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HIV-1 persistence despite suppressive antiretroviral therapy (ART) is primarily because of infected memory CD4 T
cells, so-called viral reservoir cells, that harbor chromosomally integrated viral DNA as a “provirus” and resist clear-
ance by the human immune system. Biological sex affects host immune responses and may influence selection
and evolution of HIV-1 reservoir cells during long-term ART for HIV infection. We assessed more than 4073 indi-
vidual proviruses through single-molecule amplification from 30 females and 35 males living with HIV-1 and treat-
ed with ART for a median of 20 years. We observed that the HIV-1 reservoir profile in females was characterized by
lower proviral phylogenetic complexity, an increased proportion of clonally expanded intact proviruses, and a
higher proportion of intact proviruses integrated into repressive heterochromatin locations of the human ge-
nome. The evolution of this distinct viral reservoir profile in females was associated with an improved signature of
innate immune responses, specifically those of NK cells. On the contrary, signs of viral sequence adaptation to
adaptive T cell immune responses were more pronounced in intact HIV-1 proviruses from males. Collectively,
these data suggest a stronger ability of the female immune system to drive immune selection of HIV-1 reservoir

cells during ART, putatively because of improved innate immune function.

INTRODUCTION

There are currently no curative treatment options for HIV-1 infec-
tion; lifelong pharmacological suppression therapy therefore re-
mains the only available treatment modality for the more than 39
million individuals living with HIV-1 worldwide (I). Indefinite viral
persistence despite suppressive antiretroviral therapy (ART) is pri-
marily due to infected memory CD4 T cells, frequently termed “vi-
ral reservoir cells,” that harbor chromosomally integrated viral DNA
as a “provirus” and resist human immune clearance. The ability of
these cells to evade immune-mediated elimination has been attrib-
uted to low or absent viral gene transcription that can mask these
cells from host immune recognition. This condition, typically re-
ferred to as “viral latency” or proviral “transcriptional silence,” may
be linked to the lack of specific host transcription factors required
for effective viral gene expression in memory CD4 T cells (2). Nev-
ertheless, recent studies have demonstrated that ongoing viral gene
expression is detectable in a marked number of infected cells from
individuals receiving suppressive ART (3) consistent with the fact
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that HIV-1 uses complex molecular trafficking mechanisms (4) to
preferentially integrate into highly expressed genes in accessible eu-
chromatin regions that can support viral transcription. After pri-
mary infection of CD4 T cells, ~80% of viral DNA sequences are
integrated in such highly expressed genes that promote access to
epigenetic host factors facilitating viral gene expression and that
generally represent a chromatin environment conducive to viral
transcriptional activity (5).

Rather than being inconsequential bystander effects of a “leaky
reservoir” (6), increasing evidence suggests that ongoing viral tran-
scriptional activity during ART, even when limited to small, abor-
tive viral transcripts, can be functionally relevant for influencing the
fate and persistence of viral reservoir cells. This view is most defi-
nitely supported by studies highlighting the selective long-term per-
sistence of intact proviruses in heterochromatin and repressive
chromatin locations, where residual viral gene expression is ineffec-
tive or actively suppressed (2, 7, 8). Proviruses with these specific
integration site features, sometimes described as being “blocked and
locked” or in “deep latency” (9), seem to have a longitudinal selec-
tion advantage and tend to accumulate and dominate the viral inte-
gration site landscape in persons with natural control of HIV (7, 8).
The preferential persistence of intact proviruses in heterochromatin
regions can be most readily interpreted as consequences of immune-
mediated selection effects during which specific components of the
human immune system recognize and target HIV-1 reservoir cells
with ongoing viral transcription, presumably because viral tran-
scripts can be sensed by immune recognition mechanisms (10, 11).
In addition to proviral integration locations, such immune selection
processes also seem to depend on proviral sequence characteristics.
Many proviral sequences exhibit large deletions that result from error-
prone reverse transcription (12); proviruses with such deletions or
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other defects seem to be subject to very limited, if any, immune se-
lection pressure, arguably because effective host immune recogni-
tion may require the presence of functionally and structurally
complete viral transcripts (8, 10). Together, these results suggest that
host immune mechanisms can target and eliminate at least some of
the viral reservoir cells in people living with HIV-1 and that the pool
of reservoir cells surviving long-term during ART is specifically ad-
justed to evade host immune responses through distinct chromo-
somal locations in transcriptionally repressive chromatin (13) or
through viral sequence deletions precluding viral immune recogni-
tion. The type of host immune responses that are most effective in
recognizing, attacking, and selecting HIV-1 reservoir cells are now
unknown but represent an active area of investigation.

Although females represent more than half of all people living with
HIV-1 worldwide and, in certain geographic regions, strongly exceed
the frequencies of male counterparts (14), relatively little is now known
about immune effects on HIV-1 reservoir cells in females. Studies eval-
uating the selection and evolution of the HIV-1 reservoir cell pool in-
volved, in the majority of cases, men who have sex with men; moreover,
prospective clinical trials designed to target and reduce HIV reservoir
cells also mostly recruited males (15, 16). However, a series of prior
studies clearly demonstrated that antiviral immunity is frequently influ-
enced by sex and that immune mechanisms, specifically those involving
innate immune recognition and function, are heavily affected by sex
differences (15, 17-19). Here, we evaluated HIV-1 reservoir profiles in a
cohort of individuals comprising 30 females and 35 males who remained
on long-term suppressive ART (LT-ART) for a median of 20 years.
Our results suggest that immune selection of viral reservoir cells in
heterochromatin locations is more effective in females, implying that
sex-dependent immune mechanisms may play a critical role for recog-
nizing and targeting HIV-1-infected cells during suppressive ART.

RESULTS

Proviral reservoir size and clonality in people living with
HIV-1 on LT-ART

Previous studies demonstrated that viral reservoir cells can dynami-
cally evolve over time in a process that seems to be at least partially
influenced by host immune selection pressure (13). To understand
this phenomenon on a larger population level and to dissect poten-
tial sex-based differences of this likely immune-driven viral reser-
voir transformation, we recruited a study cohort of 65 participants
(30 females and 35 males, all cis-gender) who had been on LT-ART
for a median of 20 (range, 15 to 24) consecutive years with no more
than two recorded plasma viremia blips (<100 copies/ml) (table S1).
We first quantified their HIV-1 reservoir cell pool using near full-
length individual proviral sequencing (FLIP-seq). In total, we ana-
lyzed 4073 individual proviral genomes from LT-ART participants
(n =191 intact and n = 3882 defective proviruses). The viral reser-
voir profiles of people living with HIV-1 on ART for moderate dura-
tions (median of 8 years) (mART) (table S1), partially described in
our previous work (8, 13), were analyzed as comparison cohorts for
the LT-ART study group. These investigations demonstrated that
the frequencies of total (P = 0.0451) and intact (P = 0.0062) HIV-1
proviruses were lower in LT-ART persons compared with mART
individuals (Fig. 1, A and B); however, there were no differences be-
tween the mART and LT-ART groups when comparing defective
HIV-1 DNA sequences (Fig. 1C). The relative proportion of intact
proviruses among all analyzed proviruses was significantly lower
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(P < 0.0001) in the LT-ART (4.69%) compared with the mART
(7.38%) group (Fig. 1D and fig. S3C); these observations support the
hypothesis that genome-intact proviruses are more susceptible to
host immune effects and decline faster over time compared with de-
fective proviruses (20). Given that longitudinal dynamics of HIV-1
proviruses can be heavily influenced by clonal proliferation of vi-
rally infected cells (21), we analyzed clusters of sequence-identical
proviruses that result from clonal turnover of reservoir cells. The
proportion of sequence-identical intact proviruses detected was
higher in the LT-ART compared with the mART cohort (Fig. 1E),
consistent with prior reports showing increasing proportions of
clonally expanded proviruses over extended periods of viral sup-
pression (13, 22). Together, these results indicate that genome-intact
proviruses can readily survive for more than 20 years of continuous
antiviral therapy, partially because of clonal proliferation of infected
cells; however, lower frequencies of intact proviruses after long-term
ART, relative to moderate durations of ART, suggest continuous de-
cay of genome-intact HIV-1 DNA during extended periods of ART.

Sex differences in the HIV-1 reservoir landscape

Given that sex may influence immune selection of HIV-1 reservoir
cells during suppressive LT-ART, we subsequently compared viral
reservoir cells in male versus female study participants. Overall,
there were no significant differences in terms of age, clinical charac-
teristics, years on ART, years of documented viral suppression, dis-
tribution of protective human leukocyte antigen (HLA) alleles, or
quantities of cells subjected to viral sequencing assays between female
and male participants in our LT-ART cohort (table S2). Whereas the
size of total, intact, and defective proviruses did not differ profound-
ly between females and males in each of the analyzed study cohorts
(Fig. 2, A to C), we observed a notable number of LT-ART partici-
pants in whom, within the available number of peripheral blood
mononuclear cell (PBMC) samples, we failed to detect intact provi-
ruses (Figs. 1B and 2B), suggesting that in these study persons, fre-
quencies of intact proviruses were low. Within a total of n = 2573
(n = 94 intact and n = 2479 defective) individual HIV-1 genomes
detected in male LT-ART participants and a total of n = 1500 (n = 97
intact and n = 1403 defective) proviral sequences from female LT-
ART study persons, we noted that the proportion of intact provi-
ruses among all analyzed HIV-1 genomes was 1.8-fold higher in
female (6.45%) compared with male participants (3.59%) (Fig. 2D),
although this did not reach statistical significance. The frequencies
(Fig. 2E) and the proportions (Fig. 2F) of intact clonal proviruses
were higher in LT-ART females than in males, suggesting a more
important role of clonal proliferation for maintaining the viral res-
ervoir in females compared with males. Corresponding to this ob-
servation, we noted that the landscape of intact proviruses in females
was more profoundly dominated by large clonal populations of in-
tact proviruses, resulting in a more limited phylogenetic complexity
within the pool of intact proviruses (Fig. 2, G and H). Overall, al-
though failing to identify quantitative differences in frequencies of
proviral sequences in reservoir cells between females and males, our
data suggest sex-based qualitative differences in the structure and
composition of the viral reservoir cell pool.

Integration site profiles of intact proviruses

Cells harboring large clones of intact proviruses that persist and ex-
pand during LT-ART may proliferate because of selection advan-
tages that protect them from immune recognition (2, 13); therefore,
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Fig. 1. Proviral reservoir size and clonality in people living with HIV-1 on LT-ART. (A to C) The frequencies of total (A), intact (B), and defective (C) proviruses in indi-
viduals on mART and individuals on LT-ART. Open circles represent data at the limit of detection. Horizontal lines reflect the median. (D) Proportions of intact or defective
proviruses among all proviral genomes. Psi, packaging signal. (E) Proportions of clonal and nonclonal intact proviruses. Participants with at least two detectable genome-
intact proviruses were included. Mann-Whitney U nonparametric tests were used in (A) to (C); two-tailed 3 tests were used in (D) and (E). ****P < 0.0001, **P < 0.01, and
#P < 0.05. The number of participants in (A) to (C) is represented by n; the number of viral sequences in (D) and (E) is represented by n.

these clones can be interpreted as a biomarker of enhanced immune
selection pressure that HIV-1 reservoir cells are exposed to. To in-
vestigate the clonal structure of the reservoir cell pool in more detail,
we profiled the chromosomal locations of intact proviruses, using
matched integration site and proviral sequencing (MIP-seq). We as-
sessed a total of 115 unique integration sites (50 from intact proviral
DNA and 65 from defective proviral DNA) in our LT-ART cohort
(Figs. 3 and 4). This detailed analysis demonstrated that in a large
proportion (8 of 14, 57.1%) of female LT-ART study participants,
integration sites of intact proviruses were strongly biased toward
nongenic heterochromatin regions (Fig. 3). This was particularly
evident in study participants LT-F02, LT-F03, LT-F06, and LT-F08,
in all of whom we observed large clones of intact proviruses integrated
in nongenic centromeric satellite or peri-centromeric microsatellite
DNA, which typically consists of condensed heterochromatin with
repressive epigenetic chromatin features (23). In three additional
female study participants (LT-F04, LT-F05, and LT-F07), large clones
of intact proviruses were integrated in ZNF genes located on chro-
mosomes 4, 12, and 20; these ZNF genes are packed with inhibitory
epigenetic histone modifications (24), including those deposited by
the human silencing hub (HUSH) complex (25). One more female
study participant (LT-FO1) demonstrated a large genome-intact
clone in a nongenic region on chromosome 12. In three female
study participants (LT-F09, LT-F10, and LT-F11), we noted a more
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diverse integration site profile for intact proviruses: In LT-F09, a large
intact provirus was detected within intronic microsatellite DNA of
the DLECI gene; in LT-F11, we detected a large clone integrated into
the RPS6KA3 gene (associated with possible cell-autonomous growth)
(26) and a single provirus integrated in the FMNI gene. Similarly, in
LT-F12, we found a large clone integrated into the SH3KBPI gene.
In LT-F10, we observed two proviruses in nongenic regions and one
in a genic location. In LT-F13, we failed to capture any clonally ex-
panded intact proviruses despite analyzing up to 19 million PBMCs.
In LT-F14, we captured a small intact proviral clone; however, be-
cause of limited sample availability, we were not able to identify any
integration sites of intact proviruses using the MIP-seq assay (Fig. 3).

In our subsequent analysis of the 17 male participants from
whom a detailed integration site profile was obtained (Fig. 4), we
observed one participant (LT-M03) with a large genome-intact pro-
viral clone integrated in centromeric satellite DNA. In two addition-
al study participants (LT-MO01 and LT-M05), intact clonal proviruses
were integrated in nongenic regions far away from host transcrip-
tional start sites (TSSs); moreover, there were two participants (LT-
MO02 and LT-MO04) with intact proviruses in ZNF genes. In 12 of the
17 male participants (70.6%), we failed to detect dominant intact pro-
viruses in nongenic regions, nongenic centromeric/peri-centromeric
DNA, or ZNF genes; instead, we noted dominant intact proviruses
integrated in typical genic locations, including the CCDC9I gene
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Fig. 2. Sex-based differences in reservoir size and clonality in people living with HIV-1 on LT-ART. (A to C) Frequencies of total (A), intact (B), and defective (C) provi-
ruses in individuals on mART or LT-ART, segregated on the basis of sex. Open circles represent data at the limit of detection. (D) Proportions of intact or defective provi-
ruses. (E and F) Frequencies (E) and proportions (F) of clonally expanded intact proviruses in indicated cohorts stratified on the basis of sex. Participants with at least two
detectable intact proviruses were included. (G) Circular maximum-likelihood phylogenetic trees for all genome-intact proviral sequences from LT-ART males and females.
HXB2, reference HIV-1 sequence. Symbols indicate sequences generated by FLIP-seq (circle) or MIP-seq (square). Genome-intact proviral sequences from a given study
participant are depicted in the same color. Gray circles reflect detection of a sole single genome-intact sequence in a given study participant. Clonal sequences, defined
by complete sequence identity, are indicated by gray arches. Open symbols represent nonclonal genome-intact sequences in participants with at least two genome-
intact sequences detected. The maximum-likelihood phylogenetic trees were inferenced using PhyML. (H) Stacked bar charts reflect the clonal composition of HIV-1 res-
ervoir cells in LT-ART males and females. Each color represents an individual clone of sequence-identical genome-intact proviruses, whereas gray-colored sub-bars
represent proviruses detected only once. Sequences derived from participants with at least two genome-intact sequences are included. Horizontal lines reflect the me-
dian [(A) to (C) and (E)]. Mann-Whitney U nonparametric tests were used in (A) to (C) and (E); two-tailed y? tests were used in (D), (F), and (H). ****P < 0.0001, ***P < 0.001,
*#P < 0.01, and *P < 0.05. n indicates the number of participants in (A) to (C), (E), and (G) or the number of viral sequences in (D), (F), and (H).
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(LT-MO06), the PRPSAPI gene (LT-MO07), the DGKD gene (LT-M08),
the FAM230I gene (LT-M09), the ATXN7 gene (LT-M10), the OR4M2-
OT1 gene (LT-M11), the GLBI gene (LT-M16), and the HSPA5 gene
(LT-M17). For LT-M12, LT-M13, LT-M14, and LT-M15, we noticed
a phylogenetically more diverse portfolio of intact proviruses with
corresponding detectable integration sites being almost exclusively
located in genic regions; in LT-M16, a dominant intact proviral
clone located in the GLBI gene was paired with two subdominant
proviruses located in peri-centromeric regions. Together, these re-
sults demonstrate a higher frequency of female participants with evi-
dence for selection of intact proviruses in heterochromatin regions
(Fig. 5, A and B). No major selection effects were noted among defec-
tive proviruses from our study participants of either sex (Fig. 5B).
Whereas integration of proviruses into heterochromatin regions
is associated with transcriptional repression in direct ex vivo assess-
ments (10) and in tissue culture experiments (23, 27), our prior work
showed that such integration is not associated with irreversible latency;
in particular, in vitro stimulation of T cells with nonphysiological
latency-reversing agents can reactivate proviruses integrated in
heterochromatin, as evidenced by effective detection of replication-
competent proviruses in quantitative viral outgrowth assays (qQVOAs)
from elite controllers, who control HIV-1 replication in the absence
of ART (7). We performed qVOAs on a total of 13 LT-ART partici-
pants with adequate PBMC sample availability (female n = 8; male
n = 5) (tables S3 and S4). Our findings showed no differences in
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proviral inducibility between elite controllers and LT-ART partici-
pants (fig. S3F) (7) and no sex differences in proviral inducibility
among LT-ART participants (fig. S3G).

Genomic and epigenetic integration site features

To further explore integration site features of intact proviruses from
individuals on long-term ART, we aligned integration sites of intact
proviruses to high-resolution Hi-C data capturing intra- and inter-
chromosomal three-dimensional (3D) chromatin interactions, al-
lowing us to segregate chromatin compartments with permissive or
repressive characteristics (28). These data demonstrated that a con-
siderable proportion (30.6%) of intact proviruses from LT-ART par-
ticipants were integrated in compartments B1, B2, and B4, which are
generally associated with repressive heterochromatin features (28);
this overrepresentation in compartment B was significantly more
pronounced (P < 0.0001) in female than in male study participants
(Fig. 5, C and D). No enrichment of defective proviruses in the B
compartments was noted, and alignment of defective proviruses to
3D Hi-C data failed to demonstrate differences between female and
male study participants. We also compared the relative positioning
of the intact proviruses to host TSSs, as determined by RNA sequenc-
ing (RNA-seq) in primary CD4 T cells. We observed a significantly
(P =0.0477) elevated chromosomal distance of intact proviruses to
the most proximal TSSs in females on long-term ART compared with
males (Fig. 5, E and F). As an additional analysis step, we evaluated
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Fig. 4. Chromosomal positioning of intact HIV-1 proviruses in males on LT-ART. Maximum-likelihood phylogenetic trees of intact proviruses from males on LT-ART
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culture in qVOA assays.

the chromosomal location of intact proviruses relative to the activating
histone modifications H3K4mel and H3K27ac, using genome-wide
chromatin immunoprecipitation sequencing (ChIP-seq) data from
primary CD4 T cells deposited by the Roadmap Consortium (29).
We observed that the intact proviruses from LT-ART participants
displayed significant de-enrichment (P < 0.0001) of both H3K27ac
and H3K4mel marks in proximity to their integration sites, com-
pared with corresponding data from mART study persons. In con-
trast, no similar changes were observed for defective proviruses
from both study cohorts (Fig. 5G). Reductions of activating histone
modifications in proximity to intact proviruses were significantly
(P = 0.0450) more notable in female than in male LT-ART study
participants (Fig. 5H).

Characteristics of viral escape from T and B cell

immune responses

We next investigated viral sequence variation in HIV-1 proviruses
obtained from our study participants and evaluated evidence of

Tan et al., Sci. Transl. Med. 17, eadu7154 (2025) 17 September 2025

sequence adaptation to HIV-1-specific T cells or B cells (Fig. 6).
First, pair-wise comparisons of all distinct intact proviruses within a
given study person demonstrated that sequences from LT-ART par-
ticipants had lower intraindividual viral diversity compared with
sequences from the mART group (Fig. 6A), suggesting that longer
durations of ART may limit the persistence of distinct viral quasi-
species and restrict the phylogenetic complexity of the viral reservoir
pool. Within the LT-ART group, the intraindividual phylogenetic
distances among intact proviruses were lower in females compared
with males (Fig. 6B), although these differences did not reach statis-
tical significance (P = 0.0675). Overall, we noted that the frequen-
cies of sequence variations associated with resistance to broadly
neutralizing antibodies (bNADbs) or cytotoxic T lymphocytes (CTLs),
determined using previously described algorithms (8), were not dif-
ferent between individuals from the mART and LT-ART groups
(Fig. 6, C, E, and G). However, genome-intact sequences in females
from the LT-ART group displayed significantly (P = 0.0193) fewer
CTL mutations compared with males (Fig. 6, F and H). No such
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sex-specific differences were observed for bNAb-associated resis-
tance mutations (Fig. 6D).

Distinct innate immune signatures in females on LT-ART

The distinct viral reservoir and integration site profile of intact pro-
viruses in females on long-term ART may reflect a more efficient
immune-mediated selection process of HIV-1 reservoir cells within
females. To evaluate this, we characterized phenotypic signatures of
innate immune cells in selected LT-ART study participants (n = 9
females and n = 11 males) from whom sufficient cells were available,
using a multidimensional 27-color spectral flow cytometry assay.
Within these study persons, five females (LT-F01 to LT-F05) and five
males (LT-MO1 to LT-M05) had dominant intact proviruses in het-
erochromatin locations (HTChigh); four females (LT-F09 and LT-F11
to LTF13) and six males (LT-M06, LT-M11, and LT-M13 to LT-M16)
had no or weak evidence of a selection for intact proviruses in het-
erochromatin (HTC'*/"8). As an initial analysis step, we used a lin-
ear discriminant analysis to evaluate the global phenotypic profile of
innate immune cells [natural killer (NK) cells, monocytes, conven-
tional dendritic cells, and plasmacytoid dendritic cells]; this analysis
demonstrated a distinct representation of innate immune cells in
HTC"e" females relative to the other study subgroups (Fig. 7A). We
observed that proportions of CD64*PD-L1" myeloid dendritic cells

Tan et al., Sci. Transl. Med. 17, eadu7154 (2025) 17 September 2025

(mDCs), previously shown to be enriched in elite controllers (30),
were more frequent in females, specifically in those with intact pro-
viruses enriched in heterochromatin locations (Fig. 7B). Moreover,
the proportions of CD64"PD-L1* mDCs were positively correlated
with the frequencies of clonally expanded intact proviruses and with
the proportions of intact proviruses in heterochromatin chromo-
somal locations (Fig. 7C). No such associations were observed for
plasmacytoid dendritic cells (fig. S7E).

In our subsequent analysis, we focused on the phenotypic profiles of
NK cells in our study participants. We noted that a global linear dis-
criminant analysis of NK cell immunophenotypes produced notable
distinctions between the study subgroups (Fig. 7D). In particular,
NK cells from females displayed a phenotypic profile characterized
by a more limited ensemble expression of inhibitory killer cell
immunoglobulin-like receptors (KIRs) and of the inhibitory receptor T
cell immunoreceptor with Ig and ITIM domains (TIGIT) (Fig. 7, E to
G); in contrast, the highest proportions of NK cells expressing combi-
nations of these inhibitory receptors were found in HTC'**/"¢ males
(Fig. 7, E to G). Frequencies of clonal intact proviruses and proportions
of intact proviruses in heterochromatin regions were inversely corre-
lated with proportions of NK cells expressing these inhibitory receptors
(Fig. 7H). The expression of the activating or cytotoxicity-related recep-
tors CD161, Nkp30, and NKG2D and of NKG2A, which, despite its role
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Fig. 6. Footprints of viral inmune escape from host T and B cell immune responses. (A and B) Average genetic distances, determined by pairwise comparisons of
nucleotide differences, between all intact proviruses from a given study participant, in indicated study cohorts (A) and in males and females on LT-ART (B). Participants
with at least two intact proviruses detected were included. (C and D) Numbers of signature sites associated with resistance to bNAbs in intact proviral sequences of indi-
cated study cohorts (C) and in males and females on LT-ART (D). Signature sites associated with resistance to four classes of bNAbs were determined as described before
(66). (E to H) Proportions of CTL epitopes (restricted by autologous HLA class | alleles) within intact proviruses that harbor the clade B consensus wild-type sequences
[(E) and (F)] or previously described CTL escape variants [(G) and (H)]. Defined escape mutations listed in the LANL HIV Immunology Database (www.hiv.lanl.gov) were
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as an inhibitory receptor, has been associated with superior cytotoxic
and noncytotoxic NK cell activities in HIV-1 infection (31, 32), was el-
evated in NK cells from females while being reduced in males without
evidence of selection for intact proviruses in heterochromatin locations
(Fig. 7, I to K). In addition, statistical correlations supported a trend for
a positive association between expression of these NK cell markers, the
frequencies of clonal intact proviruses, and the proportions of intact
proviruses in heterochromatin locations (Fig. 7L). Furthermore, the ra-
tio of NKG2A-expressing NK cells relative to NKG2C-expressing NK
cells, associated with better control of HIV-1 viremia in some studies
(33, 34), was lowest in HTC*"/"*8 males and positively associated with
clonality and heterochromatin locations of intact proviruses (Fig. 7, M
and N). The expression of activating NK cell markers was associated
with the proportions of CD64"PD-L1" mDCs (fig. S9), supporting a
form of immunological cross-talk as described previously (35). Togeth-
er, these results suggest a role of innate immune cells in driving selec-
tion of intact HIV-1 proviruses in heterochromatin regions during
long-term ART.

HIV-1-specific T cell responses in people living with

HIV-1 on LT-ART

To complement our immunophenotypic analysis, we also conducted
multiparametric spectral flow cytometry assays to evaluate adaptive
HIV-1-specific CD4 and CD8 T cell responses based on the secretion
of cytokines or effector molecules [interferon-y (IFN-y), interleukin-2
(IL-2), and tumor necrosis factor-o (TNF-a)] and up-regulation of de-
fined surface markers (CD25, 0X40, CD69, and CD40L) in response to
stimulation with HIV-1 Gag peptides (Fig. 8). Whereas HIV-1-specific

Tan et al., Sci. Transl. Med. 17, eadu7154 (2025) 17 September 2025

T cell responses were readily detectable in our study participants despite
more than 20 years of continuous pharmacological suppression of plas-
ma viremia, a global linear discriminant analysis demonstrated only
relatively weak separations between the phenotypic and functional pro-
file of HIV-1-specific CD4 (Fig. 8A) and CD8 (Fig. 8]) T cells among
the study subgroups. We noted that cytokine-secreting HIV-1-specific
CD4 and CD8 T cells in HTC"®" males exceeded those of most of the
other study subgroups; however, this was not true when antigen-specific
T cells were measured on the basis of antigen-specific up-regulation of
surface markers (Fig. 8, B, D, K, and M). Moreover, a correlative statisti-
cal analysis failed to demonstrate associations between HIV-1-specific
CD4 and CD8 T cell responses and the clonality or heterochromatin
locations of intact proviruses (Fig. 8, C, E, L, and N). Nevertheless, rela-
tive to females, male study participants were characterized by higher
frequencies of polyfunctional HIV-1-specific CD4 (Fig. 8, F to H) and
CD8 (Fig. 8, O to Q) T cells, which were particularly enriched in
HTC"8" males; however, these polyfunctional T cell responses were
not correlated with proviral reservoir characteristics (Fig. 8, I and R).
Together, these results suggest a limited, if any, influence of adaptive
T cell responses on the sex-specific selection and evolution of HIV-1
reservoir cells.

DISCUSSION

Sex differences can have a marked impact on host immune respons-
es, as evidenced in a number of viral infections (17). In the context
of HIV-1 infection, female sex has been associated with lower set
point viremia (36, 37), higher life expectancy (38), delayed viral
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Fig. 7. Innate immune responses in people living with HIV-1 on LT-ART. (A and D) Linear discriminant analysis of total innate immune cells (A) and NK cells (D) in indi-
cated study subgroups of LT-ART participants is shown. The phenotypic profiles of total innate immune cells and NK cells in PBMC samples were characterized by the ex-
pression of 25 (A) or 15 (D) relevant surface markers. (B and C) Proportions of CD64"PD-L1* mDCs in indicated study subgroups (B) and their associations with frequencies
of clonal intact proviruses and proportions of intact proviruses in heterochromatin regions among total proviruses (C). (E to L) SPICE diagrams highlighting proportions
of NK cells with zero, one, or more inhibitory [(E) to (H)] or activating [(I) to (L)] phenotypic markers. Pie chart colors reflect the proportions of cells expressing the indi-
cated numbers of markers; arcs reflect the proportions of cells expressing a given marker. Proportions of NK cells with at least one feature [(G) and (K)] and their associa-
tions with frequencies of clonal intact proviruses and proportions of intact proviruses in heterochromatin regions among total proviruses [(H) and (L)]. (M and N) Ratios of
NKG2A-expressing versus NKG2C-expressing NK cells in indicated study subgroups (M) and their associations with frequencies of clonal intact proviruses and proportions
of intact proviruses in heterochromatin regions among total proviruses (N). The study subgroups are segregated on the basis of sex (F, female; M, male) and the proportion
of intact HIV-1 reservoir in heterochromatin locations (HTChigh or HTC'°""/‘). PD-L1, program cell death ligand 1. Horizontal bars reflect the median. Mann-Whitney U tests
or Kruskal-Wallis nonparametric tests were used in (B), (G), (K), and (M), permutation tests were used in (E), (F), (1), and (J), and linear regressions were used in (C), (H), (L),
and (N). Linear regression coefficients (rz) and nominal P values are shown. #*#*P < 0.001, **P < 0.01, and *P < 0.05.
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rebound after treatment interruption (39), and an up to fourfold
higher probability of developing an elite controller or posttreatment
controller phenotype (40, 41). Moreover, two elite controllers who
maintained undetectable intact proviruses and may have reached a
spontaneous, immune-mediated virological cure of HIV-1 infection
were both females (7, 42). To what extent sex differences may influ-
ence viral reservoir cells, the major barrier to a cure of HIV-1 infec-
tion, remains an area of active investigation. Prior studies relying on

Tan et al., Sci. Transl. Med. 17, eadu7154 (2025) 17 September 2025

per million PBMCs among total proviruses (%)

quantitative measurements of the reservoir cell pool have largely
failed to detect any differences between females and males (16, 43, 44).
Using a more complex qualitative analysis approach that involved
single-genome amplification of more than 4073 individual provi-
ruses, we here demonstrate profound sex-specific differences in viral
reservoir cell structure and composition, most dominantly charac-
terized by the increased frequencies of genome-intact proviruses
integrated in heterochromatin locations in females compared with
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males. We propose that these structural differences in the viral res-
ervoir cell profile in females result from sex-specific immune selec-
tion forces, implying that the female immune system is more effective
in driving immune selection pressure within the viral reservoir
cell pool.

Previous studies demonstrated at least two distinct features of viral
reservoir cells in females: Scully ef al. and Gianella et al. (16, 43) both
reported a reduction in multiply spliced cell-associated viral RNA and
reduced residual plasma viremia in females on suppressive ART. Both
observations are consistent with, and can possibly be explained by,
a more effective selection of proviruses in heterochromatin regions
where viral transcription is suppressed. A considerable number of
studies have now demonstrated that integration of proviruses in het-
erochromatin is associated with lower or absent transcriptional activ-
ity; this was true in in vitro models of viral latency (27) and when
participant-derived cells were assayed directly ex vivo using single-cell
analytic technologies (10). Preferential selection of intact proviruses in
heterochromatin in females does not exclude the possibility that pro-
viral transcription in females is also inhibited by additional factors,
including female sex hormones (45), or sex-related epigenetic differ-
ences in regulation of proviral gene transcription (46). Prior work also
suggests that the inducibility of intact proviruses in in vitro viral out-
growth assays is reduced in females (44); however, our study failed to
demonstrate sex-specific differences in viral reactivation in vitro. We
argue that the highly stochastic nature of the in vitro viral outgrowth
assay (47), the finding that only approximately 1 in 100 intact provi-
ruses can be reactivated in this assay system, and the high probability
that viral reservoir cells die during viral reactivation in in vitro culture
(48) reduce the usefulness of the in vitro viral outgrowth assay for
assessing HIV-1 reservoir cells.

Using a comprehensive immunophenotyping approach, we noted
that the selection of large clones of intact proviruses integrated in tran-
scriptionally repressive chromatin regions in females was most closely
related to NK cell responses, specifically to subsets of NK cells charac-
terized by phenotypic features of enhanced functionality that were ex-
panded in females. Supporting this association, recent data suggest that
female sex can be associated with improved NK cell functionality and
with increased proportions of NK cells with enhanced effector func-
tions, specifically during advanced stages of the age continuum (49),
such as the study participants analyzed in our work. To some extent,
such improved NK cell responses in females may be genetically deter-
mined, although microanatomical changes in cytokine milieu (50),
altered cross-talk with alternative immune cells (51), differential ex-
pression of the X-chromosomally encoded epigenetic regulator ubiqui-
tously transcribed tetratricopeptide repeat, X chromosome (UTX) (52),
and hormonal changes during peri- and postmenopause (49), which
were likely present in most of our study persons, may also have contrib-
uted. The true effect of NK cell responses against viral reservoir cells will
critically depend on the surface expression of the ligands for activating
and inhibitory NK cell markers on virally infected cells, including non-
classical HLA class I molecules that serve as ligands for KIRs and for
NKG2A. Recent technology advances now permit direct assessment of
the surface phenotype of viral reservoir cells encoding for intact provi-
ruses (11) and will be highly informative as next steps for evaluating
how NK cells can interact with and target the viral reservoir cell pool.

Our study failed to identify an important association between
HIV-1-specific T cells and qualitative or quantitative features of viral
reservoir cells; in particular, there was no association between
HIV-1-specific T cells and the evolution of intact proviruses in
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heterochromatin regions. This finding, supported by other recent ob-
servations in humans (53) and nonhuman primates (54), casts doubt on
the ability of virus-specific T cells to effectively engage viral reservoir
cells during suppressive ART. We observed more limited CTL resis-
tance mutations in intact proviruses from females; this might suggest a
more effective immune control at early stages of infection before ART
initiation in females, resulting in reduced viral turnover with fewer
opportunities for viral sequence adaptation to CTL-mediated immune
pressure (55). Such a hypothesis is supported by prior studies indi-
cating lower set point viremia in untreated females compared with
age-matched males (56). Alternatively, reduced frequencies of CTL
resistance mutations in females could reflect a more potent immune
clearance of intact proviruses during long durations of ART suppres-
sion in females (2, 13) or generally reveal weaker exposure to CTL-
mediated immune pressure in females.

Our work has several limitations. First, our study only analyzes
HIV-1 reservoir cells in peripheral blood, which might not entirely
reflect the reservoir characteristics in lymphoid tissues, the likely
site from which viruses rebound after treatment interruptions (57).
Nevertheless, prior studies show that clonal clusters of intact proviral
sequences are frequently shared between viral reservoir cells in blood
and tissues (58). Moreover, we only conducted a cross-sectional
analysis of immune profiles and viral reservoir structures in our study
participants, because longitudinal samples collected from our study
participants over 2 decades of treatment were not available. Charac-
terizing the interplay between host immune responses and viral res-
ervoir cells during prolonged periods of ART in females and males
will therefore require additional longitudinal studies. In addition, al-
most all our study participants were of advanced ages by the time of
sample collection, and it is possible that sex-dependent immune ef-
fects on the viral reservoir cell pool might materialize differently dur-
ing infancy, adolescence, and young adulthood.

In conclusion, by using a high-resolution molecular approach for
viral reservoir cell analysis, our study demonstrates marked sex-
specific differences in the HIV-1 reservoir profile and suggests more
efficient selection of intact proviral sequences in heterochromatin in
females, most likely as a result of innate immune activity. Our study
reinforces the importance of considering sex in the design and im-
plementation of cure-directed medical interventions and suggests
that females may be better candidates to explore innate immunity-
dependent strategies for targeting HIV-1 reservoir cells.

MATERIALS AND METHODS

Study design

We conducted a cross-sectional, noninterventional study to evaluate
sex differences in HIV-1 reservoir cell profiles. Study participants
living with HIV-1 were recruited at Massachusetts General Hospital,
Brigham and Women’s Hospital, the University of California, San
Francisco, Case Western Reserve University, AIDS Clinical Trials
Group, and the Multicenter AIDS Cohort Study (MACS) and Women’s
Interagency HIV Study (WIHS) Combined Cohort Study (MWCCS).
No formal sample size calculations, randomizations, or investigator
blinding operations were performed. All study participants provid-
ed written consent in accordance with the Declaration of Helsinki
before enrollment. PBMC samples were collected according to pro-
tocols approved by the respective Institutional Review Boards.
Clinical and demographic characteristics of study participants are
summarized in tables S1 and S2.
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Intact proviral DNA assay

PBMCs were subjected to DNA extraction using DNeasy Blood
and Tissue kits (QIAGEN, 69504). The Intact Proviral DNA Assay
(IPDA) was performed using primers and probes described previ-
ously (59).

Whole-genome amplification

DNA was diluted to single viral genomes based on Poisson distribu-
tion. Subsequently, DNA in each well was subjected to multiple dis-
placement amplification with phi29 polymerase (QIAGEN REPLI-g
Single Cell Kit, 150345), per the manufacturer’s protocol.

HIV-1 near-full-genome sequencing

DNA resulting from full-genome amplification reactions was sub-
jected to HIV-1 near-full-genome amplification using a nonmulti-
plexed multiamplicons approach as described previously (22, 60).
All near-full-length polymerase chain reaction (PCR) products were
subjected to Illumina MiSeq sequencing at the Massachusetts Gen-
eral Hospital (MGH) DNA Core facility. Resulting short reads were
de novo assembled using Ultracycler v1.0 and aligned to HXB2 to
identify large deleterious deletions (<8000 bp of the amplicon aligned
to HXB2), out-of-frame indels, premature/lethal stop codons, inter-
nal inversions, or packaging signal deletions (>15-bp insertions and/
or deletions relative to HXB2), using an automated in-house pipe-
line written in Python programming language (https://github.com/
BWH-Lichterfeld-Lab/Intactness-Pipeline) (61). The presence/ab-
sence of APOBEC-3G/3F-associated hypermutations was deter-
mined using the Los Alamos HIV Sequence Database Hypermut 2.0
program (62). Viral sequences that lacked all mutations listed above
were classified as “genome-intact” Multiple sequence alignments
were performed using Multiple Alignment using Fast Fourier Trans-
form (MAFFT) (63) in Geneious Prime software v2023.1 (https://
geneious.com). Phylogenetic distances between sequences were ex-
amined using a PhyML tree (64) in Geneious Prime software. Viral
sequences were considered clonal if they had completely identical
consensus sequences; single-nucleotide variations in primer bind-
ing sites were not considered for clonality analysis. The proportions
of optimal CTL epitopes (restricted by autologous HLA class I al-
leles) matching the clade B consensus sequence and CTL escape
variants restricted by autologous HLA class I alleles described in
the LANL HIV Immunology Database (www.hiv.lanl.gov) were de-
termined. The number of sequence mutations in clade B proviruses
associated with HLA class I-mediated pressure (65) and the sensi-
tivity of proviral species to bnAbs (66) were calculated as previ-
ously described.

Integration site analysis

Integration sites associated with each viral sequence were obtained
using integration site loop amplification, as previously described (67);
DNA produced by whole-genome amplification was used as template.
Biocomputational identification of integration sites was performed
as previously described (29, 67). The final list of integration sites
and corresponding chromosomal annotations was obtained using
Ensembl (v86, www.ensembl.org), the UCSC Genome Browser (www.
genome.ucsc.edu), and GENCODE (v39, www.gencodegenes.org).
Repetitive genomic sequences harboring HIV-1 integration sites were
identified using RepeatMasker (www.repeatmasker.org). All HIV-1
integration sites of study participants are listed in data file S1.
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RNA-seq and Hi-C sequencing data

RNA-seq data generated from primary CD4 T cells deposited in the
National Center for Biotechnology Information Gene Expression
Omnibus database (GSE144334) were used, as described in a previ-
ous publication (7). Hi-C sequencing data were described by Rao
et al. (28). ChIP-seq data are derived from primary human memory
CD4 T cells listed in the Roadmap Consortium (68).

Viral outgrowth assays
Viral outgrowth assays were performed as described previously
(13). Demographic information, number of cells assayed, and infec-
tious units per million (IUPM) of selected participants are summa-
rized in tables S3 and S4.

Flow cytometry

For immunophenotyping of selected study participants (table S5),
PBMCs were thawed, stained with LIVE/DEAD Blue Viability Dye
(Invitrogen) for 15 min, and subsequently blocked with 2 pl of FcR
blocking reagent (Miltenyi Biotec) for 10 min. Next, cells were incu-
bated for 25 min with different combinations of appropriately ti-
trated antibodies as listed in table S6. Afterward, the cells were fixed
in 2% paraformaldehyde in phosphate-buffered saline and acquired
on an Aurora spectral cytometer (Cytek Biosciences) at the Ragon
Institute Imaging Core Facility at MGH. To analyze HIV-1-specific
T cell responses, PBMCs were stimulated with HIV-1 clade B Gag
peptide pool (mix of 123 overlapping 15-mer peptides at 2 pg/ml for
each peptide, NIH AIDS Reagent Program, ARP-12425) or staphy-
lococcal enterotoxin B (SEB) at 0.4 pg/ml (Sigma-Aldrich) in the
presence of anti-CD28/anti-CD49d costimulatory antibodies at 1 pg/
ml (BD Biosciences) and CD107a/b antibodies for an hour before
adding brefeldin A (5 pg/ml) and monensin (1 pg/ml). After over-
night stimulation, cells were stained with LIVE/DEAD Blue Viabil-
ity Dye and with surface antibodies as listed in table S7 for 25 min.
After staining, cells were washed, fixed, and permeabilized using the
FoxP3 transcription factor staining buffer set (eBioscience) for
30 min at 4°C. Intracellular cytokine staining was performed using
antibodies as listed in table S7 for 30 min at 4°C. Cells were acquired on
an Aurora spectral cytometer (Cytek Biosciences). Fluorescence minus
one (FMO) controls were prepared as part of the gating strategy.
Unstimulated negative controls were subtracted as background.
Data were analyzed using FlowJo v.10.8.1 software (Tree Star LLC)
and using the SPICE software (version 6.0). Demographic informa-
tion of study subgroups is summarized in table S5. Gating strategies
are summarized in figs. S12 and S13.

Statistical analyses

Data are presented as pie charts, bar charts, scatterplots, and box-
and-whisker plots overlaid with individual values. All statistical
analyses were performed using GraphPad Prism 8.2.1 and SPICE
v6.0 software using tests as indicated in the figure legends. P values
less than 0.05 were considered significant. Individual-level data are
presented in data file S2.

Supplementary Materials
The PDF file includes:

Figs.S1to S13

Tables S1to S7
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