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Abstract

Background and Aims: Chronic HEV infections remain a serious problem

in immunocompromised patients, as specifically approved antiviral drugs are

unavailable. In 2020, a 24-week multicenter phase II pilot trial was carried

out, evaluating the nucleotide analog sofosbuvir by treating nine chronically

HEV-infected patients with sofosbuvir (Trial Number NCT03282474). During

the study, antiviral therapy reduced virus RNA levels initially but did not lead

to a sustained virologic response. Here, we characterize the changes in HEV

Abbreviations: CC50, half-maximum cytotoxic concentration; HepG2, human hepatoma cells; Gluc, Gaussia luciferase; RBV, ribavirin; RdRp, RNA-dependent RNA
polymerase; SNV, single nucleotide variant.
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intrahost populations during sofosbuvir treatment to identify the emergence

of treatment-associated variants.

Approach and Results: We performed high-throughput sequencing on

RNA-dependent RNA polymerase sequences to characterize viral pop-

ulation dynamics in study participants. Subsequently, we used an HEV-

based reporter replicon system to investigate sofosbuvir sensitivity in high-

frequency variants. Most patients had heterogenous HEV populations,

suggesting high adaptability to treatment-related selection pressures. We

identified numerous amino acid alterations emerging during treatment and

found that the EC50 of patient-derived replicon constructs was up to ~12-fold

higher than the wild-type control, suggesting that variants associated with

lower drug sensitivity were selected during sofosbuvir treatment. In partic-

ular, a single amino acid substitution (A1343V) in the finger domain of ORF1

could reduce susceptibility to sofosbuvir significantly in 8 of 9 patients.

Conclusions: In conclusion, viral population dynamics played a critical role

during antiviral treatment. High population diversity during sofosbuvir treat-

ment led to the selection of variants (especially A1343V) with lower sensi-

tivity to the drug, uncovering a novel mechanism of resistance-associated

variants during sofosbuvir treatment.

INTRODUCTION

HEV is a single-stranded RNA virus that annually infects
an estimated 20 million people worldwide and is one of
the most common causes of viral hepatitis globally.[1]

HEV mostly leads to asymptomatic or acute self-limiting
infections in healthy individuals[2] but can also cause
chronic hepatitis E (~3.3 million cases are symptomatic)
in immunocompromised individuals.[1] Especially, immu-
nosuppressed patients, such as solid organ transplant
recipients, stem cell transplant recipients, or HIV-infected
individuals, are at high risk of developing persistent viral
hepatitis, which can lead to aggravated disease out-
comes, such as liver fibrosis, cirrhosis, and progression
to end-stage liver disease.[3–5] In addition, depending on
the genotype, up to 30% of pregnant women infected
with HEV-1 experience acute liver failure and fulminant
hepatitis leading to fetal, neonatal, and maternal mortal-
ities in the third trimester.[6,7]

Currently, there is no specific antiviral treatment for
patients with chronic hepatitis E. The only available
options are the off-label use of ribavirin or interferon-
based regimens. However, treatment with ribavirin leads
to sustained virologic response in only ~80% of patients
and is often associated with severe adverse effects.[8,9] In
addition, patients with renal insufficiency or pregnant
women are not eligible for ribavirin treatment,[6] and
organ transplant patients are at risk of graft rejection
when treated with interferon.

A rapid, cost-effective approach that may prove
promising for finding new antiviral agents against HEV
infections is the repurposing of already approved drugs.[10]

Indeed, sofosbuvir, a direct-acting antiviral that was
originally designed to inhibit the HCV polymerase, has
been considered a potential antiviral drug against HEV
infections in recent years. Sofosbuvir is a nucleotide
analog administered as a prodrug, and once activated, it
mimics uridine triphosphate in the target cell. The active
compound can, thus, be incorporated into nascent RNA,
which inhibits the replication of HCV by causing chain
termination.[11] Sofosbuvir is considered a pan-genotypic
antiviral that efficiently inhibits multiple HCV
genotypes[12,13] with a high genetic barrier to
resistance.[14,15] Moreover, antiviral activity against other
flaviviruses such as zika,[16] dengue,[17] yellow fever
virus,[18,19] viruses of the Togaviridae family[20] and
HEV[21] has been demonstrated. So far, several studies
have assessed sofosbuvir efficacy in patients chronically
infected with HEV, albeit with conflicting study results.

In 8 case reports, the efficacy of sofosbuvir with or
without ribavirin was limited because, although a
transient reduction in HEV RNA levels was achieved,
HEV was not eliminated.[22–29] In contrast, patients
treated with sofosbuvir and ribavirin or another HCV
drug in a total of 4 studies achieved HEV clearance.[30–33]

Recently, Cornberg et al conducted a multicenter
prospective pilot trial examining the efficacy of 400 mg
sofosbuvir monotherapy for 24 weeks in 9 patients
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chronically infected with HEV.[29] These patients had
either previously failed or were not eligible for ribavirin
treatment. The treatment outcome with sofosbuvir was
comparable to those of previous studies, in which a
sustained virologic response was not achieved. How-
ever, a significant decrease in viral RNA could be noted
within the first weeks of treatment with a consecutive
increase in viral load over time suggesting a possible
escape mechanism of the virus.

Herein, we analyzed the longitudinal evolution of the
viral population in these patients by high-throughput
sequencing of the viral polymerase. Also, we inves-
tigated whether sofosbuvir could induce the emergence
of resistance-associated variants, possibly explaining
the recurrence of high HEV RNA levels. Identified viral
variants were then assessed to sofosbuvir sensitivity by
an HEV reporter replicon system.

METHODS

Cohort

Here, we analyzed the virus population of a previously
published cohort of 9 patients infected with HEV who were
treated daily with 400 mg of sofosbuvir for 24 weeks.[29]

Most of these patients (7/9) were infected with HEV-3c.
The remaining 2 patients were infected with HEV-3i and
HEV-3f, respectively (Supplemental Figure S1, http://links.
lww.com/HEP/H882). Briefly, these patients were HEV-
positive for at least 3 months and either failed previous
ribavirin treatment or had a contraindication for treatment
with ribavirin. Patients were monitored regularly until
the end point of treatment (24 wk). At 12 weeks of
follow-up, an additional sample was taken to determine
the long-term efficacy of treatment.

Amplicon generation and sequencing

Total RNA from 200 μL serum was extracted using
Cobas AmpliPrep total nucleic acid isolation kit (Roche,
Basel, Switzerland). Complementary DNA (cDNA) syn-
thesis and amplicon generation were performed accord-
ing to Todt et al.[34] Briefly, complementary DNA was
synthesized from 2 to 8 μL purified total RNA using
the SuperScript III first-strand synthesis system (Life
Technologies, Carlsbad, CA, USA). Amplicons were
generated in a 2-step touchdown PCR using the TaKaRa
Ex Taq Hot Start Version (Dalian, China) polymerase.

Library preparation and sequencing

For NGS library generation, the Nextera XT DNA Library
Preparation Kit (Illumina, San Diego, CA, USA) was used
according to the manufacturer’s recommendations.

Library quality was assessed using the Agilent High
Sensitivity DNA Kit (Agilent Technologies, Waldbronn,
Germany) and a 2100 Bioanalyzer Instrument (Agilent
Technologies). Any additional samples were normalized
and quantified using the KAPA Library Quantification Kit
for Illumina (Kapa Biosystems, Wilmington, MA, USA).
The samples were sequenced on a MiSeq using a
paired-end sequencing protocol with 2 × 250 bp.

Data analysis

Data analysis was based on the pipeline described
by Gömer et al.[35] Briefly, raw reads were trimmed
using Trimmomatic 0.39[36] and quality checked using
FastQC (https://www.bioinformatics.babraham.ac.uk/
projects/fastqc/). In the first round, consensus sequen-
ces were called using Tanoti (https://github.com/
vbsreenu/Tanoti) and Sam2Consesus v2.0 (https://
github.com/vbsreenu/Sam2Consensus). The consen-
sus sequence from each patient at baseline was used
as a reference. Raw reads were then mapped to the
respective reference using Tanoti. Subsequently, the
mapped files were processed using SAMtools v1.9[37]

and then analyzed using Diversitools (https://github.
com/josephhughes/DiversiTools) and vNvS tools
(https://github.com/rjorton/vnvs). The data were visual-
ized using in-house R-scripts with the following pack-
ages: Tidyverse, ggpubr, and patchwork.[38]

The mean coverage for all samples was 231,137
(±SD 56,542, Supplemental Figure S2, http://links.lww.
com/HEP/H882). For patients 7 and 8, there were
residues with high variability at baseline (Supplemental
Figure S3, http://links.lww.com/HEP/H882). At these
positions, the nucleotide with the highest frequency was
used as a reference. Structural models were generated
using default settings in Colabfold v1.5.2[39] with HEV
Kernow-C1 p6 clone as a reference (accession:
JQ679013). The resulting PDB file is provided in the
supplement. Coloring according to SNV data was
performed using ChimeraX v1.5.[40]

Full genome HEV sequences were collected from the
NCBI Nucleotide database using Entrez Direct v16.2.
Sequences were sorted depending on genotype infor-
mation in the GenBank files into fasta files for HEV-3.
These were aligned using clustal omega v1.2.4 and
analyzed with in-house R-scripts using the packages
tidyverse, seqcombo, seqinr, Bios2cor, and Biostrings.

Eukaryotic cell culture

Human hepatoma cells (HepG2) were routinely cultured
in 15-cm2 culture plates in Dulbecco’s Modified Eagle
Medium (Gibco; Thermo Fisher Scientific, Inc.) supple-
mented with 10% (v/v) fetal bovine serum (Gibco; Thermo
Fisher Scientific, Inc.), 100 μg/mL of streptomycin,
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100 IU/mL of penicillin (Invitrogen), 2 mM L-glutamine,
and 1%nonessential amino acids (Invitrogen) at 37˚C in a
humidified incubator at 5% CO2. Before plating cells, cell
culture dishes were coated with rat collagen (SERVA
Electrophoresis).

Compounds

Sofosbuvir was purchased from Medchemexpress
(HY-15005), dissolved in DMSO, and stored according
to the manufacturer’s recommendations. Ribavirin was
purchased from Sigma Aldrich (R9644), dissolved in
DMSO, and stored at −20°C.

Plasmid construction and in vitro
transcription

When selecting patient-derived substitutions for generat-
ing replicon constructs resembling the most prominent
amino acid substitutions per patient (patient-derived
constructs), we made sure to cover as large a period as
possible and to have as many different variants for each
patient as possible. Determined mutation sequences for
each patient were synthesized as gBlock Gene fragments
(IDT, Coralville, Iowa, USA) or oligos and amplified by site-
directed mutagenesis PCR. GBlock Gene fragments or
PCR amplicons were then introduced into AflII, NsiI,
and/or NruI-digested pBluescript backbone containing the
coding sequence of subgenomic Kernow-C1 p6 coupled
with a Gaussia luciferase reporter gene (p6-Gluc) by
Gibson assembly (NEB, New England, USA).

For in vitro transcription, generated plasmids were first
linearized by digestion with MluI and purified using the
Qiaquick Spin Mini Kit (Qiagen). Linearized plasmids were
then in vitro transcribed according to Todt et al and Meister
et al.[41,42] Briefly, in vitro transcription mix containing 2 µg
linearized DNA template, 80 U T7 RNA polymerase, and
5 mMRibo m7G Cap Analog (m7G Cap analog, Promega)
was incubated for 2 hours at 37°C. Subsequently, 2 µL T7
RNA polymerase was added and incubated for another
2 hours at 37°C, and theDNA template was digested by the
addition of DNase and incubation for 30minutes at 37°C. In
vitro transcripts were purified with the NucleoSpin RNA
Clean-Up Kit (Macherey & Nagel), and RNA integrity was
ensured by agarose gel electrophoresis.

Gaussia luciferase reporter assay

To screen patient-derived amino acid variants for altered
sofosbuvir sensitivity, in vitro transcribed RNA was
delivered to human hepatoma cells by electroporation
according to Todt et al.[43] In brief, 5 × 106 human
hepatoma cells were resuspended in 400 μL Cytomix
and electroporated with 5 μg of respective in vitro

transcribed HEV RNA. Cells were electroporated with
the Gene Pulser Xcell apparatus (Bio-Rad) and seeded
at a density of 20,000 cells/well in a 96-well format. For
dose-response assays, cells were treated with triplicate
3-fold serial dilutions of sofosbuvir and with triplicate 2-
fold serial dilutions of ribavirin at concentrations ranging
from 0.015 to 100 µM and 0.39 to 100 µM, respectively.
Supernatants were sampled 72 hours posttreatment, and
Gaussia luciferase activity was determined by the
detection of luminescence using a Centro XS3 LB 960
luminometer (Berthold Technologies). The luciferase
reaction was carried out on a 96-well LUMITRAC 600
plate and by dispensing 50 µL of coelenterazine
substrate onto 20 µL harvested cell culture supernatant-
/well, shaking for 1 second and reading for 1 second.

Cell viability assay

Cell viability was assessed by 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide (MTT) assay. Cells
were incubated with 5 mg/mL MTT substrate in Dulbec-
co’s Modified EagleMedium completemedia for 1 hour at
37 °C and 5% CO2. For solubilization, the MTT substrate
was removed, and 50 µL DMSOwas added. Absorbance
was measured at 570 nm on a microplate absorbance
reader (Tecan). Cells treated with 70% ethanol for
10 minutes served as background control.

Statistical analysis

Statistical tests on titration data were performed using
the nonlinear 4 parametric log-logistic models based on
the Hill equation implemented in GraphPad Prism 9.4.1
(GraphPad Software, La Jolla, CA, USA). All biological
replicates were used to fit dose-response curves, and
results are presented as EC50 values and the respective
95% CIs. Differences in EC50 values were tested using
the sum-of-squares F-test for significance. To test the
significance of differences in the mean of replication
data, one-way ANOVA followed by Dunnett’s multiple
comparison tests was used. The Pearson correlation
analysis was conducted in R.

RESULTS

Effects of sofosbuvir on viral sequence
diversity of the HEV RNA-dependent RNA
polymerase

To assess the influence of sofosbuvir on HEV population
diversity in chronically-infected patients, we used an
amplicon-based sequencing approach and determined
the longitudinal nucleotide diversity within the HEV RNA-
dependent RNA polymerase (RdRp) (position 3996–4953
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of ORF1) (Figure 1). The cutoff value for variants with
biological relevance was set to 3.287% (error cutoff;
bottom dashed line), while variants above 50% indicate
consensus sequence changes (top dashed line).

Overall, nucleotide heterogeneity was high, as shown
by the number of variants above the error cutoff at different
time points, particularly in patients treated with ribavirin
prior to the sofosbuvir pilot study (P1–P3, P6–P9,
Figure 1A). Notably, low nucleotide heterogeneity

observed for P4 should be interpreted with caution, as
this may be due to the lack of sample sequences or input
RNA rather than low heterogeneity. At all-time points
under treatment, multiple variants were above the 50%
frequency threshold, indicating that high-frequency
mutations resulted in consensus sequence changes.

The number of mutations above the error cutoff was
quantified for each patient and time point to highlight
differences in viral heterogeneity (black line; Figure 1B).

F IGURE 1 Viral diversity in patients chronically infected with HEV under sofosbuvir treatment. (A) Frequency of nonreference variants within
the RdRp of HEV ORF1 compared to the time of treatment initiation (baseline). The cutoff for biological relevance (lower dashed line) was set at
3.287% according to Illumina error rates.[44] The top dashed line (50%) indicates consensus sequence mutations. Each dot represents a variant at
a given time point, which is color coded; (B) quantification of variants for each patient and time point that occur above the error cutoff. The size ratio
of the dot indicates the percentage of consensus sequence changes compared to the total number of mutations. Labels indicate size normalized
variation. Abbreviations: RdRp, RNA-dependent RNA polymerase.
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Patients that have not been treated previously with
ribavirin (P4, P5) and patients P1 and P3 had the lowest
number of variants (0–43 variants, 0%–4% diversity,
defined as RdRp amplicon positions that carried
mutations above cutoff). Patients P6, P8, and P9 had
intermediately variable virus populations with 19–137
variants (3%–14% diversity). The most diverse popula-
tions were in P2 and P7 (29–222 variants) where high
viral heterogeneity was already present at baseline
(23%, 19% diversity). For both viral populations, the
total number of variants decreased during treatment,
(down to 3%–4%), which coincided with an increase in
the number of consensus sequence changes: 40 and
83 consensus variants, respectively. From this point of
decreased heterogeneity, HEV diversified again in both
patients (19%–23%).

In summary, sofosbuvir did not change the total
number of sites exhibiting nucleotide variants, but was
associated with changes in the consensus sequence in
multiple patients.

Identification of sofosbuvir resistance-
associated substitutions

Because nucleotide diversity is not necessarily related to
biological processes at the protein level, we examined
nonsynonymous substitutions that occurred during sofos-
buvir treatment (Figure 2). HEV RNA levels in study
participants decreased by at least 1 log from baseline to
week 2 in all patients after initiation of sofosbuvir
monotherapy. In patient P1, only a minor reduction in
HEV RNA from 80,000 IU/ml to 22,000 IU/ml (0.6 log10)
was achieved by sofosbuvir, whereas, in P8, RNA
decreased from 805,000 IU/ml to 14,000 IU/ml (1.76
log10), which was the maximum decline observed in this
study. However, HEVRNA levels increased again between
the fourth week and the end of treatment. At the 12-week
follow-up, HEV RNA returned to baseline, suggesting that
sofosbuvir had only a transient effect. The pattern of
heterogeneity was similar to that at the nucleotide level, with
P2 and P7 having the most diverse HEV populations with
up to 18 amino acid positions with consensus substitutions,
whereas patients P4 and P5 had the lowest number with 2
and 1, respectively (Figure 2, Figure S4, http://links.lww.
com/HEP/H882). For any of the identified substitutions, the
frequency over time was illustrated for each patient. Some
of the variants accumulated in a time-dependent manner,
for example, a substitution from alanine to valine at position
1343, which was selected for in multiple patients, increased
on average from baseline (5.5%) more than 70% at later
time points during treatment. An increase in frequency was
also observed for other substitutions, for example, at
position 1383 in patients P2, P6, P7, and P8. For some
substitutions, only a transient increase in frequency was
observed, for example, at position 1528 in patient P7,
where the initial frequency of 0.22 (Bl) increased to 0.99 at

week 8 and then declined again to 0.008 in week 16,
reflecting the dynamics of the viral population under
sofosbuvir treatment in these patients.

Impact of patient-derived variants on
sofosbuvir sensitivity and viral replication
in vitro

To test whether substitutions could alter sofosbuvir sensitivity
in vitro, we introduced patient-derived substitutions at defined
time points (Figure 2, red dots) into an HEV-3 Gaussia
luciferase reporter system. A total of 14 patient-derived
variant constructs were generated and used in dose-
response assays to determine the EC50 and replicative
capacity under sofosbuvir treatment (Figure 3, Supplemental
Table S1, http://links.lww.com/HEP/H882). In most con-
structs (8/14), EC50 values increased at least 4.4-fold
compared to p6 wild-type control (p6-WT) (P1-w12, P2-w2,
P2-w16, P4-Fuw12, P7-w1,24, P7-w12, P8-w12,20, andP9-
w16), suggesting reduced sofosbuvir sensitivity of these
variants (Figure 3A). The highest-fold increase (12.1-fold) in
EC50 was observed for a variant found in P7-w12
(A1343V/N1383S/V1443M/V1528L/A1568T).

Interestingly, 7 out of 8 variants with at least a 4.4-fold
increase in EC50 carried the A1343V substitution, and 3 of
them additionally harbored the V1479I substitution as
consensus (P2-w2 [7.6-fold], P7-w1,24 [5.5-fold], and P8-
w12,20 [5.8-fold]). Other variants showed ~1.7-fold
decrease in EC50 values (P6-w2 [1.7-fold] and P6-w8
[1.6-fold]) or did not display altered sofosbuvir sensitivity
(P6-w1 [1.3-fold], P6-w20 [1.2-fold], and P9-w2 [1.0-fold]).

Viral replication capacity was not affected in most of the
constructs (12/14) compared to wild-type p6-Gluc replicon
(Figure 3B). However, reduced viral replication fitness
was observed in both the P4-Fuw12 and P7-w12 variants
where luminescence was decreased by 1.7 and 0.8 logs,
respectively. Overall, cell viability was not affected
during sofosbuvir treatment [half-maximum cytotoxic
concentration (CC50) values between 91.41 µM – >
100 µM] (Supplemental Figure S5B, http://links.lww.com/
HEP/H882, top panel; Supplemental Table S1, http://links.
lww.com/HEP/H882).

To investigate whether patient-derived substitutions
altered ribavirin sensitivity (Figure S5A, http://links.lww.
com/HEP/H882, B), dose-response assays were addition-
ally performed under ribavirin treatment. The majority of the
constructs did not alter ribavirin sensitivity or replication
capacity. However, substitutions found in P4-Fuw12 and
P7-w12 increased sensitivity to ribavirin (P4-Fuw12 [-2.2-
fold] and P7-w12 [-4.9-fold]) and reduced replication
capacity by 1.9 and 1 logs, respectively. Similar to
sofosbuvir treatment, ribavirin did not result in a strong
reduction in cell viability in any of the tested variants
(CC50 97.54 µM- >100 µM) (Supplemental Figure S5B,
http://links.lww.com/HEP/H882, bottom panel, Supplemen-
tal Table S2, http://links.lww.com/HEP/H882).
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In summary, many patient-derived variants showed a
decrease in sofosbuvir sensitivity while maintaining
replication capacity. Of these, A1343V-containing var-
iants showed the strongest decrease in sofosbuvir
sensitivity and no loss in replication fitness.

The emergence of A1343V as a sofosbuvir
resistance-associated substitution

Following the observation that A1343V-containing
variants showed the strongest decrease in sofosbuvir

F IGURE 2 Identification of patient-derived consensus substitution. The left panel shows HEV RNA quantity over the treatment period. The
dark gray highlighted area refers to the time during which patients were treated with sofosbuvir. Red dots indicate time points at which variants
were engineered into the replicon system (Figure 3). The heatmap (right side) shows all changes in the amino acid consensus sequence and their
respective frequency in percent per time point.
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sensitivity, next, we evaluated the impact of single amino
acid substitution on both replication capacity and
sofosbuvir sensitivity. For most patients, alanine to valine
substitution at position 1343 was almost absent at
baseline (mean frequency ~5%) but occurred during
treatment in at least 8 of 9 patients (Figure 4A). Only
patients P2 and P7 had a subpopulation encoding for
valine (GTT) at baseline (on average 23%, Supplemental

Figure S6, http://links.lww.com/HEP/H882). In all other
patients at baseline, the GCG, GCT, or GCC codons, all
translating into alanine, were present at 99% on average.
Notably, substituting alanine (GCN) into valine (GTN)
requires only 1 mutation: the transition of the cytosine at
the second position of the codon, resulting in thymidine.
In most patients, this transition was made by weeks
12–16. Although A1343V became the consensus

F IGURE 3 Impact of patient-derived consensus variants on sofosbuvir sensitivity and viral fitness. Amino acid substitutions found in P1–P4
and P6–P9 at specific time points during sofosbuvir treatment (bottom panel) were introduced into a p6 Kernow-C1 replicon harboring a Gaussia
luciferase reporter gene and delivered into HepG2 cells by electroporation. For subsequent dose-response experiments, cells were treated with
sofosbuvir concentrations ranging from 100 µM to 0.015 µM for 72 hours. (A) EC50 values were determined by nonlinear regression. Numbers at
the top indicate fold changes compared to wild-type. Error bars = 95% CI. (B) Replication capacity of variants was determined by plotting the
measurement of RLU of vehicle-treated (DMSO) cells in GraphPad Prism (middle panel). Error bars = ± SD. Dashed lines represent wild-type
control (A) and replication-deficient control (GAA) (B). n ≥ 3. Abbreviation: HepG2, human hepatoma cells; RLU, relative light units.

EMERGENCE OF RESISTANCE-ASSOCIATED VARIANTS | 1889

http://links.lww.com/HEP/H882


sequence in most patients (Figure 4), other substitutions
that occurred at high frequency in these patients had a
similar, but less pronounced pattern, namely at position
1383, 1384, or 1634 (Figure 4A).

The location of all substitutions that became dom-
inant during treatment in either one of the patients was
plotted onto an alpha-fold predicted protein structure of
the HEV RdRp. Interestingly, some of these substitu-
tions (1383, 1384, and 1634) were located near the
tunnel in which the RdRp may interact with the RNA
(Figure 4B, Supplemental Figure S7, http://links.lww.
com/HEP/H882). In contrast, the A1343V substitution
was located at the outside surface of the RdRp.

Subsequently, the frequency of these and other
variants were assessed from public databases. In total,
142 HEV-3 sequences covering the RdRp amplicon
were assessed. The Shannon entropy (sliding window,
window = 20, and step = 1) indicated that hetero-
geneity was not evenly distributed (Figure 5A). Next,
variant frequencies from publicly available sequencing

data were compared to the intrahost data of variants
identified in this study, to determine whether variants
detected here were sofosbuvir treatment-specific
(Figure 5B). The frequency distribution of HEV-3
amino acid variants of interest (at positions 1343,
1383, 1384, and 1634) from public databases were
plotted against their intrahost frequency during
sofosbuvir treatment (Figure 5B). At position 1343,
either alanine was encoded, which occurred in both
datasets at a frequency above 50% or valine. V1343
was, however, almost explicitly present in the patient
cohorts but not in the databases (4/142 sequences,
Figure 5A, B). Moreover, V1343 emergence correlated
significantly with treatment time (r = 0.67 and p value
< 0.05), while the correlation was nonsignificant for
other variants (Figure 5C). Overall, most amino acids
clustered at either corner of the plots, indicating similar
sequence distribution between the cohort and public
database (Figure 5B). In addition, A1343, K1383, and
D1384 were highly conserved in the database, while

F IGURE 4 Emergence of A1343V as a resistance-associated substitution. (A) All positions with at least 1 substitution above 50%. Each box
represents a patient with a substitution at that position; see the color code in the legend. The grey shaded area refers to all samples sequenced at
that time point. (B) Alpha-fold model of the HEV RdRp (based on Kernow-C1 p6 nucleotide sequence). Residues with consensus sequence
changes are highlighted in red. Abbreviation: RdRp, RNA-dependent RNA polymerase.
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they showed considerable heterogeneity in the patient
cohort (Figure 5B). Heterogeneities at position 1479,
either isoleucine (I) or valine (V), and at position 1634,
either glycine (G) or arginine (R), were similar in the
database and the cohort (Figure 5D).

To test whether single amino acid variants that were
selected in multiple patients could confer decreased
sensitivity to sofosbuvir in vitro, 7 single substitutions

were introduced into the HEV replicon system
(Figure 5E, F). The resistance profile to sofosbuvir
showed that substitutions at amino acid positions 1383,
1384, 1479, and 1634 marginally altered sofosbuvir
sensitivity compared to wild-type p6-Gluc replicon (EC50

2.14 µM, dashed line) (Figure 5E, Table S1, http://links.
lww.com/HEP/H882). The strongest effect was
observed for the A1343V variant, where the EC50

F IGURE 5 Impact of single amino acid variants on sofosbuvir sensitivity and viral fitness. (A) Shannon entropy of HEV-3 RdRp sequences
(sliding window = 20 and step = 1) from publicly available sequences was downloaded from NCBI. Colored areas correspond to polymerase
domains: purple, finger; pink, palm; green, thumb. (B) Frequency of amino acids at positions of interest (1343, 1383, 1384, 1479, and 1634;
highlighted in red and with label) in the publicly available datasets and the intrahost diversity data. (C) Pearson correlation (r) of SNV data at
baseline and during treatment. p values below 0.05 were considered significant. (D) HEV-3 amino acid sequence variability in the proportion of
encoded amino acids of selected residues from the public database. (E) In vitro analysis of single amino acid variants on viral sensitivity to
sofosbuvir treatment (error bars = 95% CI), and numbers at the top indicate fold changes compared to wild-type, and (F) replication capacity
(error bars = ± SD). HepG2 cells were transfected with single amino acid variants harboring a Gaussia luciferase gene and treated with various
doses (100 µM–0.015 µM) of sofosbuvir in vitro. Supernatants were sampled after 72 hours, and variant replication was measured through reporter
luciferase read-out and normalized to the respective vehicle-treated control (DMSO). EC50 values and replication capacity were determined by the
4-parameter logistic model and measurement of relative light units of vehicle-treated (DMSO) cells, respectively. Dashed lines represent wild-type
control (E) and replication-deficient control (GAA) (F). n ≥ 3. Abbreviations: HepG2, human hepatoma cells; RdRp, RNA-dependent RNA
polymerase; SNV, single nucleotide variant.
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increased to 9.9 µM, representing a 4.6-fold shift and
reduced sofosbuvir sensitivity in vitro (Figure 5E, Figure
S8A, http://links.lww.com/HEP/H882). Remarkedly, rep-
lication capacity increased from 19.4% (p6-WT) to
35.1% (A1343V) at maximum sofosbuvir concentration
(100 µM) (Figure S8A, http://links.lww.com/HEP/H882,
middle panel). Furthermore, dose-response assays
under ribavirin treatment were performed to test
whether single substitutions additionally altered ribavirin
sensitivity (Figure S8, http://links.lww.com/HEP/H882).
The substitutions K1383N (EC50 0.86 µM), K1383S
(EC50 3.83 µM), D1384N (EC50 6.59 µM), and A1343V
(EC50 7.46 µM) displayed increased ribavirin sensitivity
compared to wild-type (EC50 10.34 µM) (Figure S8A, B,
http://links.lww.com/HEP/H882, Table S2, http://links.
lww.com/HEP/H882). Overall, most single amino acid
variants showed a comparable replication fitness to
wild-type p6-Gluc replicon (Figure 5F, Figure S8B,
http://links.lww.com/HEP/H882). However, replication
capacity was reduced only for substitutions at position
1383, where viral replication decreased by ~1.5 logs.
Cell viability was not affected by sofosbuvir or ribavirin
treatment (Figure S8C, http://links.lww.com/HEP/H882).

In summary, subsets of variants from different time
points were capable of conferring higher sofosbuvir
resistance. Of these, a single substitution, A1343V,
which occurred in the majority of patients, resulted in a
strong decrease in sofosbuvir sensitivity while main-
taining replication capacity.

DISCUSSION

In this study, we analyzed the intrahost evolution of
HEV in 9 chronically-infected patients who received
400 mg of sofosbuvir daily for 24 weeks but failed to
achieve HEV RNA elimination after an initial decline in
viral load.[29] As high viral heterogeneity has been
shown to increase the likelihood of resistance-
associated variants emerging during treatment for
several viruses,[45,46] we first assessed virus population
diversity dynamics. Overall, we observed higher nucleo-
tide and amino acid heterogeneity in patients treated
with ribavirin before sofosbuvir treatment (P1–P3
and P6–P9) compared to patients not pretreated with
ribavirin and detected the emergence of several
resistance-associated variants. Ribavirin is known to
increase viral diversity[34,47,48] and might have already
promoted viral heterogeneity and an accumulation of
resistance-associated variants prior to sofosbuvir treat-
ment (eg, the alanine to valine substitution at position
1343 of the RdRp). The 2 patients (P1 and P7) with the
highest diversity among the patients pretreated with
ribavirin were the only ones that had a subpopulation of
valine at position 1343 encoding variants at baseline
and were among the fastest to establish this substitution
as a consensus. In contrast, in the 2 patients, not

previously treated with ribavirin, the A1343V substitu-
tion still emerged de novo, but on average later.
Collectively, these observations show that the
A1343V, and other substitutions, may arise de novo in
patients treated with sofosbuvir, and ribavirin may be
preselecting and accelerating resistance-associated
variants.

Next, we introduced patient-derived and single con-
sensus substitutions into a Gaussia luciferase reporter
replicon and found decreased sofosbuvir sensitivity for
the majority of these constructs. In particular, the A1343V
substitution was able to decrease sofosbuvir sensitivity
without reduced viral replication fitness. Similarly, sub-
stitutions in the NS5B polymerase of HCV have been
found to confer decreased sensitivity to sofosbuvir.[12,49]

The most prominent effect was mediated by the S282T
substitution, which is located close to the polymerase
active site and has been found to increase the IC50 about
10-fold[12] by preventing sofosbuvir from entering the
polymerase active site. This substitution has been
described to decrease the affinity for nucleotide analogs
but at the cost of replication fitness.[50,51] Similar
mechanisms have also been discussed for substitutions
that confer ribavirin resistance for multiple viruses.[52–54]

For HEV, substitutions at positions 1383 and 1384 are
thought to lead to increased polymerase fidelity and,
thus, decrease affinity for nucleoside analogs.[34,55,56] In
accordance with the finding from this study, these
substitutions were found to lead to decreased replication
fitness in vitro. The identification of A1343V in treatment
resistance sheds new light on the mode of action of
sofosbuvir in HEV. Although the alpha-fold model
predicted that A1343V is most likely not located within
the RNA tunnel, a sterical clash may also be caused
by V1343 altering the overall conformation of the
polymerase.

Independent of this report, A1343V has been identified
after sofosbuvir treatment in one patient with chronic
hepatitis E who was treated with a combination of ribavirin
and sofosbuvir.[27] This patient also had variants including
A1343V, K1383N, D1384N, V1479I, and G1634R, which
were similar to those detected in this study. Therefore, it is
likely that these substitutions are associated with sofos-
buvir resistance and, alone or in combination, may have a
significant impact on HEVRNA levels in vivo. In support of
this, the low prevalence of V1343 in public databases
identified in this study may suggest that it is not frequently
selected for and may be specific to sofosbuvir treatment.
Of the total 142 entries, 4 (2.8%) accounted for the variant.
It should be noted that sequencing databases for hepatitis
E may underrepresent the true diversity of HEV and most
likely contain sampling biases. Therefore, it remains to be
seen how frequently A1343V circulates in HEV-infected
individuals and what impact it has on current and future
treatment approaches.

Sofosbuvir is considered a pan-genotype anti-HCV
drug that has been shown to inhibit other flaviviruses
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and togaviruses. These viruses, similar to HEV, can
replicate in different cell types. Therefore, it is
important to note that sofosbuvir activation may not
be limited to the liver: Indeed, activation has been
demonstrated in nonhepatic cells, including neuronal
cells.[20,57] This may be a crucial point for the treatment
of patients infected with HEV because extrahepatic
reservoirs may have an important role in viral
recurrence, even after the virus is undetectable in the
blood.[58]

For HCV, sofosbuvir treatment success was asso-
ciated with the dose of treatment: 400 mg was highly
effective, and seldomly resistant-associated mutations
occurred. However, lower doses (200 mg) increased the
risk of selecting resistant-associated variants.[59] This
may explain why the emergence of A1343V in HEV
occurred at such a high frequency. The effective dose in
inhibiting HEV replication was about 10-fold lower than
what is known for HCV.[21] Thus, the standardized dose
for HCV, 400 mg daily for 24 weeks, may not be
sufficient to repress resistant-associated variants, and
higher doses may be required. Sofosbuvir has, in
general, a good safety and toxicity profile, and also
supratherapeutic doses of up to 1200 mg were well
tolerated in patient trials.[60] Hence, it may be worth re-
evaluating the dosing of sofosbuvir for the treatment of
patients infected with HEV. In addition, future trials
should investigate the efficacy of combination therapy
with sofosbuvir and ribavirin. Most importantly, close
monitoring of circulating variants during or even prior to
treatment can be a useful tool to assess response to
treatment and guide treatment decisions.

In summary, viral variants were selected during
sofosbuvir treatment that altered sensitivity to the
drug. In particular, A1343V, which was found to be
specific in patients treated with sofosbuvir, showed a
profound reduction of sensitivity.
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