasispecies10. This population structure
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helps the virus to escape the host immune response, but beyond that,
phenotypic characterisations of HCV quasispecies evolution are
scarce, one study reported a selection for variants with improved cell
entry competence after LTX11.

On a molecular level, HCV has a positive sense RNA genome with
untranslated regions (UTRs) flanking a single open reading frame. The
resulting viral polyprotein is cleaved by host and viral proteases into
3 structural and 7 non-structural (NS) proteins. While the structural
proteins core, E1 and E2 together with p7 and NS2 are crucial for
infectious particle production, they are dispensable for genome
replication, essentially involving NS3-NS5B and the UTRs (reviewed in
ref. 12). Subgenomic replicons (SGRs) encompassing the HCV repli-
case, were established as the first HCV cell culturemodel based on the
gt1b isolate Con113. All isolates used for cell culture systems are based
on consensus sequences derived from single patients, accounting for
the risk of deleteriousmutations being present inmany individual viral
clones due to the error prone replication process14. However, besides
the gt2a isolate JFH115, all wildtype (WT) isolates needed to acquire cell
culture adaptive mutations to replicate in hepatoma cells commonly
used in cell culture16. One hotspot for these adaptive mutations was
found in NS5A17, a phosphoprotein without enzymatic function.
Nevertheless, NS5A is involved in a variety of processes including
determining the response to antiviral interferon treatment by accu-
mulation of mutations in a 40 amino acid region termed interferon
sensitivity determining region (ISDR)18,19. HCV cell culture systems
were improved by the discovery that ectopic expression of the cyto-
solic lipid transporter SEC14L2 allowed for replication ofWT isolates in
cultured cells20. In this setup, we previously characterised a post-
transplant gt1b isolate from an FCH patient, designated GLT1, which
showed remarkably high replication fitness (RF) in cell culture21.

Here, we show that the high RF evolved in the GLT1 patient after
LTX. This elevated RF was mediated by a region in NS5A including the
ISDR where we identified accumulation of mutations as the sequence
signature of high RF. Furthermore, we identified high RF as a general
feature of HCV in FCH patients arguing for a direct connection
between the increase in viral replication and the severe course of
disease. Finally, we observed that sequence signatures of high RF are
rare in immunocompetent patients but found more frequently in the
context of profound immunosuppression, such as occurs at the early
stages of transplantation, indicating a complex interplay between viral
RF and the host immune response.

Results
HCV sequence evolution in a patient who received two liver
transplantations
We recently characterised the GLT1 isolate which showed remarkably
high RF in cell culture21. GLT1 was isolated from a patient who received
two LTXs, with both transplanted livers developing FCH, and repre-
sented the consensus sequence of the viral population after LTX2. To
study the viral sequence evolution over the course of the two LTXs
(Fig. 1A), we performed next generation sequencing (NGS) on two
overlapping amplicons spanning the entire coding sequence of the
genome (Fig. 1B). The most drastic change in the consensus sequence
dominating at each time point was seen after LTX1 (Fig. 1C) where the
HCV population became much more homogenous and remained so
until the patient’s death (Fig. 1D). To gain a more comprehensive view
on distinct viral subpopulations, we next analysed sequencing data
from individually cloned viral genomes (Fig. 1E, left panel). In line with
the NGS data, phylogenetic analysis revealed again a more hetero-
genous population structure pre LTX1 with at least two distinct HCV
subspecies (Fig. 1E, S1A). Both the bulk sequencing data and the ana-
lysis of individual viral clones indicated LTX1 having a strong impacton
the viral population while LTX2 did not have a substantial effect on the
quasispecies.

To understand the phenotypic implications of the observed
sequence evolution, we characterised changes in RF, cell entry and
infectious particle production over the course of the two LTXs. Post
LTX, we saw no selection for increased cell entry in experiments with
HCV pseudoparticles (HCVpp), in contrast to a previous study which
identified a selection for increased entry competence after LTX11

(Fig. S1B). Since HCV isolates apart from JFH1 require massive adap-
tation to allow infectious particle production22, including the GLT1
isolate21, we employed chimeric genomes encoding the JFH1 replicase
fused to the pre- and post-transplant structural proteins to assess
changes in infectious particle production23 (Fig. S1C). While the pre
LTX1β chimera was devoid of particle production, both other pre LTX
variants showed a higher efficiency than the two post LTX chimeras.
Generally, the data need to be interpreted with care due to compat-
ibility issues in combining gt1b structural proteins with a gt2a
replicase24,25. Still, we found no indication for a selection towards
increased assembly or release efficiency in the post LTX structural
proteins. To assess RNA replication fitness, we constructed reporter
SGRs26 harbouring the consensus sequence of the viral replicase (NS3-
NS5B) for each timepoint (Fig. 1F, upper panel), and for both sub-
species we found in the pre LTX1 sample (Fig. 1E). The resulting con-
structs were transfected into hepatoma cells lacking innate immune
competence but expressing the lipid transporter SEC14L2 which is
needed for replication of HCV WT isolates in cell culture20. Compared
to the gt1b gold standard isolate Con113, both subspecies pre
LTX1 showed a similarly low RF (Fig. 1F, lower panel). Strikingly, all
SGRs based on the post LTX time points showed more than 50-fold
increase in RF arguing for a selection towards high RF in the con-
text of LTX.

Increased RF after LTX argued for a prominent role of both the
replication space provided by the new liver and the immunosuppres-
sion introduced with LTX1 in exerting evolutionary pressure on the
HCV quasispecies. Thus, genome replication fitness is a so far over-
looked major selection factor for HCV upon LTX.

High replication fitness is mediated by a small region in NS5A
We next set out to identify mutations crucial for the increase in RF
post LTX (Fig. 1F). To this end, we created chimeric Con1 SGRs (low
replicator) where one protein of the replicase was replaced by its
GLT1 (high replicator) counterpart (Fig. 2A, upper panel). Transfer of
GLT1 NS5A into Con1 was sufficient to elevate the RF of Con1 bymore
than 100-fold (Fig. 2A, lower panel). Transfer of NS5A subdomains
into Con1 identified Low Complexity Sequence 1 and Domain 2
(LCS1D2) of GLT1 NS5A as being sufficient to boost the RF of Con1 to
the level of GLT1 (Fig. 2B). LCS1D2 from Con1 further converted the
high replicator GLT1 into a low replicator. These results argued for
LCS1D2 being the main determinant of HCV RF. Splitting up LCS1D2
aswell as furthermapping of the region underlined thatmutations all
over LCS1D2 except the C-terminus contributed to its effects on RF
(Fig. S2A–C). Therefore, we defined the Replication Enhancing
Domain (ReED) to encompass the whole LCS1D2 region besides a
highly conserved patch at the N-terminus (Fig. 2C). Interestingly, the
ReED contains the ISDR, an interaction site with the essential host
factor cyclophilin A27 and a disputed binding domain for protein
kinase R28,29 (Fig. S2B).

In the GLT1 patient, we could see a high number of amino acid
differences in the ReED between the two subspecies dominating pre
LTX1 and GLT1 (Fig. 2C). To functionally characterize ReED evolu-
tion, we created chimeric SGRs of pre LTX1α and pre LTX1β con-
taining the GLT1 ReED which dominated post LTX2. Indeed, the
GLT1 ReED boosted replication of the two pre LTX subspecies 76-
fold and 22-fold, respectively (Fig. 2D), confirming that selection for
mutations in the ReED resulted in the high RF post LTX in the GLT1
patient.
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Fibrosing cholestatic hepatitis is associated with highly repli-
cation fit HCV
To assess whether increased RF was a general feature of viral isolates
evolving after LTX, we focused on a cohort of 22 additional HCV gt1b
infected LTX patients of which 13 developed FCH post LTX30,31.
Sequence analysis revealed a significantly higher divergence from the
gt1b consensus for the ReED of FCH patients than for non-FCH

patients, which was only driven by accumulation of mutations in the
ISDR but not in the C-terminal part (C-term) of the ReED (Fig. 3A). All
FCH patients had 3 or more ISDR mutations while the non-FCH
patients hadamaximumof 1 ISDRmutation rendering accumulationof
ISDR mutations a clear sequence signature of FCH (Fig. 3A; S3A). To
assess the RF of the FCH and non-FCH patients in cell culture, we
created chimeric Con1 SGRs encoding the ReEDs of the post LTX
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patients (Fig. 3B, upper panel). A chimera harbouring the gt1b con-
sensus ReED, based on 358 gt1b full-length sequences, showed low RF,
comparable to Con1 (Fig. S3B), indicating that themajority of hepatitis
C patients is infected with a low replicator HCV. Strikingly, constructs
harbouring the ReED from FCH patients replicated on average more
than 100-fold higher than the non-FCH patient derived constructs,
with only two exceptions (Fig. 3B, S3B). We verified that chimeric Con1
SGRs with patient-derived ReEDs accurately represented the RF of a
patient’s HCV isolate, by comparing the RF of four chimeras with SGRs
encoding the patient’s complete replicase (Fig. 3C) and confirmed the
ReED’s effect on RF in full-length HCV genomes (Fig. S4A). Overall, our
data argued for a connection of accumulation ofmutations in the ISDR
with high RF in cell culture and the highly pathogenic course of liver
disease after LTX.

For HCV gt1b isolates with available complete replicase
sequences21,30,31, phylogenetic analysis showedFCH-associated variants
at various positions across the tree, indicating that probably any iso-
late might be able to evolve into a high replicator variant by acquiring
ReED mutations (Fig. S4B). The genetic diversity determined through
NGS of an NS5B fragment30 decreased in almost all cases upon LTX,
irrespective of disease outcome (Fig. S5A). However, observations
similar to GLT1 were noted in only 3 patients, where a low replicator
variant evolved into a high replicator variant after LTX. In contrast, 7
FCH patients already exhibited a high replicator sequence before
undergoing LTX (Fig. S5C). Interestingly, torque teno virus (TTV) load
in post LTX sera as a surrogate marker for immunocompetence32,33,
revealed no differences between non-FCH and FCH patients (Fig. S5B).
This highlights the complexity of HCV evolution but overall underlines
that acquisition of a high replicator HCV variant in late chronic infec-
tion or upon LTX was decisive for FCH development.

Since all currently approved DAA therapy regimens include NS5A
inhibitors, we next assessed whether a high or low replicator ReED
would impact on their inhibitory capacity. To this end, we compared
the dose response for currently approvedNS5A inhibitors on Con1 and
GLT1 SGRs, aswell as on aCon1 chimerawith theGLT1ReED and aGLT1
chimera harbouring the Con1 ReED. For treatment with the NS5A
inhibitors Pibrentasvir, Velpatasvir and Daclatasvir, a surprising
enhancement of RF for low replicators at very low drug doses was
observed, with a peak at 1 pM for Pibrentasvir and Velpatasvir and 10
pM for Daclatasvir, respectively, somehow phenocopying the replica-
tion enhancing effect of the GLT1 ReED (Fig. 3D, S6A). This precluded
assessment of distinct inhibitory concentrations (IC) expressed in IC50
or IC90 values. However, almost full inhibition of all variants was
achieved already at 100 pM, suggesting that differences in RF by ReED
variants will not affect the efficiency of currently used NS5A inhibitors.
In line with this data, treatment with the NS5B inhibitor Sofosbuvir
revealed no RF dependent differences in IC50 values (Fig. S6B). These
results as well as the efficient response of FCH patients to DAA
therapy7,8 argue against an impact ofRFonDAA treatment. Along these
lines, we identified a post LTX isolate with a high replicator ReED in a
patient who was successfully treated with Daclatasvir, Sofosbuvir and
Ribavirin three months after LTX (Fig. S6C), thereby potentially

preventing the establishment of FCH and showing that high replicator
phenotypes will likely not interfere with treatment success.

All patients of the FCH cohort showed very high serum titers
(>10,000,000 IU/ml, Fig. S5D), a hallmark of FCH4, whichwewanted to
confirmon the level ofHCVantigen load in the liver.We therefore used
immunohistochemistry to compare the number of HCV positive cells
in the liver of FCH and non-FCH patients. Indeed, HCV positive cells
were significantly more abundant in liver samples of FCH patients,
arguing for high intrahepatic viral replication (Fig. 3E, S7) which is in
line with previous studies34,35. Interestingly, FCH4, containing three
ISDR mutations post LTX (Fig. S3A), but having a low replicator phe-
notype in cell culture (Fig. 3C), showed exceptionally high antigen
loads (Fig. S7B), indicative of a high replicator variant in vivo. This
suggested that our assessment of RF in cell culture widely reflected
replication competence in vivo but might have missed some high
replicator variants. This data furthermore indicated that liver patho-
genesis was directly or indirectly caused by high intrahepatic virus
replication.

Overall, we could show a strong correlation between accumula-
tion of ISDR mutations leading to increased viral RF and a severe
course of disease for LTX patients.

The ISDR and especially its first residue are key drivers of ele-
vated replication fitness
The FCH cohort revealed a strong connection between ISDRmutations
and elevated RF (Fig. 3A) while chimeric SGRs between Con1 and GLT1
indicated that the ISDR on its own cannot completely transfer the high
RF of GLT1 toCon1 (Fig. S2C) arguing for an important role of the ReED
C-term. However, the GLT1 C-term had 6 deviations from the gt1b
consensus while other high replicator ReEDs like those from patients
FCH2or FCH3weremuch closer to the consensus only harbouring 2 or
3 C-term mutations, respectively (Fig. S3A). To further assess the
importance of the ReED C-term, we generated replicons harbouring
the gt1b consensus C-term combined with the variable ISDR regions of
FCH patients. In case of FCH2 and FCH3, the constructs only con-
taining the ISDR replicated at the same level as the SGRs with the
complete FCH2/FCH3 ReEDs, indicating that the ISDR mutations are
indeed the main drivers of increased replication fitness (Fig. 4A). For
GLT1, still a lower RF was observed when only the ISDR and not the
complete ReED was present, underpinning the concept that the entire
ReED of an isolate needs to be included in phenotypic analyses, since
mutations in the C-term can contribute to its function. Next, we
introduced a representative set of ISDR point mutations exclusively
found in high replicator ReEDs into the Con1 SGR with the gt1b con-
sensus ReED, revealing that P2209L (the first residue of the ISDR) but
none of the other tested mutations could strongly enhance RF
(Fig. 4B). Also, all other mutations found at this position in high
replicator ReEDs presented a hydrophobic amino acid (P2209A/V/I)
and enhanced RF to a various extent, but less efficiently than P2209L
(Fig. 4C). Reverting residue 2209 back to the wildtype proline in sev-
eral high replicator ReEDs drastically reduced RF further underlining
the importance of residue 2209 (Fig. 4D).

Fig. 1 | HCV evolution in the GLT1 patient. A Schematic illustrating time points of
collection and viral loadof longitudinal serum samples from the GLT1 patient. Note
that the patient passed away 6 weeks post LTX2. B Schematic illustrating the
workflow to retrieve bulk sequence information about HCV from patient sera. We
extracted viral RNA from the serum, converted it into cDNA, amplified the HCV
genome via PCR and performed next generation sequencing (NGS). For technical
reasons, the HCV genome was amplified in two fragments spanning the entire
coding sequence of the viral genome. C Amino acid alignments of the consensus
sequences at the indicated time points with the post LTX2 ( =GLT1) sequence,
differences are indicated byblack dashes.DNumber of DNA variants (QD > 1) in the
HCV population of each time point. E Schematic of generation of sequencing data

on the level of individual viral clones (left panel) and resulting phylogenetic tree for
the second PCR fragment encompassing most of the viral replicase (right panel).
F SGRs of the indicated constructs were electroporated into Huh7-Lunet SEC14L2
cells (upper panel), luciferase activity in cell lysates (RLU) was quantified as a cor-
relate of RNA replication efficiency at the given timepoints andnormalised to4 h to
account for differences in transfection efficiency. Con1 ΔGDD served as a replica-
tion deficient negative control. Data are from three independent biological repli-
cates measured in technical duplicates. Each dot depicts the result of one replicate
and thebar indicates themeanof all replicates. Schematics inA,B,E,Fwerecreated
in BioRender. Lohmann, V. (2025) https://BioRender.com/upia2pp.
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One striking feature of some high replicator ISDRs were amino
acid insertions as observed in FCH1, 5 and 11 (Fig. S3A). Intrigu-
ingly, FCH1&11 shared the same 4 amino acid insertion which,
when introduced into a Con1 SGR with the low replicator gt1b

consensus ReED, enhanced RF by 10-fold, arguing for an important
role of this insertion in high RF. This data further demonstrated
that an insertion can act in combination with additional point
mutations (Fig. 4E). The insertion found in FCH5 was already
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C

Fig. 2 | Viral determinants of high replication fitness. A, B, D SGRs of the indi-
cated constructs were electroporated into Huh7-Lunet SEC14L2 cells, luciferase
activity in cell lysates (RLU) was quantified as a correlate of RNA replication effi-
ciency at the given time points and normalised to 4 h to account for differences in
transfection efficiency. Con1 ΔGDD served as a replication deficient negative

control. Data are from three independent biological replicates measured in tech-
nical duplicates. Each dot depicts the result of one replicate, and the bar indicates
themeanof all replicates.CAmino acid alignment of LCS1D2betweenGLT1 and the
respective subspeciespre LTX1, dots indicate an amino acidbeing identical toGLT1.
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present prior to LTX and much larger (16 amino acids), but its
introduction into Con1 with the gt1b consensus ReED proved to be
detrimental for replication. Interestingly, the FCH5 insertion
matched well to a fragment of the gt1b consensus sequence of the
E1 protein, implying a recombination event during HCV
replication.

Overall, the results highlighted the importance of the ISDR as the
main driver of high RF with rather auxiliary functions of the ReED
C-term. Only mutations at position P2209 and a small insertion were
capable of substantially enhancing replication as single mutations,
demonstrating that the increase in RF by the ISDR indeedmostly relies
on accumulating effects of several mutations.
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The ReED is a regulator of replication fitness in all major
genotypes
Our study so far was focused on HCV gt1b. However, HCV is a very
heterogenous virus with 8 gts and over 100 subtypes9. To address the
impact of the ReEDonRF of othermajor genotypes, we retrievedReED
sequences from LTX patients infected with gt1a, gt3a or gt4a from the
HCV Research UK cohort36 as well as two post LTX samples from gt1a
infected patients developing FCH30,37. Most sequences had at least 3
ISDRmutationswhen compared to the gt specific consensus sequence.
To study the impact of these ReEDs onRF,we used established isolates
derived from chimpanzee infectious clones as SGR backbones: H77
(gt1a)38,39, S52 (gt3a) and ED43 (gt4a)40. Patient derived ReED sequen-
ces as well as the gt specific consensus sequence were introduced into
the respective isolates. RF of all constructs with a consensus ReED was
low but was increased for ReEDs with an altered ISDR in many cases
(Fig. 5A–C, S8-S10). The increases in RF were moderate compared to
gt1b due to the cell culture systems being less suitable for non-gt1b
isolates41 (reviewed in ref. 14). Still, for gt1a, 9 out of 11 isolates with
altered ISDR replicated at least 2-fold higher than the consensus
(Fig. 5A, S8B), while in gt3a 11 out of 17 (Fig. 5C, S9B) and in gt4a 2 out
of 6 isolates showed this phenotype (Fig. S10). H77 based SGRs har-
bouring the ReED of the gt1b high replicator GLT1 showed a 20-fold
higher RF thanH77with theCon1 ReED (Fig. S8C), highlighting that the
high replicator property of a ReED is conserved between subtypes. For
gt1a and gt3a, we also tested the impact of common mutations found
in high replicators of the respective genotypes. Similar to gt1b, P2209L
emerged as the point mutation inducing the strongest increase in RF
(Fig. 5B, D, S8D, S9C). Overall, our experiments revealed that the ReED
can regulate the replication fitness of all major HCV genotypes.

Frequency of potential high replicators in different clinical
contexts
So far, by mainly focusing on LTX patients we could show that the
ReED can regulate RF in all major gts with accumulation of ISDR
mutations being the sequence signature of high RF. This sequence
signature allowed us to investigate patients of the HCV Research UK
cohort containing HCV sequence information and detailed clinical
annotations for more than 2000 patients, mainly infected with the
major HCV gts 1a, 1b and 3a36. For these gts, 12–15% of patients har-
boured a potential high replicator defined by having 3 or more amino
acidmutations in the ISDRwhen compared to the respective gt specific
consensus sequence (Fig. 6A). Because of the similar prevalence of
potential high replicators,wedecided toperformall following analyses
with a combined dataset of gt 1a, 1b and 3a patients. In line with our
previous results, we found a significant enrichment of potential high
replicators in patients sequenced after LTX (Fig. 6B). Mutations at
residue 2209 which we showed to have a replication enhancing effect

presented a similar accumulation in post LTX patients (Fig. S11A). The
enrichment of mutations was also specific to the ISDR, with no sig-
nificant accumulation of mutations in the whole replicase (Fig. 6C).
Early acute infections should create similar conditions as LTX, offering
a naïve liver in absence of adaptive immune pressure. This might
create a selective advantage for highly replicating variants but also
trigger adaptive immunity more efficiently and thereby impact on
infection outcome. Indeed, a higher proportion of potential high
replicators was observed in patients who cleared the virus compared
to patients who developed a chronic infection (Fig. 6D). Since samples
from this disease stage are scarce due to the inapparent course of
disease, no statistical significancewas reached. Still, this data indicated
that high RF might only be advantageous for HCV variants under
conditions of immunosuppression, such as LTX, but rather facilitate
clearance in immunocompetent individuals.

HCV serum titers of more than 10,000,000 IU/ml were common
in FCH patients (Fig. S5D), suggesting a correlation with RF in immu-
nosuppressed patients. Surprisingly, in non-transplant patients from
the HCV Research UK cohort, there was no trend towards enrichment
of potential high replicators in patients with titers exceeding
10,000,000 IU/ml (Fig. 6E) and no significant overall correlation
between titer and ISDR mutations was found (Fig. 6F). This lack of
correlation was confirmed in a cohort of pregnant women42 (Fig. S11B),
suggesting thatHCV serum titers arenot primarily determinedbyRF in
immunocompetent patients.

In FCH patients, we saw a strong correlation between high RF and
pathogenesis. But in non-LTX patients of the HCV ResearchUK cohort,
no associations between the presence of potential high replicators and
the liver status at the time point of sequencing, liver stiffness or past
diagnosis of cirrhosis or decompensation were observed (Fig. S11C-E),
as for other parameters like drug consumption, bilirubin levels, bio-
logical age or time since first infection (Fig. S11E, S12A–B). In contrast,
HCV-HIV coinfection was a parameter significantly associated with
increased presence of potential high replicators (Fig. 6G), whichmight
again be linked to immunosuppressive conditions. Finally, in the sub-
group of patients who ever had an HCC diagnosis in their life
(Fig. S11E), we found that potential high replicators were significantly
more common in patients after they received their HCC diagnosis
(Fig. 6H).Thus, previousHCCdiagnosis orHCV-HIVcoinfection appear
to be scenarios favouring the emergence of potential HCV high
replicators.

To understand why only some patients harboured a high repli-
cator, we turned towards host genetic determinants. In the context of
the immune response to HCV, it was discovered that single nucleotide
polymorphisms (SNPs) in the IFNL4 gene coding for interferon lambda
4 (IFNλ4) are associated with disease outcome43. To this end, we ana-
lysed a cohort of 1481 patients with available host genetic and virus

Fig. 3 | Genetic and phenotypic analysis of the FCH cohort. A Amino acid
deviations from the gt1b consensus sequence were counted for each patient
sequence post LTX, an insertion was counted as one mutation, irrespective of its
length. The analysed regions are depicted in a schematic (upper panel). Each dot
depicts the result of one patient, and the bar indicates the mean of all patients. 14
FCH patients were compared to 9 non-FCH patients. B Con1 based chimeric SGRs
harbouring the ReED of a patient (upper panel) were electroporated into Huh7-
Lunet SEC14L2 cells, luciferase activity in cell lysates (RLU) was quantified as a
correlate of RNA replication efficiency at the given timepoint andnormalised to 4 h
to account for differences in transfection efficiency. Data are from three inde-
pendent biological replicatesmeasured in technical duplicates. Eachdot represents
the mean RLU of one patient and the bar indicates the mean of all non-FCH/FCH
patients. 14 FCH patients were compared to 9 non-FCH patients. A, B Statistical
significance was determined with a two-sided Mann–Whitney-U-test. ns = not sig-
nificant, *** = p < 0.001, **** = p < 0.0001. Exact p-values: p = 0.00004 (A, ReED),
p = 0.00001 (A, ISDR), p = 0.116 (A, C-term) and p =0.0005 (B). C–D SGRs of the
indicated constructs were electroporated intoHuh7-Lunet SEC14L2 cells, luciferase

activity in cell lysates (RLU) was quantified as a correlate of RNA replication effi-
ciency at the given time points and normalised to 4 h to account for differences in
transfection efficiency. Con1 ΔGDD served as a replication deficient negative con-
trol. Data are from three independent biological replicates measured in technical
duplicates. Each dot depicts the result of one replicate and the bar indicates the
mean of all replicates. D Replication 96 h after electroporation is depicted, treat-
ment with the indicated concentration of Pibrentasvir was performed 24 h after
electroporation. E Sections of human livers from post-transplant patients either
developing FCH or not were stained via IHC with an HCV NS5A targeting antibody.
Representative image from one non-FCH (left panel, patient non-FCH12) and one
FCH patient (middle panel, patient FCH14), scale bar represents 100 µm. Quantifi-
cation of HCV positive cells per 500× 500 µm region of interest (ROI) (right panel).
Six regions per patient were analysed. Each dot depicts the mean result of one
patient and the bar indicates themean of all non-FCH/FCH patients. 6 FCHpatients
were compared to 10 non-FCH patients. Statistical significance was determined
with a two-sided Student’s t-test. ** = p <0.01. Exact p-value: p = 0.0014.
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sequence information36,44,45. Here, we found that potential high repli-
cators weremore prevalent in patients with the CC genotype for IFNL4
SNP rs12979860, favouring spontaneous clearance (Fig. 6I). Beyond
IFNL4, a genome wide association study did not reveal any other host
genetic determinants significantly associated with the presence of
potential high replicators (Fig. S12C). Thus, the importance of SNPs in

the IFNL4 gene further highlight the tight interplay of the immune
response and RF.

Overall, our data highlight that the emergence of potential high
replicators can correlate also with clinical parameters beyond the LTX
context like HIV coinfection or HCC diagnosis as well as the genetic
background of the IFNL4 gene.
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Fig. 4 | Detailed sequence determinants of elevated replication fitness. A Con1
based SGRs harbouring either patient derived ReEDs or chimeric ReEDs combining
a patient derived ISDR with the gt1b consensus C-term. B, C Chimeric Con1 SGRs
containing the gt1b consensus ReED and the indicated point mutations in the ISDR.
DChimericCon1 SGRs containing the indicatedpatient derivedReEDor a variant of
thatReEDwith residue2209mutatedback to theWTproline.EChimericCon1 SGRs
containing the gt1b consensus ReED and the indicated insertion in the ISDR. The
ReEDs from which the respective insertions were derived served as reference.

A–E SGRs of the indicated constructs were electroporated into Huh7-Lunet
SEC14L2 cells, luciferase activity in cell lysates (RLU)was quantified as a correlate of
RNA replication efficiency at the given timepoints andnormalised to 4 h to account
for differences in transfection efficiency. Con1 ΔGDD served as a replication defi-
cient negative control. Data are from three independent biological replicates
measured in technical duplicates. Each dot depicts the result of one replicate, and
the bar indicates the mean of all replicates.
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Fig. 5 | TheReED can regulate replicationfitness in allmajorgenotypes.H77 (A)
or S52 (C) SGRs harbouring patient derived ReEDs either from FCH patients30,37 or
from LTX patients from the HCV Research UK cohort36. B, D Chimeric H77 SGRs
containing the gt1a consensus ReED and the indicated point mutations in the ISDR
(B) or S52 SGRs containing the gt3a consensus ReED and the indicated point
mutations in the ISDR (D) were analysed. A–D SGRs of the indicated constructs
were electroporated intoHuh7-Lunet SEC14L2 cells, luciferase activity in cell lysates
(RLU) was quantified as a correlate of RNA replication efficiency at the given time
points and normalised to 4 h to account for differences in transfection efficiency

and subsequently normalised to the values for the gt specific consensus of the
respective replicate. H77 ΔGDD (A) or S52 ΔGDD (C) served as a replication defi-
cient negative control. Data are from three independent biological replicates
measured in technical duplicates. Each dot depicts the result of one replicate, and
the bar indicates the mean of all replicates. Statistical significance was determined
with a two-sided Student’s t-test. ns = not significant, * = p < 0.05, ** = p <0.01. Exact
p-values: p = 0.03 (A, FCH1a_2), p = 0.01 (A, 1a_LTX_3), p = 0.001 (C, 3a_LTX7),
p = 0.02 (C, 3a_LTX11).
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Discussion
In the present study, we identified a region within NS5A, termed ReED,
conferring high genome replication fitness to clinical isolates of the
main HCV genotypes. Accumulation of mutations in a portion of the
ReED, known as ISDR, was the sequence signature of high replicator
variants. HCV variants with high replicator signatures were enriched

under conditions of immune suppression and associated with severe
pathogenesis after LTX.

HCV pathogenesis is usually considered to be immune
mediated46. It was previously speculated that direct cytopathic effects
by HCV could be causative of FCH47,48, a hypothesis that is strongly
supported by our data, showing 100-fold higher genome replication
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fitness of isolates dominating in FCH patients. To date, only increased
cell entry competence was identified after LTX11, but our study
demonstrates that high genome replication fitness can be another so
far unrecognised selection factor, decisive for disease outcome.
Interestingly, the presence of mutations enhancing viral fitness were
also described for hepatitis B virus (HBV) patients developing FCH49,50.
Since HCV associated FCH currently mainly occurs in the context of
HCV negative patients receiving an HCV positive organ51, sequencing
the viral quasispecies could allow an early identification of patients
at risk.

On a sequence level, we were able to show that accumulation of
mutations in the ISDR, which is the N-terminal part of the ReED, is a
sequence signature of high RF. The ISDR was initially identified in the
context of response to interferon (IFN) treatment in HCV gt1b infected
patients in Japan18. The IFN sensitive “mutant type” was defined by at
least 2 to 4 ISDRmutations52–55 which is in linewith our cutoff value of 3
or more ISDR mutations being associated with FCH and high RF. Pre-
vious studies already suggested increased replication for gt1b by ISDR
mutations56,57, but were limited by a small sample size and low mag-
nitude of effects in the implemented cell culture models. Our study
now highlights the general importance of the ReED in dramatically
increasing RF of the major gts 1a, 1b, 3a and 4a, drawing on samples
from a diverse range of geographical backgrounds.

For gt1b, the ISDR point mutations tested here were among the
most common ISDR mutations identified in larger cohorts and they
were shown to have a strong association with IFN treatment
response52,58. Interestingly, P2209L and A2224V were previously
observed to enhance RF in gt1b but again in amore limited cell culture
setup56. In our study, mutations at residues 2209 and 2240 were
commonly found in high replicators of gts 1a, 1b and 3a, arguing for a
certain degree of conservation of ReED residues with functional rele-
vance, even though only mutations at position 2209 showed a con-
sistent replication enhancing effect. The conserved nature of the ReED
is supported by the fact that a gt1b high replicator ReED was able to
increase replication of gt1a H77. Another contributor to high RF
identifiedherewas a 4 amino acid insertionafter residue 2214. Thiswas
in line with data on the HCV-N SGR where an insertion in the ISDR was
characterized to enhance RF57. The ISDRwas already shown to tolerate
insertions and deletions in cell culture, although without replication
enhancing effects59. Overall, the failure of most point mutations in the
ISDR in inducing increases in RF highlights that cumulative effects of
ISDR mutations appear to drive high RF.

While all dominant HCV variants in FCH patients had high repli-
cator sequence signatures, FCH4&9 showed no high replicator phe-
notype in cell culture. Since FCH4 had the highest HCV antigen load in

the liver and both isolates were associated with very high serum titers,
it appears likely that they still represent high replicators in vivo.
FCH4&9 had a relatively high genetic diversity compared to the whole
FCH cohort, based on available NGS data from the NS5B coding
region30. Thus, divergent high replicator subtypes in the quasispecies
might have remained unrecognised in the available NS5A consensus
sequence. It furthermore remains elusive how the ReED affects RF.
Domain 2 of NS5Awhichencompasses theC-terminal 80%of theReED,
was shown to interact with the HCV RNA dependent RNA polymerase
NS5B, modulating polymerase activity60–62. The variability of indepen-
dent substitution and insertion patterns observed in high replicator
variants overall renders a loss of function more likely than a gain of
function. We therefore hypothesize that the consensus ReED is a
negative regulator of NS5B activity with the mutations observed in
high replicators unleashing a constitutively active NS5B. This hypoth-
esis is in agreementwith the fact that treatmentwithNS5A inhibitors at
low picomolar concentrations increased replication of low replicator
variants, phenocopying high replicator ReEDs. Low picomolar con-
centrations of NS5A inhibitors therefore might inactivate a subspecies
of NS5A molecules, releasing their inhibitory activity on NS5B by a
similar mechanism as the ReED. However, further studies are required
to understand how the ReED governs HCV replication fitness on a
molecular level.

New replication space provided by the transplanted liver com-
bined with suppression of adaptive immunity are plausible determi-
nants providing a selective advantage for high replicator variants. HCV
associated FCH was also diagnosed in kidney51, heart63, lung64 and
hematopoietic stem cell65 transplant and AIDS patients66, arguing for
immunosuppression as the main driver of evolution towards high RF.
HCV-HIV coinfection is an additional condition with increased pro-
portion of potential high replicator variants identified in our study,
that might be linked to immunosuppression due to AIDS (reviewed in
ref. 61). However, the HCV Research UK cohort only contains infor-
mation on HIV coinfection but lacks further clinical details. Future
studies therefore should envisage to identify HCV-HIV coinfected
individuals in clinical cohorts allowing an in-depth characterization of
immune status and the presence of HCV high replicator variants.
Additionally, potential high replicators weremore frequent in patients
after receiving their HCC diagnosis which could be linked to immu-
nosuppressive effects of cancer treatment, in line with a report of FCH
upon chemotherapy67, or the tumour microenvironment (reviewed in
ref. 62). The impact of ISDRmutations onHCC development so far has
been controversially discussed in literature, with one study observing
an association of HCC with WT ISDR (<4 mutations)68, whereas two
previous reports showed a higher frequency of altered ISDRs in HCC

Fig. 6 | Sequence signatures of high RF in various clinical contexts. For each
patient’s ISDR sequence, the number of amino acid differences compared to the gt
specific consensus sequence was determined. If an ISDR had 3 or more mutations,
the patient was considered to be infected with a potential high replicator.
A–C,E–HData basedon theHCVResearchUKcohort36.A Fractionof potential high
replicators stratified by gt.B–IData for gts 1a, 1b and 3a was pooled, for all analyses
the results for the individual gt had the same trend as the combined analysis.
B Fraction of potential high replicators in patients who ever received an LTX
dependingonwhether samples forHCV sequencingwere collectedpreorpost LTX.
C In the patients depicted in panel B, number of mutations in the replicase
(excluding the ReED) compared to the gt specific consensus.B,CComparisonof 94
pre LTX and 86 post LTX patients. D–I Post LTX patients were excluded from the
analysis to prevent confounding the results.D Sequences from the HITS-p cohort76

combined with 28 patients participating in the Montreal Hepatitis C cohort
(HEPCO)96 sequenced for this study, informing about the fraction of potential high
replicators in acute patients who either developed a chronic HCV infection or
cleared the virus without antiviral treatment. Comparisonof 71 patients developing
a chronic infection and 31 clearing the infection. E Relative abundance of potential
high replicators in the context of very high serum titers ( > 10,000,000 IU/ml).

Comparison of 1407 low titer and 112 high titer patients. F Correlation of the pre-
sence of potential high replicators and HCV serum titers. 193 potential high repli-
cators were compared to 1295 potential low replicators. The most recent titer
measurement was used and only patients with an available titer measurement
within a year of sequencingwere included.G Fractionof high replicators in patients
with anHCV-HIV coinfection. Comparisonof 1980patients without coinfection and
95 patientswith coinfection.H Fraction of high replicators in patients who ever had
an HCC diagnosis depending on whether samples for HCV sequencing were col-
lected pre or post HCC diagnosis. Comparison of 156 patients sequenced before
HCC diagnosis and 46 patients sequenced after HCC diagnosis. I Combined data
from patients of the HCV Research UK36, STOPHCV45 and BOSON44 cohorts where
host genomic sequence information was available, showing the fraction of poten-
tial high replicators depending on the host’s IFNL4 rs12979860 genotype. Com-
parisonof 944non-CCand 537CCpatients.C,FThe centre line signifies themedian,
the box the 25th and 75th percentile, and the whiskers the 1.5 interquartile range.
Statistical significance was determined using a two-sided Student’s t-test (C,F) or a
Fisher’s exact test (B,D, E, G–I). ns = not significant, * = p < 0.05, ** = p < 0.01, **** =
p < 0.0001. Exact p-values: p = 1.478e-05 (B), p = 0.005 (G), p = 0.04 (H), p = 0.01 (I).
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patients55,69, in agreement with our data. To solve this discrepancy and
to support our hypothesis on immunosuppressive anti-cancer thera-
pies driving the development of high replicator variants in HCC, a
cohort with more detailed clinical background on the patients will be
required.

While weakened adaptive immunitymight favour high replicator
variants, it cannot fully explain the presence of high replicators in
immunocompetent patients. Here, ISDR mutations increasing RF
might compensate for the fitness costs of resistant variants upon
DAA therapy or of immune escape variants emerging in chronic
infection. The enrichment of HCV variants with high replicator sig-
nature in patients with the defective IFNL4 CC allele we found in our
cohort is further pointing to the complex interplay of viral replication
fitness and host immunity. The CC allele was shown to favour cure
upon IFN treatment and clearance of acute infections43,70, since IFNλ4
hinders antigen presentation and the adaptive immune response71.
We further found potential high replicators more frequently in acute
patients who went on to clear the infection. HCV with high RF might
be more vulnerable to the adaptive immunity due to higher antigen
expression and therefore more likely being cleared in fully immu-
nocompetent hosts. Along these lines, HCV clearance after waning of
immune checkpoint inhibitors for cancer treatment72 or after
reduction of immunosuppressive therapy in two FCH patients73,74

were reported elsewhere. Viral replication fitness thereby appears to
be a key determinant of infection outcome. This needs to be con-
sidered for the choice of the infection inoculum used in controlled
human infectionmodels, currently planned to facilitate development
of protective HCV vaccines75.

In conclusion, our study shows that HCV RF is a selection factor
particularly in immunocompromised patients. We identified a key
regulator of RF within the HCV genome and could show a massively
elevated RF in FCH patients, decisive for disease outcome. Our data
thereby establish genome replication fitness as an important variable
in the interplay between HCV and the immune system potentially
contributing to clearance or persistence of the infection, with further
potential implications for DAA treatment and vaccine development.

Methods
Patients
The HCV Research UK cohort36, the cohort of pregnant women42, the
HITS-p cohort76, the HEPCO77, the GLT1 patient21, the BHCV1 patient31,
patient 1a_FCH237, patients FCH1-12, non-FCH1-3 and 1a_FCH130 were
described previously. Liver samples of patients non-FCH10-19 and
FCH13&14 were provided by the tissue bank of the German Centre for
Infection Research (DZIF, Heidelberg, Germany) and liver samples
from patients FCH1, 4, 5 and 12 are from a previously described
cohort30. Patients non-FCH4-9 were selected to be post LTX without
FCH diagnosis and no successful antiviral treatment in the first year
post LTX. Patients FCH1-12, non-FCH1-9, LTX_DAA1 and 1a_FCH1 are
described in more detail in Table S2.

Cell culture
Clones of the immortalised hepatoma cell line Huh7-Lunet either
ectopically expressing CD81, SEC14L2 or an empty plasmid conferring
blasticidin resistance were described previously21. They were cultured
in Dulbecco’smodified Eagle’smedium (Gibco), supplementedwith 1%
(v/v) non-essential amino acids, 2mML-glutamine, 100U/mlpenicillin,
100mg/ml streptomycin, 10% (v/v) heat-inactivated fetal-calf serum
and 5 µg/ml blasticidin. All cell lineswere regularly tested to check they
were free of mycoplasma contamination using the MycoAlert Myco-
plasma Detection kit (Lonza).

Cloning
If not specified otherwise, DNA fragments for cloning were either
generated via PCR using the PhusionFlash High-Fidelity Master Mix

(Thermo Fisher Scientific), via digest with appropriate restriction
enzymes (New England Biolabs, Thermo Fisher Scientific) or via DNA
synthesis (BioCat, Thermo Fisher Scientific). DNA fragments were
combined either via T4 DNA ligase (Thermo Fisher Scientific) or with
the NEBuilder HiFi DNA assembly cloning kit (New England Biolabs).
CorrectDNAsequenceof thefinalplasmidwasconfirmedvia Sanger or
Oxford Nanopore sequencing (Microsynth AG). All plasmids used and
generated during this study can be found in Table S3. The positioning
of residues within the HCV polyprotein always refers to the gt1a
H77 strain (GenBank accession AF009606).

Sequencing of viral RNA extracted from patient sera
Viral RNAwas purified from200 µl patient serumusing theNucleoSpin
Virus kit (Macherey-Nagel). cDNA based on the extracted RNA was
generated using the SuperScript IV First-Strand Synthesis kit (Invitro-
gen) with HCV genotype specific primers (Table S1). To amplify the
DNA, nested PCR was performed using the SuperFi II DNA polymerase
kit (Invitrogen) according to the manufacturer’s instructions. A first
50 µl PCR reaction (primers see Table S1) with 25% of the cDNA as
template was run for 30 cycles. 5 µl of this PCR product was used as
template for the second PCR (primers see Table S1) running again for
30 cycles. The desired amplicon was purified via gel electrophoresis
with the NucleoSpin Gel and PCR Clean-up kit (Macherey-Nagel).
Fragments were sequenced either via Sanger sequencing (Microsynth
AG) or NGS was performed using the MiSeq v2 (2x250bp) platform
(Illumina) with an average sequencing depth of ~4000 reads
(Microsynth AG).

Analysis of NGS data
Sequence reads were aligned to the GLT1 WT reference sequence
(GenBank accession OM222702) using the Burrows-Wheeler aligner
(version 0.7.17)78. Variant calling was performed using the Haplotype-
Caller of the genome analysis toolkit (version 4.1.4.1)79. Consensus
sequences were derived with the consensus function of bcftools
(version 1.22)80.

Phylogenetic analysis of individual viral clones
To retrieve individual viral clones from the GLT1 patient, the same
amplicons used to derive the consensus sequences were cloned into a
pCR-XL-2-TOPO vector using the TOPO™ XL-2 Complete PCR Cloning
Kit (Invitrogen). Phylogenetic trees were constructed using the mini-
mum evolution principle81 with the tools of the virus and pathogen
database and analysis resource (VipR)82. Trees were visualised using
FigTree (version 1.4.4).

In vitro transcription (IVT)
DNA plasmids were linearised with appropriate restriction enzymes
cutting after the 3’UTR of the respective construct. DNA was pur-
ified using the NucleoSpin Gel and PCR Clean-up kit (Macherey-
Nagel). IVT was performed by combining 10 µg linearised plasmid
DNA, 6 µl T7 polymerase (homemade), 12.5 µl of rNTP solution
(25mM of each rNTP), 20 µl 5x RRL buffer (1 M HEPES, pH 7.5, 1 M
MgCl2, 1 M Spermidine and 1M DTT), 100 U rRNasin RNase inhibitor
(Promega) and filling up to 100 µl with water. The reaction was
incubated at 37 °C overnight. 20 U RQ1 DNAse (Promega) was added
the next day and incubated for 1 h at 37 °C. RNA was purified via
phenol-chloroform extraction. Here, the reaction mixture was
combined with 420 µl H2O, 60 µl 2 M sodium acetate (pH = 4.5) and
400 µl phenol/water saturated (pH <5). After mixing and incubation
on ice for 10min, samples were centrifuged at 21,000 × g, 4 °C for
10min. Supernatant was transferred into a new tube andmixed with
one volume chloroform. The mixture was centrifuged for 10min at
21,000 × g. Supernatant was again transferred into a new tube and
mixed with 0.7 volumes isopropanol and subsequently centrifuged
for 10min at 21,000 × g. Supernatant was removed, the RNAwashed
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with 70% ethanol and resuspended in water. RNA quality was con-
trolled via agarose gel electrophoresis.

Electroporation
To transfect hepatoma cells with IVT RNA, electroporation was per-
formed. After detaching the cells from the cell culture dish, they were
washed once with PBS. Then, cells were resuspended in Cytomix
(120mMKCl, 0.15mMCaCl2, 10mMK2HPO4/KH2PO4 (pH= 7.6), 2mM
EGTA, 25mMHEPES, 5mMMgCl2 and freshly added 2mM ATP, 5mM
glutathione) to reach a final concentration of 107 cells/ml. Of this
suspension, 200μl (2*106 cells) were combined with 2.5μg of the
respective RNA to be transfected in an electroporation cuvette (gap
width: 0.2 cm) and electroporated at 975 μF and 166 V using a Gene-
Pulser system (BioRad). Electroporated cells were then resuspended in
6ml DMEM. For the timepoints to be harvested 4 h and 24 h after
electroporation, 1ml of this mixture was put in a well of a twelve-well
plate. For the 48 h and 72 h time points, 0.5ml of the mixture and
0.5ml of medium were combined in a well. Cells were then incubated
at 37 °C and 5% CO2.

Drug treatment
For treatment with the antiviral drugs Sofosbuvir, Velpatasvir,
Pibrentasvir (all MedChemExpress) and Daclatasvir (Bristol-Myers
Squibb), electroporation was performed as described above. For
seeding, 150 µl of resuspended electroporated cells were mixed with
350 µlmedium in a twenty-four-well plate. After 24 h, cells were treated
with the respective concentrations of antiviral drugs and harvested
96 h after electroporation.

Luciferase assay
Samples were harvested by washing with PBS and subsequent lysis in
200 µl lysis buffer (1% Triton X-100, 25mM glycyl glycine, 15mM
MgSO4, 4mM EGTA, and freshly added 1mM DTT) per well. Firefly
luciferase activity measurements were performed by mixing 80 µl
lysate per technical replicate with 350 µl assay buffer (25mM glycyl
glycine, 15mM K3PO4 buffer (pH = 7.8), 0.15M MgSO4, 4mM EGTA
(pH = 7.8) and freshly added 1mM DTT, 2mM ATP). During lumines-
cence measurement, a Lubat LB9510 tube luminometer (Berthold
Technologies) injected 100 µl of a luciferin solution (0.2mM luciferin,
25mMglycyl glycine) into the sample and then detected the signal for
20 s. Nano luciferase measurements were performed with the same
device using the Nano-Glo luciferase assay system (Promega) accord-
ing to the manufacturer’s instructions.

Particle production
To produce infectious particles, Huh7-Lunet CD81 cells were electro-
porated with IVT RNA as described above. One ml of the resulting
suspension of electroporated cells was combined with 1ml fresh
medium and seeded in a 6-well plate. After 72 h, supernatant was fil-
tered (0.45 µm) and added to naïve Huh7-Lunet CD81 cells, seeded the
day prior at a density of 1.5 * 105 cells in a 6-well plate. Cells were
washed at 4 h post infection and at 72 h post infection, infected cells
were harvested for luciferase assay as described above. All plasmids
included in the experiment were subjected to Oxford Nanopore
sequencing (Microsynth AG) prior to in vitro transcription to ensure
that the integrity of the chimeric genomes was maintained.

HCVpp
HIV-based particles bearing HCV envelope proteins (HCVpp) were
used for studies of cell entry. For transfection, a mix of 2.16 µg pcDNA
based envelope protein expression construct83, 6.42μg HIV gag-pol
expression construct pCMVΔ8.7484, 6.42μg firefly luciferase transdu-
cing retroviral vector85, 45 µl polyethyleneimine (PEI) and 740 µl Opti-
MEM was created, vortexed for 10 s and incubated at RT for 20min
before being added to 1.2 * 10 6 HEK293T cells which were seeded the

day prior in a 6 cm-diameter-dish. Mediumwas replaced after 6 h. 48 h
after transfection, supernatant containing the pseudoparticles was
passed through a 0.45 µm filter and used to infect 4 * 104 naïve Huh7-
Lunet CD81 cells seeded in a 12-well plate the day before. After 72 h,
harvesting of samples and luciferase assay were performed as descri-
bed above. To quantify HCVpp titers used for infection, SYBR Green
based Product Enhanced Reverse Transcriptase assay (SG-PERT) was
performed86 using the Takyon SYBR green kit (Eurogentec).

Sequence analysis
Sequence alignments were performed using ClustalOmega through
themsa package87 and visualised via Jalview (version 2.11.4)88. Based on
358 (gt1b)21, 496 (gt1a), 509 (gt3a), 29 (gt4a) HCV amino acid
sequences encompassing the whole viral polyprotein retrieved from
ViPR, genotype specific consensus sequences were determined using
EMBOSScons89. The 358 gt1b sequenceswerealsoused togenerate the
phylogenetic tree of gt1b using the minimum evolution principle.

To analyse sequence cohorts, each patient’s ISDR amino acid
sequence was aligned to the genotype specific consensus sequence,
and the number of differences was determined automatically through
a script in R (version 4.5.1).

Immunohistochemistry
Slides (thickness 2–3 µm) from 16 HCV infected human cases were
examined. They were stained with haematoxylin and eosin (H&E)
according to the standard protocol at the Institute of Pathology,
Technical University Munich (TUM). Slides were then indepen-
dently evaluated by two experienced liver and comparative
pathologists. Immunohistochemistry (IHC) was performed using
the Bond RXm autostainer system (Leica) with all reagents supplied
by Leica. Tissue sections were first deparaffinised using the Leica de-
wax kit to remove embedding medium, followed by rehydration
through a graded alcohol series with decreasing ethanol con-
centrations (100%, 96%, 70%). Heat-induced epitope retrieval was
performed using epitope retrieval solution 1 (H1), corresponding to
a citrate buffer at pH = 6, for 30minutes. Endogenous peroxidase
activity was blocked with 3% H2O2. The tissue sections were incu-
bated with the primary antibody (Hepatitis C virus immunostaining
- HCV 9E10; 1:4000) at room temperature for 15 min. Antibody
detection was carried out using the Polymer Refine Detection Kit.
Visualization of antibody binding was achieved using the chromo-
genic substrate diaminobenzidine (DAB; Medac Diagnostica). Ana-
lysis was performed using Aperio ImageScope (Leica Biosystems,
version 12.3). For each patient, in 6 regions of interest
(500 × 500 µm) HCV positive cells were counted, regions of interest
were selected to contain at least one HCV positive cell.

Analysis of genetic determinants
Genetic determinants were analysed based on a previously described
cohort90. Blood specimens collected at enrolment were used to gen-
erate host-genotyping data through the Affymetrix UK Biobank array,
which covers ~820,000 markers. Quality control exclusion of SNPs
using PLINK v1.991 consisted of: minor allele frequency (MAF) < 5%, call
rate of <98 %, Hardy-Weinberg equilibrium p< 10−5, batch difference
and sex difference in allele frequency (SNPs with a significant different
MAF, p < 10−5, were filtered out). A total of 542,730 high-quality auto-
somal SNPs were retained for imputation. Individuals with a call rate
<95% and had an outlier heterozygosity value (±3 SD from the same
self-identified ancestry group’s heterozygosity rate mean) were
excluded. Sex of each remaining subjectwas verified by comparing the
reported sex with the observed sex based on X chromosome method-
of-moments F coefficient. Pairwise genotype concordance for all
patients was assessed to identify duplicates. Patients with genotype
concordance > 95% at a set of pruned SNPswere considered duplicates
and the members of the pairs with the lower call rate were excluded.
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Identity-by-descent (IBD) analysis was done to detect duplicated
samples. Imputation was performed on the TOPMed Imputation Ser-
ver using the TOPMed reference panel version r292. ∼6.3 million of
SNPs with an imputation quality score greater than 0.3 were retained
for genetic analyses.

We conducted a principal component analysis (PCA) to evalu-
ate population substructure and map self-identified racial/ethnic
groups onto the estimated principal components (PCs). Kinship
coefficients were estimated to select unrelated individuals using PC-
Relate, as implemented in the R package GENESIS93. The SNPRelate
package in R94 was then used for PCA on pruned common geno-
typed SNPs and using a set of unrelated individuals, defined as
pairwise kinship coefficients less than 2-9/2. These 2 estimation
procedures were iterated to ensure that the kinship coefficients
were unbiased in admixed individuals and that the PCs were com-
puted over unrelated individuals. For the viral data, PCA was per-
formed on the nucleotide data as follows. Tri- and quad-allelic sites
were converted to binary variables, and the amino acid frequencies
were standardised to have mean zero and unit variance. MATLAB
(release 2015a, The MathWorks) was used to perform the PCA using
the singular value decomposition function.

To test for association between human SNPs and HCV mutation
count in ISDR region, we performed logistic regression using PLINK295,
adjusted for the human population structure (ten first PCs) and the
virus population structure (five first PCs). Age, gender, and virus
sequencing centre were also included as covariates to control the
potential confounding.

Determination of TTV titers
TTV quantification was carried out using the TTV R-Gene assay (Bio-
Mérieux), a real-time PCR assay that targets the TTV 5′UTR. This assay
has a dynamic range from 250 to 109 copies/ml, with a detection limit
of 250 copies/ml. TTV DNA was extracted from serum samples using
theQIAsymphony SP platform (QIAGEN), and PCRwas performed on a
Light Cycler 480 Instrument II (Roche Diagnostics). The viral load was
determined using a standard curve.

Statistical analysis
Statistical analyses were performed using GraphPad Prism (Graphpad
Software, version 8.4.3) or R (version 4.5.1). For numerical data, a two-
tailed Student’s t-test was applied when normal distribution was
assumed; otherwise, the Mann-Whitney U test was utilised. For cate-
gorial values, Fisher’s exact test was used.

Ethics statement
This study was approved by the ethics committee of the medical
faculty of Heidelberg University (ethics votes: S-399/2012, S-720/
2022 and S-743/2023). 12 liver samples were provided by the tissue
bank of the German Centre for Infection Research (DZIF, Heidel-
berg, Germany) in accordance with the regulations of the tissue
bank and the approval of the ethics committee of Heidelberg Uni-
versity (ethics vote: S-399/2012). One liver sample of an HCV
negative patient suffering from cholestatic liver disease was
approved by the ethics committee of Klinikum rechts der Isar (MRI,
Munich) (ethics vote: 518/19 S). The Montreal Hepatitis C Cohort
study (HEPCO) is approved by the Research Ethics Committee of the
Centre de Recherche du Centre Hospitalier de l’Université de
Montréal (CRCHUM) (Approval number: SL 05.014). The studies
were conducted in accordance with the local legislation and insti-
tutional requirements. The participants provided their written
informed consent to participate in this study.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
Parts of the FCH cohortwere previously published under the accession
numbers MK092096-MK092105 (FCH1-5) [https://www.ncbi.nlm.nih.
gov/nuccore/?term=MK092096%3AMK092105+%5Bpacc%5D],
MK092106-MK092111 (Non-FCH1-3) [https://www.ncbi.nlm.nih.gov/
nuccore/?term=MK092106%3AMK092111++%5Bpacc%5D], OM222702
(GLT1) [https://www.ncbi.nlm.nih.gov/nuccore/OM222702],
HQ719473 (BHCV1) [https://www.ncbi.nlm.nih.gov/nuccore/
HQ719473] and JQ914274 (1a_FCH2) [https://www.ncbi.nlm.nih.gov/
nuccore/JQ914274]. Sequence information on all other FCH patients
generated during this study is deposited in GenBank under the fol-
lowing accessions: PV083181-PV083206 [https://www.ncbi.nlm.nih.
gov/nuccore/?term=PV083181%3APV083206+%5Bpacc%5D],
PX390011-PX390139 [https://www.ncbi.nlm.nih.gov/nuccore/?term=
PX390011%3APX390139+%5Bpacc%5D]. NGS data from the GLT1
patient are deposited in the sequence read archive (SRA) under the
BioProject accession PRJNA1214216. All other data generated during
this study are included in this published article (and its supplementary
information files). Source data are provided with this paper.
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