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The induction of local T helper type 1 (Th1)-mediated cellular immunity is crucial for resistance of mice to
genital infection by the obligate intracellular bacterium Chlamydia trachomatis. We tested the hypothesis that
the route of immunization that elicits relatively high numbers of chlamydia-specific, gamma interferon (IFN-
g)-secreting T lymphocytes (ISTLs) in the genital tract would induce optimal protective immunity against re-
infection. Female BALB/c mice were infected intravaginally (i.v.), intranasally (i.n.), orally (p.o.), or subcuta-
neously (s.c.) with C. trachomatis. At days 7, 14, 21, and 28 postinfection, T cells isolated from the genital tract
tissues were restimulated with chlamydial antigen in vitro, and the amounts of IFN-g induced were measured
by a sandwiched enzyme-linked immunosorbent assay method. At day 7 postinfection, i.n.- and i.v.-immunized
mice had high levels of chlamydia-specific ISTLs in their genital tracts (203.58 6 68.1 and 225.5 6 12.1 pg/ml,
respectively). However, there were no detectable ISTLs in the genital tracts of p.o.- or s.c.-infected mice. When
preinfected mice were challenged i.v. 70 days later, animals preexposed by the i.n. route were highly resistant
to reinfection, with greatly reduced chlamydial burden, and suffered an attenuated infection that resolved by
day 6 postchallenge. Animals preexposed by the i.v. route were modestly protected, whereas p.o. and s.c. groups
were indistinguishable in this regard from control mice. The resistance of i.n.-immunized mice (and to some
extent the i.v.-exposed mice) to reinfection was associated with early appearance (within 24 h) of high levels of
genital ISTLs compared with mice preinfected by other routes. Furthermore, although i.n. and i.v.-immunized
mice had comparable levels of chlamydia-specific immunoglobulin A (IgA) antibodies in their vaginal washes,
the levels of IgG2a were four- sixfold higher in i.n.-immunized mice than in any of the other groups. The results
suggested that immunization routes that foster rapid induction of vigorous genital mucosal cell-mediated
immune (CMI) effectors (e.g., IFN-g), the CMI-associated humoral effector, IgG2a, and to some extent secre-
tory IgA produce protective immunity against chlamydial genital infection. Therefore, i.n. immunization is a
potential delivery route of choice in the development of a vaccine against Chlamydia.

Genital infection by the obligate intracellular bacterium
Chlamydia trachomatis is common, and the sequelae of the
infection, including pelvic inflammatory disease, ectopic preg-
nancy, and infertility, have considerable psychological, public
health, and economic implications. Epidemiological studies in
the United States have revealed a high incidence of infections,
approximately 4 million cases per year, and an annual health
care cost of $2.18 billion (7). The frequent asymptomatic inci-
dence of chlamydial genital infection is a confounding factor in
the management of chlamydial disease because such insidious
infections make diagnosis and application of antibiotic chemo-
therapy relatively late and ineffective to control the sequelae
associated with infections. Therefore, a reliable prophylactic
measure, such as vaccine administration, has been recommend-
ed for controlling Chlamydia (40). However, the design of a
vaccine would require a detailed understanding of the patho-
genesis and immunobiology of chlamydial disease, including
the relevant host immune parameters that control Chlamydia,
the mechanisms of chlamydial inhibition, the antigens that

elicit protective immunity, and the most effective route for vac-
cine delivery. The obvious limitations in human experimenta-
tion have led to the development of animal models for defining
the requirements for developing a protective experimental vac-
cine from which findings potentially may be extrapolated to
humans.

An important goal in controlling the spread of sexually
transmitted diseases is the development and administration of
protective vaccines that induce local genital tract immune ef-
fectors relevant to the control of the appropriate pathogen.
This combined requirement is crucial because even the most
promising vaccine formulations may fail to establish protective
immunity if the route of administration is not optimal for in-
duction of the appropriate local immune responses in the target-
ed mucosal tissue. In this respect, previous studies have indi-
cated that secretory immunoglobulin A (IgA) and IgG have
protective roles during genital chlamydial infection (1–4, 21,
38). However, recent studies using experimental animal mod-
els of genital chlamydial disease have clearly established that
T-cell-mediated immunity (CMI), usually involving gamma in-
terferon (IFN-g), is crucial for chlamydial control (5, 8, 13, 14,
16, 18, 29, 30, 33, 34, 36, 37, 41, 44, 45, 49, 52). Additional
studies revealed that the resistance of experimental animals to
genital reinfection by Chlamydia was associated with the pres-
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ence of relatively high intensity of antigen-specific T lympho-
cytes in the genital tract tissue (15). Taken together, the fore-
going studies indicated that the most effective vaccine against
Chlamydia is likely to be one that elicits a strong local CMI,
involving especially chlamydia-specific, IFN-g-secreting T lym-
phocytes (ISTLs), in the genital tract.

The available routes of administration of a protective vac-
cine include systemic and local mucosal delivery. In general,
systemic immunization routes do not induce significant anti-
gen-specific, secretory IgA or protective immunity in mucosal
tissues (11, 22–24). However, it is becoming clearer that op-
timal induction of mucosal immunity in general requires tar-
geting antigens to the specialized antigen-presenting cells of
mucosa-associated lymphoid tissues (nasal lymphoid tissue
[NALT], gut-associated lymphoid tissue, and bronchus-associ-
ated lymphoid tissue [25, 51]) or mucosal inductive sites. The
essential tenets of the common mucosal immune system are
that immune stimulation at one mucosal inductive site can
generate immune responses or protective immunity at certain
other mucosal effector sites that include the gut, genital tract,
buccal cavity, upper respiratory tract (nasal mucosae), and
lower respiratory tract (tracheobronchial mucosae) (22, 23).
On the basis of this knowledge, experimentally designed, mu-
cosally targeted vaccines have been administered orally (p.o.)
or intragastrically, intranasally (i.n.), intrarectally, and intra-
vaginally (i.v.), and the efficacy of each route has been deter-
mined by measurement of immune responses or protective
immunity against specific pathogens or nominal antigens at
mucosal sites of interest (19, 20, 25, 46, 51). In the case of
genital chlamydial infection, experimental protective studies of
mice revealed that i.n. immunization with either live or acel-
lular vaccine preparation could induce protection against vag-
inal challenge as assessed by prevention of infertility in ex-
posed animals (26, 27). Although secretory IgA and/or IgG
were detected in the vaginal washes of protected subjects in the
foregoing and other studies (9, 39, 51), the role of CMI was not
investigated. Since CMI is crucial for chlamydial control, we
investigated the hypothesis that an immunization route(s)
leading to the induction of a relatively high intensity of chlamy-
dia-specific ISTLs in the genital tract tissue would produce
protection against challenge infection. The results indicated
that protective immunity produced by i.n. exposure of mice to
Chlamydia is associated with the rapid induction of ISTLs into
genital tract tissues.

MATERIALS AND METHODS

Animals. Female BALB/c mice (H-2d), 5 to 8 weeks old, were obtained from
Harlan-Sprague Dawley (Indianapolis, Ind.). The animals were 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.

Chlamydia stocks and antigens. Stocks of C. trachomatis agent of mouse
pneumonitis (MoPn) for infecting mice in vivo were prepared by propagating
elementary bodies (EBs) in McCoy cells as previously described (34). Stocks
were titered by infecting McCoy cells with various dilutions of EBs, and the
infectious titer was expressed as inclusion-forming units (IFU) per milliliter (34).
Chlamydial antigen was prepared by growing MoPn in HeLa cells and purifica-
tion of the EBs over Renografin gradients, followed by inactivation under UV
light for 3 h (6, 12).

Infection protocols. Mice were infected i.v., i.n., p.o., and subcutaneously (s.c.)
with 105 IFU of MoPn per mouse in a volume of 30 ml of phosphate-buffered
saline (PBS) while under phenobarbital anesthesia. To ensure the effectiveness
of each route of infection, mice in different groups were handled identically, at
the same time, and administered equal volumes, equal doses of IFUs, and
identical stocks of MoPn. The course of the infection was monitored by periodic
(every 3 days) cervicovaginal swabbing of individual animals. Chlamydia was
isolated from the swabs in tissue culture according to standard methods, and
inclusions were visualized and enumerated by immunofluorescence (32, 34). The
mice were monitored for 4 to 6 weeks, a time period that spans the course of
MoPn infection in mice (29). Infected mice showed no clinical evidence of overt
pathology other than the shedding of chlamydiae in their genital tracts, suggest-

ing that the inoculum was not lethal for the animals. Experiments were repeated
to give 10 or 12 animals per experimental group.

Cytokines, monoclonal antibodies, and other reagents. Enzyme-linked immu-
nosorbent assay (ELISA) kits for quantitating the amounts of murine cytokines
in biological and culture fluids were purchased from BioSource International,
Camarillo, Calif. Chlamydial isolation from cervicovaginal swabs in tissue culture
was assayed by staining infected monolayers of McCoy cells with fluorescein
isothiocyanate-labeled, genus-specific antichlamydial antibodies (Kallestad Di-
agnostics, Chaska, Minn.) to detect chlamydial inclusions by direct immunoflu-
orescence (34).

Preparation of T cells from the genital tracts of infected mice and assessment
of amount of IFN-g secreted into culture supernatants. Immune T cells were
prepared from the genital tract tissues of infected mice by the collagenase
digestion method as previously described (15, 17). Briefly, at the indicated time
after infection, 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 and placed in sterile HEPES-buffered RPMI 1640 culture medium (At-
lanta Biologicals, Norcross, Ga.). Explants were transferred to 7 ml of filter-
sterilized type I collagenase (0.6 mg/ml; Atlanta Biologicals). The tissues were
minced with surgical scalpel blades, incubated at 37°C for 45 to 60 min, then
teased with forceps, and passed through a cell strainer. Following washing, the
cells were enriched for T cells by the nylon wool adherence method as previously
described (14, 15). Purified genital tract cells contained at least 97% CD31 cells,
as determined by fluorescence-activated cell sorting analysis.

The level of response of chlamydia-specific ISTLs induced in genital tissues
was assessed by seeding purified T cells into 96-well tissue culture plates (Costar,
Cambridge, Mass.) at 2 3 105 cells per well, in the presence or absence of
UV-inactivated MoPn EBs as antigen. After 5 days of incubation in humidified
incubators at 37°C and 5% CO2, the supernatants were collected and stored at
270°C until assayed for IFN-g content by a quantitative ELISA procedure. It
was previously shown that IFN-g derived from culture by this procedure pos-
sesses biological activity as determined by the ability of IFN-g-containing super-
natants to protect L929 cells from infection by encephalomyocarditis virus (14).

The amounts of IFN-g contained in supernatants derived from culture-stim-
ulated cells and controls were measured by using a commercial ELISA kit (Cyto-
screen immunoassay kit; BioSource) according to the supplier’s instructions. The
concentration of the cytokine in each sample was obtained by extrapolation from
a standard calibration curve generated simultaneously. Data were calculated as
the mean values (6 standard deviation) of triplicate cultures for each experi-
ment. The results were derived from at least three independent experiments.

Quantitation of chlamydia-specific secretory IgA and IgG2a in vaginal washes.
Vaginal washes were performed at different times after challenge of preinfected
mice with 250 ml of PBS as previously described (32) and stored at 270°C until
assayed. The levels of secretory IgA and IgG2a antibodies in vaginal washes were
measured by a modified standard ELISA procedure as previously described (26,
27). Briefly, Maxisorb 96-well plates (Costar) were coated overnight with MoPn
EBs (10 mg/ml) in 100 ml of PBS at 4°C. For generating a standard calibration
curve, wells were similarly coated in triplicate with IgA or IgG2a standard (0.0,
12.5, 25, 50, 100, 250, 500, and 1,000 ng/ml). The plates were washed with PBS
containing 0.05% Tween 20 and blocked with 1% bovine serum albumin–5%
goat serum in PBS for 1 h at room temperature. After washing, 50 ml of twofold
serially diluted vaginal washes was added to wells containing EBs and incubated
for 2 h at room temperature. Control wells contained the buffer used for vaginal
washing. Another washing step was followed by addition of 100 ml of horseradish
peroxidase-conjugated goat anti-mouse IgA or IgG2a for 1 h at room tempera-
ture. A final washing step was followed by the addition to each well of 200 ml of
substrate (o-phenylenediamine), incubation in the dark for 30 min, and addition
of 50 ml of H2SO4 to stop the reaction. The absorbance associated with color
development was measured at 492-nm wavelength in a Microplate Autoreader
spectrophotometer (Bio-tex Instruments, Inc., Winooski, Vt.). Results represent
the mean of triplicate wells for each set of samples obtained from different
experiments.

Statistical analysis. The levels of IFN-g, IgA, and IgG2a 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 judged at
P , 0.05.

RESULTS

Induction of ISTLs after primary i.v., i.n., p.o., or s.c. infec-
tion. Initially, to test our hypothesis regarding the relationship
between local genital tract ISTLs and immunity, we investi-
gated the kinetics of recruitment of chlamydia-specific ISTLs
into the genital mucosa following i.v., i.n., p.o., and s.c. inoc-
ulation of MoPn into BALB/c female mice. As presented in
Table 1, i.v. and i.n. infection resulted in high levels of ISTLs
in the genital mucosae of mice by 7 days postinfection (225.50
[i.v.] and 203.58 [i.n.] pg/ml). IFN-g secretion by ISTLs peaked
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by 14 days after i.v. infection and 7 days after i.n. infection. On
the other hand, no significant IFN-g was measured in cultures
containing T cells derived from the genital tract tissues of mice
infected p.o. or s.c. throughout the 4 weeks of the studies
(Table 1). Similarly, genital T cells from uninfected mice or
from infected mice that were not restimulated with chlamydial
antigen, stimulated with an irrelevant antigen (bovine serum
albumin) or HeLa cell cultures that were not infected with
MoPn, did not secrete detectable IFN-g in response to chla-
mydial antigen (data not shown). The results suggested that i.v.
and i.n. immunization represent two mucosal routes of inocu-
lation that result in induction of ISTLs into the genital mucosa
site, and immunization via these routes is likely to support the
induction of protective immunity against genital chlamydial
infection.

Course of chlamydial genital disease in mice preinfected by
the i.v., i.n., p.o., or s.c. route. To directly test the hypothesis
that the route of infection that fosters recruitment of ISTLs
into the genital tract is likely to produce local immunity against
chlamydial genital infection, mice were exposed to MoPn by
the i.v., i.n., p.o., or s.c. route and then challenged i.v. 70 days
postinfection. It was previously demonstrated that animals be-
come susceptible to reinfection by this time after a primary
genital chlamydial infection (29). The course of the infection
was followed by isolation of live MoPn from cervicovaginal
swabs as described in Materials and Methods. Figure 1 shows
that the i.n.-preinfected group suffered attenuated genital dis-
ease upon challenge, with at least 1-log-lower chlamydial bur-
den (IFU/milliliter) than the control group by day 3, and the
infection was essentially resolved by day 6 postchallenge. Com-
pared to the i.n.-preinfected group, the i.v.-preinfected mice
suffered a higher chlamydial burden that resolved by day 12
postchallenge. However, p.o.- and s.c.-preinfected mice exhib-
ited a course of challenged infection essentially indistinguish-
able from that in control (naive) mice. The results indicated
that i.n. immunization is superior to i.v., p.o., or s.c. immuni-
zation for the induction of long-term genital immunity against
Chlamydia in mice.

Induction of ISTLs after vaginal challenge. It might be in-
ferred that the ability to induce genital mucosal ISTLs after i.n.
infection was responsible for the attenuated genital infection in
the protected mice. However, it was important to experimen-
tally demonstrate that the efficacy of i.n. preinfection in pro-
tecting mice from prolonged disease after a challenged infec-
tion is directly related to the relative capacity to foster the
rapid recruitment of ISTLs into the genital mucosae. This is
because the presence of ISTLs in the genital tract appeared to
have waned with time after exposure (Table 1), and it is not
clear whether long-term memory was preserved in NALT or

other mucosal inductive site after i.n. infection. To investigate
whether i.v. challenge could stimulate the rapid recruitment of
ISTLs into the genital mucosae after previous i.n. exposure, we
studied the detailed kinetics of ISTL induction into the genital
mucosae after challenge. Mice preinfected by the i.v., i.n., p.o.,
or s.c. route were challenged on day 70; 24, 48, 72, 144, 288,
and 360 h postchallenge, the levels of IFN-g secretion by ISTLs
in the genital tract tissues were assessed as previously de-
scribed. Table 2 reveals that within 24 h of challenge of the
i.n.-preinfected group, significant ISTLs were present in the
genital tract of each mouse. Within the first 6 days postchal-
lenge, there was two- to fourfold-higher intensity of ISTLs (as-
sessed by IFN-g secretion) in the i.n.-preinfected group than in
the i.v.-preinfected group. The p.o.- and s.c.-preinfected groups
exhibited ISTL profiles similar to those mice that received
primary genital infection of MoPn (compare Tables 1 and 2).
The results indicated that the attenuated genital chlamydial
disease in i.n.-preinfected mice may be due to the rapid re-
cruitment of ISTLs into the genital tract after challenge.

Induction of chlamydia-specific secretory IgA and IgG2a
after challenge. Previous studies have indicated that secretory

TABLE 1. IFN-g secreted by MoPn-specific T cells from the
genital tracts of BALB/c mice infected with

MoPn by different routes

Day
postinfection

Mean IFN-g concn (pg/ml) 6 SEMa

i.v. i.n.

7 225.50 6 12.1 203.58 6 68.1
14 330.70 6 92.1 121.90 6 9.3
21 235.80 6 6.4 9.10 6 9.8
28 25.64 6 5.4 4.56 6 1.20

a Nylon wool-purified genital T cells were isolated at the indicated time points
from mice infected by different routes. The cells were stimulated with chlamydial
antigen for 5 days, and the amounts of IFN-g in the culture supernatants were
measured by ELISA as described in Materials and Methods. No IFN-g was
detected in samples from p.o.- and s.c.-immunized mice.

FIG. 1. Course of chlamydial genital disease in mice preinfected by various
routes. Female BALB/c mice were infected with MoPn by the indicated routes
and challenged i.v. 70 days later. The course of the infection was monitored by
periodic (every 3 days) cervicovaginal swabbing of individual animals. Chlamydia
was isolated from the swabs in tissue culture according to standard methods, and
inclusions were visualized and enumerated by immunofluorescence (32, 34).
Experiments were repeated two times to obtain data for 10 or 12 animals per
group.

TABLE 2. IFN-g secreted by MoPn-specific T cells from genital
tracts of BALB/c mice preinfected with MoPn by

different routes and then challenged i.v.

Time (h)
postchal-

lenge

Mean IFN-g concn (pg/ml) 6 SEMa

p.o. i.v. i.n. s.c.

24 0.0 6 0.0 25.50 6 6.2 88.50 6 6.1 0.0 6 0.0
48 6.0 6 2.0 50.20 6 18.1 160.21 6 9.3 2.0 6 0.40
72 14.0 6 2.0 89.80 6 16.4 364.12 6 58.8 10.0 6 2.0

144 196.0 6 23.0 125.64 6 25.4 256.6 6 18.20 26.0 6 3.0
288 140.0 6 20.6 288.74 6 22.0 240.46 6 26.0 134.0 6 21.6
360 196.0 6 23.0 322.24 6 32.0 202.24 6 42.5 296.0 6 15.0

a Nylon wool-purified genital T cells were isolated at the indicated time points
from mice infected by different routes. The cells were stimulated with chlamydial
antigen for 5 days, and the amounts of IFN-g in the culture supernatants were
measured by ELISA as described in Materials and Methods.
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IgA and IgG have protective roles during genital chlamydial
infection (2–4, 21, 35, 38), although a recent report showed
that vaginal secretory IgA could not protect IFN-g receptor
knockout mice from overwhelming genital chlamydial disease
(16). To investigate the levels of chlamydia-specific IgA and
IgG2a induced into the genital tract after challenge of mice
previously exposed to MoPn, the vaginal washes were assayed
by a quantitative chlamydia-specific ELISA procedure as pre-
viously described (26, 27). IgG2a was measured because of its
association with T-cell responses mediated by Th1 cells (42),
which is relevant to chlamydial immunity. Table 3 shows that
i.n.- and i.v.-preinfected groups had comparable levels of
MoPn-specific IgA in their vaginal washes during the first 3
weeks following the challenge infection (i.e., 4.68, 16.20, and
19.84 [i.n.] and 5.4, 15.32, and 14.80 [i.v.] ng/ml by days 7, 14,
and 21 postchallenge, respectively). However, the levels of IgA
in the p.o.- and s.c.-preinfected groups were significantly lower
during the same time points (i.e., 3.34, 2.58, and 2.29 [p.o.] and
0.6, 0.94, and 7.08 [s.c.] ng/ml by days 7, 14, and 21 postchal-
lenge, respectively) (P . 0.001). On the other hand, whereas
there was no significant difference between the levels of IgG2a
in the genital washes from the i.v.- and p.o.-preinfected groups
during the first 2 weeks following challenge (i.e., 5.96 and 6.80
[i.v.] and 6.85 and 6.24 [p.o.] ng/ml by days 7 and 14 postchal-
lenge, respectively) (P . 0.340), the levels of IgG2a in the
genital washes from the i.n.-preinfected group were four- to
sixfold higher than for any of the other groups during the same
period (Table 4). The results suggested that immunization
routes leading to the induction of protective immunity against
chlamydial genital infection foster enhanced induction of gen-
ital mucosal CMI effectors (e.g., IFN-g), the CMI-associated
humoral effector, IgG2a, and to a limited extent secretory IgA.

DISCUSSION

The requirements for developing an effective vaccine against
chlamydial genital disease include the identification of the ap-
propriate antigen(s) that elicits long-term protective immunity
and the selection of a suitable route for vaccine delivery. Al-
though the mucosal route of immunization is likely to foster
the induction of appropriate immune effectors against genitally
acquired infectious diseases such as chlamydial infection, the
concept of compartmentalization within the common mucosal
immune system (25, 51) imposes limitation on the number of
mucosal inductive sites available for immunizing against dif-
ferent infections. It is therefore necessary to examine the dif-
ferent delivery routes available to determine the route that
would promote the induction of effective immune effectors to

a desired mucosal site. In this respect, it has become estab-
lished by studies using experimental animal models of genital
chlamydial disease that CMI, usually involving IFN-g secre-
tion, is crucial for chlamydial control (5, 8, 13, 14, 16, 18, 29, 30,
33, 34, 36, 37, 41, 44, 45, 49, 52). Additional studies have
revealed that the resistance of experimental animals to genital
reinfection by Chlamydia was associated with the presence of
relatively high intensity of antigen-specific T lymphocytes in
the genital tract tissue (15). This finding indicated that a po-
tentially effective vaccine against genital chlamydial disease
should elicit critical numbers of ISTLs in the genital mucosae.
The present study attempted to identify the route of chlamyd-
ial inoculation that would foster the induction of relatively high
intensity of chlamydia-specific ISTLs in the genital tracts of
infected animals. The i.n. route of immunization was more ef-
fective at protecting mice from vaginal challenge by Chlamydia
than either the p.o., i.v., or s.c. route. The efficacy of i.n. immu-
nization against Chlamydia is its ability to rapidly induce ISTLs
into the genital mucosae. It was previously reported that i.n.
immunization causes rapid generation of effector lymphocytes
detectable within 2 days (50) and was superior to vaginal, gas-
tric, peritoneal, or rectal immunization for the induction of mu-
cosal anti-human immunodeficiency virus or anti-herpes sim-
plex virus antibody responses (10, 43). Our findings appear to
provide a cellular and molecular immunologic explanation for
previous reports showing that i.n. immunization with live Chla-
mydia or an acellular outer membrane complex preparation
protected mice against genital chlamydial disease (26–28). In
terms of compartmentalization of the common mucosal im-
mune system, it would appear that there is a strong link be-
tween NALT and genital mucosal effector site, as previously
suggested (51).

The relatively reduced capacity of i.v. inoculation to induce
mucosal immune responses may be explained by its lack of an
organized mucosal inductive site (51). However, the failure of
p.o. inoculation may be due to its tendency to promote hu-
moral immune responses (22) that are ineffective against Chla-
mydia (29). Although i.v. immunization was less effective than
i.n. immunization at inducing protective immunity, the former
was more effective than p.o. or s.c. immunization at either in-
ducing ISTLs or protecting mice from prolonged challenge
infection. The ineffectiveness of p.o. immunization in these
studies was not surprising because it has now been established
that chlamydial control in mice is T-cell mediated, requiring
CD41 Th1 cells. These results are therefore in agreement with
findings by others (19, 47) that i.v. administration of antigen
was more effective than p.o. administration for generating local

TABLE 4. Secretory IgG2a in the genital tract after i.v. challenge
of preexposed BALB/c mice with MoPn

Day
postchallenge

Mean IgG2a antibody concn (ng/ml) 6 SEMa

p.o. i.v. i.n. s.c.

7 6.85 6 1.8 5.96 6 0.4 26.00 6 1.9 3.46 6 0.7
14 6.24 6 0.6 6.80 6 0.34 35.53 6 5.6 3.96 6 0.61
21 3.71 6 0.1 7.53 6 1.2 55.28 6 11.4 17.53 6 2.8

a Female BALB/c mice were infected with MoPn by the indicated route and
then challenged i.v. 70 days later. Vaginal washes were performed at different
times after challenge of preinfected mice with 250 ml of PBS as previously
described (32) and stored at 270°C until assayed. The levels of chlamydia-
specific secretory IgG2a antibodies in vaginal washes were measured by a mod-
ified standard ELISA procedure as previously described (26, 27). Results rep-
resent the mean of triplicate wells for each set of samples obtained from different
experiments. Experiments were repeated two times to obtain data for 10 or 12
animals per group.

TABLE 3. Secretory IgA antibodies in the genital tract after
i.v. challenge of preexposed BALB/c mice with MoPn

Day
postchallenge

Mean IgA antibody concn (ng/ml) 6 SEMa

p.o. i.v. i.n. s.c.

7 3.34 6 0.3 5.40 6 0.4 4.68 6 0.2 0.60 6 1.2
14 2.58 6 0.6 15.32 6 1.1 16.20 6 1.2 0.94 6 1.8
21 2.29 6 1.6 14.80 6 1.0 19.84 6 2.6 7.08 6 2.2

a Female BALB/c mice were infected with MoPn by the indicated routes and
then challenged i.v. 70 days later. Vaginal washes were performed at different
times after challenge of preinfected mice with 250 ml of PBS as previously
described (32) and stored at 270°C until assayed. The levels of chlamydia-
specific secretory IgA antibodies in vaginal washes were measured by a standard
ELISA procedure as previously described elsewhere (26, 27). Results represent
the means of triplicate wells for each set of samples obtained from different
experiments. Experiments were repeated two times to obtain data for 10 or 12
animals per group.
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production of specific IgA and IgG in the cervices and vaginas
of women.

Although the secretory IgA levels were comparable between
i.n. and i.v. groups, there was an earlier and greater accumu-
lation of IgG2a in the i.n. group than either the i.v. group or
other groups. The association of IgG2a with T-cell immunity
involving IFN-g (42) and its early appearance at relatively high
levels may suggest that it was involved in the attenuated infec-
tion suffered by i.n.-immunized mice. In addition, since vaginal
secretory IgA could not protect IFN-g receptor knockout mice
from overwhelming genital chlamydial disease (16), these stud-
ies may provide a cellular and molecular basis for the effec-
tiveness of i.n. immunization against genital chlamydial infec-
tion.

The induction of long-term protective immunity is a major
challenge in chlamydial vaccine development. While these
studies and others (26–28) reveal that i.n. immunization can
enhance genital immunity against chlamydial infection, it is
unclear whether the immunity is long lasting. The mucosal
immune response to a vaccine can be affected by many factors,
including the antigen, vector, adjuvant, route of delivery, and
hormones associated with the estrous cycle (for genital muco-
sal response) (31, 48). Of particular importance to chlamydial
genital infection are the factors that regulate the persistence of
immune effectors at the genital mucosal site and so foster
long-term genital mucosal immunity. The natures of such fac-
tors are presently unknown, but they will be important for the
persistence of ISTLs in the genital mucosae and so will poten-
tially regulate the expression and functions of certain adhesion
molecules, including the intercellular adhesion molecules. A
detailed knowledge of these factors is central to achieving
long-term immunity against reinfection by Chlamydia.

Ongoing studies are attempting to clone ISTLs from the
genital tracts of i.n.-infected mice. Such clones may recognize
crucial protective epitopes on chlamydial proteins. The iden-
tification, mapping, and characterization of such protective
epitopes may furnish valuable reagents for designing an exper-
imental vaccine against Chlamydia.
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