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CD41 T-helper type 1 (Th1) responses are essential for the resolution of a primary Chlamydia trachomatis
genital tract infection; however, elements of the immune response that function in resistance to reinfection are
poorly understood. Defining the mechanisms of immune resistance to reinfection is important because the
elements of protective adaptive immunity are distinguished by immunological memory and high-affinity
antigen recognition, both of which are crucial to the development of efficacious vaccines. Using in vivo antibody
depletion of CD41 and CD81 T cells prior to secondary intravaginal challenge, we identified lymphocyte
populations that functioned in resistance to secondary chlamydial infection of the genital tract. Depletion of
either CD41 or CD81 T cells in immune wild-type C57BL/6 mice had a limited effect on resistance to
reinfection. However, depletion of CD41 T cells, but not CD81 T cells, in immune B-cell-deficient mice
profoundly altered the course of secondary infection. CD4-depleted B-cell-deficient mice were unable to resolve
a secondary infection, shed high levels of infectious chlamydiae, and did not resolve the infection until 3 to 4
weeks following the discontinuation of anti-CD4 treatment. These findings substantiated a predominant role
for CD41 T cells in host resistance to chlamydial reinfection of the female genital tract and demonstrated that
CD81 T cells are unnecessary for adaptive immune resistance. More importantly, however, this study estab-
lishes a previously unrecognized but very significant role for B cells in resistance to chlamydial reinfection and
suggests that B cells and CD41 T cells may function synergistically in providing immunity in this model of
chlamydial infection. Whether CD41 T cells and B cells function independently or dependently is unknown, but
definition of those mechanisms is fundamental to understanding optimum protective immunity and to the
development of highly efficacious immunotherapies against chlamydial urogenital infections.

Chlamydia trachomatis is an obligate intracellular bacterial
pathogen that infects primarily ocular and urogenital mucosal
epithelial cells. Over 400 million individuals worldwide are
affected by ocular infection, and an estimated 90 million new
cases of sexually transmitted chlamydial disease occur yearly. A
variety of cellular and humoral immune responses are elicited
following human and experimental animal chlamydial infec-
tions, but the precise roles of those immune responses in the
resolution of chlamydial infection and protection from reinfec-
tion remain obscure.

Cell-mediated immune responses play a dominant role in
the resolution of chlamydial genital tract infection. The use of
adoptive transfer and monoclonal antibody-mediated in vivo
depletion have clearly identified CD41 T cells as a population
of cells required for the resolution of genital tract infection in
experimental models of chlamydial infection (21, 43). The pat-
tern of cytokines produced by polyclonal populations of pro-
tective T cells and protective T-cell clones is consistent with
Th1-type cells (15, 25, 29, 43). Lymphocytes isolated from the
chlamydia-infected genital tract and homogenates of chlamy-
dia-infected genital tract tissue demonstrate the predominance
of Th1-type cytokine and mRNA, respectively (3, 31, 53). Fur-
thermore, anticytokine antibodies that diminish Th2-type re-

sponses are beneficial and those that inhibit Th1-type re-
sponses are more detrimental (28).

Some of the more definitive studies regarding the contribu-
tion of various cell populations and cytokines in resolving a
primary chlamydial infection have been those that have used
specific gene knockout mice. Those genetic deletions that have
a detrimental effect on the ability of the host to resolve a
primary infection include strains of mice that lack major his-
tocompatibility complex (MHC) class II molecules, T-cell re-
ceptor ab (TCRab), or gamma interferon (IFN-g) (8, 24, 28).
Many other strains of gene knockout mice have been used,
including those that affect Th1 and Th2 cytokines and the
development of CD81 cytotoxic T cells (14, 24, 28–30, 32), but
none interfere with the development of protective immunity to
the level of either MHC class II, TCRab, or IFN-g gene
knockout mice.

The importance of MHC class I-restricted cytotoxic CD81 T
cells in protective immunity to chlamydial infection is equivo-
cal because of the discrepancy between the results of in vitro
and in vivo studies. For example, in vitro cytotoxicity of chla-
mydia-infected target cells by CD81 T cells obtained following
both human and experimental animal models of chlamydial
infection has been demonstrated (1, 19, 36, 38–40). The im-
portance of those cells in resolving a chlamydial infection or
protecting against reinfection, however, is much less certain.
Some studies show that immune CD81 T-cell populations are
unable to confer any measurable protection (43), while others
demonstrate a very limited protective effect (13, 40). The pro-
tection conferred by CD81 T cells in vivo has been attributed
to the production of the chlamydia-inhibitory cytokine IFN-g
rather than cytolysis (13, 20). Differences between the in vitro
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studies that demonstrated that CD81 T cells are cytotoxic for
chlamydia-infected cells (1, 19, 20, 36, 39, 40) and in vivo
studies that failed to demonstrate a convincing role for those
cells in protective immunity to chlamydial infection (13, 40, 43)
have not been reconciled.

The role of specific antibody in murine and human chlamyd-
ial infections has evolved from being the focus of immune
protection and vaccine development (2, 11, 26, 44, 47, 57, 58)
to being unimportant or having a very subordinate role in
protective immunity (16, 17, 45). The discovery of neutralizing
monoclonal antibodies to chlamydiae increased interest in the
potential role of antibody in protective immunity (57, 58), but
interest waned when in vivo studies met with limited success (6,
26, 27, 44). Since then, little attention has been given to a
possible role for antibody in protection from chlamydial infec-
tion. Arguments against a protective role for antibodies are
numerous but generally include the following: (i) the obligate
intracellular lifestyle of chlamydiae makes them inaccessible to
antibodies, (ii) vaccines or vaccination regimens that elicit high
titers of antibody are not protective, and (iii) cell-mediated
immunity (CMI) protects. Interest has been recently renewed,
however, with the findings that antibody-deficient animals are
more susceptible to reinfection than antibody-positive animals
(45, 54) and that antibody or B cells may contribute to protec-
tive immunity to other intracellular bacterial infections (5, 9,
10, 22, 52, 56). Moreover, it is known that specific antibody
plays a substantive role in immunity in the guinea pig model of
genital tract infection (33–35).

The use of gene knockout mice, the adoptive transfer of
immune lymphocytes, and the manipulation of mice with spe-
cific antiantibodies (i.e., anti-CD4, -CD8, -cytokine, etc.) prior
to primary infection are approaches currently used to evaluate
the in vivo role of lymphocyte subpopulations in host resistance
to infectious agents (12). All of those approaches have been
used in the study of immunity to primary C. trachomatis infec-
tion and have advanced our understanding of the elements of
the host’s immune response that are needed for the develop-
ment of adaptive immunity to chlamydial genital tract infec-
tion. However, studies that use those in vivo methods to inves-
tigate the contribution of lymphocyte populations to resistance
to reinfection have not been forthcoming. In this study, we
began to decipher the elements of the host immune response
that contribute to adaptive immunity to secondary C. tracho-
matis genital tract infection. Our results suggest that B cells
and CD41 T cells, but not CD81 T cells, are important ele-
ments of resistance to reinfection.

MATERIALS AND METHODS

Mice. Female wild-type C57BL/6 (B6) mice were purchased from the National
Cancer Institute (Bethesda, Md.) and maintained in the Animal Resources
Center at Montana State University. B-cell-deficient (mMT) mice on a B6 ge-
netic background (B6-Igh-6.tm1Cgn) were purchased from Jackson Laborato-
ries (Bar Harbor, Maine) and bred and maintained in the Animal Resources
Center at Montana State University. Female mice 8 to 15 weeks old were used
throughout this study.

Bacterial growth, purification, and enumeration. The mouse pneumonitis
(MoPn) biovar of C. trachomatis was grown in HeLa 229 cells and purified by
discontinuous density gradient centrifugation, and the infectivity titer was deter-
mined on HeLa cell monolayers as previously described (4, 24).

In vivo depletion. Hybridomas secreting monoclonal antibodies used for the in
vivo depletion of T-cell subpopulations were clones GK1.5 (anti-CD4) and 2.43
(anti-CD8). Hybridomas were purchased from the American Type Culture Col-
lection and grown in serum-free medium, and antibodies were concentrated and
purified by ammonium sulfate precipitation. Purified rat immunoglobulin G
(IgG) (Sigma, St. Louis, Mo.) was used as an irrelevant antibody control for in
vivo depletion experiments.

In vivo depletion of CD41 and CD81 T cells was accomplished by injecting
groups of mice intraperitoneally (i.p.) with 0.5 mg of either anti-CD4 or anti-
CD8 monoclonal antibody for 3 consecutive days, followed by injections every
third day, with the final injection being administered at 23 days. Therefore, mice

were injected with antibody on days 50, 51, 52, 55, 58, 61, 64, 67, 70, and 73
post-primary infection. Throughout the course of each experiment, each animal
received a total of 5 mg of antibody. Groups of control mice were injected i.p.
with either 0.5 mg of purified rat Ig or 0.5 ml of phosphate-buffered saline (PBS;
10 mM phosphate, 0.13 M NaCl, pH 7.4) following the same injection schedule.
Depletion of specific lymphocyte subsets was monitored as described below.

Genital tract infection and enumeration of chlamydiae. To evaluate the effect
of the in vivo depletion of T-cell subpopulations on the ability of immune mice
to resist a secondary infectious challenge, immune mice were depleted of either
CD41 or CD81 T cells and rechallenged with infectious chlamydiae and the
course of infection was monitored as previously described (24). The experimental
design described below was used for both B6 and B-cell-deficient mice. Forty
mice (B6 or B-cell-deficient) were injected subcutaneously with 2.5 mg of Depo-
Provera (medroxyprogesterone acetate) 5 days prior to intravaginal inoculation
of 5 3 104 inclusion forming units (IFU) of C. trachomatis, an inoculum equiv-
alent to 100 50% infectious doses (ID50). The course of infection was monitored
in groups of five mice by enumerating the number of IFU recovered from
cervicovaginal swabs using indirect immunofluorescence (24). Fifty days follow-
ing primary infection, a time at which mice had resolved the infection and had
acquired a level of resistance to reinfection (45), four groups of immune mice
consisting of 10 mice each were treated with either anti-CD4, anti-CD8, rat Ig,
or 10 mM PBS (pH 7.2) as described above. Five days prior to a secondary
challenge, mice were treated with Depo-Provera as described above. At 56 days
following the primary infection, mice were rechallenged vaginally with 100 ID50
of C. trachomatis MoPn and the course of this secondary infection was monitored
by enumerating infectious chlamydiae from cervicovaginal swabs (24). Also, at
the time of the secondary infectious challenge, a group of 10 naive mice were
infected; these served as naive control animals for the secondary challenge. Each
group of 10 mice was further divided as follows. Five mice were used to monitor
the course of infection (vaginal cultures), and three and two mice were sacrificed
on days 3 and 7 following the secondary challenge, respectively. Their genital
tracts were removed for immunohistochemical staining (see below), and the
spleens were removed for lymphocyte cultures (see cytokines below) and for
enumeration of T-cell subpopulations.

Immunohistochemistry. Immunohistochemistry was used to monitor in vivo
depletion of lymphocyte subsets (25). Blood, splenocytes, and genital tract tissue
were collected at the indicated times and processed as described below for
immunohistological staining. Thin smears of blood and splenocytes were pre-
pared on Superfrost slides (Fisher Scientific, Santa Clara, Calif.), air dried, fixed
in acetone for 5 min, and then rehydrated in PBS. Genital tracts were removed,
placed in OCT embedding medium (Tissue-Tek, Sakura Finetek, Torrance,
Calif.), and snap frozen in dry-ice-cooled 2-methylbutane. Cryostat sections, 5
mm thick, were placed onto Superfrost slides, air dried, fixed in acetone for 5 min
at room temperature, and then rehydrated in PBS. Slides containing blood
smears, splenocytes, or genital tract tissue were subsequently processed and
stained at room temperature as follows. Endogenous peroxidase activity was
blocked by incubating the tissues in Peroxo-Block (Zymed Laboratories, San
Francisco, Calif.) for 40 s. Slides were washed in PBS for 5 min and blocked with
avidin-biotin containing 5% normal goat serum (Vector Laboratories, Burlin-
game, Calif.) following the manufacturer’s protocol. Following a 5-min rinse with
PBS, slides were incubated for 1 h with anti-CD4 (clone RM4-5), anti-CD8
(clone 53-6.7), or control (rat IgG2a, clone R35-95) monoclonal antibodies
(Pharmingen, San Diego, Calif.) diluted 1/500 in Hank balanced salt solution
containing 1% normal goat serum, corresponding to the species from which the
secondary antibody was derived. Slides were rinsed in PBS for 5 min and then
incubated for 30 min with biotinylated goat anti-rat IgG secondary antibody
diluted in Hanks balanced salt solution with 1% normal goat serum. Slides were
rinsed with PBS, incubated with Vectastain ABC complex (Vector Laboratories)
for 30 min, and washed with PBS, and color was developed by adding 3,39-
diaminobenzidine (Vector Laboratories) substrate. Sections were then counter-
stained with hematoxylin, rinsed with distilled water, cleared with xylene, and
mounted with Permount (Fisher Scientific).

Cytokine production by immune splenocytes. Chlamydia-specific cytokine re-
sponses of splenocyte cultures were assayed as previously described (46). Briefly,
107 splenocytes, pooled from two or three mice, were mixed with 4 3 107

heat-killed (56°C, 30 min) MoPn elementary bodies (EBs) at 37°C for 90 min and
then added to 24-well tissue culture plates and incubated for 72 h at 37°C.
Supernatants were then collected and analyzed by enzyme-linked immunosor-
bent assay (OptEIA; Pharmingen) for interleukin-4 (IL-4), IL-10, IL-12, and
IFN-g following the manufacturer’s instructions.

Statistical analysis. Student’s t test of log-transformed data was used to ana-
lyze differences between IFU counts of control and experimental groups and to
determine differences between cytokine responses.

RESULTS

Duration of in vivo depletion. To evaluate the importance of
immune CD41 and CD81 T cells in resistance to secondary
chlamydial infection, it would be necessary to maintain the
depletion of T-cell subsets for the duration of a typical infec-
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tion (3 to 4 weeks). To determine the extent and duration of
depletion following our treatment schedule, four groups of
three mice each were treated with either anti-CD4, anti-CD8,
rat Ig, or PBS as described in Materials and Methods. At
weekly intervals, mice were bled and the percentages of CD41

and CD81 T cells were determined by immunoperoxidase
staining (Table 1). Mice treated with anti-CD4 antibody were
depleted of peripheral blood CD41 T cells throughout the
duration of the antibody treatment (23 days), and the level of
CD41 T cells in peripheral blood did not return to normal until
;2 to 3 weeks following the final injection. Similarly, anti-CD8
treatment effectively eliminated CD81 T cells from the periph-
eral blood throughout the duration of antibody treatment but
CD81 T-cell levels remained diminished even at 36 days fol-
lowing the last injection. Mice treated with either rat Ig or PBS
consistently had normal levels of CD41 and CD81 T cells (19
and 12%, respectively) in the peripheral blood. Thus, using the
schedule of antibody injections described, we could effectively
maintain depletion of CD41 and CD81 T-cell subsets for at
least 4 to 5 weeks.

Secondary chlamydial genital tract infection in CD4-de-
pleted or CD8-depleted wild-type B6 mice. Previous studies
have shown that adaptive immunity to chlamydial genital tract
infection develops in B6 mice following the resolution of pri-
mary infection and that CD41 T cells and Th1-type cytokines
are important in that response (28, 46). The protective re-
sponse is characterized by a .4- to 5-log10 reduction in chla-
mydial shedding and an infection of much shortened duration
(24, 45). To begin to identify the cell populations involved in
host immunity to reinfection, we analyzed the effect of elimi-
nating subpopulations of immune CD41 and CD81 T cells on
the outcome of a secondary chlamydial infection (Fig. 1). Gen-
ital tract inoculation of naive B6 mice with C. trachomatis
MoPn resulted in a self-limiting infection that resolved by
approximately 4 weeks. Following resolution of the primary
infection, a significant level of protective immunity to a sec-
ondary infection developed, as shown by decreased shedding of
chlamydiae (.5 log10) and an infection of much shorter dura-
tion (Fig. 1, PBS treated). Treatment of immune mice with
either rat Ig or anti-CD8 antibody had a minimal effect on the
resolution of a secondary infection. Secondary infections of
both rat Ig- and anti-CD8-treated groups of immune mice
resolved by 10 to 14 days postchallenge and were characterized
by the shedding of 3.5 to 4 log10 fewer chlamydiae at all of the
times analyzed. The depletion of CD41 T cells had a limited
effect on protective immunity. A secondary challenge of CD4-
depleted immune mice produced an infection that took longer
to resolve than a secondary infection in other treatment
groups. However, most of the anti-CD4-treated mice resolved
the secondary infection by 2 weeks postchallenge (only one of
five mice remained culture positive for .2 weeks). CD4-de-

pleted infected mice shed higher numbers of chlamydiae than
other treatment groups but significantly fewer organisms than
noted during primary infection (.2 log10 fewer). Both CD4-
depleted and CD8-depleted groups of mice resolved the infec-
tion despite continued depletion of the CD41 and CD81 T-cell
subpopulations, respectively (Table 1). Thus, depletion of
CD41, but not CD81, immune T cells affects the course of a
secondary infection but does not compromise the ability of
animals to resolve a secondary infection.

Secondary chlamydial genital tract infection in CD4-de-
pleted or CD8-depleted B-cell-deficient mice. B6 mice resolved
their infections despite depletion of CD41 or CD81 T cells.
We reasoned that immune B cells may have contributed to the
protection of T-cell-depleted animals. To assess the contribu-
tion of B cells to immunity to reinfection, the course of a
secondary genital tract infection was evaluated in CD41 T-cell-
depleted or CD81 T-cell-depleted B-cell-deficient mice. Pri-
mary chlamydial genital tract infection of B-cell-deficient mice
resulted in a self-limiting infection that resolved within 5 weeks
(Fig. 2), and the level of chlamydial shedding was not signifi-

FIG. 1. Effect of anti-CD4 or anti-CD8 treatment on the resolution of sec-
ondary C. trachomatis genital tract infection of wild-type B6 mice. Mice were
infected vaginally with 100 ID50 of C. trachomatis, and the course of the primary
infection was monitored. Following resolution of the primary infection, immune
mice were divided into four groups of five mice each and treated with either
anti-CD4, anti-CD8, rat Ig, or PBS as described in Materials and Methods.
Treated mice were challenged vaginally with 100 ID50 of C. trachomatis on day
56 following primary infection, and the infection was monitored by swabbing the
vaginal vault and enumerating IFU on HeLa cell monolayers. Data are presented
as log10 IFU and represent the mean 6 the standard error of the mean of
triplicate determinations of five mice. P , 0.05 for anti-CD4-, anti-CD8-, rat Ig-,
and PBS-treated mice compared to primary infection of mice at days 3, 7, 10, and
14 post infectious challenge.

TABLE 1. Maintenance of lymphocyte subpopulation depletion in noninfected B6 micea

In vivo
treatmentc

% Positive staining cells at indicated day following initiation of antibody treatmentb

0 7 14 21 28 35 42 59

CD4 CD8 CD4 CD8 CD4 CD8 CD4 CD8 CD4 CD8 CD4 CD8 CD4 CD8 CD4 CD8

Anti-CD4 16 11 2 18 1 18 0 16 0 16 5 19 10 21 15 16
Anti-CD8 20 12 20 1 22 1 25 0 22 1 22 1 30 4 25 9

a Groups of mice were treated i.p. with either anti-CD4 or anti-CD8 on days 0, 1, 2, 5, 8, 11, 14, 17, 20, and 23. At the indicated days, blood smears were prepared
and lymphocyte subpopulations were enumerated by immunoperoxidase staining. Details of the experimental protocols are provided in Materials and Methods.

b Data are presented as the mean percentage of either CD41 or CD81 T cells from three mice per treatment group.
c Groups of mice were also treated with either buffer or rat Ig. The proportions of CD41 and CD81 T cells in those mice did not change appreciably and remained

at approximately 19 and 12%, respectively.
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cantly different from that of wild-type B6 mice (Fig. 1). As
noted previously (45), B-cell-deficient mice were more suscep-
tible to reinfection (Fig. 2, PBS treated) than wild-type B6
mice (Fig. 1, PBS treated). However, B-cell-deficient mice
developed a level of protective immunity following primary
infection, as indicated by the shortened duration of the sec-
ondary infection. Depletion of CD81 T cells in immune B-cell-
deficient mice had no significant effect on the course of a
secondary infection (Fig. 2), whereas depletion of CD41 T
cells resulted in a much prolonged course of a secondary in-
fection that did not resolve until 4 weeks following the discon-
tinuation of anti-CD4 treatment (Fig. 2, anti-CD4 treated).
CD4-depleted immune B-cell-deficient mice continued to shed
high numbers of chlamydiae (;106 IFU) throughout anti-CD4
treatment and for 3 weeks after discontinuation of antibody
treatment. Resolution of the infection in those mice coincided
with the return of CD41 T cells (Table 1). The shedding of

such high numbers of chlamydiae during the duration of anti-
CD4 treatment was very reminiscent of the type of infection
that is seen in MHC class II and TCRab strains of gene
knockout mice (24, 28). Our results argue that immune B cells
and CD41 T cells, functioning dependently or independently,
play important roles in adaptive immunity to chlamydial gen-
ital tract infection and that immune CD81 T cells are incon-
sequential.

In vivo depletion of T-cell subpopulations in chlamydia-
infected wild-type B6 mice and B-cell-deficient mice. We dem-
onstrated that peripheral blood CD41 and CD81 T-cell pop-
ulations could be depleted for at least 4 weeks in naive,
noninfected mice (Table 1). However, because CD4-depleted
and CD8-depleted B6 mice and CD8-depleted B-cell-deficient
mice resolved a secondary chlamydial genital tract infection, it
was necessary to confirm that those groups of mice resolved
the infection in the absence of the indicated cell population. To
confirm the depletion of CD41 and CD81 T cells, peripheral
blood, splenocytes, and genital tract tissue taken from groups
of mice at various times following a secondary infectious chal-
lenge were analyzed. Analysis of peripheral blood and spleno-
cyte cell populations from B6 and B-cell-deficient mice follow-
ing a secondary infection demonstrated effective depletion of
CD41 and CD81 T cells (Table 2). In addition, during the
course of a secondary infection, genital tract tissue from groups
of anti-CD4-, anti-CD8-, or PBS-treated mice were analyzed
by immunohistochemistry for CD41 and CD81 T cells. Anti-
CD4 and anti-CD8 treatment of B6 and B-cell-deficient mice
during a secondary infection effectively depleted genital tract
tissue of CD41 and CD81 T cells, respectively (Fig. 3 and 4).
CD41 T cells and CD81 T cells were found scattered through-
out the mucosal epithelium and submucosa of PBS-treated
mice, and CD41 T cells tended to form perivascular clusters.
CD41 T cells were not observed in genital tract tissue of
anti-CD4-treated mice, and only a rare CD81 T cell was ob-
served in genital tract tissue of anti-CD8-treated B6 mice (Fig.
3). A similar pattern of localization and depletion of CD41 and
CD81 T cells was found in B-cell-deficient mice (Fig. 4).
Therefore, the resolution of a secondary infection in either
anti-CD4-treated or anti-CD8-treated B6 mice or in anti-CD8-
treated B-cell-deficient mice was not attributable to ineffective
depletion of specific cell populations.

Perturbations in the splenic cytokine response of CD4- or
CD8-depleted B6 and B-cell-deficient mice. Cytokines have
been shown to play an important role in the development of
adaptive immunity to chlamydial genital tract infection (8, 28).
To identify changes in the chlamydia-specific cytokine re-

FIG. 2. Effect of anti-CD4 or anti-CD8 treatment on the resolution of a
secondary C. trachomatis genital tract infection of B-cell-deficient mice. Mice
were infected vaginally with 100 ID50 of C. trachomatis, and the course of the
primary infection was monitored. Following resolution of the primary infection,
immune mice were divided into four groups of five mice each and treated with
either anti-CD4, anti-CD8, rat Ig, or PBS as described in Materials and Methods.
Treated mice were challenged vaginally with 100 ID50 of C. trachomatis on day
56, and the infection was monitored by swabbing the vaginal vault and enumer-
ating IFU on HeLa cell monolayers. Data are presented as log10 IFU and
represent the mean 6 the standard error of the mean of triplicate determinations
of five mice. P , 0.05 for anti-CD8-, rat Ig-, and PBS-treated mice compared to
primary infection of mice at days 3, 7, 10, 14, and 21 days post infectious
challenge. P , 0.05 for anti-CD4-treated mice compared to primary infection of
mice at days 3, 14, 21, 28, 35, and 42 post infectious challenge.

TABLE 2. In vivo depletion of T-cell subpopulations in C. trachomatis-infected B6 and B-cell deficient micea

In vivo
treatmentb

B6 mice B-cell-deficient mice

Day 3 Day 7 Day 3 Day 7

Blood Spleen Blood Spleen Blood Spleen Blood Spleen

CD4 CD8 CD4 CD8 CD4 CD8 CD4 CD8 CD4 CD8 CD4 CD8 CD4 CD8 CD4 CD8

Anti-CD4 0 15 0 17 0 19 0 15 1 32 0 30 2 22 0 41
Anti-CD8 30 1 27 0 27 2 25 0 60 0 50 0 55 0 48 1

a Groups of B6 and B-cell-deficient mice that had resolved a primary C. trachomatis genital tract infection were injected i.p. with either anti-CD4 or anti-CD8 antibody
as described in Materials and Methods. Mice were administered a secondary infectious challenge on day 56 post primary infection. Anti-CD4 or anti-CD8 antibody
was administered on days 50, 51, 52, 55, 58, 61, 64, 67, 70, and 73. Mean percentages of cells that stained positively for CD4 or CD8 in the peripheral blood and in
the splenocyte population of antibody-treated mice at 3 and 7 days post secondary infectious challenge are shown (three mice per determination).

b Treatment of B6 or B-cell-deficient mice with buffer or rat Ig did not affect the distribution of CD41 or CD81 T cells in the peripheral blood or splenocyte
population. The proportions of CD41 and CD81 T cells in the peripheral blood and spleens of infected B6 mice treated with either buffer or rat Ig were approximately
30 and 18%, respectively. For infected B-cell-deficient mice, the percentages of CD41 and CD81 T cells were approximately 42 and 35%, respectively.
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sponse of immune mice depleted of either CD41 or CD81 T
cells, splenic lymphocytes were cultured in the presence of
heat-killed chlamydiae and specific cytokine production was
evaluated by analyzing culture supernatants by enzyme-linked
immunosorbent assay (Fig. 5). Compared to splenocytes from
PBS-treated B6 mice, splenocytes from rat Ig-treated mice
produced increased amounts of IFN-g and IL-4 and decreased
amounts of IL-10. Anti-CD4 treatment diminished the IFN-g
and IL-10 responses but not the IL-4 response. Anti-CD8
treatment resulted in increased production of IFN-g, IL-4, and
IL-10. Splenocytes from PBS-treated, immune, B-cell-deficient
mice produced very high levels of IL-4, and treatment with
anti-CD4 nearly abolished the IL-4 response and anti-CD8
treatment reduced the response. Anti-CD4 treatment of B-
cell-deficient mice diminished the IL-10 response, whereas
anti-CD8 was minimally enhancing. Splenocytes from PBS-
treated B-cell-deficient mice produced less IFN-g than did
those of B6 mice, and IFN-g production was only minimally
affected by anti-CD4 or anti-CD8 treatment. IL-12 was not
detected in any of the lymphocyte cultures (data not shown).
This analysis demonstrates alterations in the in vitro cytokine
response of treated animals, but it does not specifically address
the importance of those alterations in adaptive immunity. Ad-
ditional studies are necessary to determine if the alterations in
the cytokine responses merely reflect the in vivo depletion of
specific cell populations or whether the alterations contribute
directly to the observed changes in adaptive immunity.

DISCUSSION

Gene knockout mice have proven valuable in the identifica-
tion of immunological mediators and cellular responses nec-
essary for the development of protective immunity to chlamyd-
ial infection in naive mice (8, 14, 16, 24, 28–30, 32). An equally
important but as yet unanswered question regarding protective
immunity to chlamydial infection is the contribution of specific
cell populations and immunological mediators in adaptive im-
mune resistance to a secondary infectious challenge. Animal
models clearly establish that marked resistance to reinfection
develops following the resolution of a primary infection (24,
45). Since vaccination is a reasonable approach for the pre-
vention of chlamydial urogenital infections, it is of fundamen-
tal importance that the cellular and humoral mediators of
acquired resistance to reinfection be identified. In this study,
we addressed the role of T cells and B cells in resistance to a
secondary infection by manipulating the immune response of
wild-type and B-cell gene knockout mice prior to a secondary
infectious challenge. Our data further substantiate the promi-
nent role of CD41 T cells in protective immunity to chlamydial
genital tract infection by extending their importance to include
acquired immune resistance to reinfection. Furthermore, we
document a previously unappreciated role for B cells in immu-
nity to reinfection and convincingly demonstrate that immune
CD81 T cells are inconsequential for protective immunity to
secondary infection.

FIG. 3. Tissue depletion of CD41 and CD81 T cells following secondary infectious challenge of antibody-treated wild-type B6 mice. Seven days following a
secondary C. trachomatis infection, mice were sacrificed and their genital tracts were removed and processed for immunohistochemical analysis. In vivo treatment: PBS
(A to C), anti-CD4 (D to F), and anti-CD8 (G to I). In vitro immunohistochemical staining: anti-CD4 (A, D, and G), anti-CD8 (B, E, and H), and control rat Ig (C,
F, and I). Representative tissues from two or three mice are shown. Tissues harvested at 3 days post secondary infectious challenge showed a similar staining pattern.
Original magnification, 3300.
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Previous studies of chlamydial infections in humans and
mice provide evidence that specific antibody or B cells confer
a level of protective immunity to chlamydial infection, but that
general conclusion is arguable because the data are indirect or
only demonstrate a subordinate role for antibody (2, 6, 17, 27,
45, 57). Those studies invariably documented only a limited
protective effect of antibody in vivo; therefore, we reasoned
that the dominant protective CD41 T-cell response possibly
masked the detection of a protective humoral response. To
address that premise, we eliminated CD41 T cells in immune
wild-type B6 and B-cell-deficient mice and assessed immunity
to reinfection. We clearly demonstrate that B cells and/or
antibodies are important constituents of the adaptive immune
response to chlamydial urogenital infection (Fig. 1 and 2).

Arguments against a protective role for antibodies are nu-
merous but generally include the following: (i) the obligate
intracellular lifestyle of chlamydiae renders them inaccessible
to antibodies, (ii) vaccination regimens eliciting high titers of
antibody are not protective, and (iii) CMI confers protection.
Several recent studies have renewed interest in evaluating the
contribution of antibodies and B cells to immunity to intracel-
lular microbial pathogens. Antibody imparts a level of protec-
tive immunity to intracellular cryptococcal infection (5) and to
infection by the intracellular bacterial pathogen Mycobacte-
rium tuberculosis (52). Although the mechanism by which an-
tibody augmented immunity to M. tuberculosis was not defined,

increased protection was thought to result from antibody en-
hancement of CMI. B cells have also been implicated in im-
munity to the intracellular bacterial pathogens Francisella tu-
larensis (10) and Salmonella typhimurium (23). Other studies
did not directly implicated B cells in the effector immune
response to intracellular bacterial pathogens but instead sug-
gested that B cells are important for priming protective T-cell
responses (22, 56).

We previously assessed the role of Th cells in the immune
response to chlamydial genital tract infection (24). We noted
that after primary chlamydial genital tract infection, mice de-
ficient in the CD4 cell surface molecule (CD4 gene knockout
mice) resolved the infection more slowly than wild-type B6
mice. The production of both serum and mucosal antichlamyd-
ial IgA antibodies, but not IgG antibodies, was delayed in
CD4-deficient mice. The delay in resolution of the primary
infection coincided with delayed production of mucosal anti-
chlamydial IgA antibodies. We concluded that a correlation
exists between mucosal antichlamydial IgA antibodies and res-
olution of infection. In our current study, we demonstrated
that B cells or antibody played a critical role in adaptive im-
munity to chlamydial genital tract infection. The mechanism(s)
by which antibody or B cells contributed to adaptive immunity
in murine genital tract infection is not understood, but our past
and current experimental results have renewed interest in and

FIG. 4. Tissue depletion of CD41 and CD81 T cells following secondary infectious challenge of antibody-treated, B-cell-deficient mice. Seven days following
secondary C. trachomatis infection, mice were sacrificed and their genital tracts were removed and processed for immunohistochemical analysis. In vivo treatment: PBS
(A to C), anti-CD4 (D to F), and anti-CD8 (G to I). In vitro immunohistochemical staining: anti-CD4 (A, D, and G), anti-CD8 (B, E, and H), and control rat Ig (C,
F, and I). Representative tissues from two or three mice are shown. Tissues harvested at 3 days post secondary infectious challenge showed a similar staining pattern.
Original magnification, 3300.
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lend support to continued investigations of the interaction of
B-cell immunity and CMI.

A reasonable inference from our data is that B cells and
CD41 T cells function synergistically in the protective immune
response to chlamydial infection. Although our data do not
address a specific mechanism, (i) recognition of chlamydial
antigen on the infected-cell surface by a specific antibody and
subsequent lysis of the infected cell by an antibody-dependent
cellular cytotoxicity (ADCC) mechanism and (ii) arming of an
immune cell population with a specific antibody which subse-
quently inactivates chlamydial EBs are two possible mecha-
nisms. There exists no precedent that those mechanisms func-
tion in immunity to chlamydial infection. However, several
laboratories have demonstrated cell surface localization of
chlamydial antigens (18, 37, 42, 55), thus establishing the pre-
cedent that chlamydial antigen or a form of antigen may be
expressed on the surface of infected cells and accessible to
immune mechanisms. ADCC-type immune mechanisms have
been shown to function in host immunity to other intracellular
bacterial pathogens. For example, in a series of studies, Tag-
liabue et al. addressed the role of secretory IgA-dependent
cellular cytotoxicity as an immune mechanism that killed the
facultative intracellular pathogens Shigella sp. and Salmonella
sp. (48–51). Both Salmonella and Shigella spp. were inhibited
by an ADCC-type mechanism, which was dependent on CD41

T cells and specific IgA antibodies. Because chlamydial infec-
tion is mucosal and generates both antichlamydial IgA and
immunoprotective CD41 T cells (24), it may be that protective
immunity to chlamydial infection is mediated by a similar
ADCC mechanism.

The function of CD81 cytotoxic T lymphocytes (CTLs) in
protective immunity to chlamydial infection is controversial.
That controversy arises from in vivo data that fail to show a
convincing protective role for CTLs (13, 24, 40, 43) and in vitro
data which consistently document CTL cytotoxicity against
chlamydia-infected targets (1, 19, 20, 36, 39, 40). The in vivo
studies that fail to show a protective role for CD81 T cells are
not based solely on a single experimental approach, yet the
data are surprisingly consistent. (i) The adoptive transfer of
immune CD41 T cells, but not immune CD81 T cells, to naive
mice confers a level of protective immunity upon infectious
challenge (43). (ii) CD41 T-cell clones and lines confer a

greater level of protective immunity on naive recipients than
do CD81 T-cell clones and lines (13, 15, 40). (iii) The resolu-
tion of a chlamydial genital tract infection in b2-microglobulin
gene knockout mice is indistinguishable from that in wild-type
mice (24). (iv) Mice genetically deficient in perforin, Fas, Fas
ligand, or both perforin and Fas ligand resolve the infection
similarly to wild-type mice (30). In this latter study, the fact
that mice deficient in both Fas ligand and perforin did not
display altered kinetics of bacterial clearance is of particular
importance because it argues against both CD81 CTL cyto-
toxicity and CD41 T-cell-mediated apoptosis as protective
mechanisms in immunity to chlamydial genital tract infection.
Herein we report that the presence or absence of immune
CD81 T cells was inconsequential with regard to protective
immunity. Thus, our data add another level of confidence for
the protective role of CD41 T cells in adaptive immunity to
chlamydial genital tract infection and convincingly demon-
strate that CD81 T cells are neither required nor necessary for
protective immunity.

In striking contrast to the convincing in vivo data that argue
against protective CD81 T cells, numerous in vitro studies
have consistently demonstrated that immune CD81 T cells are
cytolytic for chlamydia-infected target cells (1, 19, 20, 36, 39,
40). Those data are derived from a number of different labo-
ratories using different CD81 T-cell and target cell popula-
tions. For example, immune murine splenic CD81 T cells,
murine CD81 T-cell lines and clones, and human CD81 T cells
have been utilized to demonstrate antichlamydial CTL activity
and some studies have shown that the responses are restricted
by MHC class I molecules. Although differences exist among
the details of the various studies, a common theme that has
emerged is that cytolysis occurs rather late in the chlamydial
growth cycle. Intracellular chlamydial growth and development
are unique among bacterial pathogens. Early during intracel-
lular growth (,24 h), chlamydiae exist as metabolically active,
noninfectious replicative forms termed reticulate bodies. As
intracellular infection progresses (24 to 72 h), reticulate bodies
differentiate into metabolically inactive infectious forms
termed EBs. Thus, for CTLs to be protective, an early lytic
event which would eliminate infected cells and disperse only
noninfectious chlamydiae would be much more beneficial than
a late lytic event which would release infectious chlamydiae
and potentially facilitate the infectious process. Nevertheless,
because of the frequency with which antichlamydial CD81

CTLs have been documented, it is difficult to argue that CD81

CTLs are not generated following chlamydial infection.
An apparent discrepancy appears to exist between the in

vivo data that argue against a protective role for CTLs and the
in vitro data that support a protective function. The answer to
that apparent contradiction may be provided by recent findings
by Zhong et al., who demonstrated that chlamydiae secrete a
proteosome-like activity into the host cell cytosol that sup-
presses IFN-g-inducible MHC class I and II expression (59,
60). Therefore, despite the possible secretion of chlamydial
molecules into the cytosol via a type III secretion system (41),
the suppression of MHC class I synthesis would circumvent the
processing and presentation of chlamydial epitopes on the
infected-cell surface and preclude recognition and subsequent
lysis by CTLs. This novel parasite strategy was proposed by
Zhong et al. to be an important mechanism which allows chla-
mydiae to evade host immune recognition and facilitates the
establishment of persistent infections (60). In the murine
model of chlamydial genital tract infection, however, the in-
fection resolves in ;4 weeks and long-term persistent infec-
tions rarely occur in animals having a full complement of
immune responses (7, 24). Alternatively, though, the data from

FIG. 5. In vitro production of IFN-g (A), IL-4 (B), and IL-10 (C) by spleen
cells from wild-type B6 and B-cell-deficient mice following in vivo treatment with
either PBS, rat Ig, anti-CD4, or anti-CD8. Spleens were harvested from two or
three mice per group 7 days after secondary infection with C. trachomatis and
restimulated in vitro with heat-killed chlamydiae. The values shown are the
concentrations of cytokines (mean 6 standard deviation of triplicate determina-
tions) present in the supernatants after 72 h of culture. At 24 and 72 h, super-
natants were also analyzed for IL-12 but IL-12 was never detectable.
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the study by Zhong et al. (60) provide a plausible explanation
by which CTLs do not function as a protective T-cell pheno-
type in vivo, as reported in this paper and by others (43).
Despite this novel mechanism of immune evasion, the host has
evolved alternative immune strategies that function very effec-
tively to eliminate infection in the absence of CTLs.

Our data confirm the important role of CD41 T cells in
protective immunity to chlamydial genital tract infection and
describe a previously unappreciated protective role for B cells
and/or antibody. Although we do not understand the mecha-
nism(s), our data raise a number of questions regarding the
role of B cells, antibody, and CD41 T cells in immunity to
chlamydial infection that require further investigation. Fur-
thermore, we show that CD81 T cells are not necessary for
adaptive immunity to chlamydial genital tract infection, sug-
gesting that the host has devised effector strategies other than
CD81 CTLs for eliminating an intracellular infection and for
providing immunity against reinfection. Definition of B-cell
and CD41 T-cell interactions resulting in antichlamydial re-
sponses and how those responses contribute to immune pro-
tection will be fundamental for the development of an effica-
cious vaccine against chlamydial urogenital infections.
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