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Abstract

Combining phylogenetic and network methodologies has the potential to better inform targeted
interventions to prevent and treat infectious diseases. This study reconstructed a molecular
transmission network for people with recent hepatitis C virus (HCV) infection and modelled the
impact of targeting directly acting antiviral (DAA) treatment for HCV in the network. Participants
were selected from three Australian studies of recent HCV from 2004-2014. HCV sequence data
(Core-E2) from participants at the time of recent HCV detection were analysed to infer a network
by connecting pairs of sequences whose divergence was <0.03 substitutions/site. Logistic
regression was used to identify factors associated with connectivity. Impact of targeting HCV
DAAs at both HIV co-infected and random nodes was simulated (1 million replicates). Among
236 participants, 21% (n=49) were connected in the network. HCV/HIV co-infected participants
(47%) were more likely to be connected compared to HCV mono-infected participants (16%) (OR
4.56; 95%Cl; 2.13-9.74). Simulations targeting DAA HCV treatment to HCV/HIV co-infected
individuals prevented 2.5 times more onward infections than providing DAAs to randomly
selected individuals. Results demonstrate that genetic distance-based network analyses can be used
to identify characteristics associated with HCV transmission, informing targeted prevention and
treatment strategies.
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Introduction

Communicable diseases such as HIV and hepatitis C virus (HCV) spread through contacts
within injecting (1) and sexual networks (2). The structure of these networks (e.g. number of
injecting or sexual partners) governs the spread of infection (3). Important features of social
or injecting networks are often characterized through interviews and partner tracing.
However, these techniques are laborious, can lead to bias (4), identified links may not
represent direct transmission events, and may be less accurate when the infectious disease
has a long period between transmission and disease state and a low transmission rate per
contact (e.g. HIV (5-8) or HCV (9)).

HIV sequence data have been used to reconstruct molecular transmission networks (10),
approximating the transmission network, and reflecting the transmission pathway of the
virus between people. Molecular transmission networks represent powerful scientific and
clinical tools to study networks through which communicable diseases are transmitted (11).
Recently, HIV molecular transmission networks have been proposed to target antiretroviral
therapy (12), track the spread of the epidemic (13, 14), model the possible effects on
reduction of transmission for different HIV prevention trials (15) and inform real-time
public health interventions (16).

A recent study demonstrated that phylogenetic clustering of recent HCV infection in
Awustralia was associated with HIV/HCV co-infection and genotype 1a infection (17),
suggesting that understanding the network through which the virus is transmitted is
important for the successful implementation of treatment and prevention strategies. It has
also been demonstrated that HCV phylogenetic clustering is associated with the injecting
network in people who inject drugs (PWID) (18) and that epidemic contact structure can be
inferred from phylogenetic trees (19). Recent work in HIV demonstrated the correspondence
between communities observed in sexual contact networks and phylogenetic transmission
clusters (20). These findings suggest that in the absence of injecting or sexual network data,
the construction of a molecular transmission network using HCV sequence data could shed
light on the network through which HCV is transmitted.

Modelling of the impact of Directly Acting Antiviral (DAA) therapy to treat HCV has been
performed using the injecting network (21) to inform the implementation of treatment and
prevention strategies, such as Treatment as Prevention (22). Modelling the impact of DAA
therapy in a molecular transmission network using HCV sequences may further validate
these strategies and provide insights into the effectiveness of Treatment as Prevention to
reduce transmission of HCV among HIV-infected men who have sex with men (MSM).

Here, a partial molecular transmission network was reconstructed for recent HCV using the
methodology previously developed for HIV sequence data. The inferred network was used
to model the possible impact of treatment of HCV infection using DAAs on reduction of
transmission of HCV in the network.
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Materials & Methods

Study population and design

Data and specimens from participants in three Australian studies of recent HCV were used.
The Australian Trial in Acute Hepatitis C (ATAHC) was a study of recent HCV recruiting
participants between 2004 and 2007 (23). The Hepatitis C Incidence and Transmission
Study - prison (HITS-p) was a study of PWID in prison that recruited participants from
correctional centres between 2005 and 2014 (24). The Hepatitis C Incidence and
Transmission Study — community (HITS-c) was a study of community-based PWID, that
recruited participants between 2008 and 2013 (25).

For inclusion in this analysis, participants from these cohorts had to have acute or recent
HCV defined by an initial positive anti-HCV antibody test and either (1) a negative anti-
HCV antibody test within 2 years prior to the initial positive anti-HCV test or (2) acute
clinical hepatitis (either jaundice or alanine aminotransferase [ALT] >400 1U/mL) within 12
months of the initial positive anti-HCV result. Participants also had to have a HCV RNA
detectable plasma sample (first available sample following the detection of HCV selected).
All participants provided written informed consent and protocols were approved by
appropriate Human Research Ethics Committees.

The estimated date of infection for subjects who presented with acute clinical hepatitis was
calculated as six weeks prior to onset of symptoms. For subjects identified by recent positive
HCV antibody test with a negative test in the prior two years, the estimated date of infection
was calculated as the midpoint between the first positive test and the last negative test.
Among individuals HCV antibody-negative and HCV RNA-positive at the time of acute
HCV detection, the estimated date of HCV infection was 4 weeks prior to diagnosis date

Transmission network reconstruction

HCV nucleotide sequences were obtained from the first available sample at the time of HCV
detection. Sequences obtained spanned the HCV genome from Core to the beginning of
Envelope-2 (Core-E2) nucleotides 347-1750 in H77 reference sequence (GenBank
ascension no. NC_004102) and were amplified using a method previously described (26)
(Supplementary Methods 1). Sequence curation and alignment was performed using
ClustalX (27) and the final sequence fragment analysed was 1221 bp long following the
removal of the hypervariable region one (HVR1) due to the extreme genetic variation seen
between individuals in this region (26). Molecular transmission network inference was
performed using freely available software HIV-TRACE (www.hivtrace.org; (28)) and
adapted to the Core-E2 region of HCV by changing the distance threshold.

The transmission network was inferred based on the nucleotide genetic distance between
HCV sequences from each participant. Two participants (nodes) were linked by an edge in
the network whenever their Core-E2 sequences divergence was <0.03 substitutions/site
(Tamura-Nei 93 genetic distance; (29)). As per previous studies, the analysis was repeated at
0.02 and 0.025 substitutions per site to (Supplementary Table 1) to characterise the most
epidemiologically relevant cut off. The presence of a link between two participants does not
imply direct transmission, since there may be unsampled members of the network, resulting
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in missing nodes. The presence of an edge indicates only an epidemiological relationship
between the connected nodes. Clusters were assembled by connecting all nodes with shared
edges, so that every individual in a cluster is connected to at least one other individual in the
cluster.

Edges (links) were directed in the network based on estimated date of infection of
participants. An outbound edge (arrow pointing away) would be assigned from one
participant (A) to another (B), when the estimated date of infection of A was earlier than the
estimated date of infection of B. This directionality does not indicate that person A infected
person B, but rather that person B could not have infected person A (because person B was
infected after person A). To account for potential uncertainty in the method used to calculate
estimated date of infection, edges were not assigned any directionality if the estimated date
of infection of two nodes was within 90 days of each other.

Network simulations

The impact of treatment of HCV with DAAs was simulated over the molecular transmission
network, inferred using a 0.03 substitutions/site genetic distance threshold. We explored the
effect of targeting DAA therapy at HIV co-infected nodes and DAA therapy provided to
random nodes. For each replicate, a node was randomly selected from either the subset of
HIV co-infected nodes or from the set of all nodes. If this node belonged to a cluster, a
minimum spanning tree for the cluster was constructed using Wilson’s algorithm (30) for
efficiently sampling from a uniform distribution of possible spanning trees. These trees were
always rooted on the sequence with the oldest estimated date of infection. Because this
cohort comprised predominantly acutely infected individuals, the spanning tree constructed
for each replicate was taken to be the path of HCV transmission.

As infection progressed over the spanning tree, the HCV infection would be eliminated in
the target node at a given efficacy (80%, 90%, 100% of the time). Nodes with eliminated
infection could not infect their descendants in the spanning tree, propagating the effect of
DAA therapy in a Treatment as Prevention framework. The directionality of edges in the
network was crucial for these simulations, as this directionality dictated the potential number
of infections that could be prevented for treating each node. For a treated node with only
inbound edges, no potential infections would have been prevented. However for a treated
node with outbound edges, any of their potential outbound connections were considered to
have been potentially protected from infection. We counted the number of prevented onward
transmission events. For each targeting scheme (HIV co-infected and random), we
performed one million replicate simulations.

Importantly, the directionality of some edges made it sometimes impossible for infection to
progress to all parts of a given cluster. This feature of the simulation strategy highlights the
importance of unsampled nodes in these clusters and how they present an obstacle to
propagation of treatment effects across a cluster. The effect of unsampled nodes will be
equally present in both simulations of targeted DAA therapy to those with HIV/HCV co-
infection and simulations of untargeted DAA therapy to random nodes. Further, if a targeted
node was not clustered, prevention of onward infections is not possible under this
framework.
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Study outcomes

The primary study outcome was network connectivity, as defined by being connected to at
least one other participant in the molecular transmission network and participants were
defined as either unconnected or connected. Participants who were connected in the network
were further categorised by the number of connections they had and how many of those
connections were inbound or outbound. To investigate highly connected components of the
network, participants were classified as highly connected if they had three or more outbound
edges. The secondary outcome was the median number of potential onward transmission
events that were prevented by each treatment strategy that was modelled in the network.

Statistical analyses

Results

Unadjusted logistic regression analysis was used to identify factors associated with being
connected in the network. All variables with P <0.20 in the unadjusted analysis were
considered in the adjusted logistic regression model, using a backwards stepwise approach
with factors sequentially eliminated according to the result of a likelihood ratio test. To
account for potential unmeasured confounding introduced by the different cohort
characteristics, adjusted logistic regression analysis was performed using mixed modelling,
with a random intercept for cohort. For all analyses, statistically significant differences were
assessed at P <0.05; P-values are two-sided. All analyses were performed using STATA
software (version 12.1; StataCorp L.P., College Station, Texas, USA).

Study population

In total, 293 participants were initially included in this study, however, a Core-E2 sequence
was obtainable from 81% (n=236) of participants (ATAHC, n=121; HITS-p, n=92; and
HITS-c=, n=23). HCV genotype (G) prevalence was: Gla: 38 % (n=90), G1b: 5% (n=12),
G2a: 1% (n=4), G2b: 5% (n=11), G3a: 48% (n=114), G6a: 1% (n=2) and G6l 1% (n=3). The
characteristics of those with obtainable HCV sequencing (n=236), and characteristics
stratified by being connected in the network, are shown in Table 1. Overall, 41% (n=92) of
participants were in prison at sample collection, all of these participants being from the
HITS-p cohort. Of the 16% of participants with HIV infection (n=36), all were males from
the ATAHC cohort and reported homosexual exposure as a risk factor for HIV acquisition.
Of this group, 17% also reported recent (in the last 6 months) injecting drug use (n=6).

Molecular transmission network composition

A molecular transmission network was constructed (Figure 1). Overall, 21% of participants
(n=49) were connected to at least one other individual in the network. Of those connected in
the network, 45% (n=22) were connected to only one other individual, 25% (n=12) were
connected to two other individuals and 12% (n=13) were connected to three or more
individuals. The largest number of connections observed for one individual in the network
was six connections. The number of outbound edges observed for individuals in the network
ranged from zero to six. In the network, 70% (n=34) of participants had no outbound edges,
22% (n=11) had one outbound edge and 10% (n=5) were classified as highly connected,
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having three or more outbound edges. Of the highly connected participants with 3 or more
outbound edges, 80% (n=4) were HIV co-infected. There were 18 individual clusters
observed in the network ranging in size from two to seven nodes. Of the clusters observed,
61% (n=11) were made of up two connected nodes, 22% (n=4) were made up of three
connected nodes, 11% (n=2) were made up of four connected nodes and one cluster of seven
connected nodes was observed. The participant characteristics that made up these clusters
display both discrete features and mixed characteristics. For example, three discrete clusters
were observed that contained only HCV/HIV co-infected males and three clusters with
mixed characteristics were observed that linked males and females from prison with
individuals outside prison (Figure 1). Six individuals with more than three outbound edges
were observed and 80% were HIV co-infected (n=4).

Factors associated with network connectivity

Several factors were considered for their association with various aspects of connectivity in
the network (Table 1). In adjusted logistic regression analysis, after adjusting for participant
cohort, the only factor that remained independently associated with being connected in the
network was HIV/HCV co-infection (Table 1). In total, 47% (17/36) of HCV/HIV co-
infected participants were connected in the network compared with 16% (32/200) with HCV
alone [Adjusted Odds Ratio (AOR) 4.56; 95% Confidence Interval (Cl) 2.13-9.74]. In
analyses stratified by HIV infection status, there were no factors significantly associated
with connection in the network (Supplementary Table 2). Unadjusted logistic regression
analysis was carried out to assess factors associated with having 3 or more outbound edges
(Supplementary Table 3). People with HIV/HCV co-infection were more likely to have 3 or
more outbound edges (OR 5.64; 95% CI 1.09, 29.13).

Modelling of impact of targeting treatment in the network

Simulations targeting DAA therapy (with 90% efficacy) to HCV/HIV co-infected
individuals prevented 2.5 times more onward infections than simulations providing DAA
therapy to the same number of random individuals (Table 2). By curing one HIV co-infected
node, an average of 0.35 follow-on infections were prevented, compared with 0.14 follow-on
infections prevented by curing a random node. Varying the efficacy of DAA therapy (from
80% to 100%) did not have a substantial impact on the observed findings (Table 2).

Discussion

This study characterised a molecular transmission network for participants from three
cohorts of people with recent HCV in Australia between 2004 and 2014. Overall, 21% of
participants were connected in the network, and HIV infection was independently associated
with network connectivity. It was found that 2.5 times more onward infections would be
prevented in this network by directing DAA therapy to people with HIV/HCV co-infection,
compared to people treated at random. This study demonstrates that computationally
undemanding network methods incorporating phylogenetic data can be used to identify
characteristics associated with higher connectivity and potential transmission risk, with
potential utility towards better understanding transmission in other settings and/or emerging
HCV epidemics.
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This study is the first to construct a molecular transmission network for HCV to identify
putative transmission. However, comparisons may be made to other phylogenetic studies of
HCV, where the proportion with phylogenetic clustering have been found to vary from 22%
(17) to >30% (18, 31, 32). These studies differ in the methods and cut offs used to classify
clustering or putative transmission, which may account for the variation in the prevalence of
clustering observed. The study populations also differed (e.g. the current study only included
those with recent infection) which may have accounted for the differences in observed
results.

HIV/HCV co-infection was independently associated with having a putative transmission
link and being connected in the transmission network. In this study population, HIV
infection was present exclusively in homosexual males. However, 17% of individuals with
HIV/HCV co-infection also reported recent injecting drug use, indicating the co-existence of
both injecting and sexual risk behaviours in components of the network. Previous studies
have shown the association between phylogenetic clustering of HCV infection among HIV
positive MSM (17, 31, 33, 34). This study demonstrates that acute to acute transmission of
HCV occurs among HIV positive MSM through a distinct network, suggesting the need for
tailored interventions to reduce transmission of HCV among this group.

This study further demonstrated the complex patterns of transmission of recently acquired
HCYV infection. Several putative transmission links were observed linking participants in
prison and in the community who had histories of recent injecting drug use. Evidence of
transmission of HCV in prison has previously been demonstrated (24, 35), however our
results indicate that transmission of HCV in prison should not be considered as a discrete
network, given the observed connections between PWID participants in prison and in the
community. Due to the inclusion of only newly acquired infections in this study, it is likely
that many connections among PWID both in prison and in the community with chronic
HCV infection may have been excluded. Therefore the degree of connectivity among PWID
may be under represented in this study.

Recent meta analyses have demonstrated that HCV prevalence among HIV co-infected
MSM is continuing to rise (36). In one study modelling HCV transmission among
HIV/HCV co-infected MSM in the UK, 94% of infections were attributable to high-risk
individuals comprising only 7% of the population (37). To investigate the presence of high-
risk individuals in this study, highly connected components of the network were identified.
Participants were classified as highly connected if they had three or more outbound edges.
While 70% of participants in the network had no outbound edges at all, several individuals
did exhibit a high degree of connectivity. Interestingly, of the participants who were
classified as highly connected (having three or more outbound edges), 80% were HIV co-
infected (n=4). HIV/HCV co-infection was also associated with having three or more
outbound edges. This suggests that the HIV/HCV network is more highly connected than
those with HCV mono-infection, highlighting the importance of identifying and targeting
treatment and prevention interventions toward this high transmission risk group.

Given the finding that HIV/HCV co-infection may be associated with a greater potential for
HCV transmission among people with recent HCV, a strategy to reduce potential
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transmission among this group was investigated. This study modelled targeting DAA therapy
to people with HIV/HCV co-infection compared to randomly treating people in the
molecular transmission network. Given limitations on the network, such as missing potential
transmission links, this modelling strategy took a comparative approach. It was found that
directing DAA therapy to people with HIV/HCV co-infection prevented 2.5 times more
onward infections compared to randomly treating people in the network. By curing one HIV
co-infected node, an average of 0.35 follow-on HCV infections were prevented, compared
with 0.14 follow-on infections prevented by curing a random node. To prevent transmission
of one infection, targeted treatment to only three people with HIV/HCV co-infection would
be required, as compared to seven people treated at random. Recent studies modelling the
impact of DAA therapy among key populations have all demonstrated that the prevalence of
chronic HCV could be reduced with only modest levels of treatment per annum (38, 39).
Another recent study modelling the impact of DAA therapy on reduction of transmission of
HCV among HIV co-infected MSM in the UK suggested that treatment could reduce rates
of HCV transmission among this group (37) but that rates of treatment would need to be
high. This study further supports the finding that DAA therapy could reduce transmission of
HCV among people with HIV/HCV co-infection.

This novel study demonstrates that sequence data from people with recent HCV infection
can be used to characterise highly connected transmission networks. These transmission
networks are highly disease relevant, as they reflect actual transmission, not just social
connections or injecting behaviour. They can therefore be used to model the impact of
different treatment interventions on transmission.

However, there are several limitations to this study. This study only included people with
recent HCV in Australia. Therefore, these findings may not be generalizable to chronic HCV
or epidemics in other countries. These findings may also under represent the effect of
targeting treatment to prevent transmission, as there is likely to be potential transmission
links in the network missing due to limited sampling. Further, the majority of transmissions
observed in this network occurred in those with recent HCV/HIV co-infection, who only
represent a small proportion of the total HCV burden in Australia. With an estimated
230,000 individuals with chronic HCV infection in Australia (40), and only an estimated
2,500 of those living with HIVV/HCV co-infection (40), the population level impact of
targeting DAA therapy to people with HIV/HCV co-infection is likely to be small. However,
the impact of targeted treatment may vary according to the network structure within a
population. The impact of targeted treatment within HCV/HIV co-infected individuals may
be further limited due to the possible impact of re-infection. As this network is evidently
highly connected, this creates the possibility of elevated risk of reinfection. With sufficiently
high coverage of targeted treatment, this risk could be reduced. Further, it is possible that
there is some bias towards a higher proportion being connected in the network among people
with HIV, than would be expected in the general population with acute HCV infection, given
that recruitment was somewhat limited to geographical areas with higher cases of HIV/HCV
co-infection (e.g. Sydney and Melbourne) and people with HIV/HCV co-infection make up
a much smaller proportion of those with HCV infection, compared to those with HCV
mono-infection.
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Molecular transmission network based studies can provide useful knowledge and insights
into HCV transmission where injecting or sexual network data is not available or not
feasible to obtain, therefore this methodology could be applied in many other settings to
understand and prevent transmission by identifying characteristics of groups with higher risk
of transmission. This study supported previous findings that among people with acute or
recent HCV infection in Australia, those with HIVV/HCV co-infection were associated with a
higher transmission risk (17, 33). The data obtained from molecular transmission network
studies can be used to model the impact of different treatment and prevention strategies. This
study demonstrated that targeted use of DAA therapy may reduce network transmission
more efficiently compared to random use of therapy. Targeted interventions of DAA HCV
therapy to networks of people with HCV infection may be useful to prevent new infections
in Treatment as Prevention strategies, especially among people with HIV/HCV co-infection.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Molecular transmission network of recently acquired HCV infection in Australia (excluding

unconnected individuals) constructed with HCV nucleotide sequences from a 1104 bp
region encompassing the Core to E2 (minus HVR1) region. An edge was created between
any pair of sequences whose divergence was <0.03 substitutions/site. Only clustered
individuals (nodes) within the network are shown (28%). Oval shaped nodes denote female
sex, square shaped nodes denote male sex, and hexagonal shaped nodes denote unknown
gender. Nodes are coloured according to participant’s history of injecting drug use (IDU)
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(blue, never IDU; green, ever IDU). Filled nodes denote HCV/HIV-coinfection; unfilled
nodes denote HCV mono infection. The study of origin of participants is denoted by the
initials P (HITS-P, prison), C (HITS-C, community) & A (ATAHC) in the node. The
direction of edges is determined by estimated date of infection, with an arrow pointing to the
most recent estimated date of infection. A threshold was placed on direction of edges where
any pair of nodes that had estimated date of infection within 90 days of each other, the edge
remained undirected.
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Table 1

Characteristics of participants overall and according to being in the network and logistic regression of factors
associated with being in the network at <0.03 substitutions/site cut off for participants with recently acquired
HCV infection in Australia between 2004 and 2014.

Characteristic Overall Not in network  In network Connected in network
Total n (%) (n=236) (n=187) (n=49) Unadjusted

Oddsratio 95% CI P

Age
>25 (vs. <25) 67 (28%) 52 (30%) 15 (30%) 1.07 0.54,2.12 0.838
<30 (vs. >30) 101 (45%) 79 (45%) 22 (44%) 1.00 0.53,1.90 0.999
<35 (vs. >35) 77 (32%) 57 (32%) 20 (40%) 1.46 0.77,2.78  0.248
Female sex (vs. male sex) 70 (31%) 57 (32%) 13 (26%) 0.74 0.36,1.51 0.408
HIV infection (vs. none) 36 (16%) 19 (11%) 17 (34%) 4.40 2.06,9.36 <0.001

Injection drug use
Ever (vs. never) 204 (90%) 160 (91%) 44 (88%) 0.825 0.28,2.39 0.723

Recent 2 (vs. none) 130 (59%) 106 (60%) 24 (48%)  0.60 032,115 0.125

High school or higher 138 (61%) 103 (59%) 35 (70%) 1.86 0.92,3.75 0.085
(vs. less than high school)

Unstable housing c(vs_ stable) 101 (45%) 82 (47%) 19 (38%) 0.67 0.35,1.29 0.232
Incarceration
Ever (vs. never) 114 (50%) 94 (53%) 20 (40%) 0.57 0.30,1.09 0.089
Currently b (vs. not) 92 (41%) 77 (44%) 15 (30%) 0.57 0.29,1.12  0.100
Study
ATAHC (vs. other) 121 (51%) 92 (49%) 29 (59%) 1.38 0.73,2.60 0.323
HITS-p (vs. other) 92 (39%) 78 (42%) 14 (29%) 0.57 0.28,1.15 0.118
HITS-c (vs. other) 23 (10%) 17 (9%) 6 (12%) 1.12 0.40,3.11 0.828
HCV Gt 1a (vs. other) 90 (38%) 65 (35%) 25 (51%) 1.96 1.04,3.69 0.039

Percentages indicate column percentages
AWithin last 3-6 months prior to sample date.
b .

Among total population

Defined as living in prison, a shelter or hostel, or having no fixed address in the last 6 months
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Table 2

Effect of DAA therapy targeted at HIV-coinfected individuals versus random individuals.

Treatment HIV coinfection- Randomly  Prevention yield

efficacy targe,*tedl targeted1 improvement2
80% 0.308 0.122 2.525
90% 0.346 0.137 2.530
100% 0.384 0.153 2514

lMedian number of prevented infections per targeted individual

ZRatio of median number of prevented infections between HIV-coinfection targeted and randomly delivered DAA therapy
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