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ABSTRACT

In order to develop strategies to prevent HIV-1 (human immunodeficiency virus type 1) transmission, it is crucial to better char-
acterize HIV-1 target cells in the female reproductive tract (FRT) mucosae and to identify effective innate responses. Control of
HIV-1 infection in the decidua (the uterine mucosa during pregnancy) can serve as a model to study natural mucosal protection.
Macrophages are the main HIV-1 target cells in the decidua. Here we report that in vitro, macrophages and T cells are the main
HIV-1 targets in the endometrium in nonpregnant women. As reported for decidual macrophages (dM), endometrial macro-
phages (eM) were found to have an M2-like phenotype (CD68� CD163� CD206� IL-10high). However, eM and dM may belong to
different subpopulations, as they differently express certain markers and secrete different amounts of proinflammatory and anti-
inflammatory cytokines. We observed strong expression of the SAMHD1 restriction factor and weak expression of its inactive
form (pSAMHD1, phosphorylated at residue Thr592) in both eM and dM. Infection of macrophages from both tissues was en-
hanced in the presence of the viral protein Vpx, suggesting a role for SAMHD1 in the restriction of HIV-1 infection. This study
and further comparisons of the decidua with FRT mucosae in nonpregnant women should help to identify mechanisms of muco-
sal protection against HIV-1 infection.

IMPORTANCE

The female reproductive tract mucosae are major portals of HIV-1 entry into the body. The decidua (uterine mucosa during
pregnancy) can serve as a model for studying natural mucosal protection against HIV-1 transmission. A comparison of target
cells and innate responses in the decidua versus the endometrium in nonpregnant women could help to identify protective
mechanisms. Here, we report for the first time that macrophages are one of the main HIV-1 target cells in the endometrium and
that infection of macrophages from both the endometrium and the decidua is restricted by SAMHD1. These findings might have
implications for the development of vaccines to prevent HIV-1 mucosal transmission.

One-half of people living with human immunodeficiency virus
type 1 (HIV-1) are women (1). Young women (15 to 24

years) are more vulnerable than young men to HIV-1 transmis-
sion and account for 22% of new infections (2). Sexual transmis-
sion is the most common route of HIV-1 infection.

The precise sites of the female reproductive tract (FRT) in-
volved in establishing the initial infection are poorly known. In the
macaque model, the tissue lying at the transition between the ec-
tocervix and endocervix, called the transformation zone, has been
identified as the preferential portal for simian immunodeficiency
virus (SIV) entry (3). Whether or not HIV-1 can reach the uterine
cavity is still controversial. In the macaque model, uterine infec-
tion has been observed in one animal 2 days after vaginal inocu-
lation (4). Moreover, human endometrial explants are susceptible
to HIV-1 infection (5, 6). Thus, all compartments of the FRT,
including the endometrium, might contribute to establishment of
the initial infection.

In vitro studies have shown that macrophages and T cells from
the cervix and vagina are susceptible to HIV-1 infection (7–13). It
was recently reported that endometrial T cells are weakly permis-
sive to HIV-1 infection (14). The permissivity of endometrial
macrophages has not been determined. Nevertheless, infected

cells with a monocyte/macrophage morphology not belonging to
the T cell lineage have been detected in the endometrium of an
HIV-1-infected woman (15). In vitro, in the decidua basalis (the
uterine mucosa during pregnancy), macrophages are the main
HIV-1 target cells (16). Decidual macrophages (dM; CD14� cells)
have an M2-like phenotype and show features of proinflamma-
tory, tolerogenic macrophages (17–19).

It is not known whether decidual and endometrial macro-
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phages (CD14� cells) have the same phenotype. Macrophages un-
dergo polarization in response to a broad range of environmental
signals, and this polarization influences their susceptibility to
HIV-1 infection (20). Estrogen and progesterone concentrations
are considerably higher during pregnancy than during the differ-
ent phases of the menstrual cycle (21). It has been shown that
estrogen reduces the susceptibility of monocyte-derived macro-
phages (MDM) to HIV-1 infection (22). In addition, immune cell
distribution differs between the decidua and endometrium and
changes during the menstrual cycle and pregnancy (23, 24). As the
decidual and endometrial environments are different, macro-
phages from these tissues might have distinct phenotypes and dif-
ferent permissivities to HIV-1 infection.

The decidua is a model of natural mucosal protection against
HIV-1 transmission. Mother-to-child HIV-1 transmission is rel-
atively rare during the first trimester of pregnancy, despite the
permissivity of the placenta and decidua (25), suggesting that
HIV-1 infection is controlled at the maternofetal interface. Solu-
ble factors secreted by decidual cells partially inhibit HIV-1 entry
into dM (26). Moreover, viral production by dM is low, suggesting
that these cells possess intrinsic viral control mechanisms (16).

In the periphery, the weak susceptibility of myeloid cells to
HIV-1 infection is attributed to restriction factors (27). One of
these restriction factors is the cellular factor SAMHD1 (sterile
alpha motif domain HD domain-containing protein 1) (28, 29).
HIV-1 infection is restricted by SAMHD1 in myeloid cells (28, 29)
and in resting CD4 T lymphocytes (30, 31). The antiviral activity
of SAMHD1 is regulated by phosphorylation of the SAMHD1
Thr592 residue (32), the phosphorylated form being inactive.
Vpx, the accessory protein of HIV-2 and some types of SIV, de-
grades SAMHD1 (28, 29, 33). SAMHD1 restriction is abrogated
when MDM are infected in the presence of virus-like particles con-
taining Vpx (VLP-Vpx) (28, 29). To our knowledge, SAMHD1 ex-
pression has never been reported for macrophages from FRT
mucosae.

Studies of the natural control of HIV-1 infection in the decidua
could help to identify mechanisms of mucosal protection. Com-
parison of immune components in the decidua and FRT mucosae
in nonpregnant women could help to identify control mecha-
nisms present in the FRT and those that could be induced to pre-
vent sexual HIV-1 transmission. For accurate comparison of the
decidua and endometrium, it is first important to characterize
HIV-1 target cells in the endometrium, for which few studies have
been conducted.

We therefore characterized HIV-1 target cells in the endome-
trium in vitro and then compared endometrial macrophages with
decidual macrophages. We also analyzed the expression of the
restriction factor SAMHD1 in decidual and endometrial macro-
phages.

MATERIALS AND METHODS
Ethical statement. All the tissue donors in this study provided their writ-
ten informed consent. The Biomedical Agency (no. PF508-013), Assis-
tance Publique des Hôpitaux de Paris (no. VAL/2011/06-41/02), and the
biomedical research committee of the Institut Pasteur, Paris, France (no.
2005.024) approved the study of the decidua. Comité de protection des
personnes (no. 2011, July 12674), Assistance Publique des Hôpitaux de
Paris (no. VAL/2011/2011.277/01), the biomedical research committee of
the Institut Pasteur, Paris, France (no. 2011.18) and Comité Nationale de
l’Informatique et des Libertés (no. DR-2011-491) approved the study of
FRT mucosae.

Human decidual tissue collection and isolation of decidual mono-
nuclear cells and CD14� cells. Decidual tissues were obtained from
healthy women undergoing voluntary termination of pregnancy during
the first trimester (8 to 12 weeks of gestation) at Antoine Béclère Hospital
(Clamart, France) or Pitié Salpêtrière Hospital (Paris, France). The tissues
were minced and digested with 1 mg/ml of collagenase IV (Sigma, St
Quentin Fallavier, France) and 250 U/ml of recombinant DNase I (Roche,
Meylan, France) for 45 min at 37°C with agitation. The cell suspensions
were filtered successively through 100-, 70-, and 40-�m-pore-size sterile
nylon cell strainers (BD Biosciences, Le pont de Claix, France). Mononu-
clear cells were isolated from the cell suspension by Ficoll gradient cen-
trifugation using lymphocyte separation medium (PAA, Les Mureaux,
France). CD14� cells (dM) were purified by positive selection with anti-
CD14 magnetic beads (Miltenyi, Paris, France). dM purity was checked by
staining and flow cytometry and was 94.2% � 1.1% (mean � standard
error of the mean [SEM]). Contaminating cells were mainly CD45� cells.

Human endometrial tissue collection and isolation of endometrial
mononuclear cells and CD14� cells. Endometrial biopsy specimens were
obtained from nonmenopausal women aged 24 to 52 years (mean, 42
years) undergoing hysterectomy for nonmalignant disorders at Bicêtre
Hospital (Kremlin-Bicêtre, France). Surgery was always performed dur-
ing the proliferative phase of the menstrual cycle. Histologic analysis of
the tissue samples revealed no pathological or tumoral processes. After
separation from muscle tissue, the endometrium was minced and digested
with 2.5 mg/ml of collagenase IV (Sigma) and 2,000 U/ml of DNase I
(Roche) for 1 h at 37°C with agitation. The cell suspensions were filtered
successively through 100- and 30-�m-pore-size sterile nylon cell strainers
(BD Biosciences and Miltenyi). The mean weight of the endometrial sam-
ples was 0.55 g, and 15 � 106 total cells were obtained per gram of tissue.
CD14� cells (eM) were purified by positive selection with anti-CD14
magnetic beads (Miltenyi). eM purity was checked by staining and flow
cytometry and was 83.8% � 1.3% (mean � SEM). Contaminating cells
were mainly CD45� cells.

HIV-1 isolates and infection. Isolated cells were exposed to HIV-1BaL

(R5) or HIV-1 pseudotyped vesicular stomatitis virus G protein (HIV-1/
VSV-G). HIV-1BaL was amplified for 11 days in phytohemagglutinin
(PHA)-stimulated peripheral blood mononuclear cells (PBMC), depleted
of CD8� cells, from three blood donors. The virus was concentrated by
centrifugation on Vivaspin 100,000-kDa columns (Sartorius, Palaiseau,
France) at 2,000 � g for 30 min and was titrated on PBMC.

The luciferase-expressing viral pseudotype was produced in HEK-
293T cells cotransfected with the NL4-3 HIV-1 and VSV-G plasmids,
using the transfection reagent SuperFect (Qiagen, Courtaboeuf, France)
(34). pNL4-3�EnvLuc� lacks the nef gene. The resulting pseudotype is
nonreplicating. Supernatants were collected 72 h after transfection and
titrated on HeLa P4P cells.

Control virus-like particles (VLP) and Vpx-containing VLP were pro-
duced in HEK-293T cells cotransfected with pSIV3� (VLP-Vpx) or
pSIV3� �Vpx (control VLP) (35–37). Supernatants were collected 24 and
48 h after transfection, then pooled, and concentrated by polyethylene
glycol precipitation.

Total decidual or endometrial mononuclear cells or macrophages
(CD14� cells) were incubated for 1 h with HIV-1BaL at a multiplicity of
infection (MOI) of 10�3 at 37°C. Cells were spinoculated with the HIV-
1/VSV-G pseudotype (600 ng of p24 antigen [Ag]/106 cells) for 30 min at
1,200 � g and then incubated at 30°C for 30 min. Control VLP and VLP-
Vpx were added at the same time as the virus or pseudotype. Total mono-
nuclear cells or CD14� cells were cultured at 106 cells/ml in Ham F-12
medium and Dulbecco modified Eagle medium (DMEM) containing
GlutaMAX (Gibco, Cergy Pontoise, France) (50% vol/vol) supplemented
with 15% fetal calf serum (PAA; Les Mureaux, France), penicillin (0.1
U/ml), and streptomycin (10�8 g/liter). HIV-1BaL production was mea-
sured every 3 or 4 days by enzyme-linked immunosorbent assay (ELISA)
quantification (Zeptometrix, Franklin, Massachusetts) of the viral core
antigen p24 in culture supernatants. The efficiency of infection by the viral
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pseudotype was determined by measuring luciferase activity with the lu-
ciferase reagent (Promega, Lyon, France) on a Glomax luminometer.

Flow cytometry. Antibodies used for flow cytometry are listed in Ta-
ble 1. Intracellular staining of CD68 and p24 Ag was performed with the
BD Cytofix/Cytoperm kit. For SAMHD1 staining, cells were fixed with 4%
paraformaldehyde for 5 min, followed by permeabilization with phos-
phate-buffered saline (PBS)– 0.5% Triton for 20 min. For pSAMHD1
Thr592 staining, we used an antibody generated and shown to be specific
for this form by the laboratory of M. Benkirane (Molecular Virology,
Montpellier, France; unpublished data). Cells were fixed with 1% para-
formaldehyde for 10 min, followed by permeabilization with 80% meth-
anol for 10 min. An Fc receptor (FcR) blocking reagent (Miltenyi) was
added before cell fixation and before pSAMHD1 Thr592 antibody la-
beling.

Samples were analyzed by flow cytometry, using an LSRII 2-Blue 2-Vi-
olet 3-Red 5-Yelgr laser configuration (BD Biosciences) and FlowJo 9.1.3
software (Tristar).

Western blotting. Purified dM (CD14� cells) were treated with con-
trol VLP or VLP-Vpx and lysed after 72 h of culture. Cell extracts were
prepared in buffer containing 50 mM Tris-HCl, 150 mM NaCl, 1 mM
EDTA, 1% Triton X-100, and a protease and phosphatase inhibitor
(Roche). Cell extracts were hybridized with anti-SAMHD1 (Abcam, Paris,
France) or anti-actin (Sigma) antibodies, followed by secondary anti-
mouse antibodies (Cell Signaling). Proteins were revealed on Hyperfilms
(Amersham, Courtaboeuf, France) with the SuperSignal West Pico
chemiluminescent substrate (Thermo Scientific, Courtaboeuf, France).

Cytokine quantification. Endometrial and decidual macrophages
(CD14� cells) were cultured at 106 cells/ml. Soluble factors present in the
culture supernatant after 72 h were quantified by Luminex assay (cytokine
human magnetic 25-plex panel; Invitrogen).

Statistical analyses. Statistical analyses were performed with Graph-
Pad Prism software version 5.0f. The Mann-Whitney test was used to
compare decidual and endometrial samples. The Wilcoxon matched-

pairs test was used to analyze the effect of VLP-Vpx on the infection of
decidual and endometrial cells.

RESULTS
Viral production kinetics differ between the endometrium and
decidua. Total cells isolated from the endometrium and decidua
were exposed to HIV-1BaL (R5 strain) at an MOI of 10�3. Viral
production was monitored by quantifying p24 Ag in culture su-
pernatants (Fig. 1A). In endometrial cells, viral production peaked
11 days after infection. In the decidua, as we have previously re-
ported (16), viral production was maximal around day 17 postin-
fection. Viral production became detectable and peaked earlier in
the endometrium than in the decidua.

CD14� cells and CD3� cells are HIV-1 targets in both the
endometrium and decidua. Infected cells were identified by in-
tracellular staining and flow cytometry on days 7 and 11 postin-
fection (Fig. 1B). p24 Ag was detected in both CD14� cells and
CD3� cells from both the endometrium and the decidua. In both
tissues, the percentage of p24 Ag� cells was higher among CD14�

cells than among CD3� cells on days 7 and 11.
The percentage of p24 Ag� cells among endometrial CD14�

cells did not differ significantly between days 7 and 11 (means,
34.4% and 30.6%, respectively) (Fig. 1B), whereas the percentage
of p24 Ag� cells among CD3� cells fell significantly between day 7
and day 11 (means, 9.4% and 2.7%, respectively) (Fig. 1B).

The percentage of infected cells among dM (CD14� cells) was
lower on day 7 than on day 11 (means, 3.0% and 19.1%, respec-
tively) (Fig. 1B), while the percentage of infected cells among de-
cidual CD3� cells was stable between days 7 and 11 (means, 1.7%
and 2.0%, respectively) (Fig. 1B).

The percentage of infected CD14� cells was significantly
higher among endometrial cells than among decidual cells on days
7 and 11 (Fig. 1B). However, viral production by cells exposed to
HIV-1BaL was higher with purified dM than with purified endo-
metrial CD14� cells (Fig. 1C). The percentage of infected CD3�

cells was also significantly higher among endometrial cells than
among decidual cells on day 7 (Fig. 1B), whereas the percentages
were similar in cells obtained from both tissues on day 11.

The main HIV-1-infected cells in the endometrium vary with
time postinfection. It is important to note that the proportions of
CD14� cells and CD3� cells differed between the endometrium
and decidua. In endometrial tissue used for this study, CD14�

cells accounted for 6.1% of CD45� cells, whereas CD3� cells ac-
counted for 31% (mean of 9 samples; see Fig. 2A for a representa-
tive sample). In decidual tissues used for this study, CD14� cells
(dM) accounted for 17% of CD45� cells, while CD3� cells ac-
counted for 6% (mean of 9 samples; see Fig. 2A for a representa-
tive sample).

Thus, on day 7 postinfection, CD14� cells accounted for 30.6%
of infected endometrial cells and CD3� cells for 69.4% (mean of 5
samples), whereas on day 11 CD14� cells accounted for 66.2% of
infected endometrial cells and CD3� cells for 33.8% (mean of 7
samples) (Fig. 2B). Among decidual cells, 79.1% of infected cells
were CD14� cells and 20.9% were CD3� cells on day 7 (mean of 6
samples), while 96.4% of infected cells were CD14� cells and 3.6%
were CD3� cells on day 11 (mean of 11 samples).

Thus, in the endometrium, T CD3� cells were the main in-
fected cells on day 7 postinfection, while infected CD14� cells
predominated on day 11. In the decidua, macrophages (CD14�

cells) were the main infected cells at both time points.

TABLE 1 Antibodies used for flow cytometry analysesa

Antibody Clone Manufacturer or source

CCR5-APC-Cy7 2D7 BD
CD11b-APC-Cy7 ICRF44 BD
CD11c-PE-Cy7 3.9 eBioscience
CD14-Pacific blue M5E2 BD
CD16-FITC 3G8 Beckman Coulter
CD163-PE GHI/61 BD
CD206-APC 19.2 BD
CD3-PE-Texas red UCHT1 Beckman Coulter
CD32-APC FLI8.26 BD
CD4-PE-Cy7 SK3 BD
CD45-AmCyan 2D1 BD
CD64-FITC 10.1 BD
CD68-APC Y1/82A Miltenyi
CD80-PE MAB104 Beckman Coulter
CD83-APC HB15e BD
CD86-PE-Cy7 FM95 Miltenyi
CXCR4-APC 12G5 BD
DC-SIGN–PE 120507 R&D
HLA-DR–PE Immu-357 Beckman Coulter
p24-FITC KC57 Beckman Coulter
SAMHD1-A488 I19-18 Kindly provided by O.

Schwartz (51)
Isotype-matched IgG

control-A488
Mouse Cell Signaling

pSAMHD1 Thr592 Kindly provided by M.
Benkirane

a APC, allophycocyanin; PE, phycoerythrin; FITC, fluorescein isothiocyanate.
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Endometrial and decidual CD14� cells have a macrophage
phenotype. The phenotype of endometrial CD14� cells is un-
known, whereas decidual CD14� cells are known to be macro-
phages (dM) with an M2-like phenotype (16–18). We used flow
cytometry to compare the phenotypes of endometrial and decid-
ual CD14� cells. Like dM, endometrial CD14� cells were CD68�,
indicating that they were macrophages (Fig. 3A). The percentage
of cells expressing the macrophage scavenger receptor CD163 was
significantly lower among endometrial macrophages (eM) than
among dM (means, 20.6% and 54.8% of cells, respectively). The
macrophage mannose receptor CD206 was similarly expressed on
macrophages from both tissues (means, 48.4% of eM and 57.6%
of dM). The costimulation markers CD80 and CD86 were also

expressed. The percentage of CD80-expressing cells was signifi-
cantly lower among eM than among dM (means, 16.5% and
48.9%, respectively), while the percentage of CD86-expressing
cells was high in the two tissues (means, 85.4% of eM and 95.8% of
dM). A small percentage of macrophages expressed the matura-
tion marker CD83 (means, 15.6% of eM and 11.8% of dM). The
percentage of HLA-DR� macrophages was high in both tissues
(means, 85.5% of eM and 76.4% of dM). Macrophages from both
tissues also expressed the Fc� receptors CD64 (Fc�RI) and CD32
(Fc�RII). The percent CD64 expression was significantly lower on
eM than on dM (means, 56.1% and 81.5%, respectively). The
percentages of CD32-expressing cells were similar in the two tis-
sues (means, 73.6% of eM and 78.6% of dM). The percentage of
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macrophages expressing CD16 (Fc�RIII) was high in the decidua
(mean, 67.7%) and low in the endometrium (mean, 4.2%). The
percentage of cells expressing CD11b and CD11c was high among
both eM and dM, but the percent CD11c expression was signifi-
cantly lower on eM than on dM (means, 67.6% and 87.9%, respec-
tively).

The percent expression of the HIV-1 receptor molecule CD4
was high on macrophages from both tissues (means, 94% of eM
and 99.1% of dM) (Fig. 3B). The percentages of cells expressing
the HIV-1 coreceptors CCR5 and CXCR4 were lower among eM
than among dM (means, 58% and 93.5%, respectively, for CCR5
and 10.8% and 60.6%, respectively, for CXCR4). DC-SIGN was
also expressed on macrophages from both tissues, although its
percent expression was lower on eM (means, 70.5% of eM and
89.5% of dM).

Thus, endometrial CD14� cells, like decidual CD14� cells,
have a macrophage phenotype. However, eM express CD163,
CD80, CD64, CD16, CD11c, CCR5, CXCR4, and DC-SIGN sig-
nificantly less strongly than dM.

Endometrial and decidual macrophages secrete proinflam-
matory and anti-inflammatory cytokines and chemokines. Sol-
uble factors secreted by purified eM and dM during 72 h of culture

were analyzed with a multiplex cytokine assay. eM and dM both
secreted interleukin 10 (IL-10) and IL-1RA (Fig. 4A), but the con-
centrations of these anti-inflammatory cytokines were lower in
eM supernatants than in dM supernatants (means, 1,207 pg/ml
and 2,657 pg/ml, respectively, for IL-10 and 728 pg/ml and 1,821
pg/ml, respectively, for IL-1RA). The proinflammatory cyto-
kines IL-1� and tumor necrosis factor alpha (TNF-�) were
weakly secreted by both eM and dM (means, 87 pg/ml and 291
pg/ml, respectively, for IL-1� and 46 pg/ml and 606 pg/ml,
respectively, for TNF-�) (Fig. 4B). IL-12 was weakly secreted
by dM (mean, 118 pg/ml) and was not detected in eM super-
natants. The proinflammatory cytokine IL-6 was strongly se-
creted by both eM and dM (means, 14,740 pg/ml and 15,320
pg/ml, respectively). eM and dM also secreted the cytokines
IL-2RA, granulocyte-macrophage colony-stimulating factor
(GM-CSF), IL-15, and alpha interferon (IFN-�) (data not
shown).

The chemokines CCL3 and CCL4 were secreted by both eM
and dM (Fig. 4C). CCL3 was secreted at similar levels by eM and
dM (means, 13,071 pg/ml and 16,209 pg/ml, respectively). CCL4
was less strongly secreted by eM than by dM (means, 7,043 pg/ml
and 22,727 pg/ml, respectively). The chemokine CCL5 was also

0 102 103 104 105

0
102

103

104

105

40.7

0 102 103 104 105

0
102

103

104

105

7.97

21.6

0 102 103 104 105

0
102

103

104

105

3.36

  

0 102 103 104 105

0
102

103

104

105

38.3

5.24

S
S

C
-A

CD45
C

D
14

CD3

S
S

C
-A

CD45

C
D

14

CD3

Endometrium Decidua

0

20

40

60

80

100

*
*

** ***
**

**
**

*

**

**

CD14+ cells CD3+ cells

%
 p

os
iti

ve
 c

el
ls

 
am

on
g 

p2
4 

A
g+  c

el
ls

7 days p.i. 11 days p.i. 7 days p.i. 11 days p.i.

A

B

Endometrium Decidua

FIG 2 Percentage of CD14� cells and CD3� cells among endometrial and decidual HIV-1-infected cells. (A) Flow cytometry graphs show the gating strategy for
the identification of CD14� cells (green gate) and CD3� cells (red gate). (B) Endometrial and decidual mononuclear cells were exposed to HIV-1BaL at an MOI
of 10�3. Intracellular staining of the p24 Ag was performed on days 7 and 11 postinfection (p.i.). The mean percentages of CD14� cells or CD3� cells among p24
Ag� cells are displayed (n 	 5 on day 7 and n 	 7 on day 11 for the endometrium; n 	 6 on day 7 and n 	 11 on day 11 for the decidua). Bars indicate standard
errors of the means. *, P 
 0.05; **, P 
 0.005.
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secreted, but less strongly than CCL3 and CCL4 (means, 45 pg/ml
in eM supernatants and 501 pg/ml in dM supernatants). eM and
dM also secreted the chemokines CXCL8, CXCL9, and CXCL10
(data not shown).

Thus, eM and dM secrete the same cytokines and chemokines
but in different amounts. In particular, eM secrete smaller
amounts of proinflammatory and anti-inflammatory cytokines
and CCL4 than dM.

SAMHD1 and pSAMHD1 expression in endometrial and de-
cidual macrophages. SAMHD1 expression was analyzed by flow
cytometry. As shown in Fig. 5A and B, a high percentage of eM and
dM were SAMHD1�. The percent SAMHD1 expression was
slightly lower in eM than in dM (means, 77.8% and 92.3% of cells,
respectively). The Thr592-phosphorylated form of SAMHD1
(pSAMHD1) was expressed at a higher level by eM than by dM
(means, 18.0% and 2.9%, respectively) (Fig. 5C and D).

Vpx enhances HIV-1 infection of endometrial and decidual
macrophages. The viral protein Vpx degrades SAMHD1 (28, 29).
To determine whether Vpx also degrades SAMHD1 in mucosal
macrophages, purified decidual macrophages were treated with
virus-like particles containing Vpx (VLP-Vpx) or with control
virus-like particles (VLP) and then analyzed for SAMHD1 expres-
sion by Western blotting (Fig. 6A). SAMHD1 expression was
lower with VLP-Vpx than with control VLP, indicating that Vpx
indeed degrades SAMHD1 in decidual macrophages.

To determine whether HIV-1 infection is restricted by
SAMHD1 in eM and dM, total cells were exposed to HIV-1BaL at
an MOI of 10�3 in the presence of VLP-Vpx or control VLP.
Eleven days after infection, the percentage of infected cells was
determined by intracellular staining of p24 Ag (Fig. 6B). The pres-
ence of VLP-Vpx increased the percentage of infected macro-

phages from both tissues (means, 31.6% with control VLP to
48.6% with VLP-Vpx in the endometrium and 5.8% with control
VLP to 17% with VLP-Vpx in the decidua). Macrophage infection
was enhanced more strongly by Vpx in the decidua than in the
endometrium (3.0-fold versus 1.5-fold).

Decidual and endometrial purified macrophages were then ex-
posed to HIV-1BaL at an MOI of 10�3 in the presence of VLP-Vpx
or control VLP (Fig. 6C). Viral production was monitored by
quantifying p24 Ag in the supernatants. Viral production by pu-
rified eM and dM was higher with VLP-Vpx than with control
VLP. The increase in viral production was larger with eM than
with dM (23.8-fold and 7.0-fold, respectively, on day 14 postin-
fection)

Decidual macrophages were then exposed to the HIV-1/
VSV-G pseudotype (Fig. 6D), and infection was monitored by
quantifying luciferase activity. As observed with HIV-1BaL, VLP-
Vpx enhanced dM infection by the HIV-1/VSV-G pseudotype:
luciferase activity was 21-fold higher with VLP-Vpx than with
control VLP (11,300 relative light units [RLU] and 540 RLU, re-
spectively; mean of 6 samples).

Thus, a high percentage of eM and dM expresses SAMHD1,
whereas only a small percentage expresses its phosphorylated
form. In addition, Vpx degrades SAMHD1 and thereby increases
eM and dM susceptibility to HIV-1 infection.

DISCUSSION

We show that among endometrial mononuclear cells, HIV-1 R5
target cells in vitro are macrophages (CD14� CD68� cells) and T
lymphocytes (CD3� cells). This is in keeping with the detection of
infected cells with a monocyte/macrophage morphology in the
endometrium of an HIV-1-infected woman (15).
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T cells were the main infected endometrial cells on day 7
postinfection, while macrophages were the main infected cells on
day 11. Several studies have shown that macrophages and T cells
are both HIV-1 R5 target cells in the female lower reproductive
tract (7–9, 11, 38, 39), and most showed that T cells were the main
infected cells. However, infected cells were analyzed no more than
6 days postinfection in all these previous studies.

We found that viral production by endometrial total cells fell
after 11 days of culture, possibly owing to the death of infected
CD3� cells. Indeed, the viability of uninfected T cells was better
than that of their infected counterparts on days 7 and 14 postin-
fection. In contrast, the viability of uninfected eM was similar to or
worse than that of infected eM (data not shown).

We have previously shown that macrophages are the main tar-
get cells of HIV-1 R5 in the decidua (16). In this study, when we
infected total endometrial and decidual cells, the percentage of
infected cells was significantly lower among dM than among eM.
In contrast, when purified cells were infected, viral production

was higher in dM than in eM. This difference could be due to
different cellular distributions in the endometrium and decidua.
In particular, NK cells are more abundant in the decidua than in
the endometrium and might control HIV-1 infection, as reported
for the periphery (40). Soluble factors could also explain this dif-
ference. In fact, it has been reported that decidual soluble factors
partially inhibit dM HIV-1 infection (26). The lower viral produc-
tion by purified eM than by purified dM could also be due to
interindividual variability. Indeed, in 3 of the 17 decidual samples,
the level of viral production by dM was similar to that of the 4 eM
samples examined. This difference could also be explained by the
lower percentage of eM than dM that expressed the HIV-1 core-
ceptor CCR5.

Like dM (17, 41, 42), eM express CD206 and CD163 (markers
of M2 macrophages) and secrete proinflammatory and anti-in-
flammatory cytokines. The strong secretion of IL-10 and weak
secretion of IL-12 by eM, together with these cells’ CD163 and
CD206 expression, suggest that eM also have an M2-like pheno-
type. Nevertheless, a lower percentage of eM than dM expressed
certain markers. In particular, the lower percentage of CD163 ex-
pression on eM might indicate that eM are less differentiated than
dM, as strong CD163 expression is one characteristic of mature
tissue macrophages. The main difference between eM and dM
found in this study was the low expression of the Fc receptor CD16
on eM. Our findings are consistent with previous studies showing
that endometrial CD163� cells and vaginal macrophages express
low levels of CD16 (13, 43). However, in contrast to eM and dM,
vaginal macrophages express low levels of the HIV-1 receptor
CD4 and the coreceptor CCR5 (13). We also show that eM and
dM secrete different levels of soluble factors. Together, these data
suggest that eM and dM may belong to different macrophage sub-
populations.

Whereas T cells are the main immune cells in the endome-
trium, NK cells are the main immune cells in the decidua. Hor-
mone concentrations also differ between the endometrium and
decidua. All the endometrial samples used in this study were col-
lected during the proliferative phase of the menstrual cycle, in
which the estrogen concentration is high and the progesterone
concentration low. In contrast, the progesterone concentration is
high during pregnancy. The different environments of the endo-
metrium and decidua could influence the eM and dM phenotypes.
More studies are necessary to determine if the eM phenotype
changes during the menstrual cycle and if eM differentiate into
dM during pregnancy, or whether dM progenitors are recruited to
the decidua.

As macrophages from the decidua and endometrium differ-
ently express certain markers, they might have different functions.
In particular, the percentage of cells expressing the costimulatory
molecule CD80 was lower among eM than dM. As CD80 is in-
volved in the activation or inhibition of T lymphocytes (44), eM
could have a lesser capacity to regulate T cell activity. In the de-
cidua, regulation of T cell activity by dM is important for fetal
tolerance. In addition, the percentage of cells expressing CD16
and CD64, two Fc receptors involved in phagocytosis, was lower
among eM than dM, suggesting that eM could have a lower
phagocytic capacity. It has been suggested that dM play a role in
the phagocytosis of apoptotic trophoblasts (45) and that eM
phagocytose endometrial tissue debris (46).

Soluble factors secreted by eM and dM may also influence their
infection. For example, IL-10 inhibits while TNF-� enhances
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HIV-1 replication in placental macrophages (Hofbauer cells)
(47). Moreover, decidual soluble factors, particularly CCL3 and
CCL4, control HIV-1 infection of decidual mononuclear cells
(26). Whether or not endometrial soluble factors inhibit HIV-1
infection of endometrial cells remains to be determined.

Another possible infection control mechanism is the expres-
sion of restriction factors such as SAMHD1. Here we show for the
first time that SAMHD1 is expressed by mucosal macrophages.
The percentage of cells expressing SAMHD1 was high among both
eM and dM, whereas only a small percentage of eM and dM ex-
pressed the phosphorylated form of SAMHD1. Vpx degraded
SAMHD1 and thereby enhanced the infection of eM and dM. Vpx
had a more marked effect on dM infection than on eM infection
when total cells were infected, whereas the opposite situation was
observed when purified cells were infected. As previously dis-
cussed, this difference could be due to the different cellular distri-
bution in the endometrium and decidua. As SAMHD1 was found
to be less strongly expressed and pSAMHD1 more strongly ex-
pressed by eM than by dM, the stronger effect of Vpx on purified
eM than on purified dM is surprising. Nevertheless, it is important
to note that the enhancement of infection caused by Vpx could not
be due only to SAMHD1 degradation, as it has been shown that

Vpx has other functions (48). More particularly, Vpx interacts
with APOBEC3A and partially counteracts this antiviral factor
(49). Moreover, Vpx interacts with IRF5, a factor involved in the
induction of type I IFN and proinflammatory cytokines, and in-
hibits its function as a transcription activator (50).

SAMHD1 expression by the main HIV-1 target cells in the
endometrium and decidua might participate in the control of
HIV-1 infection in the endometrium in nonpregnant women and
also in the prevention of mother-to-child transmission. However,
SAMHD1 could also promote viral dissemination by preventing
activation of the immune response. Indeed, SAMHD1 limits the
ability of monocyte-derived dendritic cells (MDDC) to sense the
virus and to trigger an innate immune response (51). Moreover,
infection of MDDC in the presence of Vpx activates the antiviral
immune response of MDDC, including type I IFN secretion (52).
It has been suggested that Vpx could be used to improve protec-
tion by enhancing immune responses against HIV-1 infection
(48), yet it remains to be shown whether SAMHD1 has a beneficial
or detrimental role in mucosal control of HIV-1 infection.

In conclusion, we show that macrophages and T cells are the
main HIV-1 target cells in the endometrium in nonpregnant
women. Like decidual macrophages, endometrial macrophages
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have an M2-like phenotype, but they could belong to a different
subpopulation. Finally, we show that eM and dM both express the
restriction factor SAMHD1 and its phosphorylated form and that
Vpx enhances the infection of eM and dM. Further comparisons
of the decidua and FRT mucosae in nonpregnant women are
needed to identify factors able to prevent sexual transmission of
HIV-1.
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