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Macrophages in Vaginal but Not Intestinal Mucosa Are Monocyte-Like
and Permissive to Human Immunodeficiency Virus Type 1 Infection�
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Mucosal surfaces play a major role in human immunodeficiency virus type 1 (HIV-1) transmission and
pathogenesis, and yet the role of lamina propria macrophages in mucosal HIV-1 infection has received little
investigative attention. We report here that vaginal and intestinal macrophages display distinct phenotype and
HIV-1 permissiveness profiles. Vaginal macrophages expressed the innate response receptors CD14, CD89,
CD16, CD32, and CD64 and the HIV-1 receptor/coreceptors CD4, CCR5, and CXCR4, similar to monocytes.
Consistent with this phenotype, green fluorescent protein-tagged R5 HIV-1 entered macrophages in explanted
vaginal mucosa as early as 30 min after inoculation of virus onto the epithelium, and purified vaginal
macrophages supported substantial levels of HIV-1 replication by a panel of highly macrophage-tropic R5
viruses. In sharp contrast, intestinal macrophages expressed no detectable, or very low levels of, innate
response receptors and HIV-1 receptor/coreceptors and did not support HIV-1 replication, although virus
occasionally entered macrophages in intestinal tissue explants. Thus, vaginal, but not intestinal, macrophages
are monocyte-like and permissive to R5 HIV-1 after the virus has translocated across the epithelium. These
findings suggest that genital and gut macrophages have different roles in mucosal HIV-1 pathogenesis and that
vaginal macrophages play a previously underappreciated but potentially important role in mucosal HIV-1
infection in the female genital tract.

Human immunodeficiency virus type 1 (HIV-1) enters the
host in virtually all infections, excluding those acquired paren-
terally, through the mucosal surfaces of either the genital tract
or the gastrointestinal tract (1, 36, 42). After translocation
across the mucosal epithelium, HIV-1 encounters potential
target cells in the dense lymphocyte and macrophage popula-
tions of the lamina propria. In human and macaque cervical
mucosa, lamina propria CD4� T lymphocytes are early target
cells for HIV-1 and simian immunodeficiency virus (SIV) and
support viral replication (4, 12, 62). In macaque vaginal mu-
cosa, CD4� T cells are rapidly depleted after intravenous in-
oculation of SIV (56). In the vaginal mucosa of humans, HIV-1
target cell populations have not been fully characterized, al-
though HIV-1 has been detected in CD4� T cells in vaginal
epithelium in a modified organ culture system by electron
microscopy (13) and in subepithelial vaginal macrophages in a
biopsy system by immunohistochemistry (9). In human and
macaque gastrointestinal mucosa, most attention has focused
on the small intestine, where lamina propria CD4� T cells are
prominent HIV-1 and SIV target cells and undergo profound
depletion shortly after infection (3, 10, 11, 18, 21–23, 44, 53).

In contrast to CD4� T cells, little is known about the role of

macrophages in genital and gut HIV-1 infections due largely to
difficulties in isolating and purifying macrophages from muco-
sal tissues. Although the mucosa is the largest reservoir of
macrophages in the body (16) and mucosal macrophages play
an important role in host defense (46, 49), studies of mono-
cytes/macrophages in HIV-1 infection have focused on blood
monocytes and lymph node macrophages, which have been
implicated in the establishment, persistence, and pathogenesis
of HIV-1 infection (5, 14, 29–32, 41, 60). However, the striking
and well-defined phenotypic and functional differences be-
tween blood monocytes and mucosal macrophages, in partic-
ular macrophages in the gastrointestinal mucosa (46, 48, 51),
preclude the simple extrapolation from findings in HIV-1-in-
fected monocytes to HIV-1 infection of mucosal macrophages.
In this regard, we and others have shown that, in contrast
to monocytes and monocyte-derived macrophages, intestinal
macrophages do not express many innate response receptors
(48, 51) and are downregulated for triggering receptor ex-
pressed on monocytes (i.e., TREM-1) (39, 40) and costimula-
tory molecules (37, 51). Consistent with this unique phenotype,
intestinal macrophages are profoundly inflammation anergic
(51), and yet they retain potent phagocytic and microbicidal
activity (45, 46, 51). We also have reported that intestinal
macrophages, unlike monocyte-derived macrophages, are re-
sistant to infection with HIV-1 (17, 24). Therefore, to elucidate
the role of macrophages in different mucosal compartments in
the pathogenesis of HIV-1 infection, we isolated lamina pro-
pria macrophages from normal human vaginal and intestinal
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mucosa and analyzed the cells for differentiation markers, in-
nate response receptors, HIV-1 receptor and coreceptors, and
HIV-1 permissiveness to highly macrophage-tropic R5 viruses.
We report that vaginal, but not intestinal, mucosal macro-
phages retain a monocyte-like phenotype and support R5
HIV-1 replication.

MATERIALS AND METHODS

Mucosal tissues and blood. Human intestinal (jejunal) tissue and blood were
obtained from otherwise healthy subjects undergoing gastric bypass for obesity,
and vaginal tissue was obtained from women undergoing reconstructive pelvic
surgery. All specimens were obtained in accordance with Institutional Review
Board approved protocols.

HIV-1 molecular clones and viruses. Replication-competent clones of R5
viruses, including YU2 (19) and the highly macrophage-tropic NA420 B33, NA20
B59, and NA353 B27 (33), were transfected into 293T cells by Fugene 6 (Roche,
Indianapolis, IN), according to the manufacturer’s protocol. After 60 h, the
supernatants were harvested, clarified by low-speed centrifugation (1,000 � g, 10
min), filtered through a 0.45-�m-pore-size filter, divided into aliquots, and stored
at �80°C. The viruses were titrated as previously described (25) using JC53BL
cells derived from CXCR4� HeLa cells transduced to express CCR5 and
CXCR4 (6). To generate green fluorescent protein (GFP)-tagged viral particles,
the pLR2PHIVgag-GFP plasmid was transfected with pCMV-ENV/HIV-YU2
(R5) into 293T cells by Fugene 6 (Roche), as previously described (61). Super-
natants were harvested after 60 h, clarified by low-speed centrifugation, filtered,
and ultracentrifuged as described above to concentrate the GFP-labeled virus-
like particles. The pellets were resuspended in Dulbecco modified Eagle me-
dium, divided into aliquots, and frozen at �80°C. To prepare a GFP-expressing
reporter virus, YU2 envelope (Env)-pseudotyped HIV-1 that expresses GFP
upon replication and supports only one round of replication (15) was constructed
as follows. The env gene was deleted, and the gfp gene was inserted between the
env and nef genes of the NL4-3 clone. The internal ribosome entry site element
was inserted between the gfp and nef genes to rescue nef gene expression. To
generate the GFP-YU2 Env-pseudotyped virus, the clone was cotransfected with
the YU2 Env expression plasmid into 293T cells, as described above.

Isolation and purification of mucosal cells and blood monocytes. Macro-
phages and lymphocytes were isolated from tissue segments by enzyme digestion,
as described previously (45, 52). Briefly, sections of vaginal and intestinal tissue
were dissected to mechanically remove the submucosa. The resulting mucosa was
rinsed in Ca2�-and Mg2�-free phosphate-buffered saline (PBS) and washed in
Hanks balanced salt solution containing 200 �g of dithiothreitol/ml to remove
residual mucus and then in Hanks balanced salt solution with 0.2 M EDTA and
10 mM �-mercaptoethanol to remove the epithelium. Sections were then minced
and digested with 1 mg of collagenase (Sigma-Aldridge, Milwaukee, WI)/ml to
release the lamina propria mononuclear cells (MNLs). After gradient sedimen-
tation, macrophages and lymphocytes were purified from the intestinal MNL
population by counterflow centrifugal elutriation (45, 52, 59). Because the quan-
tity of vaginal tissue was often smaller than that of the intestinal tissue, the
number of vaginal MNLs was insufficient to separate by elutriation. Therefore,
magnetic cell sorting (MACS; Miltenyi Biotec, Auburn, CA) was used to purify
macrophages and lymphocytes from the vaginal MNL populations. For the pu-
rification of vaginal macrophages, the MNLs were incubated with the myeloid-
specific CD13-phycoerythrin (PE) antibody (BD Pharmingen, San Jose, CA) for
15 min, after which anti-PE magnetic beads were added to the mixture, the
mixture was incubated for 15 min, and the macrophages were selected by using
a MACS column. For the purification of vaginal lymphocytes, lymphocytes were
selected from the CD13-depleted vaginal MNLs using anti-CD3 magnetic beads.
Lymphocytes were isolated on the basis of CD3, rather than CD4, expression
because the monocytes and macrophages also expressed CD4. Purified vaginal
and intestinal CD13� macrophage and CD3� lymphocyte populations contained
�3% contaminating leukocytes. Circulating blood monocytes were purified by
gradient sedimentation, followed by magnetic anti-PE bead isolation of anti-
CD13-PE-treated cells. Preliminary studies showed that macrophages isolated
from the same mucosal MNL population by elutriation or magnetic bead isola-
tion in parallel yielded phenotypically identical CD13� populations of macro-
phages.

RNA analysis. CD4, CCR5, and CXCR4 gene expression in vaginal and
intestinal macrophages was assessed by real-time PCR. RNA was extracted from
purified macrophages and reverse transcribed into cDNA, and real-time PCR
was performed using primer-probe pairs specific for CD4, CCR5, and CXCR4
gene (Applied Biosystems, Foster City, CA), as previously described (58). Rel-

ative mRNA expression levels were calculated from normalized �CT (cycle
threshold) values and reported as the fold change. CT values correspond to the
cycle number at which the fluorescence signal exceeded background fluorescence
(threshold). In this analysis, the CT value for the housekeeping gene (GAPDH
[glyceraldehyde-3-phosphate dehydrogenase]) was subtracted from the CT value
of the target gene for each sample for normalization. For the detection of
changes in gene expression in the two macrophage populations, the RNA levels
for each gene in vaginal macrophages was compared to the levels in the intestinal
macrophages and calculated as follows: increase � 2���CT (User Bulletin 2, ABI
Prism 7700 Sequence Detection System; Applied Biosystems). The data are
presented as the fold change in the expression of each gene in vaginal macro-
phages compared to intestinal macrophages.

To compare the level of HIV-1 entry into intestinal and vaginal mucosa,
infectious YU2 was inoculated onto the apical surface of intestinal and vaginal
explants, and the explants were incubated for 2 h. Explants then were harvested,
washed three times with PBS, treated with trypsin for 10 min, and washed three
more times with PBS. Next, the total DNA-free RNA isolated from the mucosa
using the Qiagen RNeasey Plus Minikit was transcribed into cDNA by using an
iScript cDNA synthesis kit (Bio-Rad), which uses both oligo(dT) and random
primers, and the gag gene was amplified by using TaqMan Universal PCR master
mix (Applied Biosystems) (30). The gag-specific primers were 5	-ACATCAAG
CAGCCATGCAAAT-3	 and 5	-CTATGTCACTTCCCCTTGGTTCTCT-3	.
The gag-specific probe was 5	-6-FAM-ACCATCAATGAGGAAGCTGCAGAA
TGGG-TAMRA-3	. Expression of the housekeeping gene 18S rRNA was de-
termined simultaneously, and standard curves for gag and 18S rRNA were
obtained using 10-fold dilutions of a reference cDNA obtained from HEK293
cells infected with pYU2. Relative copy numbers were calculated from the
standard curve and normalized against 18S rRNA.

Flow cytometric analysis. To phenotype the vaginal and intestinal macro-
phages, mucosal macrophages were purified as described above and then incu-
bated with optimal concentrations of PE-, allophycocyanin-, PE-Cy5-, or fluo-
rescein isothiocyanate-conjugated antibodies to HLA-DR, CD13, CD14, CD16,
CD32, CD64, CD89, CD4, CCR5, and CXCR4 (BD Pharmingen) at 4°C for 20
min. Irrelevant monoclonal antibodies of the same isotype were included in each
experiment. After staining, cells were washed with PBS, fixed with 1% paraform-
aldehyde, and analyzed by flow cytometry, as previously described (51). The data
were analyzed by using CellQuest software (BD Pharmingen).

Tissue explant and HIV-1 infection of explanted mucosa. To construct tissue
explants, the submucosa was removed from fresh segments of vaginal and intes-
tinal mucosa by mechanical dissection at the muscularis mucosa. The mucosa was
then divided into 1-cm pieces and attached to a disc of filter paper with a 0.5-cm-
diameter circular perforation in the middle, with the intact apical surface in the
superior position to maintain tissue polarity. The filter paper was then sealed at
the outer edge with surgical glue to a nylon mesh in a 40-�m-pore-size cell
strainer (BD Falcon, Bedford, MA). A polystyrene cylinder (1 cm high, 0.6 cm
wide), hereafter referred to as the upper chamber, was attached with surgical
glue to the apical surface of the mucosa. The resulting mucosal explant was
placed in a TC six-well plate to which RPMI containing 10% human AB serum
(Atlanta Biological, Norcross, GA) was added to the upper and lower chambers,
avoiding any air bubbles at the lower and upper surfaces of the explant. Explants
were warmed to 37°C, and 7.5 � 108 GFP-tagged YU2 virions were inoculated
onto the apical surface in 50 �l of RPMI. After 30 min, the virus-containing
medium was aspirated, and the explants were washed twice with trypsin to
remove virus still bound to the epithelial surface. The tissue then was snap-frozen
in optimal cutting temperature compound (Sakura Finetek, Torrance, CA), cut
into 5-�m sections, and analyzed by immunofluorescence and confocal micros-
copy. Control explants were treated identically but were inoculated with medium
alone.

Immunohistochemistry. Serial sections (5 �m) of formalin-fixed, paraffin-
embedded tissue from vaginal and intestinal explants were placed on lysine-
coated slides, deparaffinized, and rehydrated. Antigen retrieval was achieved by
immersion of the sections in 10 mM sodium citrate buffer (pH 6.0), heated to
95°C for 15 min, and allowed to cool for 20 min. Slides were transferred to water
(5 min) and then treated with H2O2 (3%, 30 min) to block endogenous perox-
idase, rinsed in Tris-buffered saline (TBS) for 5 min, blocked (casein protein, 60
min; Dako, Carpinteria, CA), rinsed again in TBS, and then incubated with
either mouse monoclonal antibody to the macrophage marker HAM56 (0.05
mg/ml, 30 min; Dako), mouse monoclonal antibody to CD3 (0.05 mg/ml, 60 min;
B&D Biosciences), or irrelevant isotype-matched antibody. Sections were then
washed in TBS (5 min), incubated with anti-mouse polymer (horseradish perox-
idase, 30 min; Dako), followed by diaminobenzidene-positive AB� substrate-
chromogen solution (Dako), and counterstained with hematoxylin.
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Immunofluorescence and confocal microscopy. Frozen tissue sections from
HIV-1-infected and control explants were thawed, fixed, washed in PBS, and
blocked with casein (Dako) for 60 min. Sections were then stained sequentially
with (i) mouse anti-human HAM56, a macrophage marker (1:50; Dako), in
dilution buffer (Dako) for 1 h at room temperature, washed with PBS–0.5%
Tween 20, and incubated with Cy3-conjugated donkey anti-mouse (1:600; Jack-
son Immunoresearch, West Grove, PA) for 1 h at room temperature; (ii) anti-
GFP Alexa 488 (1:100; Invitrogen Molecular Probes, Eugene, OR) for 30 min at
room temperature to detect and amplify the GFP signal on HVI-1 virions; and
(iii) DAPI (4	,6	-diamidino-2-phenylindole; 1:500; Calbiochem, San Diego, CA)
for 5 min at room temperature to identify cell nuclei. Controls included consec-
utive tissue sections stained with irrelevant or no first antibody and sections from
tissue explants not exposed to HIV-1 but stained as described above. Sections

were also stained with anti-GFP Far Red (1:100; Alexa Fluor 647; Invitrogen
Molecular Probes) to confirm that the GFP signal corresponded to GFP� virions
and not to autofluorescing background particles. Imaging was performed by
using a laser-scanning confocal microscope equipped with UV, argon, krypton,
and helium/neon lasers.

Detection of HIV-1 replication in mucosal MNLs and purified mucosal mac-
rophages and lymphocytes. Suspensions of unfractionated vaginal and intestinal
MNLs were inoculated with GFP-expressing YU2 at a multiplicity of infection
(MOI) of 0.2, cultured for 2 days at 37°C in RPMI plus macrophage colony-
stimulating factor (R&D Systems, Minneapolis, MN) and serum, and analyzed
by fluorescence-activated cell sorting for cells that express GFP. For infection of
mucosal macrophages and lymphocytes that were purified as described above,
lamina propria macrophages, at 2 � 105 cells/well in RPMI plus macrophage

     Vaginal 
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FIG. 1. Vaginal, but not intestinal, macrophages retain a monocyte-like phenotype. Gradient sedimentation purified blood and mucosal MNLs were stained
with fluorescence-conjugated antibodies to the myeloid markers HLA-DR and CD13 and the innate receptors CD14, CD89, CD16, CD32, CD64 and analyzed
by flow cytometry by gating on the macrophage population. Profiles are representative of cells from four separate vaginal and intestinal specimens.

3260 SHEN ET AL. J. VIROL.



colony-stimulating factor and serum, were cultured in 96-well plates in parallel
with autologous, purified lamina propria lymphocytes at the same concentration
in RPMI plus PHA (5 �g/ml; Sigma, St. Louis, MO) and interleukin-2 (24 U/ml;
R&D Systems) for 2 days. The cultures were then inoculated in triplicate with R5
viruses at an MOI of 1 and cultured for 16 days, with 100 �l of supernatant
harvested every 4 days and stored at �70°C until p24 determination by enzyme-
linked immunosorbent assay (Perkin-Elmer, Boston, MA).

RESULTS

Vaginal macrophages display a monocyte-like phenotype.
To characterize the expression levels of differentiation and
innate response receptors on genital and gut macrophages,
we analyzed blood monocytes and mucosal macrophages
from normal vagina and jejunum by flow cytometry. The
majority of blood monocytes and vaginal and intestinal mac-
rophages expressed high levels of the major histocompati-
bility complex class II antigen HLA-DR and the myeloid
marker CD13 (aminopeptidase N) (Fig. 1). Blood mono-
cytes and vaginal macrophages also expressed variable levels
of CD14, the receptor for complexes of lipopolysaccharide
and lipopolysaccharide-binding protein; CD89, the Fc
 re-
ceptor (Fc
R); CD16 (Fc�RIII); CD32 (Fc�RII); and CD64
(Fc�RI) (Fig. 1). Thus, vaginal macrophages display a phe-
notype characteristic of monocytes (48, 51). The mean per-
centage of vaginal macrophages that expressed these recep-
tors ranged between 10.2 and 34.4% in four separate
donors, which represent a 2.4- to 7.2-fold reduction in re-
ceptor expression level compared to that of blood mono-
cytes (Fig. 1 and Table 1). In our studies of mucosal mac-
rophages, we have shown previously that resident intestinal
macrophages are profoundly downregulated for the expres-
sion of innate response and growth factor receptors (48, 51).
In sharp contrast to blood monocytes and vaginal macro-
phages, intestinal macrophages expressed no detectable, or
barely detectable, CD14, CD89, CD16, CD32, or CD64,
reflecting a 25- to 83-fold decrease in receptor expression
compared to that of blood monocytes (Fig. 1 and Table 1).
Thus, although intestinal macrophages, and likely vaginal
macrophages, are derived from blood monocytes (50), vag-
inal macrophages express variable levels of key innate re-
sponse receptors typical of monocytes and monocyte-de-
rived macrophages, whereas intestinal macrophages do not
express such receptors.

Vaginal macrophages express higher levels of CD4, CCR5,
and CXCR4 than intestinal macrophages. Vaginal macro-

phages were analyzed next for expression of the HIV-1 primary
receptor CD4 and the coreceptors CCR5 and CXCR4. As
shown in Fig. 2A and Table 2, normal vaginal macrophages
expressed low levels of CD4 (6.4%), CCR5 (1.6%), and CXCR4
(6.7%), and 1.0% of the macrophages were CD4� CCR5�. In
contrast to vaginal macrophages, intestinal macrophages from
normal mucosa expressed even lower, albeit detectable, levels of
CD4 (1.0%), CCR5 (0.9%), and CXCR4 (4.4%), and only 0.3%
of the intestinal macrophages were CD4� CCR5�, threefold
fewer than for the vaginal macrophages (Fig. 2 and Table 2).
Consistent with their higher levels of surface CD4, CCR5, and
CXCR4 protein, vaginal macrophages constitutively expressed
4.9-, 2.3-, and 2.6-fold-higher levels of CD4, CCR5, and CXCR4
mRNA, respectively, compared to intestinal macrophages (Fig.
2B), suggesting that the increased expression of these receptors
on vaginal macrophages was regulated at the level of gene tran-
scription.

To determine whether the markedly reduced level of detect-

FIG. 2. Vaginal macrophages express higher levels of CD4, CCR5, and
CXCR4 protein and mRNA than intestinal macrophages. (A) Gradient sed-
imentation purified mucosal MNLs were stained with the indicated fluores-
cence-conjugated antibodies, and the macrophages were analyzed by flow
cytometry by gating on the macrophage population. Insets show staining with
the isotype control antibodies. Profiles are representative of macrophages in
four vaginal and four intestinal tissue specimens. (B) Purified vaginal and
intestinal macrophages were analyzed by real-time PCR for CD4, CCR5, and
CXCR4 mRNA. The mean (� the standard deviation) levels of CD4, CCR5,
and CXCR4 mRNA were 4.9-, 2.3-, and 2.6-fold higher, respectively, in
vaginal macrophages than in intestinal macrophages (n � 3).

TABLE 1. Expression of myeloid-specific antigen and innate
response receptors on blood monocytes and vaginal and

intestinal macrophagesa

Receptor

Blood
monocytes

Vaginal
macrophages

Intestinal
macrophages

Mean SD Mean SD Mean SD

CD13 89.9 12.6 80.7 7.6 95.8 2.4
CD14 (LPS-R) 85.2 6.6 18.6 3.4 1.1 1.2
CD89 (Fc
R) 83.2 11.3 34.4 23.1 1.0 0.8
CD16 (Fc�RIII) 54.5 34.0 19.7 24.3 2.2 2.4
CD32 (Fc�RII) 92.8 6.2 15.1 3.3 1.5 1.4
CD64 (Fc�RI) 73.4 22.2 10.2 5.6 1.1 0.5

a Values refer to the mean percentage of positive cells (n � 4).
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able CCR5 on intestinal macrophages was the consequence of
receptor ligation, we analyzed intestinal macrophages for the
presence of surface macrophage inflammatory protein 1

(MIP-1
), MIP-1�, and RANTES, the natural ligands for
CCR5. Intestinal macrophages did not display detectable lev-
els of these ligands, and acidification of the cells to remove
ligand using our previously described protocol (25) did not
facilitate the detection of surface CCR5 (data not shown),
suggesting that the near absence of CCR5 on intestinal mac-
rophages was not caused by CCR5 ligation or ligand-induced
internalization of CCR5. Also, we did not detect MIP-1
,
MIP-1�, or RANTES in the intestinal (or vaginal) lamina
propria extracellular matrix that was isolated using our previ-
ously described protocol (51), and culture of the extracellular
matrix did not result in the release of ligand into the culture
supernatant (data not shown). Finally, culturing intestinal mac-
rophages for up to 3 days did not promote CD4, CCR5, or
CXCR4 expression, indicating that the absence of the recep-
tors was not due to transient loss induced by the isolation
procedure. Thus, vaginal macrophages display a characteristic
monocyte-like phenotype and express significantly higher lev-
els of CD4 and CCR5 protein and 4.9- and 2.3-fold more CD4-
and CCR5-specific mRNA, respectively, than intestinal mac-
rophages.

Vaginal and intestinal macrophages take up R5 HIV-1. We
first located potential HIV-1 target MNLs in genital and gut
mucosa. In vaginal mucosa, HAM56� macrophages were
detected in the lamina propria and occasionally in the basal
region of the squamous epithelium (Fig. 3A, upper left
panel). CD3� T cells were scattered throughout the lamina
propria and infrequently at the basal region of the squamous
epithelium (Fig. 3A, upper right panel). Both macrophages
and lymphocytes were detected at the edges of dermal pa-
pillae. In the intestinal mucosa, dense populations of
HAM56� macrophages and CD3� T cells were present
throughout the lamina propria and near the basal region of
the columnar epithelium; CD3� T cells, but not HAM56�

macrophages, were also present in the epithelium (Fig. 3A,
lower panels).

We next evaluated the ability of genital and gut lamina
propria macrophages to take up R5 HIV-1 inoculated onto
the mucosa. GFP-tagged YU2 viral particles were inocu-
lated onto the apical surface of explanted vaginal and intes-
tinal mucosa, and 30 min later the explants were harvested,
sectioned, stained, and analyzed by confocal microscopy for
macrophages that contain GFP-YU2. GFP-YU2 particles
were identified in HAM56� macrophages, which were

readily detected in the lamina propria of the vaginal tissue
(Fig. 3B, upper panels). In contrast, GFP-YU2 particles
were detected only occasionally in HAM56� intestinal mac-
rophages (Fig. 3B, lower panels). The low numbers of GFP�

HAM56� cells precluded quantitative comparison of in-
fected cells in the two tissues. Therefore, vaginal and intes-
tinal explants were inoculated onto the apical surface with
equivalent amounts of infectious YU2, and after 2 h the
explants were harvested, washed three times, treated with
trypsin, and washed again three times. The total RNA was
isolated, and virus that had entered the mucosae was quan-
tified by real-time reverse transcription-PCR, which re-
vealed fourfold more viral RNA in vaginal than intestinal
mucosa (n � 5 each; P � 0.013). GFP-YU2 particles also
were detected in HAM56� (nonmacrophage) cells in ex-
plants of both tissues. These findings indicate that HIV-1
translocated across the epithelium in both vaginal and in-
testinal mucosa and then was taken up by subepithelial
macrophages. The entry of HIV-1 into vaginal macrophages
in our explant system is consistent with the findings of
Greenhead et al. (9), who used immunohistochemistry to
show that the majority of HIV-1-infected cells in the sub-
epithelial space in cultured genital mucosa were macro-
phages.

Vaginal, not intestinal, macrophages support R5 HIV-1 rep-
lication. We next investigated the ability of mucosal macro-
phages to support R5 HIV-1 replication. Vaginal and intes-
tinal MNLs were exposed to GFP-expressing YU2,
incubated at 37°C for 2 days, and analyzed by fluorescence-
activated cell sorting for YU2 replication in CD13� macro-
phages, using anti-GFP Alexa Fluor 488 to amplify the GFP
signal. As shown in Fig. 4, macrophages in the vaginal MNL
population supported YU2 replication, reflected in the pres-
ence of GFP�CD13� cells. The percentage of GFP-expressing
macrophages was low, since only one round of replication is
possible with this reporter virus. Together with the findings in
Fig. 3B, these results indicate that intestinal macrophages sup-
ported HIV-1 entry but not replication, which is consistent
with our previous detection of HIV-1 DNA (but not RNA) in
cultured primary intestinal macrophages (17).

To confirm that vaginal, but not intestinal, macrophages
support HIV-1 replication, mucosal macrophages and lym-
phocytes were purified from normal vaginal MNLs by
MACS column using anti-CD13 and anti-CD3 antibodies,
respectively, and cultures of each population were inocu-
lated (MOI � 1) with macrophage-tropic viruses and mon-
itored for p24 production at 4-day intervals for 16 days. The
macrophage-tropic viruses included NA420B33, NA20B59,
and NA353B27, which are highly fusigenic and tropic for
macrophages that express low levels of CD4 and/or CCR5
(33). Vaginal macrophages supported replication by all four
R5 viruses, displaying peak p24 production at day 12 (Fig.
5). In sharp contrast, purified intestinal macrophages did
not support replication by any of the R5 viruses (Fig. 5).
Importantly, lymphocytes from both vaginal and intestinal
mucosa supported replication by all four viruses with peak
p24 production occurring earlier (day 8) and at higher levels
in the intestinal lymphocytes compared to vaginal lympho-
cytes (Fig. 5). These findings indicate that the inability of
intestinal macrophages to support R5 replication was not

TABLE 2. HIV-1 receptor and coreceptor expression on vaginal
and intestinal macrophagesa

Receptor

Vaginal
macrophages

Intestinal
macrophages P

Mean SD Mean SD

CD4 6.4 3.7 1.0 0.8 0.001
CCR5 1.6 0.3 0.9 0.7 0.023
CXCR4 6.7 6.9 4.4 6.5 0.274
CD4�CCR5 1.0 0.2 0.3 0.3 0.001
CD4�CXCR4 1.6 0.4 0.5 0.6 0.005

a Values refer to the mean percentage of positive cells (n � 5).
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due to the isolation procedure, since intestinal lymphocytes,
which were isolated in parallel from the same tissue and by
the same protocol as the macrophages, supported viral rep-
lication. Thus, both macrophages and lymphocytes from the
vagina support R5 HIV-1 replication, but only lymphocytes
from the intestine support R5 HIV-1 replication.

DISCUSSION

We investigated the biological parameters of HIV-1 in-
fection in vaginal and intestinal macrophages. We report
that a substantial proportion of human vaginal macrophages
expressed the differentiation markers HLA-DR and CD13
and the innate response receptors CD14, CD89, CD16,
CD32, and CD64, characteristic of monocytes. Importantly,
a subset of vaginal macrophages also displayed CD4, CCR5,

Vagina Intestine

G
F

P

CD13
FIG. 4. Vaginal, not intestinal, macrophages in isolated mucosal

MNLs support R5 HIV-1 replication. Cultures of gradient sedimenta-
tion-purified vaginal and intestinal MNLs were inoculated with YU-
2env pseudotyped GFP-expressing HIV-1 and incubated at 37°C. The
ability of macrophages to support virus replication was analyzed 2 days
postinfection by GFP expression using flow cytometry. The results are
representative of two separate experiments.

FIG. 3. Localization of potential mononuclear target cells and detection of HIV-1 in macrophages in vaginal and intestinal mucosa. (A) In
noninflamed vaginal mucosa, HAM56� macrophages were detected in the basal region of the epithelium and bordering the dermal papillae and
scattered throughout the lamina propria; few CD3� lymphocytes were identified in the epithelium, concentrating mainly at the dermal papillae,
but were present predominantly in the lamina propria. In noninflamed intestinal mucosa, dense populations of HAM56� macrophages and CD3�

lymphocytes were present throughout the lamina propria. Insets show sections stained with irrelevant, isotype-matched control antibodies.
(Sections representative of vaginal and intestinal tissues were from four separate donors [magnification, �20].) (B) GFP-tagged YU2 particles were
inoculated onto the apical surface of vaginal and intestinal mucosal explants and, after 30 min, the explants were harvested, sectioned, stained, and
analyzed by confocal microscopy for HAM56� macrophages containing GFP-YU2. GFP-tagged viruses were stained with anti-GFP Alexa Fluor
488, macrophages were stained with anti-HAM56-Cy3, and cell nuclei were stained with DAPI.
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and CXCR4, and ca. 1% were CD4� CCR5�. Consistent
with this phenotype, vaginal macrophages supported R5 vi-
rus entry in explanted vaginal mucosa, and purified vaginal
macrophages supported substantial levels of R5 HIV-1 rep-
lication. Intestinal macrophages also expressed HLA-DR
and CD13 but, in sharp contrast to vaginal macrophages, the
intestinal macrophages did not express (or expressed barely
detectable levels of) innate response receptors, displayed
markedly reduced CD4 and CCR5 protein and mRNA com-
pared to vaginal macrophages, and did not support HIV-1
replication, although virus was detected in macrophages in
explanted intestinal mucosa.

The presence of monocyte-like macrophages in the vagi-
nal lamina propria and the ability of vaginal macrophages to
support HIV-1 entry and replication indicate that vaginal
macrophages may be important target cells in the genital
transmission of HIV-1 and genital HIV-1 infection. That
HIV-1 was detected in macrophages in explanted vaginal
mucosa 30 min after inoculation of virus onto the epithelial
surface underscores the potential role of macrophages in the
early events in mucosal HIV-1 infection in the female gen-
ital tract. In this connection, CCR5 inhibitors delivered vag-
inally (54, 57), as well as orally (55), have been shown to
block or diminish vaginal transmission of CCR5-receptor-

using simian-human immunodeficiency virus (SHIV) infec-
tion. The HIV-1 permissiveness of vaginal macrophages
raises the possibility that the ability of CCR5 inhibitors to
block SHIV infection involves the inhibition of infection of
vaginal macrophages, as well as the inhibition of CCR5-
mediated translocation of virus across the genital epithe-
lium.

Gut macrophages, and likely genital macrophages, origi-
nate from blood monocytes that recruit to the mucosal lam-
ina propria (50). The differences in phenotype and HIV-1
permissiveness between vaginal and intestinal macrophages
reported here may therefore reflect differences in the local
microenvironment, since mucosa-derived cytokines, includ-
ing transforming growth factor �, regulate the phenotype
and function of blood monocytes after their recruitment to
the mucosa, at least in the intestinal mucosa (51). Impor-
tantly, despite their likely common embryological origin, the
genital and intestinal tracts display an array of distinct fea-
tures relevant to HIV-1 infection (26). In the genital tract,
immunoglobulin G (IgG) is the dominant immunoglobulin
isotype but, in the gut, IgA is the main immunoglobulin
isotype (27, 38). Moreover, genital tract antibodies originate
locally and systemically, whereas gut antibodies originate
almost exclusively in the gut mucosa. Furthermore, systemic

FIG. 5. Purified vaginal, but not intestinal, macrophages support HIV-1 replication. Cultures of purified vaginal and intestinal macrophages
were inoculated with YU2 and three highly macrophage-tropic viruses (NA420 B33, NA20 B59, and NA353 B27) at an MOI of 1. The levels of
p24 production in media were assayed by ELISA at the indicated time points postinoculation. The inset shows cultures of purified vaginal and
intestinal lymphocytes that had been isolated from the same tissue specimens as the macrophages were inoculated in parallel with the same viruses
and analyzed for p24 production. Values are mean � the standard deviation p24 levels for two to four wells/time point/virus in a representative
experiment (n � 3).
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immunization induces specific IgG antibodies in cervico-
vaginal fluids (27, 28, 38) but limited IgA responses in gut
fluids (2). Thus, the dominance of IgG antibodies in the
genital tract and the presence of Fc�R-bearing macrophages
in vaginal mucosa, as we have shown here, raise the impor-
tant possibility that local IgG anti-HIV-1 antibodies, includ-
ing those induced by systemic or mucosal vaccines, could
promote HIV-1 infection of vaginal macrophages through
more efficient internalization of IgG-HIV-1 immune com-
plexes (7). The reduced level of IgG in the gastrointestinal
tract and the absence of detectable Fc�Rs on intestinal
macrophages, however, diminish the likelihood of immune
complex-mediated HIV-1 entry into intestinal macrophages.
Similarly, the marked reduction in surface CD4 and CCR5
may contribute to the reduced permissiveness of intestinal
macrophages to HIV-1 reported here.

In the human vagina, CD4� T cells have been identified in
the epithelium and the lamina propria in an ex vivo model
created by suction blistering the mucosa (13). In this model,
R5 HIV-1 applied to the apical surface entered the mucosa
via the epithelial CD4� T cells through CD4 and CCR5 and
replicated in these cells (13). Along with others (35), we
detected few lymphocytes in the squamous epithelium of
normal, noninflamed vaginal mucosa, and these lymphocytes
were always located in the basal region of the epithelium,
close to the lamina propria. Importantly, in the mucosal
explant system used here, the architectural relationship be-
tween the epithelium and the underlying lamina propria
remained intact. Using this system and purified cell popu-
lations, we confirmed and extended the immunohistochem-
ical findings of Greenhead et al. (9) by showing that vaginal
macrophages not only express CD4 and CCR5 but also
support robust R5 HIV-1 replication. In contrast, intestinal
macrophages were threefold less frequently CD4� CCR5�

than vaginal macrophages, and yet virus was detected in
intestinal macrophages, indicating low-level receptor-medi-
ated entry and/or endocytosis. However, intestinal macro-
phages did not support viral replication. The mechanism by
which virus enters but does not replicate in intestinal mac-
rophages is currently under investigation, but preliminary
studies suggest that it is not due to increased expression of
APOBEC3G (R. Shen, unpublished data).

In summary, we show that vaginal, but not intestinal,
macrophages are phenotypically similar to monocytes and
are permissive to R5 HIV-1 infection, suggesting that gen-
ital and gut macrophage populations have different roles in
mucosal HIV-1 pathogenesis. Robust HIV-1 replication in
vaginal macrophages indicates the cells are a likely source of
virus in the female genital tract during HIV-1 infection. In
addition, the susceptibility of macrophages in the vaginal
mucosa to HIV-1 suggests the potential contribution of vag-
inal macrophages to heterosexual HIV-1 transmission, par-
ticularly in the presence of genital infections that enhance
CCR5 expression (8, 60, 43), HIV-1 replication (32), and
cytokine production that in turn could enhance HIV-1 rep-
lication (20, 34, 47). Finally, the findings presented here
suggest that the cellular reservoir of HIV-1 during chronic
infection may extend to vaginal macrophages. Thus, vaginal
macrophages appear to play a previously underappreciated

but potentially important role in mucosal HIV-1 infection in
the female genital tract.
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