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Abstract 

The timing of the establishment of the HIV latent viral reservoir (LVR) is of particular interest, as there is evidence that proviruses 
are preferentially archived at the time of antiretroviral therapy (ART) initiation. Quantitative viral outgrowth assays (QVOAs) were per-
formed using Peripheral Blood Mononuclear Cells (PBMC) collected from Ugandans living with HIV who were virally suppressed on ART 
for >1 year, had known seroconversion windows, and at least two archived ART-naïve plasma samples. QVOA outgrowth populations 
and pre-ART plasma samples were deep sequenced for the pol and gp41 genes. The bayroot program was used to estimate the date that 
each outgrowth virus was incorporated into the reservoir. Bayroot was also applied to previously published data from a South African 
cohort. In the Ugandan cohort (n = 11), 87.9 per cent pre-ART and 56.3 per cent viral outgrowth sequences were unique. Integration 
dates were estimated to be relatively evenly distributed throughout viremia in 9/11 participants. In contrast, sequences from the South 
African cohort (n = 9) were more commonly estimated to have entered the LVR close to ART initiation, as previously reported. Timing of 
LVR establishment is variable between populations and potentially viral subtypes, which could limit the effectiveness of interventions 
that target the LVR only at ART initiation.
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1. Introduction
Antiretroviral therapy (ART) halts HIV-1 replication and disease 
progression and has markedly reduced morbidity and mortality. 
However, ART does not eradicate HIV from the body, and in the 
majority of cases, viremia rebounds relatively quickly upon inter-
ruption of ART, requiring lifelong treatment. People living with 
HIV must endure drug side effects, pill burden, stigma and other 
psychosocial distress, and increased risk of comorbidities. The pri-
mary obstacle to an HIV cure is the presence of stable, latently 
infected cells that allow persistence of replication-competent 
provirus despite optimal ART. These cells are collectively called 
the latent viral reservoir (LVR) (Evelyn and Siliciano 2012).

The LVR predominantly consists of resting CD4+ (rCD4) T cells, 
which are believed to become infected when transitioning from 
an activated to a resting state, allowing them to persist without 
immune detection with HIV proviral DNA stably integrated within 

the host genome (Shan et al. 2017). In the setting of suppressive 
ART, these latently infected cells generally decay over time but 
at a rate that is too slow to be cleared in a lifetime (Finzi et al. 
1999; Siliciano et al. 2003). While the LVR is relatively small—
about 10–100 cells harboring proviruses per 106 rCD4 T cells—only 
a fraction of these proviruses are intact, and an even smaller frac-
tion are replication-competent (∼1/106 rCD4 T cells) (Prodger et al. 
2017).

There is general agreement that LVR establishment starts 
almost immediately after infection and is augmented through-
out periods of viremia (Archin et al. 2012; Persaud et al. 2014). 
However, it is not yet known if cells become latently infected con-
sistently throughout viremia (so that the LVR is accrued evenly 
throughout pre-ART infection) or if there are some events that 
promote latency. One event of interest is the impact of ART ini-
tiation on LVR establishment. Multiple studies have sought to 
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estimate the integration dates of latently infected cells based on 
comparing proviral sequences to evolutionary phylogenies created 
from sequences of virus circulating at different timepoints pre-
ART. Several of these studies have reported that most proviruses 
in the LVR integrated in the time period preceding ART initiation 
(Johanna et al. 2016; Abrahams et al. 2019; Brooks et al. 2020; 
Pankau et al. 2020), which has led some to propose that ART ini-
tiation may promote the transition of short-lived effector CD4 T 
cells to long-lived rCD4. If this is found to be true, interventions to 
limit LVR establishment at ART initiation might result in smaller 
and less heterogenous LVRs that would be easier to clear by poten-
tial cure therapies. However, observations from a Canadian cohort 
suggest that the LVR is accrued evenly throughout pre-ART infec-
tion, with no one period favoring the establishment of latently 
infected cells (Jones et al. 2018). These variations in patterns of LVR 
establishment warrant further investigations in other populations 
of people living with HIV.

A potential explanation for the discordance between previous 
studies is that the methods used to estimate the timing of LVR 
establishment do not account for the uncertainty in estimating 
the rate of pre-ART evolution, which is used to generate a molec-
ular clock to estimate the integration dates of sequences from the 
LVR. Additionally, previous analysis methods do not directly use 
additional information, such as dates of seroconversion or ART 
initiation, to refine integration date estimates. In this study, a 
novel dating method that addresses these limitations, bayroot (a 
Bayesian extension of root-to-tip regression) (Ferreira, Wong, and 
Art 2023), was used to determine the timing of LVR establishment 
in ART-suppressed individuals with known dates of seroconver-
sion living in Rakai, Uganda. In a secondary analysis, we applied 
this method to data from one of the previously published stud-
ies reporting the preponderance of LVR establishment close to the 
time of ART initiation (Abrahams et al. 2019).

2. Materials and methods
2.1 Study participants
This study was nested in two established cohorts in Rakai, Uganda: 
the Rakai LVR cohort (Prodger et al. 2017) and the Rakai Commu-
nity Cohort Study (RCCS) (Kankaka et al. 2022). The RCCS is a 
longstanding (>30 years) population-based cohort study through 
which longitudinal HIV testing and archived serum samples were 
available. The Rakai LVR cohort is a longitudinal study of HIV 
persistence, nested within the RCCS, following adults (≥18 years) 
living with HIV-1, all of whom were virally suppressed on ART 
for >1 year at the time of enrollment.

The current study population consisted of participants with 
known seroconversion windows (at least one HIV-negative test 
result prior to confirmed HIV-1 seroconversion) and at least two 
historical ART-naïve serum samples available through the RCCS.

2.2 Recovery of replication-competent provirus 
from PBMC
As a part of Rakai LVR cohort study activities, participants had pre-
viously provided one or more samples of whole blood (180 ml) for 
quantitative viral outgrowth assays (QVOA). For participants with 
multiple blood samples, samples were collected at least 1 year 
apart. Methods used for QVOA assays have been described in 
detail elsewhere (Chun et al. 1997; Laird et al. 2016; Prodger et al. 
2017). Briefly, rCD4 T cells were isolated using negative selection, 
stimulated, and plated in a limiting dilution format with MOLT-
4 cells stably expressing CD4, CCR5, and CXCR-4. After 14 or 
21 days, wells were examined for viral outgrowth using p24 ELISA 

(Perkin-Elmer, Waltham MA). Supernatants containing outgrowth 
virus were harvested and stored at −80oC for sequencing.

2.3 Viral sequencing
Prominent QVOA outgrowth viruses (LVR sequences) and total cir-
culating viral populations from pre-ART serum samples (pre-ART 
sequences) were sequenced using site-directed next-generation 
sequencing for the reverse transcriptase region of the pol gene 
(POL_RT; HXB2 bases = 2,723–3,225) and the gp41 region of the env
gene (ENV_GP41; HXB2 bases = 7,938–8,256), as described previ-
ously (Illumina Inc, San Diego, CA) (Courtney et al. 2017; Poon et al. 
2018).

2.4 Phylogenetic trees
For each participant, unique pre-ART and LVR sequences, as well 
as the HXB2 reference sequence (van Beveren, Coffin, and Hughes 
2002), were aligned using MAFFT (Kazutaka and Standley 2014). 
Unique sequences were obtained by keeping only the earliest sam-
pled sequence in case of identical sequences (done separately 
for pre-ART and outgrowth viruses before they were combined). 
Sequences were screened for hypermutations using the Hyper-
mut tool from Los Alamos (Alamos 2022). Maximum likelihood 
phylogenies were then generated using RAxML (Stamatakis 2014) 
under a general time reversible model of evolution with HXB2 
as the outgroup to obtain an initial rooted topology. The HXB2 
outgroup was then dropped, and the topology of the maximum 
likelihood phylogeny further improved using known sampling 
times of pre-ART tips for re-rooting using root-to-tip regression 
(sampling times of LVR tips were censored). While using HXB2 
as an outgroup provided a rough estimate of the location of the 
root, it was subsequently dropped as it represents a subtype B 
infection that is distantly related to the virus populations in our 
study. Root-to-tip regression provides a refined estimate of the 
root location using the within-host genetic variation (root-to-tip 
distances) and known pre-ART sampling times for each study
participant.

2.5 Dating of LVR variants
The re-rooted tree was used as the input tree for the bayroot pack-
age to estimate LVR integration dates (Ferreira, Wong, and Art 
2023). Briefly, bayroot uses the Metropolis-Hastings algorithm to 
randomly sample the regression parameters from the posterior 
distribution, in this case being the molecular clock (slope), loca-
tion of the root in the tree, and the time associated with the root 
(x–intercept). We used a lognormal prior for the molecular clock 
(initial rate = 0.01), a uniform prior on the root location, and a 
uniform distribution on the root time based on the known sero-
conversion window. After several runs (∼100 burnin), replicate 
chain samples visibly converged to the same posterior distribution 
(Supplementary Fig. 1). The resulting posterior sample of regres-
sion parameters was used to generate a sample of integration 
dates for each query LVR sequence using rejection sampling from 
a probability distribution constrained to prior information (i.e. no 
expected LVR integration on suppressive ART). The resulting inte-
gration date distributions were extracted for further statistical 
analyses and visualization.

2.6 Modeling of expected distributions
To generate the expected distribution of integration times, we used 
the deterministic model of continuous reservoir seeding and decay 
as implemented in Python by Pankau et al. (Pankau et al. 2020).
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All model parameters were kept to the same values, except that we 
adjusted the per-replication probability of producing intact virus 
from τ = 0.05 to τ = 0.5 to be consistent with empirical estimates 
(Bruner et al. 2016). In this model, susceptible target cells S are 
replenished at a rate αs = 70 cells μl−1 day−1, die at a rate δs = 0.2 
day−1, and are infected by virions at a rate β = 10−4 μL cells−1

day−1. Some of these cells become productively infected with 
intact virions (Ap) while others become unproductively infected 
with defective virions (Au), with the per-replication probability of 
producing intact provirus τ. Upon infection, active infected cells 
Ap and Au may enter latency with a probability λ = 10−4. All active 
infected cells Ap and Au die at a rate δ1 = 0.8 day−1 and are killed by 
adaptive immunity E at a rate κ = 0.3 μL cells−1 day−1. The adaptive 
immunity has an initial adaptive precursor frequency αE = 10–4 
cells μL−1 day−1, is additionally recruited by cell infection at a 
rate ω = 1.6 mL cells−1 day−1 with a 50 per cent saturation constant 
E50 = 250 cells μL−1; and is cleared at a rate δE = 0.002 day−1. Intact 
infectious virions V are produced by the productively infected cells 
Ap with a burst size π= 5 × 104 virions cells−1, decay at a rate γ=
23 day−1, and infect new susceptible cells at the rate β. Following 
Pankau et al., we simulated this system with no decay (i.e. reser-
voir seeding only), with slow decay at a half-life t1/2 = 44 months 
(Siliciano et al. 2003), and with a slower decay at a half-life of 
t1/2 = 139 months (Golob et al. 2018). The modeled distributions 
were plotted and compared to empirical distributions in yearly 
bins using the two-sample Kolmogorov-Smirnov test.

2.7 Categorization of integration date estimates
For each participant and for each sequenced region (POL_RT and 
ENV_GP41), we categorized the integration dates into relative time 
periods. Relative time periods allowed controlling for inter-patient 
differences in length of the viremic window (the time period 
between seroconversion and ART initiation) and were defined as 
Oldest, Middle, and Most recent (the first, middle, and last ter-
tiles of the viremic window, respectively). Similar categorization 
was done for the modeled distributions, and this was visually 
compared to the empirical distributions.

2.8 Comparison with the CAPRISA cohort
In a previous report, nine female participants in the CAPRISA 
cohort were found to have predominant LVR seeding in the time 
period immediately preceding ART initiation (Abrahams et al. 
2019). In the original analysis, three methods were used to esti-
mate integration dates: patristic distance, clade support, and 
phylogenetic placement. These methods were applied to each of 
the five regions of the genome sequenced (the p17 region of gag
(‘GAG_P17’); three regions from env: the C1-C2 region of gp120 
with hypervariable loops V1 and V2 trimmed (‘ENV_C1C2’), the C2-
C3 region of gp120 (‘ENV_C2C3’), and the C4-C5 region of gp120 
with hypervariable loop V5 trimmed (‘ENV_C4C5’); and the 5′

region of nef  (‘NEF_1’), and the weighted median of these esti-
mates was taken as the integration date when each provirus had 
entered the reservoir. As this approach differs from bayroot, we re-
analyzed the sequence data from the CAPRISA cohort to ensure 
that any findings in the Rakai LVR cohort were not due to differ-
ent analysis methods. Relative time distributions were used for 
the comparisons.

2.9 Ethical considerations
The study was approved by the Institutional Review Boards of the 
National Institutes of Health, the Uganda Virus Research Insti-
tute, the Uganda National Council for Science and Technology, and 

Western University. All participants provided written informed 
consent at each study visit. All were treated according to the exist-
ing national guidelines at the time, primarily based on CD4 count 
before the test and start era.

3. Results
3.1 Participants, samples, and viral load
Five females and six males, aged between 31.6 and 51.1 years at 
the time of the first LVR sampling, were included in the study. Per 
the two genetic regions analyzed, ten individuals were infected 
with HIV-1 subtype D and one with subtype C. The duration of 
infection time pre-ART initiation ranged from 2.6 to 10.9 years 
(median 6.3 years), while the time between ART initiation and 
blood draws for QVOA ranged from 2.0 to 15.3 years (median 
10.6 years; Table 1). Between 2 and 4 pre-ART plasma samples 
were available for circulating HIV sequencing, and between 1 and 
3 post-ART PBMC samples were analyzed by QVOA to obtain LVR 
sequences. The distribution of both pre- and post-ART sampling 
dates varied between participants (Fig. 1). There were no cases of 
ART treatment failure by the time of PBMC sampling (defined as 
viral load >400 copies/ml, Supplementary Fig. 2).

3.2 Phylogenetic trees
For POL_RT, a median of 372 pre-ART (range 216–740) and 21 
LVR (range 3–46) sequences were obtained for each participant, 
and 89.2 per cent of pre-ART and 65.2 per cent of LVR sequences 
were unique (confidence interval, CI: 80.1–98.3 and 49.4–80.9 per 
cent, respectively). For ENV_GP41, a median of 141 pre-ART (range 
51–191) and 27 LVR (range 3–80) sequences were obtained, and 
96.9 per cent of pre-ART and 48.6 per cent of LVR sequences 
were unique (CI: 92.5–100 and 33.8–63.3 per cent, respectively,
Table 1).

Only unique pre-ART and LVR sequences were included in 
the phylogenetic analysis, using the earliest sampled sequence 
to represent subsequent identical sequences. In the trees from 
POL_RT, pre-ART sequences diverged from the root with time, 
except for Donor_88 where no divergence was observed beyond 
the first pre-ART sample. There was variation in the distribu-
tion of LVR sequences within the POL_RT phylogenetic trees 
with clustering in some individuals (e.g. Donor_73, who had no 
LVR sequences mapping to the earliest pre-ART sequences) and 
near-even distribution across sampled timepoints in others (e.g. 
Donor_15). LVR sequences were generally less or equally divergent 
from the root compared to the most divergent pre-ART sequences 
(Supplementary Fig. 3). In the trees from ENV_GP41, some LVR 
sequences from Donor_73 and Donor_85, and to a lesser extent 
Donor_82, were more divergent from the root compared to pre-
ART sequences (Supplementary Fig. 3B). Despite differences in 
the temporal patterns of divergence in phylogenies created from 
POL_RT and ENV_GP41 (Fig. 2A), the estimates for integration 
dates of LVR sequences generated using the two gene regions were 
similar for most sequences from most individuals (Supplementary 
Fig. 4).

3.3 Estimated LVR integration dates
To obtain distributions of the estimated integration dates through-
out the viremic period (i.e. pre-ART initiation), we took 100 esti-
mates for each LVR sequence and combined them for each partic-
ipant and for each gene region. For the seven participants with 
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Figure 1. Pre- and post-ART sampling of participants in the Rakai LVR cohort. The seroconversion window—shown in pink—is the time between the 
last HIV negative test and the first positive HIV test. The blue triangles represent collection dates of serum prior to ART initiation, while the red circles 
represent dates of collection of peripheral blood for analysis of proviruses archived in the latent viral reservoir. Time is depicted relative to the date of 
ART initiation for each participant. Gene regions recovered for each participant are noted on the far right. DNA sequencing was done on Day 14 viral 
outgrowth where Day 21 outgrowth was not available.

phylogenies available for both regions, ENV_GP41 and POL_RT 
distributions were similar for 6/7 participants (large difference 
observed for Donor_85). In most cases, the shape of the distribu-
tion had no clear peak (Supplementary Fig. 4).

To further examine these distributions, we generated relative 
time categories by dividing each participant’s viremic time period 
into tertiles. Based on POL_RT phylogenies, integration dates 
were approximately evenly distributed across the three tertiles 
for 8/10 participants, while for two participants (Donor_46 and 
Donor_73) a predominance of integration dates (>70 per cent) fell 
within the most recent tertile, closest to ART initiation (Fig. 3A). 
Compared to the models, only the two participants with dis-
tributions skewed toward ART initiation were consistent with 
rapid decay of the reservoir at half-life >44 months (Kolmogorov-
Smirnov test p-values 0.147 and 0.056, respectively) and inconsis-
tent with slower decay at half-life of 139 months (p-values 0.038 
and 0.011, respectively, Supplementary Fig. 5). Similarly, when 
examining ENV_GP41 phylogenies, integration dates were approx-
imately evenly distributed across the three tertiles for 6/8 par-
ticipants, while for two participants (Donor_46 and Donor_85) a 
predominance of dates (>70 per cent) fell within the tertile clos-
est to ART initiation (Fig. 3A) although they were not statistically 
significant from the slower decay model at half-life of 139 months 
(Kolmogorov-Smirnov test p-values 0.474 and 0.053, respectively, 
figure not shown). The integration date point estimates and confi-
dence intervals for individual participant sequences are shown in 
Supplementary Fig. 6.

3.4 Sex differences in estimated LVR integration 
dates
In the Rakai LVR cohort, males appeared to have a higher propor-
tion of proviruses with earlier integration dates when examining 
the ENV_GP41 region in pooled analyses [median of 1.2 years prior 
to ART initiation in males (IQR = 3.0 to 0.4) versus a median 
of 0.5 years prior to ART initiation in females (IQR = 1.1 to 0.2), 
p < 0.001]. However, this difference was not observed when using 

the POL_RT region [median of 1.8 years prior to ART initiation in 
males (IQR = 3.3 to 0.7) versus a median of 1.8 years prior to ART 
initiation in females (IQR = 4.2 to 0.5), p = 0.077].

3.5 Comparison with the CAPRISA cohort
When applying bayroot to the five gene regions sequenced in the 
CAPRISA cohort, the temporal signal (i.e. the amount of diver-
gence between root and tip, normalized by evolution time) was 
strongest in the ENV_C2C3 followed by the ENV_C4C5 and NEF_1 
regions (Fig. 2B). These regions are located near the ENV_GP41 
region that provided the stronger temporal signal in the Rakai LVR 
cohort. The trees for each CAPRISA participant and for each gene 
region are shown in Supplementary Fig. 7.

Similar to the Rakai LVR cohort, bayroot found that the different 
gene regions provided similar estimates for a given LVR sequence’s 
integration date (Fig. 3B and Supplementary Fig. 8). One excep-
tion was CAP316, for whom results from ENV_C2C3 showed pre-
ponderance to integration closer to ART initiation, but results 
from GAG_P17 were quite different, with an even distribution of 
integration throughout viremia.

Similar to the original analysis (Abrahams et al. 2019), the 
bayroot method found that, generally, integration dates of provi-
ral sequences were not evenly distributed throughout viremia, 
but were more likely to fall in the tertile closest to ART initia-
tion. Interestingly, this uneven distribution appears to be driven 
by an absence of very early sequences in CAPRISA participants, 
as for most participants and gene regions the proportion of 
sequences with integration dates falling in the middle tertile 
was approximately 1/3, which is what would be expected if 
there is an even distribution of LVR accrual throughout viremia. 
Compared to the models, the distributions of CAPRISA par-
ticipants were generally more consistent with rapid decay of 
the reservoir at half-life >44 months as reported in the original 
analysis. The integration date point estimates and confidence 
intervals for individual sequences are shown in Supplementary
Fig. 9.
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Figure 2. Comparison of the strength of the temporal signal between gene regions sequenced in (A) the Rakai LVR and (B) the CAPRISA cohort. The 
temporal signal refers the amount of divergence from the ancestral sequence, observed over a given period of time. The jittered points on top of the 
boxplots show the actual distribution of the data. Only participants who had all regions of interest sequenced were included, in each cohort.

4. Discussion
This study explored the timing of LVR formation in a cohort 
of male and female Ugandans. Using pre-ART serum samples, 
we used the novel bayroot analysis tool to generate a molecular 
clock for each participant, and then mapped proviral sequences 
from their LVR to this clock to estimate when the provirus origi-
nally integrated. Similar to previous studies, we observed proviral 
sequences from throughout untreated infection, from the time 
immediately after seroconversion to the time immediately pre-
ceding ART initiation (Brooks et al. 2020), suggesting that the LVR 
contains viral sequences archived throughout untreated infection. 
For most Rakai LVR cohort participants, the estimated integration 
dates of proviruses in the LVR were evenly distributed through-
out the viremic period, consistent with slow or little decay of the 
reservoir. Only 2/11 participants showed evidence of a skewed 
distribution consistent with rapid decay of the reservoir, with 
a higher abundance of proviruses that integrated in the period 
immediately preceding ART initiation.

Previous studies examining when proviruses are archived into 
the LVR have suggested that most sequences in the LVR were inte-
grated late in the viremic period, closer to the time prior to ART 
initiation, with fewer ‘old’ sequences originating from virus cir-
culating immediately after seroconversion (Johanna et al. 2016; 
Abrahams et al. 2019; Brooks et al. 2020; Pankau et al. 2020). To 
ensure that our findings, which were in contrast to these previous 
reports, were not due to differences in analysis methods, we re-
analyzed published data available from the CAPRISA cohort using 
the bayroot method. Previous published findings from the CAPRISA 
cohort were upheld with bayroot, suggesting that analysis methods 
cannot explain the difference in distribution of proviral integra-
tion dates between the two cohorts. In addition, both studies 
examined nearby portions of the HIV-1 genome (parts of env) and 
have a similar number of participants. Notably, the distributions in 
CAPRISA participants were generally consistent with rapid decay 
of the reservoir. In a few cases (e.g. Donor_85 in the Rakai cohort 
and CAP316 in the CAPRISA cohort), the distribution of proviral 
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Figure 3. Distribution of integration dates throughout untreated infection in (A) the Rakai LVR cohort and in (B) the CAPRISA cohort. Distribution is 
depicted across relative time, where the duration of untreated infection was divided equally into three periods for each participant: the oldest tertile 
(pink) is immediately after seroconversion; the most recent tertile (red) immediately precedes ART initiation; and the middle tertile (orange) is 
between the two. For each participant, every unique LVR sequence had 100 date estimates from bayroot contributing to the overall distribution. Results 
are presented stratified by gene region (blue x-axis labels) when multiple gene regions were recovered for that participant. The black x-axis labels 
Decay_0, Decay_139, and Decay_44 indicate the expected distributions from mathematical models with no decay, decay with half-life of 139 months 
based on total HIV DNA decay (Golob et al. 2018), and decay with half-life of 44 months based on replication-competent provirus decay (Finzi et al. 
1999), respectively. The blue vertical dashed line separates distributions from the models and those from patient data. The black horizontal dashed 
lines represent boundaries of an even distribution of integration dates across the tertiles. Supplementary Table 1 also shows the count and percentage 
of integration date estimates within each tertile, for each participant and gene region in the Rakai LVR cohort, corresponding to Fig. 3A.

integration dates differed markedly between gene regions. In these 
individuals, it appears that the gene regions experienced indepen-
dent evolution, emphasizing the importance of analyzing multiple 
gene regions where whole genome sequencing is not available. In 
the Rakai LVR cohort, amplification of both POL_RT and ENV_GP41 
was attempted for all participants. Unfortunately, in some cases 
only one region was amplified from pre-ART samples, which 
limited our analysis.

However, there are several key differences between the groups, 
which may influence these results. First, the CAPRISA cohort 
analyzed more regions of the genome with a stronger temporal 
signal (i.e. more evolution/divergence during the pre-ART period), 
and the lack of a strong temporal signal in the two gene regions 
analyzed in the Rakai LVR cohort may influence our findings. In 
addition, the CAPRISA cohort was exclusively females infected 
with subtype C, whereas the Rakai LVR cohort included males 
and females, predominately infected with subtype D. We could 
not explore if HIV subtype contributed to differences between 
the CAPRISA and Rakai cohorts, as there was only one subtype 
C participant in the Rakai LVR cohort. However, biological dif-
ferences may exist between subtypes. For example, subtype C 
has been reported to have reduced replicative fitness, slower 

disease progression, increased coreceptor fidelity, and proba-
bly increased transcriptional activity compared to B-subtypes 
(Gartner et al. 2020). Sex-based differences in HIV pathogenesis 
have been reported (Das et al. 2018; Scully 2018; Scully et al. 2019; 
Gianella et al. 2021) and recently also differences in latent provi-
ral reactivation (Prodger et al. 2020). In the Rakai LVR cohort, the 
distribution of integration dates appeared to be skewed toward 
earlier in viremic infection among males, but only when exam-
ining the ENV_GP41 region, and not when examining the POL_RT 
region, precluding any conclusions from these data. There has 
also been reported differences between cohorts in the estimated 
rates of HIV-1 superinfection, which may interfere with molec-
ular clock analysis, with higher rates in Rakai (Redd et al. 2012) 
compared to CAPRISA (Redd et al. 2014). Lastly, participants in the 
Rakai LVR cohort were infected and viremic for a longer period of 
time prior to ART initiation (median 6.3 years, IQR 5.5–81) com-
pared to the CAPRISA cohort (median 4.8 years, IQR 4.0–5.0), and 
Rakai participants had been on ART longer when reservoir sam-
pling was performed (median 10.6 years, IQR 7.9–12.5) compared 
to the CAPRISA cohort (median 5.0 years, IQR 4.6–5.3). There is a 
paucity of data on the effects of sex and HIV subtype on HIV per-
sistence in general, but especially with respect to LVR dynamics in 
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long-term infection. The discordant results from these two cohorts 
emphasize the need for more collaborative studies of the proviral 
landscape in diverse, global cohorts.

In addition to differences between cohorts, the Rakai LVR 
cohort participants had less frequent pre-ART samples available 
for generating phylogenies compared to the CAPRISA study and 
most other previous studies (Johanna et al. 2016; Abrahams et al. 
2019; Brooks et al. 2020; Pankau et al. 2020). However, the bay-
root method enabled recovery of integration date estimates with 
less intense pre-ART sampling by restricting estimates to the 
time between seroconversion and ART initiation. Also, multiple 
date estimates per unique sequence (n = 100) accounts for uncer-
tainty surrounding estimated integration dates, compared to point 
estimates reported in previous studies, which can be misleading 
(Ferreira, Wong, and Art 2023). One strength of the Rakai LVR 
cohort is that multiple LVR samples (post-ART initiation) were 
available for many participants, with LVR quantification sam-
ples collected up to 15.3 years after ART initiation. This testing 
well after the initial rapid decay period following ART initia-
tion should allow for a more accurate picture of the long-lived 
replication-competent LVR (Strain et al. 2005; Besson et al. 2014).

Finally, it should be noted that the relatively limited num-
ber of participants examined in both the Rakai LVR and CAPRISA 
cohorts, as well as in the other previous cohorts from Europe, 
Kenya, and the Americas, limits conclusions that can be made 
about LVR formation patterns (Johanna et al. 2016; Jones et al. 
2018; Brooks et al. 2020; Pankau et al. 2020). However, current 
treatment guidelines preclude larger, purpose-designed prospec-
tive studies to address this question using molecular clocks of 
pre-ART viral evolution. This study suggests that there is vari-
ability in the timing of reservoir formation between populations, 
and that reservoir formation is not weighted to the time preceding 
ART initiation in all people living with HIV. These findings high-
light the need for additional investigation in more cohorts with 
longitudinal pre-ART serum samples if available.

Data availability
Sequences are available in Genbank, accession numbers pending. 
Supplementary data are available at Virus Evolution online.
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