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Current design strategies for vaccines against certain microbial pathogens, including Chlamydia trachomatis,
require the induction and targeting of specific immune effectors to the local sites of infection known as the
mucosal effector sites. Chemokines and their receptors are important mediators of leukocyte trafficking and of
the controlled recruitment of specific leukocyte clonotypes during host defense against infections and during
inflammation. We analyzed the dynamics of chemokine and chemokine receptor expression in genital mucosae
during genital chlamydial infection in a murine model to determine how these molecular entities influence the
development of immunity and the clearance of infection. A time course study revealed an increase of up to
threefold in the levels of expression of RANTES, monocyte chemotactic protein 1 (MCP-1), gamma-interferon-
inducible protein 10 (IP-10), macrophage inflammatory protein 1� (MIP-1�), and intercellular adhesion
molecule type 1 (ICAM-1) after genital infection with the C. trachomatis agent of mouse pneumonitis. Peak
levels of expression of RANTES, MCP-1, and MIP-1� occurred by day 7 after primary infection, while those
of IP-10 and ICAM-1 peaked by day 21. Expression levels of these molecules decreased by day 42 after primary
infection, by which time all animals had resolved the infection, suggesting an infection-driven regulation of
expression. A rapid upregulation of expression of these molecules was observed after secondary infection. The
presence of cells bearing the chemokine receptors CCR5 and CXCR3, known to be preferentially expressed on
Th1 and dendritic cells, was also synchronous with the kinetics of immune induction in the genital tract and
clearance of infection. Results demonstrated that genital chlamydial infection is associated with a significant
induction of chemokines and chemokine receptors that are involved in the recruitment of Th1 cells into the site
of infection. Future studies will focus on how selective modulation of chemokines and their receptors can be
used to optimize long-term immunity against Chlamydia.

The pathological consequences of genital infection by Chla-
mydia trachomatis include major sequelae, such as pelvic in-
flammatory disease and infertility. The urgent need to develop
an efficacious vaccine poses the major clinical and basic re-
search challenge of defining the requirements for inducing and
maintaining protective genital mucosal immunity. Recent stud-
ies of animal models indicated that rapid and early elicitation
and recruitment of certain immune effectors (specifically den-
dritic and Th1 cells) into local genital mucosae are crucial for
antichlamydial immunity (15, 20, 28). Thus, strategies for de-
signing protective vaccines require the definition of novel ap-
proaches for optimizing the induction, recruitment, and reten-
tion of chlamydia-specific Th1 cells in genital mucosae.

In general, the mucosal immune response to a vaccine is
influenced by many factors, such as the antigen, vector, adju-
vant, route of delivery, and hormones associated with the es-
trous cycle (for genital mucosal response) (22). It is conceiv-
able that these factors affect antigen uptake, mucosal immune
induction, and homing, recruitment, and retention of immune
effectors in infected sites. Chemokines are important media-

tors of leukocyte trafficking and of the controlled recruitment
of specific lymphocyte clonotypes during immune induction
and inflammation. Epithelial cells and certain other cell types
comprising the innate immune effectors elaborate a number of
cytokines and chemokines upon encountering mucosally
routed antigens (24, 31). The CD4� Th1 and CD8� T cells and
their cytokines, especially gamma interferon (IFN-�), are cru-
cial for antichlamydial immunity in mice (6, 12, 15, 16, 29, 30).
The recruitment of Th1 cells into genital mucosae after chla-
mydial infection has been demonstrated (4, 15, 18). This re-
cruitment would require obligatory interactions among chemo-
kines, chemokine receptors, and cell surface molecules such as
the major histocompatibility complex, addressins, coreceptors,
and costimulatory and adhesion molecules (8, 9). Factors that
regulate the induction, recruitment, and persistence of im-
mune effectors (especially Th1 cells) in the genital mucosal site
control long-term genital mucosal immunity and are particu-
larly important for antichlamydial immunity. Although pres-
ently unknown, such factors may regulate the expression and
functions of certain chemokines, chemokine receptors, and
adhesion molecules. Interestingly, recent findings that chemo-
kine receptors act as coreceptors (with the CD4 molecule) for
entry of the human immunodeficiency virus into host cells have
resulted in the identification of chemokines responsible for
recruiting different leukocyte subpopulations or subsets (in-
cluding Th1, Th2, and dendritic cells) that express the recep-
tors. Among the members of the two major classes of chemo-
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kines (CC and CXC) and their receptors (CCR or CXCR),
CCR5 and CXCR3 have been clearly demonstrated to be pref-
erentially expressed on Th1 cells, while CCR3 and CCR4 have
been shown to be selectively expressed on Th2 cells (3, 25).
Moreover, RANTES (regulated on activation, normal T cell
expressed and secreted), macrophage inflammatory protein 1�
(MIP-1�), MIP-1�, and IFN-�-inducible protein 10 (IP-10)
recruit Th1 cells (1, 3, 19, 25). Thus, certain chemokines and
their receptors regulating the induction of protective immunity
against C. trachomatis could serve as new markers for following
the course and possibly predicting the outcome of genital chla-
mydial infection. In addition, an understanding of the biology
of the factors that regulate the expression of Th1-associated
chemokines and their receptors will provide new insights that
may lead to the design of novel strategies to optimize local
mucosal antichlamydial immunity by a potential vaccine.

In the present study, we investigated the dynamics of che-
mokine and chemokine receptor expression with respect to the
recruitment of T cells and the resolution of chlamydial infec-
tion. The results revealed that the pattern of expression of
chemokines and their receptors in the genital tract is crucial
for the induction of protective immunity and the clearance of
infection.

MATERIALS AND METHODS

Chlamydia stocks. Stocks of the C. trachomatis agent of mouse pneumonitis
(MoPn) used to infect mice in vivo were prepared by propagating elementary
bodies (EBs) in McCoy cells, as previously described (23). The titers of the stocks
were determined by infecting McCoy cells with various dilutions of EBs, and the
infectious titer was expressed in inclusion-forming units (IFU) per milliliter.

Animals, infection, and analysis of the course of disease. Female BALB/c mice
(5 to 6 weeks old) were obtained from Harlan-Sprague Dawley (Indianapolis,
Ind.). All animals were housed in the animal facility of the Morehouse School of
Medicine, fed with food and water ad libitum, and maintained in laminar-flow
racks under pathogen-free conditions of 12-h light and 12-h darkness. Mice (five
per group) were infected intravaginally with 105 IFU of MoPn per mouse in a
volume of 30 �l of phosphate-buffered saline (PBS) while under phenobarbital-
induced anesthesia. Uninfected control mice received 30 �l of PBS. The course
of the infection was monitored by periodic (every 3 days) cervicovaginal swab-
bing of individual animals. Chlamydiae isolated from cervicovaginal swabs in
tissue culture were assayed by staining infected monolayers of McCoy cells with
fluorescein isothiocyanate-labeled, genus-specific antichlamydial antibodies
(Kallestad Diagnostics, Chaska, Minn.) to detect chlamydial inclusions by direct
immunofluorescence (23). The animals were monitored for at least 4 to 6 weeks,
a time period that spans the course of MoPn infection in mice (20). Reinfections
were performed after the resolution of the primary infection by using the same
procedure at the indicated times. Experiments were repeated twice, making for
a total of 10 animals per experimental group.

Assessment of chlamydia-specific Th1 response and recruitment of Th1 cells
into the genital tract. The levels of Th1 response and recruitment of Th1 cells
into genital mucosae after infection were determined by measuring the responses
of chlamydia-specific, IFN-�-secreting T cells in the genital tract tissues of in-
fected mice, as previously described (15). Briefly, immune T cells were prepared
from the genital tract tissues of infected mice by the collagenase digestion
method (10, 13) as follows. At the indicated time after infection, the animals in
each group were sacrificed, and the genital tract between the vagina and ovaries
(i.e., the cervix, uterus, and fallopian tubes) was excised from each mouse and
placed in sterile HEPES (N-2-hydroxyethylpiperazine-N�-2-ethanesulfonic acid)-
buffered RPMI 1640 medium (Atlanta Biologicals, Norcross, Ga.). Explants were
transferred to 7 ml of a 0.6-mg/ml concentration of filter-sterilized type I colla-
genase (Atlanta Biologicals). The tissues were minced, incubated at 37°C for 45
to 60 min, teased with forceps, and washed. The cells were enriched for T cells
by the nylon wool adherence method (12, 13). Purified genital tract cells con-
tained at least 97% CD3� cells, as determined by fluorescence-activated cell
sorter analysis.

The response levels of chlamydia-specific Th1 cells induced in genital tissues
were assessed by seeding purified T cells (105 cells per well) into 96-well tissue

culture plates (Costar, Cambridge, Mass.) with syngeneic antigen-presenting
cells (APCs) (2 � 105 cells per well), in the presence or absence of UV-
inactivated MoPn EBs (10 �g/ml) as antigens. APCs were X-irradiated (2,000
rads) spleen cells from wild-type mice. After 5 days of incubation in humidified
incubators at 37°C and with 5% CO2, the supernatants were collected and stored
at �70°C until they were assayed for IFN-� content. It has previously been shown
that culture-derived IFN-� obtained by this procedure possesses biological ac-
tivity as determined by the ability of IFN-�-containing supernatants to protect
L929 cells from infection by encephalomyocarditis virus (12).

The amounts of IFN-� contained in supernatants derived from culture-stim-
ulated cells and controls were measured by using a specific enzyme-linked im-
munosorbent assay kit (Cytoscreen immunoassay kit; Biosource International,
Camarillo, Calif.) according to the manufacturer’s instructions. The concentra-
tion of the cytokine in each sample was obtained by extrapolation from a stan-
dard calibration curve that was generated simultaneously. Data were calculated
as the mean values (	 standard deviations) for results of triplicate cultures for
each experiment. The results were derived from at least three independent
experiments.

Reverse transcriptase (RT) PCR analysis of chemokine and chemokine re-
ceptor expression after genital chlamydial infection. A portion of the reproduc-
tive system between the uterus and ovary was removed from each of three mice
per group of uninfected mice and from each of five mice per group of vaginally
MoPn-infected mice at the indicated time periods and homogenized, as previ-
ously described (10). The tissue homogenates were collected in 1 ml of PBS.

(i) RNA preparation. Total RNA was extracted from genital tract explants
(homogenates) by using TRIZOL reagent (GIBCO BRL Life Technologies,
Gaithersburg, Md.) according to the manufacturer’s instructions. Briefly, a tissue
homogenate from each genital tract was pipetted into a sterile microtube and
maintained at room temperature for 5 min. A volume of 0.2 ml of chloroform
was added to the 1 ml of homogenate, subjected to thorough vortex mixing, and
left at room temperature for 3 min. Centrifugation was performed at 12,000 � g
for 15 min at 4°C, and the aqueous layer was pipetted into a new microtube.
Isopropyl alcohol (0.50 ml) was added, subjected to vortex mixing, and kept at
room temperature for 10 min. Following centrifugation at 12,000 � g for 15 min
at 4°C, the RNA pellet was washed in 70% ethanol by centrifugation at 7,500 �
g for 5 min. The RNA pellet was briefly air dried and resuspended in diethyl
pyrocarbonate-treated water, and its concentration was estimated by measuring
the absorbance at 260 and 280 nm. The integrity of the RNA sample was assessed
by resolution on a 1% formaldehyde-agarose gel and ethidium bromide staining.
Each RNA sample was aliquoted and stored at �80°C until it was used in
RT-PCR experiments.

(ii) RT-PCR. To synthesize the first-strand cDNA, approximately 5 �g of total
RNA (used as a template) and 1 �l of oligo(dT) (0.5 �g/�l; GIBCO BRL) (used
as a primer) were combined in a total volume of 12 �l with sterile diethyl
pyrocarbonate-treated water and heated at 70°C for 10 min. The reaction tube
was chilled on ice, 1 �l of 10 mM mixed dinucleoside triphosphates, 4 �l of 5�
first-strand buffer, 2 �l of 0.5 M dithiothreitol, and 1 �l of subscript RT (200
U/ml; GIBCO BRL) were added, and the reaction mixture was incubated at 50°C
in a water bath for 30 min. The reaction was terminated by incubation at 70°C for
15 min, and the tubes were transferred onto ice. A total of 1 �l of RNase H
(Boehringer Mannheim, Indianapolis, Ind.) was added to each tube before
incubation at 37°C in a water bath for 20 min.

(iii) Amplification of RT products. Custom-made primers for chemokines and
chemokine receptors (GIBCO BRL), including those previously described (5),
are listed in Table 1. Each PCR was carried out in a total volume of 50 �l
containing 1 �l of a 1:10 dilution of RT product (cDNA; used as a template), 2.5
�g of each primer/�l, 1 �l of dinucleoside triphosphate (10 mM), 5 �l of PCR
buffer (10�), 2.5 �l of 100% dimethyl sulfoxide (Sigma, St. Louis, Mo.), and 0.5
�l (3.5 �g/ml) of Taq polymerase (Boehringer Mannheim). Generally, conditions
for DNA amplifications were set as follows: heating at 94°C for 5 min, followed
by 40 cycles of DNA denaturing at 94°C for 1 min, an annealing step at 55°C for
1 min, strand extension at 72°C for 1 min, and a final extension step at 72°C for
10 min in a thermocycler (model 2400; Perkin-Elmer, Norwalk, Conn.). PCR
amplifications for RANTES and monocyte chemotactic protein 1 (MCP-1) were
performed with specific primer pairs from Biosource International according to
the supplier’s instructions. Amplification conditions for RANTES and MCP-1
were set as follows: heating for 1.5 min, a denaturation step at 94°C, followed by
30 cycles of 25 s at 94°C, 30 s at 55°C, 45 s at 72°C, and a final 10-min extension
step at 72°C. The PCR conditions for IP-10 were as follows: heating for 3 min as
a denaturation step at 94°C, an annealing step at 55°C for 2 min, and extension
for 1.5 min at 72°C, followed by denaturation at 94°C for 1 min, annealing at 55°C
for 1 min, and a final 8-min extension step at 72°C, for a total of 30 cycles. In each
set of PCR assays, we employed aliquots containing the same amounts of �-actin

VOL. 70, 2002 CHEMOKINES AND RECEPTORS IN ANTICHLAMYDIAL IMMUNITY 845



cDNA from each sample as the housekeeping genes as well as primers specific to
�-actin and a negative control containing no cDNA.

(iv) Semiquantitation of PCR product. A volume of 10 �l of each PCR
product was combined with 2 �l of loading buffer and 2 �l of distilled water and
electrophoresed on 2% agarose gels containing ethidium bromide in Tris-borate-
EDTA buffer. We included aliquots containing the same amounts of the PCR
products derived from �-actin primers as housekeeping genes. To quantitate and
compare mRNA levels, the gels were photographed and the intensities of the
bands were analyzed with Gelexpert software (NucleoTech, San Mateo, Calif.).
The relative band intensities in each experiment were normalized to the mean
intensity of the �-actin band. The ratio of sample intensities to �-actin intensity
was plotted against the time points of the analysis.

Statistical analysis. The levels of IFN-� in samples from different experiments
were analyzed and compared by performing a one- or two-tailed t test, and the
relationship between different experimental groupings was assessed by analysis of
variance. Minimal statistical significance was based on a P of 
 0.05.

RESULTS

Differential kinetics of chemokine induction during genital
chlamydial infection. We investigated the hypothesis that the
pattern of local immune induction and recruitment of specific
effector cells into the genital tract after genital chlamydial
infection is due to the profile of chemokines induced during
the infection. Results presented in Fig. 1 show the pattern of
expression of RANTES, MCP-1, MIP-1�, IP-10, and intercel-
lular adhesion molecule type 1 (ICAM-1) in the genital tract of
noninfected control mice and infected mice, as analyzed by a
semiquantitative RT-PCR. Figure 2 shows the plots of the
densitometric scans of the data shown in Fig. 1, normalized to
�-actin expression analyzed simultaneously at each time point.
The results revealed that the expression of RANTES and
MCP-1, which are functional in recruiting both Th1 and Th2
cells, was induced early and remained relatively upregulated
during the primary and secondary infections. The expression
levels of the Th1-inclined chemokines, MIP-1� and IP-10,
were also induced early, but the profiles during the infection
were irregular, especially for MIP-1�. Thus, the expression
levels of MIP-1� and IP-10 were rapidly upregulated following

genital infection, but while the expression of MIP-� was de-
creasing by day 21, IP-10 did not show a significant decrease in
expression until day 42 after primary infection (P � 0.02). It is
interesting that the expression of ICAM-1 followed the expres-
sion patterns of Th1-related chemokines (Fig. 1 and 2), peak-

TABLE 1. Summary of primer sequences and expected sizes of PCR products

Protein Primer sequences PCR product size (bp) Source or reference(s)

ICAM-1 Sense: 5�-TGCGTTTTGGAGCTAGCGGACCA-3� 326 2, 5
Antisense: 5�-CGAGGACCATACAGCACGTGCAG-3�

IP-10 Sense: 5�-GGGAATTCACCATGGCTTGACCA-3� 550 27
Antisense: 5�-GGGAATTCAACCCAAGTGCTGCC-3�

RANTES Sense: 5�-CACCTGCCTCACCATATGGCTC-3� 177 Biosource International
Antisense: 5�-CACTTCTTCTCTGGGTTGGCACAC-3�

MCP-1 Sense: 5�-GTTGGCTCAGCCAGATGCAGT-3� 303 Biosource International
Antisense: 5�-TTTACGGGTCAACTTCACATTCAA-3�

MIP-1� Sense: 5�-CTTCTCAGCGCCATATGGAGC-3� 153 Biosource International
Antisense: 5�-GATCTGCCGGTTTCTCTTAGTCA-3�

CCR5 Sense: 5�-ACAGCTCTCCTAGCCAGAGG-3� 484 This study
Antisense: 5�-TTAAAGCAAACACAGCATGG-3�

CXCR3 Sense: 5�-AACGTCAAGTGCTAGATGCC-3� 454 This study
Antisense: 5�-ATCTGGGTGGCGTGCACTAT-3�

�-Actin Sense: 5�-CTAAGGCCAACCGTGAAAAGATGACC-3� 430 Biosource International
Antisense: 5�-ACCGCTCGTTGCCAATAGTGATGAC-3�

FIG. 1. Chemokine induction during genital chlamydial infection.
Female BALB/c mice were infected intravaginally with 105 IFU of
MoPn. Total RNAs isolated from genital tract tissues at the indicated
time points (days) after the primary (1°) and secondary (2°) infections
were analyzed by a semiquantitative RT-PCR to assess the expression
levels of RANTES, MCP-1, MIP-1�, IP-10, ICAM-1, and �-actin. NI,
noninfected genital tissues; Inf, infection.
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ing by day 21 and appearing to be reduced by day 42 (after the
animals had cleared the primary infection) but becoming rap-
idly upregulated with the secondary infection. The results sug-
gest that some of the chemokines responsible for recruiting
protective effector cells into the genital tract are made during
an infection but are downregulated after the resolution of the
infection.

Patterns of local chemokine receptor expression during gen-
ital chlamydial infection, development of genital mucosal im-
munity, and clearance of chlamydia. We next determined the
development of the protective Th1 response in genital muco-
sae and its relationship to the course of genital chlamydial
infection. Figure 3 shows the kinetics of the Th1 response in
genital mucosae following genital chlamydial infection, which
appear to correlate inversely with the course of the infection
(Fig. 4). The data indicated that Th1 cells are induced rela-
tively early following an infection and emigrate after the res-
olution of the infection, as previously reported (13, 15). All of
the animals analyzed resolved the infection by 4 to 6 weeks
after the initiation of infection, as previously reported (15).

Dendritic and Th1 cells are important immune effectors in
antichlamydial immunity. Since these cells preferentially ex-
press the chemokine receptors CCR5 and CXCR3 (3, 7, 19)
and have been shown to produce Th1-related chemokines (26),
we analyzed the kinetics of expression of these receptors in the
genital tract after genital chlamydial infection and correlated
the expression pattern with the functional Th1 response. Re-
sults presented in Fig. 5 show the patterns of expression of
CCR5 and CXCR3 as analyzed by a semiquantitative RT-PCR
from a representative experiment. Figure 6 shows the plots of
the densitometric scans of the pooled mRNA levels from two

separate experiments, normalized to �-actin expression at each
time point. The results revealed that the expression of CCR5
and CXCR3 in the genital tract follows the same pattern as the
Th1 response shown in Fig. 3 during the period analyzed for

FIG. 2. Semiquantitation of chemokine expression levels during genital chlamydial infection. Results presented in Fig. 1 were normalized to
those for �-actin in each reaction. Results are expressed as the mRNA level (i.e., the ratio of the chemokine band to that of �-actin) versus time,
as indicated in Fig. 1.

FIG. 3. Kinetics of Th1 induction in genital mucosae after genital
chlamydial infection. Nylon wool-purified genital tract T cells were
isolated from infected mice at the indicated time points. The cells were
stimulated with chlamydial antigen plus APCs for 5 days, and the
amounts of IFN-� in the culture supernatants were measured by en-
zyme-linked immunosorbent assays (15). The concentrations of IFN-�
are expressed as the mean of results from at least three different
experiments. Control cultures containing T cells and APCs without
chlamydial antigen had no measurable amounts of IFN-�, and so the
data are not presented.

VOL. 70, 2002 CHEMOKINES AND RECEPTORS IN ANTICHLAMYDIAL IMMUNITY 847



the Th1 cells. Thus, the active recruitment of protective Th1
cells into genital mucosae after genital chlamydial infection
appears to be arrested once the infection-driven chemokine
production terminates.

DISCUSSION

A major challenge in designing antichlamydial vaccines is to
develop an immunization regimen capable of inducing and
retaining a mucosal Th1 response in order to foster long-term
protective benefits. Susceptibility to reinfection after a primary
genital chlamydial infection has previously been shown to be
associated with the emigration of antigen-specific T cells from
genital mucosae after the resolution of the infection (13). Che-
mokines are important immunoregulatory factors that play an
important role in the induction and recruitment of leukocytes.
The hypothesis investigated in the present study was that the
patterns of chemokine and chemokine receptor expression
would reflect the induction of a protective mucosal immune
response against chlamydial infection. The results revealed
that the expression of certain chemokines responsible for re-
cruiting the relevant Th1 and dendritic cells into genital mu-
cosae follows the course of the infection, such that MIP-1� and
IP-10 were detected at high levels during the productive infec-
tion but were suppressed or attenuated after the resolution of
the infection. This suppression of the induction of the immune
effectors required for local resistance to reinfection is a major
cause of susceptibility to reinfection (13). The challenge for
vaccine strategy is to design a regimen that would retain

CCR5- and CXCR3-positive cells in the genital tract in order
to maintain long-term antichlamydial immunity. Our studies
and those of others have revealed that the temporary protec-
tive immunity associated with intravaginal infection with live
chlamydiae was associated with the induction of the �4�1-
vascular cell adhesion molecule (VCAM) and �4�7-mucosal
addressin cell adhesion molecule (MAdCAM) pathways for
T-cell recruitment into genital mucosae (11, 17, 21). Further-
more, direct interaction between epithelial and T cells via the
ICAM-1–leukocyte functional antigen 1 (LFA-1) adhesion
pathway is required for the efficient killing of intracellular
chlamydiae in infected cells (14). Future studies should define
and molecularly characterize these adhesion, homing, traffick-
ing, and interacting molecules in the mucosal inductive and
effector sites involved in genital, respiratory, and ocular mu-
cosal immunity so that they can be better targeted to optimize
immunity against Chlamydia and other agents of sexually trans-
mitted diseases. Moreover, since the recruitment and retention
of immune effectors in the genital, respiratory, or ocular mu-
cosae are important for maintaining long-term immunity
against chlamydial infections (13), the molecular pathways and
regulatory elements should be established.

Aside from the ability of certain chemokines and their re-
ceptors to regulate the induction of protective immunity
against C. trachomatis, the results revealed that these factors
can be used as markers for following the course and possibly
predicting the outcome of genital chlamydial infection. For
instance, if recruited T cells bear CCR5 or CXCR3 and the
chemokines are RANTES, IP-10, and MIP-1�, a predomi-
nantly Th1 response leading to resolution of infection can be
predicted (3, 19). However, if the recruited T cells bear CCR3
and the predominant chemokines are eotaxin, MCP-3, and
MCP-4, a Th2 response with delayed resolution of chlamydial
infection is likely (25).

An understanding of the cellular and molecular immuno-
logic basis of Th1 augmentation against Chlamydia by chemo-
kines and their receptors may furnish information on how
biochemical modulation of chemokines and their receptors can
be exploited in the design of a vaccine against C. trachomatis

FIG. 5. Chemokine receptor expression in genital mucosae during
genital chlamydial infection. Female BALB/c mice were infected in-
travaginally with 105 IFU of MoPn. Total RNAs isolated from genital
tract tissues at the indicated time points (days) after the primary and
secondary infections were analyzed by a semiquantitative RT-PCR to
assess the expression of CCR5 and CXCR3, as described in Materials
and Methods and the legend to Fig. 1. Lane M, molecular size mark-
ers. NI, noninfected genital tissues.

FIG. 4. Course of genital chlamydial infection. Female BALB/c
mice were infected intravaginally with 105 IFU of MoPn. The course of
the infection was monitored by periodic (every 3 days) cervicovaginal
swabbing of individual animals. Chlamydiae isolated from cervicovagi-
nal swabs in tissue culture were assayed by staining infected monolay-
ers of McCoy cells with fluorescein isothiocyanate-labeled, genus-spe-
cific antibody as described in Materials and Methods. The animals
were monitored for 6 weeks. Experiments were repeated twice, making
for a total of 10 animals per experimental group.
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and other pathogens controlled by Th1 immunity. A plausible
strategy would involve the coadministration of chemokines and
vaccines, which may attract APCs to boost the immune re-
sponse, or the local deposition of chemokines at the site of
infection to foster the recruitment of effectors to clear the
infection. Since the half-lives of chemokines are relatively
short, it is unclear how the latter approach would be beneficial,
but the former strategy is amenable to a gene transfer ap-
proach in which the chemokine is expressed simultaneously
with antigen delivery.

ACKNOWLEDGMENTS

This study was supported by PHS grants AI41231, RR03034,
GM08248, and GM08247 from the National Institutes of Health.

REFERENCES

1. Baggiolini, M., B. Dewald, and B. Moser. 1997. Human chemokines: an
update. Annu. Rev. Immunol. 15:675–705.

2. Ballantyne, C. M., W. E. O’Brien, and A. L. Beaudet. 1989. Nucleotide
sequence of the cDNA for murine intercellular adhesion molecule-1 (ICAM-
1). Nucleic Acids Res. 17:5853.

3. Bonecchi, R., G. Bianchi, P. P. Bordignon, D. D’Ambrosio, R. Lang, A.
Borsatti, S. Sozzani, P. Allavena, P. A. Gray, A. Mantovani, and F. Sini-
gaglia. 1998. Differential expression of chemokine receptors and chemotactic
responsiveness of type 1 T helper cells (Th1s) and Th2s. J. Exp. Med.
187:129–134.

4. Cain, T. K., and R. G. Rank. 1995. Local Th1-like responses are induced by
intravaginal infection of mice with the mouse pneumonitis biovar of Chla-
mydia trachomatis. Infect. Immun. 63:1784–1789.

5. Colle, J. H., P. B. Falanga, M. Singer, B. Hevin, and G. Milon. 1997.
Quantitation of messenger RNA by competitive RT-PCR: a simplified read
out assay. J. Immunol. Methods 210:175–184.

6. Cotter, T. W., K. H. Ramsey, G. S. Miranpuri, C. E. Poulsen, and G. I. Byrne.
1997. Dissemination of Chlamydia trachomatis chronic genital tract infection
in gamma interferon gene knockout mice. Infect. Immun. 65:2145–2152.

7. Dieu, M. C., B. Vanbervliet, A. Vicari, J. M. Bridon, E. Oldham, S. Ait-Yahia,
F. Briere, A. Zlotnik, S. Lebecque, and C. Caux. 1998. Selective recruitment
of immature and mature dendritic cells by distinct chemokines expressed in
different anatomic sites. J. Exp. Med. 188:373–386.

8. Hunkapillar, T., and L. Hood. 1989. Diversity of the immunoglobulin gene
superfamily. Adv. Immunol. 44:1–63.

9. Hynes, R. O. 1992. Integrins: versatility, modulation, and signaling in cell
adhesion. Cell 69:11–25.

10. Igietseme, J. U., G. A. Ananaba, J. Bolier, S. Bowers, T. Moore, T. Belay, D.
Lyn, and C. M. Black. 1999. The intercellular adhesion molecule type-1 is
required for rapid activation of T helper type 1 (Th1) lymphocytes that
control early acute phase of genital chlamydial infection in mice. Immunol-
ogy 98:510–519.

11. Igietseme, J. U., J. L. Portis, and L. L. Perry. 2001. Inflammation and
clearance of Chlamydia trachomatis in enteric and nonenteric mucosae. In-
fect. Immun. 69:1832–1840.

12. Igietseme, J. U., K. H. Ramsey, D. M. Magee, D. M. Williams, T. J. Kincy,
and R. G. Rank. 1993. Resolution of murine chlamydial genital infection by
the adoptive transfer of a biovar-specific, Th1 lymphocyte clone. Reg. Im-
munol. 5:317–324.

13. Igietseme, J. U., and R. G. Rank. 1991. Susceptibility to reinfection after a
primary chlamydial genital infection is associated with a decrease of antigen-
specific T cells in the genital tract. Infect. Immun. 59:1346–1351.

14. Igietseme, J. U., I. M. Uriri, R. Hawkins, and R. G. Rank. 1996. Integrin-
mediated epithelial-T cell interaction enhances nitric oxide production and
increased intracellular inhibition of chlamydia. J. Leukoc. Biol. 59:656–662.

15. Igietseme, J. U., I. M. Uriri, S. N. Kumar, G. A. Ananaba, O. O. Ojior, I. A.
Momodu, D. H. Candal, and C. M. Black. 1998. Route of infection that
induces a high intensity of gamma interferon-secreting T cells in the genital
tract produces optimal protection against Chlamydia trachomatis infection in
mice. Infect. Immun. 66:4030–4035.

16. Johansson, M., K. Schön, M. Ward, and N. Lycke. 1997. Genital tract
infection with Chlamydia trachomatis fails to induce protective immunity in
gamma interferon receptor-deficient mice despite a strong local immuno-
globulin A response. Infect. Immun. 65:1032–1044.

17. Kelly, K. A., and R. G. Rank. 1997. Identification of homing receptors that
mediate the recruitment of CD4 T cells to the genital tract following intra-
vaginal infection with Chlamydia trachomatis. Infect. Immun. 65:5198–5208.

18. Kelly, K. A., J. C. Walker, S. H. Jameel, H. L. Gray, and R. G. Rank. 2000.
Differential regulation of CD4 lymphocyte recruitment between the upper
and lower regions of the genital tract during Chlamydia trachomatis infec-
tion. Infect. Immun. 68:1519–1528.

19. Loetscher, P., M. Uguccioni, L. Bordoli, M. Baggiolini, B. Moser, C. Chiz-
zolini, and J.-M. Dayer. 1998. CCR5 is characteristic of Th1 lymphocytes.
Nature 391:344–345.

20. Patton, D. L., and R. G. Rank. 1992. Animal models for the study of pelvic
inflammatory disease, p. 85–111. In T. C. Quinn (ed.), Sexually transmitted
diseases. Raven Press, Ltd., New York, N.Y.

FIG. 6. Semiquantitation of expression of chemokine receptors CCR5 (a) and CXCR3 (b) in genital mucosae during genital chlamydial
infection. Results presented were normalized to those for �-actin in each reaction.

VOL. 70, 2002 CHEMOKINES AND RECEPTORS IN ANTICHLAMYDIAL IMMUNITY 849



21. Perry, L. L., K. Feilzer, J. L. Portis, and H. D. Caldwell. 1998. Distinct
homing pathways direct T lymphocytes to the genital and intestinal mucosae
in Chlamydia-infected mice. J. Immunol. 160:2905–2914.

22. Prabhala, R. H., and C. R. Wira. 1995. Sex hormone and IL-6 regulation of
antigen presentation in the female reproductive mucosal tissues. J. Immunol.
155:5566–5573.

23. Ramsey, K. H., L. S. F. Soderberg, and R. G. Rank. 1988. Resolution of
chlamydial genital infection in B-cell-deficient mice and immunity to rein-
fection. Infect. Immun. 56:1320–1325.

24. Rasmussen, S. J., L. Eckmann, A. J. Quayle, L. Shen, Y. X. Zhang, D. J.
Anderson, J. Fierer, R. S. Stephens, and M. F. Kagnoff. 1997. Secretion of
proinflammatory cytokines by epithelial cells in response to Chlamydia in-
fection suggests a central role for epithelial cells in chlamydial pathogenesis.
J. Clin. Investig. 99:77–87.

25. Sallusto, F., C. R. Mackay, and A. Lanzavecchia. 1997. Selective expression
of the cotaxin receptor CCR3 by human T helper 2 cells. Science 277:2005–
2007.

26. Shaw, J. H., V. R. Grund, L. Durling, and H. D. Caldwell. 2001. Expression
of genes encoding Th1 cell-activating cytokines and lymphoid homing che-
mokines by chlamydia-pulsed dendritic cells correlates with protective im-

munizing efficacy. Infect. Immun. 69:4667–4672.
27. Sonouchi, K., T. A. Hamilton, C. S. Tannenbaum, R. R. Tubbs, R. Bukowski,

and J. H. Finke. 1994. Chemokine gene expression in the murine renal cell
carcinoma, RENCA, following treatment in vivo with interferon-alpha and
interleukin-2. Am. J. Pathol. 144:747–755.

28. Stagg, A. J., M. Tuffrey, C. Woods, E. Wunderink, and S. C. Knight. 1998.
Protection against ascending infection of the genital tract by Chlamydia
trachomatis is associated with recruitment of major histocompatibility com-
plex class II antigen-presenting cells into uterine tissue. Infect. Immun.
66:3535–3544.

29. Starnbach, M. N., M. J. Bevan, and M. F. Lampe. 1994. Protective cytotoxic
T lymphocytes are induced during murine infection with Chlamydia tracho-
matis. J. Immunol. 153:5183–5189.

30. Su, H., and H. D. Caldwell. 1995. CD4� T cells play a significant role in
adoptive immunity to Chlamydia trachomatis infection of the mouse genital
tract. Infect. Immun. 63:3302–3308.

31. Summersgill, J. T., R. E. Molestina, R. D. Miller, and J. A. Ramirez. 2000.
Interactions of Chlamydia pneumoniae with human endothelial cells. J. In-
fect. Dis. 181:S479–S482.

Editor: J. D. Clements

850 BELAY ET AL. INFECT. IMMUN.


