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Sexually transmitted diseases, genital ulcer disease,
and progesterone therapy increase susceptibility to
lentivirus transmission. Infection of cells by human
immunodeficiency virus (HIV) is dependent on ex-
pression of specific chemokine receptors known to
function as HIV co-receptors. Quantitative kinetic re-
verse transcription-polymerase chain reaction was
developed to determine the in vivo expression levels
of CCR5, CXCR4, CCR3, CCR2b, and the cytomegalo-
virus-encoded US28 in peripheral blood mononuclear
cells and cervical biopsies from 12 women with and
without sexually transmitted diseases, genital ulcer
disease, and progesterone-predominant conditions.
Our data indicate that CCR5 is the major HIV co-
receptor expressed in the female genital tract, and
CXCR4 is the predominantly expressed HIV co-recep-
tor in peripheral blood. CCR5 mRNA expression in
the ectocervix was 10-fold greater than CXCR4, 20-
fold greater than CCR2b, and 100-fold greater than
CCR3. In peripheral blood, CXCR4 expression was
1.5-fold greater than CCR5, 10-fold greater than
CCR2b, and 15-fold greater than CCR3. US28 was not
expressed in cervical tissue despite expression in pe-
ripheral blood mononuclear cells from five individu-
als. CCR5 was significantly increased (p < 0.02) in
biopsies from women with sexually transmitted dis-
eases and others who were progesterone predomi-
nant. In vitro studies demonstrate that progesterone
increases CCR5, CXCR4, and CCR3 expression and

decreases CCR2b expression in lymphocytes and
monocytes/macrophages. Characterization of chemo-
kine receptors at the tissue level provides important
information in identifying host determinants of HIV-1
transmission. (Am J Pathol 1998, 153:481–490)

The susceptibility to sexual transmission of human immu-
nodeficiency virus (HIV)-1 is extremely variable as infec-
tion by HIV-1 may occur after a single or a few expo-
sures,1 or not at all, even after multiple high-risk
exposures.2 In addition, many studies have noted a gen-
der imbalance for heterosexual HIV transmission that
places women at greater risk for acquisition from infected
male partners.3,4 Aside from gender, other factors may
increase susceptibility to HIV-1 infection. The most con-
vincing factors associated with enhancing HIV-1 trans-
mission are co-infection with sexually transmitted dis-
eases (STDs) or genital ulcer disease (GUD). The
synergy between STDs, GUD, and HIV-1 has been de-
scribed from an epidemiological and behavioral per-
spective.5,6 The cellular mechanism by which STDs and
GUD facilitate HIV-1 transmission, however, has not been
well characterized. Similarly, the role of endogenous or
exogenous hormonal influences in increasing or decreas-
ing susceptibility to HIV infection has not been deter-
mined. STDs, GUD, and hormonal influences may in-
crease the number of target cells present, increase
immune activation, or increase expression of cell type-
specific chemokine receptors, co-receptors that are nec-
essary for HIV-1 infection.

Specific variants of HIV-1, non-syncytium-inducing,
macrophage-tropic isolates, have been postulated to be
the major sexually transmitted variants.7 The second re-
quirement for infection involves the expression of specific
co-receptors on host cell types that express CD4.8–13

The chemokine receptor CCR5 is the predominant recep-
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tor for macrophage-tropic isolates. It has previously been
shown that the regulation of CCR5 expression is influ-
enced by type 1 cytokine (eg, interleukin (IL)-2) activity
and inflammatory responses in general. In addition, cells
infiltrating inflammatory sites maintain the capacity to
express other types of chemokine receptors (eg, CXCR4,
CCR3, or CCR2b) that may serve as HIV co-receptors.

Thus, susceptibility to sexual transmission of HIV-1
undoubtedly involves features associated with both the
virus and the local state of immune activation. Because of
the invasive procedures involved, studying the female
genital tract mucosa has been difficult in humans. Animal
studies involving macaques have yielded abundant infor-
mation on the early events of simian immunodeficiency
virus (SIV) transmission, including the elucidation of
Langerhans’ cells as the major infectable cell type imme-
diately after inoculation.14 Studies in macaques have also
shown that progesterone increases susceptibility to intra-
vaginal SIV challenge by undetermined mechanisms.15

Because infection with SIV may be mediated by recep-
tors other than CCR5 and CXCR4,16 the purpose of this
study was to examine factors influencing the expression
and regulation of HIV-1 co-receptors in human tissue.

Here, using immunological and extremely sensitive
molecular methods, we report on the expression and
localization of macrophage-tropic8–10 (CCR5 and CCR3),
dual-tropic11,12 (CCR2b and US28), and T-cell-tropic13

(CXCR4) HIV co-receptors in the female genital tract. Our
findings show distinct patterns of chemokine receptor
expression in the cervix compared with peripheral blood.
The pattern of chemokine receptor expression in the
cervix is influenced by infiltrates of cells expressing var-
ious chemokine receptors and microbial as well as hor-
monal factors that affect the local state of immune acti-
vation.

Materials and Methods

Patients

Patients were enrolled in this study from the Northwestern
Memorial Hospital Outpatient Clinic and the Prentice
Women’s Hospital Ambulatory Care Clinic. All women
were in the preovulatory phase of their menstrual cycles

at the time of biopsy, except one woman, who was post-
menopausal. Informed consent was obtained from all
patients. Cervical biopsies were obtained from the supe-
rior portion of the ectocervix using biopsy forceps. Pe-
ripheral blood (16 ml) was drawn in acid citrate dextrose
tubes. Patients 1 to 4 and 6 were undergoing routine
examinations, patients 5 and 8 to 12 were undergoing
diagnostic procedures, and patient 7 was undergoing a
hysterectomy. The clinical history of all patients in this
study is shown in Table 1.

Blood Processing and Cell Culture

Peripheral blood mononuclear cells (PBMCs) from ho-
mozygous wild-type (wt) CCR5 volunteers were isolated
on a Ficoll-Hypaque gradient. PBMCs (2 3 106 cells)
were immediately placed in TriReagent (Molecular Re-
search Center, Cincinnati, OH) for RNA extraction as per
the manufacturer’s protocol or cultured in RPMI 1640
supplemented with 2 mmol/L L-glutamine 10% fetal bo-
vine serum, 10 mmol/L HEPES, and penicillin/streptomy-
cin. PBMCs were incubated with 50 ng/ml progesterone
(Sigma Chemical Co., St. Louis, MO) for up to 6 days.

Tissue and Cell Preparation

Tissue samples from uterine ectocervix were trisected
and either homogenized for RNA extraction, snap frozen
in ornithine carbamoyltransferase embedding compound
or fixed in Streck Tissue Fixative17–19 (Streck Laborato-
ries, Omaha, NE). RNA was extracted from biopsy spec-
imens by homogenizing fresh biopsies of 5 mm3 in 500 ml
TriReagent using diethyl pyrocarbonate-treated, auto-
claved, disposable homogenizers. After homogenization,
RNA was purified as per the manufacturer’s protocol.
RNA pellets were resuspended in 13 transcription buffer
(Promega, Madison, WI) with 2 units RQ1 RNase-free
DNase (Promega, Madison, WI) and incubated for 30
minutes at 37°C to remove contaminating DNA. The mix-
ture was extracted once with phenol:chloroform:isoamyl
alcohol and once with chloroform:isoamyl alcohol. The
aqueous layer was removed, and the RNA was precipi-

Table 1. Clinical History of Patients in the Study

Patient Age HIV status CD4 count Reproductive status Hormonal exposure Inflammatory conditions

1 39 Negative NA Nonpregnant None None
2 23 Negative NA Nonpregnant None None
3 26 Negative NA Nonpregnant None None
4 48 Negative NA Nonpregnant None None
5 27 Negative NA Nonpregnant OCP GUD (Behcet’s)
6 52 Negative NA Postmenopausal None None
7 45 Negative NA Nonpregnant Prog. None
8 29 Positive 238 Nonpregnant None LGSIL, HPV
9 28 Positive 533 Nonpregnant None LGSIL, HPV

10 26 Positive 15 Nonpregnant None HPV, HSV
11 26 Positive 230 Nonpregnant None HPV
12 35 Positive 181 Nonpregnant None HGSIL, HPV

Abbreviations: NA, not applicable; OCP, oral contraceptives; Prog, progesterone; HGSIL, high-grade squamous intraepithelial lesion; LGSIL, low-
grade squamous intraepithelial lesion; HSV, herpes simplex virus.
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tated in 3 volumes ethanol and 1/40 volume 3 mol/L
sodium acetate overnight at 220°C.

Immunohistochemistry/Image Analysis

Tissue sections were cut to 5 mm, adhered to silanized
slides, and deparaffinized through xylenes and graded
alcohols. After peroxidase quenching and blocking with
mouse serum in phosphate-buffered saline, pH 7.4, with
5% nonfat dry skim milk, immunohistochemistry was per-
formed using the Vectastain ABC-HP kit (Vector Labora-
tories, Burlingame, CA) as per the manufacturer’s recom-
mendations. Diaminobenzidine was used as substrate
with hematoxylin counterstain. Frozen tissue sections for
quantitative image analysis were allowed to air dry for 5
minutes, followed by postfixation in cold acetone for 20
minutes or 2% formaldehyde for 15 minutes. Sections
were washed in phosphate-buffered saline, and an opti-
mized dilution of primary antibody was applied. Cytokine
and chemokine expression was quantified using assisted
computerized image analysis as previously described.20

IL-2-producing cells were identified by a juxtanuclear
focal staining pattern surrounded by extracellular im-
mune reactivity caused by adherence of cytokines to
matrix proteins. Commercially available antibodies to
CD4, CD45RO, CD68, S-100, IL-2, IL-4, and IL-10
(PharMingen, San Diego, CA) were used at concentra-
tions optimized on control tissues.

Immunofluorescence/Flow Cytometry

After the appropriate incubation with progesterone, cells
were pretreated with 0.5 mmol/L EDTA three times for 10
minutes each to remove adherent cells. Cells were
washed three times with phosphate-buffered saline, pH
7.4/0.5% bovine serum albumin. Cells were then treated
with 1 mg human immunoglobulin IgG/1 3 105 cells for 15
minutes at room temperature. Cells were stained with
anti-CD4-fluorescein isothiocyanate or anti-CD14-fluores-
cein isothiocyanate (Becton Dickinson Immunochemistry
Systems, San Jose, CA) and anti-CCR5-phycoerythrin or
anti-CXCR4-phycoerythrin (PharMingen, San Diego, CA)
for 30 minutes at room temperature, washed in phos-
phate-buffered saline, pH 7.4/0.5% bovine serum albu-
min, and fixed in 2% formaldehyde. Analysis was per-
formed on a FACSCalibur flow cytometer using Cell
Quest software.

CCR5 Genotyping

Total DNA was prepared by adding 400 ml of cell lysis
buffer/200 mg/ml proteinase K to 1 3 106 cells from
peripheral blood. The mixture was incubated at 58°C for
2 hours followed by extraction in 25:24:1 phenol:chloro-
form:isoamyl alcohol. The aqueous layer was recovered,
and DNA was precipitated by the addition of 3 volumes of
ethanol and 1/40 volume sodium acetate. DNA polymer-
ase chain reaction (PCR) was performed by adding 45 ml
reaction mix (13 PCR buffer (PE Applied Biosystems,
Foster City, CA), 4.0 mmol/L MgCl2, 200 mmol/L dATP,

200 mmol/L dCTP, 200 mmol/L dGTP, 200 mmol/L dTTP,
200 nmol/L upstream CCR5 primer (TGTTTGCGTCTCTC-
CCAGGA), and 200 nmol/L CCR5 downstream primer
(TGAAGATAAGCCTCACAGCCCT)) to approximately
500 ng DNA. The amplified product was resolved on a
2% metephor gel (FMC Bioproducts, Rockland, ME).

Chemokine Receptor mRNA Quantification

Quantitative kinetic reverse transcription-PCR was per-
formed by adding 45 ml of reaction mix (13 RT Taqman
EZ buffer (PE Applied Biosystems, Foster City, CA), 4.0
mmol/L Mn(O)Ac2, 300 mmol/L dATP, 300 mmol/L dCTP,
300 mmol/L dGTP, 300 mmol/L dTTP, 200 nmol/L up-
stream primer, 200 nmol/L downstream primer, 200
nmol/L internally conserved fluorogenic probes, and 10
units rTth polymerase) directly to 100 ng of total RNA in 5
ml RNase, DNase free water (Ambion, Austin, TX). Input
RNA was normalized using glyceraldehyde-3-phosphate
dehydrogenase mRNA quantification (PE Applied Bio-
systems). Reverse transcription and thermal amplification
were performed using the following linked profile: reverse
transcription, 30 minutes at 60°C; cDNA denaturation, 5
minutes at 95°C; 40 cycles of denaturation (95°C for 15
seconds); and annealing/extension (60°C for 1 minute) in
a 7700 sequence detection system (PE Applied Biosys-
tems). Duplicate standard curves with copy number con-
trols ranging from 10 to 105 copies were run with each
optical 96-well plate (PE Applied Biosystems). In addi-
tion, no template controls were included with each plate.
We assessed the efficiency of amplification and the lin-
earity of the assay by plotting the threshold cycle num-
ber, the cycle number at which the fluorescence signal
exceeds background, versus the log target copy number
(Figure 1). To exclude potential signal due to plasmid
DNA in the copy number standards, or to genomic DNA
in the patient samples, we performed duplicate experi-
ments with Taq polymerase rather than rTth polymerase.
These experiments revealed a lack of amplification signal
due to contaminating chemokine receptor DNA (data not

Figure 1. Chemokine receptor mRNA quantification is linear over a range of
at least 105 copies. Threshold cycle number (Ct) refers to the cycle number
at which the reporter signal exceeds background. Results were based on
triplicate determinations. The correlation coefficient for all curves was 0.99.
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shown). Amplification of heterologous transcripts or
squamous cell RNA known to be negative for chemokine
receptors revealed a lack of amplification signal. Ampli-
fication of RNA from a homozygous D32 CCR5 individual
also revealed a lack of wt CCR5 amplification signal.

Primers and Probes

The primers and their respective probes used were as
follows: wt CCR5, 59-TGTTTGCGTCTCTCCCAGGA-39
and 59-TGAAGATAAGCCTCACAGCCCT-39 (probe, 59-
FAM-CAGTCAGTATCAATTCTGGAAGAATTTCCAGACA
T-TAMRA-39); CXCR4, 59-TATGACTCCATGAAGGAAC
CCTGT-39 and 59-AGCCTGTACTTGTCCGTCATGC-39
(probe, 59-FAM-TCC TGCCCACCATCTACTCCATCATC-
TAMRA-39); CCR3, 59-AAAGCTGATACCAGAGCACTG
ATGG-39 and 59-GTTGGTCATAATTCGGAGCCTCC-39
(probe, 59-FAM-TTCACTGTGGGCCTCTTGGGCAAT-TA
MRA-39); CCR2b, 59-CCTGTAAAGCAGGTGCCCAA-39
and 59-AGAGTCAAAGTCTCTACCCACAGTTTTT-39 (probe,
59-FAM-CCAATGCATATCCAACATGTGCTCAG-TAMRA-39);
US28, 59-GACTCCCTGTGTCCTCACCG-39 and 59-CCAA-
GAAGTTGCCGATGGAA-39 (probe, 59-FAM-ACGTTGTTTCT-
GTACGGCGTTGTCTTTC-TAMRA-39); IL-2, 59-CCACAATAT-
GCTATTCACATGTTCAGT-39 and 59-CAATTAACGCCTTCT-
GTATGAAACAG-39 (probe, 59-FAM-TTTCTGAGTTACTTTTG-
TATCCCCACCC-TAMRA-39); IL-4, 59-CTGTTCCCTGTGAG-
CTGCCT-39 and 59-GTATAGTTATCCGCACTGACCACG-39
(probe, 59-FAM-AGCTGGTTTTTCTGCTCTCCGAAGCC-
TAMRA-39); and IL-10, 59-CCCAAGTATAGCTGAACCTTC-
CAA-39 and 59-TGTGGATGCCTGCTGTGTG-39 (probe, 59-
FAM-CACGTAGGGTTGCAGGTTTCCTAGTGAG-TAMRA-39).

Statistical Analysis

Comparisons between samples were performed using
the Student’s t-test. Comparisons yielding a P , 0.05
were considered significant.

Results

Quantification of the Chemokine Receptor
Repertoire in Cervical Biopsies and
Peripheral Blood

To quantify the expression of chemokine receptor mRNA
in peripheral blood and biopsies from the female genital
tract, we extracted and purified RNA and DNA from 12
women. Seven HIV-seronegative and five HIV-seroposi-
tive women with or without STDs, GUD, and progesterone
predominance were evaluated using these techniques
(Table 1). To control for variable levels of wt and D32
CCR5 allelic expression in heterozygotes relative to ho-
mozygous wt individuals (manuscript in preparation), we
selected women with a homozygous wt CCR5 genotype.
Using 10,000 copies of glyceraldehyde-3-phosphate de-
hydrogenase mRNA (;100 cells) in each replicate, at
least duplicate determinations of chemokine receptor
mRNA levels were performed (Table 2). The level of
CCR5 mRNA in the cervix was significantly greater than
CXCR4, CCR3, CCR2b, and US28 (P , 0.001) regard-
less of the clinical state of the patient (Table 2, Figure 2).
Levels of CCR5 mRNA in biopsies with increased inflam-
mation (Table 2, patients 5 to 12) were significantly in-
creased compared with levels in biopsies without in-
creased inflammation (Table 2, patients 1 to 4) (P ,
0.02). Levels of CCR5 were also increased in biopsies
from progesterone-predominant women (Table 2, pa-
tients 6 and 7) relative to premenopausal, exogenous
progesterone-naı̈ve women (Table 2, patients 1 to 4).
Immunohistochemistry using monoclonal antibodies was
performed to localize and quantify CXCR4 and CCR5
protein-expressing cells and to confirm the relative ex-
pression levels of CXCR4 and CCR5 determined by
quantitative reverse transcription-PCR (Figure 3). We
found an 8-fold greater CCR5 protein expression level
compared with CXCR4 (P , 0.02). The 8-fold difference
in protein expression approximates the 10-fold difference
in mRNA expression. Double-label immunofluorescence
staining revealed that all cells expressing CCR5 or

Table 2. Quantification of Chemokine Receptor mRNA in Blood and Cervical Biopsies

Patient

CCR5 mRNA* CXCR4 mRNA* CCR3 mRNA* CCR2b mRNA* US28*

CX PBLs CX PBLs CX PBLs CX PBLs CX PBLs

1 91 6 1 189 6 4 ,10 744 6 71 Negative 52 6 12 ,10 ,10 Negative Negative
2 94 6 2 1104 6 204 42 6 5 368 6 19 Negative 15 6 6 ,10 113 6 13 Negative ,10
3 292 6 43 133 6 28 278 6 17 674 6 33 ,10 67 6 8 36 6 1 336 6 82 Negative Negative
4 209 6 15 77 6 13 60 6 9 914 6 55 ,10 ,10 48 6 19 52 6 7 Negative 1832 6 177
5 123 6 17 112 6 10 ,10 964 6 44 Negative 25 6 2 ,10 76 6 33 Negative Negative
6 441 6 43 860 6 38 55 6 8 1860 6 124 Negative 23 6 11 ,10 95 6 20 Negative 2997 6 291
7 678 6 211 144 6 36 27 6 8 1287 6 41 Negative 116 6 28 18 6 7 184 6 33 Negative Negative
8 704 6 82 3717 6 30 86 6 27 865 6 92 Negative 80 6 22 ,10 64 6 16 Negative 822 6 119
9 922 6 71 1409 6 54 ,10 421 6 12 ,10 348 6 41 100 6 37 529 6 111 Negative Negative

10 642 6 27 706 6 48 ,10 655 6 149 26 6 11 72 6 17 51 6 21 266 6 14 Negative Negative
11 1216 6 167 85 6 6 14 6 6 1232 6 211 Negative ,10 ,10 12 6 3 Negative Negative
12 1176 6 114 106 6 21 153 6 31 5531 6 249 ,10 ,10 17 6 3 ,10 Negative ,10

CX, cervix; PBLs, peripheral blood lymphocytes.
*Number of copies per 10,000 glyceraldehyde-3-phosphate dehydrogenase RNA copies.
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CXCR4 co-expressed CD4 in the biopsies studied (Fig-
ure 4).

The levels of CXCR4, CCR3, CCR2b, and US28 were
significantly elevated in blood (P , 0.001) relative to the
cervix when the whole study population was assessed,
whereas the level of CCR5 in peripheral blood was not
significantly elevated relative to the cervix (Table 2, Fig-
ure 2). The difference between the level of CXCR4 and
the level of CCR5 in peripheral blood was not statistically
significant.

Quantification of Immune Cells in the
Cervical Mucosa

Increases in chemokine receptor expression in a partic-
ular tissue can be attributed to an increase in the number
of cells expressing a particular chemokine receptor, up-

regulation of chemokine receptors in cells present in a
particular tissue, or both. To determine whether increases
in the number of cells known to express specific chemo-
kine receptors contributed to the repertoire of chemokine
receptor expression, we characterized the immune cells
present in the ectocervix of women with normal, proin-
flammatory, and progesterone-predominant conditions.

Using immunohistochemistry and assisted computer-
ized image analysis,20 we quantified the number of cells
known to express CCR5 (CD41 and CD45RO1 T cells,
CD681 macrophages, and S-1001 Langerhans’ cells),
CXCR4 (CD41 and CD45RA1 T cells and CD681 mac-

Figure 2. Comparison of chemokine receptor expression in PBMCs and
uterine cervix. CCR5 mRNA expression in the cervix was 10-fold greater than
CXCR4, 20-fold greater than CCR2b, and 100-fold greater than CCR3. In
PBMCs, CXCR4 expression was 1.5-fold greater than CCR5, 10-fold greater
than CCR2b, and 15-fold greater than CCR3. US28 was not expressed in any
of the cervical biopsies despite expression in PBMCs from five individuals.

Figure 3. Digital microscopic images of chemokine receptor expression in an immunohistochemically stained cervical biopsy from HIV-1-seropositive patient 12
(Tables 1 and 2). Chemokine receptor-expressing cells appear brown (arrows) in sections counterstained with hematoxylin (blue). A: CCR5-expressing cells are
clustered beneath the surface epithelium. B: CXCR4-expressing cells from the same biopsy have a similar localization as the CCR5-expressing cells. Increased
numbers of CCR5-expressing cells were found compared with CXCR4-expressing cells. Magnification, 3350.

Figure 4. Localization of cells co-expressing CD4 and CCR5 (yellow) using
double-label immunofluorescence and laser confocal image analysis (patient
6). Cells expressing only CD4 appeared red (arrowheads), and cells express-
ing only CCR5 were not identified. The epithelium-submucosa junction is
denoted by arrows.

Chemokine Receptor Expression in the Female Genital Tract 485
AJP August 1998, Vol. 153, No. 2



rophages), CCR3 (CD41 T cells, CD681 macrophages,
eosinophils, and basophils), CCR2b (CD681 macro-
phages, natural killer cells), or US28 (CD41 T cells and
monocytes/macrophages) (Table 3). Langerhans’ cells,
macrophages, and lymphocytes were evenly distributed
in low quantities throughout the submucosa in four
healthy controls such as patient 1 (Table 3, Figure 5) and
were rarely found in the epithelium. Dramatic yet hetero-
geneous increases in cellular infiltrates were seen in bi-
opsies from women with GUD, progesterone predomi-
nance, or genital tract infections. The woman with

noninfectious GUD (patient 5, Table 3, Figure 5) had a
moderate increase in macrophages and CD45RO1 T
cells with a CD4/CD8 ratio of 4.9. In patients 6 and 7, an
increase in CD45RO1 T cells and macrophages was
observed in the progesterone-predominant biopsies.
Women with human papillomavirus (HPV) or herpes sim-
plex virus and HIV, such as patient 8 (Table 3, Figure 5),
had profound increases in CD45RO1 T cells and macro-
phages. Despite the presence of inflammatory condi-
tions, neither the intensity of CD4 cell surface staining nor
the number of Langerhans’ cells changed in the women
studied.

Regulation of Chemokine Receptor mRNA
Expression in Vivo

To determine whether increased expression of cytokines
involved in the mucosal immune response contributed to
the pattern of chemokine receptor expression in our bi-
opsies, we quantified the expression levels of IL-2, IL-4,
and IL-10 using quantitative, kinetic reverse transcription-
PCR and immunohistochemistry/assisted computerized
image analysis. The type 1 cytokine IL-2 mRNA was
up-regulated, whereas the type 2 cytokines IL-4 and
IL-10 were below the limits of detection (10 mRNA cop-
ies) in biopsies from patients with STDs (Table 4, Figure
6). To confirm the quantification and to localize the
source of IL-2 up-regulation, we stained tissue sections

Table 3. Quantification of Immune Cells in Cervical Biopsies
Using Image Analysis

Patient

Immune cells (cells/HPF)

CD45RO CD68 S-100

1 1 (0–1) 2 (0–5) 1 (0–4)
2 2 (0–3) 1 (0–3) 2 (0–4)
3 4 (2–8) 3 (1–4) 1 (0–2)
4 1 (0–2) 5 (0–9) 3 (2–4)
5 8 (0–25) 15 (4–31) 2 (1–6)
6 13 (7–26) 7 (2–19) 5 (1–8)
7 22 (11–34) 13 (8–18) 3 (1–5)
8 57 (43–86) 2 (0–4) 1 (0–3)
9 32 (18–59) 15 (11–17) 2 (0–3)

10 65 (28–97) 24 (14–33) 2 (0–5)
11 38 (22–49) 17 (14–21) 3 (0–6)
12 18 (14–31) 28 (19–43) 4 (2–7)

HPF, high-power field.

Figure 5. Immunophenotypic characterization of cell types known to express CCR5 in representative cervical biopsies from patients listed in Table 1.
Activated/memory T lymphocytes (CD45RO), macrophages (CD68), and Langerhans’ cells (S-100) were visualized and quantified using image analysis. Positive
cells appear brown (arrowheads) in sections counterstained with hematoxylin (blue). A lymphoid follicle was identified (arrow) in one of the biopsies.
Magnification, 3200.
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with monoclonal antibodies against IL-2, IL-4, and IL-10.
As might be expected, biopsies (Table 3, patients 1 to 4)
devoid of increased inflammatory cell infiltrates were
negative for IL-2, as well as IL-4 and IL-10. Biopsies from
women such as patients 8 and 9 (Figure 6) with the most
inflammation and the highest level of CCR5 mRNA ex-
pression (Table 3, patients 8 to 12) exhibited numerous

cells in the epithelium and submucosa expressing IL-2
but lacked cells expressing IL-4 and IL-10. Biopsies from
patients 6 and 7 revealed high levels of CCR5 expression
in the absence of up-regulated IL-2.

Effect of Progesterone on Chemokine
Receptor Expression

To determine the direct effects of progesterone on che-
mokine receptor expression at the cellular level, we incu-
bated PBMCs with 50 ng/ml progesterone for 6 days. At
time 0, 3 days, and 6 days of culture, we extracted total
RNA for CCR5, CXCR4, CCR3, and CCR2b mRNA quan-
tification (Figure 7A). In addition, we performed flow cy-
tometry on PBMCs from the same time points to localize
increases of CCR5 and CXCR4 to specific cell types.
Molecular and immunophenotypic analysis revealed 5- to
10-fold increases in CCR5, CXCR4, and CCR3 expres-
sion that peaked after 3 days of culture. Levels of CCR2b
mRNA in PBMCs decreased after progesterone treat-
ment. The increase in CCR5 after progesterone treatment
was detected exclusively in CD141 monocytes (Figure
7B), whereas increased CXCR4 expression was detected
equally in lymphocytes (CD41 or CD81) and CD141

monocytes. The increase in CCR5/CXCR4 expression
peaked at 3 days and remained elevated or slightly di-
minished by day 6 (data not shown).

Discussion

Heterosexual transmission of HIV-1 is the leading mode
of transmission worldwide.21 Understanding the dynam-
ics of HIV-1 sexual transmission from male to female is
critical to designing effective prevention strategies. Male-
to-female transmission of HIV-1 involves exposure of cell-
free or cell-associated virus in semen to cervicovaginal
mucosa.22 The sexually transmitted macrophage-tropic,
non-syncytium-inducing HIV-1 variants23 primarily use
the chemokine receptor CCR5 as co-receptor,8,9

whereas T-cell-tropic, syncytium-inducing variants use
CXCR4 as co-receptor.13 Our data indicate that CCR5 is
the major HIV-1 co-receptor expressed in the female
genital tract and CXCR4 is the predominantly expressed
HIV co-receptor in peripheral blood. In cervical biopsies,
CCR5 mRNA expression was 10-fold greater than
CXCR4, 20-fold greater than CCR2b, and 100-fold
greater than CCR3. In PBMCs, CXCR4 expression was
1.5-fold greater than CCR5, 10-fold greater than CCR2b,
and 15-fold greater than CCR3. US28 was not expressed
in any of the biopsies despite expression in PBMCs from
five individuals. In particular, CCR5 expression was sig-
nificantly elevated in cervical tissue from women with HIV
and HPV or progesterone-predominant conditions when
compared with biopsies from healthy normal women.
These data have important implications for HIV transmis-
sion, considering studies showing a correlation between
the level of CCR5 expression and infectability of cells by
macrophage-tropic isolates of HIV-1.24

Table 4. Quantification of Cytokine mRNA in Cervical
Biopsies

Patient IL-2 IL-4 IL-10

1 Negative Negative Negative
2 Negative Negative Negative
3 Negative Negative Negative
4 Negative Negative Negative
5 102 6 44 Negative Negative
6 Negative 36 6 9 ,10
7 876 6 211 Negative Negative
8 2249 6 332 Negative Negative
9 3211 6 112 Negative Negative

10 1692 6 287 Negative Negative
11 1871 6 349 Negative Negative
12 567 6 37 Negative Negative

Values equal number of cytokine mRNA copies per 10,000
glyceraldehyde-3-phosphate dehydrogenase mRNA copies.

Figure 6. Assisted computerized image analysis photomicrograph of cervical
biopsies from patients 8 (A) and 9 (B) stained by immunohistochemistry for
IL-2. IL-2-producing cells were identified by a juxtanuclear focal staining
pattern (arrows) surrounded by extracellular immune reactivity caused by
adherence of cytokines to matrix proteins. Tissue sections were counter-
stained with hematoxylin (blue). Magnification, 3400.
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Significant increases in CD41 and CD45RO1 T lym-
phocytes were found in all biopsies with increased CCR5
expression. With one exception, the increase of CCR5
expression was also associated with increased numbers
of CD681 macrophages. Our data support previous an-
imal studies on lymphocyte recirculation that demon-
strated memory T cells (CD45RO1 and CCR51) migrat-
ing to peripheral tissues, whereas naı̈ve T cells
(CD45RA1 and CXCR41) use a recirculation pathway
that bypasses tissues.25 The significant difference in
CCR5 and CXCR4 expression in these cervical biopsies
must be due to either increases in CD41 and CD45RO1

T cells that differentially express more CCR5 than
CXCR4,26 or factors that preferentially up-regulate CCR5
expression. Monocytes and Langerhans’ cells express
both CCR5 and CXCR4, so increases in these cell types
would be expected to increase both CCR5 and CXCR4,
although blocks in CXCR4 cell surface expression have
been shown in Langerhans’ cells.27 Langerhans’ cells,
however, were not increased in any of the biopsies, rais-
ing the issue of their role in the increased HIV-1 suscep-
tibility in women with STDs.

The first line of defense against HIV transmission in the
female genital tract is the vaginal fluid and the cervical
mucus.22 A recent study has identified increased levels
of HIV-1 env-specific immunoglobulin A in cervicovaginal
fluid from HIV-exposed, uninfected partners of HIV-in-
fected men.28 Cervical mucus itself has been proposed
to provide a physical barrier preventing HIV-1 from con-
tacting the mucosal surface.22 The second layer of de-
fense is the vaginal and cervical epithelium. Breaches in
this physical barrier have been suggested to increase the
risk of HIV transmission.15 This is not surprising in view of
our data from the patient with noninfectious GUD. The
base of the ulcer was lined by CD41 and CD45RO1 T
lymphocytes and macrophages, cell types that co-ex-
press CD4 and CCR5. The impact of oral contraceptives
on genital-tract CCR5 expression in this patient, however,
was not examined.

Studies have demonstrated an increased rate of HIV
infection in women .45 years of age.29 Progesterone, the
predominant hormone in menopause, has been shown to
enhance SIV transmission presumably by allowing more
virions to move through the thinned epithelium.15 In our
study, a significantly increased level of CCR5 expression
was found in cervical biopsies from progesterone-pre-
dominant women. In addition to epithelium only five to
seven cells thick, immunohistochemical analysis re-
vealed increased CD41 and CD45RO1 T cells and mac-
rophages localized to the epithelial-submucosa junction
in cervical samples with immune activation (see Figure
3). In vitro stimulation of peripheral blood mononuclear
cells with concentrations of progesterone known to in-
crease female genital tract transmission of SIV in ma-
caques revealed a 5- to 10-fold up-regulation of CCR5 in
CD141 monocytes/macrophages and 5-fold increase of
CXCR4 expression in CD41 lymphocytes and CD141

monocytes/macrophages. The lack of CD41 and
CD45RA1 T cells, which predominantly express CXCR4,
in tissue may explain why CXCR4 mRNA was higher in
PBMCs when compared with cervical tissue (Table 2).
These data also suggest that CCR5 and CXCR4 have
promoter regulatory elements responsive to the glucocor-
ticoid/progesterone receptor pathway.30 Progesterone-
containing oral contraceptives have been shown, de-
pending on the study, to either increase or decrease the
risk of sexual transmission.15,31 Further study is neces-
sary to determine whether estrogen enhances or dimin-
ishes the effects of progesterone on chemokine receptor
expression.

The last defense against HIV transmission in the fe-
male genital tract is the mucosal immune system. The
immune system in the female genital tract consists of an
inductive arm and an effector arm.31 Pathogens encoun-
ter the inductive arm, during which time phagocytosis
occurs and antigen is processed. During an immune
response in the female genital tract, antigen is presented
by mucosal macrophages and Langerhans’ cells.32

Figure 7. A: Quantification of progesterone-induced chemokine receptor mRNA up-regulation after 3 days of PBMC culture in the presence of 50 ng/ml
progesterone. CCR5, CXCR4, and CCR3 mRNA were significantly increased after progesterone treatment, whereas CCR2b mRNA decreased after treatment. B:
Representative histograms from immunophenotyping/flow cytometry experiments. Untreated (top) and progesterone-treated (bottom) cells were double labeled
with CD14-fluorescein isothiocyanate and CCR5-PE and gated based on CD14 expression and side scatter. Progesterone up-regulated CCR5 protein expression
fivefold in CD141 monocytes. The increase in CCR5/CXCR4 expression peaked at 3 days and remained elevated or slightly diminished by day 6.
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These antigen-presenting cells migrate via afferent lym-
phatics to draining lymph nodes, where they stimulate B
and T lymphocytes. Activated lymphocytes reenter pe-
ripheral blood and migrate to the female genital tract,
functioning in the effector arm of the immune response.31

We demonstrate that CCR5 mRNA is significantly in-
creased when the effector arm of the cellular immune
response is engaged in response to infectious and non-
infectious inflammatory conditions. Local cytokine pro-
duction is a critical correlate of an effective immune re-
sponse. Preliminary data from our laboratory34 have
shown that type 1 cytokines, such as those would pre-
dominate in cellular immune responses (IL-2, interfer-
on-g, and IL-12), up-regulate CCR5 and to a lessor extent
CXCR4. Type 2 cytokines (IL-4, IL-5, and IL-10), active in
humoral immune responses, up-regulate CXCR4 but not
CCR5.33 In the present study, we determined that IL-2, a
cytokine known to up-regulate CCR5, is increased in
biopsies from women with STDs, whereas expression of
IL-10, a cytokine known to decrease CCR5 mRNA ex-
pression in vitro, is low in all biopsies.33 Although the
contribution of genital HIV infection to this cytokine profile
is unknown, HPV infection has been associated with an
increase in IL-2 production.34 These data support at the
tissue level previous studies relating strong type 1 cyto-
kine production and weak type 2 cytokine production, as
defined by the IL-2/IL-10 ratio, with the presence of non-
syncytium-inducing HIV-1 isolates.35

The one-log range of CCR5 expression in the genital
tract of homozygous wt CCR5 women may explain the
wide variation in HIV infection rates and the increase of
HIV sexual transmission in women with STDs. Here, we
demonstrate that chemokine receptor expression was
compartmentalized in the genital tract relative to periph-
eral blood; therefore, therapy directed at decreasing sex-
ual transmission through modulating or blocking chemo-
kine receptors should be locally targeted.
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