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ABSTRACT The influence of biological sex on disease progression in HIV-1-infected
individuals has been focused on the chronic stage of infection, but little is known
about how sex differences influence acute HIV-1 infection. We observed profound
differences in viral load and CD4� T cell activation from the earliest time points in
men and women in a Zambian heterosexual acute infection cohort. Women exhib-
ited a �2-fold higher rate of CD4� T cell loss despite significantly lower viral loads
(VL) than men. The importance of studying acute infection was highlighted by the
observation that very early in infection, women exhibited significantly higher levels
of CD4� T cell activation, a difference that was lost over the first 3 years of infection
as activation in men increased. In women, activation of CD4� T cells in the acute
phase was significantly correlated with plasma levels of 17�-estradiol (E2). However,
unlike in men, higher CD4� T cell activation in women was not associated with
higher VL. In contrast, a higher E2 level in early infection was associated with lower
early and set-point VL in women. We attribute this to an inhibitory effect of estra-
diol on virus replication, which we were able to observe with relevant transmitted/
founder viruses in vitro. Thus, estradiol plays a key role in defining major differences
between men and women during early HIV-1 infection by contributing to both viral
control and CD4� T cell loss, an effect that extends into the chronic phase of the
disease.

IMPORTANCE Previous studies have identified sex-specific differences during
chronic HIV-1 infection, but little is known about sex differences in the acute
phase, or how disparities in the initial response to the virus may affect disease.
We demonstrate that restriction of viral load in women begins during acute in-
fection and is maintained into chronic infection. Despite this, women exhibit
more rapid CD4� T cell loss than men. These profound differences are influ-
enced by 17�-estradiol, which contributes both to T cell activation and to re-
duced viral replication. Thus, we conclude that estradiol plays a key role in shap-
ing responses to early HIV-1 infection that influence the chronic phase of
disease.
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Although sex differences in response to pathogenic infections have been well
documented in the literature (1–3), many studies of HIV-1 transmission and

pathogenesis to date utilize single cohorts (commonly men who have sex with men
[MSM] or female sex workers) or cohorts that are significantly biased toward one sex
and are thus unable to directly compare disease course and outcomes between men
and women. As a result, robust studies comparing how the immune response to HIV-1
differs between men and women, particularly during the early phase of infection, have
been difficult to perform. Current estimates suggest that 17.8 million women are
infected with HIV-1 and that it is the leading cause of death in women of reproductive
age (15 to 49 years) (4). Thus, a detailed understanding of the biology of HIV-1 infection
in women is essential to combating the global HIV-1 epidemic in general.

A growing body of data has demonstrated that women exhibit more robust immune
responses to both primary viral infections and vaccination compared to men (2, 3). In
HIV-1 specifically, several studies have reported that chronically infected women have
significantly lower plasma viremia than men, although the reason for this discrepancy
has yet to be identified (5–10). In addition, a study comparing men and women
chronically infected with HIV-1 found that infected women had a higher proportion of
activated (CD38� HLA-DR�) CD8� T cells, but not CD4� T cells, prior to antiretroviral
therapy (ART) initiation, suggesting higher levels of detrimental immune activation (11).
Furthermore, several interferon-stimulated genes (ISGs) were found to be expressed at
significantly higher levels in women than men during the chronic stage of HIV-1
infection, after correcting for plasma viral load, implying a more activated innate
phenotype in females given similar exposure to viral antigen (12). However, existing
studies are limited by their utilization of patient samples from individuals of different
ethnic backgrounds, in different geographical locations, or with unknown dates and
routes of infection. The present study has focused on a cohort of Zambian, heterosex-
ual, acutely infected individuals, allowing for comparison of epidemiological and
immunological parameters in a group that share a similar environment and genetic
background. To our knowledge, these data represent the first longitudinal comparison
of the immune response to natural HIV-1 infection that encompasses both acute and
chronic infections of both men and women. The studies presented here demonstrate
that the discrepancy in viral load observed in women is established early in infection
and that CD4� T cell loss is double that of men in the first few years of infection. These
differences are linked in women to estradiol levels, which correlate with CD4� T cell
activation and lower viral loads.

RESULTS
Women exhibit a higher rate of CD4� T cell decline and lower plasma viral

loads early in HIV-1 infection. In order to understand the impact of biological sex on
HIV-1 disease course, viral loads and CD4� T cell counts were compared in acutely
individuals enrolled in the Zambia Emory HIV Research Project (ZEHRP) cohort at sites
in Lusaka and Ndola, Zambia. Postpeak viral loads of male and female participants
(n � 158; 72 female [F], 86 male [M]) were plotted between 30 and 900 days after the
estimated date of infection (EDI). A total of 97% of these individuals were infected with
a subtype C variant. The estimated date of infection was calculated as previously
described based on the date of the last seronegative test, the date of first seropositive
test, and the presence or absence of p24 antigen (13). Subjects were selected on the
basis of ART-naive status and the availability of at least two viral load measurements
within the time interval, including measurements within 90 days of the beginning and
end of the interval. The median age of these subjects was 31 at the time of study
enrollment. During this period, women had consistently lower plasma viral loads (VL)
than men, as indicated by the difference in the y intercepts but not the slopes of the
linear regression line for each sex (Fig. 1A).

CD4� T cell counts of a subset of 116 individuals (56 F, 60 M) were then plotted for
individuals who met the aforementioned criteria and for whom CD4� cell counts were
available. When the linear regression lines for CD4� T cell counts of each sex are
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compared, the slopes differ significantly (Fig. 1B). Comparison of slopes of individual
linear regression lines of CD4� cell counts over this interval indicates that women
exhibit a �2-fold higher rate of loss (median slope of �0.21 versus �0.10 for men, Fig.
1C). Importantly, CD4� T cell counts are significantly higher in HIV-1 uninfected women
than uninfected men, as previously reported in individuals in Lusaka, Zambia (14). Thus,
CD4� T cell counts initially remain higher in women than men after infection, although
the rate of CD4� decline is higher in women, such that by 900 days men and women
have similar numbers of CD4� T cells. Indeed, a Kaplan-Meier survival analysis of the
time to a CD4� T cell count of �300/�l over the first 900 days of infection yielded
curves that are not significantly different for men and women (Fig. 1D), despite women
starting out with higher CD4� T cells counts.

CD4� T cells are more highly activated in women during acute infection.
Chronic immune activation is a hallmark of HIV-1 infection and a reliable predictor of
CD4� T cell loss (15). In order to determine whether differential T cell activation
contributes to higher rates of CD4� cell loss in women despite consistently lower levels
of plasma viremia, markers of cellular activation on peripheral blood mononuclear cells
(PBMCs) were analyzed by flow cytometry in 47 (22 F, 25 M) HIV-1-infected individuals
at 1, 9, and 30 months postinfection. Subjects were randomly selected based on sample
availability and ART-naive status. All subjects were infected through heterosexual
contact with HIV-1 group M subtype C viruses.

At 1 month post-EDI, a greater percentage of CD4� T cells from women than men
expressed the activation marker CD38 (Fig. 2D). This difference was apparent in central
(CCR7� CD27� CD45RO�, Fig. 2A) and effector (CCR7– CD27� CD45RO�, Fig. 2B)
memory T cell subsets, and as well as in naive (CCR7� CD27� CD45RO–, Fig. 2C) CD4�

T cell subsets. These sex differences are still significant in the memory CD4� T cell
subsets at 9 months postinfection. By 30 months post-EDI, there were no significant sex
differences in the levels of CD4� T cell activation in the memory subsets, although
there was still a significantly greater proportion of CD38� naive CD4� T cells in women

FIG 1 Higher rate of CD4� T cell decline despite lower plasma viral load in women. (A) Linear regression of log10VL
values of Zambian male (n � 86) and female (n � 72) subjects between 30 and 900 days post-EDI (analysis of
covariance [ANCOVA] for intercepts, P � 0.0001). (B) Linear regression lines of CD4� T cells counts from male
(n � 60) and female (n � 56) subjects between 30 and 900 days post-EDI (ANCOVA for slopes, P � 0.0002). (C)
Comparison of slopes of individual linear regression lines of CD4� cell counts between 30 and 900 days post-EDI
for individuals in panel B (Mann-Whitney U test, P � 0.005). (D) Survival curves indicating time to a CD4� cell
count of �300 cells/�l by sex (log rank test, P � 0.2).
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than men. Interestingly, the reduced difference during follow-up was primarily because
the percentage of CD38� T cells in men increased to a level similar to that of women
over time; while the total CD38� CD4� T cells increased between uninfected women
and women at 1 months post-EDI, it was not until the chronic stage of infection that
there was a significant increase in men.

FIG 2 CD4� T cells in women are more highly activated than in men but do not correlate with VL. Proportion of CD4� T cells expressing CD38 in uninfected
women and men, and individuals at 1, 9, and 30 months post-EDI was assessed by flow cytometry. (A) TCM cells (CCR7� CD27� CD45RO�) (Mann-Whitney U
test, P � 0.004, 0.037, and 0.010 at 1, 9, and 30 months post-EDI, respectively). (B) TEM cells (CCR7� CD27� CD45RO�) (Mann Whitney U test, P � 0.009 and
0.013, at 1 and 9 months post-EDI respectively). (C) TNaive cells (CCR7� CD27� CD45RO�) (Mann-Whitney U test, P � 0.032, 0.025, and 0.023 at 1, 9, and 30
months post-EDI, respectively). (D) Total CD4� T cells (Mann Whitney U test, P � 0.024 at 1 month post-EDI). (E and F) Correlations between the proportions
of CD4� T cells expressing CD38 at 1 month post-EDI and log10VL values at the time of sampling in men (Spearman’s correlation, P � 0.023 and r � 0.454) (E)
and women (Spearman’s correlation, P � 0.471 and r � �0.162) (F). (G and H) Correlations between the proportions of CD4� T cells expressing CD38 at 1 month
post-EDI and SPVL in men (Spearman’s correlation, P � 0.022 and r � 0.464) (G) and women (Spearman’s correlation, P � 0.101 and r � �0.359) (H).
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In order to understand how CD4� T cell activation affected the extent of viral
replication and VL, we compared CD4� T cell activation at 1 month post-EDI with VL at
the time of PBMC collection (Fig. 2E and F) and with set-point VL (log10SPVL calculated
as the geometric mean of VL from 1 to 12 months) (Fig. 2G and H). In men, there was
a significant positive association between total CD4� T cell activation at 1 month
post-EDI and both VL at sampling (Fig. 2E) and log10SPVL (Fig. 2G). However, there was
no relationship between these parameters in women (Fig. 2F and H), demonstrating
that despite heightened CD4� T cell activation, there was no commensurate increase
in VL. These data are consistent with the observation that women consistently maintain
lower plasma viremia than men despite higher CD4� T cell activation.

Estradiol is associated with viral load and CD4� T cell activation. In order to
address the cause of heightened T cell activation in acutely infected women, we
measured estradiol (E2) in time point-matched plasma samples. While E2 and its
metabolites estrone and estriol act in concert with other sex steroid hormones, E2 is the
major form of estrogen found in nonpregnant premenopausal women in terms of
absolute serum levels and affinity for estrogen receptor � (ER�) (16, 17). It plays a role
in immune signaling in CD4� T cells primarily via binding to ER� triggering nuclear
translocation and transcription from estrogen response elements in target genes. This
impacts the expression of several genes involved in the immune response, including
the genes for AP-1 and gamma interferon (18, 19).

We measured plasma levels of E2 by conventional ELISA at a median of 44 days after
the estimated date of HIV-1 infection in women and men who were included in our
flow cytometry studies and in additional subjects for whom VL data were available. The
plasma levels of E2 were inversely correlated with time point-matched log10VL in
women, but not men, who had predictably lower E2 levels (Fig. 3A and D). Further, E2
levels at infection predicted lower log10SPVL values in women but not in men (Fig. 3B
and E). Despite its association with lower levels of plasma viremia in women, we found
that in women the plasma E2 was positively correlated with total CD4� T cell activation
at 1 month post-EDI (Fig. 3C). We also measured the plasma levels of progesterone in
women and, based on these results, only two female subjects appeared to be in the
midluteal phase of the menstrual cycle at the time of sampling. We did not see a
significant effect of progesterone on the viral load or cellular activation (Fig. 3G to I).
Finally, we measured the plasma levels of testosterone in order to understand whether
this sex steroid hormone also played a role in HIV-1 pathogenesis. We found that there
was no significant relationship between plasma levels of testosterone and the log10VL
value at the time of sample collection (Fig. 4A and D) or CD4� T cell activation in men
or women (Fig. 4C and F). However, we did find a positive association between plasma
levels of testosterone in men and the log10SPVL value (Fig. 4E). Interestingly, this was
in contrast to the negative association observed in women between E2 and log10SPVL
values.

Estradiol restricts viral replication in vitro. After observing that plasma E2 was
inversely correlated with VL and SPVL in women, we sought to understand whether E2
could directly impact HIV-1 replication. Previous studies have attempted to identify the
effect of sex hormones on viral replication, particularly of hepatitis C virus (HCV) and
HIV-1. These studies vary in their conclusions, likely as a result of variable methodology
with respect to the dosage of E2, the presence or absence of additional sex hormones,
the cell type, and the virus strain used (20–23). We assessed the in vitro replication of
six patient-derived transmitted/founder (T/F) viruses, as well as a subtype C laboratory
isolate (MJ4), in the presence or absence of physiological levels of E2. Infectious
molecular clones of T/F viruses were generated as previously described and used to
infect PBMCs from healthy female donors in the presence of 0, 1, or 10 nM E2 (24).
PBMCs were not activated prior to infection. Virus growth was measured between 3 and
11 days postinfection, and the area under the curve (AUC) was calculated for each virus
and compared between E2 treatment groups. Overall, we found that E2 treatment
resulted in a modest but consistent restriction of viral replication. Representative
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replication curves for four of the T/F viruses are shown in Fig. 5A to D. Collectively, E2
treatment significantly restricted viral replication in the viruses assayed, as measured by
the percent AUC compared to untreated samples. The median replication was 84.29%
of untreated at 1 nM E2 and 44.95% of untreated at 10 nM E2 (Fig. 4E). A similar pattern
of viral restriction of MJ4 replication by E2 was observed in three donors (Fig. 4F). This
suggests that while E2 appears to be involved in cellular activation pathways, it can
simultaneously induce a restriction on viral replication.

DISCUSSION

A growing body of research indicates that primary infection of women by viruses
such as influenza and HCV is characterized by an enhanced inflammatory response that
can lead to viral clearance (1, 3). The present study indicates that, consistent with what
has been reported in acute infection by other viruses and in vaccination studies,
women exhibit a heightened cellular immune activation upon initial infection with
HIV-1. The data presented shed light on how inherent sex differences in the immune
response manifest in the context of HIV-1 infection, where virus is not cleared and
inflammation contributes to disease progression.

FIG 3 Plasma levels of 17�-estradiol but not progesterone at 1 month postinfection correlate with VL, SPVL, and CD4� T cell activation in women. 17�-estradiol
(E2) was measured in the plasma at 1 month postinfection. (A and D) Correlations between plasma levels of E2 and log10VL at 1 month post-EDI in women
(Spearman’s correlation, P � 0.038 and r � �0.380) (A) and men (Spearman’s correlation, P � 0.241 and r � �0.184) (D). (B and E) Correlations between plasma
levels of E2 and log10SPVL in women (Spearman’s correlation, P � 0.006 and r � �0.486) (B) and men (Spearman’s correlation, P � 0.782 and r � �0.051) (E).
(C and F) Correlations between plasma levels of E2 and CD4� T cell activation at 1 month post-EDI in women (Spearman’s correlation, P � 0.0404 and r � 0.487)
(C) and men (Spearman’s correlation, P � 0.582 and r � 0.131) (F). (G to I) Correlations between plasma levels of progesterone and log10VL (G), log10SPVL (H),
and CD4� T cell activation (I) at 1 month post-EDI in women (Spearman’s correlation, P � 0.640 and r � �0.12, P � 0.527 and r � �0.14, and P � 0.329 and
r � 0.224, respectively).
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While numerous studies have previously reported lower HIV-1 viral loads in chron-
ically infected women compared to men (5–10), the present study constitutes the first
report wherein viral loads are compared in the absence of treatment in men and
women in the same cohort, beginning in acute infection through to chronic stages. We
were therefore able to demonstrate that, in this study population, women consistently
have lower viral loads than men regardless of disease stage. We have further compared
longitudinal CD4� T cell counts in the same population. Uninfected women in the
Zambian cohort had significantly higher CD4 counts than men, as has been reported in
other populations (14). As might be predicted, therefore, we observed that during very
early HIV-1 infection women also have higher CD4� T cell counts than men. While this
could be interpreted as reduced CD4� T cell loss in women, we demonstrate here that
the rate of CD4� T cell decline in these women is actually �2-fold greater than that in
men, such that by 30 months post-EDI, there is no significant difference in the CD4� T
cell counts between the two sexes. This result is consistent with a study of women

FIG 4 Relationship between plasma levels testosterone at 1 month postinfection and VL, SPVL, and CD4� T cell
activation. Testosterone was measured in the plasma at 1 month postinfection. (A and D) Correlations between
plasma levels of testosterone and log10VL at 1 month post-EDI in women (Spearman’s correlation, P � 0.445 and
r � �0.22) (A) and men (Spearman’s correlation, P � 0.304 and r � 0.210) (D). (B and E) Correlations between
plasma levels of testosterone and log10SPVL in women (Spearman’s correlation, P � 0.292 and r � �0.30) (B) and
men (Spearman’s correlation, P � 0.013 and r � 0.489) (E). (C and F) Correlations between plasma levels of
testosterone and CD4� T cell activation at 1 month post-EDI in women (Spearman’s correlation, P � 0.592 and
r � �0.17) (C) and men (Spearman’s correlation, P � 0.495 and r � 0.143) (F).
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enrolled in Women’s Interagency HIV Study and men in the Multicenter AIDS Cohort
Study, which also reported a higher rate of CD4 decline in women (25). However, the
present study allows for a more direct comparison of men and women by utilizing data
from a single cohort where individuals have all been infected via heterosexual contact.
Moreover, we show that this accelerated loss of CD4 T cells starts to occur during the
first months of HIV-1 infection.

The apparent discrepancy that we and others have identified, wherein women
maintain lower viral loads yet reach CD4� T cell counts indicative of extreme immu-
nodeficiency at a similar time postinfection to men, appears to be the result of the
increased cellular activation we observe in women during acute infection. Indeed, we
found that total CD4� T cells in women were significantly more highly activated during
acute infection, but that the difference between sexes waned over time as CD4� T cell
activation increased in men. Interestingly, while the percentage of total CD38� CD4�

T cells was increased in women at 1 month post-EDI versus uninfected women, it was

FIG 5 Estradiol inhibits replication of transmitted/founder viruses and MJ4. T/F viruses, as well as MJ4, were used to
infect PBMCs from a healthy female donor (i.e., donor 140) in media containing 0, 1, or 10 nM E2. (A to D) Representative
in vitro viral replication curves over an 11-day period for T/F viruses from 235028, 305136, 305156, and MJ4. The median
values of three technical replicates are shown for each treatment at each time point. (E) Percent replication in treated
compared to untreated control cells as determined from the AUC in six T/F viruses and MJ4 between days 3 and 11 for
each of the treatment groups (Freidman test with Dunn’s multiple-comparison tests, P � 0.003 [between 0 and 10 nM
E2] and P � 0.008 [between 0 and 1 nM E2]). (F) Percent replication in treated compared to untreated control cells as
determined from the AUC of MJ4 between days 3 and 11 in donors 140, 133, and 485.
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not until the chronic stage of infection that there was a significant increase in this
percentage in men. Meier et al. (11) did not observe sex differences in total CD4� T cell
activation in HIV-1-infected individuals prior to ART initiation in AIDS Clinical Trials
Group (ACTG) study 384; however, this is consistent with our observations, since the
ACTG 384 subjects were mostly chronically infected individuals with CD4� T cell counts
�500 cells/mm3. This highlights the significance of our observation that sex differences
in immune activation are most prominent during acute infection, where women exhibit
a more activated CD4� T cell phenotype than men.

Moreover, we found that E2 is likely a factor influencing enhanced CD4� T cell
activation due to their direct association. However, this is likely via a mechanism that
involves other cells of the immune system. A significant body of research indicates that
many effects of estradiol on CD4� T cells are anti-inflammatory, with evidence to
suggest that estradiol inhibits expression of the interleukin-2 (IL-2) receptor and
promotes the suppressive function of regulatory CD4� T cells (26–31). It is possible that
estradiol and the estrogen receptor are involved in a positive-feedback loop that
contributes to the increased production of type I interferons and ISGs in women, which
in turn could contribute to a more generalized immune activation (11, 12, 32–35).

We also observed a striking difference in the role CD4� T cell activation plays in
terms of virus replication between men and women. In men, the level of early CD4� T
cell activation was significantly correlated with both contemporaneous VL and early
set-point VL (determined as the geometric mean of VL between 1 and 12 months
postinfection). This is consistent with a previous study of both untreated and treated
MSM (15). In contrast in women no correlation between CD4� T cell activation and VL
was observed. This difference between the sexes also appears to be linked to the action
of estrogen, since we observed a significant negative association between E2 levels and
VL at the time of sampling, an effect that extended over the first year of infection and
did not appear to be influenced by plasma levels of progesterone. Furthermore, we
found that plasma levels of testosterone were in fact positively correlated with SPVL in
men, although there was not a significant relationship between contemporaneous
testosterone levels and viral load, as was observed with E2. The strong negative
correlation with E2 could provide an explanation, at least in part, for the consistently
lower early and SPVL observed in women versus men.

This conclusion is supported by the observation that E2 could reduce viral replica-
tion in PBMCs in vitro. Since cells involved in the immune response, including CD4� T
cells, are known to express the estrogen receptor, we sought to determine whether
estrogen could impact the replication of authentic transmitted founder viruses in
PBMCs (36). While previous studies have observed various effects of sex hormones on
HIV-1 replication, we show here that patient-derived T/F virus replication can be
inhibited after treatment of PBMCs with E2 (20–23). This may involve some of the same
interferon-based pathways influenced by E2 that govern CD4� T cell activation, since
the transcriptional levels of several ISGs have been shown to be elevated in immune
cells of women and some of these may contribute to more effective control of virus
replication. For example, Chang et al. (12) identified ISG15, which interferes with HIV-1
virion release from infected cells (37), as being more highly expressed in the CD4� T
cells of women than men. On the other hand, Das et al. recently reported that estradiol
treatment of CD4� T cells in an in vitro latency model reduced reactivation of latent
virus, by inducing higher levels of its receptor which bound to the HIV-1 LTR and
suppressed viral transcription directly (38). Additional studies will be important to
differentiate between these different possibilities. A limitation of the present study is
that the data shown here regarding the relationship between E2, CD4� T activation,
and viral replication are correlative and will require further studies to identify the direct
and indirect mechanisms by which these factors are related.

In this first study of sex differences in a cohort of heterosexually infected men and
women from Zambia, we have observed distinct differences in immune activation and
CD4 loss during acute HIV-1 infection. We identified E2 as a significant effector
molecule that can inhibit viral replication, while simultaneously exacerbating CD4� T
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cell activation and a more rapid loss of CD4� cells in HIV-1 infected women. Collec-
tively, these observations suggest a complex interplay between sex hormones and cells
of the immune system early in HIV infection in women, which may lead to limited
control of viral load and yet exacerbate CD4� T cell death.

MATERIALS AND METHODS
Study subjects. All participants in the Zambia Emory HIV Research Project discordant couples cohort

in Zambia and International AIDS Vaccine Initiative (IAVI) Protocol C were enrolled in human subjects
protocols approved by both the University of Zambia Research Ethics Committee and the Emory
University Institutional Review Board. Before enrollment, individuals received counseling and signed a
written informed consent form agreeing to participate. All subjects selected for this study were ART naive
at the time of sample collection or recording of viral load or CD4� T cell count in accordance with
standard of care and ART availability at the time (2006 to 2010). None of the female participants included
in the assays described here were pregnant at the time of sample collection. The ages (medians and
interquartile ranges [IQR]) of male and female subjects are shown in Table 1.

The algorithm used to determine the EDI has been previously described (13). Viral load measure-
ments below the limit of detection (LOD) were imputed using the formula LOD/sqrt(2) (39). Set-point
viral load (SPVL) was calculated as the mean of the log10VL values determined between 30 and 365 days
post-EDI.

Flow cytometry. Cryopreserved PBMCs isolated from 47 HIV-1-infected Zambians at 1, 9, and
30 months postinfection were analyzed by flow cytometry. Frozen PBMCs were thawed, washed once
with R20 (RPMI 1640 [Sigma-Aldrich, St. Louis, MO] containing 20% fetal bovine serum [FBS; Sigma-
Aldrich], 1% 1 M HEPES buffer [Sigma-Aldrich], 1% L-glutamine [Sigma-Aldrich], 1% penicillin-streptomycin
[Sigma-Aldrich], and 1% sodium pyruvate [Sigma-Aldrich]). Cells were counted using an automated cell
counter (Beckman Coulter, Brea, CA), and 1 million cells were held in R10 (10% FBS) medium for staining. At
that time, the cells were washed with 3 ml of Dulbecco phosphate-buffered saline (PBS) without Ca/Mg
(Sigma-Aldrich) and stained for 20 min at room temperature with Aqua Live/Dead amine dye-AmCyan
(Invitrogen, Carlsbad, CA). The cells were then washed once with R10, and anti-CCR7-APCR700 was added to
the cells, followed by incubation at 37°C for 15 min. The rest of the monoclonal antibodies, except anti-Ki67,
were then added, followed by incubation at room temperature for 20 min. After a washing step with PBS,
Cytofix/Cytoperm (BD, Franklin Lakes, NJ) was added to cells, followed by incubation at 4°C for 20 min. After
a washing step with Perm wash buffer, anti-Ki67-FITC was added to the cells. The 12-parameter panel is
shown in Table 2. All flow cytometry data were collected on an LSRFortessa (BD). Analyses of these data were
performed using FlowJo version 10 software (Tree Star, Ashland OR).

Sex steroid hormone ELISAs. Plasma levels of 17�-estradiol, testosterone, and progesterone were
measured in duplicate using commercially available enzyme-linked immunosorbent assays (ELISAs;
Thermo Fisher, Waltham, MA, for E2; Abcam, Cambridge, UK, for testosterone and progesterone)
according to the manufacturer’s instructions.

Viral replication. T/F virus sequences for six acutely infected Zambian individuals (235234, 235028,
305136, 305156, 235227, and 235212) were identified after near full-length genomic PCR amplification
and sequenced using Pacific Biosciences single-molecule long-read technology. The sequences were
corrected for base-call errors and assembled using the MFPseq platform (40). Infectious molecular clones

TABLE 1 Ages of male and female subjects

Figure

Median age in yr (IQR), no. of subjects

Female Male

Fig. 1A 32 (26–36.5), 72 35 (31–41), 86
Fig. 1B 31.5 (25.25–35.75), 56 34 (30.25–39), 60
Fig. 2 30 (25–33), 22 33 (28.5–37.5), 25

TABLE 2 Flow cytometry panel used for immunophenotyping

Antibody target Clone Fluorochrome Manufacturer

Viability NA AmCyan Invitrogen
CD3 SK7 APC H7 BD Pharmingen
CD4 RPA-T4 BV 605 BioLegend
CD8 RPA-T8 BV655 BD Horizon
CD45RO UCLH1 PECF594 BD Horizon
CCR7 3D12 APCR700 BD Horizon
CD27 M-T271 PeCy7 BD Pharmingen
HLADR L243 PE EBioscience
CD38 HB7 APC BD Horizon
PD1 EH12.1 BV421 BD Horizon
Ki67 35/Ki67 FITC BD Horizon
CD57 HNK-1 PerCP Cy5.5 BioLegend
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were generated from second-round amplicons as previously described (24) (GenBank accession numbers
KR820325, KR820393, and MT347678 to MT347681). Virus stocks were recovered after transfection of
293T cells, as described previously (41). E2 was resuspended in 100% ethanol and stored at �20°C in
100 mM aliquots. Frozen PBMCs from buffy coats were thawed and incubated for 72 h in R10 (Phenol
Red-free RPMI 1640 supplemented with 10% charcoal-stripped fetal bovine serum [Thermo Fisher] and
penicillin-streptomycin) containing 20 U/ml of IL-2 and 1 or 10 nM gamma-irradiated 17�-estradiol or vehicle
control (Sigma-Aldrich). The cells were then infected in 24-well plates by 2 h of spinoculation at 2,200 rpm at
a multiplicity of infection of 0.02. After spinoculation, the medium in the infection plate was diluted to a 2-ml
total volume with the same estradiol-containing medium. On days 2 and 3, the medium was replaced with
hormone-containing medium. Then, 50 �l of supernatant was sampled every 48 h starting after the replace-
ment of cell culture medium on day 3, and the reverse transcriptase activity was measured at each time point
using a radiolabeled reverse transcriptase assay, as previously described (42).

Statistical analyses. All statistical analysis was performed using Prism 8 (GraphPad Software, Inc.,
San Diego, CA) except for generalized linear models, which were generated using JMP Pro 13 (SAS
Institute, Inc., Cary, NC). Sequence analysis to determine T/F virus consensus genomes were performed
with Geneious (version 9; Biomatters, Auckland, New Zealand) using MUSCLE, followed by hand aligning.
The statistical tests used are indicated in each figure legend.

Data availability. Sequences are available in GenBank under accession numbers MT347678 to
MT347681.
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