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Background. The hormonal contraceptive depot medroxyprogesterone acetate (DMPA) may be associated with an increased 
risk of acquiring human immunodeficiency virus (HIV). We hypothesize that DMPA use influences the ectocervical tissue archi-
tecture and HIV target cell localization.

Methods. Quantitative image analysis workflows were developed to assess ectocervical tissue samples collected from DMPA 
users and control subjects not using hormonal contraception.

Results. Compared to controls, the DMPA group exhibited a significantly thinner apical ectocervical epithelial layer and a 
higher proportion of CD4+CCR5+ cells with a more superficial location. This localization corresponded to an area with a nonintact 
E-cadherin net structure. CD4+Langerin+ cells were also more superficially located in the DMPA group, although fewer in number 
compared to the controls. Natural plasma progesterone levels did not correlate with any of these parameters, whereas estradiol levels 
were positively correlated with E-cadherin expression and a more basal location for HIV target cells of the control group.

Conclusions. DMPA users have a less robust epithelial layer and a more apical distribution of HIV target cells in the human 
ectocervix, which could confer a higher risk of HIV infection. Our results highlight the importance of assessing intact genital tissue 
samples to gain insights into HIV susceptibility factors.

Keywords.  female genital mucosa; hormonal contraception; DMPA; HIV; in situ staining; digital image analysis; epithelial in-
tegrity; HIV target cells; estradiol; progesterone.

Sub-Saharan Africa bears the greatest burden of human immu-
nodeficiency virus (HIV) infection, with approximately 20 mil-
lion people living with the condition [1]. In Sub-Saharan Africa 
injectable hormonal contraceptives are a popular choice of birth 

control, used by millions of women [2]. However, observational 
epidemiological studies have demonstrated a significant asso-
ciation between the 3-month progestin-containing injectable 
contraceptive depot medroxyprogesterone acetate (DMPA) and 
HIV acquisition [3–5]. Because a recent prospective clinical 
trial could not confirm a higher HIV infection risk associated 
with DMPA, the relative risk of DMPA remains controversial 
[6–8].

Proposed mechanisms of action for DMPA have been 
extensively evaluated in experimental, animal, and clin-
ical studies [9]. Collectively, these studies demonstrate that 
DMPA is associated with impaired mucosal integrity and al-
tered immune responses [10–17], which could increase sus-
ceptibility to HIV infection. Studies assessing women living 
in resource-poor HIV-endemic settings have been limited 
to samples of blood, genital secretions, and cervicovaginal 
mononuclear cells. As such, data from advanced imaging 
studies of cervicovaginal tissue samples are scarce [18]. For 
the present study, a customized image analysis workflow 
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was developed to investigate the effect of DMPA usage on 
ectocervical tissue samples from a cohort of women in Kenya 
compared with control subjects. With this approach, we were 
able to obtain data regarding changes in immune cells and 
tissue structure induced by DMPA usage, as well as its poten-
tial impact on HIV susceptibility.

MATERIALS AND METHODS

Study Subjects and Hormone Measurements

This substudy involved women from the Pumwani Sex Worker 
Cohort in Kenya who had reported sex work for 3 years or less. 
Subjects were selected from a larger clinical protocol [19, 20] 
based on DMPA use or no use of hormonal contraceptives. All 
study subjects answered demographic and behavioral ques-
tionnaires, and were sampled at 2 time points 2 weeks apart. 
Measures such as text messages, on-site prostate-specific an-
tigen detection, and comprehensive informed consent encour-
aged participants to refrain from vaginal intercourse during the 
biopsy healing period [20]. To be included in this study, subjects 
had to be 18−50 years of age, not have started menopause, and 
have tested negative for HIV, Neisseria gonorrhoeae, Chlamydia 
trachomatis, and syphilis infections. Moreover, women in the 
DMPA group had to have taken DMPA for at least 6 months 
and were targeted for enrollment within a 2- to 6-week window 
since their last injection, and women in the control group 
had to have a regular menstrual cycle. Written informed con-
sent was obtained from all participants prior to enrollment in 
the study. The ethical review boards from the University of 
Manitoba, University of Nairobi, and Region Stockholm ap-
proved this study.

Measurements of progesterone and estradiol concentrations 
in the plasma were performed using the MILLIPLEX MAP 
Steroid/Thyroid Hormone Magnetic Bead Panel (Millipore, 
Merck, Darmstadt, Germany).

In Situ Fluorescence Staining and Image Analysis

A 3-mm3 biopsy from the superior portion of the ectocervix 
was collected at 2 different time points and immediately snap-
frozen in liquid nitrogen prior to storage at −80°C. Participants 
were examined by a gynecologist 3 days later to ensure proper 
healing. The women were counseled not to have sexual inter-
course for 2 weeks after biopsy [20].

Immunofluorescence staining was performed on one 
8-µm-thick section per staining from the cryopreserved tissue 
samples [18]. Among the study subjects, 15 cases and 22 con-
trols were previously stained for expression of CD4, CCR5, and 
Langerin [18]. Four protocols were implemented to stain for 
CD4 together with E-cadherin, CCR5, Langerin, or CD3 using 
monoclonal primary antibodies followed by fluorochrome-
conjugated secondary antibodies (Supplementary Table 
1). Negative controls were incubated with secondary 

antibodies alone. All tissue sections were counterstained with 
4’,6-diamidino-2-phenylindole (DAPI) (Invitrogen, Thermo 
Fischer Scientific, Stockholm, Sweden) and scanned into digital 
images using a ×20 objective on a Pannoramic 250 Flash Slide 
Scanner (3DHistech Ltd, Budapest, Hungary). The epithelium 
was manually outlined as regions of interest (ROIs) prior to anal-
ysis. Two to six ROIs were outlined for each sample for quanti-
tative image analysis, an average value per sample was used for 
statistics and graphs. Areas that exhibited broken tissue, cysts, 
or artifacts were excluded. Image analysis workflows using 
MatLab and CellProfiler [21] were developed and applied to 
assess grayscale images of each marker separately (CellProfiler 
workflow and instructions available at GitHub, https://github.
com/gabriellaedf/Epithelial_Layers_and_Immune_Cells).

Epithelial Layer Segmentation

The net-like structure of E-cadherin was segmented using a 
contrast-independent approach [22] that accounts for varying 
intensity without creating erroneous breaks. Based on the 
E-cadherin net structure and nuclear staining, 4 epithelial layers 
were identified (Figure 1; Supplementary Figure 1). The super-
ficial layer was defined as the area between a manually drawn 
line along the apical border of E-cadherin staining and the ep-
ithelial border (Figure 1A). The upper intermediate (IM) layer 
was represented by a disrupted E-cadherin net and the lower IM 
layer by an intact E-cadherin net (Figure 1B). To segment the 2 
intermediate layers, all holes in the net structure were filled and 
spurs were removed, resulting in an object covering the intact 
E-cadherin net area. After masking out the parabasal layer, the 
remaining area was defined as the lower IM layer. The area be-
tween the lower IM layer and superficial layer was classified as 
the upper IM layer. The parabasal layer consists of 2–3 rows 
of highly packed cells that rest on the basal membrane. Nuclei 
located within approximately 2 µm of each other were merged, 
objects smaller than approximately 500 µm2 were excluded, and 
the remaining objects were smoothed to represent the parabasal 
layer (Figure 1C).

Epithelial Integrity and Thickness Measurements

The segmented net-like structure of E-cadherin was used to as-
sess epithelial integrity, namely the E-cadherin net coverage per 
area analyzed (%) and the mean fluorescence intensity (MFI). 
Another workflow was established to assess epithelial thickness. 
From the ROI outlines, an apical line following the epithelial 
apical border and a basal line following the basal membrane 
were segmented out. The distance from each point on the apical 
line to the nearest point on the basal line was calculated by cre-
ating a distance transform measuring the intensity (ie, distance) 
from the apical line to the corresponding basal line, and vice 
versa. The mean thickness of each of the 4 epithelial layers was 
calculated similarly.
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Segmentation of HIV Target Cells

Pixel-based segmentation, which has been reported to be 
appropriate for immune cells with irregular cell morph-
ologies [23], was used to assess the CD4, CCR5, Langerin, 
and CD3 staining. A  white top-hat noise-reduction filter 
was used in combination with automatically generated 

image-dependent intensity thresholds (Supplementary 
Table 2). The percentage of positively stained area within 
the total tissue area was used to represent the frequency of 
positive cells. Each marker was segmented individually and 
the overlapping area between co-stained markers was de-
fined as double-positive.

Spatial Localization of Cellular Receptors

First, the average distance from the apical surface to the 
immune cells was assessed. A  distance-transform image of 
the apical line was created, and the intensity/distance of the 
segmented cells was measured in this image (Figure  1D; 
Supplementary Figure 1C). Thereafter, the spatial distri-
bution of cells across the 4 defined epithelial layers was 
measured. Using the thickness measurement of the layers 
as defined in the dual E-cadherin/CD4 staining, an approx-
imate division of the superficial and upper IM layers was 
imposed on the CD4/CCR5-, CD4/Langerin-, and CD4/
CD3-stained images. The proportion of the superficial and 
upper IM layers of the overall thickness was derived from 
E-cadherin staining and then applied to the total thickness 
calculation for each of the other stains. The parabasal layer 
was identified in each staining set. The lower IM layer was 
defined as the area between the parabasal layer and the ap-
proximated upper IM layer.

Statistical Methods

A Mann–Whitney U test was used to compare all continuous 
variables, and Pearson χ 2 test was applied for all categorical 
variables. Spearman correlation analysis was used to assess cor-
relations between image data and hormone levels. Statistical 
analyses were performed using R software and P < .05 was con-
sidered statistically significant.

RESULTS

Study Participants and Sample Collection

Women from the Pumwani Sex Worker Cohort were recruited 
based on DMPA use (n  =  30) or no hormonal contraceptive 
use (n  =  40). No differences were observed in clinical and 
sociodemographic parameters between the groups (Table  1). 
All participants were sampled at 2 time points. The first sample 
was aimed for when the control subjects were in the luteal phase 
of the menstrual cycle, based on self-reported days since onset 
of last menses. Data were obtained from 35 of the 40 women 
(median, day 20 [range, 6–31]). The luteal phase, as defined 
by plasma progesterone levels >1.2 ng/mL [11], could be con-
firmed for all 35 participants. The second sample collected 2 
weeks later (DMPA, n  =  28 [overlapping subjects from first 
collection, n  =  25]; controls, n  =  32 [all overlapping]) aimed 
for the follicular phase for the controls. No differences were ob-
served at this second time point between the study groups for 
the parameters listed in Table 1 (data not shown).

A

B

C

D

E-cadherin
Nuclei
CD4

Superficial
Upper IM
Lower IM
Parabasal

Figure 1. Schematic of the digital image analysis workflow developed for 
identifying mucosal markers of human immunodeficiency virus (HIV) susceptibility. 
Four distinct epithelial layers were objectively identified for subsequent analysis 
of markers of HIV susceptibility within each layer. A, Regions of interest within 
the ectocervical epithelium was manually outlined (white) in scanned images of 
immunostained, 2-dimensional tissue sections. The apical border of E-cadherin 
staining was manually outlined (yellow) to define the superficial layer (area above 
the line). Corresponding digital images (right column) show the 4 segmented ep-
ithelial layers, the integrity of the segmented E-cadherin net structure, and the 
spatial distribution of CD4+ cells in the 4 layers. B, The intermediate layer (IM) 
was defined using the grayscale image of E-cadherin staining (left column), and 
divided into the upper IM layer represented by a nonintact or “leaky” E-cadherin 
net and the lower IM layer represented by an intact E-cadherin net (right column). 
C, The grayscale image of nuclei staining (left column) was used to identify the 
parabasal layer (dark brown, right column), based on the high nuclear density. D, 
The grayscale image of each immune cell marker (here CD4, left column) was used 
to segment out the positive stained area (white, right column) and measure the cell 
frequency per area analyzed. The spatial location of immune cells relative to the 
vaginal lumen was measured by overlaying the segmented CD4+ cells (white, right 
column) with a distance transform (illustrated by a black-to-white gradient from the 
apical surface, marked in red, right column). In the distance transform image, all 
pixels were assigned a value representing the number of pixels (ie, distance) away 
from the apical line.
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Table 1. Clinical Characteristics of Study Subjects

Characteristic DMPA (n = 30) Controls Luteal Phase (n = 40) P Value

Age, y, median (range) 30 (22–41) 31 (20–47) .961a

Not available, No. 0 1  

Months in sex work, median (range) 24 (3–36) 24 (4–36) .203a

Not available, No. 0 2  

No. of clients last 7 d, median (range) 5 (0–28) 4 (0–30) .757a

Not available, No. 4 2  

Condom use last 7 d, median (range) 100% (50–100) 100% (67–100) .919a

Not available, No. 5 5  

Having a regular partner, No. (%)   .458b

Yes 16 (53%) 24 (60%)  

No 11 (37%) 15 (37%)  

Not available 3 (10%) 1 (3%)  

Practice vaginal douching, No. (%)   .125b

Yes 11 (37%) 9 (22%)  

No 16 (53%) 30 (75%)  

Not available 3 (10%) 1 (3%)  

Bacterial vaginosis (Nugent score), No. (%)   .623b

Normal (0−3) 17 (57%) 23 (58%)  

Intermediate (4−6) 7 (23%) 7 (18%)  

BV (7−10) 4 (13%) 9 (22%)  

Not available 2 (7%) 1 (2%)  

Genital infectionc, No. (%)   .362b

Chlamydia trachomatis 0 (0%) 1 (2%)  

Neisseria gonorroheae 1 (3%) 1 (2%)  

Abbreviations: BV, bacterial vaginosis; DMPA, depot medroxyprogesterone acetate.
aMann–Whitney U test.
bPearson χ 2 test.
cScreening for genital infection was negative at baseline (inclusion criteria). 

DMPA Users Exhibit a Thinner Superficial Layer in the Ectocervix

Image analysis workflows were established to differentiate the 
epithelium into 4 layers and to quantify the E-cadherin net 
coverage (%) and MFI. Comparable epithelial tissue areas were 
analyzed in both study groups for all staining (Supplementary 
Table 3); for each subject a total of approximately 2400 
cells were analyzed per staining. All measurements were 
normalized against the total tissue area analyzed. E-cadherin 
net coverage was absent from the superficial layer but present 
in high abundance in the other layers (Figures 1A, 1B and 2A). 
Compared to controls in the luteal phase, DMPA users showed 
similar levels of E-cadherin net coverage (29%), but lower 
compared with controls in the follicular phase (29% vs 33%, 
P = .001) (data not shown). This difference was specific to the 
lower IM (32% vs 37%, P = .0001) and parabasal layers (33% 
vs 39%, P = .009) (Figure 2B). The MFI of E-cadherin expres-
sion was comparable in all layers between the study groups 
(Supplementary Figure 2).

Next, we designed a workflow to measure the thickness of 
each epithelial layer, taking into account that the epithelium is 
irregular with a sinuous-patterned basal membrane and a rela-
tively straight apical surface. Although the total thickness was 
comparable between DMPA users and controls, the DMPA 
group displayed a thinner superficial layer compared to controls 

in both the luteal phase (23 vs 46 µm, P = .002) and follicular 
phase (36 vs 65 µm, P = .0007) (Figure 2C and 2D). Moreover, 
compared to controls in the follicular phase, DMPA users dis-
played a thicker upper IM layer (corresponding to a larger area 
of disrupted E-cadherin net structure) (86 vs 72 µm, P = .03), 
whereas the lower IM and parabasal layers exhibited similar 
thicknesses (Figure 2D).

Mucosal CD4+ Cells Are More Superficially Located in DMPA Users

We developed a workflow to examine the quantity and spa-
tial distribution of CD4+ cells within ectocervical epithelium 
to understand the effect of DMPA on immune cell frequency/
localization. First, single CD4+ cells were assessed in conjunc-
tion with E-cadherin staining (Figure 2A), and no differences 
in the frequency of CD4+ cells were observed between DMPA 
users and controls (Figure 3A). These CD4+ cells were located 
closer to the apical surface in the DMPA group vs luteal phase 
controls (194 vs 220 µm, P = .04), but equal to follicular phase 
controls (Figure  3B). Women using DMPA also had a higher 
proportion of CD4+ cells in the upper IM layer compared with 
control women in either menstrual phase (luteal phase: 17% vs 
7%, P = .0009; follicular phase: 18% vs 10%, P = .002), as well 
as a lower proportion of CD4+ cells in the lower IM layer (lu-
teal phase: 41 % vs 48%, P = .03; follicular phase: 34% vs 45%, 
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P = .02) (Figure 3C). Both groups exhibited an equal proportion 
of CD4+ cells in the parabasal layer (Figure 3C) and none in the 
superficial layer (data not shown).

HIV Target Cells Are Distributed More Apically in the Ectocervix of 

DMPA Users

Next, we investigated CD4 staining in combination with CCR5, 
Langerin, or CD3 staining as HIV target cells express these cell-
surface markers. DMPA samples were compared against control 
samples collected during the luteal phase for these analyses. The 

frequency of total CD4+CCR5+ cells (Figure 4A) was similar be-
tween the groups (Figure  5A). However, within the total CD4+ 
cell population, the proportion of CD4+CCR5+ cells was higher 
in the DMPA group (38% vs 24%, P =  .007) (Figure 5B). While 
CD4+CCR5+ cells were located at a median distance of 217  µm 
from the apical surface in both groups (Figure  5C), the DMPA 
group exhibited a higher proportion of CD4+CCR5+ cells in the 
upper IM layer (10% vs 5%, P = .009) (Figure 5D) but a lower pro-
portion in the parabasal layer (57% vs 63%, P = .04) (Figure 5D). 
The majority of CD4+CCR5+ cells were found in the parabasal layer 
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Figure 2. Epithelial integrity and thickness of the ectocervical epithelium. A, Representative image of immunostaining (left) and identified layers (right) of an ectocervical 
tissue section obtained from a depot medroxyprogesterone acetate (DMPA) user and control subject (no hormonal contraceptive use) stained for E-cadherin and CD4. B, 
Boxplots showing E-cadherin net coverage (ie, the percentage of E-cadherin net structure area out of area analyzed) in the 3 epithelial layers. Comparison of DMPA users 
vs control subjects in the luteal (top) and follicular (bottom) phases. Boxplots showing total epithelial thickness, as well as the thickness of the 4 individual layers in DMPA 
users vs control subjects in the luteal phase (C) and in the follicular phase (D). Boxplot: median (interquartile range [IQR]); error bars: largest/smallest value within 1.5 × IQR; 
outside values marked as dots. *P < .05, **P < .01, ***P < .001. Each datapoint represents 1 subject. Abbreviations: lo IM, lower intermediate; P, parabasal; S, superficial; 
up IM, upper intermediate.
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Figure 3. Expression and spatial localization of CD4+ cells. Graphs showing the comparisons between depot medroxyprogesterone acetate users vs control subjects in the 
luteal (top) and follicular (bottom) phases. A, The frequency of CD4+ cells in the ectocervical epithelium (defined as CD4 positive area/area analyzed). B, The mean distance 
from the epithelial surface to CD4+ cells. C, Distribution of CD4+ cells located in each of the 3 epithelial layers. Boxplot: median (interquartile range [IQR]); error bars: largest/
smallest value within 1.5 × IQR; outside values marked as dots. *P < .05; **P < .01. Each datapoint represents 1 subject. Abbreviations: DMPA, depot medroxyprogesterone 
acetate; lo IM, lower intermediate; P, parabasal; up IM, upper intermediate.

in both groups (Figure  5D). The CCR5+ staining was similar to 
CD4+CCR5+ staining (Supplementary Figure 3).

Quantification of CD4 and Langerin staining (Figure  4B) 
showed that the DMPA group had a lower frequency of 
CD4+Langerin+ cells (0.4% vs 0.6%, P = .03) (Figure 5A). The pro-
portion of CD4+Langerin+ cells among the total CD4+ cell popu-
lation was also lower for the DMPA group (19% vs 25%, P = .008) 
(Figure  5B). CD4+Langerin+ cells were localized more superfi-
cially in DMPA users (172 vs 216 µm, P = .008) (Figure 5C), and 
they also displayed a higher proportion of CD4+Langerin+ cells 
in the upper IM layer compared with the control group (15% 
vs 9%, P  =  .003) (Figure  5D). In both groups, the majority of 
CD4+Langerin+ cells were found in the lower IM layer, followed 
by the parabasal layer (Figure 5D). The Langerin+ staining was 
similar to CD4+Langerin+ staining (Supplementary Figure 3).

Next, we investigated the frequency and localization of 
CD4+CD3+ cells in a subset of samples (DMPA, n = 16; con-
trols, n = 35) (Figure 4C). Both groups were comparable for the 
parameters listed in Table 1 (data not shown). No differences 
were seen in the frequency of CD4+CD3+ cells (Figure  5A). 
However, the DMPA group displayed a higher proportion of 
CD4+CD3+ cells among the total CD4+ cell population com-
pared with the control group (19% vs 14%, P = .007) (Figure 5B). 
Although CD4+CD3+ cells were located at a similar distance 
from the epithelial apical surface in both groups (Figure 5C), 
DMPA users had a higher proportion of these cells in the upper 
IM layer (9% vs 6%, P = .02) (Figure 5D), with the majority of 
the CD4+CD3+ cells found in the parabasal layer (Figure 5D). 

The CD3+ staining was similar to that of CD4+CD3+ staining 
(Supplementary Figure 3).

Systemic Estradiol Levels Affect E-Cadherin Expression and Localization 

of CD4+CCR5+ and CD4+Langerin+ Cells

Assessment of plasma hormone levels within the control group, 
at the luteal phase, revealed a positive correlation between es-
tradiol and the MFI of E-cadherin staining in the upper IM 
(P =  .02, r = 0.40), lower IM (P =  .03, r = 0.37), and parabasal 
layers (P = .03, r = 0.37) (Figure 6A). A negative correlation was 
observed between estradiol and parabasal thickness (P  =  .04, 
r = −0.36) (Figure 6B). A negative correlation was also seen be-
tween estradiol and the proportion of CD4+CCR5+ cells located 
in the lower IM layer (P = .01, r = −0.43), while a positive corre-
lation was found in the proportion of CD4+CCR5+ cells localized 
in the parabasal layer (P = .009, r = 0.44) (Figure 6C). In addition, 
a negative correlation with estradiol was seen with the propor-
tion of CD4+Langerin+ cells located in the lower IM layer (P = .05, 
r = −0.34) (Figure 6D). No other correlations were observed for 
the remaining measurements (Figure 5), nor for progesterone rel-
ative to any tissue parameter (Supplementary Figure 4).

DISCUSSION

We here revealed that Kenyan sex workers who regularly use 
DMPA displayed a less intact ectocervical epithelium with more 
superficially located HIV target cells compared to women not 
using hormonal contraceptives. This mucosal signature can 
have the capacity to affect an individual’s HIV susceptibility risk.
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The active progestin compound of DMPA, 
medroxyprogesterone acetate (MPA), suppresses estradiol and 
progesterone levels [24]. To better understand how DMPA 
usage affects the genital mucosa, we therefore sampled the 
control group during both their luteal and follicular menstrual 
phases to account for natural sex hormone variations. Likewise, 
to aim for comparable MPA concentrations among the DMPA 
users [24], the women were targeted for inclusion within a 2- 
to 6-week period since their last injection, and for being on 
treatment for at least 6 months. Interestingly, a recent report 
correlated MPA concentration with reduced cervicovaginal 
growth factor expression in human mucosa [25]. However, 
because we lacked the capability to directly measure the 
plasma MPA concentration, it was not possible to corre-
late MPA levels to the mucosal study parameters. Our novel 
image-based workflows revealed that DMPA users possess a 
thinner superficial epithelium and showed more apical dis-
tribution of CD4+ cells compared to both follicular and luteal 
samples from the control group. The E-cadherin net coverage 

was comparable between DMPA users and control women in 
the luteal phase, but was lower than the control women in the 
follicular phase. These data imply that endogenous estradiol 
levels may influence E-cadherin expression, which was sup-
ported by a correlation found between plasma estradiol levels 
and intensity of E-cadherin expression in all epithelial layers. 
Estradiol levels were also positively correlated to E-cadherin 
net coverage in the upper IM layer. With r < 0.5, these correl-
ations were weak but indicate an association between plasma 
levels and tissue parameters, as local hormone concentration 
in tissue was not available. Sex hormones can influence ep-
ithelial junction protein expression directly through tran-
scriptional regulation [9, 17] or through effects on the genital 
microflora and protein expression [10, 26, 27]. Here, we could 
not discern whether the effects on E-cadherin were caused by 
DMPA, the hypoestrogenic/hypoprogestogenic state, or other 
factors. However, it is likely that DMPA use led to the thin-
ning of the superficial epithelial lining and apical distribution 
of CD4+ cells, as these outcomes were not observed in any of 
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Figure 4. Human immunodeficiency virus target cells visualized by immunostaining. Representative images of immunostained ectocervical tissue and enlarged regions of 
interest that show digital representations of the spatial localization of double-stained cells in each of the 4 identified epithelial layers in depot medroxyprogesterone acetate 
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Figure 5. Quantification and spatial localization of human immunodeficiency virus (HIV) target cells. A, Quantification of cell frequencies identified by double-staining of 
HIV target cells in the ectocervical epithelium in depot medroxyprogesterone acetate (DMPA) users and control subjects in the luteal phase (frequency defined as positive 
area/area analyzed) B, Proportion of CD4+ cells that co-express CCR5, Langerin, or CD3 in DMPA users and control subjects in the luteal phase. C, Mean distance between 
the epithelial surface and the HIV target cells for DMPA users and control subjects in the luteal phase. D, Graphs showing the distribution of cells located in each of the 3 
epithelial layers: CD4+CCR5+ (left), CD4+Langerin+ (middle), and CD4+CD3+ (right) cells. Boxplot: median (interquartile range [IQR]); error bars: largest/smallest value within 
1.5 × IQR; outside values marked as dots. *P < .05; **P < .01. Each datapoint represents 1 subject. Abbreviations: DMPA, depot medroxyprogesterone acetate; lo IM, lower 
intermediate; P, parabasal; up IM, upper intermediate.

the control groups. Moreover, these parameters lacked a corre-
lation with progesterone and estradiol levels.

The thinner superficial epithelial layer seen in DMPA users can 
be a contributing factor for viral entry, as suggested in both exper-
imental and clinical studies [10, 12, 17, 28, 29]. HIV particles can 
passively penetrate epithelial layers lacking cell junctions to areas 
where target cells are located [30]. As the vaginal and ectocervical 
epithelium are structurally similar, our present study is comparable 
to studies on the vaginal epithelium showing that neither progestin-
based hormonal contraceptive users, nor women during the luteal 
phase, displayed significant changes in total epithelial thickness 
[12, 27, 31–35]. This current study, as well as our previous one that 
focused on users of progesterone-based intrauterine devices [36], 
demonstrates the need to explore individual epithelial segments to 
reveal functional differences.

To explore the localization of HIV target cells during DMPA 
usage, we established a new workflow based on our previous 
knowledge assessing immune cells in tissue [18, 37–39]. The 
frequency of CD4+CCR5+ and CD4+CD3+ cells within the total 
CD4+ population in the epithelium, as well as the distribution 
of these cells in the upper IM layer, was higher in DMPA users 
than in the luteal phase control group. Although the DMPA 
group showed a lower frequency of total CD4+Langerin+ cells, 

these cells were more abundant in the upper IM layer and lo-
cated closer to the apical surface. The upper IM layer was here 
characterized by a disrupted E-cadherin net, suggesting that 
cells present in this tissue location are more accessible for HIV. 
HIV proteins can interact with epithelial cells to disrupt epithe-
lial junction proteins, which results in reduced barrier functions 
that facilitates spread of viruses [40, 41]. A more apical distribu-
tion of T cells and Langerin+ cells in the vaginal epithelium has 
been reported previously in DMPA users [16]. DMPA has been 
associated with increased expression of genital inflammatory 
proteins, number of activated T cells, and epithelial disruption 
[10, 11, 13, 18, 42–44], all of which could explain why mucosal 
HIV target cells are recruited to the apical surface. The DMPA-
induced hypoestrogenic/hypoprogestogenic state could also con-
tribute to this apical localization since we show here that higher 
estradiol levels correlated with a basal location of CD4+CCR5+ 
cells. Increased immune cell density in vaginal tissue samples of 
women using DMPA has been recorded in some [12, 45], but 
not all [16, 32, 46] studies. HIV target cell numbers were also 
increased in the endocervical mucosa of DMPA-treated non-
human primates [47].

The novel quantitative image analysis approach pre-
sented here capitalizes on emerging developments in 
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high-throughput processing of digital image data from tissue 
slides to enable standardized objective measurements. Our 
novel assay assessed approximately 2500 cells over a 600-µm2 
surface area per subject. All measurements were performed 
on thin 2-dimensional sections that were assumed to repre-
sent the local 3-dimensional structure of the tissue samples. 
However, potential limitations exist, including intersubject 
variation in staining intensity and the natural variability of 
tissue morphology. Our image analysis workflows overcame 
these challenges with robust algorithms and read-out set 
points. These workflows can therefore be adapted for studies 
on other epithelial linings and their associated immune 

cells, such as evaluations of experimental antiviral or vac-
cine compounds on mucosal surfaces or investigations into 
contraceptives that lack association with HIV susceptibility 
to influence clinical guidelines for their use.

Supplementary Data

Supplementary materials are available at The Journal of 
Infectious Diseases online. Consisting of data provided by 
the authors to benefit the reader, the posted materials are 
not copyedited and are the sole responsibility of the au-
thors, so questions or comments should be addressed to the 
corresponding author.
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