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Abstract

The purpose of this study was to evaluate differences in vaginal immune cell populations, vaginal tissue gene
expression, antimicrobial activity of the cervicovaginal (CV) lavage (CVL), vaginal flora, and p24 antigen
production from CV tissues after ex vivo human immunodeficiency virus (HIV) infection between follicular
(FOL) and luteal (LUT) phases of the menstrual cycle. CV tissue biopsies, CV secretions, and blood samples
were obtained as part of two longitudinal clinical trials of healthy women (CONRAD D11-119 and A12-124
studies). Participants (n = 39) were HIV-seronegative women not using exogenous hormone supplementation,
with normal menstrual cycles, who were screened to exclude sexually transmitted and reproductive tract
infections. Serum levels of estradiol and progesterone were significantly higher in the LUT versus the FOL
phase of the menstrual cycle. Controlling for race, reported contraceptive use/sexual practices, and clinical trial,
we found no differences in vaginal tissue immune cell populations and activation status, transcriptomes,
inhibition of HIV, herpes simplex virus type 2 and Escherichia coli by the CVL, vaginal pH or Nugent score, or
production of p24 antigen after ex vivo infection by HIV-1BaL between CV samples obtained in the FOL phase
versus the LUT phase of the menstrual cycle. There were no significant correlations between serum estradiol
and progesterone levels and CV endpoints. The hypothesis that the LUT phase of the menstrual cycle represents
a more vulnerable stage for mucosal infection with HIV was not supported by data from samples obtained from
the lower genital tract (ectocervix and vagina) from these two clinical trials.

Introduction

Women are more susceptible than men to sexually
acquire human immunodeficiency virus type 1 (HIV-1)

infection.1–4 In regions of the world where HIV-1 inci-
dence is highest, more women are newly infected per year
than men.5 While social, behavioral, and economic con-
ditions are certainly factors in the increasing incidence of
HIV-1 in women, there has been an emphasis on the role of
endogenous6 and exogenous7 hormones as cofactors in HIV-
1 acquisition or infection and disease progression. Obser-
vational and prospective longitudinal studies support that
pregnancy and lactation, characterized by high serum pro-

gesterone (4-pregnene-3,20-dione or P4) and low serum es-
tradiol [1,3,5(10)-estratriene-3,17beta-diol or E2] levels, are
also associated with an increased risk of HIV-1 acquisition
compared with nonlactating nonpregnant controls.8–10 All
women experience fluctuations of endogenous hormones as
part of the normal menstrual cycle and menopause and
therefore it is critical to understand the effect of these hor-
monal states on the early mucosal events of HIV-1 acquisi-
tion and transmission.

A general hypothesis that the luteal (LUT) phase of the
menstrual cycle is a more vulnerable time for HIV-1 acqui-
sition in women has been postulated based on the theory that
components of the mucosal immune system in the female
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reproductive tract are suppressed or altered in the 7–10 days
following ovulation to permit influx of paternal antigens,
fertilization, and embryo implantation in the endometrium
(reviewed in Wira and Fahey11). Studies demonstrated that
rhesus12 and pigtail macaques13,14 were more vulnerable to
Simian human immunodeficiency virus (SHIV) infection in the
LUT phase of the menstrual cycle13 and this vulnerability to
infection persisted during menstruation.14 This may be due to
the temporary immune suppression by high P4 levels during
the LUT phase or to the thinning of the cervicovaginal (CV)
epithelium in macaques during the P4-dominant LUT phase.14

Much of the data supporting mucosal vulnerability to HIV
infection in the LUT phase come from evidence of immune
suppression, increases in HIV target cells,15 or other inter-
actions between the immune and endocrine systems found in
studies of endometrial explants15–17 (reviewed in Wira and
Fahey11) or data showing increases in proinflammatory cy-
tokines in endocervical mucus.18

However, there is a paucity of data regarding the effect of
the menstrual cycle on immune cell recruitment and activa-
tion in the lower reproductive tract, including the ectocervix
and vagina,19,20 with some studies showing no changes in
CD4 and CCR5-positive cells, based on the menstrual cycle,
in ectocervical explants.21

Previous studies regarding the effect of endogenous hor-
mones on mucosal HIV targets in the lower genital tract have
been done primarily with explants obtained from women
undergoing elective surgeries such as hysterectomies21–25 or
among small cohorts of women in a longitudinal19,26–28 or
cross-sectional design.29 While surgical explants offer con-
venience and supply tissue without invasive biopsy proce-
dures, women undergoing indicated surgery invariably have
a host of medical comorbidities and concomitant medication
use, which may affect study endpoints.30 In addition, all
women undergoing hysterectomy receive preoperative anti-
biotics31 and a CV wash with either surfactants or 10%
povidone–iodine32,33 as part of standard preoperative infec-
tion prevention procedures. Paired samples from various
menstrual cycle phases obviously cannot be obtained from
women undergoing removal of the uterus and cervix. Given
these confounding factors, there is a paucity of human data
that directly examine the impact of menstrual phase on HIV-1
susceptibility.

We present herein paired data from two clinical trials in
which a well-screened population of healthy HIV-seronegative
women, with normal menstrual cycles, no reproductive tract
infections (RTIs), and no exposure to exogenous hormones,
provided genital samples at baseline in follicular (FOL) and
LUT phases of the menstrual cycle. The objective of this
analysis was to determine if there were inherent mucosal
differences between FOL and LUT phases of the menstrual
cycle that could result in increased susceptibility to HIV by
comparing vaginal immune cell populations, transcriptome,
pH and Nugent score,34 antimicrobial activity of CV secre-
tions, and p24 antigen production after ex vivo HIV-1BaL

infection of CV tissues.

Methods

Clinical trials included

The CONRAD D11-119 study (S119) was designed to
compare biologic endpoints in the lower genital tract in-

volved in the early events of HIV-1 acquisition after in vivo
exposure to proinflammatory (nonoxynol-9, imiquimod) and
noninflammatory (hydroxyethyl cellulose placebo gel) vag-
inal products. The CONRAD A12-124 study (S124) was
designed to compare biologic markers associated with HIV-1
acquisition in premenopausal and postmenopausal women at
baseline and after exposure to tenofovir vaginal gel. The
baseline visit samples for healthy premenopausal women are
reported in this article.

S119 was approved by the Chesapeake Institutional
Review Board (IRB) (No. Pro00006917) with a waiver of
oversight from the Eastern Virginia Medical School (EVMS)
IRB and was registered with ClinicalTrials.gov (No.
NCT01593124). S124 was approved by the EVMS IRB
(No. 13-02-FB-0017) and registered with ClinicalTrials.gov
(No. NCT01810315). All S119 and S124 participants were
seen and examined at the CONRAD Clinical Research Center
at EVMS in Norfolk, VA.

Both studies enrolled healthy HIV-seronegative women,
aged 21–45 years, who did not smoke or take exogenous
hormones, with normal menstrual cycles, every 24–35 days.
Dates of the participants’ last three menstrual cycles were
recorded at the screening visit to verify that the menstrual
cycles were regular. The average menstrual cycle length for
each participant was calculated based on her last three
menstrual cycles. All participants were screened, at visit 1
(V1), for the presence of exclusionary RTIs, including bac-
terial vaginosis (BV), yeast vaginitis, Trichomonas vaginalis,
Neisseria gonorrhoeae, Chlamydia trachomatis, and cervical
dysplasia. In S119, participants were also screened for high-
risk human papillomavirus subtypes and past exposure to
antibodies (IgG) to herpes simplex virus type 2 (HSV-2),
which were exclusionary. In S124, premenopausal partici-
pants had to demonstrate an LUT phase serum P4 level of
3 ng/ml or greater, to document ovulatory status, before
baseline sampling in FOL and LUT phases.

Enrolled participants in both trials underwent two baseline
sampling visits in FOL (menstrual cycle days 5–13) (visit 2,
V2) and LUT (menstrual cycle days 18–26) (visit 3, V3)
phases of the menstrual cycle. Genital sampling did not occur
when menstrual blood was present in the vagina. Participants
in S124 also had serum samples for E2 and P4 levels obtained
at both baseline visits.

At each visit, point-of-care testing for prostate-specific
antigen was performed to exclude recent vaginal semen ex-
posure (ABAcard; Abacus Diagnostics). After confirming the
absence of recent semen exposure, the following samples
were obtained: (1) sterile swabs for vaginal pH and Nugent
score, (2) a cervicovaginal lavage (CVL) with 4 cc of sterile
saline, (3) vaginal tissue biopsies for gene expression and for
immune cell population phenotype, and (4) ectocervical tis-
sue (S124) or vaginal tissue (S119) for p24 antigen produc-
tion after ex vivo HIV-1BaL infection. For all genital tissue
biopsy sites, except the biopsy for p24 antigen production,
20% benzocaine gel (Topex; Sultan Healthcare) was applied
to the ectocervix and vagina for pain control before obtaining
the CV biopsies. Ferric subsulfate 20% (Monsel’s solution)
and pressure were applied to the biopsy sites to control
bleeding. Women were instructed to place nothing in the
vagina for 5 days after the biopsy procedures. Procedures for
CV tissue biopsies in mucosal safety and clinical trials were
followed as recently outlined.35
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Vaginal pH and Nugent score

A Dacron swab was used to collect vaginal cells and se-
cretions and rolled onto a glass slide. The pH was measured
using pH paper with a range of 4.0–7.0 (MColorpHast ph
Indicator strips; EMD Millipore). A Gram stain was per-
formed and the Nugent score was assessed on site by one of
the investigators (A.R.T. or T.K.) by previously described
methods.34

Antimicrobial activity of the CVL

Within 30 min of collection, the CVL was centrifuged at
4�C for 10 min at 500 · g. Aliquots of CVL supernatant were
stored at -80�C and shipped to the laboratory of B.Herold,
MD, at Albert Einstein College of Medicine for testing of the
antimicrobial activity of the CVL. The activity of CVL
against HIV-1, herpes simplex type 2 virus (HSV-2), and
Escherichia coli was measured within 12 months of collec-
tion, as previously described.20

For anti-HIV activity, TZM-bl cells were cultured in
96-well plates overnight. The cells were challenged with
HIV-1BaL (*103 TCID50) mixed 1:1 with CVL or control
buffer (normal saline containing 200 lg/ml of bovine serum
albumin). After 48 h of incubation at 37�C, the inoculum was
removed by washing, cells were lysed with addition of lu-
ciferase cell culture lysis reagent (Promega), and the samples
were stored at -80�C. Luciferase activity was assessed (Lu-
ciferase Assay System; Promega) and expressed in relative
light units. Mock infected cells served as a negative control
and wells in which tenofovir (100 lg/ml) was added served as
an internal positive assay control. Inhibition of HIV infection
was expressed as mean percent reduction compared with
control. All samples were tested in triplicate.

To assess the anti-E. coli activity, bacteria (ATCC strain
43827) were grown overnight to stationary phase, and then
3 ll of culture (*109 colony-forming units/ml) was mixed
with 27 ll of CVL or control buffer (20 mmol/liter potassium
phosphate, 60 mmol/liter sodium chloride, 0.2 mg/ml albu-
min, pH 4.5) and incubated at 37�C for 2 h. The mixtures
were further diluted in genital tract buffer [806 mol/liter
KH2PO4, 59.89 mmol/liter NaCl, enriched with 30% trypti-
case soy broth (TSB)] to yield 800–1,000 colonies on control
plates and plated in duplicate on agar enriched with TSB.
Colonies were counted using ImageQuant TL v2005 after an
overnight incubation at 37�C. Results are presented as the
mean percentage inhibition relative to colonies formed on
control plates. Bacteria cultured with 10,000 U of penicillin/
10,000 g/ml streptomycin served as an internal positive assay
control and consistently showed 100% inhibition of colony
formation.

For anti-HSV activity, Vero cells were challenged in du-
plicate with *50–200 plaque-forming units of HSV-2(G)
mixed 1:1 with each CVL or control buffer (normal saline
containing 200 lg/ml bovine serum albumin) and plaques
were counted after 48 h, as previously described.20

Analysis of vaginal immune cell populations
and histology

For the immunohistochemistry (IHC) analyses, one vagi-
nal biopsy from each visit was placed in 10% neutral buffered
formalin for 24–48 h. After the completion of fixation, the

tissues were transferred to an embedding cassette and pro-
cessed overnight in the Tissue-Tek V.I.P, Vacuum Infiltration
Processor (E150 Series; Sakura Finetek). The infiltration
program involves a scheduled sequence of solutions [from
phosphate-buffered saline (PBS), through increasing percent
grades of ethanol solutions, to xylene, and finally to paraffin
at (58�C)]. After the completion of paraffin processing, tissue
blocks of the vaginal biopsies were cut into 5-lm sections.
IHC staining of tissue sections was performed using the ABC
method (avidin:biotinylated enzyme complex from Vector
labs). Briefly, the slides were deparaffinized, and rehydrated,
followed by antigen retrieval in citrate buffer (pH 6.2; Dako)
at high temperature. Nonspecific binding was blocked using
specific protein block for 30 min at room temperature. After
washing with PBS, the slides were incubated overnight with
primary antibody at 4�C. Slides were then washed with PBS
and subjected to biotinylated secondary antibody, followed
by ABC reagent. The antigens were detected using the AEC
chromogen substrate kit (SkyTek Labs) and mounted with
Accergyl mounting media (Accurate Chemicals). Cell phe-
notype was identified using specific monoclonal antibodies
against CD45, CD3, CD8, CD1a, CD68, CCR5, CD4, and
HLA-DR. Positive stained cells were counted under the mi-
croscope (Nikon E-800). In brief, five to six fields were
randomly selected using a Nikon E800 microscope from each
section and these images were captured using a CCD camera
(Spot Camera; Diagnostic Instruments). Cell density was
expressed as cells/mm2.

RNA isolation

One vaginal biopsy from each visit was placed in RNA
later solution (Ambion AM7021; Ambion Life Sciences) and
frozen at -80�C. For RNA isolation, tissue was homogenized
with TRIzol (Invitrogen Life Technologies) using OMNI
international homogenizer and total RNA was extracted and
then purified using RNeasy mini kit columns (Qiagen) ac-
cording to the manufacturers’ instructions.

Vaginal tissue microarray gene expression analysis

Gene expression analysis using Affymetrix U133 Plus 2
arrays and data processing using Biometric Research Branch
(BRB)-ArrayTools version 4.4.0 (National Cancer Institute,
available at http://linus.nci.nih.gov/BRB-ArrayTools.html)
were performed as previously described.36 The U133 Plus 2
Affymetrix chip contains more than 56,000 probe sets that
encompass 38,500 well-characterized human genes and ex-
pressed sequence tags. Genes with false discovery rate
(FDR)-corrected p-values <.0537 and showing fold change
differences ‡2 between groups were considered as differen-
tially expressed. A total of 1,000 permutations were com-
pleted to identify a list of genes containing less than 5% false
positives at a confidence of 80%.

Gene set expression analysis

Gene set expression comparison was performed using the
BRB array tool as described in Simon and Lam BRB array
tool user guide (http://linus.nci.nih.gov/brb). Annotated gene
sets were from the collection of Broad Institute Molecular
Signature Database (MSigDB). Tests used to find significant
gene sets were Fisher (LS) and the Kolmogorov–Smirnov
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(KS) permutation tests. LS/KS permutation test finds gene
sets that have more genes differentially expressed among the
phenotype classes than expected by chance. The threshold of
determining significant gene sets was 0.005.

HIV-1 p24 antigen production from ectocervical
or vaginal tissue biopsies after ex vivo infection

In the D11-119 study, a vaginal tissue biopsy and, in the
A12-124 study, an ectocervical tissue biopsy was obtained
without the use of topical anesthetic. CV tissue biopsies were
placed in a microcentrifuge tube containing complete Lei-
bovitz 15 tissue culture media (cL15; Gibco) supplemented
with 10% heat-inactivated fetal bovine serum (Hyclone),
100 U/ml penicillin, and 100 lg/ml streptomycin (Gibco).
Biopsy samples were kept on ice and shipped through over-
night courier to the laboratory of Dr. Susana Asin (V.A.
Medical Center). The following day, the biopsies were sta-
bilized for 4 h at 37�C and infected with 104 TCID50 of
HIVBAL in a final volume of 100 ll per well in a 96-well
plate. After overnight infection, the tissues were extensively
washed (five times) to eliminate residual input virus and
cultured in cL15 medium for 21 days. A sample of the culture
supernatants was collected after the final wash (day 0). At day
4 after infection, all of the supernatant (100 ll) was collected
and replaced with an equivalent volume of cL15. Super-
natants were also collected at days 7, 11, 14, 18, and 21 after
infection. At each time point, 50% of tissue culture super-
natants were collected and replaced with an equivalent vol-
ume of fresh cL15. On day 21, the tissues were weighed;
genomic DNA was isolated and evaluated for HIV-1 reverse
transcription (viral DNA) by real-time polymerase chain re-
action. Day 0, 7, 14, and 21 supernatants were evaluated for
HIV-1 p24 antigen expression by ELISA (Perkin Elmer).

Statistical analyses were performed with SAS version 9.3.
Descriptive statistics included mean, median, standard de-
viation, and range for continuous variables and frequencies
and percentages for categorical variables. Normality of the
data from the separate (D11-119 and A12-124) and combined
study populations was examined. Continuous endpoints from
the two separate studies were compared using an independent
samples t-test for normally distributed data or Wilcoxon–
Mann–Whitney test for non-normally distributed data. For
categorical variables, chi square statistic or Fisher’s exact
tests were used as indicated by expected cell size. Paired
comparisons were performed to compare FOL phase versus
LUT phase samples taken from the same participant. To
achieve normality, data were log transformed, as indicated,
for the analyses of p24 production and immune cell types as
has been previously done.38,39 For the analyses of p24 antigen
production, categorization of infected versus not infected
samples was done using 0.1 log steps and a Boolean method,
followed by comparison of infected versus not infected
samples by Fisher’s exact test or McNemar’s statistic as
appropriate.40 Log transformation of the antimicrobial data
could not be performed because some of the data points were
negative numbers.

Multiple regression analyses were performed to evaluate
the differences in the FOL phase versus LUT phase, con-
trolling for participant race, contraceptive/sexual practices,
and study [a marker of tissue source (cervical or vaginal) for
p24 comparisons].

Spearman or Pearson correlation coefficients were cal-
culated between serum E2 and P4 and each CV endpoint
(immune cell populations, vaginal epithelial thickness,
number of vaginal epithelial cell layers, antimicrobial ac-
tivity of the CVL, Nugent score, vaginal pH, and p24 an-
tigen production) for participants enrolled in the S124
study. Linear regression analyses were performed to de-
termine if the day of menstrual cycle sampling could predict
any CV endpoint (noted above).

To estimate the day of ovulation, we determined each par-
ticipant’s average menstrual cycle length and subtracted 14 as
the LUT phase of the menstrual cycle is typically the most
constant phase of the cycle. Additional repeated-measures
analyses were performed to evaluate differences in the end-
points based on whether samples were obtained in the early
FOL phase versus preovulatory phase (up to 4 days preceding
estimated ovulation) and early (up to 4 days post ovulation)
versus late (5 days or more post ovulation) LUT phase.

Statistical significance was determined at the level of al-
pha = 0.05.

Results

There were a total of 39 paired FOL and LUT phase
samples obtained from both studies (Fig. 1). There were
statistically significant differences in race of participants
enrolled in the two studies (Table 1), with a higher proportion
of African American women enrolled in the S119 study.
Although no participant used exogenous hormones for con-
traception, there was a difference in contraceptive use and
sexual practices reported by participants in the two studies,
with a higher proportion of condom users and women in
same-sex relationships in the S119 study. Women in the S124
study most commonly used a tubal ligation for contraception.
We therefore controlled for race and contraceptive use/sexual
practices in the regression analyses.

In both studies combined, FOL phase sampling (V2) was
performed on menstrual cycle day 8.7 – 2.3 (range 5–13),
while LUT phase sampling (V3) was performed on menstrual
cycle day 22.3 – 2.9 (range 18–26). Serum E2 and P4 levels
from participants in the S124 study were significantly higher
in the late LUT phase compared with the early FOL phase
( p < .05). In FOL and LUT phases, respectively, mean serum
E2 levels were 76.1 – 63.3 pg/ml and 121.3 – 75.7 pg/ml and
serum P4 levels were 0.4 – 0.2 ng/ml and 7.2 – 5.2 ng/ml.

In the unadjusted paired comparisons, all dependent vari-
ables (antimicrobial activity of the CVL, vaginal pH, vaginal
Nugent score, vaginal immune cell density, vaginal epithelial
thickness, number of vaginal cell layers, and ectocervical or
vaginal p24 antigen production) showed no significant dif-
ferences between FOL and LUT phases for the combined data
(Table 2, all unadjusted p-values >.14) and when the data
were analyzed separately for each study (data not shown).
Examples of the nonsignificant differences between p24 an-
tigen production in the FOL phase versus LUT phase for
vaginal (S119) and ectocervical (S124) samples, analyzed
separately, are shown in Figure 2a–d.

HIV-1 reverse transcription at day 21 of tissue culture was
set to 1 for the FOL phase and 1/LUT for the LUT phase. For
all samples, HIV-1 reverse transcription at day 21 in the LUT
phase (median 0.5) was not significantly different than 1
( p = .32)
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We found that vaginal tissue biopsies obtained in S119
produced significantly higher levels of p24 antigen area under
the curve (AUC), cumulative, maximum, soft endpoint, and
p24 production at days 7, 14, and 21, and HIV-1 reverse
transcription at day 21 than ectocervical tissue biopsies ob-
tained in S124 (all p-values <.01, data not shown). We
therefore controlled for tissue source (ectocervical vs. vagi-
nal) in the adjusted analyses of the combined data by con-
trolling for the study in which the participant was enrolled.
p24 antigen production was normalized to tissue weight. The
average weight of vaginal biopsies was 35 – 17 mg, while the
average weight of ectocervical biopsies was 25 – 14 mg.

There were no significant differences in p24 antigen pro-
duction, categorizing samples as infected versus noninfected,
using Boolean categorization for p24 antigen production at
days 0, 14, and 21, as well as cumulative, AUC, and soft
endpoint p24 antigen production.38,39 Of the over 1,200
Boolean categorical comparisons generated, less than 1%
showed statistically significant differences between FOL and
LUT phases.

Table 2 demonstrates that there were no significant dif-
ferences in vaginal immune cell populations, vaginal histol-
ogy, vaginal pH, vaginal Nugent score, antimicrobial activity
of the CVL, or p24 antigen production from vaginal or ec-
tocervical tissues obtained in the FOL phase versus the LUT
phase, adjusting for patient race, contraceptive/sexual prac-

tices, and study. Representative graphs of changes in vaginal
thickness in micrometers (lm), number of vaginal cell layers,
and CD45, CD3, CD4, and CCR5-positive cells in the vaginal
epithelium are shown in Figure 4a–f and representative
photographs of vaginal immune cells seen in the FOL phase
versus LUT phase are shown in Figure 5a–c.

Comparison of gene expression profiles in vaginal tissues
at FOL and LUT phases revealed only one gene to be dif-
ferentially expressed (FDR-corrected p-value <.05, fold
change ‡2 as described in the Methods section) (heat map for
2,295 genes shown in Fig. 3a). Gene expression of histidine
ammonia lyase (HAL) was 2.4 times higher in the LUT phase
compared with the FOL phase. There were no differences in
up- or downregulation greater than twofold for any other
genes analyzed using the U133 Plus 2 Affymetrix chip. A
heat map demonstrating HAL expression in the 76 vaginal
tissues from 38 study participants is shown in Figure 3b.

There were several gene sets and pathways, which had
differential expression in the LUT phase versus the FOL
phase, linked to interferon involvement and inflammation
(Table 3 and Supplementary Table S1; Supplementary Data
are available online at www.liebertpub.com/aid). The genes
in these gene sets included several cytokines, chemokines,
and interferon-induced genes, which were slightly upregu-
lated (fold change <1.5, p-value >.005) in the LUT phase
compared with the FOL phase.

FIG. 1. Screening, enroll-
ment, and follow-up diagram
for CONRAD D11-119 and
CONRAD A12-124 studies.
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We found no significant correlations between serum E2 or
serum P4 and any CV endpoint (vaginal tissue immune cell
counts, vaginal epithelial thickness, number of vaginal cell
layers, antimicrobial activity of the CVL, vaginal pH, Nugent
score, and ectocervical p24 antigen production) (all p-values
>.35, data not shown).

There were also no significant linear models using men-
strual cycle sampling day as a continuous variable and any of
the CV endpoints (all p-values >.05, data not shown). There
were no significant differences in CV endpoints when the
menstrual cycle sampling phase was subcategorized into four
groups (early FOL, preovulatory, early LUT, and late LUT)
based on estimated day of ovulation (all p-values >.20, data
not shown).

Discussion

The results of these studies represent a comprehensive
characterization of biologic endpoints in the lower female
reproductive tract, which are potentially related to HIV ac-
quisition in a well-screened population of healthy, premen-
opausal HIV-seronegative women with normal menstrual
cycles. We found no significant differences in vaginal im-
mune cell populations, vaginal pH, Nugent score, the anti-
microbial activity of CV secretions, or p24 antigen
production after ex vivo HIV-1BaL infection of ectocervical
and vaginal samples obtained in the FOL phase versus the
LUT phase of the menstrual cycle. Of the *38,500 genes
examined, only 1 gene, HAL, was significantly upregulated
(greater than twofold) in vaginal tissues in the LUT phase
compared with the FOL phase.

No significant differences in vaginal immune
cells between FOL and LUT phases

Previous studies indicated that there were significant al-
terations in endometrial immune cells in response to endog-
enous reproductive hormonal fluctuations.16,17 In studies of
the upper reproductive tract, it was hypothesized that high
levels of serum E2 and P4 in the LUT phase downregulated
cytotoxic T lymphocyte activity in the uterus.41 We did not
study immune cell function or activity. Our findings of no
significant changes in vaginal tissue immune cells between
FOL and LUT phases of the menstrual cycle are consistent
with previous studies of rhesus macaques42 and in human
studies using vaginal and ectocervical explants,21–24 classi-
fied as FOL or LUT phase based on endometrial histology.43

Specifically, semiquantitative levels of HIV target cells CD4,
CCR5, and CXCR4 and GalCer in leukocyte populations in
the ectocervix did not vary significantly with phase of the
menstrual cycle.21 Although the concentration of leukocytes
was found to be generally higher in upper reproductive tract
explants (fallopian tubes, endometrium, endocervix) com-
pared with lower reproductive tract (ectocervical and vaginal)
explants, there were no significant differences in immune cell
concentrations of ectocervical and vaginal explants obtained
in the FOL phase versus LUT phase of the menstrual cycle.24

Patton et al. reported that the absolute number of Lang-
erhans cells (CD1a), macrophages (KP1), CD4 and CD8
lymphocytes, and neutrophil cell populations in vaginal bi-
opsies obtained from naturally cycling women (n = 11) was
not significantly different between the early FOL, periovu-
latory, and late LUT phases.44

Table 1. Demographic Characteristics of Study Populations in the D11-119 and A12-124 Studies

Continuous variable (units)

S119 S124

p-valuen Mean SD n Mean SD

Age (years) 19 32.3 6.6 20 35.2 6 .10
BMI (kg/m2) 19 32.8 9.5 20 31.9 9.8 .82
Years of education 19 14.1 1.9 20 14 1.5 .85
Gravidity 19 2.2 2 20 3.1 1.6 .07
Menstrual cycle length 19 29.1 1.4 20 29.4 1.7 .95
Day of FOL phase sampling 19 9.7 2.4 20 7.7 1.9 .10
Day of LUT phase sampling 19 22.3 2.7 20 22.3 3.1 .56

Categorical variable

S119 S124

p-valuen % in study n % in study

Ethnicity .12
Hispanic 0 0 3 15
Non-Hispanic 19 100 17 85

Race .01
Black/African American 13 68 6 30
Native Indian/Alaska Native 0 0 1 5
White 6 32 13 65

Contraception/sexual practices <.01
Abstinence 4 21 3 15
Tubal ligation 4 21 8 40
Male condoms 8 42 7 35
Same-sex relationship 2 11 0 0
Male vasectomy 1 5 2 10

FOL, follicular; LUT, luteal.
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In a small cross-sectional study, including men, post-
menopausal, and pregnant and nonpregnant premenopausal
women, serum P4 levels were significantly associated with
CCR5 expression on peripheral blood mononuclear cells
(PBMCs).45 Vaginal tissue biopsies were obtained from a
subset of the pregnant women (n = 12), including three
women in active labor. Pregnant and laboring women had
significantly higher proportions of vaginal CD3- and CD14-

cells expressing CCR5 compared with nonpregnant women
and women in the first trimester of pregnancy, and serum P4
levels were significantly associated with an increased per-
centage of vaginal tissue cells expressing CCR5.45 Al-
though this study accounts for a range of endogenous
hormonal states, it is likely that the inflammatory state of the
genital tract and other covariates differed significantly
among cohorts.45

No significant differences in the antimicrobial
activity of the CVL

The secretion of cervical mucus is significantly influenced
by endogenous reproductive hormones, with cervical mucus
volume peaking with surges in preovulatory serum E2.46–48

The biologic rationale for differences in antimicrobial ac-
tivity of the CVL is based on data from small cohorts showing
that secreted cytokines, chemokines, and other cationic anti-
microbial polypeptides in the vagina have significant alter-
ations in concentrations based on the phase of the menstrual
cycle with immune factors such as IL-6, IL-1b, IL-1RA, and
MIP-1b being significantly higher in the FOL phase versus the
LUT phase,19,27 while IL-1a and b-defensin were significantly
elevated in the LUT phase.27 Keller et al. found that immune
mediators, SLPI, a and b defensins, lysozyme, and lactoferrin,
were significantly lower at mid-cycle ovulation compared with
both the FOL and LUT phases.20 Secretion of mannose-
binding lectin, a molecule in the complement system that plays
a critical role in host protection, from vaginal epithelial cells is
increased in the LUT phase of the menstrual cycle.49

Other investigations found that CV immune mediators did
not change based on the menstrual cycle (e.g., IL-10, TNF-a,
IL-8, RANTES, and TNFR II),19,26,50 but were higher during
menstruation.26,50 Genital tract cytokines have also been
shown to vary based on clinical factors, such as cervical ec-
topy, inflammation, and sexual activity.27,51

An important functional assay, which may incorporate
host contributions of cytokines, chemokines, and vaginal

Table 2. Effect of Follicular Versus Luteal Phase on Study Endpoints

Variable (units)

FOL phase in S119 and
S124 studies (n = 39)

LUT phase in S119 and
S124 studies (n = 39)

Unadjusted
p-value

Adjusted
p-value*Mean SD Mean SD

Antimicrobial activity of the CVL (% Inhibition)
HSV-2 inhibition 42.6 33.5 51 31.2 .24 .24
E. coli inhibition 18.2 43.3 32.4 45.1 .32 .12
HIV inhibition 17.6 49.3 14.3 48.3 .99 .76

p24 antigen production from vaginal (S119) or ectocervical (S124) tissue biopsies (pg.ml · mg tissue)
p24_0 1.7 2.2 1.9 2.7 .32 .71
p24_7 27.6 33.4 54.8 123 .42 .17
p24_14 41.7 51.1 72.5 133.1 .61 .15
p24_21 97 254.1 81.8 155.1 .63 .74
p24_Soft 83.4 241.9 79.6 154.2 .87 .94
p24_Cum 168.1 287.1 211 379.4 .77 .53
p24_Max 105.9 253.5 95.2 168.7 .85 .82
p24_AUC 831 1176.7 1183.8 2140.8 .70 .32

Immune cell populations (cells/mm2) in the EPI and LP and vaginal tissue histology
Epithelial thickness (lm) 273 102.4 312.8 112.4 .14 .08
Number of cell layers 24.5 6.5 26.7 7.5 .42 .07
CD45 EPI 120.8 60.5 95.5 41.7 .63 .07
CD45 LP 75 39.2 69.4 35 .41 .55
CD3 EPI 87.3 44.1 70.2 33.2 .99 .15
CD3 LP 47.1 29.6 46.4 26.7 .41 .91
CD8 EPI 59.7 33.1 49.8 25.2 .99 .12
CD8 LP 31.3 24.7 29.7 17.7 .61 .78
CD4 EPI 0 0 0.1 0.3 .50 .17
CD4 LP 2.3 4 2.2 3.5 .65 .93
CCR5 EPI 0 0 0 0.2 .99 .30
CCR5 LP 3.3 4.9 3.4 5 .84 .91
HLADR EPI 45 26 51.1 33.3 .62 .35
HLADR LP 36.1 24.5 41.5 23.3 .50 .27

Vaginal microflora
Vaginal pH 4.3 0.4 4.4 0.3 .82 .85
Nugent score 2.5 2.8 2.8 3.0 .85 .66

*p-Value of visit adjusted for race, study, and contraceptive use/sexual practices.
AUC, area under the curve; CVL, cervicovaginal lavage; EPI, epithelium; HIV, human immunodeficiency virus; LP, lamina propria.
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FIG. 2. No differences in
p24 antigen production be-
tween follicular (FOL) phase
versus luteal (LUT) phase.
(a) Vaginal tissue (119
study) p24 area under the
curve (AUC), FOL versus
LUT. (b) Ectocervical tissue
(124 study) p24 AUC, FOL
versus LUT. (c) Vaginal tis-
sue (119 study) p24 cumu-
lative, FOL versus LUT. (d)
Ectocervical tissue (124
study) p24 cumulative, FOL
versus LUT.

FIG. 3. (a) Heat map ex-
pression of 2,295 genes in
FOL phase versus LUT phase
in vaginal tissues. (b) Heat
map of expression of histi-
dine ammonia lyase (HAL)
in vaginal tissue obtained in
FOL and LUT phases.
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microflora, is the antimicrobial activity of the CVL as this
helps to model how these factors may potentially work in
concert to either protect or enhance infection. Our data are
consistent with a cross-sectional study of premenopausal
women, sampled either in the FOL (n = 26) or LUT (n = 27)
phase of the menstrual cycle, showing no difference between
HIV inhibition of the CVL and the menstrual cycle phases.29

However, between 18%–30% of the women sampled in this
study had BV at the time of sampling,29 which has been
shown to alter the antimicrobial activity of the CVL.52,53 In a
longitudinal study, Patel et al. recovered vaginal secretions
from seven women in the FOL, periovulatory, and LUT
phases and found no significant difference in HIV inhibition
in vitro by the vaginal secretions based on the phase of the
menstrual cycle, although several cytokine and chemokine
levels varied based on the cycle.54 Finally, Shust et al. found
no difference in the anti- HSV activity of the CVL among
nine women sampled in the FOL phase versus LUT phase of

the menstrual cycle.28 We report the largest sample of a well-
defined group of healthy HIV-negative women, without ev-
idence of RTIs, to have paired CVL samples collected in the
early FOL phase versus late LUT phase and confirm the
smaller study findings28,29,54 of no difference in the antimi-
crobial activity against HIV, HSV-2, and E. coli based on the
menstrual cycle.

No differences in vaginal pH or Nugent score
between FOL and LUT phases

It is well supported that alterations in the vaginal micro-
flora may affect endpoints measured in these studies (re-
viewed inThurman and Doncel55). Participants in both
clinical studies were screened to exclude BV (Nugent 7–10),
although intermediate vaginal flora was not exclusionary.
Given that the vaginal microbiota is dynamic and may change
on a daily basis in healthy women,56 we assessed vaginal

FIG. 4. No significant differences in vag-
inal tissue histology or immune cells be-
tween FOL and LUT phases. (a) Vaginal
epithelial thickness, FOL phase versus LUT
phase. (b) Vaginal epithelial cell layers Epi,
FOL phase versus LUT phase. (c) Vaginal
CD45Epi, FOL phase versus LUT phase. (d)
Vaginal CD3 Epi, FOL phase versus LUT
phase. (e) Vaginal CD4 LP, FOL phase
versus LUT phase. (f) Vaginal CCR5 LP,
FOL phase versus LUT phase.
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flora at each sampling in both studies. We found that the
Nugent score and vaginal pH were similar in FOL and LUT
phases among healthy women. Our data are in accordance
with a previous study, using pyrosequencing to detail the
vaginal microbiome in 32 healthy US women over a 16-week
period.56 They found that menstruation was the factor asso-
ciated with the highest rate of disturbances in vaginal mi-
crobiota and that smaller proportions of women with
Lactobacilli-dominated microflora transitioned to non-
Lactobacilli-dominated (category 4a or 4b) flora.56

No difference in p24 antigen production
between FOL and LUT phases

p24 antigen production from tissue biopsies or explants
after ex vivo infection by HIV-1BaL has been used as a model
for early mucosal HIV infection in women and as an ex-
ploratory safety endpoint in phase I studies of potential
vaginal or rectal HIV microbicides.38,40,57,58 In contrast to
other investigators, we found that vaginal tissue produced
significantly more p24 antigen than ectocervical tissue.40

FIG. 5. Representative examples of paired samples, vaginal immune cells in the FOL phase versus LUT phase of the
menstrual cycle. (a) CD45 cells in the epithelium. (b) CD3 cells in the epithelium. (c) HLA-DR+ cells in the epithelium.
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When the samples were analyzed separately, in combination
(unadjusted p-value, Table 2), or in combination controlling
for race, contraceptive/sexual practices, and tissue source
(adjusted p-value, Table 2), we found no significant differ-
ences in p24 antigen production between FOL and LUT
phases. We also found that HIV-1 reverse transcriptase at day
21 was not significantly different in the FOL phase versus the
LUT phase. In many phase I clinical studies, CV tissue bi-
opsies have been timed in the menstrual cycle to make sure
that the phase of the menstrual cycle is not a confounding
variable. Our data support that the menstrual cycle phase does
not affect p24 antigen production, but tissue source (ecto-
cervical vs. vaginal) is a factor. We recognize that there are
data to support that in PBMCs, sex hormone concentrations
in FOL phase conditions increased and LUT phase conditions
decreased HIV-1 replication.59 These findings also demon-
strated that E2 and P4 regulate HIV-1 replication most likely
by altering HIV-1 transcriptional activation.59 Thus, the ef-
fect of sex hormones in PBMCs does not correlate with our
results in cervical and vaginal tissue biopsies.

While a pivotal study of macaques (n = 19) supported en-
hanced susceptibility to SHIV infection in the late LUT
phase,13 the follow-on study (n = 46), with a more detailed
delineation of the macaque menstrual cycle, estimated that
40% of infections were acquired during the premenstrual
(late LUT) phase and 49% were acquired during the men-
strual (early FOL) phase.14 Furthermore, the timing of in-
fection was estimated by a 7-day seroconversion eclipse
period, which the authors acknowledge has inherent vari-
ability and potential error when used in a repeated low-dose
challenge model.14

No difference in vaginal tissue gene expression
(greater than twofold) between FOL and LUT phases

Using microarray, we found that gene expression in vag-
inal tissue was not significantly dysregulated by more than
twofold in the FOL phase versus the LUT phase of the
menstrual cycle. Only one gene, HAL, was significantly up-
regulated (2.4-fold) in the LUT phase compared with the
FOL phase. HAL is the enzyme that converts histidine into
urocanic acid (UCA). The highest level of HAL expression
was observed in the epidermis during keratinocyte differen-

tiation, along with the presence of high amounts of UCA.60 In
the skin, histidine is produced predominantly from filaggrin,
a histidine-rich protein specifically expressed in differentiated
keratinocytes.61 Of note, it has previously been reported that
lower genital tract explants contain little or no filaggrin.62 One
of the functions proposed for UCA in the skin is its contribu-
tion to the acidification of the stratum corneum. To the best of
our knowledge, expression of HAL in the female genital tract
has not been reported, and the difference in its expression
between FOL and LUT phases warrants further study.

We determined that there was a trend toward upregulation
of some pathways involving inflammatory and interferon
regulation in the LUT phase. Although deregulation of these
gene subsets did not reach the statistical significance that we
set for differentially expressed genes, their common activa-
tion may impact the state of the vaginal epithelium in terms of
susceptibility to infections. Others, using a proteomic ap-
proach, have shown a significant difference in serpin A1
levels in the CVL based on menstrual cycle phase among
highly exposed seronegative women.63 In addition, proteomic
data support that CV epithelial adhesion proteins and anti-
proteases were reduced, and leukocyte recruitment and
extravasation proteins are elevated in the CVL of healthy
HIV-negative women during the LUT phase, which may
support reduced CV epithelial defenses in the LUT phase.64

The two clinical studies reported here have several strengths,
foremost being that we screened participants to exclude factors
such as RTIs and other medical comorbidities, which may
confound endpoints when using explants or samples obtained
from a wide variety of donors undergoing indicated surgery.
Our findings of no differences in the FOL phase versus LUT
phase can be used to guide clinical protocol design for phase I
studies, which sometimes attempt to restrict sampling and
product use to the LUT phase of the menstrual cycle, which
may be inconvenient to participants and clinic staff.

Sample size and the possibility of a type II or beta error that
is failing to detect an effect that is present must always be
acknowledged when reporting nonsignificant findings be-
tween endpoints obtained at various sampling times. Both
studies were not specifically designed to test differences
between FOL and LUT phases, and all enrolled participants
underwent other treatments, which are not reported in this
article. Our data are based on paired comparisons, which

Table 3. Differentially Expressed Gene Sets Between Luteal and Follicular Phases

Broad gene sets
Number
of genes

LS permutation p-
value upregulation
in LUT compared
with FOL phase

KS permutation p-
value upregulation
in LUT compared
with FOL phase

BOSCO_INTERFERON_INDUCED_ANTIVIRAL_MODULE 23 .00001 .00001
BOYAULT_LIVER_CANCER_SUBCLASS_G6_UP 8 .00001 .01047
BROWNE_HCMV_INFECTION_4HR_UP 20 .00001 .00001
BROWNE_INTERFERON_RESPONSIVE_GENES 26 .00001 .00001
CHANG_CORE_SERUM_RESPONSE_DN 60 .00001 .00005
CHENG_IMPRINTED_BY_ESTRADIOL 14 .00001 .00234
DEBIASI_APOPTOSIS_BY_REOVIRUS_INFECTION_UP 55 .00001 .00001
FULCHER_INFLAMMATORY_RESPONSE_LECTIN_VS_LPS_DN 124 .00001 .00001
HECKER_IFNB1_TARGETS 49 .00001 .00002
HIRSCH_CELLULAR_TRANSFORMATION_SIGNATURE_UP 58 .00001 .0001

KS, Kolmogorov–Smirnov; LS, Fisher.
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strengthen the statistical power of the analysis. In addition,
many of our findings are in accordance with previously re-
ported data from ectocervical and vaginal explants21–24 and
smaller longitudinal and cross-sectional studies, which ob-
tained tissue biopsies from women.28,29,44,54

The FOL phase of the menstrual cycle is often character-
ized as an E2-dominant phase, while the LUT phase of the
menstrual cycle is characterized as a P4-dominant phase.65,66

Serum E2 levels are low in the early FOL phase and then peak
just before the lutenizing hormone (LH) surge in the 2–4 days
before ovulation.66 To perform genital sampling at the peak
of E2 production, we would need participants to check daily
urinary LH and E2 levels and time visits based on the surge in
these hormones. This was not feasible in these 2 studies.
Therefore, we based the sampling, as is often done in clinical
trials, on the menstrual cycle day, which resulted in women
being sampled, on average, in the early FOL phase (day
8.7 – 2.3) when mean serum E2 levels are expected to be
significantly lower than those of the LUT phase.66 It would
have been ideal to have a third periovulatory sampling to
capture an E2-dominant phase to compare with the FOL and
late LUT data. We attempted to control for differences in the
FOL, preovulatory, early LUT, and late LUT phases by
subdividing the samples obtained in the early FOL, preovu-
latory, early LUT, and late LUT phases based on estimations
of the day of ovulation, calculated from the average length of
each participant’s menstrual cycle. This secondary analysis,
however, did not yield any significant differences in the
endpoints. We acknowledge that without data on the urinary
LH or E2 surge and without knowing the date of the subse-
quent menstrual cycle, samples could be misclassified as
early or late in respective menstrual cycle phases. In addition,
subdividing the data from two categories (FOL vs. LUT) into
four categories reduces the cell size of each cohort.

Categorizing the phase of the menstrual cycle based on
menstrual cycle day is commonly done in clinical studies.
Our results are in accordance with several other groups that
have attempted to understand differences in the lower genital
tract based on endogenous hormones. We obtained serum
hormone levels at each genital sampling in the S124 study.
However, we were unable to demonstrate significant rela-
tionships between systemic hormonal state and CV endpoints
in healthy premenopausal women.

In conclusion, we report the results from two longitudinal
studies of healthy, nonpregnant HIV-seronegative women
with genital samples obtained in FOL and LUT phases of the
menstrual cycle. Although we could not study all factors that
change or are influenced by the phases of the menstrual cycle,
our findings show no significant differences between FOL
and LUT phases of the menstrual cycle in CV mucosal pa-
rameters associated with HIV susceptibility in women. These
parameters are relevant as they are often assessed in HIV
prevention, microbicide, and product safety trials.
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