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Impact of an Open Access Nationwide
Treatment Model on Hepatitis C Virus
Antiviral Drug Resistance
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Direct acting antivirals (DAAs) have revolutionized hepatitis C virus (HCV) treatment, but drug resistance could un-
dermine proposed global elimination targets. Real-world studies are needed to inform the impact of widespread DAA
treatment on antiviral resistance in the community. The prevalence and range of posttreatment resistance-associated
substitutions (RASs) was determined in Australian patients with open access to DAAs through a wide range of pre-
scribers. NS3, NS5A, and NS5B regions were amplified by polymerase chain reaction and analyzed by population
sequencing. Clinically relevant RASs were identified using online databases (ReCALL and Geno2Pheno[hcv]). Of 572
samples, 60% were from genotype 3 and 27% from genotype la. Ninety-two percent of people failed a DAA regimen
containing an NS5A inhibitor, including 10% with a pangenotype regimen. NS5A RASs were detected in 72% of peo-
ple with genotype 1 and 80% with genotype 3. For genotype 1, there was a range of RASs across the NS5A region,
while for genotype 3, the YO3H RAS predominated (72%). The prevalence of NS3 RASs was higher in people exposed
to an NS3 inhibitor (35% vs. 3.9%; P < 0.0001). NS5B resistance was rare, with a single case of sofosbuvir resistance.
Multiclass drug resistance was found in 33% of people exposed to both NS3 and NS5A inhibitors. Conclusion: The
high prevalence of NS5A RASs among people failing DAA therapy reinforces the importance of specific retreatment
regimens, ideally guided by resistance testing. The impact of multiclass drug resistance on retreatment in people ex-
posed to both NS3 and NS5A inhibitors needs to be assessed in real-world studies. Surveillance for increasing anti-
viral resistance during treatment scale-up is essential to maintain the efficacy of current DAA regimens. (Hepatology
Communications 2020;4:904-915).

epatitis C virus (HCV) is a leading cause
of cirrhosis and hepatocellular carcinoma,
with over 70 million people chronically
infected.!!) The advent of potent and well-tolerated
oral direct acting antivirals (DAAs) has revolution-
ized treatment, providing cure rates of over 95% fol-
lowing 8-24 weeks of therapy, with minimal adverse

effects.’). DAAs are grouped into the NS3/4A
protease inhibitors, NS5A inhibitors, and NS5B
polymerase inhibitors. Most modern HCV treatment
regimens combine an NS5A inhibitor with one or
two drugs from other classes.

Global elimination of HCV is now achievable,
and the World Health Organization has set targets

Abbreviations: DAA, direct acting antiviral; EC50, half-maximal effective concentration; HCV, hepatitis C wvirus; IFN, interferon; PCR,
polymerase chain reaction; PrOD, paritaprevir/ritonavir/ombitasvir + dasabuvir; RAS, resistance-associated substitution.
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of an 80% reduction in HCV incidence and a 65%
reduction in HCV-related deaths by 2030.%) One
potential barrier to elimination is the emergence of
antiviral resistance (particularly among people who
fail therapy) with transmission of drug-resistant
viruses. Resistance-associated substitutions (RASs)
occur in all regions of the virus genome targeted by
current DAAs. Although the prevalence of RASs
is relatively low among persons who are treatment
naive,”) the majority who fail DAA therapy develop
resistant viruses in clinical trials.>® NS5A RASs are
the most clinically relevant as they have been shown
to reduce cure rates, particularly among difficult to
treat patients, such as those with genotype 3 infection
and/or cirrhosis.”® Importantly, as NS5A RASs have
minimal impact on viral fitness, they may persist for
years, perhaps forever.®?

There is remarkably little real-world data on HCV
resistance among patients failing modern oral DAA
regimens. Such data are crucial to understanding the
clinical importance of HCV RASs for disease elim-
ination.’” In March 2016, Australia became the
first country to offer universal access of DAAs to all
persons infected with HCV, with no restrictions for
fibrosis stage or high-risk behaviors. The Australian
Government negotiated a unique volume-based
agreement for unlimited access to HCV drugs,™" the
so-called “Netflix Model.”"? Prescribing by commu-
nity health care providers was encouraged to facilitate
treatment scale-up and provide access for margin-
alized populations. These open access models are
essential to achieve HCV elimination but at the same
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time increase the likelihood of poor adherence among
patient groups who are usually excluded from clinical
trials, including those from drug and alcohol and opi-
oid substitution therapy settings.

The introduction of the open access model in
Australia led to a massive increase in community-
based DAA prescribing, with approximately 33% of
persons with chronic HCV infection receiving treat-
ment by the end of 2018.% This makes Australia an
ideal location to study the impact of DAA treatment
on the emergence of resistance under an open access
model. Furthermore, Australia has a higher prevalence
of genotype 3 infection (~33%) than most developed
countries, broadening the global relevance of our
findings.

We found a high prevalence of NS5A resistance
among Australian patients failing DAA therapy, partic-
ularly among those with genotype 3 infection. Almost
all had failed a modern interferon (IFN)-free DAA
regimen containing an NS5A inhibitor. Multiclass drug
resistance was common among those failing regimens

containing both NS3 and NS5A inhibitors.

Materials and Methods

RNA EXTRACTION AND REVERSE
TRANSCRIPTION

Plasma from patients across Australia with detect-
able HCV RNA in plasma more than 12 weeks after
completing DAA therapy was collected, transported,
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and stored at -80°C at Westmead Hospital, Sydney.
Viral RNA extraction was performed using a QiaAMP
Viral RNA kit (QIAGEN). Reverse transcription
of viral RNA was performed with Superscript II
(Thermo Fisher Scientific) to produce complementary
DNA according to the manufacturer’s instructions.

POLYMERASE CHAIN REACTION
AMPLIFICATION OF NS3, NS5A,
AND NS5B

A two-step polymerase chain reaction (PCR)
was performed to amplify NS3, NS5A, and NS5B
sequences using primers and protocols derived
from our recent systematic review.'¥ The NS3 and
NS5A regions were amplified and sequenced using
published protocols.(ls’lé) The NS5B region was
amplified and sequenced using in-house primers
(forward ACCCGCTGYTTYGACTCVAC; reverse
GACASGCTGWGATADATGTC). We validated
the performance of our PCR assays using Australian
Reference Laboratory standards and confirmed NS5A
PCR sensitivity of 100% for HCV genotype 1la
(10,000 IU/mL), genotype 1b (10,000 IU/mL), and
genotype 3a (100,000 IU/mL). Similar sensitivities
close to 100% were confirmed for the NS3 and NS5B
assays.

SEQUENCING AND ANALYSIS

Samples were separated on a 1.5% agarose gel,
stained with GelRed, and visualized under ultra-
violet light. Bands corresponding to the predicted
sizes of NS3, NS5A, and NS5B were excised, puri-
fied (Wizard SV Gel and PCR Clean-Up System;
Promega Corporation), and submitted for Sanger
sequencing to the Australian Genome Research
Facility. Sequences were analyzed for the pres-
ence of NS5A RASs using ReCALL (http://pssm.
cfenet.ube.ca/)?” and NS3 or NS5B RASs using
Geno2Pheno[hev].™® Clinically significant RASs
were identified based on consensus reports and
international guidelines.(7’8’19)

DATA ANALYSIS

Data on patient demographics, treatment history,
and liver fibrosis stage were collected from request
forms sent by referring clinicians. Data were analyzed
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using R and GraphPad Prism v8. Univariate analyses
were performed using Fisher’s exact test or Wilcoxon
rank-sum test as appropriate, with results presented
as numbers (%) or mean, respectively; P < 0.05 was
considered statistically significant.

ETHICS APPROVAL

The protocol was approved by the Western Sydney
Local Health District Human Research and Ethics
Committee (LNR/17/WMEAD/484). Consent was
waived due to the low-risk nature of the project and
the large number of sites across the country, many
with only 1 or 2 patients. This institutional ethics
committee complies with the Declaration of Helsinki.

Results

PATIENT COHORT AND
CHARACTERISTICS

Between January 1, 2017 and June 30, 2019, we
analyzed blood samples referred from over 90 centers
(representing all states and territories in Australia)
from 572 patients who had failed DAA treatment.
Based on details of the referring clinician, approxi-
mately 75% of samples were referred from hospitals,
with the other 25% coming from community provid-
ers, sexual health clinics, or prisons.

Based on Australian prescription data, approx-
imately 70,000 people were treated during the time
frame of our study,®” with a sustained virologic
response rate of approximately 969.%Y) Assuming a
4% failure rate, this equates to approximately 2,800
DAA failures, so our cohort of 572 represents approx-
imately 20% of all DAA failures in Australia, a highly
representative sample.

Of the patients, 455 were men and 117 were
women, with the mean age of men and women being
54.7 and 53.6 years, respectively. Rates of cirrhosis
were similar in male patients (41.9%) and female
patients (42.6%) (based on transient elastography or
liver biopsy). The mean age of male patients with
cirrhosis was 57.1 years compared with 50.7 years
for those without cirrhosis (P < 0.01) (Table 1). For
temale patients, the average ages for those with and
without cirrhosis were 59.9 years and 51.5 years,

respectively (P < 0.01).
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TABLE 1. SUMMARY OF PATIENTS FAILING DAA THERAPY, INCLUDING AGE AND CIRRHOSIS STATUS

(WHERE AVAILABLE)
Sex Total Mean Age (years) Cirrhosis (%) Mean Age Cirrhosis (years) Mean Age Without Cirrhosis (years)
Male 455 53.6 147/351 (41.9) 57.1 50.7
Female 117 54.7 40/94 (42.6) 59.9 51.5
----------------------------------------------------------- TABLE 2. SUMMARY OF PREVIOUS DAA
TREATMENTS BY HCV GENOTYPE
gt4 9té
Genotype la 1b 2 3 4 6 Total
Sofosbuvir + daclatasvir 15 3 1 257 0 1 277
gtla Sofosbuvir/ledipasvir 9% 16 0 2 1 3 13
Sofosbuvir/velpatasvir 7 1 3 38 0 3 52
Elbasvir/grazoprevir 27 1 0 6 4 0 38
Sofosbuvir + ribavirin 0 0 20 0 0 0O 20
PrOD 7 2 0 2 1 2 14
Glecaprevir/pibrentasvir 1 1 0 4 0 O 6
gt1 b Sofosbuvir/velpatasvir/ 0 0 0 2 0 O 2
voxilaprevir
gt3 gt2 Other 2 8 0 3 1 1 15
Unknown 0 2 0 9 0 1 12
Total 153 34 24 343 7 1 572

FIG. 1. Genotype distribution of HCV isolates from patients
failing DAA therapy (absolute number for each genotype).
Abbreviation: gt, genotype.

HCV GENOTYPES

The distribution of HCV genotypes among patients
failing DAA therapy is summarized in Fig. 1. Of the
572 patients, 153 (26.7%) were infected with HCV
genotype 1a, 34 (5.9%) with genotype 1b, 24 (4.2%)
with genotype 2, 343 (60%) with genotype 3, 7 (1.2%)
with genotype 4, and 11 (1.9%) with genotype 6.

DAA REGIMEN BY HCV GENOTYPE

For patients who failed DAAs, the regimens used
for each genotype are shown in Table 2. Sofosbuvir/
ledipasvir was the most common treatment regimen for
genotype 1la, while sofosbuvir + daclatasvir was the most
common regimen for genotype 3a. For genotype 2, most
patients were treated with sofosbuvir and ribavirin as
subsidized daclatasvir was not approved for genotype 2.

RAS PREVALENCE BY HCV
GENOTYPE

Successful sequencing and RAS analysis was

achieved in 556/572 (97.0%), 499/572 (87.2%), and

521/572 (91.1%) patients for NS5A, NS3, and NS5B
regions, respectively. The majority of patients dis-
played one or more RASs in the NS5A region of the
HCV genome, but the prevalence of RASs in NS3
or NS5B was much lower (Fig. 2). When calculat-
ing RAS prevalence, as the denominator we used the
number of patients for whom successful sequencing
was available for that gene region.

For NS5A (Fig. 2A), the prevalence of RASs was
72.5% (108/149) for genotype 1la, 68.8% (22/32) for
genotype 1b, 26.1% (6/23) for genotype 2, 79.8%
(268/336) for genotype 3, 71% (5/7) for genotype 4,
and 36.4% (4/11) for genotype 6. Of note, although
most patients failed a DAA combination that included
an NS5A inhibitor, 19/23 patients with genotype 2
did not because they had been treated with sofosbuvir
(NS5B inhibitor) and ribavirin. Among patients with
genotype 2, NS5A RASs were detected in 2/4 (50%)
patients who had been exposed to an NS5A inhibitor
and 4/19 (21%) in those who had not.

For NS3 (Fig. 2B), the prevalence of RASs was
21.6% (30/139) for genotype la, 12.5% (4/32) for
genotype 1b, 5.6% (1/18) for genotype 2, 1.4% (4/287)
for genotype 3, 14.3% (1/7) for genotype 4, and 0%
(0/8) for genotype 6. For NS5B (Fig. 2C), the preva-
lence of RASs was 4.2% (6/142) for genotype 1la and
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FIG. 2. Proportion of isolates from each genotype with detectable RASs in (A) NS5A, (B) NS3, or (C) NS5B.

0.6% (2/309) for genotype 3. NS5B RASs were not

detected in other genotype infections.

NS5A RASs
RASs in the NS5A region are the most clini-

cally relevant as all modern DAA regimens contain

an NS5A inhibitor. NS5A RASs impair response to
retreatment with most first-line DAA regimens.*?
Furthermore, they have minimal effect on viral fitness
and may persist for months to years after DAA failure,
providing potential for transmission of drug-resistant

viruses. &34

A full list of NS5A RASs detected among patients
with all genotypes is provided in Supporting Table S1.
For patients with common genotypes (genotypes 1 or
3), we performed a more detailed analysis of NS5A
RASs, summarized in Fig. 3. Among patients with
HCV genotype 1a who failed DAA therapy, 108/149
(72.5%) had RASs detected at residues K24, M28,
Q30, L31, H58, or Y93. Sixty-two patients (42%)
with genotype la infection had an RAS at a single
residue, 37 patients (25%) had RASs at two different
residues, 5 patients (3.3%) had RASs at three residues,
and 4 (2.7%) had RASs at four residues (Fig. 3A).
Among patients with HCV genotype 1b who failed
DAA therapy, 22/32 (68.8%) had RASs detected at
residues R30, L31, P58, or Y93. Ten patients with
genotype 1b infection (31%) had an RAS at a single
residue, 10 patients (31%) had RASs at two different
residues, and 2 patients (6.3%) had RASs at three res-
idues (Fig. 3B).

Of the 336 patients with HCV genotype 3 who
failed DAA therapy and had NS5A sequence data
available, 327 had received treatment with an NS5A
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inhibitor. Overall, 268/336 patients (79.8%) had
detectable RASs. Of these, 229 (68%) had an RAS on
a single residue, 36 (11%) had RASs on two separate
residues, and 3 (0.9%) had RASs on three separate resi-
dues (Fig. 3C). The prevalence of NS5A RASs among
patients with genotype 3 who failed sofosbuvir +
daclatasvir was 88% (226/257), compared to 55%
(21/38) among patients who failed sofosbuvir/
velpatasvir. This difference was statistically significant,
with an odds ratio of 6 (P < 0.001). All 6 patients
with genotype 3 who failed elbasvir/grazoprevir had
NS5A RASs, as did the 2 patients who failed parita-
previr/ritonavir/ombitasvir + dasabuvir (PrOD). Two
of the 4 patients with genotype 3 who failed pibrent-
asvir/glecaprevir (50%) had NS5A RASs; 1 had A30K
and Y93H, and the other had Y93H in NS5A plus
two RASs in NS3 (Y56H, D168R).

Concerning the distribution of RASs, patients
with genotype 1 had a wide range of RASs across
the NS5A region, while patients with genotype 3
predominantly had substitutions at residue 30 or 93
(Fig. 3C). For genotype 3, 178/336 patients (53.0%)
had a single substitution at residue 93, most of these
(175/178) were the Y93H substitution. Patients
with genotype 3 were significantly more likely
to have a single RAS than those with genotype
1 (P < 0.0001). For the small number of patients
with genotype 1b, there was a trend toward multiple
RASs compared to genotype la, but this was not
statistically significant (P = 0.35).

NS3 RASs
We identified NS3 RASs in 7.8% (39/499) of

patients for whom NS3 sequence data were available,
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FIG. 3. Distribution of RASs in patients infected with HCV with (A) genotype 1a, (B) genotype 1b, or (C) genotype 3, who failed DAA

therapy, including sites of substitutions. Expected EC50 fold changes for common RASs are included for the most commonly used NS5A
inhibitors. Abbreviations: DAC, daclatasvir; LDV, ledipasvir; VEL, velpatasvir.
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TABLE 3. LIST OF NS3 RASS AMONG PEOPLE FAILING DAAS, STRATIFIED BY EXPOSURE TO NS3

INHIBITORS
NS3 Inhibitor Naive ProOD Elbasvir/ Grazoprevir
RAS Frequency RAS Frequency RAS Frequency
L30S 1 Q80K 1 V55A 1
V55A 1 R155K 1 Y56F 1
Y56F 1 V55A, Q80K 1 Y56H 2
Q80K 4 V55A, D168A 1 Q80K 1
Q80L 1 Q80K, R155T, D168A 1 D168A 2
S1226G 4 V36M, Q80K, D168A 1 D168L 1
D168K 1 Y56H, S122N, D168V 1 170V 1
QT68R 1 A156T,D168N 1
1170V 1 V55A, D168A 1
T54S,A155K 1 Y56H, D168A 1
D168H,V170A 1 Y56H, D168V 1
V36M,Y56H, D168A 1
V55A, Q80K, D168A 1
Total 17 Total 7 Total 15
RAS Prevalence 17/432 (3.9%) 7/14 (50%) 15/43 (35%)

mostly in patients with genotype 1 infection (Fig. 2B).
Of the 39 patients with NS3 RASs, 22 (56%) had
failed an oral regimen containing an NS3 inhibitor:
7 had failed PrOD, and 15 had failed elbasvir/
grazoprevir, including 1 patient who failed sequen-
tial treatment with PrOD then elbasvir/grazoprevir.
One patient with genotype 3a had failed glecaprevir/
pibrentasvir. The range of NS3 RASs for each treat-
ment group is summarized in Table 3.

There was an increased rate of NS3 resistance among
patients exposed to an oral regimen containing an NS3
inhibitor, with an odds ratio of 13.4 (P < 0.0001).
Overall, the prevalence of NS3 RASs was 35% (22/62)
among patients who had been exposed to an oral regi-
men containing an NS3 inhibitor compared with 3.9%
(17/437) for patients who had not. For patients with
genotype la infection, among 33 patients treated with
an oral regimen containing an NS3 inhibitor, the preva-
lence of NS3 RASs was 58% (19/33) compared to 10%
(11/106) for those who had not, an odds ratio of 11.7
(P < 0.0001). Comparing regimens, the prevalence of
NS3 RASs was 50% (7/14) for patients failing PrOD,
35% (15/43) for patients failing elbasvir/grazoprevir, and
17% (1/6) for patients failing glecaprevir/pibrentasvir.

NS5B RASs

Among the 521 patients for whom NS5B data are
available, NS5B RASs were detected in 8 patients

910

(1.5%); 6 were in patients with genotype 1a (4% prev-
alence) and 2 with genotype 3 (1%) (Fig. 2C).

Among the 14 patients exposed to the non-
nucleotide NS5B inhibitor dasabuvir (in PrOD), 3
(21%) had detectable dasabuvir RASs in NS5B. The
first patient had Y5611 and S556G substitutions, the
second had a single RAS (S556G), while the third
patient had N444D and A553X RASs.

There was a single sofosbuvir RAS detected in a
patient with genotype 3a who had failed treatment
with sofosbuvir and daclatasvir. The clinically signif-
icant sofosbuvir RAS S282T was detected 15 weeks
after completing treatment but was no longer detect-
able by Sanger sequencing 12 weeks later. A recent
report suggested the common A150V polymorphism
and other variants may confer sofosbuvir resistance for
genotype 3.2 We did not see a significantly increased
frequency of A150V or other listed variants compared
to untreated patients in the international Surveillance
of Hepatitis-C Antiviral Resistance, Epidemiology
and methoDologies (SHARED) database (data not
shown), which includes patients from our cohort.

Multiclass Resistance

Of patients who failed all-oral DAA regimens that
contained both an NS3 and NS5A inhibitor, 32%
(20/62) had both NS3 and NS5A RASs detected com-
pared with 3.1% (16/510) among those not exposed to
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TABLE 4. MULTICLASS RESISTANCE AMONG PATIENTS WITH HCV GENOTYPE 1A WHO FAILED
TREATMENT WITH PROD AND RIBAVIRIN

Treatment 1 Treatment 2 Genotype NS3 RAS NS5A RAS NS5B RAS
PrOD + ribavirin Sofosbuvir/ledipasvir Ta Q80K A553D

PrOD + ribavirin Ta Q80K, R155T, D168A M28T, Q30H, H58D, Y93H S5566G

PrOD + ribavirin Ta R155K

IFN, ribavirin, telaprevir PrOD + ribavirin la V36M, Q80K, D168A Q30R Y5611, S556G
PrOD + ribavirin Elbasvir/grazoprevir Ta V55A, D168A Q30R, L3TV

PrOD + ribavirin Ta V55A, Q80K H58P

PrOD + ribavirin Ta Y56H, S122N, D168V Q30H,Y93H

both an NS3 and NSS5A inhibitor. This demonstrates
a dramatically increased risk of multiclass resistance
among patients exposed to both NS3 and NS5A
inhibitors, with an odds ratio of 14.7 (P < 0.001).
Looking at specific regimens, of the patients failing
elbasvir/grazoprevir who had NS3 RASs, 14/15 (93%)
also had NS5A RASs. Of the patients who failed
PrOD, 7/14 (50%) had NS3 RASs. All these patients
had genotype 1a infection, and all but 1 had multiclass
resistance. Three patients had multiple RASs in the
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NS3 and NS5A regions, 1 patient had NS3 and NS5B
RASs, and 2 patients had RASs in all three regions
targeted by DAAs (NS3, NS5A and NS5B) (Table 4).

Among patients with genotype 3 who failed
glecaprevir/pibrentasvir, 1 of the 4 had dual-class resis-
tance with the Y93H RAS in NS5A and two RASs in
NS3 (Y56H, D168R). The single patient with geno-
type 3 infection in whom the sofosbuvir-specific RAS
(5282T) in NS5B was detected also had high level
NS5A resistance with the Y93H RAS.
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FIG. 4. Distribution of HCV genotypes among (A) male patients and (B) female patients failing DAA therapy, stratified by the presence
or absence of cirrhosis. Number of RASs in virus isolated from (C) male patients and (D) female patients after failing DAA therapy,

stratified by the presence or absence of cirrhosis.
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EFFECT OF CIRRHOSIS ON
ANTIVIRAL RESISTANCE
DEVELOPMENT

To look for a possible effect of cirrhosis on the
development of HCV antiviral resistance, we com-
pared the genotype distribution and number of RASs
between patients with or without cirrhosis who had
failed DAA therapy. There was no apparent interac-
tion between HCV genotype and cirrhosis for DAA
failure. The relative genotype distribution did not
differ between patients with or without cirrhosis, for
either male (Fig. 4A) or female (Fig. 4B) patients.
There was no apparent difference in the number of
RASs between patients with and without cirrhosis for
either male (Fig. 4C) or female (Fig. 4D) patients.

Discussion

To achieve global hepatitis C elimination, increased
diagnosis, open access to treatment, and streamlined
treatment pathways are required.(26) High cure rates
in the real world have been confirmed for IFN-free
DAA regimens,(27’28) but elimination targets could be
compromised by the emergence and transmission of
drug-resistant virus, so surveillance and monitoring of
real-world antiviral resistance trends are crucial."*?”
In this, the largest real-world study of patients failing
a currently recommended IFN-free regimen, 525/572
(92%) patients received an NS5A inhibitor, includ-
ing 58 with one of the new pangenotype regimens,
velpatasvir/sofosbuvir or pibrentasvir/glecaprevir. Sixty
percent of patients (343/572) had genotype 3 infec-
tion, the largest cohort to date of this difficult-to-cure
genotype. Importantly, our data represent approxi-
mately 20% of all patients in Australia failing DAAs,
a highly representative sample.

A recent real-world study by Dietz and col-
leagues®” included 626 European patients who had
failed DAA therapy (73 with genotype 3), but only
376 received an NS5A inhibitor, the rest being treated
with sofosbuvir plus either simeprevir (NS3 inhibitor),
ribavirin, and/or pegylated IFN. Of note, no patient
in that study received either of the new pangenotype
regimens.®” The next largest study to date included
197 DAA failures, but only 15 received a DAA regi-
men containing an NS5A inhibitor.®?
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We detected NS5A RASs in approximately 72%
and 80% of patients who failed therapy with geno-
type 1 and 3 infections, respectively. Surprisingly, RAS
prevalence was lower than in the registration trials.
In phase 2/3 trials of ledipasvir/sofosbuvir for HCV
genotype 1, the prevalence of RASs among patients
who completed 12 to 24 weeks of therapy was 95%
to 100%, *) and in the phase 3 trial of sofosbuvir plus
daclatasvir for genotype 3, all patients who relapsed had
NS5A RASs.®) One explanation for the lower RAS
prevalence in real-world studies is reduced treatment
adherence and/or completion because RAS prevalence
depends on duration of therapy. In the ledipasvir/
sofosbuvir trials, for patients who failed 6, 8, 12, or
24 weeks therapy, the prevalence of NS5A RASs was
37.5%, 66.7%, 94.7%, or 100%, respectively.”) Thus,
relapse may be due to inadequate treatment after short
courses, while for longer courses, failure was likely due
to antiviral resistance. Another explanation for lower
RAS prevalence in real-world studies is that some
patients are likely to have been reinfected with wild-
type HCV rather than relapsing with resistant viruses.

This is the first, large, real-world study examin-
ing the prevalence of RASs among patients failing
the pangenotype regimen sofosbuvir/velpatasvir. We
observed a lower prevalence of NS5A RASs among
patients with genotype 3 who failed sofosbuvir/velpa-
tasvir (55%) than sofosbuvir + daclatasvir (88%). This
contrasts with results from the sofosbuvir/velpatasvir
registration trials in which all patients with genotype
3 (12/12) who failed therapy had NS5A RASs.?
Our results may reflect reduced treatment adherence
and/or reinfection in the community for patients tak-
ing sofosbuvir/velpatasvir due to its likely higher use
among high-risk patients. Between March 2016 and
August 2017, there was a dramatic change in HCV
prescribing in Australia, with increased community
prescribing; the proportion of DAAs prescribed by
specialists fell from 80% to 33%, with a correspond-
ing increase in family practice prescribing, from 8% to
41%.°% In the first 6 months, many patients prescribed
DAAs were already engaged with specialist liver clin-
ics and had been waiting for DAA access.®” By the
time sofosbuvir/velpatasvir became available, more
patients were being prescribed DAAs in the commu-
nity, with potentially increased risk of poor treatment
adherence, premature cessation, and/or reinfection.
Previous community treatment studies in Australia



HEPATOLOGY COMMUNICATIONS, Vol. 4, No.6, 2020

confirmed that adherence was lower for patients
treated later after DAAs became available compared
to “early adopters” who may have been more moti-
vated or adherent to treatment.*? Consistent with
this, in our cohort there was a trend toward higher
resistance rates in patients referred by community pre-
scribers compared to hospital prescribers, but this did
not reach statistical significance. This highlights the
importance of monitoring treatment adherence and
reinfection rates among high-risk groups, particularly
during treatment scale-up with open access models.

A prominent finding was the divergence between
genotypes la and 3a in the NS5A RAS distribution.
Patients with genotype 1a failing DAA therapy were
more likely to have multiple NS5A RASs, particularly
at positions 28, 30, 31, 58, and 93. The relatively high
prevalence (12%) of NS5A RASs at position 58 may be
clinically significant as H58D confers high-level resis-
tance to most NS5A inhibitors, including velpatasvir,
with possible resistance against pibrentasvir.*> This
difference may reflect geographic variations in baseline
RAS prevalence as we have previously observed a 4%
prevalence of H58 RAS among untreated Australian
patients with genotype 1a°® compared to 0%-2%
in global and European patients.(16’37) In contrast to
the wide range of RASs for genotype 1la, patients
with genotype 3a were more likely to have a single
NS5A RAS, with Y93H found in 72%. This is sim-
ilar to the 66% prevalence in the European study®”
and may reflect a relatively high baseline prevalence
of Y93H (9%) among ;)atients with genotype 3a who
are treatment naive."’
Y93H among treatment failures is clinically import-
ant as Y93H confers high levels of resistance against
most NS5A inhibitors, with a 3,500-fold reduction
in half-maximal effective concentration (EC50) for
daclatasvir and over 700-fold reduction in EC50 for
Velpatasvir.(sg)

For patients with genotype 2 infection, the low pro-
portion of NS5A RASs (26%) is not surprising as only
4/24 (16%) were treated with an NS5A inhibitor, the
rest receiving sofosbuvir + ribavirin, providing no selec-
tive pressure for NS5A RASs. Among patients with
genotype 4, NS5A RASs were detected in 71% (5/7),
2 of whom failed elbasvir/grazoprevir, 1 ledipasvir/
sofosbuvir, 1 PrOD, and 1 sofosbuvir + ribavirin. The
2 patients without NS5A RASs failed elbasvir/gra-
zoprevir. One patient with genotype 4r who failed
elbasvir/grazoprevir had dual-class resistance, with

The very high prevalence of
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three NS5A RASs (L28M, L30R, and Y93H) and
two NS3 RASs (A156T, D168N). This is similar to
the European and Italian studies, where high rates
of NS5A resistance were seen among patients with
genotype 4 failing DAAs, with dual-class resistance
in patients failing PrOD, but no patients in those
studies received elbasvir/grazoprevir.(30’31) For geno-
type 6, the low prevalence of NS5A RASs (30%) may
be due to patients failing suboptimal DAA regimens
prescribed following incorrect genotype identification.
Laboratory identification of genotype 6 can be diffi-
cult, and on early commercial genotype assays, geno-
type 6 was frequently misidentified as genotype 1b.5%
This highlights the importance of considering geno-
type 6 in patients from endemic countries of South-
East Asia, such as Cambodia and Thailand, to guide
appropriate pangenotypic regimens.

An important finding was the high prevalence
(33%) of multiclass drug resistance among patients
who failed an all-oral regimen containing both an NS3
and NS5A inhibitor. This is likely an underestimate as
data were not available on the timing of samples rel-
ative to treatment completion date and RASs in the
NS3 region usually become undetectable after several
weeks to months due to reduced viral fitness.*”’ Based
on national prescription data, of the ~70,000 patients
in Australia treated with IFN-free DAAs between
March 2016 and December 2018, approximately 7,000
(10%) received a regimen containing both an NS3 and
NS5A inhibitor (PrOD, 1,000; elbasvir/grazoprevir,
4,000; grazoprevir/pibrentasvir, 2,000).?% Assuming a
96% cure rate based on real-world Australian data, 21
approximately 280 patients (4% of 7,000) would have
failed an NS3/NS5A inhibitor regimen, meaning
around 93 (33% of 280) are likely to have dual-class
resistance.

The clinical impact of multiclass drug resistance
on retreatment outcomes is unclear, but concerning
data are starting to emerge. In phase 3 trials, retreat-
ment with glecaprevir (NS3 inhibitor) and pibrent-
asvir (NS5A inhibitor) cured >90% of patients who
failed a DAA regimen containing either an NS5A
or NS3 inhibitor.*? However, cure rates were lower
(~80% overall) for patients previously exposed to both
NS3 and NS5A inhibitors and fell to 25% for patients
with detectable RASs in both NS3 and NS5A.“V
The triple combination of sofosbuvir/velpatasvir/
voxilaprevir is highly effective for retreating patients

who fail DAA therapy, with cure rates >95% in phase 3
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studies,*? but real-world studies suggest reduced cure
rates in people with genotype 3 infection, cirrhosis,
and those who had failed sofosbuvir/velpatasvir.***%
In the phase 3 trials, there was no apparent impact of
RASs, but only a minority of patients had multiclass
resistance and 1 patient with virologic breakthrough
on treatment had multiple RASs in NS5A (Q30T,
L31M, Y93H) and NS3 (Q80K).“? Thus, further
real-world studies are warranted.

A single patient with genotype 3 had a high level
sofosbuvir RAS (S282T). This was detected 15 weeks
after completing sofosbuvir + daclatasvir but not
12 weeks later, consistent with the known impact of
S282T on viral fitness.® Of concern, compensatory
mutations can restore viral fitness in the context of
S282T, providing potential for transmission of sofos-
buvir resistance in high-risk settings. This has been
demonstrated in wvitro for genotypes 3 and 6,(45:40)
including a replication-competent virus that was
resistant to all three classes of pangenotype DAAs,
pibrentasvir (NS3), velpatasvir (NS5A), and sofos-
buvir (NSSB).(45) Chronic infection with sofosbuvir-
resistant virus (S2827T) has now been confirmed in a
high-risk patient with genotype 4d.“”)

Global elimination of hepatitis C requires wide-
spread treatment scale-up and open access to DAAs,
strategies that also increase the risk of emergence
and transmission of drug-resistant viruses. The pres-
ent study confirms a high prevalence of NS5A resis-
tance among people who fail IFN-free DAA therapy
and high rates of multiclass drug resistance in those
exposed to both NS3 and NS5A inhibitors. When
retreating patients in the community, it can be diffi-
cult to obtain an accurate history of prior DAA expo-
sure, so RAS testing may be helpful to guide selection
of an appropriate salvage regimen. Another pragmatic
approach to reducing multiclass resistance would be
to restrict first-line treatment to regimens contain-
ing only NS5A and NS5B inhibitors, reserving NS3
inhibitors for salvage therapy.
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