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Background. The advent of short-course, curative treatment with direct-acting antivirals (DAA) has given promise for the global
elimination of hepatitis C virus (HCV) infections by 2030. Virological failure occurs in 2%-12% of persons receiving curative DAA
treatment and may be presaged by pre-existing polymorphisms or result from selection of drug resistant variants during therapy.

Methods. We conducted a systematic review to assess the prevalence of HCV resistance associated substitutions (RAS) among
individuals with chronic hepatitis C infection who had virological failure following initial or re-treatment with pan-genotypic
DAA regimens. We included 34 and 22 studies assessing RAS in people with virological failure published between January 2014
and July 2023. Pooled RAS prevalence was estimated using random-effects meta-analysis.

Results. The pooled prevalence of RAS in people with virological failure following initial DAA treatment was 78.0% (95%
confidence interval [CI]: 62.0-92.0) for sofosbuvir/velpatasvir, 81.0% (95% CI: 67.0-93.0) for sofosbuvir/daclatasvir, and 79.0%
(95% CI: 70.0-87.0) for glecaprevir/pibrentasvir, with a high prevalence of resistance to the NS5A inhibitors. Among those with
virological failure following re-treatment regimens, RAS were present in 93.0% (95% CI: 83.0-99.0) for sofosbuvir/velpatasvir/
voxilepravir and in 100% (95% CI: 92.0-100) for glecaprevir/pibrentasvir, with resistance driven by RAS to NS5A inhibitors.

Discussion. At least 1 RAS is present in a high proportion of the few individuals with virological failure following initial or re-
treatment with pan-genotypic DAA regimens. There is a need for ongoing surveillance for DAA-associated resistance, to assess risk
factors for their development and clinical impact to inform best practice strategies for re-treatment.

Keywords. pan-genotypic direct acting agents; treatment failure; resistance-associated substitutions; chronic hepatitis C virus;
initial treatment and retreatment.

The introduction of oral direct-acting antivirals (DAA) in 2014, treatment, has revolutionized hepatitis C virus (HCV) manage-

which provide potent and well-tolerated short-course curative ment and given promise for the global elimination of HCV
infection [1].

World Health Organization (WHO) recommends dual-DAA
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combination therapy targeting at least 2 distinct non-structural
proteins. The recommended pan-genotypic regimens for the ini-
tial treatment consist of the NS5B nucleoside polymerase inhibi-
tor (NPI) sofosbuvir (SOF) in combination with either the NS5A
replication complex inhibitors (NS5A) daclatasvir (DAC) or vel-
patasvir (VEL) or a dual combination of the NS5A inhibitor, gle-
caprevir (GLE) with the NS3/4A polymerase inhibitor (NS3/4A)
PI pibrentasvir (PIB) [2, 3].

The pan-genotypic DAAs recommended by WHO are highly
effective with cure rates (defined as sustained virological response
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at 12 weeks after completion of treatment) of generally >95%;
however, around 2% to 12% experience virological failure
[4-12]. Factors associated with treatment failure include prior
treatment experience with interferon regimens, poor adherence
to treatment, presence of cirrhosis, and pre-existing resistance-
associated substitutions (RAS), or polymorphisms linked to
certain subtypes which confer lower sensitivity to the exist-
ing DAAs [13, 14]. Virological failure is often associated
with selection of RAS related to the drugs used in the thera-
peutic regimen [15-17]. Although there are concerns that
RAS may limit retreatment options, some studies indicate
that increasing the duration of treatment with the same
regimen or alternative regimens may achieve cure [18-20].
Currently, only 1 pan-genotypic regimen (sofosbuvir [SOF]/
velpatasvir [VEL]/voxilaprevir [VOX]) targeting 3 drug target
sites is recommended by several professional societies for retreat-
ment after failure of initial DAA regimens [2, 3, 21, 22]. The
pan-genotypic combination GLE/PIB administered alone or
in combination with SOF is also proposed for use in those
with virological failure following use of SOF-containing
regimens and or either a PI or an NS5A inhibitor (but not
both) [2, 3].

Over the last 10 years, there have been considerable efforts
to scale up HCV diagnosis and expand access to treatment in
low- and middle-income countries (LMICs). As of 2022,
WHO estimates that 36% of those with chronic hepatitis C in-
fection have been diagnosed, and 20% treated. However, pro-
gress has been uneven, and diagnosis and treatment coverage
is lower in low- and middle-income countries, especially in
Sub-Saharan Africa (SSA) (<1%) and Southeast Asia (5%)
[1]. The availability of generic DAAs, particularly the combi-
nations of SOF/DAC and SOF/VEL, has helped improve ac-
cess to treatment due to their lower cost [23]. Although
treatment failure rates are low ranging from 2% to 12% [22],
there are concerns that in settings and populations with a
high burden of infection and/or where there are also ongoing
high rates of transmission [24], such treatment failures may be
consequential, particularly in the presence of clinically signif-
icant resistance [22]. Overall, the potential for selection of
RAS during virological failure and possible subsequent
onward transmission [15-17] in the context of limited options
in LMICs
Information on prevalence of DA A-associated drug resistance

for retreatment regimens needs attention.
mutations in those with virological failure following initial
DAA treatment or re-treatment and their clinical significance
remains scarce in resource-limited settings and is important
to inform re-treatment and appropriate prevention and mon-
itoring strategies for LMICs.

We conducted a systematic review to determine the preva-
lence of RAS among persons with chronic hepatitis C infection
with virological failure after initial or re-treatment with pan-

genotypic DAA regimens.

METHODS

Search Strategy and Selection Criteria

We conducted a systematic review by searching the available
English language literature in PubMed in accordance with
PRISM guidelines following a predefined study protocol [25].
The search terms and procedures are described in Supplementary
Appendix ppl.

Two authors (S. C. and A. L.) independently screened titles
and abstracts from the search and subsequently screened the
full texts of potentially eligible articles. We included prospec-
tive cross-sectional studies, prospective observational studies,
and randomized trials but excluded case studies and studies
that did not clearly report a denominator. We assessed the
risk of bias for each record using a modified Johanna Briggs in-
stitute critical appraisal tool for systematic reviews of preva-
lence studies [26] (Supplementary Appendix). Our primary
outcome was the prevalence of RAS following either treatment
failure (ie, failure to achieve SVR after treatment duration) or
breakthrough infection (ie, having detectable HCV RNA on
treatment after initially developing undetectable HCV RNA
levels during treatment). RAS was defined as any clinically rel-
evant mutation based on EASL 2020 mutation list [22] or by the
geno-2-pheno database [27].

To estimate the prevalence of RAS after initial treatment
failure to WHO-recommended pan-genotypic regimens we
included data from people experiencing virological failure de-
fined as having viral breakthrough or viral relapse after treat-
ment with either SOF/VEL, SOF/DAC, or GLE/PIB with or
without co-administration of ribavirin. We excluded studies
or subjects who had a history of prior DAA treatment but in-
cluded those who had been pre-treated with pegylated inter-
feron and/or ribavirin before starting DAA treatment. We
also excluded studies that did not report RAS at time of
failure.

For assessment of the prevalence of RAS in people experi-
encing failure after retreatment, we included studies from
people in whom prior DAA treatment had failed and who
were being retreated with SOF/VEL/VOX or GLE/PIB. We
excluded studies using SOF/VEL/VOX or GLE/PIB as initial
treatment and those that did not report RAS information. We
extracted RAS prevalence information, as well as study char-
acteristics (eg, study design and region) and HCV genotypes
in Microsoft Excel. Reported RAS were re-analyzed using the
EASL 2020 drug resistance mutations list [22]. In cases where
analyses had been done based on the geno-2-pheno resistance
algorithm [27], no additional re-analysis was performed. In
studies that also reported the presence of RAS present at
low abundance, we only included RAS in our analysis if
they were reported at a threshold of >15% as recommended
by other treatment guidelines [21, 28] because the clinical rel-
evance of low abundant RAS remains uncertain [29].
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Figure 1.
World Health Organization.

Study selection among patients with viral non-suppression after WHO recommended first-line direct acting antiviral treatment of hepatitis C. Abbreviation: WHO,

Data Analyses

The proportions and corresponding 95% confidence intervals
(CIs) of RAS were first transformed using Freeman-Tukey
Double Arcsine transformation to stabilize on the variances due
to sparse data [30]. The pooled prevalence was calculated using
random effects meta-analysis because high between-study vari-
ability was expected. We evaluated between-study heterogeneity
using T? statistic. We also estimated pooled RAS prevalence by
HCV genotype (GT) in cases where we had at least 2 studies.

Funding
The study was funded by the World Health Organization.

RESULTS

Prevalence of Post-treatment RAS Among Patients Treated With SOF/DAC,
SOF/VEL or GLE/PIB

Of 261 potentially eligible publications assessing the prevalence
of RAS in those with virological failure following initial DAA
treatment, 34 studies comprising 1234 patients were included
(Figure 1). These included 26 studies assessing RAS among
those where the initial regimen was SOF/DAC, 17 studies
where initial regimen was SOF/VEL, and 13 where initial regi-
men was GLE/PIB. The characteristics of the included studies
are shown in Supplementary Tables 1, 2, and 3 and quality of
evidence rating in Supplementary Tables 6-8. Most studies
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Name Year n/N ES (95% CI)

Sofosbuvir+Daclatasvir 1

Rodrigues JPV et al 2023 6/6 T @ 1.00(0.54,1.00)
Quinn N etal 2023 44 + @ 1.00(0.40,1.00)
Mushtag S etal 2022 /54 D S —— 1 0.17 (0.08, 0.29)
Wang P etal 2021 11 + @ 1.00(0.03,1.00)
Elhence A et al 2021 o015 > — 1 0.00 (0.00, 0.22)
Di Maio VC et al 2021 65/91 —e—L 0.71 (0.61, 0.80)
Isfordink CJ et al 2021 33 | @ 1.00(0.29,1.00)
Campos GRF etal 2021 6/6 1 @ 1.00(0.54,1.00)
Ruiz I etal 2021 n ! @ 1.00(0.03,1.00)
Di Stefano M et al 2021 4113 L : 0.31 (0.09, 0.61)
Fourati S et al 2020 6/6 N @ 1.00(0:54,1.00)
Dietz J etal 2020 414 T @ .00 (0.40, 1.00)
Douglas M etal 2020 2261277 —T— 0.82 (0.77, 0.86)
Fedorchenko S et al 2020 212 + @ 1.00(0.16,1.00)
Chen Qetal 2020 27135 —_—+—— 0.7 (0.60, 0.90)
Alessio L etal 2020 212 + @ 1.00(0.16,1.00)
Gozlan Y etal 2019 3/5 L 3 1 0.60 (0.15, 0.95)
Dietz J etal 2019 103/124 —l 0.83 (0.75, 0.89)
Fourati S et al 2019 212 | @ 1.00(0.16,1.00)
Minosse C et al 2018 o * 1 0.00 (0.00, 0.98)
Starace M et al 2018 n ! @ 1.00(0.03,1.00)
Dietz J etal 2018 68/82 —:Q— 0.83 (0.73, 0.90)
Bachofner J et al 2018 12 L i 0.50 (0.01, 0.99)
Salmon D et al 2018 5/6 —& 0.83 (0.36, 1.00)
Paolucei S et al 2017 414 I @ 100 (0.40,1.00)
Di Maio VC et al 2017 4i4 t @ 1.00(0.40, 1.00)

Subtotal (12 = 86.33%, p = 0.00) _ 0.81 (0.67, 0.93)

Sofosbuvir+Velpatasvir |

Quinn N etal 2023 23 L 2 L 0.67 (0.09, 0.99)
Xie Z etal 2022 33 1 @ 1.00(0.29,1.00)
Mushtag S etal 2022 4122 < ! 0.18 (0.05, 0.40)
Onofrio F et al 2021 16/18 ! Y 3 0.84 (0.60, 0.97)
Wang P etal 2021 8/9 ! < 0.89 (0.52, 1.00)
JiaYetal 2021 171 : @ 1.00(0.03,1.00)
Di Maio VC et al 2021 11/15 *— 0.73 (0.45, 0.92)
Isfordink CJ et al 2021 171 I @ 1.00(0.03,1.00)
Di Stefano M et al 2021 213 & T 0.67 (0.09, 0.99)
Fourati S et al 2020 12 < + 0.50 (0.01, 0.99)
Dietz J et al 2020 313 $ @ 1.00(0.29,1.00)
Douglas M etal 2020 21/38 <& 1 0.55 (0.38, 0.71)
Alessio L et al 2020 n 1 @ 1.00(0.03,1.00)
Gozlan Y etal 2019 1 1 @ 1.00(0.03,1.00)
Di Maio VC et al 2019 30/58 ——— 0.67 (0.54, 0.79)
Fourati S et al 2019 n I @ 1.00(0.03 1.00)
Dietz J etal 2019 51/60 —IQ— 0.85 (0.73,0.93)
Subtotal (12 = 63.94%, p = 0.00) <> 0.78 (0.62, 0.92)
|

Glecaprevir+Pibrentasvir |

Quinn N etal 2023 212 I @ 1.00(0.16,1.00)
Xie Z etal 2022 212 t @ 1.00(0.16,1.00)
Dietz J etal 2022 25/31 —_— 0.81 (0.63, 0.93)
Di Maio VC et al 2021 415 < 0.80 (0.28, 0.99)
Di Stefano M et al 2021 o1 & 1 0.00 (0.00, 0.98)
Douglas M etal 2020 26 L 1 0.33 (0.04, 0.78)
Alessio L etal 2020 11 1 @ 1.00(0.03,1.00)
D?Ambrosio R et al 2019 15 L 3 ! 0.20 (0.01,0.72)
de Salazar A etal 2020 57/85 —_—— ! 0.67 (0.56,0.77)
Pearlman B et al 2019 28/31 :—Q— 0.90 (0.74, 0.98)
Di Maio VC et al 2019 24/43 —_— | 0.56 (0.40, 0.71)
Flamm S etal 2018 17119 ————T & —— 0890067099
Dietz J etal 2019 1112 T <& 0.92 (0.62, 1.00)

Subtotal (12 = 61.92%, p = 0.00) 0 0.78 (0.64, 0.90)

Heterogeneity between groups: p = 0.901 |

Overall ("2 =78.97%, p = 0.00); <> 0.79 (0.70, 0.87)

2 3

Proportion of patients failing HCV DAA therapy with resistance

Figure 2. Prevalence of post-treatment RAS among patients treated with SOF/DAC, SOF/VEL, or GLE/PIB as initial regimen. Abbreviations: Cl, confidence interval; DAC,
daclatasvir; ES, effect size (odds ratio); GLE, glecaprevir; 2, heterogeneity quantified using the I statistic; PIB, pibrentasvir; RAS, resistance associated substitution; SOF,
sofoshuvir; VEL, velpatasvir.

1440 « CID 2024:79 (15 December) « Inzaule et al



Table 1. Prevalence of HCV Resistance Associated Substitutions Among Patients in Whom WHO-recommended First-line DAA Treatment is Failing
Drug Target Region (%, 95% Cl)

DAA Regimen No. of Studies All NS5A NS5B NS53/4A

SOF/VEL 17 78.0 (62.0-92.0) 72.0 (565.0-88.0) 0.0 (0.0-8.0)*

SOF/DAC 26 81.0 (67.0-93.0) 81.0 (66.0-93.0) 0.0 (0.0-10.0)®

GLE/PIB 13 78.0 (64.0-90.0) 72.0 (57.0-85.0) 22.0 (8.0-39.0)

Abbreviations: Cl, confidence interval; DAC, daclatasvir; GLE, glecaprevir; PIB, pibrentasvir; SOF, sofosbuvir; VEL, velpatasvir.

“Reported by only 13 of 17 studies.
Reported by only 24 of 26 studies.

Table 2. Prevalence of Resistance Associated Substitutions Among Patients in Whom WHO-recommended First-line DAA Treatment Is Failing Across

HCV Genotypes

GT1 GT2 GT3 GT4 GTb5 GT6
N?® % (95% Cl) N? % (95% Cl) N? % (95% Cl) N® % (95% Cl) N* % (95%Cl) N? % (95% Cl)
SOF/VEL 5 74.0(52.0-92.0) 1 40(12.2-73.8)°> 10 72.0(44.0-940) 2 88.0(37.0-1000 O 2 100 (21.0-100)
SOF/DAC 10  90.0 (68.0-100) 2 100 (21.0-100) 18 80.0(62.0-95.00 3 91.0(26.0-100) O 1 0 (0-97.5)°
GLE/PIB 4 96.0(82.0-100) 3  23.0(9.0-39.0) 10 80.0 (66.0-92.0) 1 0(0-97.5)° 0 0

Abbreviations: Cl, confidence interval; DAA, direct-acting antiviral; DAC, daclatasvir; GLE, glecaprevir; HCV, hepatitis C virus; PIB, pibrentasvir; SOF, sofosbuvir; VEL, velpatasvir; WHO, World

Health Organization.
“Number of studies.
®Included only 1 study and thus no meta-analyses was performed.

reported data on GT1 and GT3. Data were rated as limited for
GT2 and severely limited for GT4, 5, 6 and 7 (Supplementary
Tables 1-3, 12). Most studies were from the WHO European
Region (18/34); and importantly there were no studies from
the WHO African region (Supplementary Tables 1-3, 11).
The overall pooled prevalence of RAS among people not cured
by the initial DAA treatment was 79.0% (95% CI: 70.0%-87.0%)
overall; 81% (95% CI: 67%-93%) for those treated with
SOF/DAC, 78.0% (95% CIL: 62.0%-92.0%) for SOF/VEL, and
78.0% (95% CI: 64.0%-90.0%) for GLE/PIB (Figure 2, Table 1).
Among those receiving SOF-based regimens, RAS prevalence
was driven by high-level resistance to NS5A inhibitor drugs:
81.0% (95% CI: 66.0-93.0) for DAC-containing regimens and
720% (95% CI: 55.0-88.0) for the SOF/VEL combination
(Table 1). Resistance to SOF was rare, estimated at 0% (95%
CI: .0-8.0) for those receiving SOF in combination with DAC,
and 0% (95% CI: .0-10) for those receiving a VEL-containing
regimen (Table 1). For participants with virological failure fol-
lowing GLE/PIB, drug resistance was similarly driven by high-
level resistance to the NS5A inhibitor PIB (72.0%, 95% CI:
57.0-85.0), whereas resistance to the NS3/4A PI GLE was 22%
(95% CI: 8.0-39.0) (Table 1). Data on prevalence of drug resis-
tance by genotype are shown in Table 2, whereas frequency of
mutations by genotype is shown in Supplementary tables 15-17.
Of 138 potentially eligible studies assessing RAS in people
with virological failure after retreatment, 22 eligible studies com-
prising a total of 124 patients were included in the analyses
(Figure 3). Of these, 13 studies were in patients receiving SOF/
VEL/VOX, and 7 in patients receiving GLE/PIB. The

of the
Supplementary Tables 4-5 and quality of evidence in

characteristics included studies are shown in
Supplementary Tables 9-10. Most of the studies were conducted
in the WHO European region, the Region of the Americas, and
the Western Pacific region. There were no retreatment studies
from the WHO African region (Supplementary Table 13). All
studies assessing GLE/PIB retreatment were from patients in-
fected with GT1, whereas studies assessing retreatment out-
comes among patients receiving SOF/VEL/VOX were mostly
from patients infected with either GT1 (11) or GT3 (8), with
only few studies reporting on those infected with GT4 (4) and
none from those infected with GT2, 5, 6, or 7 (Supplementary

Table 14).

Prevalence of Post-treatment RAS Among Patients Re-treated With SOF/
VEL/VOX or GLE/PIB

The overall pooled prevalence of RAS among people not cured by
the retreatment DAA regimen was 96.0% (95% CI: 89%-100%),
being 93.0% (95% CI: 83.0%-99.0%) after SOF/VEL/VOX
retreatment, and 100% (95% CI: 89.0%-100%) after GLE/PIB re-
treatment (Figure 4, Table 3). Among those with SOF/VEL/VOX
failure, the high levels of RAS were mainly to the NS5A inhibitor
VEL, 84.0% (95% CI: 73.0-93.0) (Table 3). The prevalence of resis-
tance to the NS3/4A PI, VOX was 50.0% (95% CI: 27.0-74.0), and
to the NS5B inhibitor, SOF was 6.0% (95% CI: .0-27.0) (Table 3).
For patients with GLE/PIB virological failure, resistance was sim-
ilarly driven by high levels of RAS to the NS5A inhibitor PIB;
97.0% (95% CI: 82.0-100), whereas RAS to the NS3/4A PI, GLE
was 56.0% (95% CI: 34.0-76.0) (Table 3). Data on the prevalence
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Figure 3.  Study selection among patients with viral non-suppression after retreatment with WHO recommended second-line direct acting antiviral treatment of hepatitis

C. Abbreviation: WHO, World Health Organization.

of RASby HCV genotype is shown in Table 4, and the frequency of
mutations by genotype is shown in Supplementary Tables 18-19.

DISCUSSION

We report a high prevalence of RAS in persons with chronic hep-
atitis C infection with virological failure following either initial
treatment or re-treatment with WHO-recommended pan-
genotypic DAA regimens. Overall, drug resistance was driven
by RAS to NS5A inhibitors and was higher in those with virolog-
ical failure following re-treatment, with only a few patients exhib-
iting resistance to the NS5B anchor drug SOF.

Our findings of high RAS prevalence among persons with vi-
rological failure following initial DAA treatment are consistent
with previous reports from clinical trials [31].

A pooled analysis of RAS data from phase III clinical trials
(ASTRAL-1-3, ASTRAL-5, and POLARIS-2-3) in patients with
SOF/VEL failure reported a RAS prevalence of 93%-100% across
GT 1-6 with no SOF resistance [31]. Similarly, we observed min-
imal differences in RAS prevalence between genotypes, although
the sample size of pooled analyses for some GTs was low. Data
were mainly available for GT1, GT3, GT4, and GT6 with RAS
prevalence ranging from 68% for GT3 and 100% for GT6. Our
findings are also consistent with data from the ALLY-3 phase III
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Name Year n/N

Sofosbuvir +Velpatasvir+Voxilaprevir

ES (95% Cl)

*

0.67 (0.09, 0.99)
0.80 (0.52, 0.96)
1.00 (0.48, 1.00)
0.85 (0.69, 0.94)

L 2

—_—

1.00 (0.03, 1.00)

L R 2

1.00 (0.03, 1.00)

Quinn N et al 2023 2/3
Smith DA et al 2021 12/15
Garcia—Cehic D et al 2021 5/5
Dietz J et al 2021 33/39
de Salazar A et al 2020 1/1
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Figure 4. Prevalence of post-treatment RAS among patients re-treated with SOF/VEL/VOX or GLE/PIB. Cl, confidence interval; DAC, daclatasvir; ES, effect size (odds ratio);
GLE, glecaprevir; I, heterogeneity quantified using the I statistic; PIB, pibrentasvir; SOF, sofosbuvir; VEL, velpatasvir; VOX, voxilaprevir.

Table 3. Prevalence of HCV Resistance Associated Substitutions Among Patients in Whom WHO-recommended Second-line DAA Treatment Is Failing

Drug Target Region (%, 95% CI)

DAA Regimen No. of Studies All NS5A NS5B NS53/4A
SOF/VEL/VOX 138 93.0 (83.0-99.0) 84.0 (73.0-93.0) 6.0 (0.0-27.0)° 50.0 (27.0-74.0)°
GLE/PIB 7 100.0 (92.0-100) 97.0 (82.0-100) 56.0 (34.0-76.0)

Abbreviations: Cl, confidence interval; DAA, direct-acting antiviral; GLE, glecaprevir; HCV, hepatitis C virus; SOF, sofosbuvir; PIB, pibrentasvir; VEL, velpatasvir; VOX, voxilaprevir; WHO, World

Health Organization.
#Reported only by 11 of 13 studies.

clinical trial in patients with SOF/DAC failure where a high prev-
alence of NS5A inhibitor RAS and a low prevalence of NS5B RAS
were reported [32]. The low prevalence of SOF resistance in per-
sons with virological failure following treatment is attributed to
its high genetic barrier and the impact of NS5B mutations on viral
fitness, which also explains the rapid reversion of NS5B RAS upon
cessation of treatment [33, 34]. In contrast, NS5A inhibitor RAS

have been shown to persist for more than 5 years after treatment
cessation due to low fitness cost to the virus [35, 36], which may
negatively impact retreatment with the same regimen [37] as
well as increase the risk of possible onward transmission of
drug-resistant virus [15-17]. The high level of RAS to NS5A inhib-
itors may also be due to the presence of clinically relevant poly-
morphisms which may exceed 10% in some genotypes [38].
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Table 4. Prevalence of Resistance Associated Substitutions Among Patients in Whom WHO-recommended Second-line DAA Treatment Is Failing Across

HCV Genotypes

GT1 GT2 GT4 GTb5 GT6
N® % (95%Cl) N* % (95%Cl)  N? % (95%Cl) I\ % (95%Cl) N* % (95%Cl)  N* % (95%Cl)
SOFNVELNVOX 11 90.0 (74.0-100.0) 0 8 95.0 (79.0-100) 4 82.0 (17.0-100) 0 0
GLE/PIB 7 100.0 (92.0-100) 0 0 0 0 0

Abbreviations: Cl, confidence interval; DAA, direct-acting antiviral; GLE, glecaprevir; HCV, hepatitis C virus; PIB, pibrentasvir; SOF, sofosbuvir; VEL, velpatasvir; VOX, voxilaprevir; WHO, World

Health Organization.

“Number of studies.

We estimated absolute number of potential treatment failures
and those with RAS to specific drug classes, assuming cure rates
0f94% and 91% reported from meta-analyses or large studies for
SOF/VEL [4] and SOF/DAC [39], respectively, and if one mil-
lion people are treated with these DAA regimens annually.
The absolute number expected to not achieve SVR with DAA
therapy would be between 60 000 and 90 000 people of which be-
tween 47 000 and 73 000 would have drug resistance mutations
predominantly to the NS5A inhibitor drug class, but only 1000
would have resistance to SOF. Overall, the high prevalence of
NS5A-RAS reported among persons with virological failure af-
ter initial treatment with pan-genotypic DAA regimens raises
uncertainties for retreatment with the same regimen or with
an NS5A inhibitor containing dual regimen and hence multi-
drug resistance [37, 40].

The observed level of resistance to GLE and PIB is also con-
sistent with previous reports [41]. GLE has a higher genetic bar-
rier to the selection of RAS, which is reflected in the lower
prevalence of NS3/4A PI RAS observed in this review.
Overall, given the high cure rates associated with GLE/PIB
(97%), it would be expected that comparatively few of the pa-
tients with GLE/PIB virological failure (estimated at about
23 400 patients per one million patients) will harbor RAS com-
pared to other DAAs.

High cure rates have also been reported for the widely
adopted retreatment—96.4% for GLE/PIB and 88% for the tri-
ple combination SOF/VEL/VOX [42, 43]. However, these reg-
imens are not yet available as generic products and there is
therefore limited access in LMICs. Despite the high SVR rates
with retreatment, a high proportion of the few who fail to
achieve cure will have RAS. As with those failing initial DAA
treatment, levels of drug resistance during retreatment are
mainly driven by RAS to NS5A inhibitors. Among those
with virological failure following retreatment with GLE/PIB,
nearly 1 in every 2 had RAS to the NS3/4A PI GLE. Based on
the assumption that 4%-12% of people retreated with GLE/
PIB or SOF/VEL/VOX, respectively may not be cured, it is es-
timated that 4000-10 800 of 100 000 individuals retreated with
these regimens would have RAS. Our analyses however did
not differentiate between resistance emerging during initial
treatment failure and after retreatment; therefore, we cannot

ascertain the proportion of RAS that is directly attributable
to the retreatment regimens. Overall, there is need for further
data to guide retreatment strategies for these patients that may
include extending the duration of therapy and/or use of riba-
virin or in the case of patients initially failing GLE/PIB retreat-
ment, the addition of SOF as was observed in MAGELLAN-3
trial [44].

Expanded access to testing and treatment will be key to
achieve the 2030 HCV elimination targets of 90% testing and
diagnosis coverage of those infected and 80% treatment cover-
age of those diagnosed. This should be complemented by strat-
egies to prevent selection of RAS through use of DAA regimens
with a high genetic barrier to the selection of drug resistance,
especially in populations with hard-to-treat non-epidemic ge-
notypes, such as GT 11, 3b, 3g, 4r, 6u, and 6v, promotion of op-
timal adherence, establishing the presence of cirrhosis using
non-invasive tests such as APRI score or transient elastography
to guide appropriate treatment duration, the use of ribavirin as
well as routine monitoring of SVR rates and population-level
sentinel surveillance of RAS [2, 3].

Our analysis has important limitations. First, our review only
included studies that had access to and reported data on drug
resistance and included only publications in English language
and studies from certain regions would therefore not be repre-
sented. As a result, we did not evaluate for regional variations,
and the assessment of RAS by genotype was limited by small
numbers with some of rarer genotypes in the pooled analyses.
The lack of data on RAS and of overall treatment efficacy with
respect to non-epidemic genotypes (those with a limited distri-
bution, eg, 4r and 3b as compared to epidemic, which have a
global distribution) may have implications for treatment out-
comes as DAAs are rolled out in regions where non-epidemic
genotypes predominate [45-47]. Comparatively lower efficacy
has been observed in 2 available trials involving the use of first-
generation NS5A containing DAAs in regions where GT3b and
GT4r are prevalent [48]. Similarly, studies conducted in mi-
grant communities in the global north have shown sub-optimal
cure rates for people infected with non-epidemic genotypes
[49-52]. The lower SVR rate with non-epidemic genotypes
treated with NS5A-based DAA has been attributed to intrinsic
high levels of clinically relevant polymorphisms in these
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genotypes [53]. Overall, our review and other studies highlight
the need for more empirical data, complemented by modelling
studies on SVR rates and the prevalence of RAS in regions
where non-epidemic genotypes predominate as DAA treat-
ment becomes more widely available in these settings [6, 46].

Some studies have shown that SVR can be achieved in some
patients despite the presence of RAS [18-20], indicating that
that the clinical relevance of the high prevalence of RAS ob-
served in this and other analyses may be overestimated.
There is a need for further studies to differentiate between vi-
rological failure attributable to RAS versus other factors to in-
form management strategies, which may include adherence
support, retreatment with newer DA As, extending the duration
of treatment with same regimen, or the addition of ribavirin.
There is also a need to determine the role of subtypes in retreat-
ment strategies.

Finally, the high degree of heterogeneity observed in this
analysis due to low sample sizes for certain genotypes can be
addressed through ongoing strategies to promote pooling of
data to provide more precise estimates of RAS prevalence.
Opportunities to contribute data to pooled databases, such as
the SHARED database [14, 54], will enable additional analyses
on the patterns and corelates of RAS globally and across differ-
ent genotypes. Moreover, there is a need to establish simple,
sentinel surveillance to determine the prevalence and patterns
of RAS, especially in Africa where endemic/non-epidemic ge-
notypes are common and for which information on RAS is
very limited.

In summary, our analyses show that resistance associated
mutations are common among the small proportion of patients
with virological failure following initial or re-treatment using
WHO-recommended DAAs. The findings of this review high-
light the need for surveillance of DAA-associated resistance, to
assess risk factors for their development and clinical impact to
inform best practice strategies for re-treatment.
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