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Human immunodeficiency virus (HIV) persists in cells despite antiretroviral therapy; however, the influence of cellular mechanisms 
such as activation, differentiation, and proliferation upon the distribution of proviruses over time is unclear. To address this, we 
used full-length sequencing to examine proviruses within memory CD4+ T-cell subsets longitudinally in 8 participants. Over time, 
the odds of identifying a provirus increased in effector and decreased in transitional memory cells. In all subsets, more activated 
(HLA-DR–expressing) cells contained a higher frequency of intact provirus, as did more differentiated cells such as transitional and 
effector memory subsets. The proportion of genetically identical proviruses increased over time, indicating that cellular proliferation 
was maintaining the persistent reservoir; however, the number of genetically identical proviral clusters in each subset was stable. As 
such, key biological processes of activation, differentiation, and proliferation influence the dynamics of the HIV reservoir and must 
be considered during the development of any immune intervention.

Keywords.   HIV persistence; HIV reservoir; memory T cells; cellular proliferation; cellular differentiation; HLA-DR; full-length 
sequencing.

For people living with human immunodeficiency virus (HIV), 
antiretroviral therapy (ART) must be maintained for a life-
time as replication-competent virus can persist within memory 
CD4+ T cells [1–4]. Approximately 1%–10% of infected cells 
contain a provirus with all genetic information necessary to 
reinitiate infection if therapy ceases [5–9]. These genetically in-
tact, likely replication-competent proviruses represent the bar-
rier to an HIV cure.

The number of cells infected with replication-competent 
HIV decays slowly during therapy [10–19]. However, the res-
ervoir is also maintained by cellular proliferation [20]. Antigen-
stimulated proliferation can occur when a cell encounters its 
cognate antigen [21, 22]. By contrast, homeostatic proliferation 
occurs in response to cytokines, such as interleukin 7 (IL-7) and 

IL-15 [23]. Finally, the integrated HIV provirus has also been 
postulated to induce proliferation [24, 25].

It has been shown that genetically intact and/or replication-
competent HIV is enriched in effector memory (EM) cells [7], 
TH1 cells [8] and cells displaying activation and exhaustion 
markers [9, 26–29]. Some of these subsets may be more likely to 
undergo proliferation, as well as other key processes such as ac-
tivation or differentiation, which may impact the maintenance 
of the reservoir during ART [9, 30, 31]. How these cellular pro-
cesses impact the dynamics of the reservoir within cell subsets 
over time has not been well described.

As such, to define the stability of genetically intact proviruses 
within naive and memory T-cell subsets we conducted a longi-
tudinal analysis of full-length proviruses from participants on 
long-term ART. At the second time point, we co-sorted memory 
subsets with the HLA-DR receptor to understand the contribu-
tion of activated cells to the reservoir. We also examined the role 
of cellular proliferation in maintaining persistent HIV over time.

METHODS

Ethics Statement

This study was approved by the institutional review board at the 
Western Sydney Health Department for the Westmead Institute 
for Medical Research, and the ethics review committees at the 

applyparastyle “fig//caption/p[1]” parastyle “FigCapt”

mailto:bethany.horsburgh@sydney.edu.au?subject=
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://orcid.org/0000-0003-1374-3551


Localization of Intact HIV Over Time  •  jid  2022:225  (1 April)  •  1169

University of California San Francisco and Vaccine and Gene 
Therapy Institute-Florida. Written informed consent was 
obtained from all participants.

Participants

Leukapheresis samples were obtained from 8 participants at 2 
different time points during ART (Table 1). Time point 1 data 
from 4 participants were included in previous publications [7, 
9]; however, all data were reanalyzed as additional participants 
were included in this study.

Time Point 1 Cell Sort

Fluorescence-activated cell sorting (FACSAria; BD Biosciences) 
was used to sort naive, central (CM), transitional (TM), and 
effector memory (EM) CD4+ T-cell subsets as previously de-
scribed [7, 12, 30] (Supplementary Figure 1A). In 4 participants, 
CD4+CD45RA−HLA-DR+ and CD4+CD45RA−HLA-DR− 
memory T cells were sorted as previously reported [9] 
(Supplementary Figure 1B).

Time Point 2 Cell Sort

To obtain naive,  CM/HLA-DR±, TM/ HLA-DR±, EM/
HLA-DR± cells, peripheral blood mononuclear cells were 
obtained by Lymphoprep (STEMCELL Technologies) density 
gradient centrifugation. Total CD4+ T cells were isolated by 
magnetic negative selection (STEMCELL Technologies). Cells 
were then sorted using a FACSAria (BD Biosciences) using the 
following antibodies: CD3-FITC (clone UCHT1, BioLegend), 
CD4-BV650 (clone RPA-T4, BioLegend), CD45RA-PE (clone 
HI100, BioLegend), CCR7-PECy7 (clone G043H7, BioLegend), 
CD27-APC (clone M-T271, BioLegend), HLA-DR-BV421 
(clone L243, BioLegend), and Live/Dead Aqua Marker (Fisher 
Bioscience) (Supplementary Figure 1C).

Full-Length Individual Proviral Sequencing

The full-length individual proviral sequencing (FLIPS) assay 
was performed and proviral sequences analyzed for defects 
using a process of elimination [7]. Proviruses not containing 
a large (>100  bp) deletion, inversion, deleterious stop codon, 
frameshift mutation, or mutation in the cis-acting region were 
classified as genetically intact.

Identical Sequence Analysis

Identical sequences were identified using ElimDupes (Los 
Alamos HIV Database). A  cluster of identical sequences was 
defined as ≥2 100% genetically identical sequences from the 
same cell subset.

Statistical Methodology

Logistic regression was used to analyze the relationship be-
tween cell subset and HIV infection frequency. The contri-
bution of each subset to the reservoir was described using a 
Wilcoxon signed rank test. The proportion of genetically iden-
tical proviruses within cell subsets was estimated using a mixed 

logistic model. Detailed statistical methods can be found in the 
Supplementary Material.

RESULTS

The Proviral Landscape Differs Between Cell Subsets

To observe the dynamics of the proviral landscape over time we 
obtained leukapheresis samples from 8 participants at 2 time 
points during ART (Table 1). At time point 1, naive, CM, TM, 
and EM cells were sorted from 7 participants, and HLA-DR 
± memory CD4+ T cells sorted from 4 participants. At time 
point 2, a median of 4.1 years later (interquartile range [IQR], 
3.6–4.8), naive,  CM/HLA-DR±, TM/ HLA-DR±, EM/HLA-DR± 
CD4+ T cells were sorted from all 8 participants. We used the 
FLIPS assay [7] to obtain near full-length (approximately 92%) 
HIV genomes at the single genome level.

At the first time point, 1124 genomes were isolated and 48 
(4.3%) were genetically intact (Supplementary Table 1 and 
Supplementary Figure 2A). At the second time point, 1654 
genomes were isolated and 105 (6.3%) were genetically intact 
(Supplementary Table 2 and Supplementary Figure 2B). The 
mutational profile of proviruses differed by subset, with cells 
considered more differentiated (TM and EM) and cells ex-
pressing HLA-DR more likely to contain full-length proviruses, 
including intact proviruses (Supplementary Figure 2).

HIV Proviruses Increase in EM Cells and Decrease in TM Cells With Time

To examine the HIV reservoir in different cell subsets we first 
estimated the overall HIV infection frequency within each 
subset during ART. At time point 1, there was a significant dif-
ference in the infection frequency between subsets, with strong 
evidence that the nature of this difference was participant de-
pendent (logistic regression model, P < .0001 for effect modifi-
cation; Figure 1A). TM cells had the highest estimated infection 
frequency, 142 cells per million (95% confidence interval [CI], 
119–168; Figure 1A and Supplementary Table 3). All other 
subsets had an estimated infection frequency of <100 cells per 
million, with a progression TM > CM > EM > naive (Figure 1A 
and Supplementary Table 3).

At the second time point, the total infection frequency was 
again significantly different between subsets, with strong evi-
dence for participant effect modification (logistic regression 
model, P < .0001; Figure 1B). EM/HLA-DR+ cells had the highest 
estimated infection frequency, 203 cells per million (95% CI, 
165–251), and naive cells had the lowest, 14 infected cells per 
million (95% CI, 13–16) (Figure 1B and Supplementary Table 
3). All other subsets had an estimated infection frequency be-
tween 58 and 75 cells per million (Figure 1B and Supplementary 
Table 3).

To assess if the infection frequencies within each subset changed 
over 4 years, the CM, TM, and EM subsets at time point 2 were 
recapitulated using the biological proportions of HLA-DR+ and 
HLA-DR− cells in each subset (Supplementary Table 4). A 2-fold 
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decrease in the infection frequency of TM cells was observed 
(odds ratio = 0.53; P < .0001; Figure 1C and Supplementary Table 
5). However, HIV-infected EM cells increased by 28% (odds 
ratio  =  1.28; P  =  .002; Figure 1C and Supplementary Table 5). 
There was no significant change in the frequency of infected naive 
or CM cells with time (Figure 1C and Supplementary Table 5).

Genetically Intact HIV Proviruses Are Concentrated in Differentiated Cells 

and/or Cells Expressing HLA-DR

To understand the dynamics of intact proviruses, we then as-
sessed the change in the infection frequency of intact provirus 
within cell subsets over time. At time point 1 there was a signif-
icant difference in the infection frequency with intact provirus 
between subsets (P < .0001; Figure 2A). The estimated frequency 
of intact proviruses ranged from 0.2 to 3 per million cells, and 
increased with differentiation status (CM < TM < EM) (Figure 
2A and Supplementary Table 6). At the second time point there 
was also a significant difference (P < .0001) in the infection fre-
quency between the subsets (Figure 2B); in all subsets an esti-
mated 0–3 cells per million contained an intact provirus, except 
for EM/HLA-DR+ cells, which had an estimated infection fre-
quency of 31 cells per million (95% CI, 12–84; Figure 2B and 
Supplementary Table 6). However, only 2 participants had high 
levels of intact provirus in their EM/HLA-DR+ cells. A stepwise 
progression was observed in terms of the frequency of intact 
provirus within the subsets; for both HLA-DR− and HLA-DR+ 
cells this infection frequency progressed CM  <  TM  <  EM 
(Figure 2B). Moreover, in each subset HLA-DR− cells had a 
lower estimated frequency of intact proviruses than HLA-DR+ 
cells (Figure 2B and Supplementary Table 6).

We then compared the genetically intact infection frequen-
cies for each subset between time points. After recapitulating 
the time point 2 memory subsets from the HLA-DR± compo-
nents (Supplementary Table 4), we found that the intact infec-
tion frequency did not change significantly in any subset over 
time (Figure 2C and Supplementary Table 7).

Memory CD4+ T-Cell Subsets Do Not Contribute Equally to the Peripheral 

Blood HIV Reservoir

As the proportion of each cell subset within the peripheral 
blood is different, we assessed the contribution of each subset 
to the pool of infected cells during therapy taking these propor-
tions into account. That is, we used the biological proportions 
of each subset within the pool of peripheral blood CD4+ T cells, 
and the infection frequency within that subset, to calculate their 
contribution to the reservoir. We assessed this at time point 2 
only as each participant had the same subsets sorted, and the 
contribution of time point 1 cell subsets was determined in pre-
vious studies [7, 9].

Over half (median, 59.9%; IQR, 45.8%–55.3%) of all HIV 
proviruses, defective or intact, were found in the CM/HLA-DR− 
cell subset (Figure 3A), significantly higher than any other 
subset (Supplementary Table 8). Naive cells contributed a fur-
ther 11.5% (IQR, 5.9%–15.6%; Figure 3A); however, this contri-
bution was only significantly higher than CM/HLA-DR+ cells 
(P  =  .04; Supplementary Table 8). Naive and CM/HLA-DR− 
cells were the 2 most prevalent peripheral blood CD4+ T-cell 
subsets (Supplementary Table 9), accounting for their high con-
tribution. All other subsets contributed <10% of the total HIV 
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burden at this time. However, we observed a large amount of 
variability in this contribution across participants (Figure 3A).

We then compared the relative contribution of the cell subsets 
to the genetically intact proviral reservoir in the peripheral blood 
at time point 2. The highest contributor was found to be EM/
HLA-DR− cells, contributing a median of 39.2% (IQR, 4.3%–
43.3%). Despite their low infection frequency, naive cells were 
also found to be a high contributor, as has been observed previ-
ously [19], contributing a median of 13.7% (IQR, 1.4%–17.2%) 
(Figure 3B). All other subsets contributed ≤10% to the genet-
ically intact reservoir. However, no subset was found to con-
tribute significantly more than any other (Supplementary Table 
10), likely due to the small numbers of intact proviruses found.

Finally, as we had previously observed that HLA-DR+ 
memory CD4+ T cells contributed over half of all intact pro-
viruses to the peripheral blood reservoir [9], we wanted to es-
tablish how these cells contributed to the reservoir found within 
specific memory cell subsets. We observed that the contribution 
of HLA-DR+ cells to the total pool of infected cells increased 
as cells differentiated (Figure 3C). Significantly more CM/
HLA-DR− cells contributed to the overall reservoir compared 
to CM/HLA-DR+ cells (P =  .008, Wilcoxon signed rank test); 
however, in the EM subset HLA-DR+ and HLA-DR− cells con-
tributed approximately equally (Figure 3C). When we assessed 
the contribution of these cells to the genetically intact reser-
voir within each subset, we found that HLA-DR+ cells were the 
highest contributor to the CM subset (Figure 3D), although not 
significantly. Interestingly, these genetically intact proviruses 
were not unique to this subset, as 5/7 of the intact proviruses 

from CM/HLA-DR+ cells were also found within EM cells in 
the same participant (Figure 3D). By contrast, the contribution 
of HLA-DR+ cells was lower than HLA-DR− cells in the TM and 
EM subsets, although not significantly (Figure 3D).

Cellular Proliferation Maintains HIV Proviruses Within the Peripheral 

Blood Reservoir

We then sought to understand how HIV proviruses were main-
tained over 4  years of therapy. As intact proviruses may be 
seeded by the infection of previously uninfected cells, we looked 
for evidence of this by calculating the change in genetic diver-
sity of intact proviruses over time. In 3 participants where >5 
genetically intact proviruses were isolated at both time points, 
there was no change in genetic diversity with time (P = .20); in 
fact, genetic diversity decreased in 2 participants, indicating 
new infections were unlikely to be occurring (Supplementary 
Figure 3).

To determine if proviruses were being maintained by cellular 
proliferation, we screened for 100% genetically identical pro-
viruses. We note that while homogenous proviral populations 
may be formed if ART is initiated during acute/early infection, 
there was no difference in the proportion of genetically iden-
tical proviruses between participants treated during acute/early 
or chronic infection (time point 1, P = .11; time point 2, P = .15; 
Supplementary Figure 4). As such, the presence of genetically 
identical proviruses within this study were unlikely to be influ-
enced by the timing of ART initiation.

Examples of identical genomes were found in all subsets, and 
all participants had at least 1 example of a cluster of genetically 
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identical proviruses. At time point 1, the proportion of identical 
sequences was different between subsets, with evidence that the 
nature of this difference was participant dependent (logistic re-
gression, P < .0001 for effect modification). Overall, more dif-
ferentiated subsets were observed to have a higher proportion 
of genetically identical proviruses (Figure 4A). This pattern was 
maintained at time point 2, as we again found that the propor-
tion of identical sequences was significantly different between 
cell subsets, with evidence that the nature of this difference was 
participant dependent (logistic regression, P < .0001 for effect 
modification). A stepwise progression was observed as cells dif-
ferentiated, CM < TM < EM. Moreover, a higher proportion of 
identical genomes was observed in HLA-DR+ cells compared to 
HLA-DR− cells of the same subset (Figure 4B). After taking into 
account the biological proportions of HLA-DR+ and HLA-DR− 
cells at time point 2 (Supplementary Table 4), we found that the 
overall proportion of identical sequences increased over time 

in all subsets, although not significantly (Supplementary Table 
11).

We then assessed how proliferation may be impacting the 
landscape of intact proviruses over time. Overall, 23% and 
58% of genetically intact sequences at time points 1 and 2 were 
identical. All 3 participants with >5 intact HIV proviruses iso-
lated at both time points showed an increase in the proportion 
of genetically identical intact proviruses over time (P  =  .037; 
Supplementary Figure 5). At time point 1, genetically iden-
tical intact proviruses were identified from 2 participants only; 
however, the proportion of these increased as cells differenti-
ated (Figure 5A). Similarly, at time point 2, a stepwise progres-
sion in terms of the proportion of genetically identical intact 
proviruses was observed in both the HLA-DR− and HLA-DR+ 
subsets, EM > TM > CM (Figure 5B). However, we note that in-
terpretations of these data are limited due to the rarity of these 
sequences.
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Interestingly, clusters of identical sequences may have im-
pacted our ability to identify intact proviruses in some parti-
cipants. No intact provirus was isolated from 3 participants at 
either time point; however, all 3 participants had 1 dominant 
expansion of defective sequences within their reservoir that was 
observed at both time points and in all memory cell subsets 
(Supplementary Figure 6).

The Identity of Cells Undergoing Cellular Proliferation Changes With Time

We then investigated the number of unique clusters of iden-
tical sequences in each subset—likely representing different 
proliferative events—to understand the dynamics of iden-
tical sequences with time. At both time points we found that 
the number of clusters of identical sequences, both overall 
(Figure 6) and intact (Supplementary Figure 7), was higher in 
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more-differentiated cells, although variability in the number of 
clusters was observed between participants.

We then compared the number of clusters of identical 
sequences within each subset over time to determine if an 
increase of these clusters may have contributed to the increase in 
the proportion of identical sequences with time. The number of 
clusters observed in TM cells was different between time points 
(P = .0006), with all participants having an increase of clusters 
at the second time point (Supplementary Figure 8). There was 
no change in the number of clusters of identical sequences in 
any other subset (Supplementary Figure 8). Given this stability, 
we wanted to understand if this was reflected in the proviral 
populations that were identical at each time point. However, we 
found that the populations isolated at time points 1 and 2 were 
different, reflecting underlying fluctuations in the makeup of 
the reservoir (Supplementary Tables 12–18).

DISCUSSION

In this study, we used full-length sequencing of the HIV ge-
nome to analyze the dynamics of the HIV reservoir within 
CD4+ T-cell subsets over time during therapy. At time point 1, 
TM and EM cells contained the highest frequencies of geneti-
cally intact provirus. This was not surprising as the importance 
of differentiated cells in harboring genetically intact and/or 
translation-competent virus has been demonstrated previously 
[7, 26, 32]. However, this pattern was also observed at a second 
time point, suggesting that intact HIV genomes may be stably 
maintained within differentiated cells with time. As EM cells 
are known to have a shorter lifespan compared to CM [33, 34], 

there may be a compensatory process that aids in the mainte-
nance of the reservoir. One such mechanism may be the replen-
ishment of the reservoir through the differentiation of infected 
naive, CM, or TM cells into EM with time. In particular, the 
finding of intact proviruses within long-lived naive cells at both 
time points suggests that naive cell differentiation into TM and 
EM cells after stimulation may be a source of persistent HIV 
during long-term therapy [19]. While we observed total pro-
viruses to decrease in TM cells and increase in EM cells be-
tween time points—suggesting that infected cells move between 
subsets—the low frequency of cells infected with intact provirus 
meant we were unable to directly observe the differentiation of 
cells infected with genetically intact HIV in this study.

Previously, we observed that HLA-DR+ memory cells were 
enriched for genetically intact provirus [9]. Other studies 
have shown that markers such as PD-1 [31, 35], TIGIT [28], 
and OX40 [29] are both expressed on cells that contain a 
high frequency of provirus and correlate with HLA-DR ex-
pression. As such, similar concentrations of HIV within 
HLA-DR+ memory cells may be likely. However, given the 
overlap between differentiated cells and HLA-DR+ cells, we 
were previously unable to determine whether a high propor-
tion of intact genomes in HLA-DR+ cells was due to cellular 
activation or differentiation [9]. However, within this study 
there was a higher frequency of genetically intact provirus 
in HLA-DR+ cells compared to HLA-DR− in all memory cell 
subsets, indicating both activation and differentiation play a 
role in maintaining the HIV reservoir. In particular, cellular 
activation may be important for maintaining the reservoir in 

2026
2046
1292
2013
2518
2303
2302
2286

CM TM EMCM
Naiv

e
TM EM

HLA-DR– HLA-DR+

Time point 2

CM
Naiv

e
TM EM

Time point 1

12

8

4

0

N
um

be
r 

of
 id

en
tic

al
 s

eq
ue

nc
e 

cl
us

te
rs

10

8

6

4

2

0

N
um

be
r 

of
 id

en
tic

al
 s

eq
ue

nc
e 

cl
us

te
rs

A B

Figure 6.  The number of clusters of genetically identical sequences (intact or defective) isolated from different cell subsets at time point 1 (A) and time point 2 (B). Data 
are mean and SD. Abbreviations: CM, central memory; EM, effector memory; TM, transitional memory.

http://academic.oup.com/jid/article-lookup/doi/10.1093/infdis/jiab291#supplementary-data
http://academic.oup.com/jid/article-lookup/doi/10.1093/infdis/jiab291#supplementary-data
http://academic.oup.com/jid/article-lookup/doi/10.1093/infdis/jiab291#supplementary-data


1176  •  jid  2022:225  (1 April)  •  Horsburgh et al

less-differentiated cell subsets that do not otherwise contain 
high frequencies of intact provirus, as demonstrated by the 
high contribution of HLA-DR+ cells to the intact reservoir in 
the CM subset.

Cellular proliferation may be a third intrinsic cellular process 
maintaining the viral reservoir [8, 20, 22–25, 30, 36]. Notably, 
there may be a strong interplay between proliferation, differen-
tiation, and activation, as examples of identical proviruses were 
increased in differentiated and/or activated cell subsets at both 
time points. These identical proviruses were found to increase 
in all subsets between time points, although not significantly, in 
contrast to previous studies [37]. Notably, we also found that in-
tact, genetically identical proviruses increased over time, further 
indicating that cellular proliferation is maintaining the latent 
reservoir. Recent work has highlighted that intact proviruses 
undergoing proliferation may not be targeted by the immune 
system for depletion [16] and instead that cellular proliferation 
maintains both intact and defective proviruses. Moreover, addi-
tional studies have shown that the administration of IL-7 also 
increases the absolute number of infected cells in the reservoir 
through an increase in cell proliferation [23]. As such, cell pro-
liferation may have the potential to not only maintain but also 
expand the reservoir with time.

Finally, similar to what has been observed previously [14, 
30, 38], while the number of clusters of identical sequences 
was stable over time, the identity of these populations changed. 
As cytokine-driven proliferation is not selective for specific 
cell populations [38], shifts in the dominant population may 
be predominately driven by antigenic proliferation. Recent 
work has highlighted that cell populations reactive to common 
antigens harbor proviruses during prolonged therapy [21, 22, 
36]. During the course of any immune response, these cells (and 
therefore integrated proviruses) may expand and contract [22], 
similar to the fluctuations observed both here and previously 
[38]. As such, changes in the clusters of proviruses that are ob-
served over time may be a reflection of the larger dynamics of 
the immune system.

However, while inferences can be drawn regarding the 
roles of cellular activation, differentiation, and proliferation in 
shaping the reservoir over time, it is important to note that the 
small number of participants (n = 8) limits the extent to which 
we can observe patterns within the study, with participant ef-
fect modification observed in many of our statistical analysis. 
Moreover, the number of intact proviruses able to be isolated 
was limited—including 3 participants with no intact provirus 
isolated—meaning patterns involving intact proviruses must 
be interpreted with caution. Furthermore, while there may be 
a biological basis for the patterns observed herein, evidence of 
participant effect modification may indicate that there is an ad-
ditional stochastic nature to this distribution.

Overall, genetically intact HIV proviral infection frequencies 
are increased in more differentiated and activated cell subsets 

during long-term ART. Increased proportions of identical 
sequences are also observed within the same subsets over time. 
However, underlying shifts in the proviral landscape are evident 
through an increase in the proportion of identical sequences 
with time and the different proviruses contributing to these 
identical sequence clusters between time points. Given that the 
proliferation of each cell subset—likely driven by the immune 
response—is influencing the dynamics of the HIV reservoir, 
clearly taking cellular biology into account—including the cell 
subset of origin of the provirus and therefore the likelihood of 
that cell to proliferate with time—is crucial for a complete un-
derstanding of the persistent HIV reservoir, and thereby the de-
velopment of an effective and efficient HIV cure.

Supplementary Data

Supplementary materials are available at The Journal of Infectious 
Diseases online. Consisting of data provided by the authors to 
benefit the reader, the posted materials are not copyedited and 
are the sole responsibility of the authors, so questions or com-
ments should be addressed to the corresponding author.
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