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BACKGROUND. Injectable depot medroxyprogesterone acetate (DMPA) is one of the most popular contraception
methods in areas of high HIV seroprevalence. Evidence is accumulating that use of DMPA might be associated with an
increased risk of HIV-1 acquisition by women; however, mechanisms of this association are not completely understood.
The goal of this study was to gain insight into mechanisms underlying the possible link between use of DMPA and risk of
HIV-1 acquisition, exploring transcription profiling of ectocervical tissues.

METHODS. Healthy women received either DMPA (n = 31) or combined oral contraceptive (COC), which has not been
linked to an increased risk of HIV acquisition (n = 32). We conducted a comparative microarray-based whole-genome
transcriptome profiling of human ectocervical tissues before and after 6 weeks of hormonal contraception use.

RESULTS. The analysis identified that expression of 235 and 76 genes was significantly altered after DMPA and COC
use, respectively. The most striking effect of DMPA, but not COC, was significantly altered expression (mostly
downregulation) of many genes strategically involved in the maintenance of mucosal barrier function; the alterations, as
indicated by Ingenuity Pathway Analysis (IPA), were most likely due to the […]

Clinical Medicine AIDS/HIV Reproductive biology

Find the latest version:

https://jci.me/120583/pdf

http://www.jci.org
http://www.jci.org/128/10?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
https://doi.org/10.1172/JCI120583
http://www.jci.org/tags/3?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
http://www.jci.org/tags/11?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
http://www.jci.org/tags/37?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
https://jci.me/120583/pdf
https://jci.me/120583/pdf?utm_content=qrcode


The Journal of Clinical Investigation   C L I N I C A L  M E D I C I N E

4 6 2 2 jci.org      Volume 128      Number 10      October 2018

Introduction
Hormonal contraceptive (HC) methods are affordable and highly 
effective for prevention of unintended pregnancy. However, 
evidence is accumulating that some types of HC, particularly 
injectable medroxyprogesterone acetate (MPA), referred to as 
depot MPA (DMPA; Depo-Provera), might be associated with an 
increased risk of HIV-1 acquisition by women. The first reports 
about a potential effect of HC on HIV-1 acquisition date over 2 
decades back (1, 2). Since that time, the potential association 
between HC use and risk of HIV-1 acquisition has been 
investigated in more than 30 epidemiological studies; however, 
findings from these studies remain inconsistent (reviewed  
in refs. 3–7).

In several recent high-quality meta-analyses of the epidemio-
logical data, DMPA use was estimated to increase a woman’s risk 
of acquiring HIV 1.4 to 1.5 times in comparison with women not 
using HC, while no statistically significant positive association 
between HIV acquisition and use of combined oral contraceptive 
(COC) pills or the injectable progestin norethisterone enanthate 
has been found (3–6). Even higher effects of DMPA on risk of HIV 
acquisition were reported in studies on women already at high 
risk of infection (8, 9).

These results strengthened concerns about the safety of 
DMPA, particularly in countries of eastern and southern Africa, 
where injectable progestins are the most popular contraceptive 
methods, accounting for over 40% of contraception use (10), and 
the number of women using these methods is rapidly increasing.

However, a withdrawal of DMPA from family planning pro-
grams or even a shift to other contraceptive methods may have a 
substantial detrimental effect on maternal and infant morbidity 
and mortality rates (11). The interaction between effective family 
planning and effective HIV prevention is a complicated matter that 
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profiling of the ectocervical mucosa at baseline and after DMPA 
use or use of a COC, represented by a combination of the proges-
tin levonorgestrel (LNG) and the synthetic estrogen ethinyl estra-
diol, which has not been associated with increased risk of HIV-1 
acquisition. This study demonstrates that DMPA use results in sig-
nificant alteration in expression of ectocervical genes essential for 
mucosal barrier structure and function and, as predicted by func-
tional analysis of the differentially expressed genes, that estrogen 
deficiency is a driving force for such alterations. We also demon-
strate distinct, clustered diversity in the gene expression response 
to DMPA administration among participants.

Results
Characteristics of participants at baseline. This open-label nonran-
domized study included 63 healthy women who chose to receive 
either DMPA injection (n = 31) or COC (n = 32) (Figure 1 and 
Table 1). DMPA users had higher BMI and included significantly 
fewer participants of Hispanic ethnicity than the COC group. 
Among 18 enrolled black women, the majority of them chose to 
receive DMPA (P = 0.08).

Ectocervical transcriptomes did not display significant differ-
ences between DMPA and COC groups at baseline. In addition to 

requires in-depth examination. To this end, the ECHO (Evidence 
for Contraceptive Options and HIV Outcomes) trial, designed 
to determine the impact of type of contraceptive on risk of HIV 
acquisition, is currently ongoing (http://echo-consortium.com). 
Furthermore, understanding mechanisms that could explain the 
potential association between enhanced risk of acquiring HIV and 
use of DMPA would help in determining best prevention practices.

Several plausible biological mechanisms have been proposed 
to explain the potential link between DMPA use and increased risk 
of HIV-1 vaginal transmission (reviewed in refs. 5, 12–17). They 
include elevated levels of cervicovaginal inflammatory mediators 
(18–22) that may cause activation of HIV-1 target cells and their 
recruitment to the cervicovaginal mucosa (8, 23–25), suppression 
of protective systemic and local innate and adaptive immunity (21, 
26–31), alteration in the vaginal microbiota composition (32, 33), 
promotion of viral penetration by impairing mucosal repair (18, 
28), and a direct effect of MPA on HIV replication and transcytosis 
(26, 34, 35). However, data presented in these studies are not 
always in agreement.

To gain further insight into mechanisms underlying the poten-
tial link between use of injectable DMPA and risk of HIV-1 acqui-
sition, we conducted a comparative whole-genome expression 

Figure 1. Flow chart of the study.
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DEGs that were found downregulated in the ectocer-
vical tissues of DMPA users are involved in epithelial 
barrier function and differentiation (Table 2).

The top most downregulated and the most sta-
tistically significant DEG was a member of the epi-
dermal differentiation complex (EDC) — repetin 
(RPTN; FC = –6.83, P < 1 × 10–7) (Table 2 and Supple-
mental Table 1). DMPA use caused downregulation 
of other genes belonging to the EDC: late cornified 
envelope 3D (LCE3D), loricrin (LOR), and small 
proline-rich protein 2C (SPRR2C). Also downregu-
lated were genes critical for development of the stra-
tum corneum of the epidermis: transglutaminase 3 
(TGM3) and arachidonate 12-lipooxygenase, 12R 
type (ALOX12B). The list of significantly downregu-
lated DEGs included genes encoding cell junctional 
proteins: the desmosomal cadherins desmoglein 
1 (DSG1) and desmocollin 2 (DSC2) and the cor-
neodesmosomal protein corneodesmosin (CDSN). 
In addition, we observed changes in gene expression 
of keratinocyte differentiation markers, including 
downregulation of keratin 10 (KRT10) and KRT1, as 
well as upregulation of KRT18 and KRT19. A desmo-

somal cadherin defect and dramatic loss of KRT10 at the protein 
level were also detected in the vaginal mucosa (Figure 3). DSG1 
protein was seen as a sharp border outlining suprabasal vaginal 
keratinocytes in the baseline samples, while the outline was lost 
after DMPA use. Levels and patterns of distribution of KRT10 
and DSG1 remained unchanged after COC use. Deficiency in 
desmosomal and corneodesmosomal proteins might also be due 
to downregulation in DMPA users of serine peptidase inhibitor 
clade B, member 7 (SERPINB7), and serine protease inhibitor, 
Kazal type 6 (SPINK6), which are known to inhibit kallikrein-
related (KLK) peptidases that specifically degrade cell junc-
tions (36, 37). Furthermore, loss of DSG1 may be heightened 
by upregulation of proteinase calpain 14 (CAPN14) (38). Among 
other suppressed genes implicated in epithelial barrier function 
were the suprabasal keratinocyte-secreted proteins dermokine 
(DMKN) and suprabasin (SBSN). The loss of DMKN at a protein 
level was also demonstrated in the vaginal epithelium of DMPA 
users (Supplemental Figure 1).

Interestingly, we observed changes in expression of genes 
encoding enzymes that regulate the level of retinoic acid (RA), 
which is known to affect KRT10 and DSG1 expression and keratino-
cyte differentiation (39, 40). These enzymes included cytochrome 
P450 family 26, subfamily B, polypeptide 1 (CYP26B1), which was 
downregulated with the highest statistical significance (P < 1 × 10–7), 
and retinol dehydrogenase 10 (RDH10), which was upregulated.

Notably, DMPA use caused significant downregulation of pro-
gesterone receptor gene (PGR) in ectocervical tissue.

DEGs upregulated by DMPA encode multifunctional proteins. 
DEGs highly upregulated by DMPA included olfactomedin 4 
(OLFM4), γ-aminobutyric acid receptor, pi (GABRP), dual-specific-
ity phosphatase 4 (DUSP4), protocadherin 8 (PCDH8), and steroid 
sulfatase, isozyme S (STS) (Table 2). These genes encode multi-
functional proteins, which may regulate or be regulated by sex ste-
roids including estrogen (Supplemental Table 5 and ref. 41).

clinical characteristics, we conducted a comparison of ectocervi-
cal gene expression between HC groups at baseline. The analy-
sis identified only 5 differentially expressed genes (DEGs), with 
false discovery rate–adjusted P value set at 0.05, between DMPA 
and COC cohorts at this point (Supplemental Table 1; supple-
mental material available online with this article; https://doi.
org/10.1172/JCI120583DS1). None of these genes was found to 
be differentially expressed after HC use compared with baseline 
(Supplemental Tables 2 and 3).

DMPA but not COC use resulted in substantial changes in ectocer-
vical gene expression. Transcriptional analysis of ectocervical tissues 
before and after use of HC revealed that, in comparison with base-
line, DMPA use caused statistically significant changes in expres-
sion of 235 genes (Supplemental Table 2). Of these, 56 DEGs were 
upregulated, with fold change (FC) ranging from +1.24 to +4.5, while 
179 DEGs were downregulated, with FC ranging from –1.21 to –6.83. 
The effect of COC on the ectocervical mucosa was markedly less 
evident — only 76 genes were differentially expressed (Supplemen-
tal Table 3): 12 DEGs were upregulated and 64 DEGs were downreg-
ulated. Expression changes in the COC group were much smaller in 
magnitude than those in the DMPA group: FC ranged from +1.31 to 
+1.81 for upregulation and from –1.23 to –1.83 for downregulation. In 
the DMPA group, expression of 27 genes was altered at least 2-fold; 
of these, changes in 22 genes were statistically significant at para-
metric P < 0.001 (8 upregulated, 14 downregulated) (Table 2 and 
Supplemental Table 1). None of the genes reached 2-fold expression 
change after COC use. Of 76 genes changed by COC, 20 were also 
altered by DMPA (Supplemental Table 4).

Unsupervised hierarchical clustering analysis based on DMPA-
altered genes demonstrated good separation between baseline and 
DMPA usage (Figure 2A). The distinction based on COC-altered 
genes was less evident (Figure 2B).

DMPA use was associated with altered expression of genes involved 
in the maintenance of epithelial integrity and differentiation. Many 

Table 1. Demographic and clinical characteristics of participants at enrollment

Characteristics DMPA users (n = 31) COC users (n = 32) P valueA

Age, years, mean (SD) 33.7 (7.6) 30.2 (8.3) 0.07
Race, n (%) 0.22
  Black 12 (38.7) 6 (18.8)
  White 9 (29.0) 16 (50.0)
  Asian 0 (0) 1 (3.1)
Mixed and other race 10 (32.3) 9 (28.1)
Hispanic, n (%) 10 (32.2) 21 (65.6) 0.01
BMIB, mean (SD) 32.9 (8.2) 27.5 (6.9) <0.01
Sexual partner status, n (%) 0.35
  Lives with partner 13 (41.9) 19 (59.4)
  Does not live with partner 15 (48.4) 10 (31.3)
  No partner 3 (9.7) 3 (9.4)
Sexual relationship, years (SD) 7.4 (6.5) 5.5 (5.8)
Years of education, mean (SD) 13.3 (3.3) 14.0 (3.3)
AContinuous values were compared using 2-tailed t test for normally distributed data or 
Mann-Whitney for non-normally distributed data; for categorical data, Fisher’s exact tests 
or χ2 statistics were used. BThe BMI is the weight in kilograms divided by the square of 
height in meters.
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epithelial barrier functions. We found that genes associated with 
epithelial structure such as RPTN, DSG1, ALOX12B, DMKN, 
LCE3D, TGM3, and KRT10 displayed strong positive correlation 
in expression among each other (Figure 4), with P < 0.001 for all 
of them and P < 0.0001 for most of them (Supplemental Figure 
3). These genes also strongly correlated with CYP26B1 and, except 
for KRT10, with glycogen synthase 2 (GYS2). Significant negative 
correlation (with some exceptions; see Figure 4) was observed 
between epithelial barrier genes (RPTN, DSG1, ALOX12B, DMKN, 
and KRT10) and genes that were found to be strongly upregulated 

Changes in expression of several genes selected based on their 
function were confirmed by quantitative reverse transcriptase 
PCR (Supplemental Figure 2 and Supplemental Table 6).

Expression of epithelial barrier genes displayed strong positive 
intragroup correlation and negative correlation with upregulated 
genes. We were interested to see how differentially expressed 
genes and specifically those involved in the epithelial functions 
were coordinated with each other and with other significant genes.

We performed statistical correlation analysis for 20 genes, 
selected based on their expression level and/or involvement in 

Table 2. Genes most significantly differentially expressed ([FC] ≥ 2) and selected genes associated with epithelial barrier function in 
cervical epithelium after DMPA use

Entrez ID Gene symbol Name DMPA/BL FC Parametric P value EPIA

Upregulated genes
10562 OLFM4 Olfactomedin 4 4.55 1.37 × 10–5

2568 GABRP γ-Aminobutyric acid (GABA) A receptor, pi 3.70 2.00 × 10–7

5100 PCDH8 Protocadherin 8 3.70 1.90 × 10–6

440854 CAPN14 Calpain 14 3.03 4.68 × 10–5 X
1846 DUSP4 Dual-specificity phosphatase 4 2.27 <1 × 10–7

6565 SLC15A2 Solute carrier family 15 (H+/peptide transporter), member 2 2.08 4.04 × 10–5

412 STS steroid sulfatase (microsomal), isozyme S 2.00 1.10 × 10–5 X
1580 CYP4B1 Cytochrome P450, family 4, subfamily B, polypeptide 1 2.00 0.0002244
157506 RDH10 Retinol dehydrogenase 10 (all-trans) 2.00 0.0025958
3880 KRT19 Keratin 19 1.47 0.0043038 X
3875 KRT18 Keratin 18 1.45 0.0005391 X
Downregulated genes
126638 RPTN Repetin –6.83 <1 × 10–7 X
1828 DSG1 Desmoglein 1 –3.03 1.20 × 10–5 X
7053 TGM3 Transglutaminase 3 (E polypeptide, protein–glutamine–γ-

glutamyltransferase)
–2.89 2.10 × 10–5 X

84648 LCE3D Late cornified envelope 3D –2.88 2.11 × 10–5 X
8839 WISP2 WNT1 inducible signaling pathway protein 2 –2.59 4.00 × 10–7

948 CD36 CD36 molecule (thrombospondin receptor) –2.42 0.0001404
93099 DMKN Dermokine –2.39 1.00 × 10–7 X
242 ALOX12B Arachidonate 12-lipoxygenase, 12R type –2.38 8.20 × 10–6 X
3858 KRT10 Keratin 10 –2.33 2.60 × 10–6 X
5241 PGR Progesterone receptor –2.23 2.00 × 10–7

344752 AADACL2 Arylacetamide deacetylase–like 2 –2.14 5.25 × 10–5

11098 PRSS23 Protease, serine, 23 –2.08 8.00 × 10–7

3034 HAL Histidine ammonia-lyase –2.02 0.000644
8710 SERPINB7 Serpin peptidase inhibitor, clade B (ovalbumin), member 7 –2.01 6.00 × 10–7 X
4014 LOR Loricrin –1.98 0.002659 X
404203 SPINK6 Serine peptidase inhibitor, Kazal type 6 –1.98 0.0046412 X
56603 CYP26B1 Cytochrome P450, family 26, subfamily B, polypeptide 1 –1.95 <1 × 10–7

2998 GYS2 Glycogen synthase 2 (liver) –1.94 0.001137
6702 SPRR2C Small proline-rich protein 2C (pseudogene) –1.89 0.0026706 X
1462 VCAN Versican –1.86 2.80 × 10–5 X
3861 KRT14 Keratin 14 –1.83 7.33 × 10–5 X
374897 SBSN Suprabasin –1.76 0.001485 X
3848 KRT1 Keratin 1 –1.73 0.004585 X
3854 KRT6B Keratin 6B –1.65 0.0012884 X
3868 KRT16 Keratin 16 –1.62 0.0019164 X
1041 CDSN Corneodesmosin –1.57 7.22 × 10–5 X
1824 DSC2 Desmocollin 2 –1.49 0.008387 X
AEPI indicates genes encoding proteins associated with epidermal/epithelial differentiation and barrier function (based on functional analysis and 
published literature).
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tion,” and “cell-to-cell signaling and interaction.” Using IPA, for 
some of the enriched functions it was possible to compute their 
predicted activation states, which are characterized by the acti-
vation Z score, with absolute values of Z scores ≥ 2 being consid-
ered significant. In both contraception groups, the overwhelming 
majority of computable functions was predicted to be suppressed 
(negative Z scores), notably including categories of immune cell 
movement and functions (Figure 5B and Supplemental Tables 7 
and 8). In the DMPA group, they encompassed “leukocyte migra-
tion” (Z score = –2.703, number of molecules in the function [n] 
= 31), “recruitment of leukocytes” (Z score = –2.215, n = 15), “cell 
movement of leukocytes” (Z score = –2.194, n = 23), and “immune 
response of neutrophils” (Z score = –2.4, n = 6); and in the COC 
group, “cell movement” (Z score = –2.519, n = 32), “cell movement 

(GABRP, DUSP4, STS, OLFM4, and PCDH8). These upregulated 
genes were positively correlated with each other. There was a 
significant positive correlation (P < 0.0001) between each other 
for PGR, serine protease 23 (PRSS23), WNT1 inducible signaling 
pathway protein 2 (WISP2), versican (VCAN), and also CYP26B1, 
while these genes displayed strong negative correlation with 
GABRP and DUSP4. Interestingly, for PGR, PRSS23, WISP2, and 
VCAN there was low correlation (P > 0.05) or no correlation with 
epithelial structural genes.

Functional analysis revealed alterations in epidermal/epithelial 
structure as top biological functions enriched in DMPA but not COC 
users, while biological processes related to immune cell movement and 
functions were affected in both groups. Strengthening and expanding 
gene expression results discussed in the previous section, Ingenu-
ity Pathway Analysis (IPA) indi-
cated that the top overrepresented 
function in DEGs after DMPA 
use was “dermatological diseases 
and conditions,” which involved 
148 genes (Figure 5A and Supple-
mental Figure 4A). In DEGs of the 
COC group, this function was the 
least significant; the top enriched 
function in the COC group was 
“cellular movement” (33 DEGs) 
(Figure 5A and Supplemental 
Figure 4B). Overall, for almost all 
functions enriched in HC users, 
statistical significance was con-
siderably stronger in the DMPA 
group. Functions with significance 
comparable between DMPA and 
COC were “cellular movement,” 
“cellular growth and prolifera-

Figure 2. Heatmaps of hierarchical clustering of the genes differentially expressed in the ectocervical epithelium of hormone contraception users. (A) 
DMPA users. (B) COC users. Columns represent participants; rows represent genes. Gene expression levels are indicated by color: red denotes upregulation; 
blue denotes downregulation.

Figure 3. Representative images of immunohistochemical detection of KRT10 and DSG1 in the vaginal epi-
thelium at baseline (n = 10 in DMPA cohort; n = 5 in COC cohort) and after contraception use (n = 16 in DMPA 
cohort; n = 5 in COC cohort). See Supplemental Figure 5 for more details. BL, baseline. Scale bars: 100 μm.
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of mononuclear leukocytes” (Z score = –2.431, n = 7), “chemotax-
is of mononuclear leukocytes” (Z score = –2, n = 4), and “T cell 
development” (Z score = –2.187, n = 8). Importantly, IPA upstream 
regulator analysis recognized β-estradiol as the most statistically 
significant transcriptional regulator in DMPA users, which was 
predicted to be negatively associated with DMPA use (P = 1.66 × 
10–24; Z = –0.842), thus underscoring the negative impact of DMPA 
on the estrogen level/activity in the genital mucosa. Interestingly, 
the second most significant regulator was tretinoin (all-trans RA;  
P = 7.65 × 10–18), which was predicted to be activated in the ectocer-
vix of DMPA users (Z = +2.15).

In addition to the analyses based on the expression of indi-
vidual DEGs, we performed analysis of gene set overrepresenta-
tion using Biometric Research Branch (BRB) array tools, which 
revealed that, as defined by gene ontology (GO) categories, the 
top 7 gene sets enriched in the ectocervical mucosa of DMPA users 

(comprising about 170 genes) were related to epidermal/epithelial 
structure, function, and development (Table 3 and Supplemental 
Table 9). None of these GO categories was enriched in the COC 
group (Table 3). This result was consistent with significant enrich-
ment of “dermatological diseases and conditions” biofunction 
associated with the DMPA- but not COC-altered genes.

DMPA effect on cervicovaginal mucosa showed interindividual 
variability. Unsupervised clustering analysis of DEGs demonstrat-
ed that while samples before and after use of DMPA displayed good 
segregation, there was apparent heterogeneity in gene expres-
sion among women within the DMPA group (Figure 2). We were 
interested to estimate the scale of variations related to the epithe-
lial integrity, and for this purpose designated 3 major groups (G1, 
G2, G3) defined by cluster analysis based on a gene set of 22 most 
significantly altered genes with [FC] > 2 at P < 0.001 (Figure 6). 
Four DMPA samples, which clustered with 2 baseline samples, 

Figure 4. Graphical Spearman correlation matrix of selected ectocervical genes differentially expressed in the DMPA users. Spearman correlation r values 
were determined using GraphPad Prism 7. Colors are added for better visualization. See Supplemental Figure 2 for significance of Spearman correlation.
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were defined as group G1. The majority of DMPA samples (n = 19) 
formed a big cluster that we annotated as group G2, while 5 DMPA 
samples formed a very distinct cluster defined as group G3. We 
excluded from the group analysis 3 DMPA samples that were inter-
mixed within the cluster of 29 baseline samples. Transcriptomic 
analysis revealed that there were 213, 404, and 750 DEGs in G1, 
G2, and G3, respectively (Figure 7 and Supplemental Tables 10–12).

We created a list of 49 genes based on their relation to the epi-
thelial integrity and significance of their expression changes and 
estimated transcriptome changes in each group compared with 
baseline. In group G1, expression of only 6 genes from the list was 
found altered, and the magnitude of changes for 4 of these genes, 
PGR, PRSS23, WISP2, and VCAN, was bigger in this group com-
pared with the rest of participants (Supplemental Tables 10 and 13 
and Figure 7). Interestingly, there were no changes in expression 
of these genes in G3, and they displayed strong mutual correla-
tion in their expression, presenting a stand-alone group in the cor-
relation analysis (Figure 4 and Supplemental Figure 3). In the G2 
group, expression levels of DEGs were close to those obtained for 
the whole DMPA group (Supplemental Tables 11 and 13), though 
some intragroup variability was evident (Figure 6). The most dras-
tic changes were displayed in the G3 group represented by 5 par-
ticipants. The changes were manifested in dramatically stronger 
transcriptional changes of epithelial barrier genes, including RPTN 
(FC = –25.1), DSG1 (FC = –30.2), LCE3D (FC = –24.8), DMKN (FC = 
–10.2), FLG (FC = –9.9), and KRT10 (FC = –4.2) (Figure 7 and Sup-
plemental Tables 12 and 13). Immunohistochemical analysis of pro-

teins KRT10 and DSG1 in 26 vaginal specimens taken at baseline  
(n = 10) and after use of DMPA (n = 16) indicated that group-related 
variations in patterns of their expression were in correspondence 
with those of ectocervical genes (Supplemental Figure 5). Notably, 
there was also stronger downregulation of GYS2 (FC = –13.0) in G3. 
Furthermore, in striking contrast to responses in groups G1 and 
G2, molecular functions associated with immune cell movement 
categories were found to be activated in the G3 group (Figure 8). 
Significantly upregulated genes included the leukocyte-attracting 
chemokines CXCL6, CXCL1, IL8, CCL19, CXCL13, and CCL2, 
and complement component 3 (C3), also involved in attraction of 
immune cells (Supplemental Tables 12 and 13).

We compared demographic characteristics of women in these 
groups and found that women in the least affected group, G1, 
were significantly younger than women in G2 and G3 (24.3 ± 5.4 
vs. 34.7 ± 7.1 years old, P = 0.016), whereas women of the high-
response G3 group tended to have lower BMI compared with G1 
and G2 participants (26.7 ± 5.9 vs. 33.5 ± 8.2), although this differ-
ence did not reach significance (P = 0.067) (Supplemental Table 
14). Although the sample size is small, these data suggest that the 
effect of DMPA on epithelial integrity might be impacted by the 
woman’s age and weight.

Discussion
The goal of this study was to gain insight into mechanisms under-
lying the possible link between use of progestin-only injectable 
DMPA and risk of HIV-1 acquisition, exploring whole-genome 

Figure 5. Functional analysis of genes differentially expressed in the ectocervical epithelium of HC users conducted using IPA. (A) Top biological 
processes most significantly associated with the DEGs. (B) Activation state of biological functions in the ectocervical epithelium in HC users as 
characterized and sorted by Z scores. The overwhelming majority of computable functions was predicted to be suppressed (negative Z scores). Shown are 
the top computable biological functions.
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KRT10, the known marker of differentiating postmitotic supra-
basal keratinocytes, was strongly suppressed along with other 
suprabasal keratins KRT6B and KRT1, while KRT18 and KRT19, 
which are characteristically expressed in the basal layer cells (50), 
were upregulated. Downregulation of other genes predominantly 
expressed in the suprabasal differentiating layers additionally 
points to defective epithelial differentiation. They include DSG1, 
the isoform of a desmosomal cadherin responsible for intercel-
lular adhesion in the suprabasal epithelial layers (51, 52); DMKN 
and SBSN, clustered genes encoding proteins secreted by upper 
suprabasal keratinocytes (53, 54); and genes encoding proteins 
essential for the SC (see below).

Besides DSG1, 2 more genes encoding intercellular junction 
proteins were found downregulated by DMPA: DSC2, a desmo-
somal cadherin expressed primarily in the lower epithelial layers, 
and CDSN, a gene coding for an adhesive protein that is added 
to the extracellular part of desmosomes as they are converted 
to the corneodesmosomes during keratinocyte transformation 
to corneocytes (36). Corneodesmosomes hold the corneocytes 
together until they reach the uppermost part of the SC, where 
CDSN together with desmosomal cadherins is degraded by spe-
cific KLK peptidases to permit the desquamation process. KLK 
peptidases are also present below the SC, but their activity in these 
locations is inhibited by specific antipeptidases including SPINKs 
and SERPINs (37). DMPA use caused suppression of SPINK6 and 
SERPINB7, which play central roles in the inhibition of KLK activ-
ity. Untimely activation of KLK peptidases due to downregulation 

transcription profiling of ectocervical tissues. In women, cervi-
covaginal mucosal tissues are the main portal of entry for the 
virus, and therefore gene and structural changes induced by HC 
are critical to such relationship. The major finding of the study 
is that DMPA use caused significant alterations in expression of 
genes responsible for cervicovaginal epithelial integrity (Figures 9 
and 10 and Supplemental Figure 6). Notably, this effect was not 
observed in the users of COC, which consisted of a combination 
of the progestin LNG and the synthetic estrogen ethinyl estradiol.

An intact genital epithelium provides an efficient barrier to HIV 
penetration, since the risk of HIV-1 transmission following a single 
sexual exposure is low — the average probability of male-to-female 
HIV-1 transmission is estimated as 1–2 per 1,000 coital acts (42, 43).

Ectocervical and vaginal epithelia are structurally similar self-
renewing stratified squamous tissues consisting of several layers 
(or strata) of keratinocytes, which undergo a process of a con-
tinuous tightly orchestrated differentiation from a proliferative 
basal cell layer through postmitotic suprabasal layers to the out-
ermost corneal layer (or stratum corneum [SC]), where they are 
transformed into flattened corneocytes and shed off the epithelial 
surface (Figure 9 and refs. 44–48). During differentiation, kerati-
nocytes switch their transcriptional and translational patterns and 
change cell shape, metabolism, and intercellular contacts. Distur-
bances in epithelial differentiation have been shown to result in 
impaired barrier function (39, 40, 49).

We found that expression of several prominent markers of 
epithelial differentiation was altered after DMPA use. Thus, 

Table 3. Top significant gene sets enriched in the ectocervical mucosa after HC useA

GO category GO ontology GO term No. of genes LS permutation P value KS permutation P value
DMPA
GO:0005578 CC Proteinaceous extracellular matrix 100 0.00002 0.00001
GO:0043588 BP Skin development 70 0.00003 0.00576
GO:0031424 BP Keratinization 8 0.00015 0.0232
GO:0030216 BP Keratinocyte differentiation 24 0.00015 0.01159
GO:0009913 BP Epidermal cell differentiation 29 0.00036 0.03658
GO:0033561 BP Regulation of water loss via skin 8 0.00077 0.01877
GO:0008544 BP Epidermis development 60 0.00089 0.07831
GO:0042445 BP Hormone metabolic process 33 0.0017 0.00234
GO:0007565 BP Female pregnancy 42 0.0027 0.00146
COC
GO:0007006 BP Mitochondrial membrane organization 5 0.00323 0.01135
GO:0001959 BP Regulation of cytokine-mediated signaling pathway 13 0.00031 0.00225
GO:0060759 BP Regulation of response to cytokine stimulus 13 0.00031 0.00225
GO:0006816 BP Calcium ion transport 37 0.00068 0.02146
GO:0031984 CC Organelle subcompartment 10 0.00083 0.0077
GO:0031985 CC Golgi cisterna 10 0.00083 0.0077
GO:0070838 BP Divalent metal ion transport 38 0.00112 0.03853
GO:1901019 BP Regulation of calcium ion transmembrane transporter activity 6 0.00112 0.03314
GO:0003073 BP Regulation of systemic arterial blood pressure 13 0.00167 0.09502
GO:0001960 BP Negative regulation of cytokine-mediated signaling pathway 11 0.00188 0.00726
AGene set expression comparison was performed using 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 gene ontology (GO) classes. Significant gene sets were determined using the Fisher (LS) and Kolmogorov-Smirnov 
(KS) statistics and sorted by LS permutation P value. The threshold of determining significant gene sets is 0.0005 (in boldface). BP, biological process; CC, 
cell component.
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ded into extracellular matrix (49, 58, 60). In the SC of mucosal 
stratified epithelia, a modified or incomplete version of the CE is 
thought to be formed, which makes the mucosal SC not as imper-
meable as the epidermal one (61–65). Nonetheless, virion penetra-
tion through the superficial layers of the ectocervical squamous 
epithelia is relatively infrequent and rather shallow (55). It can, 
therefore, be suggested that, even if not as efficient as in the skin, 
the SC of the cervicovaginal epithelium may present the first physi-
cal barrier for most microorganisms (61, 62, 66); downregulation 
of genes coding for proteins required for proper SC formation may 
facilitate mucosal penetration of pathogens.

Among other important factors known to undermine epithe-
lial terminal differentiation (both cervicovaginal and epidermal) 
are vitamin A derivatives. We found that DMPA induced altera-
tions in ectocervical genes encoding metabolic enzymes that con-
trol levels of retinoic acid (RA), a principal biologically active form 
of vitamin A. A gene coding for CYP26B1, an enzyme that irre-
versibly catabolizes RA, was significantly downregulated, while 
RDH10, which mediates the biosynthesis of RA (reviewed in ref. 
67), was upregulated. It is conceivable that collective activity of 
the RA metabolic enzymes in the ectocervical mucosa of DMPA 
users results in the elevated RA levels, which might have contrib-
uted to impairment of mucosal barrier functions (Supplemental 
Figure 5). This viewpoint is supported by reports that overexpres-
sion of RDH10 results in overproduction of RA, which is accompa-
nied by reduced differentiation of keratinocytes (68), while dele-
tion of CYP26B1 leads to aberrant differentiation, defective CE 
formation, and impairment of barrier function (69).

Vitamin A has long been characterized as an antikeratiniz-
ing factor that opposes effects of estrogen (39, 70) and is associ-

of their inhibitors contributes to degradation of DSGs and CDSN 
(36, 37). DSG1 deficiency observed at the protein level might have 
additionally been due to overexpression of CAPN14, a protease 
that specifically degrades this cadherin (38). A substantial decline 
in the desmosomal/corneodesmosomal proteins entails destruc-
tion of desmosomes/corneodesmosomes, which are critically 
important for barrier integrity and epithelial differentiation (refs. 
49, 55, and Figure 10).

Transcriptomic analysis revealed DMPA-induced alterations  
in a number of genes associated with the SC structure. The stron-
gest and most statistically significant was downregulation of RPTN, 
which belongs to the epidermal differentiation complex (EDC), a 
2-Mb region located at chromosomal region 1q21 and comprising 
about 60 genes, many of them encoding proteins essential for the 
late steps of keratinocyte differentiation and formation of the SC 
(56). We also found downregulation of other members of the EDC: 
LCE3D, LOR, SPRR2C, and, in a group of participants, FLG. In the 
epidermis, the proteins encoded by these genes are localized to the 
upper stratum granulosum and SC; however, not much is known 
about their expression in the cervicovaginal epithelium. In addi-
tion to alterations in structural molecules, we observed reduction 
in expression of genes encoding enzymes essential in the forma-
tion of the tight impermeable epidermal barrier in the SC — cross-
linking enzyme TGM3 and lipoxygenase ALOX12B (57–59). Nota-
bly, these data imply that genes and proteins with well-defined 
roles in the epidermis are apparently operational in the cervico-
vaginal mucosa as well. In the epidermis, the SC is considered the 
principal barrier that prevents penetration of pathogenic molecules 
and microorganisms, due to a tight cornified envelope (CE) that in 
association with lipid envelope surrounds the corneocytes embed-

Figure 6. Heatmap of hier-
archical clustering based 
on the genes differentially 
expressed in the ectocervical 
epithelium of DMPA users, 
significant at parametric P 
value < 0.001 and [FC] > 2. 
Boxes on top of the heatmap 
show groups (G1, G2, G3) des-
ignated for analysis of gene 
expression variability in the 
DMPA users.
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pausal women, particularly in those experiencing vaginal atrophy, 
and expression of most of these genes is restored after adminis-
tration of estrogen (refs. 82, 83, and our unpublished data). The 
essential role of estrogen in the structural organization and func-
tioning of the cervicovaginal mucosa has long been recognized. 
Estrogen deficiency, as found in postmenopausal women or wom-
en undergoing estrogen suppression therapy, or in ovariectomized 
animals, is associated with cervicovaginal regression, which can 
be substantially reversed by exogenous estrogen administration 
(82–88). Furthermore, in murine models (including humanized 
ones), DMPA treatment causes suppression of cervicovaginal 
DSG1 accompanied by increased genital mucosal permeability 
and enhanced susceptibility to herpes virus type 2 (HSV-2) and 
HIV-1, which are prevented when mice are concomitantly treated 
with estrogen (89, 90). A role of estrogen in protection against 
simian immunodeficiency virus (SIV) has been demonstrated in 
primate models. In ovariectomized macaques, intravaginal inocu-
lation of SIV leads to infection, while SIV transmission is averted 

ated with shedding of desmosomes and dramatic loss of KRT10 
(refs. 39, 40, 71, 72, and references therein), and also with 
decline in other differentiation markers including filaggrin, 
loricrin, small proline-rich proteins, and transglutaminase (73–
76), all of which we found downregulated in the cervicovaginal 
epithelium of the DMPA users.

Interestingly, CYP26B1 was downregulated also in the COC 
users, in whom changes associated with reduced ectocervical 
epithelial integrity were not observed. Deficiency in CYP26B1 in 
these women might be compensated by the estrogenic compo-
nent present in COC.

Estradiol was identified by IPA upstream regulator analysis 
as the most statistically significant regulator negatively associ-
ated with changes in gene expression in DMPA users, which is in 
line with the well-established fact that injectable DMPA causes 
hypoestrogenism with systemic estrogen levels falling into post-
menopausal range (32, 77–81). Interestingly, many of the genes we 
found changed in the DMPA users are also altered in postmeno-

Figure 7. Volcano plots of gene expression 
changes in 3 groups of the DMPA users. 
Colored circles represent genes significant 
at false discovery rate set at 0.05. Red 
circles, upregulated genes; blue circles, 
downregulated genes.
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increased HIV transmission in DMPA users has earlier been pro-
posed (13, 32) and discussed in detail (14).

Effects of estrogen and progesterone/progestin are mediated 
through their cognate receptors — estrogen receptors (ERs) and 
progesterone receptors (PRs), respectively. There is a significant 
crosstalk between PRs and ERs. While estrogen bound to ERs 
is the major factor that positively regulates PR levels in a tissue- 
and cell-specific manner (101–104), downregulation of PRs may 
be induced by activated RA receptors and progestins themselves 
(105, 106). Our data indicate that use of either progestin-only 
DMPA or progestin LNG combined with estrogen in COC caused a 
decrease in ectocervical expression of PGR. The observed suppres-
sion of PGR in both DMPA and COC users might occur by action 
of the progestins with an additional contribution from RA, whose 
level could be elevated due to decreased levels of the retinoid cata-
bolic enzyme CYP26B1. Interestingly, no correlation was detected 
between expression of PGR and barrier genes, while there was a 
strong correlation between expression of PGR and CYP26B1. Less 
significant alterations in these genes in COC users were likely due 
to an opposing effect of the estrogen component in COC and/
or possibly because of differential targeting of steroid hormone 
receptors by the different progestin constituents of both contra-
ceptives. While both MPA and LNG have comparable affinities 

when macaques receive systemic or local estrogen (87, 91). Estro-
gen therapy has been shown in these experiments to cause signifi-
cant cornification and maturation of the epithelium (91).

Ancillary to the structure-related genes, we found reduced 
expression of GYS2 in the DMPA users, which likely entails a drop 
in epithelial production of glycogen (92), a nutrient essential for 
vaginal colonization by Lactobacillus spp. (93). Downregulation 
of GYS2 points to a mechanism that may underlie the decrease in 
vaginal colonization by lactobacilli reported for DMPA users (32, 
33). Importantly, reduced vaginal abundance of lactobacilli has 
been linked to impairment of the cervicovaginal epithelial integ-
rity (94, 95) and increased susceptibility to sexually transmitted 
infections including HIV-1 (93, 96–100). Notably, glycogen-
dependent glucose metabolism and vaginal colonization by lacto-
bacilli are stimulated by estrogen (92).

Results presented here together with data published by oth-
ers suggest that significant and highly correlated DMPA-induced 
dysregulation of genes responsible for cervicovaginal epithelial 
integrity was largely a consequence of a DMPA-driven decline in 
estrogen levels. Substantial impairment of the mucosal protective 
barrier presents a mechanism contributing to the potential link 
between increased HIV acquisition rates and DMPA use (Figures 
9 and 10). Causal relationship between hypoestrogenism and 

Figure 8. Activation status of functions related to immune cell migrations in 3 groups of the DMPA users (IPA analysis). (A) Networks showing 
relationships of DEGs with functions. (B) Heatmaps of the activation status of the biological functions in the groups.
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cell movement and functions were predicted to be significantly 
suppressed by use of DMPA, which is consistent with an immu-
nosuppressive role of GR activation and supports observations in 
other studies. Contrastingly, in a small group of women (n = 5), 
DMPA use caused significant activation of pathways related to 
immune responses, including immune cell attraction and migra-
tion, potentially augmenting susceptibility to HIV-1 acquisition. In 
this group, we observed significant upregulation of genes encod-
ing chemokines attracting immune cells postulated to be HIV tar-
gets, including CCL19 and CCL21, which are ligands for CCR7 
receptor expressed by central memory T cells and dendritic cells 
(DCs), and CXCL13, which binds CXCR3 expressed on activated 
T cells and plasmacytoid DCs. Furthermore, strongly upregulated 
in this group, CXCL1, CXCL6, and IL8 genes encode proinflam-
matory chemokines binding CXCR1 and CXCR2 receptors largely 

for PRs, MPA additionally binds with high affinity and activates 
another member of the superfamily of nuclear receptors, gluco-
corticoid receptor (GR), known as a potent suppressor of proin-
flammatory mediators (107–110). Activated by MPA, GR has been 
demonstrated in vitro and ex vivo to downregulate production of 
key cytokines/chemokines responsible for regulation of immune 
response in various types of cells, thus contributing to suppression 
of systemic and local immune protection (26, 109, 111, 112). Com-
promised immune function is suggested as one of the mechanisms 
underlying the potential link between HIV-1 acquisition risk and 
DMPA use (reviewed in refs. 12–14, 16).

While ectocervical transcriptome data do not reflect an assess-
ment of the systemic immune status, our functional analysis of 
altered genes revealed that in the majority of women participat-
ing in our study, biological processes associated with immune 

Figure 9. Intact cervicovaginal epithelium. Healthy cervicovaginal epithelium presents an effective barrier against HIV-1 transmission. The epithelium 
consists of several layers of continuously differentiating keratinocytes interconnected by cell junctional structures. The outermost epithelial layer, the 
stratum corneum (SC), is the first physical barrier for most microorganisms. Proteins such as RPTN, FLG, LCE3D, LOR, TGM3, and ALOX12B are essential in 
maintaining the SC. Corneocytes form the SC and are joined by corneodesmosomes, cell junctional structures whose intercellular part consists of DSG, DSC, 
and CDSN, proteins that are degraded by KLK peptidases in the uppermost part of the SC to promote cell separation and shedding. The multiple keratino-
cyte layers beneath the SC present the next level of physical protection due to strong cytoskeleton supported by KRTs and cell junctional structures, largely 
desmosomes, the transmembrane part of which is formed by DSGs and DSCs. Activities of KLK peptidases beneath the SC are suppressed by serine protease 
inhibitors including SPINKs and SERPINs. In addition to physical barriers, Lactobacillus spp., which are most often the dominant types of bacteria in healthy 
vaginal lumen, produce lactic acid — a factor that is involved in direct anti–HIV-1 activity. Vaginal colonization and lactic acid production by lactobacilli 
depend on available glycogen synthesized by keratinocyte GYS2. The expression pattern of epithelial barrier–related proteins, encoded by genes differen-
tially expressed in DMPA users, is shown on the right. Only potential HIV-1 target immune cells are shown for simplicity.
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vaginal immune responses (116–118); besides, vaginal intercourse 
is frequently accompanied by epithelial mechanical microabrasions 
(119). Disruption of mucosal integrity resulting from some intra-
vaginal practices (120, 121) may be exacerbated by DMPA use (18). 
We did not assess condom use and frequency of sexual encounters, 
which is another limitation of the study. In general, variations in the 
cervicovaginal mucosal microenvironment, including those report-
ed to exist in different populations, might contribute to divergent 
responses to DMPA administration demonstrated in previous stud-
ies, especially taking into account that participants in those studies 
may represent diverse populations with intrinsically different cervi-
covaginal environments (24, 115, 122–125).

Another weakness of this study is that microarray-based 
results were only partially validated by quantitative reverse tran-
scriptase PCR and immunohistochemical analysis.

In summary, by applying whole-genome transcriptomic analy-
sis to ectocervical biopsies taken before and after use of HC, we 
found that use of DMPA, but not COC, caused significant altera-
tions in expression of genes responsible for mucosal barrier func-
tions, most likely as a result of DMPA-induced hypoestrogenism. 

expressed by neutrophils, which are often linked to tissue damage 
(66, 113, 114). Activation of chemokine genes took place concomi-
tantly (and might have been mutually interrelated) with dramati-
cally increased alterations in expression of epithelial barrier genes. 
Moreover, in this group of women we observed considerably stron-
ger downregulation of GYS2, which might result in an adverse 
effect on the vaginal microbiota that may in turn further contrib-
ute to attenuation of the mucosal protective function (115). It is not 
clear what mechanism(s) may underlie these stark transcriptome 
variations. We did not detect significant differences in the baseline 
characteristics (including gene expression) between this “high-
response” group and the rest of the participants, although we found 
that women in this group tended to have lower BMI.

One of the limitations of this study was that we did not test 
women for urogenital infections after 6-week use of HC; therefore, 
a possible role of newly acquired infections in the observed differ-
ential responses could not be ruled out. It may be speculated that 
factors aggravating DMPA effect could be associated with dynamic 
alterations in mucosal environment due to, for example, sexual 
activity and/or intravaginal practices. Exposure to semen induces 

Figure 10. Model of cervicovaginal mucosal changes in DMPA users plausibly linked to an enhanced HIV-1 susceptibility. Use of DMPA results in altered 
expression of many genes involved in barrier functions of cervicovaginal mucosa. (A) Decrease in markers of differentiating keratinocytes (such as KRT10, 
KRT1, KRT6B) indicates a compromised epithelial differentiation. Downregulation of the molecules involved in the SC organization (FLG, RPTN, LCE3D, 
ALOX12B, TGM3, LOR, and CDSN) and cell junctional proteins in all layers (DSG1 and DSC2) leads to breaches in the epithelial barrier, which is exacerbated 
by an untimely activation of KLK peptidases due to a decreased production of peptidase inhibitors (specifically SPINK6 and SERPINB7). Decrease in 
GYS2 expression implicates a drop in the glycogen level and, therefore, lower abundance of Lactobacillus spp. (B) In more expanded responses, molecular 
changes in the cervicovaginal epithelium are intensified: alterations in the barrier-supporting genes dramatically increase in magnitude, which results 
in more spacious epithelial breaches and production and release of proinflammatory chemokines that attract more HIV target cells (such as CD4+ T 
cells, dendritic cells, macrophages) and damage-related neutrophils. In A and, on a larger scale, in B, the cervicovaginal epithelium of the DMPA users 
is characterized by loss of epithelial integrity, which allows HIV virions to penetrate and/or transverse the epithelium and reach HIV-1 target cells for 
productive infection or be transferred to the draining lymph node or circulating blood. See the legend to Figure 9 for more details.
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purity and quantity were determined using a Nanodrop ND-1000 
spectrophotometer. A report on RNA quality control is presented in 
Supplemental Table 15.

Microarray gene expression analysis, data normalization, and statis-
tical analysis. Gene expression analysis was conducted as previously 
described (127) with some modifications. Briefly, microarray expres-
sion profiling using Affymetrix U133 Plus 2 arrays was performed by 
Asuragen Inc. Affymetrix raw data (.CEL files) were processed and 
analyzed using Biometric Research Branch (BRB) Arrays Tool version 
4.5.1 developed by Simon and Lam (National Cancer Institute; avail-
able at http://linus.nci.nih.gov/BRB-ArrayTools.html). We identified 
genes that were differentially expressed between classes by using a 
multivariate permutation test set to provide 80% confidence that the 
false discovery rate was less than 5%. Genes that passed these criteria 
were considered differentially expressed (DEGs). In these settings, 
DEGs’ fold change difference between the studied groups was greater 
than 1.2. The microarray data are available through the Gene Expres-
sion Omnibus with accession number GSE110313.

Hierarchical clustering analysis of DEGs was performed using 
unsupervised average linkage with Euclidean distance metric.

Gene set comparison. Gene set comparison was conducted using 
BRB array tools as described in the Simon and Lam BRB array tool 
user guide (http://linus.nci.nih.gov/brb). Annotated gene sets were 
defined based on gene ontology (GO) categories. Analysis of GO 
groups rather than individual genes enables data on biologically relat-
ed genes to reinforce each other without relying on gene selection. 
Tests used to find significant gene sets were the Fisher (LS) statistic 
and the Kolmogorov-Smirnov (KS) statistic. The threshold of deter-
mining significant gene sets was 0.005. LS/KS permutation test finds 
gene sets that have more genes differentially expressed among the 
phenotype classes than expected by chance.

Functional analysis of significant genes. Biofunctions and molecular 
and cellular processes that are significantly associated with DEGs in 
our data sets were determined using Ingenuity Pathway Analysis (IPA) 
software. Significance is expressed as P value calculated by right-
tailed Fisher’s exact test, which measures the likelihood that the asso-
ciation between DEGs from our data set and a given process/function 
is due to random chance.

IPA’s Upstream Regulator Analysis tool, which uses the IPA knowl-
edge base, was explored to predict upstream regulators that can affect 
expression of genes from the analyzed data sets.

Immunohistochemistry. IHC analysis was performed on paraffin-
embedded vaginal biopsies as described earlier (23). Briefly, tissue sec-
tions (5 μm) were deparaffinized and rehydrated followed by antigen 
retrieval in citrate buffer (pH 6.2; DAKO) at 98°C. The tissue sections 
were incubated with primary antibodies overnight at 4°C, followed 
by treatment with appropriate biotinylated secondary antibodies for 
1 hour at room temperature. Details on antibodies and their working 
dilutions are presented in Supplemental Table 16. The sections were 
treated with ABC reagent (Vector Laboratories), and staining reaction 
was developed using an AEC chromogen substrate kit (SkyTek Labs).

Statistics. GraphPad Prism software (version 7.01) was used to 
assess association between expression of DEGs using Spearman’s 
correlation coefficients. Details of statistical analyses of microarray 
data, gene set comparison, and functional analysis of DEGs are given 
in the corresponding sections above. For the demographic data, sta-
tistical analyses were performed with SAS version 9.3. We compared 

We propose that impairment of cervicovaginal epithelial integrity 
in response to DMPA administration is an important mechanism 
underlying the potential link between increased risk of HIV-1 
acquisition and DMPA use. Our data also indicate that whereas 
in the majority of the DMPA users in our study biological pro-
cesses associated with immune cell movement and functions 
were suppressed, in a small group of women some of these func-
tions were substantially activated, resulting in an inflammatory-
like response. In addition to epithelial barrier compromise, both 
immunosuppression and inflammatory responses could contrib-
ute to enhanced HIV transmission.

Methods
Supplemental Methods are available online with this article; https://
doi.org/10.1172/JCI120583DS1.

Study design. This research was a part of the prospective parallel 
cohort CONRAD A10-114 study (ClinicalTrials.gov NCT01421368) 
conducted at 3 clinical sites — Eastern Virginia Medical School, the 
University of Pittsburgh, and Profamilia, Santo Domingo, Dominican 
Republic — designed to assess the effect of contraceptive methods on 
(a) the pharmacokinetics, pharmacodynamics, and safety of topical 
tenofovir (vaginal gel), and (b) cervicovaginal mucosal parameters 
associated with HIV infection. A total of 74 healthy women were 
enrolled (Figure 1). Participants had to report at least 3 months of 
regular menstrual cycles, of 25–35 days’ duration. Participants had 
not used any HC in the last 30 days, and had not had DMPA injection 
in the last 6 months. Exclusion criteria also included positive test for 
HIV, Trichomonas vaginalis, Neisseria gonorrhoeae, Chlamydia tracho-
matis, yeast vaginitis, or bacterial vaginosis (BV). We used PCR tests 
for T. vaginalis, N. gonorrhoeae, and C. trachomatis (Aptima Gen Probe, 
Hologic), light microscopy to test for yeast vaginitis, and a Gram stain 
for Nugent score test for BV. Full screening was not repeated after 6 
weeks of HC use, but we did do an exam to rule out symptomatic BV 
or yeast vaginitis. This substudy was not randomized and included 
63 healthy women, of median age 32 years (range, 19–49). Thirty-
one women chose to receive an injection of DMPA (150 mg; Depo-
Provera, Pfizer Inc.); 32 women received combined oral contracep-
tion (LNG 150 μg, ethinyl estradiol 30 μg; Levora, Mayne Pharma) 
for daily use. The ectocervical and vaginal biopsies were collected as 
described earlier (126) at cycle days 18 to 26, baseline sampling, and 
after 6 weeks of HC use. Ectocervical tissues were placed in RNAlater 
(Ambion AM7021, Ambion Life Sciences) and kept frozen at –80°C 
until use. A total of 126 ectocervical specimens were used for gene 
expression analysis, while only 36 randomly chosen vaginal samples 
(5 at baseline and 10 after COC use and 10 at baseline and 16 after 
DMPA use) were available for immunohistochemical (IHC) analysis 
in this substudy, because samples for IHC analysis were designated 
and extensively used for the analysis of effects of HC on pharmaco-
kinetics, pharmacodynamics, and safety of tenofovir. Vaginal tissues 
assigned for IHC protein detection were placed into 10% neutral for-
malin for 24–48 hours, and processed as described below.

RNA isolation. To isolate RNA, ectocervical tissues were placed 
into Trizol (Invitrogen Life Technologies) and homogenized using 
an OMNI international homogenizer. Total RNA was extracted and 
then purified using RNeasy Mini Kit columns (Qiagen) according 
to the manufacturer’s instructions. The integrity of RNA was quali-
fied by Agilent Bioanalyzer 2100 capillary electrophoresis, and 
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tion and data presentation. SMA was the project administrator. 
IAZ and GFD wrote the manuscript. SMA, NY, and ART provided 
editorial comments and critique.
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