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Background. A better understanding of HIV transmission dynamics among populations at high risk is important for develop-
ment of prevention strategies. We determined HIV transmission networks from infected individuals enrolled in the pre-exposure
prophylaxis (PrEP) IPERGAY trial in combination with the ANRS PRIMO and Montreal PHI cohorts to identify and characterize
active clusters of transmission in this high-risk population.

Methods. Genotypic resistance tests were performed on plasma samples from 31 IPERGAY participants. Reverse transcriptase
sequences were analyzed in combination with unique HIV pol sequences from 1351 individuals enrolled in the PRIMO ANRS
cohort (1999-2014) and 511 individuals enrolled in the Montreal PHI cohort (1996-2016). Network analyses were performed to
infer putative relationships between all participants.

Results.  Overall, 1893 participants were included. Transmission network analyses revealed that 14 individuals (45.2%) from
the IPERGAY trial were involved in 13 clusters sampled over a median period (interquartile range) of 2 (0.3-7.8) years, including 7
dyads and 6 larger clusters ranging from 4 to 28 individuals. When comparing characteristics between clustering individuals enrolled
in the PRIMO cohort (n = 377) and in IPERGAY (n = 14), we found that IPERGAY participants had a higher viral load (5.93 vs 5.20
log,, copies/mL, P = .032) and reported a higher number of partners in the last 2 months (P < .01).

Conclusions. 'These results demonstrate high rates of HIV transmission clustering among young high-risk MSM enrolled in
the IPERGAY trial. In-depth sampling of high-risk populations may help to uncover unobserved transmission intermediaries and

improve prevention efforts that could be targeted to the most active clusters.

Keywords. clustering; HIV; MSM; network; PrEP.

Randomized trials have demonstrated that pre-exposure prophy-
laxis (PrEP) with oral tenofovir/emtricitabine is safe and effective
for preventing HIV infection in uninfected men who have sex
with men (MSM), transgender women who have sex with men,
and heterosexual men and women [1-5]. The ANRS IPERGAY
study was a double-blinded, randomized trial of PrEP for HIV-
seronegative MSM with a high level of exposure to HIV conducted

Received 14 February 2019; accepted 14 February 2019.

Prior presentations. This study was presented in part at the annual meeting of the
International AIDS Society; 23-26 July 2017; Paris, France.

Correspondence: M. L. Chaix, MD, PhD, Hopital Saint Louis, Laboratoire de Virologie, 1
Avenue Claude Vellefaux, 75010 Paris, France (marie-laure.chaix@aphp.fr).

Open Forum Infectious Diseases®

© The Author(s) 2019. Published by Oxford University Press on behalf of Infectious Diseases
Society of America. This is an Open Access article distributed under the terms of the Creative
Commons Attribution-NonCommercial-NoDerivs licence (http://creativecommons.org/licenses/
by-nc-nd/4.0/), which permits non-commercial reproduction and distribution of the work, in any
medium, provided the original work is not altered or transformed in any way, and that the
work is properly cited. For commercial re-use, please contact journals.permissions@oup.com
DOI: 10.1093/0fid/0fz080

in France and Quebec [5]. Thirty-one individuals received a
diagnosis of HIV-1 infection among 478 high-risk MSM who
were screened in the IPERGAY trial. Ten (32.3%) HIV-1-positive
individuals were diagnosed at the pre-enrollment visit; 4 acquired
HIV-1 infection between pre-enrollment and inclusion, whereas
17 acquired HIV-1 infection during the follow-up period (16
during the blind phase and 1 during the open-label phase). Thus,
regular HIV testing using antigen antibody immune assay during
the PrEP program led not only to the diagnosis of HIV infec-
tion in exposed persons who were unaware of their HIV status,
but also to very early diagnosis [6]. This is important, as nearly
two-thirds of new infections are attributed to transmission from
patients who are unaware of their status [7]. Moreover, the risk
of transmission during primary infection could account for up
to 30%-70% of new infections among MSM [8]. In a previous
study, we characterized the HIV-1 transmission networks among
identified primary HIV infection (PHI) individuals in France
over 15 years and found that 28.5% of PHIs were virologically
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linked [9]. Beyond the cultural connections between Quebec and
France, there has been a significant increase in migration from
France to Quebec over the past years, particularly among students
and workers seeking job opportunities. Nearly 70 000 French
citizens are living in Montreal, double the number of a decade
ago (https://www.economist.com/the-americas/2017/05/04/cul-
ture-shock-for-french-immigrants-in-french-canada). ~ French
nationals comprise 12.1% of MSM seen at the Montreal SPOT
HIV rapid testing site (http://spotmontreal.com/). This influx
could also raise questions about new HIV infections, as social
and HIV networks are closely related [10]. A better understand-
ing of HIV transmission dynamics among populations at high
risk is important for development of prevention strategies and
resource allocation for the implementation of the interventions.
As the IPERGAY PreP trial was initiated in France and Quebec,
we intended to investigate if there were transmission clusters
involving both French and Canadian HIV-infected individuals
enrolled in the 2 national PRIMO infection cohorts and in the
IPERGAY trial.

Our objectives were to determine HIV transmission networks
between infected individuals enrolled in the ANRS IPERGAY
French Canadian trial and those identified in the French ANRS
PRIMO and Montreal PHI cohorts and to characterize active
clusters of transmission in this high-risk population.

METHODS

Thirty-one participants in the IPERGAY trial became infected
between 2012 and 2014. From 1999 to 2014, 1351 individuals
diagnosed with PHI were prospectively enrolled in the French
PRIMO Cohort Study in France. PHI was considered when (1)
an initially negative test for HIV antibody was followed within
6 months by a positive serology, (2) a negative or indeterminate
HIV enzyme-linked immunosorbent assay was associated with
a positive p24 antigen, or (3) there was an immunoblot profile
compatible with ongoing seroconversion (incomplete immuno-
blot). All of the individuals were antiretroviral therapy (ART)
naive at enrollment. We estimated that the PRIMO ANRS
cohort is representative of new HIV infections occurring in
France. Indeed, based on the data recorded through the manda-
tory notification of new HIV infections, 12% of new HIV diag-
noses are done at the time of primary infection, corresponding
to 600-700 cases each year. Therefore, the cases included in the
PRIMO ANRS cohort represent approximately 15% of all pri-
mary infections diagnosed in the country. In addition, the pro-
portion of MSM included in our study (71.4%) is similar to that
observed at the national level (73.6%). The Montreal cohort
includes a partial sampling of recruited PHI-infected MSM in
Montreal with primary infection (n = 474 MSM). Biological,
treatment, and behavioral data for these cohorts were available.

Genotypic resistance tests were performed on plasma sam-
ples from all IPERGAY participants who acquired HIV before

initiation of ART using the consensus technique of the ANRS
Resistance Study Group (www.hivfrenchresistance.org). Reverse
transcriptase (RT) sequences were analyzed in combination
with unique HIV pol sequences from individuals enrolled
in the PRIMO ANRS cohort (1999-2014) [9] and individu-
als enrolled in the Montreal PHI cohort [10] (1996-2016). All
the sequences were analyzed with 5 recombination detection
methods, implemented using RDP4 software, RDP, Geneconv,
Bootscan, Maxchi, and Chimaera [11-16]. Sequences in which
at least 1 method suggested recombination, with a P value <.05,
were considered for exclusion. Network analyses were performed
to infer putative relationships between all participants. A partial
transmission network was inferred based on the pairwise nucle-
otide genetic distances between participants’ unique HIV-1 pol
sequences collected at baseline before ART initiation. A putative
transmission link was inferred between 2 individuals whenever
their pol sequences were <0.015 substitutions/site distant (TN93
distance measure) for HIV subtype B and <0.01 substitutions/
site for non-B sequences to identify recent putative transmission
events and to prevent clusters from coalescing and networks
from losing cluster resolution (Supplementary Figure 1) [17, 18].
Epidemiologically plausible genetic distance thresholds for HIV
are usually between 0.01 and 0.02 substitutions/site. This genetic
distance cutoff was selected because after a decade of longitudinal
sampling, pol sequences in mono-infected patients typically do
not diverge more than 1% from baseline sequences. Therefore, a
cutoft of 1.5% is slightly conservative compared with the expected
2% divergence between 2 transmission partners after a decade but
allows identification of more recent transmission events. Given
that most of these studies were performed with HIV subtype B,
we also refined the optimal threshold for non-B viruses by doing
a sensitivity analysis, as presented in Supplementary Figure 1. We
performed our initial analyses using a genetic distance thresh-
old of 0.015 substitutions/site for B and 0.01 substitutions/site for
non-B, because these distances allowed us to identify the maxi-
mum number of clusters in the genetic network. Above these cut-
offs, networks lose resolution and clusters start to coalesce. More
permissive thresholds can identify older putative transmission
events but may also lead to spurious detection. A recent study by
Wertheim et al. showed that the correlation between named part-
ners and distance thresholds decreases dramatically above the
plausible range of the threshold [18]. An additional analysis with
all publicly available HIV polymerase sequences (n = 13011 and
n = 11 382 subtype B and non-B sequences, respectively) in the
Los Alamos National Laboratory HIV sequence database with a
known sampling location was performed.

Statistical Analysis

The groups were compared with the Fisher test for categorical
variables and the Wilcoxon or Kruskal-Wallis test for contin-
uous variables. All analyses were performed using R software
(https://cran.r-project.org/).
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RESULTS

Overall, 1893 HIV-infected participants were included in our
study: 31 from the IPERGAY trial between 2012 and 2014, and
1351 and 511 enrolled in the PRIMO ANRS Cohort (1999-
2014) and Montreal PHI Cohort (1996-2016), respectively.
Baseline characteristics of the enrolled individuals are summa-
rized in Supplementary Table 1.

All 31 participants from the IPERGAY trial were MSM; 29
were infected in France (25 in Paris area), and 2 in Montreal.
Twenty-one of 31 (68%) individuals were infected with
HIV subtype B, 7 (23%) with subtype CRF_02-AG, and 3
(9%) with other non-B subtypes. No significant signal for
recombination was detected in our data set. At diagnosis,
Fiebig stage I was observed in 2 individuals, stage II in 9,
stage III in 3, stage IV in 6, stage V in 3, and stage VI in
7; the disease stage for 1 participant was undetermined [6].
The median age (interquartile range [IQR]) was 34 (26-43)
years; median HIV RNA and CD4 counts were 5.3 (4.5-6.6)
log,, copies/mL and 464 (402-657) cells/mL, respectively.
A sexually transmitted infection (STI) was diagnosed in 13
(41.9%) participants, and 20 reported a median (range) of
13 (3-50) partners in the past 2 months. Substance use (e,
use of cocain, ecstasy, GHB, ketamine, LSD, crack, and/or
speed in the past 12 months) was reported in 15/23 individ-
uals (65.2%) with available data. Number of partners and use
of recreational substances were not identified in 11 and 8
participants respectively, as some of them (10/31) were diag-
nosed at the pre-enrollment visit.

Transmission network analyses revealed that 14 individuals
(45%) from the IPERGAY trial were involved in 13 clusters sam-
pled over a median period (IQR) of 2 (0.3-7.8) years, including
7 dyads and 6 larger clusters ranging from 4 to 28 individuals
(Figure 1). Among the 61 non-IPERGAY participants involved
in these clusters, all but 6 were MSM (90%) (Figure 2).

Nine (69%) of the 13 clusters included IPERGAY participants
infected with HIV-1 subtype B. All but 2 clustering sequences
were identified in France, including 9 (75%) in Paris, whereas 2
were from Quebec. For the latter, 1 cluster included 4 partici-
pants, 1 IPERGAY individual originating from Canada cluster-
ing with 1 patient from the PHI Montreal Cohort and 2 French
patients from the PRIMO cohort. The second was a large
Quebec cluster with 7 Montreal participants and 1 IPERGAY
individual originating from Canada (Figure 1, blue dot cir-
cled cluster). This large cluster was part of a previously iden-
tified large MSM cluster (n = 49) including participants from
Montreal, Sherbrooke, and Quebec diagnosed between 2012
and 2014 [10].

Of the 31 IPERGAY sequences, 1 harbored the NNRTI
K103N mutation and was linked to 5 French sequences harbor-
ing the same drug resistance mutation diagnosed between 2009
and 2012 (Figure 1, red dot circled cluster).

O Sexually Transmitted Disease
Cohort:
[C] IPERGAY

[ French ANRS PRIMO

B Montreal PRIMO

Figure 1. HIV transmission network for IPERGAY participants and the ANRS
PRIMO ANRS and Montreal PHI cohorts. Genetic data mapped onto partici-
pant cohort. Edges indicate genetic linkage (<0.015 substitutions/site for B and
<0.01 substitutions/site for non-B). Red dot circled cluster indicates cluster with
1 IPERGAY and 5 French ANRS PRIMO sequences harboring the same K103N
mutation. Blue dot circled cluster indicates partial sampling of a larger previously
reported cluster (>40 sequences) including sequences from other cities in Quebec
(Sherbrooke, Quebec, and Montreal).

The clinical, immunological, virological, and behavioral char-
acteristics were compared between clustering and nonclustering
subjects (Table 1). Overall, virologically linked individuals were
more likely to be men (P < .01), infected through homosexual
intercourse (P < .01), with higher viral load (P < .01), infected
with subtype B (P < .01), with a higher number of casual sexual
partnerships within the last 2 months (P < .01), and diagnosed
with STI at the time of HIV diagnosis (P < .01). Specifically, in
the Montreal PHI cohort, a higher viral load was significantly
associated with being in a cluster (4.47 vs 4.81 log,  copies/mL,
P < .001). In the ANRS PRIMO cohort, clustering individu-
als were significantly younger (33 vs 35 years, P < .01), had a
higher number of partners in the last 2 months, and more fre-
quently had a diagnosed STT at enrollment. For the IPERGAY
trial, we found a trend toward having a higher number of sex-
ual partners in the last 2 months in participants involved in
a cluster (>10 partners: 50% vs 23.5%, P = .058). Clustering
IPERGAY participants were also more frequently diagnosed
with STI (57.1%) at the time of HIV-1 diagnosis compared with
nonclustering individuals (29.4%, P = NS). When comparing
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Figure 2. HIV transmission network for IPERGAY participants and the ANRS
PRIMO ANRS and Montreal PHI cohorts. Only clusters including participants from
the ANRS IPERGAY trial are shown. Genetic data mapped onto participants’ reported
main transmission risk. Red dot circled cluster indicates cluster with 1 IPERGAY and
5 French ANRS PRIMO sequences harboring the same K103N mutation. Blue dot
circled cluster indicates partial sampling of a larger previously reported cluster (>40
sequences) including sequences from other cities in Quebec (Sherbrooke, Quebec,
and Montreal).

characteristics between clustering individuals enrolled in the
PRIMO cohort (n = 377) and in IPERGAY (n = 14), we found
that IPERGAY participants had a higher viral load (5.93 vs
5.20 log,, copies/mL, P = .032) and reported a higher num-
ber of partners in the last 2 months (P < .01) (Supplementary
Table 2). When the analysis was restricted to 13 clusters that
included both IPERGAY and PRIMO participants (14 and 52
virologically linked individuals, respectively), the same trend
was observed, with a higher viral load (5.93 vs 5.45 log copies/
mL, P = .09) and a number of reported partners above 10 in
the last 2 months being higher (38% vs 50%, P = .04) for the
IPERGAY participants compared with the ANRS PRIMO par-
ticipants (Supplementary Table 3). When comparing character-
istics between clustering IPERGAY individuals (n = 14), we did
not find any differences between patients in dyads (n = 7) or in
a cluster >2 (n = 7) (Supplementary Table 4).

Additional analysis combining 13 011 subtype B sequences
and 11 382 non-B sequences from LANL with our B and non-B
data set identified a limited number of genetic links. For sub-
type B, 170 LANL sequences were part of clusters including
individuals from the French PRIMO cohort (n = 333), the

Montreal PRIMO cohort (n = 259), and IPERGAY (n = 10),
forming a total of 71 mixed clusters of sizes ranging from 2 to
128 (Supplementary Table 5, Supplementary Figures 2 and 3).
Most of the LANL sequences were collected in North America
(126/170, including 51 from Canada). The largest cluster of 128
individuals included 69 sequences from the United States and 7
from Canada. These results support our findings of linkage be-
tween the epidemics in North America and Europe but are also
influenced by the depth of sampling in these countries.

For non-B, 46 LANL sequences were part of clusters in-
cluding individuals from the French PRIMO cohort (n = 3)
and the Montreal PRIMO cohort (n = 3), forming a total of
5 mixed clusters ranging in size from 2 to 23 (Supplementary
Table 5, Supplementary Figures 2 and 3). One individual from
the Montreal PRIMO cohort infected with HIV subtype F was
linked to 22 individuals from Spain, whereas 1 individual from
the French PRIMO cohort infected with CRF07_BC was linked
17 individuals diagnosed in China.

DISCUSSION

Here, we investigated the transmission network of the HIV-1
epidemic in 31 participants with a diagnosis of HIV-1 in the
IPERGAY PrEP trial between 2012 and 2014. We particularly
focused on this population to provide a better understanding
of the dynamics of these epidemics in high-risk MSM in France
and Montreal. In this preventive trial, a high incidence rate of
HIV among MSM, up to 9 per 100 person-years in Paris, was
described [5]. We observed a high proportion of participants
(45%) involved in transmission clusters. This is higher than
what was observed in the French ANRS PRIMO cohort (28%)
and in previous studies in France (12.7% to 27%) [19, 20]. This
could be explained by a higher viral load and a high number
of partners in the last 2 months for the IPERGAY participants,
reflecting both early diagnosis, as regular HIV testing was done
every 2 months during the PrEP program, and risky sexual
practices. On the other hand, the rate of 45% is close to the
reported clustering rate in the Montreal cohort (48.5%). These
differences might be the consequence of various sampling
depths between cohorts. Individuals enrolled in the Montreal
PHI cohort are more likely to report recent injecting drug use
(13.3% vs 0.2%, P < .01) and MSM exposure (77.7% vs 71.4%,
P < .01) compared with patients enrolled in the French ANRS
PRIMO cohort. Moreover, the Montreal PHI cohort and the
IPERGAY trial enrolled patients living in densely populated but
quite restricted areas, which could have facilitated the identi-
fication of clustered events in the studied population. The set-
ting is different in the PRIMO cohort; participants are scattered
throughout the French territory, and half of them are living out-
side the Paris area.

Identifying and monitoring HIV clusters is crucial in
tracking the leading edge of HIV transmission in epidemics.
Here, the small sample size of our study (n = 31 IPERGAY
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participants) and the limited sampling density prevent us
from capturing the global dynamics of the HIV epidemics
among high-risk HIV-infected individuals and their role in
driving the epidemics. However, considering that it is not
likely that viral sequence data from routine genotyping can
ever completely represent the population of interest [21], the
partial transmission network reported here provides valu-
able information about the central role of high-risk behavior
in sustaining epidemics. Combining data sets from various
sites, our results also illustrate the role of human migration
in spreading the HIV epidemic, raising new concerns such as
the recent upsurge of the HIV-1 CRF02_AG epidemic among
young MSM in Quebec [8]. HIV clustering and network infer-
ences are directly affected by sampling density; studies with
low sampling density have shown minimal HIV clustering,
whereas in-depth sampling allows more accurate characteri-
zation of HIV transmission networks [21]. The Montreal PHI
cohort and the IPERGAY trial enrolled HIV-infected individ-
uals living in densely populated but restricted areas, which
could have facilitated the identification of putative transmis-
sion events in the studied population. IPERGAY participants
are also screened for HIV repeatedly (every 2 months), and
repeated screening in this high-risk population increased the
risk of cluster identification. Participants in the PRIMO co-
hort are scattered throughout the French territory, and half of
them are living outside the Paris area.

Molecular analyses are used to clarify dynamics of local
transmission networks. These results can be used to target HIV
prevention and intervention strategies. Previous studies have
demonstrated that network-guided interventions targeting
transmission hubs (eg, high-risk individuals, core transmit-
ters) can successfully impact local transmission [22-24]. By
identifying past growing clusters, we may also better determine
which clusters are likely to grow in the future. Recent work
from Poon et al. has also demonstrated that clustering analysis
of routinely collected HIV genotypes can become an effective
and cost-effective resource for public health intervention in
localized outbreaks of HIV transmission [25]. HIV transmis-
sion network methods can also be used to examine patterns
of HIV transmission, identify factors associated with HIV
transmission, and assess the impact of targeted HIV preven-
tion interventions, focusing on highly affected communities.
Understanding the dynamic of HIV transmission is crucial in
the design of effective interventions, and recently individuals
have contributed disproportionately to the spread of the HIV
epidemic. Considering the limited time frame of HIV transmis-
sion, targeted prevention strategies focusing on PHI may have
a significant impact on the HIV epidemic. In addition to clus-
tering analysis, it is important to understand the role of social
networks in HIV transmission and consequently to identify
critical parameters of the epidemic (eg, populations at higher
risk to transmit) [18, 26-28]. Molecular analyses can be used to

trace past transmission events and, when combined with social
data, can be valuable for public health interventions as imple-
mentation of PrEP.

CONCLUSIONS

These results demonstrate high rates of HIV transmission clus-
tering among young high-risk MSM enrolled in the IPERGAY
trial. In-depth sampling of high-risk populations may help to
uncover unobserved transmission intermediaries and improve
prevention efforts that could be targeted to the most active
clusters.
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