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University of California, San Francisco; 11Peter Doherty Institute of Infection and Immunity, University of Melbourne and Royal Melbourne Hospital, and 12Department of Infectious 
Diseases, Alfred Hospital and Monash University, Melbourne, Victoria, Australia; and 13Department of Epidemiology and Biostatistics, University of California, San Francisco

Plasma human immunodeficiency virus type 1 (HIV-1) RNA levels in women are lower early in untreated HIV-1 infection compared 
with those in men, but women have higher T-cell activation and faster disease progression when adjusted for viral load. It is not 
known whether these sex differences persist during effective antiretroviral therapy (ART), or whether they would be relevant for 
the evaluation and implementation of HIV-1 cure strategies. We prospectively enrolled a cohort of reproductive-aged women and 
matched men on suppressive ART and measured markers of HIV-1 persistence, residual virus activity, and immune activation. The 
frequency of CD4+ T cells harboring HIV-1 DNA was comparable between the sexes, but there was higher cell-associated HIV-1 
RNA, higher plasma HIV-1 (single copy assay), and higher T-cell activation and PD-1 expression in men compared with women. 
These sex-related differences in immune phenotype and HIV-1 persistence on ART have significant implications for the design and 
measurement of curative interventions.
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Biological sex modulates immune-mediated protection from 
pathogens and autoimmunity, leading to differences in the 
acquisition and pathogenesis of multiple infections and the effi-
cacy of vaccines and to a female predominance of some auto-
immune diseases [1, 2]. Sex differences have been specifically 
observed in human immunodeficiency virus type 1 (HIV-1) 
viral dynamics and immune responses [3, 4]. Immunologic 
sexual dimorphisms are driven by multiple factors including 
behavioral and socioeconomic dynamics, but also by biologi-
cal features: genetic differences derived from the chromosomal 
complement [5, 6], sex-specific epigenetic profiles [7, 8], and 
the influence of sex hormones [9, 10].

Higher plasma HIV-1 RNA levels in men vs women are evi-
dent proximal to seroconversion [11–17]. Importantly, despite 
this lower level of HIV-1 RNA in women, disease progression 
rates were comparable in both sexes in the pretreatment era [17]. 
Viral load (VL) differences attenuate as disease progresses, but 

there is evidence for sex-driven effects on plasma HIV-1 RNA 
[18–20]. The mechanisms governing the interaction between 
HIV-1 RNA levels and disease progression may include differ-
ences in T-cell subset distribution and available targets [21], 
along with hormonal modulation/sex-specific differences in 
immune responses [22–24] and direct inhibition of viral tran-
scription by estrogen [25, 26].

Immune activation is also discordant by sex. Women have 
higher T-cell activation for a given level of plasma viremia [27], 
higher levels of interferon-α production by plasmacytoid den-
dritic cells (pDCs) after Toll-like receptor 7 stimulation [22, 27], 
and higher expression of interferon-stimulated genes for a given 
level of HIV-1 RNA [28]. Taken together, the data demonstrate 
that the immune response to HIV-1 is sex-specific.

There are few data regarding sex differences in the HIV-1 
virus reservoir size and activity, or in cellular immunophe-
notypes after the initiation of antiretroviral therapy (ART), 
which is highly efficacious in both men and women [29]. 
Two cross-sectional studies of ART-treated individuals have 
reported that women were more likely to have lower levels of 
HIV-1 DNA than men [30, 31], and others reported sex dif-
ferences in soluble inflammatory markers linked to non-AIDS 
morbidity [32–34]. However, no study has prospectively and 
systematically assessed sex differences in immune phenotype 
and HIV-1 reservoir, and women are underrepresented in clin-
ical trials relevant to HIV-1 cure [35].
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To address this knowledge gap, we prospectively enrolled a 
cohort of well-matched, HIV-1–infected men and women with 
ART-suppressed viremia to measure the frequency, activity, 
and inducibility of latently infected cells and cellular immune 
activation. We identified substantial differences between men 
and women that should inform the design and interpretation of 
clinical trials testing HIV-1 curative interventions.

METHODS

Study Design and Participants

Study participants were enrolled through the University of 
California, San Francisco (UCSF) SCOPE OPTIONS cohort and 
the San Francisco General Hospital Positive Health Practice (“Ward 
86”) HIV Clinic between March 2014 and April 2015. All partici-
pants provided informed consent, and the study was approved by 
the UCSF institutional review board. Women and men on suppres-
sive ART were prospectively enrolled matched 1:1 by duration of 
viral suppression (1 to <3 years, 3–10 years, >10 years), absolute 
CD4+ T-cell count (if <500 cells/μL within 100 cells, or >500 cells/
μL) and nadir CD4+ T-cell count (<200, 201–350, >350 cells/μL). 
Early start of therapy ≤6 months after infection with continuous 
suppression, viremic control (defined as a majority of plasma VLs 
<10 000 copies), age, race, and total duration of ART were consid-
ered and balanced when possible. Elite controllers (untreated VL 
<400 copies) and participants on systemic hormonal therapy were 
excluded. Hepatitis B virus, hepatitis C virus, and cytomegalovirus 
(CMV) coinfection data, demographics, ART, menstrual status, 
and reproductive history were collected. Peripheral blood mono-
nuclear cells (PBMCs) and plasma were stored for analysis; a subset 
(n = 6 of each sex) was returned for leukapheresis.

Virologic Measures

Total and integrated HIV-1 DNA was quantified relative to CD3 
copy number in isolated CD4+ T cells as previously described 
[36]. In brief, a long terminal repeat (LTR) primer (U3-R junc-
tion with a lambda phage heel sequence) was used in combina-
tion with an LTR/Gag primer (total) or 2 Alu-specific primers 
(integrated) in a preamplification polymerase chain reaction 
(PCR). Subsequent real-time PCR amplification used a primer 
to the added lambda phage sequence with an LTR U5 primer 
and an internal probe for both total and integrated DNA [36]. 
Cell-associated unspliced HIV RNA was quantified [37, 38] 
and multiply spliced HIV RNA was measured using the iden-
tical seminested PCR with different primers (Supplementary 
Methods). Single-copy assay (SCA) of viremia was quanti-
fied from 7  mL of plasma with PCR targeting a conserved, 
untranslated HIV-1 gag RNA sequence (HMMC gag assay; see 
Supplementary Methods [39]). Inducible HIV-1 RNA was mea-
sured using the tat/rev induced limiting dilution assay (TILDA) 
[40]; in brief, purified CD4+ T cells are stimulated with phorbol 
myristate acetate (100  ng/mL)/ionomycin (1  μg/mL), serially 
diluted, and lysed, and multiply spliced HIV RNA is measured 

with a 2-step reverse-transcription PCR assay. Maximum likeli-
hood estimates based on the number of positive wells are used 
to determine the frequency of cells harboring inducible HIV-
1. A  modified version of the envelope detection by induced 
transcription-based sequencing (EDITS) assay [26] was used 
to quantify spreading viral infections. Purified CD4+ T cells 
were stimulated with concanavalin A  ±  1  μM raltegravir (to 
block spreading infection) and absence or presence of 300 pg/
mL 17β-estradiol. New infection was assessed at 9 days as the 
increase in HIV RNA–positive cells in the absence of raltegravir 
(Supplementary Methods).

Immunologic Measures

Cryopreserved PBMCs were batch processed and stained with 
panels for T-cell activation and exhaustion, monocyte, natural 
killer (NK), and dendritic cell phenotyping. Estrogen receptor 1 
(ESR-1) expression was assessed with intracellular staining after 
incubation with and without 17β-estradiol. Gating strategies 
and antibody panels available in the Supplementary Methods 
and Supplementary Tables 9–11.

Hormone Levels

Plasma levels of progesterone and 17β-estradiol were deter-
mined in batch by liquid chromatography–mass spectrometry 
(Brigham and Women’s Hospital Research Assay Core).

Statistical Analysis

Virologic outcomes were assessed using negative binomial 
regression to generate estimates of the effect of female sex on the 
outcome variable, including a measure of input as the exposure 
variable (eg, 18S RNA for HIV-1 RNA measures, plasma volume 
for HMMC gag measures) as previously described [41]. This 
method accounts for the lower precision of measures at the lower 
limits of detection and with low inputs. Multivariate models were 
built by stepwise addition of predictor variables, with sex forced 
as a covariate, until no remaining unselected candidate predic-
tor had P < .05 when added to the current model. Pretreatment 
maximum VL was excluded from models of residual viremia, 
as it may be on the causal pathway of sex’s influence on resid-
ual viremia [42]. Mixed-effects negative binomial regression was 
used to assess the fold-effect of sex on the ratios of HMMC gag 
and HIV-1 RNA measures to the integrated HIV DNA measure, 
also as previously described [41]. TILDA values were compared 
by maximum likelihood estimation on the data from all individ-
ual experimental wells. For plotting purposes only, one person 
with no positive wells was given a TILDA value of 2. To estimate 
the effect of female sex on the TILDA/integrated HIV ratio, we 
performed customized maximum likelihood modeling of the 
well-by-well TILDA results together with the detailed integrated 
HIV data. For TILDA, we used the standard single-hit likelihood 
calculations for limiting dilution assays, and for integrated HIV 
we used a negative binomial model with constant dispersion and 
with the input to the assay (CD3) as the exposure. The model 



1086 • JID 2019:219 (1 April) • Scully et al

included normally distributed random effects that modeled 
between-person variation in log(TILDA) and log(TILDA:inte-
grated HIV ratio). EDITS data from a single sequencing chip 
were assessed for differences in the frequency of infected cells by 
unpaired t test with Welch correction.

Virologic and immunologic parameters were assessed for 
associations using Spearman rank correlation in the overall 
cohort and within each sex. P values for differences in correla-
tions between men and women were calculated using the Fisher z 
transformation (http://vassarstats.net/rdiff.html). Immune sub-
sets were compared between sexes by Mann–Whitney testing.

Nominal P values are reported without adjustment for multi-
ple testing; adjustment requires that results expected to biolog-
ically co-vary (eg, inverse variations in T-cell subsets) detract 
from each other, when they should be reinforcing [43–45]. We 
present the full dataset, including exploratory findings, indicat-
ing where the unadjusted P value was <.05.

RESULTS

Cohort Characteristics

Demographic and clinical features of the participants (26 
women and 26 men) are shown in Table 1. Maximum pretreat-
ment VL was not matched, and the median value in women 
was 0.13 log lower than in men (P = .14, Mann–Whitney test). 
Active hepatitis C virus infection and injection drug use (P > .5, 
Fisher exact test) and rates of viremic controllers (23% men, 
35% women; P = .54, Fisher exact test) were balanced between 
the groups. The CMV-seropositive rate was higher among men 
than women (100% in men vs 81% in women; P = .05, Fisher 
exact test). Seventy-three percent of the women reported reg-
ular menstrual cycles, and all had detectable 17β-estradiol and 
progesterone levels (Supplementary Table 1). Of patients with 
amenorrhea, 2 had history of ovary-sparing hysterectomy and 
2 had a history of intrauterine device placement (>6  months 
prior to study enrollment). Three additional women reported 
irregular menses; in 2 of these women, the hormone levels and 
clinical assessment suggested an anovulatory cycle at the time of 
sampling (Supplementary Table 2).

Frequencies of CD4+ T Cells Harboring HIV-1 DNA Between Sexes

Isolated CD4+ T cells were analyzed for integrated and total 
HIV-1 DNA. Integrated HIV and total HIV were highly cor-
related with each other in the overall cohort and within each sex 
(Supplementary Table  3). Integrated HIV DNA correlated with 
peak pretreatment viremia overall (r = 0.48, P = .001) and within 
each sex (women: r = 0.63, P = .002; men: r = 0.46, P = .018), and 
with nadir CD4+ T-cell count and proximal pretreatment viral 
load, with similar relationships for total HIV DNA (Supplementary 
Table 3). HIV DNA content of CD4+ T cells was similar between 
men and women (Figure 1A, Table 2); women had an estimated 
a 1.39-fold higher level of integrated HIV DNA, but with a wide 
95% confidence interval (95% CI, .57–3.37; P = .47), with similar 

estimates for total HIV DNA (1.38-fold increase in women [95% 
CI, .67–2.84]; P =  .39). Models incorporating additional clinical 
characteristics also estimated similarly modest sex differences, not 
reaching statistical significance.

HIV-1 Reservoir Activity in Women Compared to Men

All participants were suppressed to <75 copies of HIV-1 RNA/
mL plasma by clinical assays. Women had a 77% lower level 
of residual plasma viremia by HMMC gag in a multivariate 
model controlling for years of viral suppression and number 
of treatment interruptions (fold-effect, 0.23 [95% CI, .08–.72]; 
P = .011; Figure 1B, Table 2, Supplementary Table 4). The ratio 
of plasma viremia to integrated HIV DNA averaged 57% lower 
in women compared with men in a univariate model (fold-ef-
fect, 0.43 [95% CI, .20–.91]; P = .027).

Table 1. Demographic and Clinical Characteristics of the Cohort

Cohort Characteristics Men Women

Age, y, median (IQR) 43 (33–48) 41 (35–48)

CD4 nadir cells/μL, median (IQR) 270 (131–442) 214 (111–317)

CD4 at sampling cells/μL, median (IQR) 646 (544–825) 677 (530–861)

Duration of infection, y, median (IQR) 7 (4.0–11.5) 8 (4.8–14.3)

Duration of viral suppression,  
y, median (IQR)

3.3 (2.1–6.7) 2.8 (1.8–4.3)

Max pretreatment VL, median (IQR) 4.74 (4.4–5.4) 4.61 (3.8–5.2)

Controller (majority of pretreatment  
VL <10 000)

6 (23) 9 (35)

CMV positive 26 (100) 21 (81)

Active HCV infection 2 (7.7) 1 (3.8)

IDU 3 (12) 5 (19)

Timing of ART initiationa

 Early, continuous 1 (4) 1 (4)

 Late 20 (77) 20 (77)

 Early and interrupted or unknown 5 (19) 5 (19)

ART regimen

 PI 3 (12) 9 (35)

 NNRTI 12 (46) 11 (42)

 INSTI 9 (35) 6 (23)

 PI/INSTI 1 (4) 0

 NNRTI/INSTI 1 (4) 0

Race/ethnicity

 White 9 (35) 8 (31)

 Black 7 (27) 6 (23)

 Hispanic 4 (15) 4 (15)

 Asian 2 (8) 3 (12)

 Native American 1 (4) 0

 Mixed/multiracial/other 3 (11) 5 (19)

History of sex with male partner(s) 24 (92) 26 (100)

Data are presented as No. (%) unless otherwise indicated. Observations were available for 
all subjects (26 women and 26 men) with the exception of maximum pretreatment VL; this 
value was missing in 5 observations, all from the female subjects. 

Abbreviations: ART, antiretroviral therapy; CMV, cytomegalovirus; HCV, hepatitis C virus; 
IDU, injection drug use; IQR, interquartile range; INSTI, integrase strand transfer inhibitor; 
NNRTI, nonnucleoside reverse transcriptase inhibitor; PI, protease inhibitor; VL, viral load.
aDefinitions for timing of ART initiation: early is continuous is therapy initiated ≤6 months 
from estimated date of infection with continuous suppression; late is therapy initiated 
>6 months after estimated date of infection; early, interrupted, or unknown includes partic-
ipants with unknown timing of therapy initiation and those who started within 6 months of 
infection but had interruptions with viral rebound after that point.
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We measured cell-associated HIV RNA from CD4+ T cells, 
finding a 6-fold lower level of multiply spliced HIV RNA in 
women (negative binomial regression, fold-effect, 0.16 [95% CI, 
.05–.51]; P = .002) (Figure 1C, Table 2, Supplementary Table 4). 

In a multivariate model adjusting for nadir CD4 and controller 
phenotype (both associated with multiply spliced HIV RNA at 
P < .05), there was a 4-fold lower level of multiply spliced HIV 
RNA in women (fold-effect, 0.25 [95% CI, .09–.71]; P = .009). 
The ratio of multiply spliced HIV RNA to integrated HIV 
DNA was 3.4-fold lower in women (fold-effect, 0.29 [95% CI, 
.13–.64]; P  =  .002). Univariate negative binomial regression 
estimated 35% lower level of unspliced HIV RNA in women, 
but with a wide 95% CI (fold-effect,  0.65 [95% CI, .29–1.43]; 
P = .28) (Figure 1D, Table 2, Supplementary Table 4). A multi-
variate model (early ART, log maximum pretreatment plasma 
HIV-1 RNA, CD4 nadir, controller phenotype, race) estimated 
a similar fold-change, again without achieving statistical signif-
icance (fold- effect, 0.68 [95% CI, .35–1.32]; P = .25). Sex com-
parison of the ratio of unspliced HIV RNA to integrated HIV 
DNA level was similar (fold-effect,  0.52 [95% CI, .25–1.07]; 
P = .08). Taken together, despite similar measures of HIV DNA, 
women had less measurable virus activity than men by both the 
SCA for plasma viremia and the level of multiply spliced HIV 
RNA in CD4+ T cells.

Subset Analysis of Ex Vivo Reservoir Induction

In a subset of subjects (11 men and 11 women), ex vivo induc-
tion of spliced tat/rev transcripts after T-cell activation was 
measured by TILDA [40]. TILDA values did not differ between 
men and women in this subgroup; female status fold-effect was 
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Figure 1. Comparison of virologic markers by sex. A, Integrated and total DNA measured in isolated CD4 cells were comparable between men and women. B, Low-level 
viremia measured by single-copy assay was lower in women than in men. C, Multiply spliced human immunodeficiency virus (HIV) RNA was lower in women. D, There was no 
statistically significant difference in the level of unspliced HIV RNA. For all values, median and interquartile range are shown; statistical comparisons with negative binomial 
regression. Abbreviations: CA-HIV, cell-associated-HIV; HIV, human immunodeficiency virus; msHIV, multiply spliced human immunodeficiency virus; usHIV, unspliced human 
immunodeficiency virus.

Table 2. Effect of Female Sex on Virologic Measures

HIV-1 Reservoir Measure
Female 

Fold-Effect (95% CI) P Value

Integrated HIV DNA 1.39 (.57–3.37) .47

Total HIV DNA 1.38 (.67–2.74) .39

SCA (HMMC gag) 1.02 (.38–2.72) .974

SCA (HMMC gag)a 0.23 (.08–.72) .011

SCA (HMMC gag):integrated HIV 
DNA ratio

0.43 (.20–.91) .027

Cell-associated msHIV RNA 0.16 (.05–.51) .002

Cell-associated msHIV RNAb 0.25 (.09–.71) .009

Cell-associated msHIV 
RNA:integrated HIV DNA ratio

0.29 (.13–.64) .002

Cell-associated unspliced HIV RNA 0.65 (.29–1.43) .280

Cell-associated unspliced HIV RNAc 0.68 (.35–1.32) .253

Cell-associated unspliced HIV 
RNA:integrated HIV DNA ratio

0.52 (.25–1.07) .08

Negative binomial regression in univariate and multivariate models to assess the quantita-
tive influence of female sex on virologic measures. 

Abbreviations: CI, confidence interval; HIV, human immunodeficiency virus; msHIV, multi-
ply spliced human immunodeficiency virus; SCA, single-copy assay.
aAdjusted for duration of suppression and treatment interruptions.
bAdjusted for CD4 cell count nadir and controller phenotype.
cAdjusted for maximum pretreatment viral load, CD4 cell count nadir, race, early treatment 
initiation, and controller phenotype.
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0.81 (maximum likelihood estimate; 95% CI, .33–2.0; P = .63; 
Figure 2A). We then compared the ratio of TILDA:integrated 
HIV DNA values, using customized maximum likelihood mod-
eling of the well-by-well TILDA results. In this subset, women 
were estimated to have approximately 2-fold lower ratio of 
inducible HIV-1 RNA relative to the integrated HIV DNA lev-
els, but again with wide CIs (female sex fold-effect, 0.45 [95% 
CI, .16–1.21]; P = .11; Figure 2B).

As a complementary method to evaluate provirus activation, 
CD4+ T cells from a subset of men (n = 6) and women (n = 6) 
who underwent leukapheresis were evaluated for inducible rep-
lication competent virus using a modified EDITS assay [26] 
(Figure 3A). Purified CD4+ memory cells were stimulated for 
9 days to induce HIV transcription in the presence or absence 
of raltegravir and the number of HIV RNA+ cells was quanti-
fied by EDITS [26]. Raltegravir blocked viral spread: 74 vs 80 
RNA+ cells per million for women and men, respectively. These 
values are similar to those obtained from overnight induction 
by T cell receptor activation [26], but not statistically differ-
ent between the sexes. In the absence of raltegravir, there was 
spreading infection with 348 RNA+ cells per million for women 
and 457 RNA+ cells per million for men. Addition of 300 pg/mL 
17β-estradiol blocked both HIV RNA induction (P =  .00039) 
and spreading infection (P = .00052) in women compared with 
men, consistent with our earlier observation that ESR-1 can act 
as a repressor of HIV transcription [26]. ESR-1 protein expres-
sion was similar by flow cytometry on CD4 cells from men and 
women (Figure 3B).

Levels of Cellular Immune Activation and PD-1 Expression in Women 

Compared to Men

A prespecified primary analysis of immunophenotypes com-
pared T-cell activation, antigen experience/exhaustion, and 
CCR5 expression on bulk and memory T cells. Activation 
defined by HLA-DR/CD38 coexpression and antigen 

experience/exhaustion indicated by PD-1 expression were 
higher in men in total and memory CD4+ and CD8+ T cells 
(Figure 4). CCR5 expression percentage was higher only on bulk 
CD8+ T cells. T-cell comparisons were reanalyzed excluding 
CMV-seronegative individuals (n = 5, all women); the major-
ity remained statistically significant (Supplementary Table  5). 
In contrast, the distribution of the innate immune populations 
of NK cells, monocytes, myeloid dendritic cells (mDCs), and 
pDCs was not statistically different by sex (Supplementary 
Table 6).

Sex Specificity of Relationships Between T-Cell and Viral Parameters

All subsets of T cells, measures of activation, differentiation, 
and exhaustion were assessed for associations with viro-
logic measures by Spearman rank correlation. Multiple cor-
relations between CD4+ and CD8+ T-cell subset percentages 
(Supplementary Tables 7 and 8) and measures of viral activity 
were observed in the overall cohort. This finding is in marked 
contrast to the lack of identified associations at a P < .05 level 
between any of the innate immune subsets/activation markers 
and virologic measures (Supplementary Table 6).

Exploratory analysis revealed distinct relationships between 
T-cell parameters and virologic measures when men and women 
were considered separately. Again, there were no statistically 
significant relationships between innate cell phenotypes and 
virologic measures. For integrated HIV DNA, only bulk CD4+ 
and CD8+ T-cell percentage correlated in women, whereas mul-
tiple correlations were seen between integrated HIV DNA and 
T-cell subsets in men (Figure 5A); correlation differences were 
different at P  <  .05 for several subsets. Excluding the CMV-
seronegative women yielded largely consistent results, with a 
few unique associations (Supplementary Figure 1).

Of note, the CD4+CD27+CD28+CD45RA–HLA-DR+CD38– 
subset correlated with all virologic measures in the overall cohort 
(Supplementary Table  7). The activated transitional memory 
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CD8+CD27+CD28–CD45RA–HLA-DR+CD38+population was 
positively correlated with the SCA values in all analyses (Spearman 
ρ, overall cohort: r = 0.47, P = .0005; men: r = 0.46, P = .02; women: 
r  =  0.46, P  =  .02; women with CMV seronegatives excluded: 
r = 0.45, P = .04) (Supplementary Table 8, Figure 5B).

Within women, we analyzed the relationship of circulating 
levels of 17β-estradiol and progesterone to immune and viro-
logic parameters. This analysis identified only an association 
between these hormones and the circulating percentage of 
mDCs (17β-estradiol: r = 0.42, P = .036; progesterone: r = 0.55, 
P = .005). Overall, associations between T-cell parameters and 
virologic measures displayed sex specificity.

DISCUSSION

In one of the first studies to systematically examine sex dif-
ferences among HIV-infected individuals on ART, using a 
matched prospectively enrolled cohort of men and women, 
we identify key sex differences in residual virus activity and 
cellular immune activation. These observations suggest that 
virologic and immunologic outcomes after curative inter-
ventions may differ by sex, requiring careful attention to 
enrolling an adequate number of women in cure studies and 
to reporting sex-delineated outcomes.

In contrast to prior studies [30, 31], the HIV-1 DNA lev-
els in men and women in this cohort were comparable. The 

prior studies measured HIV-1 DNA levels in PBMCs [30, 31], 
while we measured HIV-1 DNA in CD4+ T cells; sex variation 
in lymphocyte percentages [46] may explain the discrepant 
findings. Alternatively, our prospective design and matching 
on CD4+ nadir and other characteristics may have balanced 
HIV-1 DNA. We further isolated the influence of sex from con-
founders using multivariate models with relevant characteris-
tics, strengthening our conclusions. Peak pretreatment plasma 
HIV-1 RNA in women was slightly lower (difference in median 
0.13 log, P = .14), consistent with prior studies reporting lower 
(0.13–0.35 log) viral loads in women [18] and suggesting that 
our cohort is representative of a typical pattern of pathogenesis. 
Although our efforts to match the groups may have attenuated 
the effect of sex by controlling for factors along the causal path-
way, these clinically comparable groups highlight the direct role 
of biological sex in reservoir dynamics.

Despite no substantial differences in HIV-1 DNA levels, we 
observed lower cell-associated multiply spliced and plasma 
HIV-1 RNA levels in women. These results are consistent with 
prior work demonstrating lower per cell HIV RNA produc-
tion in women in untreated HIV infection [19]. One possible 
mechanism would be a sex difference in the quality of the DNA 
reservoir. Whether the higher induction of type 1 interferons 
in women [27, 28, 47] can amplify hypermutation machinery 
increasing the proportion of defective HIV genomes in women 
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is unknown. Sequencing of HIV-1 proviruses is warranted to 
test this hypothesis.

Alternatively, in vivo exposure to estrogen is a potential mech-
anism for the observed differences in ex vivo measures of virus 
activity. Estrogen represses HIV-1 transcription in latency mod-
els and patient cells [26] and in vitro infection systems [25], indi-
cating a direct role for hormones in mediating sex differences. 
In a limited sample, we estimated that there was no substantial 
difference in the short-term TILDA measure of inducible HIV-1 
RNA with no estrogen in the system, but with a wide CI, pre-
cluding a strong conclusion. Using a modified EDITS assay, we 
demonstrated that HIV induction and replication in a spreading 
viral infection was potently blocked by estrogen in samples from 
women. This reinforces our prior observations of a direct role for 
the estrogen receptor in maintenance of latency [26]. The precise 
mechanisms for sex differential responses to estrogen remain 
undefined, although we did not observe differences in the level 
of intracellular ESR-1 expression between men and women. 
We did not observe relationships between virologic measures 
and plasma 17β-estradiol at single timepoints; however, a 

longitudinal approach might better address the impact of the 
contemporaneous hormone levels on virus activity.

There were higher levels of immune activation and PD-1 
expression in men along with the higher levels of cell-asso-
ciated multiply spliced HIV RNA and plasma HIV-1 RNA. 
PD-1 and HLA-DR/CD38 expression levels in men could be 
driven by higher levels of stochastic expression of HIV-1 RNA. 
Alternatively, higher levels of T-cell activation in men (driven by 
unmeasured confounders or sex-dependent immunologic path-
ways) could lead to more nonspecific release of inflammatory 
cytokines that may increase HIV-1 transcriptional activity. It is 
notable that this sex difference in T-cell activation under ART is 
in contrast to findings during untreated HIV-1 infection, when 
women have higher levels of T-cell activation for a given level 
of viremia [27]. Sex differences in PD-1 expression also bear 
further investigation; in the oncology literature, female sex may 
be a predictor of response to checkpoint inhibitor therapy [48].

The exploratory analysis of correlations between immune 
parameters and virologic outcomes highlighted a few points. The 
association of the CD8+CD27+CD28–CD45RA–HLA-DR+CD38+ 
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population with SCA values across the cohort and in each sex 
is notable; this population is an intermediate in the differenti-
ation pathway to an effector memory cell with both cytokine 
secretion and cytotoxic capacity [49]. Further studies are neces-
sary to define if the positive correlation with low-level residual 
plasma viremia reveals a direct response to virus or if it reflects 
a higher state of global activation within the host driven by non-
HIV factors. Also notable was the positive correlation between 
the central/effector memory CD4+CD27+CD28+CD45RA–

HLA-DR+CD38– and all virologic measures. Indeed, there are 
multiple viral associations with HLA-DR+CD38– populations 
in both CD4+ and CD8+ T cells. These observations suggest a 
role for cells with high proliferative capacity [50] or a prolifer-
ative milieu of cytokines and growth factors in reservoir main-
tenance and dynamics, an association that should be explored.

Finally, the exploratory sex-stratified immune correla-
tion analysis suggests that there may be distinct relationships 
between T-cell activation and viral parameters in men and 
women. The mechanisms and clinical significance of these 
differences are unclear, but given the focus on immune cor-
relates, sex differences are important whether they are solely 
biomarkers or connoting mechanism. These differences should 
be considered in small clinical trials with limited enrollment of 
women where results may be diluted or skewed by sex imbal-
ance. Further, sex differences can be exploited to determine 
pathways governing residual virus activity.

Our study has a relatively small sample size and some of the 
associations are exploratory, but despite these limitations we 
were able to identify important sex-based differences. We found 
that women and men differ in the level of residual virus activity 
during clinically suppressive ART. A variety of immunological 
and hormonal mechanisms contribute to this effect. These sex-
based differences in HIV reservoir dynamics indicate that sex 
and hormonal status must be regarded as key parameters in the 
design and analysis of clinical trials examining HIV-1 eradica-
tion strategies.

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 comments should be addressed to the corre-
sponding author.
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