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zation via mucosal routes resulted in a greater production of
gamma interferon (IFN-␥) in the GT following a vaginal challenge (21). These data suggested that Chlamydia-specific T
cells, stimulated in secondary lymphoid tissues that drain mucosal surfaces, are more proficient at trafficking to the genital
mucosa. However, controversy surrounds the adhesive interactions that govern the recruitment of protective T-cell populations to the GT (24, 34) due to a lack of functional evidence.
Based on the propensity of mesenteric lymph node (MLN)
cells to traffic to the gut, GT, and mammary glands, these
mucosal tissues were proposed to belong to a common mucosal
immune system (29). The discovery of the mucosal vascular
addressin cell adhesion molecule 1 (MAdCAM-1) provided a
mechanism for the distinct homing patterns between mucosal
and nonmucosal tissues (41). Although MAdCAM-1 is expressed predominately in the intestine and associated lymphoid tissues, limited expression has been observed in the
nasal-associated lymphoid tissue (12), pancreas (18), and GT
(24). Intriguingly, oral immunization resulted in a less effective
protection compared to intranasal immunization (21, 25).
These and other data (34) suggest that the intestinal and genital mucosa differ in adhesive interactions that regulate lymphocyte recruitment to these sites. In this study, we provide
functional data that support a role for the mucosa-associated
integrin receptor ␣4␤7 in lymphocyte recruitment to the genital mucosa during Chlamydia infection.
(This study was presented in part at the 9th International
Symposium on Human Chlamydial Infection, Napa Valley,
Calif., June 21 to 26, 1998.)

Chlamydial genital infection is the most common cause of
bacterial sexually transmitted disease in the United States,
accounting for approximately 4 million new cases annually (2).
Due to the insidious nature of the infection (40), a reliable
prophylactic intervention, such as vaccine administration, has
been advocated for preventing the spread of disease and subsequent morbidity (40, 45, 46). Indeed, prior studies have indicated that cell-mediated immunity is essential for the resolution of a current murine genital infection as well as protection
from a subsequent challenge with the mouse pneumonitis
agent of Chlamydia trachomatis (MoPn) (20, 25, 36). In further
studies, CD4⫹ T cells were shown to mediate the protective
immune response following chlamydial genital infection (30,
42), with the CD4 helper cell type 1 (Th1) subset dominating
the response (10). In addition, eradication of Chlamydia within
the genital mucosa coincides with the recruitment of CD4 cells
(24). However, the retention of CD4 cells within the genital
tract (GT) (24) and protective immunity are transient both in
animal models of infection (20, 36) and in humans (7, 22), an
important aspect to consider in the design of an effective vaccine.
The potency and longevity of the anamnestic response
within the genital mucosa appears to be influenced by the site
of primary immune stimulation. For example, mice immunized
via mucosal (oral, intranasal, and vaginal) routes were more
resistant to a vaginal MoPn challenge (25) and demonstrated
increased protection against infertility following reinfection
(31) than mice immunized parenterally. In addition, immuni* Corresponding author. Mailing address: UCLA Medical Center,
Department of Pathology and Laboratory Medicine, 10833 Le Conte
Ave., Mailroom A2-179 CHS, Los Angeles, CA 90095-1732. Phone:
(310) 206-5562. Fax: (310) 794-4863. E-mail: kkelly@mednet.uams
.edu.

MATERIALS AND METHODS
Antibodies. The following rat anti-mouse monoclonal antibodies (MAbs) were
used in flow cytometry analysis at concentrations ranging from 10 to 25 g/ml
and were purchased from Pharmingen (San Diego, Calif.): anti-CD49d (9C10,
immunoglobulin G2a [IgG2a]), anti-CD29 (9E67, IgG2a), anti-CD44 (IM7,
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The CD4 T helper cell type 1 (Th1) response is essential for the resolution of chlamydial genital infection
in mice. However, not all Th1 clones are equally protective in eradicating the infection. Since oral immunization regimens produce protective immunity, we evaluated the role of the mucosa-associated homing receptor,
␣4␤7, in trafficking to the genital mucosa. Using a panel of CD4, Th1 cell lines and clones, we compared the
lymphocyte homing patterns of a Chlamydia-specific, protective clone (P-MoPn), a nonprotective clone (NMoPn), and a keyhole limpet hemocyanin (KLH)-specific cell line (KLH-1). T cells were labeled with the
fluorescent dye PKH-26, adoptively transferred into Chlamydia-infected mice, and monitored at different time
points throughout the course of a genital infection. We found that clones P-MoPn and N-MoPn migrated to
similar extents to the genital tract and in significantly greater numbers than the KLH-specific T-cell line. Both
clones and the KLH-1 line expressed similar levels of the adhesion molecules ␣4, ␤1, CD44, and CD11a.
However, clones P-MoPn and N-MoPn expressed higher levels of the mucosal homing receptor, ␣4␤7. Also,
clones P-MoPn and N-MoPn but not the KLH-1 line migrated to the mesenteric lymph node, suggesting a
mucosal recirculation pattern. Moreover, blocking ␣4␤7 adhesion interaction in vivo significantly reduced the
recruitment of P-MoPn but not KLH-1 to the genital tract. These findings show that the mucosal homing
receptor ␣4␤7 is utilized by a subset of CD4 cells during migration to the Chlamydia-infected genital tract.
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and use of AutoCOMP software. These settings were not changed for the
duration of the study. Exclusion of dead cells was done based on forward angle
and 90° light scatter; 10,000 gated cells were analyzed per sample.
Fluorescence labeling experiments. Cells were stained with PKH-26 (Sigma)
or BODIPY (Molecular Probes, Eugene, Oreg.) according to the manufacturer’s
protocol. The labeled samples were checked for viability and fluorescence intensity on the flow cytometer prior to adoptive transfer as described in the figure
legends. Control, unlabeled clone cells were transferred to account for possible
background autofluorescence of the cells. Eighteen hours after transfer into
uninfected or MoPn-infected recipient mice, the tissues were harvested and
processed as described previously (24). The number of fluorescent cells within
each tissue was determined by collecting 10,000 fluorescence-labeled cells by flow
cytometry while tabulating the total number of cells analyzed. The frequency of
labeled cells within each tissue was expressed as the number of labeled cells per
100,000 total cells analyzed by flow cytometry. The numbers of lymphocytes per
MLN, cervical lymph node (CLN), and spleen (7 ⫻ 106, 7 ⫻ 106, and 5 ⫻ 107,
respectively), did not change throughout the course of infection. The numbers of
cells within the iliac lymph node (ILN) and GT varied based on day of infection
for days 0, 7, 14, 21, and 35 as follows: ILN, 1.5 ⫻ 106, 9 ⫻ 106, 107, 4 ⫻ 106, and
2 ⫻ 106, respectively; GT, 1.5 ⫻ 106, 1.5 ⫻ 107, 107, 5 ⫻ 106, and 2 ⫻ 106,
respectively. Gating was adjusted to include only mononuclear cells. For duallabeling experiments, a 50/50 mixture of PKH-26- and BODIPY-labeled clone
cells was transferred into recipient mice. Compensation between the FL1
(BODIPY) and FL2 (PKH-26) channels was adjusted using a mixture of labeled
cells. For blocking experiments in which anti-integrin receptor antibodies were
used recipient mice were injected intraperitoneally with the desired antibodies.
Four hours later, 5 ⫻ 106 PKH-26-labeled cells were adoptively transferred to
these mice. Additionally, each cell population was incubated at 4°C for 30 min
with one of the above antibodies at a concentration of 6.7 g/106 cells prior to
adoptive transfer. The antibodies used in the blocking studies were tested for
cytotoxicity by incubating the antibodies (50 g/106 cells) and clone cells with
rabbit complement (Cedarlane) for 60 min at 37°C. The percentage of viable
cells after the incubation period was determined by trypan blue exclusion. Antiasialo-GM1 (Wako, Richmond, Va.) was used as a positive control antibody with
known cytotoxic effects. None of the antibodies used in this study displayed
significant complement-mediated cytotoxicity.
Statistics. One-way analysis of variance was used to detect statistical differences in cell surface molecule expression or number of fluorescent cells among
groups. Statistical differences between the control (unlabeled clone) and experimental transfer groups were determined by unpaired t test for each tissue. The
paired t test was used for determining whether differences existed between
PKH-26- and BODIPY-labeled cells within mice. A difference was considered
significant when P was ⬍0.05.

RESULTS
Homing receptor expression patterns. As a model for studying Chlamydia-specific memory T-cell recruitment to the GT,
we evaluated a panel of T-cell lines and clones to identify
potential homing receptor-adhesion molecule pairs used in this
process. We chose two CD4 Th1 clones specific for MoPn and
one control CD4 Th1 cell line specific for KLH. The two
MoPn-specific clones represent a selected memory cell population since they were derived from spleens of nude mice that
had eradicated a genital MoPn infection after receiving lymphocytes from MoPn-immune mice. However, these clones
differed in the ability to clear chlamydiae from the GT of
infected nude mice following adoptive transfer (19). We first
characterized cell surface molecules with a potential for mediating T-cell recirculation or homing using flow cytometry.
We found that many of the T-cell surface markers on the
clones and cell line transiently increased during the first 2
weeks after antigen stimulation. Therefore, we performed the
flow cytometry analysis and cell transfers 3 to 4 weeks after
antigen stimulation, at a time when cell surface markers of
interest were expressed at a consistent level (data not shown).
As shown in Fig. 1, flow cytometric analysis revealed that
both the protective MoPn-specific clone P-MoPn and the nonprotective clone N-MoPn expressed higher levels of the mucosal homing receptor, indicated by the expression of ␤7 as
well as the epitope, LPAM-1, (␣4␤7), than the KLH-1 line
(Fig. 1). However, both clones and the KLH-1 line expressed
similar levels of ␣4, ␤1, CD11a, and CD44. Also note that the
expression levels of these cell surface markers are consistent
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IgG2b), anti-␤7 (M293, IgG2a), anti-CD11a (M17/4, IgG2a), and anti-LPAM-1
(DATK-32, IgG2a). A rat IgG2b myeloma protein (IR863) and the rat monoclonal IgG2a (R35-95) (Pharmingen) were used as negative controls. Antibodies
used for in vivo blocking experiments were anti-LPAM-1 and anti-CD49d (R1-2,
IgG2b; Pharmingen) at the specified concentrations (see below). Negative selection of CD4 cells was accomplished using tissue culture supernatants from the
hybridoma clones Lyt-2, B220, and MAC-1, purchased from the American Type
Culture Collection (Manassas, Va.).
Experimental animals. Female BALB/c mice 6 to 8 weeks of age were purchased from Harlan-Sprague Dawley (Indianapolis, Ind.) and housed in an
Association for Assessment and Accreditation of Laboratory Animal Care-approved facility. Animals were given access to food and water as desired and
housed (groups of five mice per cage) in an environmentally controlled area with
a cycle of 12 h of light and 12 h of darkness.
Infection of mice. Seven days prior to inoculation, mice received 2.5 mg of
progesterone (Depo-Provera; Upjohn, Kalamazoo, Mich.) to maintain them in a
state of anestrus (32, 36). Under pentobarbital anesthesia, each mouse was
infected by intravaginal inoculation of 107 infection-forming units (IFU) of
MoPn grown in McCoy cells (50% infective dose ⫽ 2.5 ⫻ 103 IFU) in 30 l of
sucrose-phosphate-glutamate buffer.
Chlamydial antigen preparation. MoPn elementary bodies (EB) were grown
in HeLa cells (American Type Culture Collection) and were purified from the
above stocks by density gradient centrifugation over a discontinuous density
gradient of 40, 44, and 54% Hypaque 60 (Sanofi-Winthrop Pharmaceuticals,
New York, N.Y.). Chlamydial suspensions were layered and then centrifuged at
4°C for 1 h at 43,000 ⫻ g. The EB within the 44 and 54% layers were extracted,
washed, and resuspended in phosphate-buffered saline. After the protein concentration was adjusted to 500 g/ml, the EB antigen preparation was inactivated
by UV light. The antigen was then aliquoted and stored at ⫺70°C until used.
Assessment of infection. Vaginal swabs were prepared and collected as previously described (20). The resulting isolation solution was inoculated (200 l) on
McCoy cells grown in individual wells of 96-well plates and then centrifuged at
1,900 ⫻ g for 1 h. Following centrifugation, the plates were incubated for 2 h at
37°C, after which the isolation medium was replaced with fresh cycloheximide
medium and the plates were incubated for an additional 32 h. After methanol
fixation, MoPn inclusions were detected by addition of anti-MoPn immune sera
followed by anti-mouse IgG conjugated to fluorescein isothiocyanate (ICN Immunobiological, Irvine, Calif.). The monolayers were counterstained with Evans
blue, and the inclusion bodies were enumerated by counting 20 fields (40⫻)
under a fluorescence microscope and calculating IFU per milliliter.
Derivation and maintenance of MoPn-specific clones. Clones P-MoPn and
N-MoPn were derived from a T-cell line previously described (19) and maintained using HeLa-grown UV-inactivated EB. The keyhole limpet hemocyanin
(KLH)-specific Th1 line KLH-1 was derived from BALB/c mice that were administered KLH (50 g) in complete Freund’s adjuvant via intradermal injection
at the base of the tail. The mice were boosted 2 weeks later with same dose of
KLH emulsified in incomplete Freund’s adjuvant. Ten days later, single-cell
suspensions from the inguinal lymph nodes were enriched for CD4⫹ cells by
incubating the lymphocytes with anti-CD8, B220, and MAC-1, followed by antirat IgG conjugated to microbeads (Miltenyi Biotec Inc., Auburn, Calif.). The cell
preparation was passed over magnetic columns, resulting in a population that
contained 95% CD4 cells. The CD4 cells were then restimulated in vitro in
complete medium composed of RPMI 1640 (Gibco Laboratories, Grand Island,
N.Y.) supplemented with 15 mM HEPES (Gibco), 1.0 mM sodium pyruvate
(Gibco), 0.1 mM nonessential amino acids (Gibco), 2 mM glutamine (Gibco),
100 U of penicillin (Gibco) per ml, 100 g of streptomycin (Gibco) per ml, 10%
heat-inactivated fetal calf serum (Atlanta Biological, Norcross, Ga.), 2 ⫻ 10⫺5 M
2-mercaptoethanol (Sigma, St. Louis, Mo.), 12.5% (vol/vol) concanavalin A-conditioned medium, and 5 g of KLH antigen per ml; 5 ⫻ 107 ␥-irradiated
splenocytes served as antigen-presenting cells. After 4 days of culture, the T cells
were expanded and maintained in vitro as a primary line by culture with KLH-1,
antigen-presenting cells, and 12.5% (vol/vol) concanavalin A conditioned medium. The antigen specificity of the line was confirmed using a blast transformation assay as previously described (10), and the KLH-specific line did not
respond to MoPn. Line KLH-1 was designated Th1 after determining that the
ratio of IFN-␥-producing to interleukin-4 (IL-4)-producing cells was approximately 3:1, using an enzyme-linked immunospot assay as previously described
(24).
Flow cytometry. T-cell clones and lines were suspended in Dulbecco modified
Eagle medium (Gibco) containing 1% bovine serum albumin (Sigma) and 0.1%
sodium azide (staining buffer) according to the microplate technique previously
described (25). Cells were initially incubated with rat anti-mouse cell surface
markers for 25 min on ice and then washed twice with Dulbecco modified Eagle
medium containing 10% bovine serum albumin. Next the cells were resuspended
on ice for 25 min in goat anti-rat IgG-conjugated fluorescein isothiocyanate
(BioSource International, Camarillo, Calif.) at a concentration of 20 g/ml
containing 10% autologous mouse serum, followed by washing as described
above. The cells were kept at 4°C after resuspension in a solution of 1% paraformaldehyde in phosphate-buffered saline. Flow cytometry analysis was done
with a fluorescence-activated cell-sorting analyzer equipped with a 488-nm argon
laser and Lysis II software (FACScan; Becton Dickinson, Mountain View, Calif.). The instrument was calibrated with beads (CaliBRITE; Becton Dickinson)
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over time, with small standard deviations (SD) observed when
separate batches of clone cells are measured. In addition, these
clones and cell line also expressed the phenotype of memory T
cells (CD62Llo and CD45RBhi [data not shown]). Previous
studies have shown that ␤7 expression is involved in the tissuespecific migration of memory T cells (47), delineating subpopulations which home to mucosal sites from those which home
to nonmucosal sites. Therefore, the MoPn-specific clones would
be expected to possess a mucosal homing pattern.
Parameters of in vivo recirculation of a protective MoPnspecific Th1 clone in response to MoPn infection. We first
characterized the in vivo trafficking pattern of the protective
MoPn-specific CD4 clone by monitoring its distribution pattern following adoptive transfer into MoPn-infected recipients.
We chose to use the fluorescent reporter molecule PKH-26
since it had been shown to provide stable long-term labeling
with little deleterious effect on cellular functions, particularly
in regard to lymphocyte migration (39). Prior to any in vivo
investigation, we examined the efficiency of PKH-26 labeling of
clone P-MoPn in vitro. As shown in Fig. 2A and B, PKH-26
remained associated with over 95% of clone P-MoPn for at
least 18 h following in vitro labeling. After the labeled cells
were transferred in vivo, some of the label was lost, but the
cells were readily identifiable in target tissues (Fig. 2C).
To determine the optimal number of clone P-MoPn to be
used in adoptive transfers, various numbers (4 ⫻ 107, 107, and
5 ⫻ 106) of labeled clone cells were intravenously infused into
mice that had been vaginally infected 7 days previously. Although fewer labeled clone cells were recovered when 5 ⫻ 106
cells were transferred per mouse, we could readily detect labeled clone at this dose (data not shown). Using 5 ⫻ 106 cells,
we also found that labeled clone appeared in the spleen
(38.5 ⫾ 16.9; mean of labeled cells per 105 total cells ⫾ SD)
and peripheral blood (18.8 ⫾ 8.1) 1 h after transfer. In con-

FIG. 2. In vivo detection of PKH-26-labeled P-MoPn. (A) Relative fluorescence intensity of clone P-MoPn prior to labeling with PKH-26. (B) Relative
fluorescence intensity after 18 h in culture following PKH-26 labeling. (C) Representative histogram of labeled cells detected in the GT at day 7 after MoPn
infection. PKH-26-labeled P-MoPn cells (5 ⫻ 106) were adoptively transferred 7
days following MoPn vaginal infection and harvested 18 h later. The isolated GT
cells were examined by flow cytometry. Cells with a fluorescence intensity greater
than 102 were considered positive.

trast, labeled clone cells did not appear in the GT (97 ⫾ 35.6),
ILN (6.8 ⫾ 5.5), and MLN (2.4 ⫾ 1.5) until 4 h after transfer.
However, in comparison, the frequency of labeled cells markedly increased by 18 h after transfer (Fig. 3, day 7). Based on
these data, subsequent adoptive transfer experiments used 5 ⫻
106 labeled clone with an 18-h time of harvest.
In vivo recirculation patterns of clone P-MoPn during the
course of MoPn genital infection. The capacity of protective
T-cell subpopulations to home to the genital mucosa and associated lymphoid tissues in response to infection has yet to be
fully described. Prior studies indicated that adhesion molecules
were expressed for a limited time in the genital mucosa following chlamydial genital infection (24). Among the infectioninduced adhesion molecules found were vascular cell adhesion
molecule 1 (VCAM-1) and MAdCAM-1 (24), which facilitate
T-cell recirculation to perivascular sites of inflammation (27)
and mucosal sites (43), respectively. To correlate the expression of vascular addressins with recruitment of the MoPnspecific Th1 clone to the GT, we transferred the labeled clone
to recipients at various times following MoPn genital infection.
As shown in Fig. 3, the transfer of labeled clone P-MoPn to
uninfected mice (day 0) did not result in the appearance of
cells within the GT. However, by day 7 after genital infection
(time of maximum chlamydial burden) (4, 24), recruitment to
the GT was clearly taking place. Recruitment of clone P-MoPn
to the GT was also seen when the cells were transferred on
days 14 and 21 after vaginal inoculation. However, the number
of positive cells appearing in the GT was less than the number

Downloaded from http://iai.asm.org/ on September 25, 2020 by guest

FIG. 1. Homing receptor expression on clone P-MoPn ( ), clone N-MoPn
(䊐), and line KLH-1 (_). Single-cell suspensions of clone P-MoPn, clone
N-MoPn, and line KLH-1 were stained with the indicated rat anti-mouse cells
surface markers 3 to 4 weeks after antigen stimulation. Data are expressed as the
average median channel number from two separate experiments ⫾ SD. ⴱ, significantly greater compared with KLH-1 (P ⬍ 0.05; t test).

5589

5590

HAWKINS ET AL.

observed when the transfer was performed on day 7 after
inoculation. By day 35 postinfection, at which time viable chlamydiae have been cleared from the GT (24), PKH-26-labeled
cells in the GT were not significantly more numerous than in
control mice which had received unlabeled clone. Correspondingly, adhesion molecule expression in the GT was shown to
subside following resolution of infection (24). These data indicate that clone P-MoPn is recruited to the GT during active
chlamydial infection, a finding that coincides with the induction of relevant adhesion molecules on the GT endothelium.
In addition to GT homing, we examined the ability of clone
P-MoPn to traffic to the ILN, which directly drains the genital
mucosa (33), as well as the MLN, which is associated with the
mucosal lymphoid system. Previous studies have indicated that
MoPn-specific T cells appeared in these tissues following
MoPn genital infection (10, 25). As a control, trafficking to the
CLN was also evaluated because this lymph node does not
directly drain the genital mucosa (44). As shown in Fig. 3,
labeled clone cells were not detected in any tissue examined
when transferred to uninfected mice. However, when the labeled clone cells were transferred at 7 days after genital infection, the cells were detected in the ILN and MLN but not the
CLN. Although not statistically different, the mean number of
labeled clone cells detected in the ILN was consistently greater
in relation to the MLN on days 7, 14, and 21 during infection.
In contrast, the CLN remained negative throughout the course
of infection. At 21 days after genital infection, the ILN and
MLN still contained significantly higher numbers of the labeled clone compared to controls. However, after resolution of
infection (day 35), the number of labeled cells in all tissues
examined was not significantly different in experimental versus
control groups. Taken together, these data indicate that the
recruitment of a protective, MoPn-specific Th1 clone to the

FIG. 4. Homing patterns of KLH-1, P-MoPn, and N-MoPn 7 days after
MoPn genital infection. KLH-1, P-MoPn, and N-MoPn cells were labeled and
transferred into recipient mice as described for Fig. 3. Tissues were harvested
18 h later. Negligible numbers of label-positive cells (none to seven) were detected in control mice, and these values were subtracted from those obtained
from mice which received labeled cells. Data are expressed as the mean number
of labeled cells from three to five mice each for KLH-1, P-MoPn, and N-MoPn ⫾
SD. ⴱ, significantly higher compared to KLH-1 (P ⬍ 0.01; t test).

GT of Chlamydia-infected mice coincides with the expression
of adhesion molecules on the local endothelium. In addition,
this clone recirculates to lymph nodes associated with Chlamydia-specific responses during infection but not in uninfected
mice.
The in vivo homing of a nonprotective MoPn-specific Th1
clone. The trafficking capacity of clone P-MoPn appears to be
regulated by addressin expression within the GT. Based on this
finding, it is plausible that the efficiency with which MoPnspecific memory cells migrate to the infected GT may also
influence its ability to protect against a challenge infection. To
evaluate the GT homing efficiency of clone P-MoPn, we compared its trafficking pattern with that of another CD4 Th1
clone, N-MoPn. Although isolated from the same T-cell line as
clone P-MoPn, this clone was not able to confer protection
upon adoptive transfer into genitally infected nude mice (19).
As shown in Fig. 4, the recirculation pattern observed for clone
N-MoPn did not differ significantly from that of clone P-MoPn.
Moreover, both clones displayed a mucosal pattern of migration in that they migrated similarly to the MLN. These data
indicate that the ability of a clone to affect the outcome of
MoPn genital infection also depends on its degree of antichlamydial activity in addition to its capacity to home to the
GT.
Migration of lymphocytes to perivascular sites of inflammation is controlled by specialized interactions between homing
receptors and complementary endothelial ligands; therefore,
antigen specificity influences but does not limit the homing of
memory/effector T cells to these sites. Since the KLH-specific
line expressed lower levels of ␣4␤7 in comparison to the
clones, we also evaluated its GT homing potential. Although
KLH-1 is not specific for MoPn, we could detect significant
numbers of labeled KLH-1 in the GT and ILN compared to
control mice 7 days after MoPn infection (Fig. 4). However, we
found that approximately 50% fewer cells from line KLH-1
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FIG. 3. Differential ability of clone P-MoPn to traffick to the genital tract at
various times throughout the course of MoPn infection. Clone P-MoPn was
labeled with the fluorescent dye PKH-26. Labeled or unlabeled (control) clone
P-MoPn (5 ⫻ 106/mouse) was adoptively transferred to mice throughout the
course of MoPn infection (day 0 ⫽ uninfected mice). Tissues were harvested 18 h
posttransfer, and single-cell suspensions were prepared for flow cytometric analysis. Data are expressed as the mean number of labeled cells detected on the flow
cytometer from six mice ⫾ SD. Negligible numbers of false-positive cells (none
to five) were detected in a parallel group of control mice that received unlabeled
clone. This mean was subtracted from the experimental group values. Significantly higher numbers of labeled cells were detected in the GT, ILN, and MLN
on days 7, 14, and 21 after infection compared to CLN (P ⬍ 0.01; t test).
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FIG. 5. Homing kinetics of P-MoPn and KLH-1 in the same mouse. On day
7 after MoPn infection, each mouse received 5 ⫻ 106 clone P-MoPn (PKH-26labeled) cells and an equal number of line KLH-1 (BODIPY-labeled) cells. Cell
suspensions were isolated from GT, ILN, and spleen at indicated times after
transfer and analyzed by flow cytometry. No unlabeled cells appeared as falsepositive cells in a control group of mice. Data are expressed as the mean number
of labeled cells detected from six mice ⫾ SD. GT, GT homing of P-MoPn and
KLH-1. ⴱ, significantly greater compared with KLH-1 (P ⬍ 0.01; t test); ⴱⴱ,
significantly greater compared with KLH-1 (P ⬍ 0.005; t test). GT-Reversed
Labels, GT homing of P-MoPn (BODIPY) and KLH-1 (PKH-26). ⴱ, significantly
greater compared with KLH-1 (P ⬍ 0.05; t test). ILN, homing of P-MoPn and
KLH-1. ⴱ, significantly greater compared with KLH-1 (P ⬍ 0.05; t test). SPL,
splenic homing of P-MoPn and KLH-1. ⴱ, significantly higher compared with
P-MoPn (P ⬍ 0.05; paired t test).

reduced in mice treated with anti-␣4␤7 (Fig. 6B). The reduced
ability of clone P-MoPn to migrate to the GT in mice given
anti-␣4␤7 did not appear to be due to clearance of the cells by
bound antibody, since no in vitro cytotoxicity was detected (see
Materials and Methods) and the anti-␣4␤7 that bound to the
KLH-1 line (Fig. 1) did not reduce homing of these cells to the
GT or ILN. Thus, these data indicate that T cells migrating to
the inflamed GT can utilize multiple ligands, but expression of
␣4␤7 appears to be associated with more efficient transendothelial migration. Thus, natural infection may favor the selection of a population of memory T cells that utilize ␣4␤7 for
homing to the GT.
DISCUSSION
Previous studies of lymphocyte trafficking to the Chlamydiainfected GT have resulted in different conclusions regarding
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migrated to the GT compared to clone P-MoPn. Moreover,
clone P-MoPn was found in the MLN 7 days after MoPn
genital infection, whereas the KLH-1 line could not be detected in the MLN, further indicating differences in the capacity of clone P-MoPn and line KLH-1 to migrate to mucosal
sites. Thus, we report a positive relationship between ␣4␤7
expression and trafficking to the GT of clone P-MoPn, suggesting that ␣4␤7 is at least one homing receptor that may participate in GT recruitment during chlamydial infection.
Effect of antigen specificity on the GT homing potential in
vivo. The recognition of cognate antigen has been shown to
effect the transendothelial migration of T cells (23, 28). To
confirm that the enhanced recruitment of clone P-MoPn is not
due solely to retention of antigen-reactive cells, we directly
compared the migration of clone P-MoPn and line KLH-1 at
the same time within single mice shortly after transfer. To
identify each cell population, we labeled P-MoPn with PKH-26
and the KLH-1 line with the green fluorescent molecule
BODIPY. Equal numbers of each clone were mixed and adoptively transferred to mice on day 7 postinfection. At 6 h after
transfer, the GT contained a significantly greater number of
red fluorescent P-MoPn cells than green fluorescent KLH-1
cells (Fig. 5). By 18 h posttransfer, it was clear that the rate of
migration to the GT was greater for clone P-MoPn than for the
KLH-1 line. By 36 h, the recruitment of both clones had stabilized. The increased GT homing potential of clone P-MoPn
was not due to the effects of the dye on lymphocyte migration
since switching the labels produced the same result (Fig. 5).
A similar pattern of migration was observed for both cell
populations in the ILN (Fig. 5). In contrast, we detected significantly more cells from the KLH-1 line than clone P-MoPn
in the spleen at all time points posttransfer (Fig. 5), further
suggesting that P-MoPn is actively recruited to the GT and
ILN. Again, switching the labels resulted in similar profiles in
the ILN and spleen (data not shown). Although we cannot rule
out that the differences in recruitment between P-MoPn and
KLH-1 at 36 h posttransfer are to some extent a reflection of
antigen-specific retention and proliferation, the significant differences observed at 6 and 18 h illustrate an increased rate of
recruitment for clone P-MoPn to the infected GT compared to
line KLH-1. Accordingly, we cannot exclude the influence of
antigen specificity in increasing the migration rate of clone
P-MoPn, but it is clear from these data that clone P-MoPn
exhibits an increased rate of transendothelial migration across
the genital mucosa compared to line KLH-1.
Effect of anti-homing receptor antibodies on the GT migration of clone P-MoPn and line KLH-1. To determine whether
␣4␤7 plays a role in T-cell trafficking to the GT, we examined
the ability of antibodies directed against ␣4 and ␣4␤7 to block
in vivo homing to the GT. We used the anti-␣4␤7 MAb
DATK-32 because it has been shown to bind to a conformational epitope formed by the ␣4␤7 heterodimer (LPAM-1) (1)
and to inhibit homing to mucosal sites such as Peyer’s patches
and intestines in vivo (17). Conversely, the anti-␣4 MAb R1-2
does not inhibit homing to mucosal tissues (17) but is involved
in the recruitment of lymphocytes to nonmucosal sites of inflammation (16). As shown in Fig. 6A, mice that were given
anti-␣4␤7 exhibited significantly reduced recruitment of clone
P-MoPn to the GT at 18 h posttransfer compared to the group
given an isotype-matched control antibody and the group given
the anti-␣4 antibody. However, administration of the anti-␣4
antibody reduced the recirculation of clone P-MoPn to the GT
to some extent compared to mice given the control antibody
(P ⬍ 0.05, t test). Additionally, anti-␣4␤7, but not anti-␣4,
inhibited the recruitment of clone P-MoPn to the ILN and
MLN. In contrast, the homing of line KLH-1 to the GT was not
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the molecules that mediate this event in vivo (8, 24, 26, 34). In
particular, the controversy involves the participation of ␣4␤7–
MAdCAM-1 interactions. We previously reported that approximately 30% of GT CD4 cells express increased levels of ␤7
integrin during MoPn infection compared CD4 cells from uninfected mice or those in the spleen (24). Additionally,
MAdCAM-1 was found on infected but not uninfected GT
tissues (24), and in vitro lymphocyte adherence was blocked
with antibodies against MAdCAM-1 (26), suggesting that ␣4␤7
interactions could mediate the recruitment of a subset of CD4
cells to the GT during infection. Perry et al. (34) reported that
15 to 30% of infiltrating T cells expressed low levels of ␤7 and
did not detect MAdCAM-1 in the local genital mucosa; they
concluded that lymphocyte trafficking to the GT was mediated
by other homing receptor-adhesion molecule pairs. However,
subsequent studies from that group showed that MAdCAM-1
was present in the oviducts of infected mice (8). Expression of
integrin homing receptors and adhesion molecules does not
necessarily imply function since conformational changes are
required to mediate adhesion (35). Therefore, in vivo functional studies are necessary. To this end, we evaluated the GT
homing potential of two MoPn-specific, CD4⫹ Th1 clones and
a KLH-specific, CD4⫹ Th1 cell line. As previously reported
(24), we found that the noninflamed genital mucosa did not
support lymphocyte trafficking. However, following infection,
the two Chlamydia-specific clones as well as the KLH-specific
line readily migrated to the GT. We also found that MoPn-

specific clones derived from mice following infection favored
recirculation through mucosa-associated lymph nodes and expressed high levels of the mucosal homing receptor ␣4␤7.
Furthermore, blocking ␣4␤7 interaction with its ligands significantly reduced recruitment of clone P-MoPn but not the
KLH-1 line to the GT in vivo. Taken together, these data
suggest that although multiple homing receptor-adhesion molecule pairs may mediate homing to the Chlamydia-infected
genital mucosa, natural infection generates a subset of protective T cells that utilize ␣4␤7.
Prior studies have indicated that CD4⫹ Th1 cells are essential for both the resolution of and immunity to chlamydial
genital infection (30, 42). Although the homing of clone PMoPn may not entirely reflect the trafficking of the heterogeneous T-cell population that develops in response to genital
infection, it is likely to be representative of a crucial subset of
T cells, i.e., protective and antigen specific. In support of this,
we found that anti-␣4␤7, anti-␣4, and anti-CD44 could reduce
the GT migration of CD4⫹ cells isolated from the ILN of
MoPn-infected mice (K. A. Kelly et al., unpublished data).
Finally, although a cell line may represent a number of clones
all with different migration patterns, the two MoPn-specific
clones derived from the same line exhibited similar migration
patterns. Therefore, it is highly likely that the results found
using clone P-MoPn will accurately reflect the overall migration potential of Chlamydia-specific T cells during infection.
Recently, Marelli-Berg et al. (28) found that antigen can
also influence the rate of migration across endothelial monolayers in vitro. Although we cannot discount the influence of
antigen on the rate of migration in vivo, our data suggest that
clone P-MoPn migrates across the endothelium at a higher rate
than the KLH-1 line. To rule out the possibility that decreased
GT homing of KLH-1 compared to P-MoPn, observed at 18 h,
was not not due simply to antigen-specific retention within the
infected GT, we examined additional time points following
adoptive transfer. We found that the amount of time allowed
for recirculation following adoptive transfer affected the number of T cells found within GT. The ratios of P-MoPn to
KLH-1 within the GT were similar at 6 h and at 18 h. Only at
later time points (36 h) did this ratio increase, indicating that
retention or proliferation of MoPn-specific clones within the
GT occurred at time points later than 18 h. Nonetheless, we
cannot rule out the possibility that the increased rate of migration seen for clone P-MoPn relative to KLH-1 was solely
dependent on antigen specificity and not increased expression
of ␣4␤7. Taken together, these data support the supposition
that antigen-specific clones are retained in tissues following
antigenic activation. In addition to antigen-specific retention,
clone P-MoPn appears to migrate across the GT endothelium
at a higher rate compared to the KLH-1 line.
Likewise, antigen also appeared to influence the recirculation of clone P-MoPn to the local draining lymph nodes since
labeled clone P-MoPn was observed in both the ILN and MLN
after infection. Both the ILN and MLN were shown to contain
viable MoPn 7 days following MoPn infection (11), which may
in part account for the increased trafficking of P-MoPn to these
tissues compared with the KLH-1 line. Also, although only
weak expression of MAdCAM-1 was observed on the venular
endothelium within the ILN during MoPn infection (K. A.
Kelly, unpublished observation), a greater number of cells
were found at this site than in the MLN. Thus, the presence of
specific antigen and possibly other factors associated with inflammation also contribute to the trafficking of memory T cells
to secondary lymphoid tissues as well as extra-lymphoid tissue
sites.
Although the primary ligand of ␣4␤7 is MAdCAM-1, this
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FIG. 6. Ability of MAb directed against ␣4 and ␣4␤7 (LPAM-1) to alter in
vivo homing of clone P-MoPn and line KLH-1. On day 7 after MoPn infection,
each mouse was injected intraperitoneally with anti-␣4␤7 or anti-␣4 1 h prior to
adoptive transfer of PKH-26-labeled cells. Additionally, cells were incubated
with one of the above antibodies prior to transfer. Control mice were given
control antibody and received cells treated with control antibody. Single-cell
suspensions were isolated from the indicated tissues 18 h after transfer and
analyzed by flow cytometry. (A) Effect of anti-homing receptor MAb on the GT
recruitment of clone P-MoPn. Data are expressed as the mean number of labeled
cells detected from six mice each ⫾ SD. a, significantly lower compared with
control (P ⬍ 0.001; t test); b, significantly lower compared with anti-␣4 mice (P ⬍
0.01; t test); c, significantly lower compared with control (P ⬍ 0.05; t test); d,
significantly lower compared to control (P ⬍ 0.01; t test). (B) Effect of antihoming receptor MAb on line KLH-1 homing. Data are expressed as the mean
number of labeled cells detected in six mice ⫾ SD.
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heterodimer, when expressed at high levels on lymphocytes,
has the capacity to bind to both MAdCAM-1 and VCAM-1 (5)
in vitro. However, the consequences of this in vivo are not
known (8). This study is the first to propose that ␣4␤7hi cells
may transmigrate via VCAM-1 in vivo. The administration of
anti-LPAM-1 to recipient mice in vivo blocked the recruitment
of statistically greater numbers of clone P-MoPn than treatment of mice with anti-␣4. This is remarkable since there are
5 to 10 times fewer venules expressing MAdCAM-1 in the
inflamed GT compared with VCAM-1-expressing venules (26).
Since antichlamydial lymphocytes can arise from MLN (10),
␣4␤7 could be preactivated and compete effectively with ␣4␤1expressing cells. Alternatively, ␣4␤7 integrin may be preferentially activated over ␣4␤1 within the GT via chemokine production. Although intriguing, further studies are needed to
support this proposition.
Other homing receptors in addition to ␣4␤7 are likely to
participate in recruiting lymphocytes to the GT. Chlamydiae
have been shown to elicit an array of inflammatory cytokines
such as tumor necrosis factor alpha (3, 14), IFN-␥ (9), IL-1,
IL-6, and various chemokines (37, 48). Accordingly, we found
that P-MoPn, N-MoPn, and KLH-1 all expressed CD44, which
has been shown to be one of the principal homing receptors
mediating the trafficking of activated T cells to sites of inflammation (15) and possibly intestinal sites (8). Although we have
not examined the effects of anti-CD44 antibody treatment on
the recruitment of P-MoPn or KLH-1 in vivo, we would anticipate that this molecule would also be involved in GT homing.
Indeed, we found that anti-CD44 inhibited GT homing of
CD4⫹ cells isolated from the ILN of genitally infected mice
(Kelly et al., unpublished). Interestingly, clone P-MoPn had a
GT homing potential in mice infected with a different serovar
of C. trachomatis, serovar E, that was similar to that displayed
by line KLH-1 in MoPn-infected mice (data not shown). However, clone P-MoPn did not proliferate in vitro to serovar E
(data not shown). Serovar E infection in mice has been shown
to induce an inflammatory response of much less intensity
compared to infection with MoPn (13). Thus, the magnitude of
lymphocyte recruitment must also be influenced by inflammatory changes that occur within the GT during infection.
In our model of murine chlamydial genital infection, the
pattern of lymphocyte recruitment to the GT appears to be
shaped by the influence of local inflammation or host-pathogen interaction, as well as the unique tissue site. For instance,
MAdCAM-1 has not been observed on the endothelium of
normal uterus or ovarian tissue in humans (6) or mice (24).
However, this molecule is expressed during murine MoPn infection (8, 24, 26). Likewise, VCAM-1 is also temporarily induced in the GT following chlamydial infection (24, 34). In
addition to expressing ␣4␤7, clone P-MoPn expressed the
homing receptor ␣4␤1 (VLA-4), which has been shown to
facilitate recruitment to nonmucosal sites of inflammation
through interaction with VCAM-1 (27). Blocking studies in
vivo revealed that both ␣4␤7 and to a lesser degree ␣4␤1
participate in recruitment to the GT. In contrast, ␣4␤1–
VCAM-1 interactions have not been shown to be involved in
lymphocyte recruitment to the intestinal wall even during inflammation (38). Taken together, these data suggest that recruitment to the GT, specifically during chlamydial infection, is
unique from that of intestinal tissues and nonmucosal inflammatory sites but contains aspects from both situations. It remains to be determined how competition among these ligands
for recruitment to the GT in vivo during a natural Chlamydia
infection would select for a distinct population of memory
cells.
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