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Abstract

Introduction: The human immunodeficiency virus 1 (HIV-1) pandemic is characterized by numerous distinct sub-epidemics
(clusters) that continually fuel local transmission. The aims of this study were to identify active growing clusters, to understand
which factors most influence the transmission dynamics, how these vary between different subtypes and how this information
might contribute to effective public health responses.

Methods: \We used HIV-1 genomic sequence data linked to demographic factors that accounted for approximately 70% of all
new HIV-1 notifications in New South Wales (NSW). We assessed differences in transmission cluster dynamics between sub-
type B and circulating recombinant form 01_AE (CRFO1_AE). Separate phylogenetic trees were estimated using 2919 subtype
B and 473 CRFO1_AE sequences sampled between 2004 and 2018 in combination with global sequence data and NSW-speci-
fic clades were classified as clusters, pairs or singletons. Significant differences in demographics between subtypes were
assessed with Chi-Square statistics.

Results: We identified 104 subtype B and 11 CRFO1_AE growing clusters containing a maximum of 29 and 11 sequences for
subtype B and CRFO1_AE respectively. We observed a > 2-fold increase in the number of NSW-specific CRFO1_AE clades
over time. Subtype B clusters were associated with individuals reporting men who have sex with men (MSM) as their transmis-
sion risk factor, being born in Australia, and being diagnosed during the early stage of infection (p < 0.01). CRFO1_AE infec-
tions clusters were associated with infections among individuals diagnosed during the early stage of infection (p < 0.05) and
CRFO1_AE singletons were more likely to be from infections among individuals reporting heterosexual transmission (p < 0.05).
We found six subtype B clusters with an above-average growth rate (>1.5 sequences / 6-months) and which consisted of a
majority of infections among MSM. We also found four active growing CRFO1_AE clusters containing only infections among
MSM. Finally, we found 47 subtype B and seven CRFO1_AE clusters that contained a large gap in time (>1 year) between
infections and may be indicative of intermediate transmissions via undiagnosed individuals.

Conclusions: The large number of active and growing clusters among MSM are the driving force of the ongoing epidemic in
NSW for subtype B and CRFO1_AE.
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1 | INTRODUCTION with men (MSM) [1,2]. New South Wales (NSW) the most

Australia is at the forefront of successful control of human
immunodeficiency virus type 1 (HIV-1) transmission due to
rapid and comprehensive public health responses from the
beginning of the epidemic in the 1980s. Australia has recently
experienced its first major decline in new HIV-1 infections in
ten years that is attributed to the successful rapid rollout of
pre-exposure prophylaxis (PrEP) among men who have sex

populated state in Australia, accounts for approximately one-
third of all HIV-1 notifications in the country; of the 963 new
HIV-1 notifications reported in 2017 in Australia, 349 were
from NSW [1,3]. NSW met the UNAIDS 90-90-90 targets in
2016 [4] and the number of new HIV-1 notification decreased
by 13% from 318 in 2016 to 277 in 2018. However, a slight
increase in new HIV-1 notification was reported for 2019
(n=282) [3]. Thus, current enhanced prevention strategies
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alone are not sufficient to virtually eliminate HIV-1 transmis-
sion.

HIV-1 transmission is often characterized by the presence
of numerous transmission clusters that are likely to play a key
role in sustaining the epidemic and thus should be prioritized
for HIV prevention [5,6]. Phylogenetic analysis provides a
powerful tool to investigate HIV-1 transmission dynamics and
has been used to determine epidemiological parameters, such
as the transmission rate (i.e. basic reproductive number, Rp)
[7] and to what extent HIV-1 transmission clusters are self-
sustained [5]. Molecular phylogeny can identify transmission
clusters that would otherwise be missed by patient demo-
graphic data alone [8], particularly for new HIV-1 notifications
that are made during the chronic or advanced stages of infec-
tion [2,10]. The fine detail of transmission dynamics of HIV-1
in Australia is not well understood, as current surveillance
reports rely on basic demographic data alone and do not
include molecular epidemiological data [1]. Specifically, it is not
known if the subtype B epidemic is characterized by many
small transmission clusters, as often observed in other coun-
tries [11], or fewer but larger sub-epidemics that are more
common in regions with less population migration [12]. In
addition, it remains unclear to what extent demographic fac-
tors such as transmission risk factor or stage of infection at
diagnosis differ between clusters and subtypes. These are key
factors that, if known, could improve Australia’s public health
response [13].

The aim of this study was to understand changes in cluster
dynamics over time in NSW. We performed phylogenetic anal-
yses to identify sequence clusters that represent sub-epi-
demics in the two most common HIV-1 subtypes B and
CRFO1_AE [14] and followed the transmission dynamics in
these clusters across a five-year time period.

2 | METHODS

2.1 | Ethics

Ethical approval was obtained by the NSW Population and
Health Services Research Ethics Committee and the ACON
Research Ethics Review Committee (RERC) [AU RED Refer-
ence: HREC/15/CIHS/38, Cancer Institute NSW reference
number: 2015/08/605]. The HIV/AIDS Legal Centre was con-
sulted for legal advice on data anonymity. Both, sequence and
demographic data are routinely collected and are irreversibly
de-identified for public health surveillance. A waiver for con-
sent of the individual to use their health information was
granted by the Ethics Committee.

2.2 | Sequence data and phylogeny

The NSW HIV-1 database contains all protease, reverse tran-
scriptase and integrase sequences sampled in NSW between
2004 and 2018. The HIV-1 subtype for these sequences was
determined using the Stanford HIV subtyping tool [15,16] and
confirmed by phylogeny, as described previously [14]. Only
the first available sequence for each individual covering the
protease and reverse transcriptase and that were classified as
subtype B and CRFO1_AE were included in the analysis. The
final NSW data set consisted of 2919 subtype B and 473
CRFO1_AE sequences. Global sequences (n = 13 194 subtype

B: n = 4091 CRFO1 _AE) were selected via BLASTN search to
identify those global sequences that are most similar to the
sequences used in this study, and thus, represent background
data to the NSW data [5,17,18]. A subtype C sequence (ac-
cession number AY162223) and a subtype B sequence (acces-
sion number NC_001802) was added as an outgroup to the
subtype B and CRFO1_AE data set respectively. Sequences
were aligned in MAFFT [19] implementing the L-INS-I algo-
rithm. Alignments were visually inspected in Geneious 11.1.3
(https://www.geneious.com) and codons associated with drug
resistance mutations were removed (according to reference
sequence HXB2; accession number KO3455.1) [20]. Phyloge-
netic trees were estimated using FastTreeMP v2.1.10 [21]
(Figure S1).
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A baseline data set was established using NSW sequences
from 2004 to 2012 plus global sequences derived from
the Los Alamos National Lab (LANL) database (http://www.
hivlanl.gov/). This global sequence data set was used as
background to identify and separate out local transmission
clusters within NSW. Only clusters not including global
sequences were counted as true local clusters (see below).
This approach has been widely established as a robust
alternative to other cluster identification methods [5,17]. In
brief, each HIV-1 sequence from NSW used in this study
was compared against the LANL database via BLASTN and
the 50 best matches were extracted. Thus the baseline
data set contains NSW sequences from infections sampled
between 2004 and 2012 plus global sequences (no time
constraints for the latter). This baseline data set represents
the basis for cluster growth estimates. The 2013 cut-off
was used as it represents the first full year after a new
five-year NSW HIV Strategy was released. This strategy
outlines changes in public health approaches to HIV pre-
vention for the years 2012 to 2016 [22]. NSW sequences
sampled from 2013 were added to the baseline data set
in six-month intervals forming 12 data subsets for subtype
B and 12 data subsets for CRFO1_AE (Figure S1).
Sequence phylogeny was estimated separately for each of
the 12 subtype B and 12 CRFO1_AE data subsets.
Sequence phylogeny for the complete data set, that is glo-
bal data plus NSW sequences 2004 to 2018 are shown in
Figure S2.

Data subsets
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An internal R script was used to extract clades within the phy-
logeny that only contained sequences from NSW, that is were
monophyletic [14,17]. NSW-specific sequences that fell into
neither category were defined as singletons (Figure S1). Clus-
ters and pairs identified at baseline were followed across time
between 2013 and 2018. If a sequence from a new data sub-
set fell into one of these clades they were classified as “grow-
ing” Thus, clusters were then separated into those that grew
in size over time and those that did not (Figure S1). Some
clusters displayed phylogenetic instability through time, that is
their topology in the trees was unstable due to poor node
support, and thus were not included in the analysis of cluster
growth.

Characterization of NSW-specific clusters
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Metadata derived from the notifications database included: (i)
sex: male, female; (i) self-reported region of acquisition: Aus-
tralia, not Australia; (i) region of birth: Australian, non-Aus-
tralian, and the latter further subdivided into Asian, European
and other; (iv) transmission risk factor: MSM (men who have
sex with men), heterosexual, PWID (people who inject drugs),
other and (v) stage of infection at diagnosis. Infection stage
categories were adapted from the NSW Ministry of Health
definitions [23]: early = evidence of an HIV-1 infection
acquired within 12 months of diagnosis or CD4 T-cell
count > 500 cells/mm?®, CD4 < 500 (cell count 350 to
499 cells/mm?), CD4 < 350 (cell count 200 to 349 cells/mm?)
and advanced = CD4 count <200 cells/mm? or AIDS defining
illness in absence of early diagnosis. Time intervals from infec-
tion to CD4 T-cell counts at diagnosis were derived from the
results of the CASCADE study [24]: early =<1 vear,
CD4 < 500 = 1 year, CD4 < 350 = 4 years, and
CD4 < 200 = 8 years. Chi-square tests of independence were
performed in R (version 3.6.2) using the gplots and corrplots
packages [25-27].

Demographic factors

3 | RESULTS

3.1 | Subtype-specific differences in cluster
dynamics over time

The sequences with linked demographics used in this study
cover approximately 70% of newly notified infections and rep-
resent even greater proportions for recent years (87% and
89% for 2017 and 2018 respectively). The number of
sequences from new notifications used in the data subsets did
not increase over time for subtype B (p = 0.957) but did for
CRFO1_AE (p < 0.01), increasing from 14 sequences in June
2013 to 31 in December 2018 (Figure 1). Nevertheless, the
cumulative number of subtype B pairs increased slightly over
time from 176 to 192 between June 2013 and December
2018 (p < 0.05), and the number of B clusters increased sub-
stantially from 169 in the interval ending June 2013 to 242
clusters in the interval ending December 2018 (p < 0.001).
For every six months interval, more B clusters than sequence
pairs were found, except for the first six months of 2013
when there were 176 subtype B sequence pairs and 169 clus-
ters. Also, sequence pairs represented 51% of all NSW-speci-
fic subtype B nodes in the interval to June 2013 and 44% in
the interval ending December 2018. The opposite was
observed for CRFO1_AE. More sequence pairs were identified
than clusters for each interval from June 2014 to December
2018 (Figure 1). Within the time period June 2013 to Decem-
ber 2018, 14 sequence pairs and 14 clusters were identified.
Both, the number of CRFO1_AE pairs and clusters increased
by >2-fold in these five years (p < 0.001) from 14 to 36 and
14 to 29 respectively (Figure 1). Overall, the majority of sub-
type B infections were associated with a clade. The lowest
proportion of subtype B singletons (33%) was identified in the
interval to December 2016, whereas the highest (55%) was in
the interval to December 2017 (Figure 1B). In stark contrast,
the majority of CRFO1_AE infections were singletons (average
65%). The highest proportion of CRFO1_AE singletons was
observed in the interval ending June 2017 (87%) and the

lowest proportion was observed in the interval ending Decem-
ber 2015 (54%). No difference in the proportion of singletons
was found over time in either subtype.

3.2 | Subtype-specific differences in demographics
associated with sequence clusters

There were strong associations between demographic factors
such as region acquired, region of birth, transmission risk fac-
tor, and stage of infection at diagnosis and subtype. Sex was
not included in the statistical analysis due to a lack of demo-
graphic variation (Table 1). Infections acquired in Australia
were positively associated with being of subtype B origin,
whereas infections acquired elsewhere were associated with
being CRFO1_AE (p < 0.001, Figure 2A). Similarly, infections in
individuals born in Australia were associated with being sub-
type B and infections in individuals not born in Australia were
more likely to be CRFO1_AE (p < 0.001). More specifically,
infections among Asian-born individuals were associated with
being CRFO1_AE, whereas infections among European-born
individuals were associated with being subtype B (p < 0.001).
For both subtypes, the majority of infections were acquired
via MSM transmission (86% subtype B, 64% CRFO1_AE).
However, significantly more CRFO1_AE infections were
acquired via heterosexual transmission (29%) compared to
subtype B (8%, <0.001). In addition, CRFO1_AE was more
likely associated with HIV notifications identified during the
advanced stage of infection (29% of CRFO1_AE), compared to
19% of subtype B infections being from individuals in the
advanced stage of infection (p < 0.001).

Overall, 44% and 9% of subtype B, and 19% and 15% of
CRFO1_AE infections were associated with clusters and pairs
respectively (Table 1). Infections acquired in Australia were
associated with being in clusters for both subtype B and
CRFO1_AE, whereas infections not acquired in Australia were
associated with being singletons for both subtypes
(p < 0.001). This latter association was stronger for subtype B
than CRFO1_AE (Figure 2B). For subtype B, there was a posi-
tive association for infections in non-Australian born individu-
als (38%), and for infections diagnosed at the advanced stage
of infection (24%) with being singletons (Figure 2; p < 0.001).
No difference was found for infections in non-Australian-born
individuals from different regions between being either in
clusters or not (p = 0.108). In contrast, infections in Aus-
tralian-born, and individuals in their early stage of infection
had a positive association with being part of a cluster (27%
and 64% respectively; p < 0.001). No associations were found
for any of the transmission risk factors and being in a cluster
or pair, or being a singleton (p = 0.106).

The proportion of infections among Australian-born and
non-Australian born individuals were not significantly different
in CRFO1_AE clusters, pairs, or being singletons (p = 0.511,
Figure 2B). However, infections in Asian-born individuals were
associated with being singletons, but infections in individuals
born in other regions were associated with clusters
(p < 0.05). Infections in individuals diagnosed during the early
stage of infection showed a strong positive correlation with
being in a cluster, representing 57% of all infections associ-
ated with clusters (p = 0.05). Also, more CRFO1_AE infections
in individuals diagnosed at an advanced stage of infection
were classified as singletons (33%) than in clusters (21%).
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Figure 1. Number of clusters for subtype B and CRFO1_AE between 2013 and 2018. Top Panel The total number of sequences (light grey)
and new sequences added (dark grey) accumulating over time. Middle Panel: The total number of pairs (yellow) and clusters (light blue) identified
across all data subsets. Note the different y-axis scales for subtype B and CRFO1_AE. Lower Panel: Proportion of sequences from newly notified
infections belonging to a cluster (light blue), a sequence pair (yellow), or being a singleton (green) across the different data subsets. D, interval

ending in December; J, interval ending in June.

There was a negative association for infections associated
with heterosexual transmission and belonging to a cluster
(p = 0.05), with 14% of sequences in clusters derived from
infections acquired via heterosexual transmission and this risk
factor contributed to 31% and 32% for pairs and singletons
respectively (Table 1).
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Fifty-two subtype B and seven CRFO1_AE clusters were iden-
tified in the June 13 data subset that did not grow in size in
the subsequent five years. These “non-growing” clusters were
regarded as potentially extinct. In contrast, 104 subtype B
and 11 CRFO1_AE clusters grew in size (Figure 3A). Between
2013 and 2018, 43% of growing subtype B clusters increased
by only one infection, 39% by two, three or four, and 20% by
five or more infections. Overall, the largest increase in cluster
size was from seven in 2013 to 29 infections in 2018 which
was also the largest subtype B cluster identified. The largest
increase in cluster size was also seen in the biggest

Large delay in notifications of new infections

CRFO1_AE cluster growing from three in 2013 to nine infec-
tions in 2018. A second cluster grew by five and four (36% of
growing CRFO1_AE clusters) grew by only one and five (45%)
by two or three infections from 2013 to 2018. Also, 39 sub-
type B clusters (38% of growing B clusters) started as
sequence pairs, developing into clusters with up to nine infec-
tions by 2018. For CRFO1_AE, seven out of the 11 growing
clusters (63%) started as pairs with one growing to seven
sequences by December 2018.

The cluster growth rate did not differ between the two sub-
types. The median rate for cluster growth was 0.33 and 0.4
infections per six-month interval for subtype B and CRFO1_AE
respectively (Figure 3A). Two CRFO1_AE clusters grew at a
rate of 1 infection per six months, seven clusters grew from a
pair to a cluster with up to seven infections. The largest
CRFO1_AE cluster showed an average growth rate of 0.55
infections per six-month interval. In contrast, six subtype B
clusters grew at a rate of >1.5 infections per six-month inter-
val, including the largest cluster which consisted of an
increase of 22 infections from seven to 29 in five years.
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Table 1. Summary of demographic factors for subtype B and CRFO1_AE infections

Subtype B CRFO1_AE
Clusters Pairs Singletons All Clusters Pairs Singletons
All (n = 1666) (n = 733,44%) (n=146,9%) (n=787,47%) (n=406) (n=76,19%) (n=62,15%) (n= 268, 66%)

Sex

Male 0.82 (1378) 0.83 (609) 0.84 (122) 0.81 (636) 0.72 (293)  0.86 (65) 0.274 (46) 0.68 (182)

Female 0.02 (37) 0.02 (16) 0.02 (4) 0.02 (17) 0.09 (37) 0.07 (5) 0.11(7) 0.09 (25)

No data 0.82 (1378) 0.83 (609) 0.84 (122) 0.81 (636) 0.72 (293)  0.86 (65) 0.274 (46) 0.68 (182)
Region acquired

Australia 0.60 (1002) 0.72 (525) 0.66 (96) 0.48 (381) 0.31 (125)  0.66 (50) 0.37 (23) 0.19 (52)

Not 0.15 (243) 0.06 (41) 0.16 (23) 0.23 (179) 0.55(222) 024 (18) 0.40 (25) 0.67 (179)

Australia

No data 0.25 (421) 0.23 (167) 0.18 (27) 0.29 (227) 0.14 (59) 0.11 (8) 0.23 (14) 0.14 (37)
Region born

Australian 0.62 (1038) 0.68 (495) 0.58 (85) 0.57 (449) 0.33 (134) 0.38 (29) 0.34 (21) 0.31 (84)

Non- 0.33 (561) 0.27 (201) 0.140 (58) 0.38 (298) 0.65 (264)  0.61 (46) 0.61 (38) 0.68 (180)

Australian

Asia 0.11 (188) 0.09 (65) 0.09 (13) 0.14 (110) 0.53 (216) 043 (33) 0.45 (28) 0.58 (155)

Europe 0.09 (156) 0.08 (62) 0.15 (22) 0.09 (72) — — — —

Other 0.12 (213) 0.10 (74) 0.16 (23) 0.15 (116) 0.12 (48)*  0.17 (13)* 0.16 (10)* 0.09 (25)*

No data 0.05 (81) 0.05 (37) 0.02 (3) 0.05 (40) 0.02 (8) 0.01 (1) 0.05 (3) 0.01 (4)
Transmission risk factor

MSM 0.86 (1445) 0.88 (642) 0.86 (125) 0.85 (667) 0.64 (260)  0.74 (56) 0.61 (38) 0.62 (1606)

Heterosexual  0.08 (138) 0.06 (45) 0.10 (14) 0.10 (77) 029 (116)  0.14 (11) 0.31 (19) 0.32 (86)

PWID/Other  0.06 (97) 0.06 (46) 0.05 (7) 0.05 (43) 0.07 (30) 0.12 (9) 0.08 (5) 0.06 (16)
Stage of infection at diagnosis

Early 0.56 (943) 0.64 (467) 0.53 (77) 0.50 (392) 040 (162) 057 (43) 0.42 (26) 0.35 (93)

CD4 < 500 0.11 (183) 0.10 (75) 0.13 (19) 0.11 (88) 0.15 (61) 0.11 (8) 0.15(9) 0.16 (44)

CD4 < 350 0.11 (177) 0.09 (67) 0.14 (20) 0.11 (90) 0.13 (53) 0.09 (7) 0.19 (12) 0.13 (34)

Advanced 0.19 (319) 0.14 (103) 0.18 (27) 0.24 (185) 029 (117)  0.21 (16) 0.21 (13) 0.33 (88)

No data 0.03 (58) 0.03 (21) 0.02 (3) 0.04 (32) 0.03 (13) 0.03 (2) 0.03 (2) 0.03 (9)

As there were less than five sequences with the PWID transmission risk factor, this risk factor category was combined with “Other”. In the cate-
gory “Region born" non-Australian is further subdivided into born in Asia, Europe and others for subtype B, and born in Asia and others for
CRFO1_AE. MSM, men who have sex with men; PWID, person who inject drugs.

Seventy-eight clusters grew from being a pair to a cluster
with up to nine infections.

Notably, numerous clusters did not grow continuously over
time but rather one or two infections were added after pro-
longed time intervals. For example, one subtype B cluster con-
sisting of 14 infections contained 13 in June 2013 and one in
2018. One CRFO1 AE cluster contained three infections in
December 2013 and expanded to four by June 2016 and five
by June 2018 (Figure 3B). In this cohort, it was not uncommon
for HIV-1 infections to be diagnosed one year or more after
transmission, as reflected by the stage of infection at diagnosis;
44% of subtype B and 60% of CRFO1_AE infections were in
individuals in the non-early stages of their infection (Table 1).
Within subtype B clusters, 50 sequences were obtained from
individuals during the non-early infectious stages that had a
sampling time gap of >1 year to the next most recent sequence
in the same cluster. In addition, we identified late additions in
47 clusters (45% of the 104 growing clusters) that were linked

to other infections from individuals in their early stage of infec-
tion. Also, 42% of the 45 clusters (n = 19) contained a time gap
of 2.5 to 4.5 years and 16% of clusters (n = 7) contained a time
gap of five to six years despite infections being derived individu-
als in the early stage of infection. For CRFO1_AE the largest
time interval between sampling in the 11 growing clusters was
three years. This was found in two clusters (18%). In both
instances, the infections were among individuals in their non-
early stages of infection. In contrast, 36% of growing CRFO1_AE
clusters (n = 4) contained a time gap of 1.5 to 2.5 years that
was associated with infections among individuals during their
early stage of infection.

3.4 | Infections from the early stage are
significantly associated with growing clusters

Demographic differences were investigated within potentially
extinct clusters and growing clusters for both subtypes
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Figure 2. Correlations between sequence demographics and cluster association. Correlation plots shows the Chi-square statistics for demo-
graphics. For each association (cell) the Pearson residual value is shown. A positive association is indicated in blue, a negative association is shown
in red. More intense colours and larger squares equal stronger contribution to the overall Chi-square score, and which are indicated below each

correlation plot. As there were less than five sequences with the PWID
“‘Other”.

transmission risk factor, this risk factor category was combined with

(A) Demographics compared to all subtype B and CRFO1_AE, (B) Demographics compared to infections associated with clusters, pairs

and singletons for subtype B (top panel) and CRFO1_AE (bottom panel). MSM, men who have sex with men; PWID, person who inject drugs.

(Table S1). For this analysis, 11 subtype B and two CRFO1_AE
clusters which appeared to be growing in the time period 2013
to 2018 but which contained exclusively infections among indi-
viduals in their advanced stage infection were redefined as
potentially extinct (Figure 3B). This resulted in 93 growing clus-
ters and 11 potentially extinct clusters for subtype B, and nine
growing and nine potentially extinct clusters for CRFO1_AE. A
significant positive correlation was found for subtype B infec-
tions from the advanced stage being associated with potentially
extinct clusters (p < 0.05, Figure S3), however, this might be
biased due to the definition of clusters containing sequences
sampled after 2013 from individuals during advanced infections
being potentially extinct. Interestingly, no difference was found
for infections among Australian-born and non-Australian-born
individuals being more likely associated with growing clusters

for either subtype. However, subtype B infections among indi-
viduals born in “other” region were more likely to be found in
extinct clusters (p < 0.05). In contrast, CRFO1_AE infections
reported to have been acquired outside Australia were associ-
ated with extinct clusters (p < 0.05), as well as infections
acquired via non-MSM transmission (p < 0.01).

4 | DISCUSSION

We used annotated HIV-1 genomic sequence data and per-
formed a phylogenetic analysis to describe cluster growth
over time in NSW, Australia, and how transmission dynamics
are influenced more by individuals’ demographics than virus
subtype. Specifically, we show how infections forming clusters
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Figure 3. Time intervals between sampling of infections in growing clusters. (A) (left and middle panels) Changes in cluster size shown as the
difference between the minimum number of sequences when the cluster was first identified in the phylogeny to the maximum number of
sequences when the most recent sequence associated with that cluster was sampled. (right panel) Cluster growth rate was normalised to the
number of sequences added per 6-months interval. (B) Cluster size at baseline (including sequence data from 2004 to 2012). (middle) Each line
represents a cluster and the circles represent a sequence sampled during that data subset coloured according to the stage of infection at diagno-
sis. Blue = early, green = CD4 T-cell count < 500, light blue CD4 < 350, red = advanced (see Material and Methods), white = no data. Grey cir-
cles represent the starting point of clusters that appeared between 2013 and 2018. Red lines indicated clusters that only contained sequences
sampled during the advanced stage of infection for sampling dates 2013 - 2018 and thus are regarded as potentially extinct. (right) Final cluster
size at the end of the time period investigated. Top panels show data for subtype B, bottom panels show data for CRFO1_AE. D, December; J,

June.

are more likely to have been acquired in Australia, as they are
among individuals born in Australia, and those who were diag-
nosed at the early stage of their infection, regardless of the
viral subtype. We also show that for both subtypes B and
CRFO1_AE, infections acquired outside Australia and among
Asian-born individuals are more likely to be singletons, and
thus did not lead to ongoing local transmission.

Overall, demographics differed substantially between sub-
type B and CRFO1_AE infections. This is an expected result
due to their evolutionary history in Australia. Subtype B has
always been the dominant subtype and its transmission has
been endemic for over 30 years since the beginning of the
HIV-1 pandemic in the 1980s [1]. Thus, it is not surprising
that we found that the majority of subtype B infections that
were reported to have been acquired within Australia were in
Australian-born individuals, and were characterized by numer-
ous local transmission clusters, all of which is expected for an
established endemic disease.

In contrast, CRFO1_AE, similar to other non-B subtypes, is
historically associated with heterosexual contact and acquisi-
tion outside Australia [28]. In our study, CRFO1_AE was char-
acterized by numerous sequence pairs and a majority of
infections being singletons, which is more indicative of multiple
introductions with only limited ongoing transmission [14]. This
finding was supported by the associated demographic data,
with a majority of these infections reported to be acquired
outside Australia, and among individuals born in Asia. Also, we
found a negative association with CRFO1_AE infections in indi-
viduals reporting heterosexual transmission and being in clus-
ters. Of the 22 CRFO1 _AE clusters seven (32%) contained
exclusively infections among individuals reporting a transmis-
sion risk other than MSM, with the largest of these clusters
only containing four infections. Our finding is similar to that of
a recent study from the state of Victoria, Australia, which
found that heterosexual transmissions rarely lead to more
than one new infection within that state [29]. Overall, we
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found nine active growing clusters for CRFO1_AE, of which
seven contained infections from notifications in 2018. Thus,
these active transmission clusters should be monitored to
ensure contact tracing was successful in stopping further
transmission. One of these clusters contained only infections
among individuals reporting heterosexual transmission, and
what could be evidence for one single active growing hetero-
sexual transmission cluster in NSW. The remaining six clusters
consisted mainly of infections among individuals reporting
MSM transmission and we found here that MSM transmission
was positively associated with growing clusters (p < 0.01) for
CRFO1_AE infections. An older study from Victoria also
reported that MSM transmission was be the main risk factor
for transmission clusters. That study also found an increase in
MSM transmission for non-B subtype infections [30].

This dominance of MSM transmission was more evident for
subtype B infections. Of the 157 B clusters found here, 87
(55%) contained exclusively infections among individuals
reporting  MSM  transmission with a maximum of 17
sequences. Five of these MSM-only clusters also had a faster
than average growth rate (>1.5 sequences per 6-months). The
identification of such fast-growing clusters is crucial for epi-
demic control and should be prioritized for public health inter-
ventions [31]. Only two subtype B clusters were found that
did not contain any infections attributed to MSM transmission,
but both of these were classified as extinct.

We show here a strong positive association for infections
from early stage being in clusters for both subtypes. Thus, a
large proportion of HIV-1 transmission occurs shortly after
HIV-1 acquisition. This short window is characterized by an
asymptomatic phase and usually higher viraemia that facili-
tates transmission [32]. Notably, timely HIV-1 diagnoses and
immediate access to therapy has been successfully advocated
in NSW for prevention of HIV-1 transmission [33]. A NSW
study that analysed the performance of a rapid HIV test
among men found that among 94 MSM diagnosed in 2013 to
2014, 39% were diagnosed within three months of infection
[34]. NSW data reporting on follow-up at six months after
diagnosis show that among people diagnosed between Jan-
uary and June 2019 the median time to treatment was only
16 days after diagnosis [3]. Nevertheless, we observed here
both the presence “late diagnoses,” that is sequences sampled
during the advanced stage of infection being linked to clusters,
and “late additions,” that is sequences sampled during the
early stage of infection but >1 year after the previous most
closely related sequence.

We identified 11 subtype B and two CRFO1_AE clusters
that by molecular data alone were seemingly growing between
2013 and 2018, but these additional sequences were from
infections that likely occurred over seven years prior suggest-
ing these clusters are in fact extinct. Importantly, notifications
from people who are diagnosed with HIV-1 more than one
year after a transmission event pose challenges for timely
monitoring of cluster growth, as these infections occurred
some time prior to diagnosis. Such late diagnoses are further
problematic for public health interventions as this delays
access to treatment, and control measures such as contact
tracing are less likely to be effective, as contact tracing is
most successful when conducted soon after a transmission
event [35]. In addition, we identified 47 clusters that con-
tained a total of 116 infections exclusively among individuals

in their early stage of infection but had a large time gap
(>1 year) to the most recent previous sequence in the same
cluster. Thirteen percent of these sequences had a time gap
of >4 years. Such a delay in HIV-1 notifications could have dif-
ferent reasons, most probable being missing data. First, it is
probable that these sequences represent notifications from
new infections passed on from undiagnosed individuals. We
know that approximately 11% of people living with HIV-1 liv-
ing in Australia are undiagnosed and these undiagnosed infec-
tions are one of the major contributors of new infections [36].
Second, we miss sequences from inter-state transmission that
could “fill-in” the time gaps observed. A study by Castley et al.
reported the presence of inter-state transmission with approx-
imately 40% of identified clusters containing at least two
infections from different states [37]. Sequence data from that
study were included here but lacked associated demographic
data and only included sequences up to 2012, thus, it did not
cover our period of cluster growth analysis. Finally, we cannot
exclude significant uncertainties for the estimates of time
since seroconversion, which could also explain some of the
large time gaps observed. Using CD4 data alone might not be
sufficient to estimate time point of infection. Studies of rates
of CD4 decline have shown that various factors can influence
the speed of decline. For example co-infection with HCV can
increase the rate of decline of CD4 cells, [38] and CD4 counts
may vary between different geographic areas with faster CD4
decline observed in Asia compared to Europe [39].

Our study has some limitations: First, our cluster analysis
was rather conservative by implementing a 100% NSW-speci-
fic node cut off and only comparing “phylogenetically” stable
clusters, whereas other studies have used a cut-off of 80%
[5]. However, we believe that a cut off of 100% is more suit-
able and precise for the robust identification of sequence
pairs and small clusters (<10 sequences). Second, the data set
used lacks sequence data from other Australian states, thus,
we may have missed potential transmissions from interstate.
Also, we show here that for both subtypes B and CRFO1_AE,
only infections among individuals diagnosed during the early
stage of infection were associated with clusters, whereas
infections among individuals diagnosed during the advanced
stage of infection were associated with being singletons. How-
ever, this could be due to a bias in the data as contact tracing
and hence ‘“linked infections” is more successful in the first
months after transmission, that is during early stages of infec-
tion. Also infections notified early are more likely to have been
acquired locally via local transmission and having a greater
potential for matching in the data set. Thus, we might be sim-
ply missing sequences linking to infections from advanced
stages in our data. Finally, we lack demographic data regarding
the ethnicity and travel history of people living with HIV,
which could have helped assess the impact of migration and
travel on HIV infection rates and transmission.

5 | CONCLUSIONS

We report on subtype-specific transmission dynamics with
subtype B being dominated by larger clusters and CRFO1_AE
by sequence pairs. Infections among these two subtypes also
differ in their associations with different demographic factors,
particularly the transmission risk factor and stage of infection
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at diagnosis. Importantly, for both subtypes, we identified
numerous active clusters that could be the focus of increased
monitoring by public health to avoid an expansion of new
HIV-1 infections within the state. We show here the impor-
tance of utilizing molecular data for prevention of transmission
and to inform the HIV-1 public health response.

AUTHORS’ AFFILIATIONS

The Kirby Institute, The University of New South Wales, Sydney, NSW, Aus-
tralia; 2Royal Prince Alfred Hospital, Sydney, NSW, Australia; SNSW HIV Refer-
ence Laboratory, Sydney, NSW, Australia; “New South Wales Health Pathology-
RPA, Royal Prince Alfred Hospital, Camperdown, NSW, Australia; *Health Pro-
tection NSW, Sydney, NSW, Australia; ¢Positive Life New South Wales, Sydney,
NSW, Australia; "ACON, Sydney, NSW, Australia; ®NSW Ministry of Health, Syd-
ney, NSW, Australia; “Sydney Medical School, University of Sydney, Sydney,
NSW, Australia; °“New South Wales Health Pathology-ICPMR, Westmead
Hospital, Westmead, NSW, Australia; *'Department of Microbiology and
Immunology, University of Otago, Dunedin, New Zealand; *Institute of Environ-
mental Science and Research, Wellington, New Zealand

COMPETING INTERESTS

FJL has received educational grants and sponsorship from ViV Healthcare,
Gilead Sciences and MSD, speaker fees from AstraZeneca, MSD and the Aus-
tralasian Society for HIV, Viral Hepatitis and Sexual Health Medicine (ASHM),
and provided consultancy and served on advisory boards for Viiv Healthcare,
MSD and Calimmune Australia. All other authors report no conflict of interest.

AUTHORS’ CONTRIBUTIONS

Conceptualization: FDG, ANP, PK, NF, KP, JH, BBB and ADK. Data curation: FDG,
ANP, AS and ADK. Sequence data: AC, HS, FJL, DED. Demographic data: CS, SIN,
NF, KP and JH. Funding acquisition: FDG, AEG and ADK. Methodology: FDG,
ANP, PK, JLG, Supervision: ADK. Visualization: FDG. Writing — original draft: FDG,
ANP, JLG and ADK. All authors have read and approved the manuscript.

ACKNOWLEDGEMENTS

The investigators on the NSW HIV Prevention Partnership Project Study are
Professor Andrew Grulich, Dr Christine Selvey, Professor Rebecca Guy, Associ-
ate Professor Garrett Prestage, Associate Professor Iryna Zablotska, Ms Jo Hol-
den, Mr Tim Duck, Mr Craig Cooper, Ms Karen Price, Professor Martin Holt,
Professor John de Wit, Professor John Kaldor, Professor Anthony Kelleher and
Professor David Wilson. The late Mr Alan Brotherton, the late Professor David
A Cooper and the late Adjunct Associate Professor Levinia Crooks were also
investigators on the grant. The project steering committee included these inves-
tigators and Mr Bill Whittaker, Mr Phillip Keen, Dr Denton Callander, Mr Daniel
Madeddu, Dr Heather-Marie Schmidt, Ms Barbara Telfer, Ms Karen Price, Dr
Mark Boyd, Dr Benjamin R Bavinton, Mr Scott McGill, Dr Prital Patel, Ms
Cherie Power, Dr Angie Pinto, Dr Steven Nigro, Ms Tina Gordon and Mr Lance
Feeney. The Molecular Epidemiology Working Group of the NSW HIV Preven-
tion Partnership Project were Dr Angie Pinto, Ms Jo Holden, Professor Anthony
Kelleher, Dr Francesca Di Giallonardo, Professor Andrew E Grulich, Dr Chris-
tine Selvey, Dr Steven Nigro, Mr Neil Fraser, Ms Karen Price, Ms Kate Bath, Mr
Brent Mackie and Mr Phillip Keen.

FUNDING

This work was supported by the Swiss National Science Foundation
(P300PA_174462 to FD.G), and the NHMRC Postgraduate Scholarship
(APP1074467 to AN.P). This analysis was further supported by funding from
NHMRC Partnership (GNT1092852) and Practitioner Fellowship (GNT117907)
Grants, the NSW Ministry of Health and UNSW Sydney. The Kirby Institute
receives funding from the Australian Government Department of Health and is
affiliated with the Faculty of Medicine, UNSW Sydney. No pharmaceutical indus-
try grants were received for this study.

DATA AVAILABILITY STATEMENT

Due to the high sampling density in this study only a random subset of 10% of
sequence data has been made available via National Center for Biotechnology

Information (NCBI) under the accession numbers MW167298 - MW 167644,
This will avoid potential identification of complete transmission networks and
ensures individuals data privacy.

REFERENCES

1. Kirby Institute. HIV, viral hepatitis and sexually transmissible infections in
Australia: annual surveillance report 2018. Sydney: Kirby Institute, UNSW Syd-
ney; 2018.

2. Grulich AE, Guy R, Amin J, Jin F, Selvey C, Holden J, et al. Population-level
effectiveness of rapid, targeted, high-coverage roll-out of HIV pre-exposure pro-
phylaxis in men who have sex with men: the EPIC-NSW prospective cohort
study. Lancet HIV. 2018;5(11):e629-37.

3. NSW Ministry of Health. NSW HIV strategy 2016-2020: Quarter 4 &
annual 2019 data report. NSW, Australia: Centre for Population Health; 2020.
4, Keen P, Gray RT, Telfer B, Guy R, Schmidt HM, Whittaker B, et al. The 2016
HIV diagnosis and care cascade in New South Wales, Australia: meeting the
UNAIDS 90-90-90 targets. J Int AIDS Soc. 2018;21:25109.

5. Kouyos RD, von Wyl V, Yerly S, Boni J, Taffe P, Shah C, et al. Molecular epi-
demiology reveals long-term changes in HIV type 1 subtype B transmission in
Switzerland. J Infect Dis. 2010;201(10):1488-97.

6. Petersen A, Cowan SA, Nielsen J, Fischer TK, Fonager J. Characterisation of
HIV-1 transmission clusters and drug-resistant mutations in Denmark, 2004 to
2016. Euro Surveill. 2018;23:1700633.

7. Stadler T, Kouyos R, von Wyl V, Yerly S, Boni J, Burgisser P, et al. Estimating
the basic reproductive number from viral sequence data. Mol Biol Evol.
2012;29(1):347-57.

8. Volz EM, Ndembi N, Nowak R, Kijak GH, Idoko J, Dakum P, et al. Phylody-
namic analysis to inform prevention efforts in mixed HIV epidemics. Virus Evol.
2017;3(2):vex014.

9. Pasquale DK, Doherty IA, Miller WC, Leone PA, Sampson LA, Ledford SL, et al.
Factors associated with human immunodeficiency virus infections linked in genetic
clusters but disconnected in partner tracing. Sex Transm Dis. 2020;47(2):80-7.
10. Campbell EM, Patala A, Shankar A, Li JF, Johnson JA, Westheimer E, et al.
Phylodynamic analysis complements partner services by identifying acute and
unreported HIV transmission. Viruses. 2020;12(2):145.

11. Paraskevis D, Beloukas A, Stasinos K, Pantazis N, de Mendoza C, Bannert N,
et al. HIV-1 molecular transmission clusters in nine European countries and
Canada: association with demographic and clinical factors. BMC Med. 2019;17(1):4.
12. Vasylyeva TI, du Plessis L, Pineda-Pena AC, Kuhnert D, Lemey P, Vandamme
AM, et al. Tracing the impact of public health interventions on HIV-1 transmission
in Portugal using molecular epidemiology. J Infect Dis. 2019;220(2):233-43.

13. Wertheim JO, Chato C, Poon AFY. Comparative analysis of HIV sequences
in real time for public health. Curr Opin HIV AIDS. 2019;14(3):213-20.

14. Di Giallonardo F, Pinto AN, Keen P, Shaik A, Carrera A, Salem H, et al. Lim-
ited sustained local transmission of HIV-1 CRFO1_AE in New South Wales, Aus-
tralia. Viruses. 2019;11(5):482.

15. Pineda-Pena AC, Faria NR, Imbrechts S, Libin P, Abecasis AB, Deforche K,
et al. Automated subtyping of HIV-1 genetic sequences for clinical and surveil-
lance purposes: performance evaluation of the new REGA version 3 and seven
other tools. Infect Genet Evol. 2013;19:337-48.

16. de Oliveira T, Deforche K, Cassol S, Salminen M, Paraskevis D, Seebregts
C, et al. An automated genotyping system for analysis of HIV-1 and other
microbial sequences. Bioinformatics. 2005;21(19):3797-800.

17. Turk T, Bachmann N, Kadelka C, Boni J, Yerly S, Aubert V, et al. Assessing
the danger of self-sustained HIV epidemics in heterosexuals by population
based phylogenetic cluster analysis. Elife. 2017;6:¢28721.

18. Vasylyeva TI, Liulchuk M, Friedman SR, Sazonova I, Faria NR, Katzourakis
A, et al. Molecular epidemiology reveals the role of war in the spread of HIV in
Ukraine. Proc Natl Acad Sci USA. 2018;115(5):1051-6.

19. Kuraku S, Zmasek CM, Nishimura O, Katoh K. Leaves facilitates on-demand
exploration of metazoan gene family trees on MAFFT sequence alignment ser-
ver with enhanced interactivity. Nucleic Acids Res. 2013;41(Web Server issue):
W22-8.

20. Wensing AM, Calvez V, Gunthard HF, Johnson VA, Paredes R, Pillay D,
et al. 2017 update of the drug resistance mutations in HIV-1. Top Antivir Med.
2017;24(4):132-3.

21. Price MN, Dehal PS, Arkin AP. FastTree: computing large minimum evolu-
tion trees with profiles instead of a distance matrix. Mol Biol Evol. 2009;26
(7):1641-50.

22. Health NMo. NSW HIV strategy 2012-2015; a new era. 2012.

23. NSW Ministry of Health. NSW HIV Strategy 2016 — 2020 Quarter 4 &
Annual 2017 Data Report. NSW, Australia: Centre for Population Health; 2017.


http://onlinelibrary.wiley.com/doi/10.1002/jia2.25655/full
https://doi.org/10.1002/jia2.25655

Di Giallonardo F et al. Journal of the International AIDS Society 2020, 23:e25655

http://onlinelibrary.wiley.com/doi/10.1002/jia2.25655/full | https://doi.org/10.1002/jia2.25655

24. Lodi S, Phillips A, Touloumi G, Geskus R, Meyer L, Thiebaut R, et al. Time
from human immunodeficiency virus seroconversion to reaching CD4+ cell
count thresholds <200, <350, and <500 Cells/mm(3): assessment of need fol-
lowing changes in treatment guidelines. Clin Infect Dis. 2011;53(8):817-25.

25. R Core Team. R. A language and environment for statistical computing.
Vienna, Austria: R Foundation for Statistical Computing; 2019.

26. Warnes GR, Bolker B, Bonebakker L, Gentleman R, Liaw WHA, Lumley T,
et al.gplots: Various R programming tools for plotting data. R package version
3.0.1.2,; 2020.

27. Wei T, Simko V.R package "corrplot": visualization of a correlation matrix
(Version 0.84). 2017.

28. Hawke KG, Waddell RG, Gordon DL, Ratcliff RM, Ward PR, Kaldor JM. HIV
Non-B subtype distribution: emerging trends and risk factors for imported and
local infections newly diagnosed in South Australia. AIDS Res Hum Retroviruses.
2013;29(2):311-7.

29. Sacks-Davis R, Chibo D, Peach E, Aleksic E, Crowe SM, El Hayek C, et al.
Phylogenetic clustering networks among heterosexual migrants with new HIV
diagnoses post-migration in Australia. PLoS One. 2020;15:€0237469.

30. Chibo D, Birch C. Increasing diversity of human immunodeficiency virus
type 1 subtypes circulating in Australia. AIDS Res Hum Retroviruses. 2012;28
(6):578-83.

31. Oster AM, France AM, Panneer N, Banez Ocfemia MC, Campbell E, Das-
gupta S, et al. Identifying clusters of recent and rapid HIV transmission through
analysis of molecular surveillance data. J Acquir Immune Defic Syndr. 2018;79
(5):543-50.

32. Miller WC, Rosenberg NE, Rutstein SE, Powers KA. Role of acute and early
HIV infection in the sexual transmission of HIV. Curr Opin HIV AIDS. 2010;5
(4):277-82.

33. WHO. Global health sector strategy on HIV 2016-2021. Geneva, Switzer-
land: WHO. 2016.

34. Keen P, Conway DP, Cunningham P, McNulty A, Couldwell DL, Davies SC,
et al. Multi-centre field evaluation of the performance of the Trinity Biotech
Uni-Gold HIV 1/2 rapid test as a first-line screening assay for gay and bisexual
men compared with 4th generation laboratory immunoassays. J Clin Virol.
2017;86:46-51.

35. ASHM. Australasian contanct tracing guidelines. [cited 2020 Jan 31]. Avail-
able from: https://contacttracing.ashm.org.au/

36. Gray RT, Wilson DP, Guy RJ, Stoove M, Hellard ME, Prestage GP, et al.
Undiagnosed HIV infections among gay and bisexual men increasingly contribute
to new infections in Australia. J Int AIDS Soc. 2018;21:e25104.

37. Castley A, Sawleshwarkar S, Varma R, Herring B, Thapa K, Dwyer D, et al.
A national study of the molecular epidemiology of HIV-1 in Australia 2005-
2012. PLoS One. 2017;12:e0170601.

38. van Santen DK, van der Helm JJ, Touloumi G, Pantazis N, Muga R, Gunsen-
heimer-Bartmeyer B, et al. Effect of incident hepatitis C infection on CD4+ cell
count and HIV RNA trajectories based on a multinational HIV seroconversion
cohort. AIDS. 2019;33(2):327-37.

39. Mangal TD, Progression UWGoC, Mortality Amongst HIVSitCCIE. Joint
estimation of CD4+ cell progression and survival in untreated individuals with
HIV-1 infection. AIDS. 2017;31(8):1073-82.

SUPPORTING INFORMATION

Additional information may be found under the Supporting
Information tab for this article.

Figure S1. Data selection. A flow chart describing the proce-
dure for the sequence selection for subtype B (left) and
CRFO1_AE (right). Sequences were extracted from the NSW
HIV database and split according to time point sampled form-
ing 12 data subsets for each subtype. Global sequences were
then added to each of the data subsets and a phylogenetic
tree was estimated for each. Clusters were defined as nodes
containing only NSW sequences (light blue) within the global
phylogeny (none NSW sequences are shown in grey).
Sequences pairs were defined as nodes containing two NSW
sequences (yellow), all other NSW sequences were defined to
be singletons (green). Example of cluster growth over time.
Branches in light blue represent a cluster with six sequences
identified in data subset Dec 2015, and which grew by two
sequences in the subsequent data subset. Branch lengths rep-
resents nucleotide substitutions per site.

Figure S2. Phylogeny. Maximum likelihood trees harbouring all
sequence data used in this study, i.e. data subset Dec 18, are
shown for subtype B (left) and CRFO1_AE (right). Grey global
sequences, black singleton sequences, yellow, sequence pairs,
and light blue clusters. Branch lengths indicates nucleotide
substitutions per site.

Figure S3. Correlations between sequence demographics and
cluster association for subtype B. Plots shows correlations for
each cell (demographic vs growing cluster, potentially extinct
cluster, sequence pair). As there were less than five sequences
with the PWID transmission risk factor, this risk factor cate-
gory was combined with “Other”. Positive values (blue) depict
a positive association, negative values (red) depict a negative
association. The bigger the square, the stronger the associa-
tion. Region acquired contained a large proportion of missing
data points (Table S1), which were excluded here. P values
represent the overall statistic for the corresponding category.
MSM, men who have sex with men, Heterosexual; PWID, per-
son who inject drugs.

Table S1. Demographic factors for sequences associated with
growing clusters, potentially extinct clusters, or pairs
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