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Abstract | The majority of new and existing cases of HCV infection in high-income countries occur among
people who inject drugs (PWID). Ongoing high-risk behaviours can lead to HCV re-exposure, resulting in mixed
HCV infection and reinfection. Assays used to screen for mixed infection vary widely in sensitivity, particularly
with respect to their capacity for detecting minor variants (<20% of the viral population). The prevalence

of mixed infection among PWID ranges from 14% to 39% when sensitive assays are used. Mixed infection
compromises HCV treatment outcomes with interferon-based regimens. HCV reinfection can also occur after
successful interferon-based treatment among PWID, but the rate of reinfection is low (0-5 cases per 100
person-years). A revolution in HCV therapeutic development has occurred in the past few years, with the
advent of interferon-free, but still genotype-specific regiments based on direct acting antiviral agents. However,
little is known about whether mixed infection and reinfection has an effect on HCV treatment outcomes in the
setting of new direct-acting antiviral agents. This Review characterizes the epidemiology and natural history of
mixed infection and reinfection among PWID, methodologies for detection, the potential implications for HCV
treatment and considerations for the design of future studies.
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Introduction
People who inject drugs (PWID) comprise the majority
of new and existing patients with HCV infection in many
high-income countries.'* HCV transmission is driven by
a high incidence of infection among PWID, particularly
among young PWID.*¢ The majority of those infected
fail to clear the virus and also fail to develop protective
immunity.”'° As such, PWID are likely to be exposed to
multiple HCV infections as a result of ongoing high-risk
behaviours and might commonly harbour mixed HCV
infections (that is, infection with two or more distinct
viruses).!'=2¢ PWID are also at risk of reinfection (clear-
ance of initial virus followed by infection with a second
genetically distinct virus) after spontaneous”*2>?"-3 or
treatment-induced clearance. -3

The characterization of multiple infections, including
the prevalence, incidence and natural history, has implica-
tions for HCV immunopathogenesis, vaccine development
and therapeutic strategies. Advances in HCV treatment
with the development of simple, tolerable and highly effec-
tive direct-acting antiviral (DAA) oral regimens, provides
the foundation for markedly broadened treatment access.
However, high pricing has led to restrictions on access
for PWID, owing to concerns of suboptimal treatment
adherence and HCV reinfection risk related to ongoing
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high-risk behaviours. Underlying mixed HCV infection
can contribute to nonresponse during therapy,*~** which
has implications for DAA regimens that are preferentially
active against specific viral genotypes or subtypes.* This
Review characterizes the epidemiology and natural history
of mixed HCV infection and reinfection among PWID,
methodologies for detection, the potential implications
for HCV treatment and important considerations for the
design of future studies in this area of research.

HCV diversity and genotypes

HCYV is a member of the Flaviviridae family. The single
positive RNA strand is ~10kb and encodes a polypro-
tein of ~3,000 amino acids. HCV is highly efficient at
replication, with an estimated daily reproduction of 10
new virions. The key enzyme for replication, the RNA-
dependent RNA polymerase, which is encoded by NS5B,
lacks a proofreading function,* resulting in the intro-
duction of at least one mutation per replicative cycle.*
This error-prone replicase leads to the development of a
diverse and continuously evolving population of viruses
with variations in the genome moulded by host and virus
selective pressures.”! Recombination between divergent
HCV strains (defined as viruses of distinct genotypes or
subtypes)—which also contributes to viral diversity and
confers the ability to rapidly adapt and escape the selec-
tion pressures of host immune responses and antiviral
therapy—has also been demonstrated, albeit uncom-
monly.>>~’ Similarly, across ethnically and geographically
diverse populations, the constant evolution of HCV has
led to considerable global genetic diversity.

NATURE REVIEWS \ GASTROENTEROLOGY & HEPATOLOGY
© 2015 Macmillan Publishers Limited. All rights reserved

ADVANCE ONLINE PUBLICATION ‘ 1



mailto:ecunningham@kirby.unsw.edu.au
mailto:ecunningham@kirby.unsw.edu.au
http://www.nature.com/doifinder/10.1038/nrgastro.2015.36

REVIEWS

Key points

= As a result of ongoing high-risk behaviours, people who inject drugs (PWID)
might commonly harbour mixed HCV infections and are at risk of reinfection
following spontaneous or treatment-induced clearance

= The sensitivity of assays used to screen for mixed infection in individual
samples varies widely, particularly in their capacity to detect minor variants

= Mixed HCV infection among populations of PWID ranges from 14% to 39% when
sensitive methods are used for detection and characterization

= Mixed infection has
but few studies are

been shown to compromise interferon-based HCV therapy,
available to adequately assess how often this occurs

= HCV reinfection rates after successful interferon-based treatment among PWID
are 0-5 cases per 100 person-years, but studies are limited by small sample
sizes and heterogeneity in injecting risk after treatment

= Future studies are needed to evaluate the impact of mixed HCV infection
and reinfection following treatment with direct acting antiviral HCV therapies

among PWID
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Figure 1 | The potential effect of mixed infection, superinfection and reinfection
on the outcome of genotype-specific treatment. a | Mixed HCV infection can be the

result of either HCV co-

infection (that is, simultaneous infection with >2 distinct

HCV strains) or superinfection (that is, infection with a second HCV strain following
persistent infection with an initial single HCV strain). Genotype-specific treatment

might only supress the

treatment-sensitive strains and result in persistence of a

treatment-insensitive strain. Alternatively, treatment could clear all strains present.
b | Reinfection, after treatment-induced clearance, is the detection of an HCV
strain, which was heterologous to that detected before recurrence. Colours
represent different viral strains, sizes represent relative abundance of the virus
and grey areas represent treatment.

The different HCV genotypes and subtypes demon-
strate a complex global geographic distribution, reflect-
ing transmission patterns and ethnic variability.”* HCV
genotypes 1-7, each with multiple subtypes (for example
1a, 1b), have been identified on the basis of phylogenetic
analyses of HCV RNA sequences.” The diversity of
HCV across the entire genome is considerable, with

>30% nucleotide difference between HCV genotypes,
15-30% nucleotide difference among HCV subtypes and
up to 13% of the viral population evolving over years to
decades from a common ancestor within a single host.*
Worldwide, it is estimated that HCV genotype 1 is the
most prevalent genotype (46% of all patients infected
with HCV), followed by genotype 3 (30%), genotypes 2,
4 and 6 (23% collectively), and genotype 5 and 7 (<1%).%°

Phylogenetic analyses examining evolutionary relat-
edness among viral sequences have been used to recon-
struct the history of sampled viral strains.*® The majority
of global infections comprise subtypes 1a or 1b, 2a or 2b
and 3a.°"% The transfusion of contaminated blood prod-
ucts is particularly associated with HCV genotype 1b and
2a infections®*** and HCV genotypes 1a and 3a are most
common among PWID.***-”* Blood product screening
over the past two decades or more has led to a decrease
in the prevalence of HCV genotypes 1b and 2a. During
the same period, genotypes la and 3a have increased in
prevalence, particularly among PWID.®"$%7-7% In addi-
tion, a group of endemic HCV strains exist, such as geno-
type 6 in southeast Asia and genotype 5 in Africa, which
have a more restricted geographic distribution and are
less prevalent than HCV genotypes 1, 2 or 3.5 Finally,
the last major group of strains reflect local epidemics
and are highly prevalent in specific locations and risk
groups, such as genotype 4d, which >10% of the Egyptian
population are infected with (initially via contaminated
medical devices)” and is also prevalent globally among
HIV and HCV co-infected men who have sex with men.”

Defining mixed HCV infection

Given the general lack of protective immunity associated
with primary infection, ongoing high-risk behaviours
can lead to HCV re-exposure and multiple infection
episodes.’?'"* The detection of multiple genetically
distinct HCV strains at a single time-point is often
referred to as mixed HCV infection (Figure 1a, 2a, 2b).
Mixed HCV infection can be the result of either HCV
co-infection or superinfection. Co-infection refers to
simultaneous infection with two or more distinct HCV
strains. Superinfection refers to infection with an addi-
tional HCV strain following persistent infection with
an initial single or mixed HCV infection (Figure la).?>
Among individuals with mixed HCV infection detected
at a single time-point, it is often difficult to distinguish
between HCV superinfection and co-infection. The dif-
ficulty in making the distinction is owing to an absence of
systematic screening for mixed HCV infection (particu-
larly at an early time-point during infection) and often
infrequent sampling intervals. Furthermore, the diagnos-
tic genotyping assays and standard sequencing protocols
used to detect mixed HCV infection have a poor level
of sensitivity. Given that ongoing injection drug use has
been associated with reinfection and superinfection,” the
likelihood of detecting mixed HCV infection is probably
higher among those with ongoing injection drug use than
those who do not participate in these high-risk behav-
iours. However, it is unknown whether mixed HCV infec-
tions can persist for long periods of time, as HCV does
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Figure 2 | HCV RNA dynamics during treatment and the possible causes

of treatment failure in patients infected with HCV. a | Viral persistence of
treatment-insensitive strains in individuals with detectable mixed HCV infection.

b | Viral persistence of minority, treatment-insensitive strains in individuals with
undetectable mixed HCV infection. ¢ | Relapse. d | Reinfection. Pie charts
represent the proportion of each HCV strain to the total population. The dotted line
represents the lowest concentration of virus that can be detected and the grey box
indicates treatment.

not integrate into the host genome and the virions have
a short half-life. However, studies have demonstrated
that therapy-resistant HCV variants can persist for up to
6 months following the cessation of therapy.”””®

Ongoing risk behaviours can also lead to reinfection
after spontaneous”*>-3* or treatment-induced HCV
clearance.?’2>*"3- The detection of HCV RNA follow-
ing a period of aviraemia (defined by one or more nega-
tive test results for HCV RNA) is often referred to as viral
recurrence. Among patients with recurrence, sequencing
can be used to determine whether the recurrence is due
to viral relapse, which is evidenced by the detection of
an HCV strain similar (or homologous) to that detected
before recurrence (Figures 1b, 2¢), or reinfection, which
is evidenced by the detection of an HCV strain substan-
tially different (or heterologous) to that detected before
recurrence (Figures 1b, 2d). However, among individu-
als with apparent viral relapse, excluding the possibility
that reinfection has occurred from the same source as
the initial infection is difficult. Furthermore, given the
poor sensitivity of available methods to detect mixed
HCYV infections, excluding the possibility of viral relapse
with a previously undetected, treatment-insensitive
strain that was present before the period of aviraemia is
difficult (Figure 2b).*”

Methods of detection

Several methods are available for detecting mixed
HCV infection, including: real-time subtype-specific
nested reverse transcriptase PCR (nRT-PCR) assay sets;
heteroduplex mobility assays (HMA); restriction frag-
ment length polymorphism (RFLP) analysis; Sanger
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sequencing of nRT-PCR amplicons or molecular clones;
and next-generation sequencing (NGS; Figure 3). Each of
these methods have improved the ability to detect mixed
HCV infections containing heterologous strains in com-
parison with the commercially available line-probe assay,
which underestimates the true prevalence of mixed HCV
infection and is often unable to detect multiple infections
of the same subtype.'"?57°-% The selection of a suitable
mixed HCV infection screening methodology should
consider the amplicon region, the genotype or subtype
specificity, the capacity for quantitation and the lowest
concentration of virus that can be detected.

Assays

Mixed HCV infection assays reported to date have targeted
a variety of different regions of the genome, including:
the 5" untranslated region (5'UTR); the region encoding
proteins that form the capsid (core); the region encod-
ing the envelope glycoproteins, containing the highly
variable region (E1-HVR); and the region encoding the
RNA polymerase (NS5B). The diversity within each of
these regions of the viral RNA genome influences the
ability to detect minor variations between genotypes and
subtypes. 242547487982 The high degree of genetic variability
within the EI-HVRI region, for example, provides suf-
ficient diversity to distinguish between genotypes, sub-
types and variants within subtypes.®* The more limited
genetic variation in NS5B might be insufficient to distin-
guish subtype variants. The requirement for a qualitative
or quantitative mixed HCV infection assay should be
guided by the aim of the study. A qualitative assay that
simply designates the presence or absence of mixed HCV
infection might be sufficient for large studies assessing the
prevalence of mixed infection. By contrast, a quantitative
assay is more suitable for measuring the relative viral load
dynamics over time in studies assessing the implications
of mixed HCV infection and reinfection on treatment out-
comes or disease natural history. However, even the most
sensitive NGS methods for detecting mixed HCV infec-
tion might become technically impossible if the minor
variant comprises <1% of the total viral population.

Limitations

In addition to the design features of each assay, inher-
ent limitations are also important to consider. All current
methods to detect mixed HCV infection start with PCR
(usually nRT-PCR to generate an adequate signal) fol-
lowed by hybridization of PCR products, real time
nRT-PCR, HMA, RFLP, Sanger sequencing, molecu-
lar cloning, or NGS. Although RT-PCR has the benefit
of being able to detect HCV at a low concentration, all
RT-PCR methods are highly dependent on the primer
choice during reverse transcription (unless random hex-
amers are used) and the initial PCR round—during which
highly conserved regions should be targeted to enable
amplification of all genotypes and subtypes. Therefore,
current methods are all equally prone to failure of ampli-
fication (if the primers do not adequately match the viral
target sequence [Figure 3]), PCR errors and preferential
amplification of one viral strain. The latter might lead to
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Figure 3 | Methods for detecting mixed HCV infection. All methods incorporate a prior RT-PCR step and hence are prone to
failure of amplification, PCR errors and preferential amplification. a | Real-time nRT-PCR, a semi-quantitative method that is
specific for genotypes 1a, 1b, 2a and 3a.?° b | HMA, a relatively insensitive, qualitative method relying on the formation of
imperfect dimers between different oligonucleotide strands. HMA is specific for genotypes 1a, 1b, 2a/c, 2b, 3a, 3b, 4a and
6a.1%1° ¢ | RFLP, a relatively insensitive, qualitative method that requires a priori knowledge of sequence variations and is
specific for genotypes 1a, 1b, 2a, 2b, 3a, 3b, 4, 5 and 6.52148 d | Sanger sequencing, a qualitative method, which is specific
for genotypes 1a, 1b, 2a, 2b, 3a, 4a, 4d, 5a and 6a.1°4846.197 e | Clonal Sanger sequencing, a quantitative method, which

is specific for genotypes 1a, 1b, 2a, 2b, 33, 3b, 4, 5a, and 6a.2*1*° f | NGS, a quantitative method, which can detect all
genotypes.*”1%0 Abbreviations: E, envelope; HMA, heteroduplex mobility assay; HVR, highly variable region; NGS, next-
generation sequencing; NRT-PCR, nested reverse transcriptase PCR; NS, nonstructural protein; RFLP, restriction fragment

length polymorphism; UTR, untranslated region.

the inadvertent selection of a nonrepresentative popula-
tion of amplicons during the reverse transcription and/or
PCR amplification processes.

Sequencing methods

Sequencing-based methods are increasingly used
because they have the best ability to reliably differenti-
ate between genetically distinct variants within HCV
subtypes. Sanger sequencing the nRT-PCR amplicon
(Figure 3d) offers the advantages of low cost, but has
the key disadvantage of poor sensitivity in detection of

minor variants® and ambiguities are frequently evident
in the nucleotide call of mixed bases within the com-
posite sequence. Molecular cloning (Figure 3e) is highly
labour intensive and hence costly, requiring the analysis
of a large number of clones (generally >20) to provide
adequate representation of minor variants.

NGS technologies (Figure 3f) offer high through-
put analysis of a population of complex, highly variable
sequences and thus a new opportunity to further character-
ize the dynamics of mixed HCV infection within an indi-
vidual over time. Although NGS provides many potential
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advantages to clinical virology, including quantitation and
the ability to detect low frequency variants, the absence of a
standardized sample preparation and data analysis pipeline
mandates careful consideration of many technical aspects
to determine a sample’s viral diversity.*>-” Multiple NGS
platforms and chemistries are now available and the choice
of workflow practices, including sample preparation and
the genomic region analysed (targeted or whole genome),
can influence the interpretation of results.®%

In addition, a number of complex bioinformatics
analysis algorithms are available, which are likely to
influence the results.”®*! All algorithms use different
strategies to filter, trim, error-correct, align and assemble
sequences in order to estimate viral diversity and recon-
struct individual haplotypes (or viral strains) within a
patient sample.”? Given that the sequence reads are far
shorter than the 9 kb genome, using the algorithms to
reconstruct a haplotype (or viral strain) is an intrinsi-
cally probabilistic approach; therefore, strategies that
can sequence viral populations without haplotype recon-
struction (for example, full genome sequencing) should
be sought.”® All algorithms require extensive validation
to ensure data integrity, which is of course inherently
difficult considering the rapidly emerging technology.
Likewise, the capacity of NGS for high coverage and the
ability to detect very low concentrations of virus requires
well-designed procedures to minimize the risk of cross-
contamination. The development of validated and robust
NGS methodologies capable of automatically and accu-
rately quantifying viral populations is required to deter-
mine the capacity for this technology in the analysis of
mixed HCV infection and interpretation of its clinical
importance. Full-length PCR amplification of the viral
population, independent of the target sequences, accom-
panied by high throughput, deep-coverage NGS is the
next frontier in the evolution of this technology.

The use of well validated and sensitive methods to
detect mixed HCV infection influences the reliable iden-
tification of superinfection and reinfection. To conclude
that an individual has demonstrated superinfection over
the course of their follow-up, the absence of mixed HCV
infection in previous samples needs to be confirmed to
ensure the putatively observed superinfection is not the
result of the emerging dominance of a pre-existing minor
variant (Figure 2a). However, current methods can only
reliably confirm the presence, and not the absence, of
mixed HCV infection. A switch in the dominant strain
has been demonstrated in many different populations of
patients, including patients undergoing haemodialysis,*
blood transfusion recipients,” PWID'* and patients
with haemophilia.”®” In the context of treatment, as
Abdelrahman et al.¥ demonstrated, a high degree of assay
sensitivity is necessary to determine the cause of treat-
ment failure and to classify a patient with viral recurrence
as having relapsed owing to mixed HCV infection or a
reinfection. In addition to high assay sensitivity, analy-
sis of a region with adequate genetic diversity, such as
found within the core-E2 region used by Pham et al.,” is
required to determine whether viral recurrence is due to
relapse or reinfection.
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Epidemiology

Mixed HCV infection

Mixed HCV infection has been reported in multiple
case reports in humans®?-1 and has been recapitu-
lated experimentally in chimpanzees.'®* Among PWID,
the reported prevalence of mixed HCV infection ranges
from 0% to 39%.!14-16:18.192425105-108 Indjrect evidence
of mixed HCV infection has also been provided from
the identification of genomic recombination of HCV
in patient blood samples, which can confer drug-resist-
ance, implying the coexistence of two strains within a
single cell.>*” Although genetic recombination seems
to be rare, the rate of recombination might be under-
estimated, as sensitive detection methods that require
amplification of at least two distant genomic regions are
not commonly used. The considerable variation in the
prevalence of mixed HCV infection between studies is
probably related to a number of factors, including dif-
ferences in study design (for example, frequency and
duration of study follow-up), study populations (age,
sex and high-risk behaviours such as drug injection) and
the sensitivity of the laboratory methodologies used for
detection. However, given the inadequate reporting of
key data, comparing these studies is difficult (Table 1).

Initial studies using line-probe genotyping assays such as
INNO-LiPA® (Fujirebio Europe, Ghent, Belgium) reported
a prevalence of mixed HCV infection ranging from 1% to
5% among PWID populations (Table 1).!:1¢!81% However,
given the poor sensitivity of this assay for the detection of
minor variants'"'® and the inability of this assay to detect
mixed HCV infections of the same subtype, it is clear
these data underestimate the true prevalence of mixed
HCYV infection. For instance, Forns et al.” compared the
prevalence of HCV genotypes using multiple methods
among people who had received blood transfusions, who
had injected drugs or who had other unknown risk factors
for exposure to HCV (n=151). Overall, a 4% (6 of 151)
prevalence of mixed HCV infection was found using line-
probe genotyping, compared with 19% (28 of 151) using
subtype-specific nRT-PCR.”

Subsequent studies have focused on the design of
assays to improve their sensitivity for detecting mixed
HCYV infection, including nRT-PCR followed by Sanger
sequencing of the amplicon. The prevalence of mixed
HCV infection among PWID ranges from 14% to 39%
when sensitive assays are used (Table 1).'*?*? In one
study of 25 PWID in San Francisco, USA, Herring et al."
observed that 20% of participants had evidence of mixed
HCYV infection when using Sanger (consensus) sequenc-
ing of the E1-HVRI region. However, a limitation of
Sanger sequencing is that HCV strains present at a low
prevalence (generally <20%) cannot be reliably detected.
Molecular cloning followed by Sanger sequencing can be
used to improve the successful sampling of viral popula-
tions present at low frequencies but is rarely used owing to
cost and time constraints and the advent of high-through-
put sequencing methods. For instance, van de Laar et al.**
used cloning and sequencing of NS5B region amplicons
to assess 59 PWID in Amsterdam, Netherlands, and
demonstrated a 39% prevalence of mixed HCV infection.
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Table 1 | Overview of studies evaluating mixed HCV infection among PWID

Study Location, n Age Female HIV co- Prevalence Detection method(s) Viral

design (years) (%) infection of mixed region

(%) infection (%) targeted
Lau et al. USA, 107 46%+ NA NA 5) Line probe assay 5'UTR
(1996)105 retrospective
van Asten Europe, 126 NA 2 100 5 nRT-PCR (n=104) or line Core or
et al. (2004)1°¢  retrospective probe assay (n=22) 5'UTR
Micalessi et al.  Belgium, 98 33+ 26 2 1  Line probe assay 5'UTR
(2008)° prospective
Sereno et al. Italy, 200 44% 14 NA 1  Line probe assay 5'UTR
(2009)8 retrospective
Bowden et al. Australia, 138 NA NA NA 18 Line probe and 5'UTR
(2005)* prospective heteroduplex mobility assay
White et al. Australia, 38 NA NA NA 8  Heteroduplex mobility assay 5'UTR
(2000)*° prospective
Viazov et al. Sweden, 18 NA NA NA 0  Genotype (core) or subtype  Core
(2000)%°7 retrospective (NS4) specific nRT-PCR or NS4
Ye et al. China, 96 33+ 19 NA 0 Clonal PCR and Sanger Core, E1
(2013)™ retrospective sequencing and NS5B
Lee et al. Taiwan, 180 24 NA 100 13  Multiplex PCR and Sanger Core, E1
(2010)% prospective sequencing and NS5B
Stamenkovic Serbia, 28 41 NA NA 14  Genotype specific nRT-PCR  5'UTR
et al. (2000)'°8  retrospective or Core
Herring et al. USA, 25 NA 44 (0] 20 Genotype specific NRT-PCR  E1, E2
(2004)% prospective and Sanger sequencing and HVR1
van de Laar Netherlands, 59 29l 42 22 39  Genotype specific N(RT-PCR, NS5B
et al. (2009)**  prospective clonal PCR and Sanger
sequencing

Pham et al. Australia, 87 NA 85 NA 25  Genotype specific real time  Core
(2010)% prospective nRT-PCR

*Portion of entire population. *Mean. SOverall reported prevalence of 4%, four samples were retested with HMA and all had mixed infection. IMedian.
Abbreviations: E, envelope; HVR, highly variable region; NA, not available; nRT-PCR, nested reverse transcriptase PCR; NS, nonstructural protein; PWID, people

who inject drugs; UTR, untranslated region.

A sensitive, real-time based, subtype-specific,
nRT-PCR assay was developed by Pham and colleagues
to separately detect the presence of specific HCV sub-
types, including 1a, 1b, 2a and 3a, by amplifying the core
region.” The protocol was shown to have a sensitivity of
100 copies per reaction with no crossreactivity detected,
even in the presence of 10° copies of alternate serum-
derived HCV subtype RNA molecules in the reaction.”
A group of 87 PWID recruited from prisons in New
South Wales, Australia, demonstrated a mixed HCV
infection prevalence of 25% using this assay.”

Although more data are required, the application of
NGS after initial nRT-PCR amplification might improve
reliability of subtype determination and increase the sen-
sitivity for detecting mixed HCV infection. In a study
of 114 clinical specimens from individuals with chronic
HCV infection previously tested by line-probe assay (82
designated as genotype 1 and 32 with uninterpretable
results), phylogenetic analysis of NGS reads matched
subtype 1 determination by Sanger sequencing (69% geno-
type 1b, 31% genotype la) in 81 specimens and identified a
mixed subtype infection (genotypes 1b, 3a and 1a) in one
sample.®’ Among the 32 previously indeterminate speci-
mens, NGS genotype and subtype results were obtained
in all samples, four of which had mixed HCV infection.®'

Superinfection and co-infection

HCV superinfection is commonly seen in patients with
thalassaemia who have had multiple blood transfusions
and patients on renal dialysis.'»!*11* Several obser-
vational cohort studies of PWID with continuing risk
behaviours for HCV exposure have demonstrated that
the proportion of patients with HCV superinfection
during follow-up is in the range of 16-24% (Table 2).'***
» However, no studies have reported the incidence of
HCV superinfection. The comparison between studies
is difficult because of the variation in the duration of
follow-up (1-7 years) and the sensitivity of the different
assays used (Table 2).

After HCV superinfection, elevations in alanine ami-
notransferase (ALT) levels and HCV RNA levels have been
observed.?1%1%! In one study of people with recent HCV
infection and superinfection from Australia, 83% of indi-
viduals (five of six) with superinfection demonstrated
increases in ALT and HCV RNA levels.?® Although it
is unknown whether elevations in ALT and/or HCV
RNA following superinfection have an influence on
the pathogenesis of HCV infection, regular monitor-
ing of ALT and HCV RNA levels among participants
at high-risk might provide a clinically useful tool for
detecting superinfection.
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Table 2 | Overview of studies evaluating HCV superinfection among PWID

Study Location, n Age Follow-up Female HIV  Proportion with Detection  Region
design (years)* (years) (%) (%) superinfection Method Sequenced
(%)

Herring et al. USA, 25 NA 0.9 44 0 20 Sanger E1-HVR1,

(2004) prospective (0.4-2.0)* sequencing E2-HVR1
or NS5B

van de Laar Netherlands, 59 29 7.1 (IQR 42 22 24 Sanger NS5B

et al. (2009)** prospective 2.8-12.1)* sequencing

Pham et al. Australia, 48 NA 0.7£0.6* 358 NA 19 Real time E1-HVR1

(2010)% prospective nRT-PCR

Grebely et al. Australia, 37 34 1.2 28 31 16 Real time E1-HVR1

(2012)% prospective (0.1-2.9)* nRT-PCR

*Mean. *Median. SPortion of entire population. Abbreviations: E, envelope; HVR, highly variable region; nRT-PCR, nested reverse transcriptase PCR; NA, not

available; NS, nonstructural protein.

Virological outcomes following HCV superinfection
are heterogeneous, with some individuals demonstrating
persistence of multiple infections, clearance of one infec-
tion (which might be represented by a ‘switch’ in HCV
genotypes or subtypes) or clearance of all infections.'***-%
Among individuals who demonstrate apparent clearance
of one infection and persistence of a second infection, it
is also possible that the persistent strain out-competes the
other, but the latter remains within the viral population
at very low levels. As such, it is important that sensitive
detection methods are used for studies of superinfection.

Although several studies have identified potential
patients with HCV co-infection,'***-** demonstrating
true co-infection is difficult. The problem is that one
cannot exclude the possibility that sequential infections
at short time intervals before detection of the co-infection
occurred. HCV co-infection identified early during acute
HCYV infection provides greater certainty that ‘true’
primary co-infection has been detected;*** however, the
possibility of superinfection cannot be excluded given
that the probability of transmission per injection event
has been estimated at 0.6% (95% CI 0.3-1.1%) among
PWID'"* and more than once daily injection drug use
is common.

HCV reinfection

Among patients infected with HCV, spontaneous clear-
ance occurs in around 25%,” with reduced clearance rates
associated with male sex, unfavourable IFNL4 genotype,
non-genotype 1 HCV infection and HIV co-infection.®'"s
As reviewed elsewhere,* HCV reinfection after spontane-
ous clearance can occur among PWID, with rates of HCV
reinfection ranging between 1.8 and 46.7 cases per 100 per-
son-years. Differences in study design, statistical analyses,
variation in demographic factors, risk behaviours related
to injection drug use and presence of viral co-infections
make comparisons across studies difficult.® These studies
clearly show that HCV infection in humans generally does
not confer full protective immunity against reinfection.
However, the evidence also indicates that HCV RNA levels
following reinfection are lower and generally transient
in comparison with the initial infection in patients with
spontaneous clearance; this evidence suggests that prior
HCYV infection with clearance alters the natural history of

HCYV infection following re-exposure, providing evidence
for at least some protective HCV immunity.®!'¢

Treatment of HCV infection
For the past two decades, treatment of chronic HCV
infection has been interferon-based.’” Innovations in
drug discovery led first to the development of combi-
nation therapy with ribavirin,* PEG-IFN'"® and more
recently DAAs (for example, telaprevir and boceprevir,
which inhibit the NS3-NS4A protease),'**'* providing
stepwise improvements in sustained virologic response
(SVR; which equates with cure). However, the poor toler-
ability of PEG-IFN, ribavirin, telaprevir and boceprevir
have limited global treatment uptake.'*" A revolution in
HCYV therapeutic development has occurred in the past
few years, with the advent of interferon-free, DAA-based
regimens.'?? Within a few more years, simple (single,
daily dosing oral regimens), tolerable, short-duration
(6-12 weeks) therapy with extremely high efficacy (cure
rates >90%) across all genotypes is likely to be the norm.
Although HCV treatment is improving, many cur-
rently available DAA agents are fairly genotype-specific
and/or subtype-specific. Given that individuals with HCV
genotype 1 demonstrate poor responses to interferon-
based therapies, rational drug design has focused on the
development of agents with potent activity against this
genotype. Although this strategy has led to SVR rates of
>90% among patients with genotype 1,'*'? depending
on the agent, many DAA-based therapies have reduced
activity against other genotypes.*#119120.130-136 A5 >50% of
the global population with HCV infection is infected with
non-genotype 1 HCV, this reduced efficacy is problem-
atic.%’ For example, HCV genotype 3a infection is highly
prevalent among populations of PWID globally and its
prevalence has continued to increase over time.*>¢7-72
Interferon-free, pan-genotypic DAA combinations in
development look very promising.!?'¥* The co-formu-
lated sofosbuvir and GS-5816 single daily tablet, 12 week
regimen (a nucleotide analogue and NS5A inhibitor,
respectively), which is in phase II studies, has demon-
strated a SVR rate of >90% for HCV genotypes 1, 2, 3, 4,
and 6.7 Responses of >90% have been observed among
treatment-naive patients receiving 12 weeks of sofosbuvir
plus daclatasvir."** However, the reality is that many HCV
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Figure 4 | HCV superinfection in an individual treated with PEG-IFN and PEG-IFN
plus RBV. The patient was first confirmed as having a genotype 2b HCV infection.
After commencement of PEG-IFN therapy, genotype 2b was eradicated, but the
patient had a persistent genotype 1a infection. Between consecutive treatments
(firstly PEG-IFN then PEG-IFN plus RBV with ~2 years between treatments),

the individual became superinfected with genotype 3a and retained the

mixed genotype 1a and 3a infection until PEG-IFN plus RBV therapy, at which time
genotype 3a was cleared but genotype 1a remained persistent. Blue squares
represent ALT levels and green circles represent total HCV RNA levels. The grey
boxes represent treatments. Abbreviations: ALT, alanine aminotransferase; RBY,
ribavirin. Permission obtained from John Wiley and Sons © Grebely, J. et al.
Hepatology 55, 1058-1069 (2012).

treatments will still be genotype-specific for the next
1-2 years. In addition, even within the genotype-specific
DAA regimens, response rates vary between subtypes; for
instance, the efficacy of the protease inhibitor simeprevir
might be reduced in the presence of the naturally occur-
ring Q80K resistance-association variation, which is found
in subtype 1a."*® As such, the presence of mixed HCV
infection before treatment initiation could be of concern.
Furthermore, as HCV therapy is broadened to popula-
tions at increased risk of HCV re-exposure (for example,
active PWID and HIV co-infected men who have sex with
men), the risk of reinfection could increase. As such, it is
important to consider both mixed infection and reinfec-
tion in the context of HCV treatment in the era of new
DAA therapies.

Implications of mixed HCV infection for treatment

Data on the effect of mixed HCV infection on treatment
outcomes are limited. In a study by Grebely et al.,”* one
person who injected drugs who had acute HCV geno-
type 2b infection demonstrated HCV superinfection
with genotype la during PEG-IFN monotherapy. The
genotype 2a infection was cleared but the genotype la
HCV persisted during and after therapy (Figure 4).%
Following the first course of unsuccessful therapy, this

individual had a second superinfection with HCV geno-
type 3a before re-treatment with PEG-IFN plus ribavirin,
after which the HCV genotype 3a infection was cleared
but the genotype 1la infection persisted.* In another report
by Schréter et al.,* an individual with HCV genotype 3a
infection diagnosed by line-probe assay received inter-
feron-based treatment, which led to the successful clear-
ance of the infection; however, a previously unsuspected
mixed infection with genotype 1a at baseline was found
to have persisted.”® Another study included men who
have sex with men, who had HIV and HCV co-infection
and did not respond to PEG-IFN plus ribavirin therapy
for acute HCV infection (n=15). In this study, 100% of
participants had evidence of mixed HCV infection in the
pretreatment sample when NGS was performed, includ-
ing mixed genotype la infections (15 of 15) and mixed
subtype or genotype infections (6 of 15).*” Given the high
prevalence of mixed HCV infection among PWID, further
data are needed to assess the effect of mixed infection on
response to HCV treatment among PWID.

Implications of HCV reinfection following treatment
Ongoing high-risk behaviours following HCV treat-
ment-induced clearance might lead to reinfection and
compromised treatment outcomes.?' 2?34 Among
patients with a treatment-induced period of aviraemia
followed by HCV recurrence, nRT-PCR and sequencing
can be used to determine whether the recurring virus is
due to viral relapse (Figure 2c) or reinfection (Figure 2d).

Reinfection after treatment-induced HCV clearance
was first described in case studies among PWID.'*-143
To date, the reported incidence of HCV reinfection fol-
lowing successful treatment-induced HCV clearance
among PWID is low, ranging from 0.0 to 5.3 cases per
100 person-years (Table 3).21-252735-4L14 However, among
individuals reporting ongoing injection drug use after
successful treatment, the incidence of reinfection is
higher, ranging from 1.8 to 33.0 cases per 100 person-
years (Table 3).21-2527:3536.38-4L144 Tpy 3 gystematic review
and meta-analysis of HCV reinfection among PWID,
the pooled estimate of reinfection was 2.2 cases per 100
person-years (95% CI, 0.9-6.1) overall and 6.4 cases per
100 person-years (95% CI, 2.5-16.7) among individuals
who reported injection drug use after treatment-induced
HCV clearance.' In a further meta-analysis performed
by Hill et al.,'*¢ the proportion of patients with HCV
reinfection after 5 years was 1% in low-risk populations,
8% in PWID or prisoners and 24% in those with HIV
co-infection.

Studies of reinfection after successful HCV treatment
are limited by small sample sizes, retrospective study
designs, incomplete longitudinal follow-up and a lack of
sensitive methods to detect low levels of coexisting vari-
ants in pretreatment samples. As DAA-based therapy with
improved efficacy and tolerability is expanded to popu-
lations at increased risk of re-exposure, further data are
needed to assess reinfection following successful treat-
ment among PWID. Reinfection leads to a reduced
proportion of the PWID population with overall cure;
therefore, it is incredibly important to understand how
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Table 3 | Overview of studies evaluating HCV reinfection after treatment-induced clearance among PWID

Study Location, nwithSVR Age Female HIV |Injecting Reinfection Follow-up Length of Incidence of reinfection

design (total n) (%) (%) post-SVR (n) interval follow-up (95% CI) per 100 PY/
(%) (months) (years) injecting post-SVR

Dalgard etal.  Norway, 27 (69) 32 398 NA 33 1 NA 5.4 0.8 (0-5.0)/

(2005)%¢ prospective (IQR 1.1-6.8)* 2.5 (0-14.0)

Backmund Germany, 18 (50) 32% 39 NA 50 2 1 2.8 3.9 (0.5-14.2)/

et al. (2004)*  Prospective (0.3-4.6)* 8.4 (1.0-30.4)

Currie et al. USA, 9 (NA) 46* 11 56 22 0O NA 3.6 0 (0.0-7.6)/

(2008)%" prospective (IQR 3.2-6.0)% 0 (0.0-45.7)

Bate et al. Australia, 53 (74) 34%* 58 0 NA 5 NA 3.4 NA

(2010)3" prospective (0.2-11.5)*

Grebely et al. Canada, 35 (58) 44* 14 6 46 2 12 2.0 3.2 (0.4-11.5)/

(2010)%° prospective (IQR 0.4-5.0)% 5.3 (0.6-19.0)

Grady et al. Netherlands, 42 (69) 51f 26 2 26 1 65(QR 25 0.8 (0.0-3.7)/

(2012)% prospective 5.5-8.3) (IQR 1.6-3.7)* 3.4 (0.2-16.9)

Grebely et al.  Australia, 67 (111) 34* 288 338 16 5 26 1.1 12.3 (5.1-29.6)/

(2012) prospective (IQR 0.7-1.9)} 7.3 (2.3-22.6)

Hilsden etal.  Canada, 31(66) 41f O 0 100 1 NA 1.8 NA/2.8 (0.0-14.5)

(2013)* prospective (0.5-1.8)*

Marco et al. Spain, 119 (NA)  33¢ 0 15 10 9 12 1.4* 5.3/33.0

(2013)*° Retrospective

*Mean. *Median. SPortion of entire population. Abbreviations: NA, not available; PWID, people who inject drugs; IQR, interquartile range; PY, person-years; SVR, sustained virologic response.

often HCV reinfection occurs. HCV reinfection has
important cost implications with regards treatment
and would affect our ability to control HCV infection
among the PWID population; the rate at which chronic
infections are eliminated through treatment would be
reduced if people are becoming reinfected soon after
successful treatment.

Clinical implications and recommendations
Among people with a history of injection drug use, HCV
genotyping should be performed before the initiation of
HCV treatment using the most sensitive clinical geno-
typing assay available (most often second generation
line-probe assays, for example, INNO-LiPA® HCV 2.0
or Sanger sequencing). Although it is acknowledged that
line-probe and Sanger sequencing assays might not be
sensitive enough for the detection of low-level mixed
viral variants, this drawback must be balanced against
the practicality that more sensitive methods might not
be available for use in clinical situations (for example,
cloning or NGS).

In people with evidence of mixed HCV infection at
baseline, genotype-specific treatment regimens should
be avoided owing to potential inactivity against other
strains and pan-genotype regimens should be consid-
ered in these patients. Among patients with a history
of injection drug use and null-response to treatment,
HCV genotyping at the end of therapy could be used
to assess whether mixed infection at baseline, or super-
infection during therapy, contributed to this treatment
outcome (evidenced by a genotype switch from baseline
compared to the end of therapy). Among patients with
a history of injection drug use and viral breakthrough
during therapy, HCV genotyping should be performed
to assess whether viral breakthrough was likely to be due

to viral relapse or HCV reinfection (useful in instances
of reinfection with a different genotype or subtype). In
the case of relapse with the same subtype as initial infec-
tion, Sanger sequencing (preferably of the E1-HVRI1
region) would be required to distinguish relapse from
reinfection; however, Sanger sequencing cannot exclude
the possibility of reinfection from the same partner in the
case of viral relapse. More sophisticated methods for dis-
tinguishing relapse from reinfection in a research setting
could also include a comparison between the rate of viral
evolution in the host and the presumed source.'*’

After successful treatment (undetectable HCV RNA at
12 weeks or 24 weeks after treatment cessation), patients
should be tested for HCV RNA using a sensitive commer-
cial assay. If HCV RNA is detectable, HCV genotyping
should be performed to assess whether viral recurrence
was probably due to viral relapse or HCV reinfection. In
patients with a relapse from the same subtype as the initial
infection, Sanger sequencing is likely to be required to
distinguish relapse from reinfection. Among people with
ongoing risk behaviours for HCV exposure and a suc-
cessful treatment response, HCV RNA testing should be
performed annually to assess for HCV reinfection.

Future studies

Investigations into the prevalence, incidence and natural
history of mixed infection (both superinfection and
co-infection) and reinfection, including their effect
on HCV treatment, could provide crucial insights into
HCV immunopathogenesis, vaccine development and
therapeutic strategies for PWID infected with HCV.
Understanding the effect of mixed infection on treatment
response and the long-term effect of HCV reinfection
among PWID will be crucial, given the expanded access
to treatment in this population.
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Recommendations for the ideal study to improve
understanding of mixed HCV infection, superinfec-
tion and reinfection during and after HCV treatment
should include people with a history of injection drug
use (particularly those with recent drug use). All patients
should undergo HCV RNA testing to confirm chronic
infection. Sensitive assays to detect and characterize
mixed HCV infection, for example, genotype-specific
nRT-PCR or pan-genotypic nRT-PCR with NGS, would
be performed at baseline and subsequently on all viraemic
samples taken longitudinally. Ideally, the most sensitive
assays, such as NGS, should be used to effectively assess
the dynamics of persistent infection with multiple strains.
Detailed information about historical, recent and ongoing
HCV risk behaviours should be collected at regular inter-
vals. Follow-up should be extended for 1-2 years follow-
ing an end-of-treatment response (or SVR) to evaluate
the rate of HCV reinfection. Individuals with reinfection
should be followed up for along period after treatment to
determine the course and outcome of reinfection events.
Finally, mixed HCV infection, superinfection and reinfec-
tion events should be confirmed through phylogenetic
characterization of the various viral strains identified.

Conclusions

Data from human studies suggest that mixed HCV infec-
tion and superinfection are common events among PWID
(particularly those with ongoing injection drug use), and
mixed HCV infection could have an effect on HCV treat-
ment outcomes. Furthermore, HCV reinfection among

PWID after treatment-induced HCV clearance can occur,
but the rates of HCV reinfection reported to date have
been IOW.ZI725,27,35741,144,145

However, in the setting of DAA-based HCV therapy,
very few studies have reported on mixed infection,
superinfection and reinfection. Given that the major-
ity of people infected with HCV are recent or former
PWID, the expansion of DAA-based HCV treatment
in these populations will be crucial to reduce the global
morbidity and mortality associated with HCV infection.
However, as >50% of people infected with HCV world-
wide are infected with a non-genotype 1 HCV strains and
the prevalence of mixed HCV infection among PWID is
high, it will be important to evaluate the effect of mixed
HCYV infection in the DAA era given that many of these
agents are still genotype-specific. Furthermore, given
the potential of increased HCV treatment access among
PWID who have a greater risk of HCV re-exposure, it will
be important to evaluate the rate of HCV reinfection after
successful DAA treatment.

Review criteria

Data for this Review were collected by searching Medline
with the following search criteria, “hepatitis C” AND
“superinfection” OR “superinfections” OR “mixed infect”
OR “multiple infect” OR “reinfect” OR “re-infect”. The
references of identified articles were manually searched
for further relevant papers. Key abstracts at international
meetings were also considered. Only English language
papers were included.
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