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Abstract

Background—Hormonal changes during menstrual cycling may affect susceptibility to HIV.

Methods—We determined the SHIV acquisition time point in 43 cycling pigtail macaques

infected by repeated vaginal virus exposures initiated randomly in the cycle.

Results—SHIV infection was first detected in the follicular phase in 38 macaques (88%), and in

the luteal phase in 5 macaques (12%), indicating a statistically significant timing difference.

Assuming a 7-day eclipse phase, most infections occurred during or following a high-progesterone

period associated with menstruation, vaginal epithelium thinning and suppressed mucosal

immunity.

Conclusions—This raises questions whether other high progesterone conditions (pregnancy,

hormonal contraception) similarly affect HIV risk.

Keywords

HIV risk; HIV acquisition; menstrual cycle; reproductive hormone; hormonal contraception;
mucosal immunity

Introduction

Susceptibility to sexual HIV infection is variable in women (reviewed in [5]). High viral

load in the transmitter, co-infections or genetic determinants (also reviewed in [5]) are

known risk factors. Identification of additional susceptibility factors could prove beneficial

for HIV prevention efforts. In 2008, Wira and Fahey formulated the hypothesis that there is

a 7–10 day window of vulnerability to HIV infection during the menstrual cycle [18]. This

was postulated as a result of an observed, temporary suppression of mucosal immunity

during the cycle, likely to facilitate immune tolerance of paternal antigens during
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reproduction. During the first (follicular) phase of the cycle, the ovum has not yet matured

and there is no potential for pregnancy. Immune defenses are high, resulting in low

vulnerability to HIV. In contrast, in the later, luteal, progesterone-dominated phase of the

cycle initiated by ovulation, immunity is down-regulated to allow tolerance of potential

paternal antigens. Changes in mucosal barriers, e.g., in epithelial cell layer thickness and in

properties of mucus, also alter susceptibility to pathogens throughout the menstrual cycle

[2]. Wira and Fahey hypothesized that this results in highest susceptibility to HIV infection

late in the cycle. Experimental proof for the hypothesis has been elusive, likely due to

difficulties in timing both HIV acquisition and menstrual cycle accurately and

retrospectively in HIV-infected women.

We previously reported a window of high susceptibility to vaginal SHIV infection late in the

menstrual cycle of 19 pigtail macaques (macaca nemestrina) [16]. Contrary to rhesus

macaques (macaca mulatta), another macaque species commonly used for HIV research,

pigtail macaques have median 32-day menstrual cycles year-round, and no progestin

treatments are needed prior to vaginal S(H)IV infection in the repeat low-dose (RLD) virus

exposure model [9]. We used existing longitudinal specimens of opportunity to

retrospectively analyze the timing of infection relative to the menstrual cycle in control

animals from prevention evaluation trials [3–7]. Our analysis focused on the time point of

first virus detection following transmission, using a sensitive RT-PCR assay for early

detection of infection. Infection timing was found not to be random over the menstrual

cycle, but rather occurred in the follicular phase of the cycle for 18 of the 19 macaques [16].

Accounting for an eclipse period before infection was detected, we concluded that

transmission likely occurred at the end of the menstrual cycle, thus supporting Wira and

Fahey’s hypothesis. This also confirmed the conclusions of a small study in rhesus

macaques that did not reach statistical significance [15].

In this study, we further analyze susceptibility fluctuations by examining a larger number of

animals that totaled 46 with the addition of 27 newly analyzed macaques. Included in the

present analysis are three uninfected macaques, and a subset with twice-weekly rather than

once-weekly virus exposures and specimen collections. We now more extensively divide the

median 32-day cycle of pigtail macaques into four 8-day periods, as opposed to previous

analysis of only two, follicular and luteal, phases of the ovarian cycle. The 8-day periods

correspond approximately to commonly described phases of the ovarian and uterine cycle in

women [13], and permit analysis of periods with equal average virus exposures. The

follicular phase was further divided into menstrual and proliferative phases, during which

menstruation and then proliferation of the lining of the uterus occur, respectively. Within the

luteal phase, we analyzed secretory and pre-menstrual phases, representing progesterone

secretion by the corpus luteum and preparation for menstruation, respectively. Our results

confirm the existence of periods of increased vulnerability to SHIV infection in this species,

occurring during two 8-day pre-menstrual and menstrual phases.
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Materials and Methods

Humane Care Guidelines, Macaques, SHIV infections, Hormone analyses

Adult female pigtail macaques were purchased and housed at CDC according to humane

animal experimentation guidelines put forth by the National Research Council [8]. All

procedures were approved by CDC’s Institutional Animal Care and Use Committee.

Macaque infections were described [4, 9, 12, 14, 16]. Briefly, we obtained SHIVSF162P3

[3] from the NIH AIDS Research and Reference Reagent Program, and expanded the stock

on pigtail peripheral blood mononuclear cells in 2002 and 2008 (“old and new stock”,

respectively). Each stock was titrated in vivo; and used at 10 or 50 TCID-50, causing

infection after a median of four to five vaginal challenges (data not shown). Virus exposures

and blood collection were once or twice per week, as indicated in Table 1, and were given

regardless of whether macaques were menstruating or not. The timing of infection was when

plasma viral load first reached 50 copies/mL, determined with an in-house RT-PCR assay

[9, 16]. Infection data were retrospectively compared to menstrual cycle data (Table 1 and

Figure 1). Progesterone in blood plasma was analyzed at the University of Wisconsin

National Primate Center as described [16], from all available blood specimens. Day one of

the menstrual cycle was defined as the time point after steepest progesterone decline, as

previously described [16], cycles lasted until the following progesterone drop. We

previously found cycles of median 32 day length in our facility [16]. Macaque data were not

used when infections occurred before we could determine day one of the cycle. For analysis

purposes, we used the following phase definitions (in days): follicular: 1–16, luteal: 17–32,

and for sub-phases: menstrual: 1–8, proliferative 9–16, secretory: 17–24, pre-menstrual 25 –

32.

Statistical Analysis

A two-sided one sample test for proportion was conducted using SAS 9.2 (SAS institute,

Cary, NC) to examine if initial viremia detection in the luteal phase was different from that

in the follicular phase.

Results

Vaginal virus infection occurs mostly before and after menstruation, and infrequently in
mid-cycle

SHIV was first detected in the follicular phase in 38 of 43 (88%) macaques, compared to

five macaques (12%) in the luteal phase (Fig. 2A). The median menstrual cycle day of

detection was day nine. Three additional macaques remained uninfected despite documented

cycling (Table 1, Fig. 1H, 1K). The proportion of infections detected in the follicular phase

was 7.6- times as great as in the luteal phase. The difference was statistically significant

(P<0.0001, two-sided one sample test for proportion).

To further define when virus infection occurred rather than when infections were detected,

we subtracted an eclipse period from time point of initial viremia. Macaques 96PO17,

PQB1, and BB401 had initial viremia detected seven days after their first virus exposure

(Table 1, [12, 16]). We therefore subtracted an eclipse phase of seven days from the time
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point of virus detection, and analyzed likely virus transmissions in eight-day sub-phases

(Fig. 2B). Most virus infections from vaginal exposures occurred during the pre-menstrual

(n=17; 40%) and the subsequent menstrual (n=21; 49%) phases and few during the

proliferative (n=2; 5%) and secretory phases (n=3; 7%) (Fig. 2B).

To allow for greater accuracy in assessing menstrual cycle and time point of infection, we

analyzed a sub-group of 20 infected macaques with virus exposures and sample collection

twice, rather than once, per week. Eighteen macaques (90%) had first viremia detection in

follicular, and two in luteal phase (10%, Fig. 3A, P<0.0001, two-sided one sample test for

proportion). Again, assuming an eclipse period of seven days, most infections occurred

during the pre-menstrual (n=6; 30%) and the subsequent menstrual (n=12; 60%) phases and

few during the proliferative (n=1; 5%) and secretory phases (n=1; 5%; Fig. 3B).

Discussion

We report that susceptibility to vaginal SHIV infection is greater in the week before and

after menstruation than it is in the two mid-menstrual cycle weeks in pigtail macaques. The

study analyzed by the same methods a large number of cycling pigtail macaques (n=43

infected macaques). Our data confirm and expand key observations of our previous work

examining 19 macaques [16]. We now more precisely define a window of increased virus

transmission in the pre- and menstrual phases of the cycle. Fig. 2C schematically depicts

major reproductive events associated with these phases, as well as variations in suspected

HIV or SHIV susceptibility factors such as mucosal immunity and vaginal epithelial

thickness.

High susceptibility to infection was not only seen during the late luteal phase, as postulated

by Wira and Fahey, but also during menstruation, when progesterone levels have just

declined. This may be explained by a lingering effect of preceding high progesterone, as it

likely takes time to re-build the differentiated vaginal epithelial layers lost in the late luteal

phase, and to restore immune factors. It is also feasible that vascular permeability and

shedding of endometrial layers in the uterus during menstruation constitutes a breakdown of

a barrier against virus entry, although precise anatomical location of virus acquisition is

unknown in the macaque model and in women [2]. Intercourse during menses is practiced

by 3–30% of sexually active women according to some studies (reviewed in [7]). Our model

suggests an increased risk of HIV acquisition during that period.

Timing of infection in our model depends largely on accurately defining the eclipse period

for SHIV infection. While it is easy to determine eclipse periods that follow conventional

single high-dose challenges, RLD models do not readily allow such measurements because

infection rarely occurs after the first challenge. However, we note that of 43 infected

macaques, three had detectable viremia seven days after first virus exposure and thus had a

measured seven-day eclipse period, supporting use of this window in this study. We

recognize that animals may infrequently show longer eclipse phases and have indeed

identified one macaque for which infection was detected 14 days after last challenge (Table

1, macaque with ID 303). Eclipse length after vaginal low-dose S(H)IV challenge is not as

well studied as for intra-rectal exposures [6] and, therefore, could not be supported by
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literature data. Nevertheless, to better assess the impact of a potentially longer eclipse

period, we reanalyzed our data of Fig. 2A based on a 10-day eclipse phase. With this

window, 28% and 42% of infections had calculated transmission times during the menstrual

and pre-menstrual period, respectively, and the remaining 30% in mid-cycle (not shown).

Thus, the late luteal phase maintains the highest SHIV susceptibility, further supporting our

conclusions. A prospective study with virus exposures only in the luteal or follicular phase

could further corroborate infection risk during the menstrual cycle.

We also note that we only used progesterone measurements to define the beginning of each

cycle, constituting a potential study limitation. Considering other markers of ovulation,

corpus luteum formation and menstruation possibly could have allowed greater accuracy in

linking SHIV infection with reproductive events. The time segments correspond roughly,

but not entirely, to physiologic events. Pigtails have longer cycles than women (average 32

compared to 28 days, respectively [1, 13]), and sub-phases are not well described,

complicating a more in-depth evaluation of physiologic sub-phases.

We recently found that genital co-infections can alter vaginal SHIV susceptibility patterns

[4]. Subclinical infections, inflammation, or associated changes in the vaginal microbiome

and pH, may have contributed to the altered infection pattern of the five macaques in this

study with estimated transmission in mid cycle. Similarly, the three cycling but uninfected

animals may have host resistance factors that negated hormonal susceptibility periods. For

example, we have previously defined immune parameters such as systemic RANTES levels

associated with resistance to infection in this model [11]; other factors may be able to

override menstrual cycle-dependent susceptibility issues.

HIV infection risk during the menstrual cycle of women has not been sufficiently analyzed,

and it remains unknown whether similar windows of increased HIV vulnerability exist.

However, as summarized by Wira and Fahey [18], there is ample evidence of broad

regulation of host defenses during the human menstrual cycle, i.e., concerning innate, cell-

mediated, and humoral immunity, thickness of the vaginal epithelial layers, pH, amount and

permeability of cervical mucus, and composition of vaginal microflora, among others

(reviewed in [5, 18]). Research on the contribution of each of these factors and other factors

not yet identified may provide new targets for intervention. Furthermore, concerns remain

regarding HIV risk and hormonal contraception with progestins [10, 17] which prevent

pregnancy by mimicking the luteal phase of the cycle and pregnancy. We propose that

pigtail macaques are an invaluable model for sexual transmission studies, due to similarities

to human FRT physiology, and due to their demonstrated differential SHIV susceptibility

during the cycle.
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Figure 1. Progesterone levels and SHIV infection
A–L: Each graph depicts plasma progesterone levels for one macaque, used to identify day

one of the menstrual cycle (defined at steepest drop in progesterone). Cycles lasted until the

next progesterone drop occurred. Negative days indicate that day one of the cycle could not

be determined because no initial drop in progesterone was recorded. The first arrow (and

accompanying asterisk at menstrual cycle day) indicates initiation of virus exposures, the

second arrow (and asterisk) refers to time point of initial viremia > 49 copies/ml, except for
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in 1H and 1K, where it indicates the last virus challenge. Only data are shown that have not

been reported elsewhere.
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Figure 2. SHIV infection in relation to the menstrual cycle
A. The figure shows the number of macaques with detected infections during each day of

the menstrual cycle. Three uninfected animals are not shown. B. Time of infection was

calculated by subtracting a seven-day viral eclipse phase from the data shown in A. C.
Schematic depiction of reproductive events during the cycle, and select physiologic

processes with suspected effect on HIV susceptibility.
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Figure 3. SHIV infection in relation to the menstrual cycle in a subset of macaques with twice
weekly virus exposure and progesterone analysis
A. The figure shows data from 20 macaques with virus exposures and sample collection

performed twice per week (as opposed to once per week). The number of macaques is given

with detected infections during each day of the menstrual cycle. B. Time of infection was

calculated by subtracting a seven-day viral eclipse phase from the data shown in A.
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