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Objective: Analyzing ectocervical biopsy tissue from women before and after they initiated use of depot-
medroxyprogesterone acetate (DMPA), we previously reported this progestin reduces levels of the cell-
cell adhesion molecule (CCAM) desmoglein-1 and increases genital mucosal permeability. We likewise
saw treating mice with 1.0 mg of DMPA reduced vaginal CCAM expression and increased genital patho-
gen susceptibility. Herein, we used dose-response studies to delimit DMPA doses and serum MPA levels
in mice associated with impaired genital mucosal barrier function and enhanced susceptibility to low-
dose herpes simplex virus type 2 (HSV-2) infection.
Study design: We compared genital CCAM expression, genital mucosal permeability, and susceptibility to
genital inoculation with 10% plaque-forming units of HSV-2 among mice in estrus vs. after treatment with
0.01 mg, 0.1 mg, 0.3 mg, or 1.0 mg of DMPA.
Results: Compared to mice in estrus, DMPA treatment in a dose-dependent fashion significantly reduced
desmoglein 1o (Dsgla) and desmocollin-1 (Dsc1) gene expression, reduced DSG1 protein levels, and
increased genital mucosal permeability to a low molecular weight molecule. While no mice infected with
HSV-2 in estrus died, we respectively saw 50% and 100% mortality in mice administered 0.1 mg or 0.3 mg
of DMPA. At time of infection, mean serum MPA levels in mice administered the 0.1 mg or 0.3 mg doses
were 3.8 nM and 13.0 nM respectively (values comparable to trough and peak MPA serum levels in
women using DMPA).
Conclusions: Mice with pharmacologically relevant serum MPA concentrations display significant
changes in genital CCAM expression, genital mucosal barrier function, and HSV-2 susceptibility.

© 2019 Elsevier Inc. All rights reserved.
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1. Introduction

It remains uncertain if use of the progestin-only injectable con-
traceptive depot-medroxyprogesterone acetate (DMPA) is a signif-
icant risk factor for HIV acquisition. While multiple observational
studies found that DMPA use increases a woman’s susceptibility
to HIV [1,2], a recently completed randomized clinical trial (RCT)
saw that women using DMPA were no more likely to acquire HIV
than women using levonorgestrel (LNG) implants or copper
intrauterine devices [3]. However, this RCT evaluated relative risk
of HIV acquisition risk in women using 1 of these 3 contraceptives
choices (i.e., it was not designed to compare HIV incidence rates to
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women using no form of contraception). It also had insufficient sta-
tistical power to detect any contraceptive-mediated increase in
HIV acquisition lower than 30% [3]. These study design limitations
are indicative of the types of obstacles that must be overcome to
define the precise relationship between DMPA and HIV susceptibil-
ity and provided impetus for research that alternatively explores
the effects of exogenous progestins on basic host defense mecha-
nisms in the female genital tract. Our laboratory, among others,
uses animal models to define immunomodulatory effects of pro-
gestins that have the potential to alter HIV susceptibility. To date,
our studies uncovered DMPA treatment of mice reduces genital
expression of the cell-cell adhesion molecules (CCAM)
desmoglein-1a. (Dsgla) and desmocollin-1 (Dsc1) and weakens
genital mucosal barrier function by increasing genital epithelial
permeability [4]. We also reported treating mice with DMPA or
levonorgestrel (LNG) increases susceptibility to genital infection
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with herpes simplex virus type 2 (HSV-2), Chlamydia trachomatis,
and cell-associated HIV, whereas treatment with the potent corti-
costeroid methylprednisolone (MePRDL) does not increase genital
pathogen susceptibility [4-6]. Because MPA binds both the proges-
terone receptor (PR) and glucocorticoid receptor (GR), but LNG and
MePRDL more selectively bind the PR and GR, respectively [7],
these findings implied progestin binding and activation of the PR
initiates cellular processes that compromise an important host
defense in the female genital tract.

Guided by our mouse model findings, we compared DSG1 levels
and mucosal epithelial permeability in ectocervical biopsies from
women before and 30 days after they began using Depo-Provera®
(whose active component is MPA) or Mirena® (an intrauterine
device releasing LNG). As reported in 2016 and 2017, these studies
showed women initiating Depo-Provera® or Mirena® display
changes in ectocervical DSG1 levels and genital mucosal barrier
function that are analogous to effects seen in DMPA- and LNG-
treated mice [4,8]. This MPA-mediated reduction of genital DSG1
was independently confirmed in a follow-up study that interrogated
ectocervical biopsy tissue from women before and 6 weeks after ini-
tiating use of Depo-Provera® [9]. Together, these findings showed
that genital mucosal barrier function is comparably weakened in
mice and humans by DMPA or LNG and identified mice as suitable
models for exploring effects of exogenous progestins on this funda-
mentally important anti-virus defense mechanism. Herein, we
sought to extend this work by conducting dose-response studies
in mice to delimit DMPA doses that reduce genital Dsgla and Dscl
expression and to define serum MPA levels associated with
increased susceptibility to low-dose genital HSV-2 infection.

2. Material and methods

All research was approved by the Stanford University Adminis-
trative Panel on Laboratory Animal Care prior to study initiation. As
indicated, 6- to 8-week old C57BL/6 ] female mice (The Jackson
Laboratory, Bar Harbor ME) weighing approximately 20 g were
subcutaneously (s.c.) injected with 100 pl of a PBS solution con-
taining 0.01 mg, 0.1 mg, 0.3 mg, or 1.0 mg of DMPA (Pharmacia
and Upjohn, New York NY). This dose range was selected based
on animal modeling studies that specified it would generate serum
MPA levels in mice that approach peak (Ciax) and trough (Cerougn)
serum levels in women after s.c. or intramuscularly (i.m.) DMPA
administration [10-12]. Where indicated, cells obtained from vagi-
nal lavage were stained with crystal violet to identify mice that
were in the estrus stage of the estrous cycle [13]. Using methods
detailed elsewhere [4], mice in estrus or injected with indicated
DMPA doses 5 days earlier (n=5 per group) were euthanized and
vaginal tissue excised to define Dsgla and Dscl expression via
quantitative real time PCR (qRT-PCR) (with relative expression
quantified using pyruvate carboxylase as a housekeeping reference
gene). Using methods already described [4], mice were also used to
quantify vaginal DSG1 protein levels via immunofluorescence
staining and confocal microscopy. As detailed before, mice in
estrus and DMPA-treated mice were sedated to intravaginally
administer 10 pl of a PBS solution containing 62.5 pg of dextran
Texas-Red (MW=70,000 Da) and 50 pg of Lucifer yellow CH,
lithium salt (LY) (MW=457 Da) (n=4 per group). Mice were eutha-
nized 45 min later, and the vaginal tissues formaldehyde-fixed,
agarose-embedded, and DAPI-stained to assess fluorescent mole-
cule penetration into the vaginal mucosa by confocal microscopy
[4]. Depth of penetration of the low molecular weight (LMW)
molecule LY was calculated as the fraction of full-thickness vaginal
epithelium that contained this fluorescent molecule. In separate
studies, peripheral blood was collected from mice in estrus or 5
days after indicated DMPA treatments (n=4 per group) to quantify
serum MPA levels by liquid chromatography-tandem triple quad-

rupole mass spectrometry (LC-MS/MS) and serum estradiol levels
by ELISA (limit of detection 3 pg/mL) [14]. After blood collection,
mice were genitally infected with 10° plaque-forming units (pfu)
of HSV-2 and monitored daily for encephalopathic changes and
death [15]. For statistical analyses, normal distribution was
assessed by evaluation of the residuals. For multiple comparisons,
we used one-way ANOVA with Dunnett’s post hoc test or Kruskal-
Wallis test with Dunn’s post hoc test (depending of data distribu-
tion). Kaplan-Meier survival curves and log-rank tests were used
to assess mortality rates caused by HSV-2 infection. All tests were
performed using Prism 7 software (GraphPad, La Jolla, CA, USA).

3. Results

Prior work from our laboratory established that mice adminis-
tered 1.0 mg of DMPA display reduced genital tract levels of the
CCAM Dsgila and Dscl and increased susceptibility to genital
HSV-2 infection [4,16]. To extend these findings, we began the cur-
rent investigation by comparing vaginal expression of these same
CCAM among mice in estrus vs. mice that were administered 1.0
mg of DMPA or one of 3 lower DMPA doses (i.e, 0.01 mg, 0.1 mg,
or 0.3 mg) 5 days earlier. These studies showed that compared to
mice in estrus, DMPA treatment induced significant, dose-
dependent decreases in vaginal Dsgla and Dscl gene expression
(Fig. 1A) and DSG1 protein levels (Fig. 1B). Though the 1.0 mg dose
most profoundly reduced Dsgla and Dsc1 levels, the lowest DMPA
dose examined (i.e., 0.01 mg) also significantly reduced expression
of these CCAM (Fig. 1A & B). Congruent with its influence on CCAM
expression, DMPA treatment also promoted significant, dose-
dependent increase in the capacity of intravaginally administered
LMW molecules to penetrate vaginal mucosal epithelium and sub-
mucosal tissue (Fig. 1C). While these dose-response studies newly
revealed DMPA doses<1.0 mg decrease vaginal CCAM expression
and significantly impair genital mucosal barrier function, we had
yet to delineate the serum MPA concentrations produced by these
doses or the effect of these lower MPA doses on susceptibility to
genital HSV-2 infection.

To define serum MPA levels associated with 0.01 mg, 0.1 mg, or
0.3 mg DMPA doses, MPA was measured in the peripheral blood of
additional groups of identically DMPA-treated mice. This blood
was collected 5 days after DMPA administration, and directly
before mice in estrus and DMPA-treated mice were genitally inoc-
ulated with 10 pfu of HSV-2. These studies showed that mice trea-
ted with 0.01 mg, 0.1 mg, 0.3 mg, or 1.0 mg of DMPA had mean
serum MPA concentrations of 1.4 nM (0.6 ng/mL), 3.8 nM (1.4
ng/mL), 13.0 nM (5.0 ng/mL), and 25.9 nM (10.0 ng/mL), respec-
tively (Fig. 2A). We inspected these mice daily after HSV-2 infec-
tion, and observed no morbidity or mortality develop in
untreated mice infected in estrus or mice that had been treated
with 0.01 mg of DMPA. However, infection caused 50% mortality
in mice administered 0.1 mg of DMPA (i.e., mice with mean serum
MPA levels=3.8 nM) and 100% mortality in mice administered 0.3
mg of DMPA (i.e., mice with mean serum MPA=13.0 nM) (Fig. 2B
& 2C). Though HSV-2-induced mortality was significantly higher
in mice administered 1.0 mg or 0.3 mg DMPA prior to infection
compared to mice administered the 0.1 mg DMPA dose, serum
levels of estradiol (i.e., endogenous estrogen) among these 3
DMPA-treated groups were indistinguishable from each other
and lower than values seen in mice in proestrus (i.e., the estrus
cycle stage with highest serum estradiol concentrations) (Fig. 2D).

4. Discussion

This study reveals that compared to mice in estrus there is sig-
nificantly less expression of the CCAM Dsgla and Dsc1 in vaginal



N.E. Quispe Calla et al. / Contraception 100 (2019) 397-401 399

Dsg1a Dsc1
10’ 10%
* *
s ** ;5, 102 T
n
g 10° g
5 - s 10 -
3 3
2 107 2 100
E *kk E
Da:) nqé 10-1
n n
T T 1072 T T
Estrus 0.01 0.1 0.3 1.0 Estrus 0.01 0.1 0.3 1.0
| I —
DMPA dose (mg) DMPA dose (mg)
B DSG1
Estrus DMPA 0.1 mg Vaginal DSG1 protein
100—|

1

N
i

j%é?

Pixels/10* um?
[¢)]
o

N
a

lllllllllll

S N I SR A
Estrus 0.01 01 03 1.0
—
DMPA dose (mg)
LY
Estrus
Fedededk
o R 100__ Fkk

- *k

Mucosal penetration (%)
(4]
T

25—
0! |
Estrus 0.01 0.1 03 1.0
—
DMPA dose (mg)

Fig. 1. DMPA decreases genital levels of CCAM and increases genital mucosal permeability in a dose-dependent fashion. Mice in estrus and mice administered indicated
DMPA doses 5 days previously were euthanized to process vaginal tissue for RNA isolation and immunofluorescence staining. (A) Bar graphs show DMPA dose-dependent
decrease in relative expression of Dsgla and Dsc1 mRNA. (B) Images on left representative of vaginal tissue from mice in estrus and DMPA-treated mice stained with rabbit
anti-DSG-1 and Alexa Fluor 488-conjugated anti-rabbit IgG (green) and counterstained with DAPI (blue). Right-sided panel depicts DMPA dose-dependent decrease in levels
of DSG1 protein. (C) Groups of mice treated as in Fig. 1B were anesthetized for intravaginal administration of PBS solution containing Lucifer yellow (457 Da) (green) and 70
KDa dextran-Texas Red (red). Mice were euthanized after 45 min, and vaginal tissue processed and counterstained with DAPI (blue). Images on left illustrate penetration of LY
into vaginal epithelium. Right-sided panel shows DMPA dose-dependent increase for penetration of this LMW molecule into vaginal epithelium. Data normality was defined
by evaluation of the residuals. CCAM expression in treatment groups compared to mice in estrus using one-way ANOVA and Dunnett’s post hoc tests. CCAM, cell-cell
adhesion molecule; DAPI, 4,6-diamidino-2-phenylindole; DMPA, depot-medroxyprogesterone acetate; scale bar denotes 100 um; Dsgla, desmoglein-1a; Dsc1, desmocollin-
1; and DSG1, desmoglein-1; *, **, ***, and **** denote p<.05, p<.01, p<.001, and p<.0001 respectively.
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Fig. 2. DMPA-treated mice with MPA serum levels at the time of infection comparable to Cgougn Serum concentrations in women were more susceptibility to genital HSV-2
infection. Mice in estrus and mice treated with 0.01 mg, 0.1 mg, 0.3 mg, or 1.0 mg of DMPA 5 days earlier were genitally inoculated with 10° pfu of HSV-2. Immediately before
infection, peripheral blood was collected to quantify serum concentrations of estradiol and MPA. (A) Panel depicts positive linear correlation between DMPA dose and MPA
serum levels (R?=0.9643). (B) Survival curve data shows that HSV-2 was uniformly lethal in mice administered >0.3 mg DMPA, whereas 50% and 0% of mice that received 0.1
mg or 0.01 mg of DMPA respectively succumbed to infection. Between-group comparisons were performed using the long-rank test. (C) Panel depicts relationship between
serum MPA levels at infection and HSV-2-induced mortality rates. Red and blue dotted vertical lines denote typical values for Ciough (red) and Cpax (blue) serum MPA levels in
women using DMPA. (D) Though mortality differed significantly in mice administered DMPA doses of 0.1 mg (50% mortality) vs. 0.3 mg or 1.0 mg (both 100% mortality),
serum estradiol levels in these groups were comparable. Data normality was determined by evaluation of the residuals. Serum estradiol levels were compared by one-way
ANOVA and Tukey’s post hoc tests (all DMPA doses examined decreased serum estradiol levels compared to mice in proestrus and diestrus. DMPA, depot-
medroxyprogesterone acetate; HSV-2, herpes simplex virus type 2; pfu, plaque forming unit; * and ** denote p<.05 and p<.01 respectively.

tissue of DMPA-treated mice that have serum MPA levels roughly
equivalent to Ciougn levels measured in women using DMPA for
hormonal contraception. Also compared to mice in estrus, this
study shows that mice with pharmacologically relevant serum
MPA levels are significantly more susceptibility to genital HSV-2
infection. Strongly supporting that mouse susceptibility to a geni-
tal pathogen is DMPA dose dependent, we observed a 50% higher
mortality rate in mice with MPA serum concentrations of 3.8 nM
(1.4 ng/mL) vs. 13.0 nM (5.0 ng/mL) at the time of HSV-2 infection.
On the other hand, these 2 groups of DMPA-treated mice (and mice
administered 1.0 mg of DMPA) displayed similar serum concentra-
tions of estradiol. Together, these findings indicate that serum MPA
levels (rather than DMPA dose-dependent decreases in endoge-
nous estrogen) are more predictive of mouse susceptibility to gen-
ital HSV-2 infection. Because prior reports established that large
doses of the pure GR agonist MePRDL do not increase mouse sus-
ceptibility to genital HSV-2 infection and that testosterone treat-
ment of castrated mice (i.e., stimulation of the androgen
receptor) lowers the risk of HSV-induced encephalopathy [4,18],
current results further suggest that DMPA-mediated changes in
susceptibility to genital HSV-2 infection are unrelated to MPA

binding and activation of the glucocorticoid and androgen
receptors.

As various clinical reports identified that women using Depo-
Provera® (i.e., the 150 mg formulation of DMPA injected i.m. every
3 months) are more likely to acquire HIV than women using no
hormonal contraception [1], it was recently postulated that risk
of HIV transmission may be mitigated by s.c. administration of
the 104 mg formulation [2]. While this outcome is possible, current
mouse model findings do not support this conclusion. Specifically,
Cirough Serum MPA concentrations in women using the 104 mg or
150 mg formulations are comparable and about 2.6 nM (1.0 ng/
mL) [11,12,17], and we saw significantly reduced vaginal levels
of DSG1 protein and enhanced HSV-2 susceptibility in mice with
serum MPA concentration at time of infection roughly equivalent
to Ciougn levels in women. Because greater HSV-2 susceptibility
occurs in mice with serum MPA levels analogous to Cirougn levels
in women, our findings also imply only large-scale longitudinal
investigation will have sufficient statistical power to detect signif-
icant differences in HIV transmission efficiency between women
using the 104 mg or 150 mg DMPA formulations. On the other
hand, though current mouse model findings show MPA-mediated
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changes in genital CCAM expression and pathogen susceptibility
are generated in mice with serum MPA concentrations comparable
to Cirough MPA concentrations in women, only clinical research will
resolve if the compromise of genital mucosal barrier function seen
in women initiating DMPA [4] increases their likelihood of acquir-
ing genital infection. However, findings from the current study do
suggest that executing clinical studies needed to illuminate links
between exogenous progestins and genital infection will benefit
from defining the connections between infection and genital levels
of DSG1, a molecule emerged as a reliable biomarker of murine
genital mucosal barrier function and susceptibility to genital
HSV-2 infection.
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