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Abstract: Hepatitis C virus (HCV) is associated with liver damage and an increased progression
rate to cirrhosis and hepatocellular carcinoma. In Portugal, it is prevalent in vulnerable populations
such as injection drug users (IDU). HCV is characterized by a high intra-host variability, and the
selecting driving forces could select variants containing resistance-associated substitutions (RAS) that
reduce treatment effectiveness. The main goal of this study was to analyze the sequence variation of
NS5A in treatment-naive IDU. The epidemiological and clinical status of hepatitis C were analyzed,
and samples were sequenced by Sanger and Next-Generation sequencing (NGS) to assess RAS and
confirm HCV subtypes. Phylogenetic classification was concordant: 1a, 52.4%; 1b, 10.7%; 3a, 20.2%;
4a, 8.3%; 4d, 7.1%; and one 2k/1b recombinant. A 1la/3a mixed infection was detected by NGS. RAS
were found in 34.5% (29/84) of samples using Sanger sequencing, while in 42.9% (36/84) using NGS.
In sequences from subtypes 1la and 1b, RAS K24R, M28V, Q30H/R, H58D/P/Q/R, and RAS L31M
and P58S were detected, respectively. In subtype 3a, RAS A30S/T, Y93H and polymorphisms in
position 62 were identified. Additionally, RAS P58L was detected in genotype 4. The strategy used
for the molecular survey of baseline HCV resistance is of particular importance to achieve treatment
effectiveness and contribute to the elimination of hepatitis C.
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1. Introduction

Hepatitis C virus (HCV) is a blood-borne virus responsible for hepatitis C—a liver
disease with a high chronicity rate. In the absence of treatment, persistent inflammation
of the liver can progress to fibrosis, cirrhosis, or hepatocellular carcinoma [1]. In 2017, the
World Health Organization reported that an estimated 71 million people were chronically
infected worldwide [2]. Events from the recent past, including medical treatments with non-
sterile tools (serial vaccination), blood transfusions, and the sharing of materials regarding
drug abuse, led to the infection spreading during the last century [3], highly affecting drug
addicts and injecting drug users (IDU).

HCV is an extremely dynamic virus characterized by its high replication rates and
genetic variability, which affects treatment and the development of a vaccine against the
virus [1,4]. Identification of HCV variants circulating worldwide have increased in recent
years [5]. Still, during the last decade, the development of new drugs against HCV allowed
the use of multiple direct acting antivirals (DAA) in the therapeutic regimens for infected
patients [6]. These treatment options have sustained virological response (SVR) rates
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reaching 95.0% and generally include two or more DAA that target specific non-structural
genes of the virus (NS3/4A, NS5A, and NS5B), inhibiting their function [1].

Despite the success of the DAAs, some issues have attracted scientific interest, such
as the detection of resistance-associated substitutions (RAS), which are found in specific
positions in the amino acid sequences of HCV viral proteins NS3, NS5A, and NS5B—
yielding resistant variants of the virus [1]. These viral proteins present highly intrinsically
disordered domains with a complex conformational landscape based on interactions with
its effectors, such as those described in the literature for the NS3 protein [7]. This fact makes
it a challenge to find effective therapies against hepatitis C. RAS can be present at baseline,
in infected patients who have never experienced treatment (treatment- naive), or in patients
whose treatment has failed (treatment-emergent) [8].

The NS5A encoding gene is one of the most variable within the HCV genome, and
variants characterized by the presence of mutations that generate RAS in its protein are
very stable and can persist for an indefinite period of time [9]. In the literature, sev-
eral RAS were described in NS5A, with some of them being detected in multiple geno-
types/subtypes of HCV, such as L/M28S/T, P29S, Q/L30H, L311/M/V, P32L/S, A/E92K,
and Y93C/H/N/R/S[1,9].

Although methadone programs have been successfully implemented, Portugal is one
of the European countries that has reported higher rates of hepatitis C infection in drug
users, varying from 60.0% to 80.0% [10,11]. This population is especially vulnerable because
of their risky behaviors and usually do not adhere to conventional healthcare facilities for
the treatment of hepatitis C. In a study conducted on a population of drug users attending
a low-threshold methadone program in Lisbon, the prevalence of HCV antibodies was
67.6%, and RNA viral load was detected in 68.4% of the enrolled individuals [12].

The main goal of this study was to perform a genetic analysis of the sequence variation
of the viral target of NS5A inhibitors, mainly used in therapeutic regimens against HCV
infection, by using Sanger and Next-Generation Sequencing (NGS) methodologies. This
strategy allowed us to investigate the potential presence of mixed infections or genetic
recombination based on previously available data from the NS5B viral region. Furthermore,
an epidemiological and clinical characterization of hepatitis C in the chronically infected
drug users enrolled in the study was also performed.

2. Materials and Methods
2.1. Specimens and Study Population

A global characterization of the population of drug addicts attending a Mobile Low-
Threshold Methadone Program in Lisbon is available in a previous study [12]. The samples
enrolled in the current study were collected between June 2015 and May 2016 and cor-
respond to a subpopulation of randomly selected drug users with chronic hepatitis C.
Plasmas were analyzed at National Institute of Health after obtaining informed consent
from the participants. A total of 90 individuals who were naive to treatment with DAA
were enrolled in the current study (see Supplementary Table S1). All HCV genotypes in
samples were previously described using NS5B region [12].

2.2. HCV RNA Extraction, cDNA Synthesis and PCR Amplification

HCV RNA was extracted and purified from 280 pL of plasma and eluted in 50 pL
of elution buffer using the QIlAamp Viral RNA mini kit (QIAGEN, Hilden, Germany).
Complementary DNA (cDNA) was synthetized using the RT—kit plus (Nanogen Advanced
Diagnostics, Buttigliera Alta, Italy) according to the manufacturer’s instructions. For the
PCR reaction, the High-Fidelity PCR Master kit (Roche, Mannheim, Germany) was used
with the primers, as described elsewhere [13]. Standard PCR reaction was performed in a
volume of 50 pL per reaction, and between 10 puL and 15 pL of cDNA were submitted to
amplification. The concentrations of the primers used were: NS5A-2F (forward) at 0.6 uM
and NS5A-R and NS5A-3R at 0.3 uM. Thermocycling conditions started with an initial
denaturation step of 94.0 °C for 2 min, followed by 10 cycles of 94.0 °C for 15 s, 48.0 °C for
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70 s and 72.0 °C for 1 min, an additional 35 cycles of 94.0 °C for 15 s, 50.0 °C + 0.3 °C/cycle
for 30 s and 72.0 °C for 1 min + 5 s/cycle, and a final extension step of 72.0 °C for 7 min.

2.3. Products Detection, Purification and Sequencing Methods

Amplified PCR products were analyzed by electrophoresis through a 1.8% Agarose
gel (SeaKem LE agarose-Lonza, Basel, Switzerland), and the fragments were purified using
ExoSAP-IT (USB, Cleveland, OH, USA) according to the manufacturer’s instructions. Direct
sequencing of NS4B-NS5A fragments by using Sanger method was performed starting
from the purified products and using the BigDye Terminator Cycle Sequencing Ready
Reaction kit (Applied Biosystems, Foster City, CA, USA) with the same primers as the
PCR reaction. Capillary sequencing was performed in ABI Prism 3130x] Genetic Analyzer
(Applied Biosystems, Foster City, CA, USA). NGS of NS4B-NS5A fragments was achieved
by subjecting the amplicons to the Nextera XT protocol for preparation of NGS libraries
and paired-end sequenced (2 x 150 bp) in the NextSeq 2000 instrument (Illumina, San
Diego, CA, USA) according to the manufacturer instructions.

2.4. Analysis of Sequencing Results

Sequences obtained using Sanger sequencing were analyzed using Chromas v.2.6.6 to cor-
rect nucleotide misreads and then imported to BioEdit Sequence Alignment Editor v.7.2.5 [14]
for alignment and construction of NS4B-NS5A consensus sequences—representative of each
individual. For each nucleotide position, the nucleotide corresponding to the highest intensity
peak was considered. In cases where two overlapping peaks were found, [UPAC nucleotide
code was used to describe the degeneracy of the consensus regions.

NGS sequence read quality analysis and mapping was conducted using the bioin-
formatics pipeline implemented in the INSaFlu web platform (https://insaflu.insa.pt;
https:/ /github.com/INSaFLU, accessed on 20 June 2022) [15], which allows amplicon-
based NGS data analysis. INSaFlu’s default parameters were considered for all analysis.
Briefly, only variants present in the samples at frequencies greater than 51.0% were con-
sidered for the generation of NGS NS4B-NS5A consensus sequences. Mutations present
at frequencies of 10.0%, 2.0%, and 1.0% (“minor variants”) were validated for sites with
depth of coverage of at least 100-fold, 500-fold, and 1000-fold, respectively. To map the
reads, a specific reference sequence for each genotype/subtype of HCV was uploaded: 1a
(HQ850279.1), 1b (EU781828.1), 3a (X76918.1), 4a (DQ418789.1), and 4d (DQ418786.1). Only
samples that presented a horizontal coverage above 90.0% and an average vertical coverage
of 30 times were validated.

2.5. Phylogenetic Analysis

Reference sequences of HCV genotypes and subtypes circulating in Portugal were
retrieved from Los Alamos HCV sequences database (http://hcvlanl.gov, accessed on
29 December 2021). The accession numbers were: 1a (AF009606.1, EF407457.1, HQ850279.1),
1b (EU781827.1, EU781828.1), 2a (D00944.1, HQ639944.1), 2b (AB661382.1, AB661388.1),
3a (N714194.1, X76918.1), 4a (DQ418789.1, DQ988074.1), 4c (FJ462436.1), 4d (DQ418786.1,
EU392172.1), 5a (AF064490.1), 6a (EU246930.1), and 2k/1b (AY587845.1). NS4B-NS5A con-
sensus sequences were aligned with the reference sequences, and two phylogenetic trees
were generated—one for each sequencing method—in MEGA (Molecular Evolutionary Ge-
netic Analysis) v.11.0.9 [16] using the neighbor-joining method [17] and Kimura 2-parameter
model [18]. The strength and reliability of the three topology was evaluated with the bootstrap
test [19] using 1000 replicates. Sequence clusters were considered significant with values
greater than 70.0%.

2.6. Mutation Analysis

The presence of NS5A RAS was evaluated in sequences obtained from the two sequenc-
ing methods used (i.e., Sanger and NGS), thus allowing the comparison of results from
the two techniques that have different detection limits. NS4B-NS5A consensus sequences
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obtained from Sanger sequencing were cleaved to retrieve only the region corresponding to
the NS5A gene. Nucleotide sequences were then translated to amino acid sequences using
BioEdit Sequence Alignment Editor v.7.2.5 [14]. On the other hand, identification of RAS in
the sequences obtained by NGS relied on the analysis of the detailed reports provided by
INSaFLU. Variants interpretation was conducted in BioEdit Sequence Alignment Editor
v.7.2.5 [14] after deletion of NS4B fragment and translation into protein. Substitutions were
examined, depending on the HCV genotype/subtype, in previously described positions 24,
26, 28,29, 30, 31, 32, 38, 58, 62, 92, 93 of NS5A [1,9]. The reference sequences used were the
same that were uploaded to map the reads from NGS.

2.7. Ethical Approval

The work conducted in the laboratory was completed using anonymized samples.
Ethical approval was obtained by the Ethics Committee of the Portuguese National Institute
of Health. All participants received information about the study by the team of social
workers who supported the methadone program in mobile health units, and gave their
freely informed consent.

3. Results
3.1. Population Characteristics

Individuals were aged between 29 and 61 years (mean of 44 years), and the majority
of them were Portuguese males (84.4%; 76/90). Regarding risk factors for developing
more severe diseases, 35.6% (32/90) of the examined population claimed to have excessive
alcohol consumption and 81.1% (73/90) declared the use of intravenous drugs. Of these,
45.2% (33/73) claimed to have shared materials related to injection-based drug use. For
79 individuals, we also collected data regarding the liver disease stage (obtained by tran-
sient liver elastography), which have the following distribution: 47.4% (37/78) at FO-F1
stage, 21.8% (17/78) at F2 stage, 14.1% (11/78) at F3 stage and 16.7% (13/78) at F4 stage.

3.2. HCV Genotyping and Phylogenetic Analysis

In the group of 90 samples under investigation, HCV NS4B-NS5A region was amplified
in 93.3% (84/90), and all amplified products were successfully sequenced using Sanger and
NGS methods.

Figure 1 shows the two neighbor-joining trees obtained from the analysis of the NS4B-
NS5A sequences obtained by Sanger and NGS from all studied samples and reference
sequences representative of HCV diversity in Portugal. The high robustness observed
in both tree’s clusters, supported by the high bootstrap values obtained, allowed the
classification of all samples in terms of HCV genotype and subtype. The results corroborate
the previously known classification, using data available from the NS5B genomic region [12].
Overall, most samples were classified as HCV subtype la—corresponding to 52.4% (44/84).
The only difference between the two trees laid in the cluster corresponding to HCV subtype
3a, where NGS allowed the detection of a mixed infection by this subtype and subtype 1a,
was in sample A73-TX211 (cross-contamination was excluded due to the uniqueness of the
subtype 3a sequence). Therefore, in the tree constructed using the sequences obtained from
Sanger sequencing, 20.2% (17/84) of the samples were classified as belonging to subtype 3a.
On the other hand, using NGS sequencing, 21.4% (18/84) of the samples were classified as
belonging to this same subtype. The remaining samples were classified as follows: 10.7%
(9/84) belonging to subtype 1b, 8.3% (7/84) belonging to subtype 4a, and 7.1% (6/84)
belonging to subtype 4d. A recombinant 2k/1b was also identified (1.2%).
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Figure 1. Phylogenetic neighbor-joining trees of the HCV sequences in the study as obtained by e
Sanger sequencing (a) and by A NGS (b) based on the alignment of NS4B-NS5A genomic regions.
The rectangles highlight the detected mixed infection; all positions containing gaps and missing data
were eliminated from the analysis. Reference sequences are indicated by HCV subtype and GenBank
accession number. The scale bar indicates the number of substitutions per site. Arrows indicate the
2k/1b recombinant.

3.3. Analysis of Resistance-Associated Mutations

Resistance mutations to NS5A inhibitors were investigated for all 84 amplified samples,
considering the results obtained from direct sequencing with Sanger and NGS. Figure 2
shows the substitutions detected in NS5A positions of interest and the proportions in the
subpopulations corresponding to HCV subtypes. In all samples, the mean depth of coverage
(90,987 x; variation from 55,534 x to 117,044 x) obtained using NGS methodology allowed
for the detection of amino acid substitutions in sequences present at frequencies of 1.0% or
greater. An exception to this was sequence 3a from sample A73-TX211 (mixed infection),
as its coverage (105x) only allowed the detection of substitutions at frequencies of 10.0%
or greater. The mean depth of coverage per sample is available in Supplementary Table S1.
Sanger sequencing allowed the identification of 32 amino acid substitutions—distributed by
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29 consensus sequences (34.5%; 29/84). At the same time, NGS allowed the identification of
44 amino acid substitutions [16 in consensus sequences (>50.0%) and 28 as minor variants
(<50.0%)]—distributed by sequences of 36 samples (42.9%; 36/84). The vast majority of
substitutions was detected in samples classified as belonging to HCV subtypes 1a and 3a.
Substitution K24R was identified in three sequences (6.8%; 3/44) from subtype 1a using
Sanger methodology. However, it was only detected in one sequence (2.3%; 1/44) from
subtype 1a using NGS methodology. Substitution T62V, found in the subtype 3a sequence
of the mixed infection sample A73-TX211, was detected with an NGS frequency of 88.7%.
Other substitutions only identified using NGS were present in samples at frequencies ranging
from 1.2% to 22.1% (mean = 6.0%). The complete data per sample regarding mutational
analysis, including all amino acid substitutions detected using both sequencing methods, all
combinations, and the frequencies in which substitutions were detected in NGS, are available
in Supplementary Table S1.

§(32.9%)

Sanger R(2.3%) P (5.9%)

T(5.9%) Q(2.3%) 1(5.9%)

L R(6.3%) H(23%) S(3.9%) M (23%) M(10.0%) P (4.5%) S(10.0%) L(143%) P(100.0%) H(5.9%)
NsSA(ref AA | K M a [ A L | L H | P T Y
andposition) 24 28 30 a1 62 93

[ R(23%) Y(68%) R(23% S(5.6%) M (6.5%) M(10.0% P (9.1%) S(10.0%) L(143%) P(100.0% H(3.6%) H (3.6%)

H(45%) T(5.6%) Q(4.5%) 1(5.6%)

NGS R (4.5%) P (5.6%)

D(23%) §(30.0%)

L V (5.6%)

Subtype (n) 1a (4q 1b (10) R N %// 7

Figure 2. Amino acid substitutions detected in NS5A positions of interest by sequencing methods
(Sanger at the top; NGS at the bottom) and proportions in the subpopulations corresponding to
HCV subtypes. For NGS, proportions were determined considering the two sequences generated for
sample A73-TX211 (mixed infection). Substitutions also identified by NGS are underlined, and those
involved in resistance to NS5A inhibitors are highlighted in bold.

4. Discussion

The emergence of HCV-resistant variants to DA As is continuously increasing the need
for HCV resistance testing to ensure the maximum efficacy of treatments and minimize
virological relapses. The non-existence of standardized assays to study HCV RAS is
limiting because it forces the use of in-house assays, meaning that most results cannot
be compared due to the different performances of the methods [20]. Even though the
reliability of techniques based on Sanger sequencing is very high, its sensitivity has been
reported to vary from 10.0% to 25.0% [20]. In fact, deep sequencing methods allow a more
sensitive analysis with the possibility to choose different cutoffs. Nowadays, there is some
controversy about whether mutations present in samples at frequencies below 15.0% may
be clinically relevant. However, some reports consider that baseline RAS using a 1.0%
cutoff may become predominant in the viral quasispecies and result in lower SVR rates
in comparison to SVR rates achieved in individuals without RAS after treatment with
DAAs [21].

The results showed that the use of deep sequencing clearly has advantages in com-
parison with Sanger sequencing, such as the detection of RAS in viral variants present in
frequencies lower than 25.0% (minority variants), the higher accuracy for the classification
of subtypes, recombinant forms, and the detection of mixed infections by different subtypes
of HCV in the sample of one infected patient [22]. Although these events are uncommon in
the general population, they could occur in vulnerable groups such as high-risk IDU who
share materials in injection-based drug abuse [23], and this may explain some virologic
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failures and, together with the presence of RAS, negatively impact the SVR rates obtained
after treatment with the new interferon-free regimens [24].

The NGS results led to the identification of a mixed-infection by subtypes 1a and 3a
in sample A73-TX211—a sample previously classified as HCV subtype la using Sanger
sequencing. Although no information regarding alcohol abuse and liver state is available,
this sample corresponds to one IDU that claims to have drug-injecting material-sharing
behaviors, which agrees with the finding of a mixed infection with two HCV subtypes.
Furthermore, in studies focused on vulnerable groups, mixed infections by these same
subtypes were also identified, namely in prison inmates from Australia who identify as
IDU [25] and in IDU from Germany and Russia [23].

The HCV recombinant form derived from sample A61-TX178 was observed in the
phylogenetic trees grouped with the reference sequence RF1_2k/1b (accession number
AY587845.1) and in the cluster of sequences of subtype 1b, which is expected because the
crossover point described for this recombinant is located in the NS2 region of the viral
genome [26]. A more detailed analysis of sample A61-TX178 was performed in SimPlot
v.3.5.1 (https://sray.med.som.jhmi.edu/SCRoftware/SimPlot/, accessed 16 December
2022) with the sequence data from C/E1, NS3 and NS5B genomic regions available from a
previous study [12]. These results are available in Supplementary Figure S1. It is important
to note that RF1_ 2k /1b was already identified in a study conducted in 2013 in Portugal [27],
which suggests that this recombinant, with its unknown clinical and/or therapeutic features,
is in circulation in the country.

The most common subtypes that infect these IDU were 1a (52.4%) and 3a (20.2%-21.4%),
which is in accordance with previous studies [12]. These subtypes are also frequent in
infected IDU in several European countries [10]. Of note, in the studied population,
32 individuals reported that they excessively consume alcohol, which negatively impacts
on liver diseases and favors the progression of HCV infections [28], and at least 24 individu-
als had advanced fibrosis or cirrhosis, making them more likely to fail treatment with DA As.
RAS in HCV NS5A protein are often detected in DAA-naive patients, persist for many
years, and are associated with lower SVR rates in specific groups of individuals, including
those infected with HCV subtype 1a or genotype 3 and/or those with cirrhosis [20,29].

Overall, the results of the amino acid substitutions obtained from the two sequencing
methods using the same level of sensitivity (10.0-25.0%) were compatible. One exception to
this was RAS K24R, which was detected in three sequences (samples) of subtype 1a derived
from Sanger (two of them with mixed peaks in the electropherograms) and detected only in
one of these sequences of subtype 1a from NGS. These results highlight a possible problem
that occurred in the Sanger sequencing process, which led to an incorrect reading of the
nucleotides in the positions that codify this amino acid.

Most of the amino acid substitutions identified in this study were previously described
as conferring certain levels of resistance against specific DAAs approved by the U.S. Food
and Drug Administration and European Medicines Agency. Cross-resistance to the majority
of RAS is frequently reported [8], making it difficult to describe all NS5A inhibitors affected
by specific RAS. For example, RAS K24R, detected in sequences from subtype 1a, confers
some level of resistance to Ledipasvir, Q30H,3 and L31M to Daclatasvir and Ledipasvir, and
H58P/Q/R are secondary mutations presenting low levels of resistance to DAAs [8,30-32].
NGS enabled more detailed analysis with the detection of RAS M28V that confers resis-
tance to Ombitasvir and Daclatasvir and Q30R and H58D, two high-level resistant RAS
to Daclatasvir, Ledipasvir, and Ombitasvir [20,30,32]. In subtype 1b sequences, the two
RAS identified were L31M and P58S, with the latter being a minor mutation that normally
increases the resistance of primary mutations but does not confer resistance by itself [33].
Furthermore, in subtype 3a sequences, substitutions of A30S/T were detected, both having
a minimal impact on the susceptibility to Daclatasvir in vitro [34]. The polymorphisms de-
tected in amino acid position 62 seem to have little or no effect on Daclatasvir susceptibility
in cell culture, although they might modify the effects of other NS5A substitutions [34].
NGS also allowed the detection of RAS Y93H, which is one of the most important RAS
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and is commonly detected in sequences from most HCV genotypes [9]. This RAS confers
significant resistance to all NS5A inhibitors in vitro and reduces the SVR rates in patients
infected with genotype 3 treated with Sofosbuvir/Velpatasvir [31]. Studies with infected
patients whose treatment with Ledipasvir and Sofosbuvir plus ribavirin failed to detect the
presence of RAS P58L [35], which was also detected in the current study in one sequence of
genotype 4a. Lastly, for HCV subtype 4d, no RAS were identified. However, in accordance
with other studies [36], the polymorphism T58P has a high prevalence, as evidenced by it
being detected in all analyzed HCV subtype 4d sequences.

5. Conclusions

In conclusion, the lack of adherence to conventional healthcare facilities by the most
affected people with hepatitis C, along with the emergence of RAS to antivirals used in the
treatment, may prevent the achievement of Goal 3 from the United Nations’ 2030 Agenda,
which aims to eliminate viral hepatitis as a Public Health Problem by 2030. The methadone
program developed in mobile health units in the city of Lisbon has provided an additional
opportunity to treat these chronically infected drug users, reducing the negative impact of
hepatitis C on individual and public health.

Although current guidelines do not recommend screening for baseline RAS before
initiating antiviral therapy, this strategy might be beneficial in the most affected vulnerable
groups. In fact, it may maximize the efficacy of drugs for treatment and help disclose
other factors, such as the presence of recombinant forms or mixed infections that can make
hepatitis C treatment difficult.

Even though this study presented an initial approach to investigate baseline RAS in
the NS5A region only, it is also important to point out that the development of techniques
for HCV resistance testing should be based on the analysis of all three regions targeted by
the antivirals (NS3, NS5A, and NS5B)—with this being our future research direction. New
strategies based on the use of whole genome sequencing are currently under development
at the national reference laboratory. This new approach will contribute to better surveillance
and control of HCV infection and also HIV-1 and HIV-2 infections, helping to support
physicians in the treatment of these infections.
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