










control cell cultures (mean MFI6 SEM: control, 13.226 1.33;
progesterone-treated, 5.946 1.41;p , 0.01; Fig. 3).

Semiquantitative analysis of mRNA expression at the same time
points used for protein studies revealed a significant up-regulation
in CCR5 mRNA levels in anti-CD3/IL-2-activated PBMCs com-
pared with nonactivated cells (p , 0.01). However, progesterone
had no effect on CCR5 mRNA expression levels in activated T
cells (data not shown).

Incubation of PBMCs with progesterone (1025 and 1027 M) for
varying periods of time (24, 48, and 72 h) during CCR5 up-reg-
ulation and when maximum CCR5 expression had been achieved
(group B) had no effect on CCR5 protein or mRNA expression
(data not shown).
CXCR4. PHA activation and subsequent IL-2 addition resulted in
CXCR4 up-regulation. CXCR4 protein expression was studied at
a minimum of three time points for each individual, starting from
days 3 to 4 of culture. Peak CXCR4 protein expression in PHA/
IL-2-activated T lymphocytes was detected between days 5–8. All
three concentrations of progesterone caused a significant reduction
in the number of PBMCs expressing CXCR4 (p , 0.001; Fig. 4a).

The MFI of CXCR41 cells was also significantly reduced in the
progesterone-treated cultures at both 1025 and 1026 M compared
with that in the control cell cultures (mean6 SEM: control cul-
tures, 17.946 2.20; 1025 M progesterone, 6.696 1.74; 1026 M
progesterone, 11.376 1.68;p , 0.01). Confocal microscopy also
indicated that CXCR4 expression in progesterone-treated PBMCs
was significantly lower than that in the control samples (average
pixel intensity6 SEM: control, 51.896 8.34; 1025 M progest-
erone-treated samples, 23.696 6.09; p 5 0.04; mean of three
independent experiments; Fig. 4b). Double labeling of control and

progesterone-treated (1025 M) PBMC cultures indicated that the
effect of progesterone on CXCR4 protein expression could be seen
in both CD41 and CD81 T cell subsets.

Progesterone did not have a detectable effect on CXCR4 mRNA
levels in activated PBMCs. In addition, no significant differences
were found in mRNA expression between nonactivated and PHA/
IL-2-activated PBMCs (data not shown).

Progesterone effects on constitutive chemokine receptor
expression in monocytes/macrophages

Expression of CCR5 and CXCR4 by the adherent monocyte/mac-
rophage population after 3–4 days in culture was investigated by
double labeling cells with CXCR4 or CCR5 mAbs and PE-conju-
gated CD14 and setting the gates on monocytes/macrophages.
CCR5. There was heterogeneity among individuals in the propor-
tions that CCR51 CD141 cells formed in relation to either the
gated cell population or the CD141 cell population (mean percent-
age of CCR51 CD141 cells: range, 5.05–34.14%;n 5 3). Nev-
ertheless, within each sample, treatment with progesterone, even at
the maximum 1025 M concentration, did not alter the proportion
of CCR51 CD141 cells.
CXCR4. Progesterone did not affect expression of CXCR4 in
monocytes/macrophages at any of the concentrations tested (mean

FIGURE 3. MFI of CCR5 in control and progesterone (1025 M)-treated
peripheral blood cell cultures from six individuals. T cells were activated
with anti-CD3 in the presence and the absence of progesterone. CCR5
protein expression was up-regulated with IL-2 (100 U/ml). Each point in
the graph represents the value obtained for a single individual. The reduc-
tion of MFI in progesterone-treated positive cells ranged from 35 to 87%
compared with that in the control untreated cultures at times of peak CCR5
expression (days 14–23). The decrease in MFI values in the progesterone-
treated cultures compared with control values was significant (p , 0.01).
To calculate MFI, the positively stained cells were gated, based on back-
ground values of isotype-matched negative controls, and MFI was calcu-
lated using CellQuest software.

FIGURE 4. A, Effects of different concentrations of progesterone on
CXCR4 protein expression in PHA/IL-2-activated T cells. Cells were in-
cubated with progesterone at three different concentrations and analyzed
after 5–7 days in culture. The maximum suppressive effect on CXCR4
coreceptor expression was noted at the highest hormone concentration
used, at which there was at least a 42% reduction in the proportion of
CXCR41 cells in progesterone-treated cultures compared with that in the
control untreated cultures (range, 42–68%). Progesterone also significantly
suppressed CXCR4 protein expression at the lower concentrations (1026

and 1027 M; p , 0.001).B, MFI of CXCR41 PHA/IL-2-activated T cells,
analyzed by confocal laser scanning microscopy, in control (A) and pro-
gesterone-treated (B) cultures. The fluorescence intensity of the CXCR41

progesterone-treated cells was at least 50% reduced compared with that of
the control untreated cells (mean of three independent experiments;p 5
0.04).
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percentage of CXCR41 CD141 cells 6 SEM: control cultures,
20.026 3.15; progesterone-treated cultures, 24.146 6.27;n 5 5).

Progesterone effects on chemokine secretion by activated T
lymphocytes

CD41 cells secreted significantly more MIP-1a than MIP-1b and
RANTES (p , 0.04), whereas there was no significant difference
among the chemokine secretion levels in CD81 cells (Fig. 5,a and
b). CD41 T cells secreted significantly more MIP-1a than did
CD81 T cells (p 5 0.028).

Progesterone at the maximum concentration significantly inhib-
ited the secretion of all three chemokines by CD81 cells (p ,
0.04), whereas it had no effect on chemokine secretion by CD41

cells (Fig. 5,a andb). To determine whether the reduced chemo-
kine secretion by progesterone-treated CD81 cells was due to a
negative effect of progesterone on cell proliferation, we tested the

proliferative responses of both CD41 and CD81 T cells to PHA in
the presence and the absence of progesterone. Progesterone sig-
nificantly suppressed the proliferation of CD81 cells (mean6
SEM: control, 123,3116 30,227 cpm; progesterone-treated,
72,1496 19,061 cpm;p 5 0.013), whereas it did not significantly
affect the proliferation of CD41 T cells (control, 91,1046 17,849;
progesterone-treated, 77,6156 13,574;p 5 0.16). Since chemo-
kine levels were reduced by 50–70% in progesterone-treated
CD81 cell cultures (Fig. 5b), and the mean counts per minute
value of CD81 progesterone-treated cells was 58% that of un-
treated cells, it is possible that the suppressive effect of progester-
one on chemokine secretion by CD81 cell cultures was due to the
inhibition of cell proliferation and the lower cell numbers in these
cultures.

Progesterone effects on HIV infection of activated T cells

PHA-activated PBMCs were cultured from day 1 with or without
progesterone (1025 M); nonadherent cells were infected on day 3
of culture with the T-tropic HIV-1MN viral strain. At low viral dose
(2 TCID50) there was profound resistance to infection in the pro-
gesterone-treated cultures, whereas the control cultures were easily
infected with HIV-1 (Fig. 6). This effect was highly reproducible;
p24 inhibition was consistently observed in progesterone-treated
cultures from four individuals (representative experiments shown
in Fig. 6). Anti-CD3/IL-2-activated nonadherent PBMCs were in-
fected with the M-tropic HIV-1JR-csFstrain as soon as CCR5 up-
regulation was detected in control cultures by flow cytometry, ap-
proximately on days 10–12 of culture. Progesterone effects on
infection of these cultures by HIV-1JR-CSFwere variable; in ex-
periments performed with low viral inoculations (1–25 TCID50),
progesterone did not affect the infection of T cell cultures from two
women, but significantly and consistently suppressed infection in
cultures from a third woman (Fig. 6). When these data were com-
pared with CCR5 expression levels, it was found that the individ-
ual that was protected from HIV-1JR-CSFinfection by progesterone
was also the one that showed a dramatic reduction of CCR5 ex-
pression by progesterone (Fig. 3; individual 3; 74% decrease). The
two individuals that were not protected from HIV-1JR-CSFinfec-
tion by progesterone in this study had less prominent reductions in
CCR5 expression (Fig. 3; individuals 5 and 6; 35% and 50% re-
duction, respectively).

Discussion
Considerable research effort has been directed toward the identi-
fication and development of molecules that can prevent or regulate
HIV-1 infection. It is well established that adrenal steroid hor-
mones (glycocorticosteroids) promote HIV-1 infection via activa-
tion of a steroid response element in the HIV long terminal repeat
region (49, 50). Preliminary studies provide evidence that other
steroid hormones, such as estrogens and progesterone, also mod-
ulate HIV infection in vitro (51, 52). However, given the com-
plexity of the interactions between the immune and endocrine sys-
tems and limited understanding at the molecular level of sex
hormone-lymphocyte interactions, the roles of these hormones in
HIV-1 infection are unclear. The present study, using an in vitro
system, addressed whether progesterone influences HIV-1 infec-
tion mechanisms via effects on the chemokine-chemokine receptor
system.

In nonactivated PBMCs, CCR5 expression remained low and
was unaffected by progesterone treatment. Addition of IL-2 fol-
lowing anti-CD3 activation of T cells resulted in marked up-reg-
ulation of CCR5 mRNA and protein expression, consistent with
previous reports (39, 53). Progesterone exerted a dose-dependent

FIGURE 5. Effect of progesterone (1025 M) on chemokine secretion by
CD41 (a) and CD81 (b) T cells. Each column represents the mean che-
mokine concentration (picograms per milliliter)6 SEM. Cells were puri-
fied using magnetic separation techniques (Miltenyi Biotec) and were cul-
tured for 72 h in AIM V serum-free medium in the presence of PHA with
or without progesterone. Chemokine concentrations in cell-free superna-
tants were assayed using commercially available immunoassay kits (R&D
Systems). Chemokine concentrations were significantly reduced by pro-
gesterone in cultures of CD81, but not CD41, T cells.
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inhibitory effect on CCR5 protein expression in these activated
cultures. This inhibitory effect of the hormone could be seen only
when progesterone was added before cell activation and was
present for the entire culture period; CCR5 expression was unal-
tered when progesterone was added after activation of the cells,
including the time of peak CCR5 expression.

In contrast to CCR5, CXCR4 protein expression was rapidly and
markedly up-regulated in nonactivated PBMCs. This noninduced
up-regulation of CXCR4 in freshly isolated peripheral blood T
cells suggests that expression of this receptor may be negatively
regulated in situ. Treatment with progesterone had no effect on
CXCR4 mRNA or protein expression in these cells. On the other
hand, progesterone suppressed IL-2-induced CXCR4 protein up-
regulation in PHA-activated PBMCs even at the lowest (1027 M)
concentration; both the percentage of CXCR4-positive cells and
the level of CXCR4 per positive cell were significantly reduced in
progesterone-treated cultures.

No significant differences were detected between control and
progesterone-treated cultures when mRNA levels for CXCR4 and
CCR5 were measured by semiquantitative PCR. It is possible that
the method employed was not sensitive enough to detect differ-
ences between control and test samples. Alternatively, it is possi-
ble that progesterone effects occur at the post-transcriptional level.

Progesterone suppressed IL-2-induced CCR5 and CXCR4 pro-
tein up-regulation in both CD41 and CD81 T cells. The suppres-
sive effect of progesterone on CCR5 and CXCR4 protein expres-
sion, seen exclusively in activated T cells and not in resting T cells
or macrophages, suggests that the hormone interferes with early
cellular activation events. However, preliminary studies of other
early activation markers, such as CD69 and IL-2Ra- andb-chain

expression in PHA-activated cells, indicate that progesterone does
not affect de novo expression and/or up-regulation of these mole-
cules (N. Vassiliadou and D. J. Anderson, unpublished observa-
tions). This raises the possibility that progesterone targets the che-
mokine/chemokine receptor gene system directly.

The effect of progesterone on chemokine receptor protein ex-
pression could have implications for lymphocyte migration. Che-
mokines direct movement of leukocytes in development, ho-
meostasis, and inflammation via interactions with their receptors
(54). Chemokines, actively produced at sites of inflammatory pro-
cesses, attract T cells and monocytes among other cell types and
have been implicated in the development of both acute and chronic
inflammatory conditions (55). Decreased expression of chemokine
receptors could result in altered patterns of cell migration and secre-
tion of cytokines and other inflammatory and immune mediators.

Progesterone treatment resulted in significantly lower concen-
trations of RANTES, MIP-1a, and MIP-1b in supernatants from
CD81 T lymphocyte cultures, whereas it did not affect concentra-
tions of these chemokines in CD41 T cell cultures. Considering
that progesterone selectively inhibited the proliferation of CD81 T
cells, it is possible that the lower concentrations of chemokines in
progesterone-treated CD81 cell cultures were due to inhibition of
cell proliferation by the hormone. CD81 cells predominate in the
epithelial layer of mucosal epithelia and are thought to serve im-
portant mucosal immune defense functions (56). Our data suggest
that progesterone may inhibit chemokine-mediated recruitment
and proliferation of activated CD81 T lymphocytes and could
thereby weaken mucosal antimicrobial defense functions. On the
other hand, by reducing chemokine secretion by activated CD81 T
cells at sites of infection, progesterone treatment could result in a

FIGURE 6. Progesterone-induced inhibition of T cell infection by T-tropic and M-tropic strains of HIV-1. Nonadherent cells from cultures of proges-
terone-treated (1025 M) and nontreated activated PBMCs were infected on day 3 of culture with 2 TCID50 of T-tropic HIV-1MN or on day 10–12 of culture
(as soon as CCR5 up-regulation was detected in control cultures) with 10 TCID50 of M-tropic HIV-1JR-CSF. HIV p24 expression in culture supernatants
was determined by p24 ELISA.

7516 EFFECT OF PROGESTERONE ON HIV-1 INFECTION MECHANISMS

 by guest on June 19, 2021
http://w

w
w

.jim
m

unol.org/
D

ow
nloaded from

 

http://www.jimmunol.org/


reduction in the number of CD41 cells recruited by chemokines to
the mucosal epithelium, thereby decreasing the number of HIV-1
host cells at sites of transmission.

Considering the effects of progesterone in the chemokine-che-
mokine receptor system, it was of interest to directly assess the
effects of progesterone on HIV-1 infection in vitro. Treatment with
progesterone dramatically and consistently inhibited infection of
activated PBMCs with low titers of the HIV-1MN T-tropic strain,
indicating that the effect of the hormone in this model system was
protective against HIV-1 infection. Since T cell-tropic viruses pri-
marily use the CXCR4 coreceptor for entry, and CXCR4 expres-
sion (but not CD4 expression) was reduced in progesterone-treated
cultures at the time of HIV-1 inoculation, our study suggests that
progesterone may inhibit transmission of T-tropic strains of virus
by decreasing CXCR4 expression on CD41 host T cells. Our pre-
liminary experiments using an M-tropic HIV strain also suggested
that progesterone may inhibit infection of activated T cells with
CCR5-tropic strains of virus by decreasing CCR5 expression.

Enhanced transmission of SIV and other sexually transmitted
diseases in progesterone-treated experimental animals may be due
to significant thinning of the vaginal epithelium (38, 57) and/or
suppression of cytotoxic T cell and NK cell antiviral functions.
Recent studies in women indicate that progesterone does not affect
vaginal epithelial thickness to the same extent (D. J. Anderson et
al., unpublished observations); furthermore, our data suggest that
progesterone suppresses the expression of chemokine receptors in
activated lymphocytes and inhibits HIV-1 infection by T-tropic
and M-tropic viral strains in vitro. This information and meta-
analyses of recent epidemiologic studies of HIV-1 acquisition in
women on progestin-based contraceptives (58) suggest that pro-
gesterone does not enhance HIV-1 infection in women. More re-
search is needed at the molecular level to further elucidate the
effects of progesterone on mechanisms of viral entry and intracel-
lular events leading to down-regulation of chemokine receptors.
Furthermore, it will be important to determine whether progester-
one-associated changes in chemokine-chemokine receptor profiles
observed in PBMCs correlate with altered expression of these mol-
ecules at mucosal sites and affect patterns of T cell homing and T
cell/monocyte recruitment to sites of infection.
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