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Hepatitis C virus (HCV) is a highly diverse pathogen that is classified into seven distinct genotypes. Simultaneous or sequential
reinfection with multiple HCV genotypes is recognized in high-risk populations, such as injecting drug users (IDUs). Multiple
infection is of clinical concern as different genotypes have various sensitivities to current antiviral therapies. Therefore, a better
understanding of the frequency of multiple infection and of the genotypes currently being transmitted is clinically relevant. An
Australian cohort of IDUs (n � 123), identified with primary incident infection, was followed for multiple infection by regular
HCV RNA testing between 2005 and 2013. A total of 354 samples were tested. Sequencing of primary incident infections revealed
that genotype 3a was the most common circulating genotype, followed by genotype 1a. Examination of longitudinally collected
samples identified complex patterns of multiple infection, including reinfection and superinfection. In those with multiple infec-
tion, there was no apparent evidence of homotypic immunity conferring protection against reinfection of the same subtype. This
study revealed frequent multiple infection in a high-risk prisoner cohort, illustrating the complex nature of HCV infection and
reinfection and highlighting the need for pan-genotypic antiviral therapies.

Hepatitis C virus (HCV) is a major cause of chronic liver dis-
ease globally. Current estimates suggest that between 130 and

170 million people worldwide are infected with HCV and that
more than 350,000 people die from HCV-related illnesses each
year (1–3). In Australia, approximately 320,000 people are esti-
mated to have been infected with HCV, with intravenous drug use
(IVDU) being the predominant source of infections (4, 5).

Acute infection is asymptomatic in the majority of individuals
and hence commonly remains undiagnosed during the initial
phase of illness (6). Following acute infection, approximately 25%
of people clear the virus within approximately 6 months, whereas
the remainder progress to chronic infection (7). Chronic HCV
infection causes ongoing hepatic inflammation resulting in fibro-
sis and, ultimately, cirrhosis and an increased risk of hepatocellu-
lar carcinoma, with an annual mortality rate of 1% to 4% (8, 9). As
the virus is predominantly transmitted by blood-to-blood con-
tact, those most at risk are injecting drug users (IDU), via sharing
of the injecting apparatus. A recent study of recent HCV infections
in Australian prisons identified evidence of ongoing HCV trans-
mission events in incarcerated IDUs (10). Other blood-to-blood
modes of transmission are also recognized, including transmis-
sion via contaminated medical devices such as tattooing instru-
ments, vertical transmission from infected mothers to the new-
born, and sexual transmission among men who have sex with men
(MSM), particularly among those who are coinfected with HIV
(11, 12).

HCV strains are highly diverse, with seven major genotypes
(genotypes 1 to 7), each further classified into 67 subtypes (labeled
alphabetically [a, b, c, etc.]) (13). HCV taxonomy is defined by
nucleotide sequence heterogeneity, with the genotypes showing
65% to 70% sequence identity and the subtypes showing 75% to
80% homology (14). HCV genotyping was originally performed
on the highly conserved 5= untranslated region (5=UTR), but
genotyping based on the Core and envelope (E1 and E2) structural
regions has more recently been shown to provide better resolution
of subtypes and transmission clusters (10, 15, 16).

HCV genotypes and subtypes are differentially distributed
across the world, with genotypes 1, 2, and 3 being the most prev-
alent globally. Genotype 4 is prevalent in the Middle East and
Africa, and high prevalences of genotypes 5 and 6 have been re-
ported in South Africa and Asia, respectively (17, 18). The geno-
types most commonly reported among chronically infected indi-
viduals in Australia are genotypes 1 (52% to 65%) and 3 (20% to
38%), with low prevalences of genotypes 2, 4, and 6 (approxi-
mately 5% to 9%, 0% to 6%, and 0.6% to 2%, respectively) (19–
25). It should be noted, however, that these prevalence surveys
were conducted in the 1990s and predominantly screened chron-
ically infected individuals who had likely contracted the virus
years to decades prior to testing; therefore, the results of those
studies do not necessarily represent the viruses currently being
transmitted (26). No other investigations have been conducted
since those studies were performed over 2 decades ago.

Multiple infections (i.e., simultaneous or sequential infections
with two or more HCV strains) are common, with reported prev-
alence rates in Australia ranging from 0.7% to 25% (16, 19, 20, 22,
25, 27). The highly diverse nature of HCV strains and limited
cross-genotype protective immunity (28), in combination with
the high risk of reexposure through ongoing IVDU, are believed to
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contribute to the occurrence of multiple infections. As the existing
interferon-based therapies and many of the direct-acting antivi-
rals (DAAs) have genotype-specific activity, recognition of multi-
ple infection is important in clinical decision-making—for both
treatment type and duration (29, 30).

In the present study, the genotype distribution among incident
case subjects from a prospective cohort study of high-risk IDU
custodial inmates in Australia was investigated to describe the
current incident genotypes and subtypes. The frequency of mul-
tiple infection was also analyzed by subject and by sample, follow-
ing up analyses performed in a study published in 2010 (16), with
an additional 36 subjects and an extra 3 years of longitudinal sam-
pling providing an additional 239 samples.

MATERIALS AND METHODS
Subjects and samples. Samples from a prospective cohort of 500 HCV
seronegative high-risk inmates enrolled in the Hepatitis C Incidence and
Transmission Study in prisons (HITS-p) collected between 2005 and 2013
were used in this study (31–33). Inmates were enrolled in 34 correctional
centers across New South Wales, Australia. Blood samples were collected
every 6 months to screen for seroconversion and for HCV RNA positivity,
and upon diagnosis of incident infection, three to six samples were col-
lected monthly. Details of the study protocol were reported elsewhere (16,
31–33). Interviews regarding risk behaviors were conducted by a research
nurse and entered into a database created in SPSS Statistics (for Windows,
Version 22.0) (IBM Corp. Armonk, NY) along with HCV antibody (Ab)
and HCV RNA test results as described previously (31–33).

Ethics statement. Ethical approvals were obtained from the Human
Research Ethics Committees of Justice Health (reference number GEN
31/05), the New South Wales Department of Corrective Services (refer-
ence number 05/0884), and the University of New South Wales (reference
numbers 05094 and 08081), all located in Sydney, Australia. Written in-
formed consent was obtained from the participants.

Virological assessments. All sera were tested for HCV antibodies us-
ing the Abbott Architect anti-HCV chemiluminescent microparticle im-
munoassay (Abbott Diagnostics, Abbott Park, IL, USA). HCV RNA de-
tection was performed using either the Versant HCV RNA qualitative
transcription-mediated amplification (TMA) assay (Bayer Diagnostics,
Emeryville, CA, USA) (lower limit of detection, 3,200 copies/ml) for sam-
ples collected prior to July 2008 or the Cobas AmpliPrep/Cobas TaqMan
HCV assay (Roche, Branchburg, NJ, USA) (lower limit of detection, 223
genome copies/ml) for samples collected from August 2008 to June 2013
(34).

RNA extraction, genotyping, and screening for multiple infection.
Viral RNA was extracted from all viremic samples, and screening for mul-
tiple infection was accomplished by amplifying the Core region with sub-
type-specific nested reverse transcriptase PCR (nRT-PCR) for subtype 1a,
1b, 2a, or 3a, as previously described (16). If the Core region failed to
amplify, nRT-PCR analysis was performed to amplify E1/hypervariable
region 1 as previously described (16, 25). If both Core and E1/HVR1 failed
to amplify, the 5=UTR region was analyzed to determine the genotype
(25). All PCR amplicons were purified with ExoSAP-IT (Affymetrix) and
sequenced directly on an ABI 3730 DNA analyzer (Applied Biosystems)
using dye terminator chemistry. The GenBank accession numbers for
E1/HVR1 are KJ437271 to KJ437343.

E1/HVR1 nRT-PCR for detection of multiple infection with two vi-
ruses from the same subtype. When the Core and/or 5=UTR sequences
indicated a potential reinfection with the same subtype (e.g., 3a-3a), nRT-
PCR analysis targeting the E1/HVR1 region was performed, as previously
described (16). Longitudinal analysis of the sequence data was used to
confirm a subtype reinfection. Where the sequences did not cluster (70%
bootstrap cutoff for clusters), a new subtype infection was confirmed (35).

Phylogenetic analysis. Phylogenetic analysis was used to determine
genotype and subtype as well as to determine potential secondary infec-

tion with the same subtype. This analysis was performed with the inclu-
sion of a panel of prototypic sequences that were retrieved from GenBank
(13, 16) (see Fig. S1 in the supplemental material for GenBank accession
numbers) representing each of the 67 HCV subtypes. Alignments of the
prototypic sequences and the nucleotide sequences generated from
the HITS-p cohort were performed using the Clustal W program in the
MEGA5 software package (13, 36). To determine genotype, phylogenetic
analysis was performed on three different genomic regions—the Core
region, with amplicon lengths of 270 bp; the E1/HVR1 region, spanning
657 bp; or the 5=UTR region, spanning 175 bp. Best-fit substitution mod-
els were determined using the MEGA 5 model test. Trees were constructed
from Core and 5=UTR sequences using a Kimura 2-parameter model with
gamma distribution for all genotypes and from E1/HVR1 sequences using
a Tamura-Nei model with gamma distribution. Evolutionary history was
inferred using the maximum likelihood method (bootstrap test of 1,000
replications; 70% cutoff for clusters) (36). As 5=UTR subtyping of geno-
type 1 is problematic because of the highly conserved nature of this region,
subtype 1a and 1b sequences were determined on nucleotide 243. This
nucleotide is known to differ in the 1a and 1b sequences, with an A and G,
respectively (25). Trees were visualized with FigTree (37).

Definitions. “Multiple infection” was defined as the condition of ei-
ther simultaneous or sequential infection of a subject with two or more
strains of HCV. As previously described, multiple infection was further
classified into “incident mixed infection,” where the subject was infected
with two or more strains at the first viremic time point; “superinfection,”
where the subject became infected with a second strain of HCV superim-
posed on a previous infection strain; and “reinfection,” where a subject
was infected with one strain of virus, cleared that virus (with at least one
aviremic time point), and then became infected with another, phyloge-
netically distinct viral strain (16). “Strain switch” was designated when a
different strain of virus was detected in longitudinal follow-up but the
presence or absence of viremia during the intervening period had not been
established.

Statistical analysis. Descriptive analyses of the demographic and risk
behavior characteristics of the subject group were conducted using SPSS
Statistics (Version 22.0; IBM Corp., Armonk, NY). The R statistical pack-
age was used to perform a two-tailed one-sample z test for equal propor-
tions on genotype and multiple infection intrasubtype data to investigate
possible homotypic immunity (38).

RESULTS
Subject and sample characteristics. Of the 500 subjects enrolled
in the HITS-p cohort, there were 182 subjects with documented
seroconversion who were included in the incident case group. Of
these 182 incident subjects, HCV RNA was detectable in 136
(75%). A further 13 viremic subjects were excluded from further
analysis for a range of reasons, including the lack of a stored sam-
ple, a viral load of �15 IU/ml, and collection of samples in lithium
heparin as the anticoagulant. There were 123 primary incident
case subjects (90%) who had at least one viremic time point avail-
able and were suitable for subsequent genotyping and sequence
analysis. Of these 123, 32 had only one viremic time point, while
the remaining 91 had at least two viremic time points, making a
total of 354 samples available for analysis. Three different regions
of the HCV genome, 5=UTR, Core, and E1/HVR1, were targeted
for amplification and sequencing. In total, 97% (n � 342) of the
viremic samples were successfully amplified and sequenced for at
least one region. Including all multiple infections, there were 518
sequences generated, comprising n � 32 (6%) 5=UTR, n � 307
(59%) Core, and n � 179 (35%) E1/HVR1 sequences.

The demographic characteristics of the 123 primary incident
case subjects revealed that 79 (64%) were male, with an overall
mean age of 27.6 years (standard deviation [SD], 6.7), and that 98
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(80%) subjects had attained less than 10 years of formal education.
The majority of subjects reported previous imprisonment (78%)
and also a high lifetime frequency of sharing of injecting equip-
ment (67%). Over half (53%) of the subjects reported injecting
drugs since imprisonment.

Genotype characterization of primary incident HCV. To de-
termine the genotypes currently in circulation throughout New
South Wales (NSW) prisons, the genotype(s) was determined at
the first HCV RNA-positive time point for each of the 123 incident
case subjects. There were 136 primary incident viruses, including
110 “monoinfections” (i.e., infections with one virus only) and 26
primary incident mixed infections in 13 subjects, 5 of whom were
assigned to two or more of the multiple infection classification
patterns described below. Of these 136 primary incident viruses,
39% (n � 53) were genotype 1, which included 32% (n � 43) with
subtype 1a infection and 7% (n � 10) with subtype 1b infection
(Fig. 1). The genotype 3 infections (n � 70) were uniformly sub-
type 3a infections and made up 51% of all primary incident vi-
ruses. Primary genotype 2 infections (n � 11) included subtypes
2a and 2b, comprising 3% (n � 4) and 5% (n � 7), respectively.
Genotype 6a infections constituted 2% of primary incident infec-
tions (n � 2), whereas genotypes 4, 5, and 7 were not detected.

Characterization of multiple infections by subject. Of the 123
subjects whose viremic samples were genotyped using Core, E1/
HVR1, and 5=UTR, 70% (n � 86) of subjects were found to be
infected with one virus only, termed here “monoinfection,” and
the remaining 30% (n � 37) were confirmed to have multiple
infection (including incident mixed infection as described above).
Of the 37 subjects with multiple infections, 49% (n � 18) were
multiply infected with subtypes 1a and 3a—termed here “inter-
genotype multiple infection.” However, a wide range of combina-
tions was evident (Fig. 1). Interestingly, 11 (30%) of the 37 sub-
jects had multiple infection with the same subtype—termed here
“intrasubtype multiple infection” (Fig. 1). Of these 11 subjects,
seven were infected with two subtype 3a viruses (19% of the total
multiple infection group) and four were infected with two 1a sub-
type viruses (11% of the total multiple infection group). It should
be noted that, for four subjects (Fig. 2; subject identifiers 138, 304,
327, and 354), Core sequence clustering showed intrasubtype in-
fection, but, because of superinfection with other genotypes or

low viral loads at these time points, the E1/HVR1 region could not
be amplified for these viruses. These subjects were included as
intrasubtype infections (Fig. 2 [identified with asterisks]). For
subject 086, only the 5=UTR from each infection was able to be
amplified. This subject was included because there were two HCV
RNA-negative time points seen over an 18-month period (Fig. 2
[identified with asterisks]) (28). Surprisingly, six of the subjects in
the cohort were infected with three viruses (Fig. 2; subject identi-
fiers 144, 212, 203, 086, 089, and 223) and another two subjects
with four viruses (Fig. 2; subject identifiers 327 and 304).

The multiple-infection episodes for 30 of the 37 subjects fol-
lowed four different patterns defined as follows: (i) eight subjects
(22%) were classified as having primary incident mixed infection,
as two distinct HCV strains were detected at the first HCV RNA-
positive time point; (ii) 5 subjects (13%) were classified as having
“reinfection,” as observed from longitudinal follow-up; (iii) 10
subjects (27%) were classified as having superinfection; and, fi-
nally, (iv) 7 subjects (19%) were designated strain switch subjects,
as the incident HCV strain was replaced by a second strain with no
intervening time points negative for infection. The remaining 7 of
the 37 multiply infected subjects displayed a complex history of
infection that encompassed two or more different pattern desig-
nations (Fig. 2; subject identifiers 086, 089, 144, 203, 223, 304, and
327).

Analysis of intrasubtype infections. It was of interest to deter-
mine if the likelihood of infection with a second virus from the
same subtype was lower than the likelihood of a second infection
with a different subtype/genotype, thereby suggesting homotypic
immunity. If it is assumed that no protection was conferred from
the primary infection and that each infection was entirely inde-
pendent, then the chance of a second infection with genotype 3a
should have been approximately the same as that of a primary
infection (i.e., 51%), with the potential caveat of differential clear-
ance of one strain over another resulting in aviremia and no sam-
ple available for amplification. The expected probability of a sub-
sequent infection being a genotype 3a infection, given that the
initial infection was a genotype 3a infection, would be 26%
(0.51 � 0.51); thus, 26% of the multiple-infection cohort should
have had 3a-3a infections. This expected proportion of 3a-3a in-
fections was compared with the observed proportion (7/34 �

FIG 1 Distribution of HCV subtypes and multiple-infection combinations. (A) Distribution of subtypes in the primary incident HCV infection samples in the
cohort, with different subtypes represented by different colors as shown in the key. (B) A varied set of multiple-infection combinations were observed. Each
multiple-infection combination is represented by a different color as shown in the key, with the percentage of each set as a proportion of the total also represented.
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FIG 2 Multiple-infection subjects. Data are shown for 37 subjects identified as having multiple infection. The line represents a longitudinal time scale from
incident infection to the last sampling point in months. The color symbol designates the subtype; first, second, and third infections with the same subtype are
represented with circles, triangle, and squares, respectively. Time points representing subjects with viremia from whom a sequence was unobtainable are
designated in black, time points representing subjects from whom E1/HVR1 was unable to be amplified are designated with an asterisk, and time points
representing RNA-negative results are represented by an empty diamond with a black outline. Time points where two viral strains were present have two symbols
indicated (see key).
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21%; P � 0.6), indicating no statistically significant difference. A
similar analysis performed for genotype 1a infections revealed that
the expected rate of 10% of 1a intrasubtype infections (0.32 �
0.32) was closely concordant with the observed rate of 4/34 (12%)
(P � 1.0).

Spontaneous clearance. Of the 86 monoinfected subjects, lon-
gitudinal follow-up allowed assessment of disease outcome (clear-
ance or chronicity) in 57 subjects. The remaining 29 subjects
lacked longitudinal samples to determine clearance or chronicity
and therefore were classified as having unresolved infections. At
least 6 months of follow-up was required to define infection out-
come. Of the 57 subjects with sufficient longitudinal follow-up,
19% (n � 11) cleared the virus and 81% (n � 46) progressed to
chronic infection. This clearance rate is comparable to the clear-
ance rate of monoinfected subjects seen in other studies (7, 39). In
contrast, reinfection subjects showed a high rate of spontaneous
clearance, with 5 of 8 (63%) subjects clearing two or more viruses.
In 19 (80%) of the 24 subjects with superinfection and incident
mixed infection, either two viruses were eventually cleared or one
virus superseded another and persisted (Fig. 2). Only one (4%)
subject (Fig. 2; subject identifier 097) developed infection with
two viruses for a period greater than 6 months and did not clear
either virus in follow-up. The remaining four (17%) of the 24
subjects did not have sufficient follow-up time points to deter-
mine the outcome of infection.

In the subjects with multiple infection, there was an apparent
pattern of shortened duration of infection. In the eight subjects
who developed reinfection, 50% had at least one reinfection that
lasted no longer than 4 weeks from detection.

DISCUSSION

In this study, a sensitive nRT-PCR-based assay was used to de-
scribe the distribution of HCV genotypes and the frequency of
multiple infections among incident infections in an Australian
custodial setting. Previous prevalence surveys of chronic HCV
infection in Australia between 1997 and 2000 resulted in reported
ranges of 20% to 38% for genotype 3 and 52% to 65% for genotype
1 (18–24). In contrast to those studies, the findings reported here
indicate an apparent increase in the transmission of genotype 3
(51% of incident infections).

This report of an increased frequency of genotype 3 infection is
consistent with a comparable trend in prevalent genotype data
comparing studies from several decades ago to more recent cross-
sectional studies (40–42). One possible explanation for the emer-
gence of genotype 3 infection is that this strain has been reported
to have a reduced likelihood of spontaneous clearance in primary
infection compared to genotype 1 and, accordingly, a higher rate
in the establishment of chronic infection. Consequently, it is hy-
pothesized that the increasing pool of genotype 3-infected donors
is associated with an increased likelihood of genotype 3 transmis-
sions. The increased prevalence of genotype 3 infection raises
long-term clinical concerns, as chronic infection with genotype 3
has been associated with an increased risk of cirrhosis and hepa-
tocellular carcinoma (HCC) compared to chronic infection with
genotype 1 (7, 43). In addition, the current DAAs are less effective
against genotype 3 (44, 45).

The frequency of multiple infections in this study (30%) was at
the higher end of the scale but was still comparable to those cal-
culated in other studies in high-risk cohorts, confirming that re-
peated infection is common in these populations and is of clinical

concern (46, 47). It should also be noted that the data presented
here were based on the use of a sensitive, subtype-specific assay
system for detection of multiple infections which also incorpo-
rated both longitudinal time points and a relatively large sample
size. This more comprehensive analysis may explain the higher
rate of multiple infection seen in this study compared to others
(19, 20, 22, 25, 48). It is also worth noting that this cohort was
analyzed using samples collected in the custodial setting, which
may impose risk factors that are different from rates of mixed
infection that are higher than those seen with IDUs based in the
community (16).

To date, there has been limited investigation of antiviral im-
munity in multiple-infection subjects. Clearance rates have been
reported to improve from 25% to 59% in people with secondary
infections (28). One recent study, examining adaptive immunity
in reinfections, found a significant increase in the breadth of T cell
responses. In the majority of reinfected IDUs, a heterologous neu-
tralizing antibody (nAb) response was formed (49). While exam-
ination of the immune response was beyond the scope of this
study, a trend toward more-transient infection, as well as a higher
rate of spontaneous clearance in those with multiple infection,
was observed and is consistent with other studies (28, 50, 51).
Interestingly, the rates of intrasubtype 3a-3a and 1a-1a multiple
infections were comparable in frequency to the primary infection
rates. This suggests that very little sterilizing immunity against
related subtypes is generated. These results differ from the results
of a recently published paper that reported a decreased risk for
acquisition of a secondary infection from the same subtype (52).
The difference in intrasubtype infection results could be a conse-
quence of the fact that this study implemented a highly sensitive
genotyping assay designed to detect multiple infection in a single
sample (16). In combination, these data suggest that the host re-
sponse during an initial infection does not prevent subsequent
infection but does facilitate better control upon reinfection. This
implies that prophylactic vaccine design will need to focus more
on facilitating rapid clearance of HCV infection rather than on
inducing sterilizing immunity.

The limitations of the current study included a wide range in
sampling frequencies (2 weeks to 6 months), which may have
resulted in some infection episodes being undetected if they were
cleared quickly (49, 53). This is likely to be relevant in the subjects
with strain switch, where a lack of an intermediate time point with
either superinfection or a negative RNA outcome might have bet-
ter resolved the multiple infection category of these infections.

Summary. This report indicates that the HCV epidemic in
Australia is mirroring the global increase in genotype 3 infections
and that multiple infection is common in high-risk populations.
This study was the most intensive longitudinal analysis of multiple
infection conducted to date, and the results indicate a high prev-
alence of multiple infection with complex patterns of natural his-
tory. For high-risk populations, pan-genotypic DAA treatment
options and vaccination will likely be needed in combination, with
a view to long-term elimination.
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