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Hepatitis C virus (HCV) infection remains a major public
health concern, with 56.8 million people chronically infect-
ed worldwide and 1.5 million new infections yearly.! As a
leading cause of liver-related mortality, chronic HCV infec-
tion is associated with 19% of hepatocellular carcinoma and
21% of cirrhosis cases.? The advent of direct-acting antiviral
agents (DAA) in recent decades, which target viral replication
proteins and inhibit various steps in the HCV life cycle, has
shown remarkable progress in achieving a cure for hepatitis
C. DAA regimens block replication complex formation, reduce
virion assembly and release, accelerate viral RNA degrada-
tion, and are associated with the restoration of liver function
and improvement in histology. Pangenotypic DAA regimens,
with DAA combinations targeting different and complemen-
tary stages of the HCV cycle, have been recommended by
current practice guidelines® and can be initiated without
knowledge of the HCV genotype and subtype. As the global
prevalence of chronic HCV infections has decreased by seven
million since 2015, the World Health Organization has set the
goals of a 90% reduction in new infections, an 80% reduction
in diagnosed patients, and a 65% reduction in HCV-related
mortality by 2030. To accomplish this, expanded access, ac-
tive HCV screening, and linkage to care are required.*
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Sofosbuvir-Velpatasvir (SOF-VEL) is a pangenotypic regi-
men coformulated with fixed-dose combinations of the nu-
cleotide polymerase inhibitor sofosbuvir (400 mg) and the
NS5A inhibitor velpatasvir (100 mg) for adult patients. The
treatment with SOF-VEL for 12 weeks resulted in high rates
of continuous absence of detectable HCV RNA for at least 12
weeks after the end of therapy (SVR12).34

The present study retrospectively analyzed the character-
istics of a Chinese cohort of chronic hepatitis C patients col-
lected from January 2019 to August 2023. A genotype-based
baseline comparison was performed in 358 HCV RNA-positive
patients with intact clinical information. The risk factors for
hepatocellular carcinoma and cirrhosis were analyzed (Sup-
plementary Tables 1-5). Child-Pugh stage and FIB-4 score
were used for the assessment of liver cirrhosis. Child-Pugh
stages B and C indicated advanced cirrhosis, and a FIB-4
index score >3.25 indicated cirrhosis most likely. Consistent
with our previous study,> HCV genotype (GT)-1 infection was
the most prevalent (N = 163, 45.5%), followed by GT-2 and
GT-3a (both N = 48, 13.4%). The mean age of all patients
was 56.6 £ 11.3 years. Male patients predominated among
most genotypes (total N = 228, 63.7%). 22.3% of patients
(N = 80) had fatty liver, and 7.5% (N = 27) had renal func-
tion abnormalities. Furthermore, 20.1% of patients (N = 72)
tested positive for antinuclear antibodies. Among patients
aged =50 years, GT-3a and GT-3b patients had the high-
est proportions of liver cancer cases [10 of 24 (41.7%) and
four of fourteen (28.6%) patients, respectively], as well as
the highest proportions of Child-Pugh class B and C (29.2%
and 50%), and FIB-4 index >3.25 (70.8% and 50%) cases.
Considering the relative prevalence of GT-3 has increased
dramatically in China,® the characteristics of this genotype
warrant attention.

Single and multivariate analyses revealed that male gen-
der, age =50 years, Child-Pugh grade B+C, and FIB-4 score
>3.25 were associated with an increased liver cancer risk in
patients with hepatitis C [OR (95% CI) = 2.19 (1.00-5.06),
3.48 (1.29-11.23), 1.53 (0.65-3.55), 9.48 (4.35-22.19),
respectively]. Similarly, age =50 years, comorbidity with
diabetes, and antinuclear antibody positivity were associated
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Fig. 1. The treatment timeline of a drug-resistant patient. One patient exhibited an unusual resistance profile and experienced multiple rounds of SOF-VEL or
SOF-VEL in combination with ribavirin treatments. These treatments showed effectiveness each time in suppressing viral replication to below the LoD; however, the
patient failed to achieve SVR12 after the EOT. CHC, chronic hepatitis C; SOF-VEL, Sofosbuvir-Velpatasvir; RBV, ribavirin; LoD, limit of detection; EOT, end of treatment.

with an increased risk of Child-Pugh Grade B and C [OR (95%
CI) =1.74 (0.82-3.96), 3.04 (1.17-7.53), 2.11 (1.00-4.32),
respectively], as well as FIB-4 > 3.25 [OR (95% CI) = 3.46
(1.95-6.41), 2.09 (0.93-4.78), 1.79 (1.00-3.19), respec-
tively] in these patients.

Within the present chronic hepatitis C cohort, 80 patients
treated with SOF-VEL (Epclusa, Gilead Sciences Ireland, UC)
and with information about the status of HCV clearance were
further investigated for efficacy and safety. Compared to their
baseline status, the patients exhibited a notable reduction
in viral load during the 12-week treatment period and at 12
weeks after the end of treatment, with an SVR12 rate of 95%
(N = 76). Additionally, there was a significant improvement
in hepatic function. The frequency of adverse events (AEs)
during treatment was 22.5% (N = 18). The major AEs were
anemia (12.5%, N = 10), liver dysfunction (11.3%, N = 9),
hepatitis B reactivation (2.5%, N = 2), and hyperuricemia
(1.3%, N = 1). Most of them were mild and controllable. Hep-
atitis B virus reactivation after DAA therapy could be man-
aged by co-administration with anti-hepatitis B virus drugs.

One patient exhibited an unusual resistance profile was
monitored. The patient had a history of substance use dis-
order and presented after an episode of esophageal gastric
varices bleeding. After endoscopic therapy, the patient re-
ceived a total of four rounds of SOF-VEL treatment (Fig. 1),
either alone or in combination with ribavirin (400 mg three
times daily). The patient showed effective suppression of
viral replication to below the limit of detection each time.
However, he failed to achieve SVR12 once the treatment was
discontinued. HCV genotyping results from relapses showed
the same HCV genotype, GT-2a. Notably, the patient did not
revert to drug use after medical treatment, thus avoiding
reinfection. The patient was eventually treated with a twelve-
week course of SOF-VEL-voxilaprevir (VOX) (Vosevi®, Gile-
ad) in combination with ribavirin, which showed a good sal-
vage effect. His HCV RNA levels have remained undetectable
for over ten follow-up visits (every three to four months).

One HCV strain, namely SH-ZSHO1, was isolated from
the serum samples of this SOF-VEL-resistant patient. The
complete genome was obtained through next-generation se-
quencing with a median depth of 1074 and subsequently de
novo assembled using Megahit and submitted to GenBank
(GenBank Accession No. PP372686). A phylogenetic tree con-
structed using full genome sequences of SH-ZSH01 and 27
representative isolates confirmed that SH-ZSHO01 belonged

to subtype 2a (Fig. 2). SH-ZSHO01 shared the highest over-
all sequence homology (91.76%) with a Japanese isolate,
JCH-6 (subtype 2a, GenBank Accession No. AB047645.1).
The sequence analysis of SH-ZSHO1 revealed amino acid
substitutions in NS3, NS5A, and NS5B, with 17, 31, and 21
substitutions, respectively, compared to the reference strain
HC-16 (Fig. 3). There were 2 (F28S, L31M) and 3 resistance-
associated substitutions (RASs) (T273A, M289L, and A421V)
in NS5A and NS5B, respectively, but no RAS in NS3.

HCV drug resistance can be categorized into four types:
null response, partial response, relapse, and breakthrough.
Viral resistance in vivo is influenced by the genetic barrier to
resistance, the in vivo fitness of the viral variant population
(defined as its ability to survive and grow in the replicative
environment), and drug exposure.” In the present study, the
patient who experienced relapses after SOF-VEL treatment
was infected with HCV GT-2a, with resistance sites located
within NS3, NS5A, and NS5B. In the NS5A protein region of
the isolated viral strain SH-ZSHO1, two important reported
RASs were identified (i.e., F28S and L31M). GT-2a-based HCV
harboring the NS5A F28S mutation had significantly higher
replication ability and resistance to high concentrations of ap-
proved NS5A inhibitors than the wild-type strain.® The NS5A
L31M mutation confers resistance to velpatasvir in GT-1a and
GT-1b, whereas wild-type GT-2a constitutively contains NS5A
31M. Additionally, compared to the GT-2a reference viral
strain HC-J6 (D00944), the viral strain SH-ZSHO1 exhibited
three RASs in the NS5B region (i.e., T273A, M289L, A421V).
Among these, the prevalence of M289L in GT-2 was reported
to be 4.0%, while T273A and A421V had not previously been
reported for their resistance associations in GT-2a. A421V,
which was reported in GT-1 and GT-5,%10 can reduce drug
affinity, causing drug resistance to Beclabuvir.11:12 Resistance
mutation M289L slightly enhances the binding activity of GS-
461203 (the active form of SOF) to NS5B, yet improves the
fitness of the virus, diminishing its sensitivity to SOF.13

NS5A and NS3 RASs are frequently selected in patients
who fail NS5A or NS3 inhibitor-containing regimens. In con-
trast, NS5B nucleotide RASs are rarely detected. This rar-
ity is likely due to the highly conserved catalytic site region
where nucleotides bind, making substitutions in this region
extremely rare. Any such substitution would likely render
the virus replication incompetent. Compounding the clinical
impact of NS5A RASs is their ability to maintain high repli-
cation competence (i.e., relative fitness) in the absence of
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Fig. 2. Phylogenetic analysis of the full genome sequence of isolated SH-ZSHO1, belonging to HCV subtype 2a. The phylogenetic tree was constructed
with the complete genome of SH-ZSHO1 and 27 reference sequences, using the neighbor-joining method and the Jukes-Cantor model in MEGA 11. Bootstrap support
for the groupings was tested with 2000 replicates, and support ratios greater than 50% are indicated at the corresponding nodes. The scale bar indicates nucleotide

substitutions per position. HCV, hepatitis C virus.

continued drug pressure, allowing them to remain the domi-
nant quasispecies for prolonged periods (years) relative to
NS3 protease or NS5B nucleotide polymerase inhibitor RASs,
which are typically less fit and tend to disappear over several

months, being overcome by more fit wild-type virus species.
Although this particular RAS is often considered not clinically
relevant, and sofosbuvir may still be used for therapy even
when it is present, patients with this HCV variant may need
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Fig. 3. Genome organization, amino acid substitutions, and RASs of isolated SH-ZSHO01, belonging to HCV subtype 2a. The genome of isolate SH-ZSHO1
contains 5'UTR, 3’UTR, and a polyprotein consisting of 10 peptides (C, E1, E2, p7, NS2, NS3, NS4A, NS4B, NS5A, and NS5B). All RASs identified in SH-ZSHO1 are high-
lighted with yellow dots within the genome. Substitutions are depicted with grey dots, while RASs in NS3, NS5A, and NS5B are specifically indicated. HCV, hepatitis C virus.
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to be continually treated or have their treatment regimen
changed to obtain SVR.

SOF-VEL-VOX is a fourth-generation pangenotypic anti-
HCV oral combination therapy, coformulated with fixed-dose
combinations of SOF 400 mg, VEL 100 mg, and VOX 100
mg. It is indicated for HCV genotypes 1-6 infections, with
or without compensated cirrhosis, and for patients who have
failed treatment with certain DAA regimens. Recent studies
have reported that SOF-VOX plus RBV achieved high SVR12
rates in patients with decompensated cirrhosis and was well
tolerated.'* The primary RASs for HCV GT-2a with VOX use
are F43V and A156L/T/V. No reported RAS mutations for VOX
were found,> and no resistance mutations were associated
with VOX in the viral strain SH-ZSHO1.

In conclusion, the use of pangenotypic DAA regimens re-
mains the primary approach to meet the treatment goal of
reducing the public health burden of hepatitis C. This study
confirms the high efficacy of SOF-VEL, with most AEs being
mild and manageable. However, the findings also highlight
ongoing challenges, particularly the emergence of antiviral
resistance. The successful salvage therapy with SOF-VEL-
VOX suggests the need for healthcare providers to closely
monitor virologic responses, consider potential drug interac-
tions, and select an appropriate treatment regimen based on
the individual patient’s profile. Larger-scale studies in the fu-
ture should focus on long-term outcomes and more in-depth
explorations of AEs and resistance mechanisms.
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