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Summary

Background In the last decade, universally available antiretroviral therapy (ART) has led to greatly improved health and
survival of people living with HIV in sub-Saharan Africa, but new infections continue to appear. The design of
effective prevention strategies requires the demographic characterisation of individuals acting as sources of
infection, which is the aim of this study.

Methods Between 2014 and 2018, the HPTN 071 PopART study was conducted to quantify the public health benefits
of ART. Viral samples from 7124 study participants in Zambia were deep-sequenced as part of HPTN 071-02 PopART
Phylogenetics, an ancillary study. We used these sequences to identify likely transmission pairs. After demographic
weighting of the recipients in these pairs to match the overall HIV-positive population, we analysed the demographic
characteristics of the sources to better understand transmission in the general population.

Findings We identified a total of 300 likely transmission pairs. 178 (59-4%) were male to female, with 130 (95% CI
110-150; 43-3%) from males aged 25-40 years. Overall, men transmitted 2-09-fold (2-06-2-29) more infections per
capita than women, a ratio peaking at 5-87 (2-78-15-8) in the 35-39 years source age group. 40 (26-57; 13-2%)
transmissions linked individuals from different communities in the trial. Of 288 sources with recorded
information on drug resistance mutations, 52 (38-69; 18-1%) carried viruses resistant to first-line ART.

Interpretation HIV-1 transmission in the HPTN 071 study communities comes from a wide range of age and sex
groups, and there is no outsized contribution to new infections from importation or drug resistance mutations. Men
aged 25-39 years, underserved by current treatment and prevention services, should be prioritised for HIV testing
and ART.
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and National Institute of Mental Health.
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Introduction
The past decade has seen a global transformation in HIV
care, with the near universal availability of affordable and
effective combination antiretroviral therapy (ART), which
durably suppresses viral replication, prevents AIDS, and
stops onward transmission of the virus. The discovery
that combination ART blocks transmission led to the idea
that an effective form of HIV prevention is HIV testing,
followed by initiation of ART for infected individuals.'
The HPTN 071 (PopART) cluster-randomised trial?
evaluated whether a prevention package including uni-
versal testing and treatment (UTT) would reduce HIV
incidence in communities in Zambia and South Africa.
The trial had three arms, with arms A and B testing
variations of the UTT package and arm C serving as a
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control arm; for full details see the trial paper.? HIV
prevalence at baseline was between 21% and 22%. The
trial reported a 20% reduction of incidence in interven-
tion arms. A further rapid and sustained decrease in new
cases is needed to reach the ambitious UNAIDS goals for
reduced incidence,’* which include 95-95-95 testing and
treatment targets within all subpopulations and age
groups.

The HPTN 071-02 (PopART) Phylogenetics Study was
set up in the Zambian communities of HPTN 071. It
aimed to use viral genomes to characterise sources of
ongoing transmission, assess the effectiveness of the
intervention had it been rolled out nationwide, and
identify the most promising policies for prevention in
the future.
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Research in context

Evidence before this study

We searched PubMed, with no date or language filters, to identify
previous quantitative studies investigating the role of age, sex,
mobility, and drug resistance mutations (separately or in
combination) as drivers of new heterosexual HIV transmissions in
sub-Saharan Africa. Observational studies were considered along with
those using phylogenetic or mathematical modelling methodologies.

In observational studies, having an older partner or a migrant
partner is frequently identified as a risk factor for HIV acquisition,
particularly in women, but this is a slightly separate question to the
quantification of the overall frequency of these demographics
among the sources of new infections. The most recent studies of
drug resistance have shown an increasing prevalence, particularly
in non-nucleoside reverse transcriptase inhibitor resistance.

The ability to use phylogenetics to investigate HIV transmission is
reasonably recent, and the ability to use it to reconstruct who
infected whom in transmission pairs is more recent still. One
previous, influential study in South Africa posited a key role of men
in their 30s in infecting very young women, and being themselves
infected by women in their 30s, but that work did not use a
methodology that was able to accurately reconstruct direction of
transmission. A more recent study in Botswana found similar age
distributions for male and female sources of transmission, with the
average individual being in their late 30s or early 40s. However,
these ages were recorded at the time of study enrolment and do not
take into account the time from infection to sampling. The paper
also showed that, in that setting, the majority of transmissions
were between members of the same community. A number of
other phylogenetic studies have been concerned with the very
specific dynamics of HIV-1 in the fishing communities of Lake
Victoria. No previous phylogenetics work to our knowledge

has considered the distribution of drug resistance mutations in
sources, and none considered the interaction between source
characteristics.

We were unable to find any previous mathematical modelling
studies for which the characterisation of sources according to these
variables was a major focus.

Added value of this study
Our methodology uses a phylogenetic approach to identify likely
transmission pairs and the direction of transmission between their

HIV phylogenies can reconstruct the demographic and
spatial history of transmission. In population-level ana-
lyses, phylogenetic inference has been used to describe
the origin and global spread of HIV,* characterise trans-
mission dynamics in concentrated epidemics,’ and,
building on studies examining individual transmission
events,® analyse transmission in HIV prevention trials.” In
sub-Saharan African settings, phylogenetics has been used
to look at patterns of clustering® and spatial spread.>*

Recent methodological innovations in phylogenetics
have made it possible, in large studies with high

members. We find a total of 300 pairs, larger than any previous
study. We demonstrate a novel and simple new approach to
accounting for potential sampling bias. We also employ a
methodology that allows us to estimate the ages of the individuals
involved at the time of transmission, rather than that of sampling,
countering a key bias in previous approaches. Partly for this
reason, our age profiles for sources peak at earlier ages than in
previous work, with an average in the early 30s for male sources
and mid-20s for females. We fail to confirm the existence of a
“renewal cycle” of transmission involving a major contribution
from women in older age groups. We also examine the
contribution of outside-community transmission and drug
resistance mutations, and, for the first time, show that these
three characteristics (age and sex, migration, and drug resistance)
operate on separate axes and do not cluster together. We use our
results to calculate the relative contribution of male to female
sources to transmission in age bands, finding that this grows

to a peak in the 35-39 years age group in which men are
responsible for almost six times as many new infections per
person as women.

Implications of all the available evidence

The heterosexual HIV epidemic in sub-Saharan Africa appears to be
maintained by transmissions from young women and slightly, but
not substantially, older men. The contributions of sources
transmitting drug-resistant virus, or sources who reside outside a
focal community, are not particularly large, and there is no
disproportionate contribution from individuals who share any
combination of a high-risk age group, a residence outside the
community, and drug-resistant virus.

In generalised HIV epidemics, it is tempting to attempt to identify
particular demographic groups, of relatively small sizes, for whom
intensive targeting of prevention measures will have a major effect
on transmission in the general population. The current state of the
evidence suggests that this might not be possible, with
transmission coming most frequently from younger individuals,
disproportionately men, whose demographics are otherwise quite
typical of their community. While it might be more difficult and
resource-intensive to design universal interventions for the whole
population, there can be no shortcuts.

sampling density and after de-identification, to identify
probable transmission pairs." In a sub-Saharan African
context, this approach has been successfully used to
disentangle patterns of HIV-1 transmission surrounding
Ugandan fishing communities on Lake Victoria.”'* Here,
we apply it to HPTN 071-02 data to investigate the gen-
eralised epidemic in Zambia. We characterised probable
sources of transmission by sex and estimated age at
transmission, as well as whether they resided in a dif-
ferent community from their recipient, and if their
dominant viral strain was resistant to first-line ART.
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Methods

Trial participants

HPTN 071-02 was conducted in nine of 12 Zambian
PopART communities and included participants from a
population cohort (used to monitor incidence in the com-
munity) and additional individuals attending health-care
facilities. The population cohort enrolled one randomly
selected resident aged 15-44 years per randomly selected
household, irrespective of HIV status, between Nov 28, 2013,
and July 14, 2017, for a total of 20 264 participants in the nine
communities. Residents could be visited several times over
the course of the trial, with clinical samples being acquired
upon the first visit at which they were HIV-positive. At the
health-care facilities, individuals were approached and sub-
sequently enrolled if they consented and were HIV-positive
individuals aged 18 years or older who were not currently
on ART. They were enrolled between July 6, 2016, and
June 29, 2018. Demographic data collected included sex, date
of birth, and study community. Details can be found in
the trial protocol.”? Participants gave written consent and the
study was approved by the Institutional Review Board of
the National Institutes of Health, and the medical ethics
commiittees of the University of Zambia and the London
School of Hygiene & Tropical Medicine.

Genome sequencing

Sequences for viral RNA in each sample were obtained
using veSEQ-HIV, a bait-capture based quantitative high-
throughput whole-genome deep-sequencing method with
a sensitivity of more than 5000 RNA copies per mL for whole
genomes."” For further details, see the appendix (p 1).

Bioinformatic processing

Sequence reads were filtered to remove human and bac-
terial sequences using Kraken,'* and assembled into con-
tigs using SPAdes version 3.10.1." For every sample,
contigs were aligned to 165 representative HIV-1 genomes
taken from the 2016 Sequence Compendium from the Los
Alamos National Laboratory HIV database to generate a
consensus sequence. Individual HIV-1 reads were then
mapped onto this consensus. Per-sample HIV-1 genomes
were assembled with shiver version 1.3.' This generated
a custom consensus sequence for each sample; we kept
only samples for which at least 50% of consensus positions
had non-missing data. Bases in the consensus sequence
were not called if the coverage was less than 5 at that pos-
ition. For depths above this, the majority nucleotide was
used, or an ambiguity code in the case of ties. Reads were
coordinate-translated by shiver to bring them into
alignment with the HXB2 reference genome. 910 of
6864 samples were sequenced more than once; for these
we combined all reads into a single pool. Subtyping of
consensus sequences was performed using REGA."”

Identification of transmission pairs

An HIV-TRACE®" analysis with an intentionally generous
threshold of 0-04 was performed on the consensus
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sequences. This was not intended as a rigorous cluster
analysis and was instead solely to subdivide the dataset
and thus reduce computational time for subsequent
phylogenetic reconstruction. Identification of probable
transmission pairs was then conducted on the shiver-
aligned reads in each cluster using phyloscanner'! (see
appendix p 2 for full phyloscanner procedure and appendix
pp 10-12 for all software settings).

Estimation of time since infection

HIV-phyloTSI* was used to estimate the infection date of
each individual from their within-host phylogenetic data
and sampling date. For pairs, this allowed us to further
estimate when the transmission event would have taken
place if either partner was the source, and how old both
partners were at that time.

Reconstruction of direction of transmission

The likely direction of transmission for each pair was
assessed using two independent methods, firstly the
phylogenetic topology," and secondly comparison of esti-
mated infection dates (see appendix p 2). Where both
methods assigned the same direction of transmission, or
one assigned a direction and the other returned an inde-
terminate result, we took the pair forwards as one with a
determined direction of transmission. We excluded pairs
where the recipient’s estimated time of infection was out-
side the timeframe of the PopART trial (November, 2013 to
December, 2018).

Classification of drug resistance mutations

Drug resistance to first-line adult ART was predicted
based on detection of mutations from the Stanford HIV
Drug Resistance Database scoring system (HIVdb ver-
sion 8.9.1)* with the following cutoffs: 0-14: wild type or
susceptible; 15-29: low-level resistance; 30 and above:
high-level resistance. See the appendix (p 2) for further
details.

Characteristics of sources and demographic weighting

For each directed pair, we characterised the source partner
by sex, age group (in 5-year bands), viral drug resistance
mutations, and whether they were registered in a different
community from their recipient. Sampling bias is an
important consideration in a source attribution study. We
observed that the study could be viewed as a survey in
which recipients of infection provided information about
their sources. Thus, methods for adjusting for unrepre-
sentative sampling from survey methodology are appro-
priate, and we used iterative proportional fitting (“raking”)
as implemented in the R anesrake package to weight the
population of recipients to be demographically represen-
tative of the HIV-positive population of individuals in the
trial, in regard to four variables: sex, birth cohort (pre-1960,
post-1994, and seven bins of 5 years covering the inter-
vening period), community, and marital status. The target
population distribution of the former three variables was

See Online for appendix

For the Los Alamos National
Laboratory HIV database see
https://www.hiv.lanl.gov/
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estimated from the PopART-IBM individual-based model*
while the last was calculated from the marital status of
HIV-infected individuals in the 2018 Zambia Demo-
graphic and Health Survey.?? Proportions of sources with a
particular characteristic (eg, age group) were then calcu-
lated by using the sum of their recipients’ weights
as numerator, instead of the simple number of pairs.
95% ClIs for weighted proportions were calculated using
the R survey package.

Sensitivity analyses

Three sensitivity analyses were performed. In the first,
we used only samples for which we had a consensus call
on 75% of the HIV genome, rather than 50%. In the
second, we analysed samples from the health-care facil-
ities only. In the third, we reconstructed the direction of
transmission using the phylogenetic topology only.

Role of the funding source

Representatives from the US National Institutes of
Health (NIH) attended meetings concerned with study
design and data analysis and interpretation. They had no
role in the writing of this report. No other funders of the
study had any role in study design, data collection, data
analysis, data interpretation, writing of the report, or the
decision to submit for publication.

Results

Sampling yielded 6864 genomic sequences. We analysed
5612 for which 50% coverage of the consensus genome was
obtained (figure 1, table, appendix p 6). 5263 of these
(93-8%) were assigned subtype C by REGA, with 17 subtype
A, two subtype G, and the rest either circulating recombin-
ant forms or unique recombinants. The phyloscanner pro-
cedure identified a total of 801 pairs, of which 469 were
opposite-sex, 242 female-to-female, and 90 male-to-male.
The same-sex pairs are likely to be mostly or entirely
erroneously linked (see Discussion), and as our focus was
anyway on the heterosexual epidemic, we analysed the
opposite-sex set only. See figure 2 for the consensus
phylogeny and examples of within-host phylogenies in a
selection of windows for three pairs. Histograms of the
estimated times from infection to sampling of all included
participants and those identified as sources of transmission
in the analysis can be found in the appendix (p 5).

The phylogenetic topology assigned a direction of
transmission to 295 pairs, while 265 were called by com-
parison of the time of infection estimates. 145 were called
by both methods, with 25 excluded due to conflicting
results. When combined, the analysis yielded 355 probable
directed transmission pairs. For 300, transmission was
estimated to have occurred during the trial period
(figure 1). This was consistent with a power calculation
conducted before the study to determine the number of
transmission pairs required to characterise sources of
infection (see appendix p 2). 284 (94-7%) of the 300 pairs
were subtype C for both partners. The remainder were

Health-care facilities Population cohort

5729 individuals approached

| 20264 individuals recruited

55 ineligible 15220 negative at end

26 withheld consent of trial

360 HIV status
unknown

A 4 y

4231 positive on first visit
453 seroconverted
between visits

5648 samples collected

871 withheld consent
1362 not asked

329 unavailable or low
viral load

— —>

A 4 A 4

5319 samples successfully 2451 samples collected

sequenced

906 unavailable or

> .
low viral load

y

1545 samples successfully
sequenced

| 6864 sequence data files |

v

| 5612 with at least 50% consensus coverage

—>| 4292 singletons (unlinked) |

A4

| 801 probable pairs from phyloscanner |

332 same-sex (presumed
missing intermediary)

v

| 469 opposite-sex |

v v

295 directed pairs
(phyloscanner topology)

v v

| 355 directed opposite-sex pairs (consensus of methods) |

v

| 300 directed opposite-sex pairs (estimated infection during trial) |

265 directed pairs (recency
estimate)

Figure 1: Flowchart depicting determination of transmission pairs from recruited
participants from the nine Zambian communities

called as recombinants in one or both cases, but C was
always one of the parents (see appendix p 13).

The table outlines the characteristics of the individuals
involved in the pairs; an extended version is in the
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appendix (pp 7-9). Note that there are fewer probable
sources identified than recipients, as 14 individuals were
reconstructed as infecting multiple others. 13 of these
(seven males and six females) were probable sources for
two other individuals, and one (female) for four others.
We emphasise that the principal unit of our analysis is
the transmission, and that characteristics such as ages at
time of transmission and the source residing in a dif-
ferent community to the recipient will not necessarily be
consistent between two transmissions even with the
same source. We are exploring the characteristics of the
sources involved in 300 distinct transmissions, rather
than those of 300 unique sources.

Pre-weighting, 170 (56-7%) transmissions were from
male to female participants; weighting brought this to
178 (59-4%). The age distributions of the individuals
identified as probable sources, both male and female,
showed the highest rates of transmission coming from
individuals between 20 and 39 years of age: 130 (95% CI
114-144; 72-9%) of the 178 male sources were between
25 and 39 years of age at the estimated time of transmis-
sion, representing 43-3% of the 300 transmissions, while
87 (75-98; 71-6%) of 122 female sources were between 20
and 34 years of age, representing 29-0% (figure 3A). Unless
otherwise stated, figures given in this section are all
weighted to adjust for sampling bias as described in the
Methods. Weighted counts are rounded to the nearest
whole number. In the PopART-IBM simulation, 18 094
(19-4%) of 93 272 infected individuals in 2017 were men
aged 25-39 years, while 25 443 (27-3%) were women aged
20-34 years. The median age at time of transmission
was 32 years (range 20-64) for male sources and 25 years
(17-49) for female sources (figure 3A). There was no evi-
dence of a difference in the ages of sources (weighted
Kruskal-Wallis test p=0-98 for male-to-female pairs, p=0-48
for female-to-male pairs) between trial arms.

We calculated relative transmission rates among
demographic groups, defined as the ratio of the propor-
tion of sources identified from a group to that group’s
proportion of the overall HIV-positive population, as
estimated by PopART-IBM (see appendix pp 2-3). For
men, this was 1-44 (bootstrapped 95% CI 1-43-1-5) while
for women it was 0-69 (0-65-0-7). The ratio of these two
numbers is 2-09 (2-06-2-29), indicating that HIV-positive
males were contributing more than twice as many new
infections as HIV-positive females, per person. The ratio
was 1-79 (1-78-1.95) when the group’s proportion of the
HIV-positive population not on ART, instead of the total
HIV-positive population, was used as a denominator,
indicating that even when adjusting for ART coverage,
men infected more women per person than vice versa.

Figures 3B and 3C show these statistics for both
denominators stratified by age group. The peak relative
rate among females was observed in the 20-24 years age
group (2-0 compared with the HIV-positive population,
95% CI 1-41-2-67) while for males it was the 30-34 years
age group (2-76; 2-:09-3-37). The male-to-female ratio was

www.thelancet.com/microbe Vol m = 2023

All eligible Sources Recipients
participants (n=284) (n=300)
(n=5612)
Trial arm
A 1802 (32-1%) 93 (32:7%) 99 (33:0%)
B 1758 (31-3%) 80 (282%) 86 (28-7%)
C 2051 (36-6%) 111 (39-1%) 115 (38-3%)
Cohort
Health-care facilities 4685 (83-5%) 258 (90-8%) 274 (91-3%)
Population cohort 926 (16-5%) 26 (9-2%) 26 (8:7%)
Sex
Fermale 3334 (59-4%) 121 (42:6%) 170 (56-7%)
Male 2277 (40-6%) 163 (57-4%) 130 (43-3%)
Year of sampling
2013 1 (<0-1%) 0 0
2014 419 (7-5%) 16 (5-6%) 1(0-3%)
2015 144 (2-6%) 3 (11%) 5 (1-7%)
2016 1703 (30-4%) 84 (29-6%) 92 (30-7%)
2017 2483 (44-3%) 130 (45-8%) 143 (47-7%)
2018 861 (15-3%) 51 (18-0%) 59 (19-7%)
Age at sampling, years
10-19 202 (3-6%) 7 (25%) 12 (4-0%)
20-29 2087 (37-2%) 110 (38:7%) 154 (51-3%)
30-39 2109 (37-6%) 119 (41-9%) 89 (29-7%)
40-49 339 (15-8%) 37 (13-0%) 33 (11-0%)
50-59 44 (4-3%) 8 (2-8%) 10 (3:3%)
60-69 61 (1-1%) 3(1-1%) 1(0-3%)
>70 12 (0-2%) 0 1(0-3%)
Unknown 7 (0-1%) 0 0
Marital status at sampling
Divorced or separated 1104 (19-7%) 37 (13%) 44 (14-7%)
Married or living 3086 (55%) 209 (73-6%) 204 (68-0%)
as married
Never married 973 (17:3%) 33 (11:6%) 40 (13-3%)
Widowed 417 (7-4%) 3(1-1%) 12 (4-0%)
Unknown 31 (0-6%) 2 (0-7%) 0
14 sources had multiple probable recipients.
Table: Demographic and other characteristics of all eligible participants, and
probable sources and recipients in the reconstructed transmission pairs

4.38 (2-8-8-25) in the 30-34 years age group and
5-87 (2-78-15-8) in the 35-39 years age group. This ratio
was above 1 in all age groups other than 20-24 years but
the confidence interval included 1 for the 20-24, 25-29,
and 45-49 years age groups for both denominators.

A weighted total of 12 (3-8%) sources had an unknown
drug resistance profile (due to poor genome coverage at
relevant sites). Of the remaining 288, 236 (95% CI 220-250;
81-9%) carried drug-sensitive viruses, while 20 (12-32; 7-0%)
showed low-level resistance to first-line ART and 32 (21-46;
11-1%) high-level resistance (figure 3D). Thus some meas-
ure of resistance was seen in 52 (38-69; 18-1%) sources.
Again, there was no evidence of a difference in the distri-
bution of mutations with respect to the trial arm of the
recipient (y* test p=0-32). For comparison, of 285 recipients
with non-missing data, 227 (209-242; 79-7%), 31 (21-46;
11-0%), and 27 (16—40; 9-3%) recipients had virus that was
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Figure 2: Example transmission pairs and windows

From the consensus phylogeny of 5612 full-genome sequences, three transmission pairs are enlarged. Tips for the male individual are in blue and the female in red. Annotations
indicate the reconstructed direction of transmission and the estimated time from infection to sampling of the recipient. The first column displays the position of each pair
among its immediate neighbours in the consensus tree. The remaining three columns are example phyloscanner windows (coordinates and genes are given) and the within-
host phylogenies for the pair in each. Note that the topological direction of transmission is identified by summarising patterns over all windows and thus some individual trees
will not match it (eg, row 2, column 4). Tree branches are in units of substitutions per site (see scale bars for each tree).

respectively sensitive, low-level, or high-level resistant, in
line with a previously published study on resistance.?
Lastly, we determined the fraction of transmission pairs
for which the source lived in a different community from
the recipient (figure 3E). A weighted total of 260 of
300 (95% CI 243-274; 86-8%) transmissions occurred
within the same community, compared with 40 (26-57;
13-2%) that did not. Contrary to the other variables, here
there was some evidence of a difference in the proportion
of transmissions coming from outside the community by
trial arm (x* test p=0-035), with a rounded total of 10 of
91 (11-2%) from outside the community in arm A, 20 of
100 (20-1%) in arm B, and 9 of 109 (8:5%) in arm C.
We next sought to understand the extent to which
characteristics of sources might occur disproportionately
often in combinations. To do this, we ranked each com-
bination according to the fraction of transmissions in
which they played a role (figure 4A). The highest fraction
originated from males aged 25-39 years who lived in the
same community as their recipient and had no viral
resistance to first-line ART. They were the sources for
1.78 times as many transmissions as the female risk
group aged 20-34 years with the same characteristics

and 1-18 times as many transmissions as all sources
outside these two age groups. There was no group that
disproportionately combined several of the risk factors, as
real values were generally very close to values expected if
risk factors present in the population of sources had been
randomly assigned to this population (appendix p 4).

Results of the three sensitivity analyses, which do not
differ markedly from those of the main analysis, can be
found in the appendix (pp 4, 9).

Discussion
We identified characteristics of likely sources of HIV-1
transmission in Zambia between 2014 and 2019. The aim
of the study is to provide policy makers with data on where
transmission is still occurring in a generalised epidemic in
sub-Saharan Africa, despite delivery of a UTT intervention,
and advise where prevention efforts should be focused.
We identified men aged 25-39 years as the group most
commonly transmitting HIV-1. They were the source of
43-3% of transmissions (figure 4B), despite males aged
25-39 years representing only 19-4% of prevalent cases in
2017. 29% of transmissions were attributable to women
aged 2034 years. Age distributions of sources were wide,

www.thelancet.com/microbe Vol m m 2023


www.thelancet.com/microbe

Articles

suggesting that transmitters were not confined to any
small demographic category. 2-09 times as many infec-
tions were attributable to male sources as to females, and
when stratified by age this number rose to 4-38 for men
and women in the 30-34 years age group and to 5-87 in
the 35-39 years age group. Men in these age groups were
notably less likely than other demographic groups to be
linked to care and on ART.* A similar phylogenetics
study conducted as part of the Ya Tsie trial in Botswana
largely concurred with this finding, although estimated
ages for sources were somewhat greater.”” That study,
however, recorded ages at time of sampling, with no
attempt to estimate time of infection. These results
highlight the need for more intensive efforts in UTT
programmes to achieve high and sustained ART coverage
and testing for men aged 25-39 years; a programme that
leaves a deficit in coverage for the demographic group
responsible for the greatest proportion of transmissions
might be viewed as insufficiently universal. It also sug-
gests that pre-exposure prophylaxis services should also
be considered for the partners of these men.*

Much prevention effort on HIV in sub-Saharan Africa has
focused on intergenerational relationships, older men, and
the “sugar daddy” phenomenon.” A previous phylogenetic
study further suggested that the epidemic is maintained
through a renewal process, in which young women are
infected by considerably older men, who had been infected
by women of a similar age to themselves.? Policies aimed at
breaking this cycle have been promoted by UNAIDS and
PEPFAR, in particular with the DREAMS programme. We
find little evidence for this cycle or for intergenerational
relationships being major drivers of transmission, with the
median age of female sources being 25 years and that of
males 32 years. While we do find that a significant minority
of transmissions came from outside the community, this is
nevertheless a minority, casting doubt, at least in this set-
ting, on another commonly hypothesised driver of new
transmissions, human mobility.® Our results in totality
indicate that infections are predominantly local and
disproportionately from men.

11-1% and 7-0% of sources’ viral populations were
dominated by variants with high-level and low-level
resistance against first-line ART, respectively. A caveat is
that the precise timing of ART initiation was not known,

Figure 3: Characteristics of sources of transmission

(A) Age profile (at the estimated time of transmission) of the sources of infection for
participants estimated to have been infected during the trial period. Counts were
weighted to make the recipient population representative of the HIV-positive
population during the trial. (B) For different age and sex demographics, the ratio of
the proportion of sources in that group to the proportion in the same group of (top)
all HIV-positive individuals or (bottom) all HIV-positive individuals not on ART. Ages
are calculated as of July 1, 2017. Shaded bars are 95% Cls determined by non-
parametric bootstrap. We identified no male sources in the 13-19 years age group
and thus this estimate is omitted. (C) Ratios for the relative contributions of male
and female sources by age group (as calculated for panel B). Shaded bars are 95% Cls
as before. The bootstrapped confidence intervals for the >50 years age group
extend upwards to infinity. (D) First-line drug resistance profiles of sources.

(E) Proportions of infections from sources residing in a different community
from the recipient. ART=antiretroviral therapy.
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Figure 4: Combined characteristics of source individuals

(A) Distribution of all combinations of four key risk factors among the set of directed opposite-sex pairs determined to
have been infected during the trial period. Each bar represents a group of sources whose characteristics are defined by the
combination of black dots on the x-axis. Bars are weighted as in previous plots. (B) Pictorial representation of the
expected characteristics of 100 sources of transmission. Note that as all transmission is assumed to be heterosexual, the
60 men and 40 women will have infected, respectively, 60 women and 40 men. DR=drug resistance.

and therefore some resistance could have been acquired in
sources following transmission to the recipient. Never-
theless, this level of drug resistance mirrors the high per-
centage of first-line ART resistance reported by other
studies in the past few years.*® Resistance against current
first-line ART, including dolutegravir (which was not
rolled out in Zambia at the time of this study), needs to
be monitored by local surveillance teams as the availability
of HIV drug resistance testing and next-generation
sequencing in sub-Saharan Africa increases.

While a large majority of transmissions occurred between
partners from the same community, 13-2% did not
(figure 4B). This analysis cannot help but exclude pairs for
which the source resided outside the trial population and
thus could never be sampled, and so this estimate will be
lower than the overall proportion of imports (and potentially
much lower). Although movement does not necessarily

compromise the effect of treatment as prevention, it does
affect the ability of trials such as HPTN 071 to accurately
measure its effect. Thus, as the primary analysis of the trial?
took no account of between-community transmission, even
this probably underestimated figure indicates that HIV-1
incidence would have been further reduced if the PopART
prevention package had been implemented country-wide.
The complex statistical corrections required to assess the
impact of the intervention taking into account between-
community transmission are outside the scope of this
study, but further genomic analysis is likely to lead to a
higher estimate of its effectiveness.

A limitation of the phyloscanner procedure is that it is
not able to rule out missing intermediaries in transmis-
sion, but for heterosexual epidemics this is easy to detect
as it would result in observed same-sex pairs. Our
242 female-to-female pairs are exceptionally unlikely to
represent genuine sexual transmission, but the 90 male-
to-male examples could potentially be men who have
sex with men (MSM). However, of all combinations
of females in the dataset, a proportion of 5-2x107
(95% binomial CI 4-6x107°~5-87x10") were linked by the
analysis, compared with 4-09x107° (3-3x107°~5-0x10~°) of
males. As the female-to-female links must be erroneous,
the overlapping confidence intervals suggest no evidence
for an excess of male-to-male pairs that would imply a
substantial contribution of cryptic MSM transmission to
infections in the sampled population. We might be
underestimating the amount of MSM transmission due
to simple undersampling of MSM, especially if they were
less likely to participate in the trial for reasons of stigma.
Nevertheless, our results suggest that MSM are not
widely integrated into heterosexual networks. The
restriction to same-sex pairs also naturally removes any
pairs with a single missing intermediary, increasing the
specificity of phyloscanner as only situations of two or
more missing intermediaries cannot be ruled out.

This study has limitations. This work was conducted in
the context of the HPTN 071 trial, which potentially limits
the generalisability of results to other settings. However,
the trial did have a control arm, and the only variable that
we explored whose distribution showed a clear difference
between arms was transmission from outside the
community, which was higher in intervention arms. This
is consistent with the intervention reducing transmission
within-community, resulting in a larger fraction of infec-
tions being caused by introductions. Nevertheless, we
acknowledge that the conditions of even the control
communities might have differed from those in other loca-
tions where no trial was taking place, for example because
the presence of trial staff in the community might have some
effect on health-care seeking behaviour in the population.

While between 13-0% and 35-2% of people living with
HIV in the study communities were sampled, a proportion
comparable to similar large studies in sub-Saharan
Africa,® and much larger than was possible in the quite
recent past, the sample was still not fully representative of
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the whole HIV-positive population. In particular, the
design restricted sampled individuals to one person per
household in the population cohort, limiting our ability to
identify within-household transmission pairs. This is
mitigated by the collection of samples in the health-care
facilities, which had no such restrictions, but might have
introduced its own bias towards identifying individuals
who presented to these facilities of their own volition. Our
inclusion criterion for samples was simply that sequencing
was successful above a quality threshold, which might also
introduce some bias. In particular, the laboratory approach
only yielded sequences for participants with more than
5000 viral copies per mL. This will exclude patients with
lower viral loads, but still corresponds to 92-8% of partic-
ipants with viral loads above 1500 copies per mL.*' Indi-
viduals on effective ART at the time of sampling would not
usually be included, due to their specific exclusion in the
health-care facilities and their low viral loads preventing
sequence acquisition in the population cohort. We esti-
mate that the contribution of MSM to transmission among
the sampled members of this community is at most small,
and hence that by including only opposite-sex pairs we
analysed the transmission route responsible for sustaining
infections in this population. Nevertheless, it remains
possible that genuine examples of MSM transmission
were detected, and we did not explore the characteristics of
those pairs as it was impossible to distinguish them from
heterosexual transmissions with a missing intermediary.
A proper investigation of any MSM transmission in this or
similar populations would require a different study design.
HPTN 071-02 (PopART) Phylogenetics is the largest HIV
phylogenetic study conducted to date, the first large trans-
mission study to be based on an a priori power calculation,
and the most comprehensive study of characteristics of
sources of HIV-1 infection in sub-Saharan Africa. The study
highlights that residual transmission was not limited
to coming from small risk groups. However, men aged
25-39 years were, as a group, responsible for a large share of
transmissions and should be prioritised in prevention
efforts, even if linking them to care requires more effort.
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