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Chlamydia trachomatis is the most common cause of bacterial
sexually transmitted disease in the United States, as well as the
leading cause of preventable blindness worldwide. Immunity to
C. trachomatis requires a variety of cell types, each employing an
array of effector functions. Recent work has demonstrated that
both CD4+ and CD8+ T lymphocytes play a major role in
protective immunity to C. trachomatis, predominantly through their
secretion of interferon-γ. This review describes the generation
of acquired immunity to C. trachomatis and focuses on how 
T cells contribute to both protection and immunopathology.
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Abbreviations
APC antigen-presenting cell
IDO indoleamine 2,3-dioxygenase
IFN-γγ interferon-γ
MHC major histocompatibility complex 
MOMP major outer-membrane protein
NO nitric oxide

Introduction
Chlamydia trachomatis is an obligate intracellular bacterial
pathogen that infects the epithelial cells of the genital
tract and conjunctivae. It can cause diseases that range
from salpingitis and conjunctivitis to pelvic inflammatory
disease, the blinding disease trachoma and the systemic
infection lymphogranuloma venereum [1]. Chlamydia
species have a unique lifestyle that is characterized by two
distinct developmental forms. The infectious, metabolically
inert elementary body (EB) survives outside the host cell,
whereas the intracellular, non-infectious reticulate body
(RB) replicates within a specialized vacuole called an
inclusion. Intracellular replication necessitates an intimate
association between the bacterium and the host cell that
likely involves altering host cell functions in order to
establish and maintain an environment conducive to
replication within the inclusion. In addition, given that
the compact Chlamydia genome lacks many essential
biosynthesis genes, the bacteria must scavenge most of
their nutrients, including ATP, from the host cell [2].

The intracellular lifestyle of Chlamydia undoubtedly
influences which elements of host immunity will be
effective in reducing the burden of organisms in the host.
Although this review focuses on acquired immunity to
C. trachomatis and the mechanisms by which T cells control
the growth of Chlamydia, multiple immune mechanisms,

including innate responses, are probably employed to
control the growth and spread of this organism during
infection. Innate resistance to Chlamydia, in both human
populations and in inbred strains of mice with differential
susceptibility to infection, is an exciting area of current
investigation [3–6]. Recruitment of inflammatory cells,
such as macrophages, to the site of infection and the
subsequent release of pro-inflammatory cytokines appear
to be crucial for innate resistance to Chlamydia.

Acquired immunity to C. trachomatis
One approach to identifying the elements of acquired
immunity important in resistance to C. trachomatis is to
observe how the immune system responds to natural
infection. However, immunity after a natural infection
is not completely effective, as previous exposure to
C. trachomatis offers only limited protection against re-
infection. Most of this protection is serovar-specific and
can be attributed largely to antibody specific for the major
outer-membrane protein (MOMP), the primary determinant
that defines a serovar [7]. Besides studying natural immunity,
another equally important approach is to develop
immunization strategies that prime the arms of the
immune response that are most effective at reducing the
replicative capacity of the organism, whether or not these
responses are dominant during natural infection.

Current research on acquired immunity to C. trachomatis
has focused largely on the central role of T lymphocytes in
orchestrating the multiple immune mechanisms required
to achieve protective immunity. Several steps are required in
order for C. trachomatis to successfully establish infection, to
replicate and to spread. Each stage presents an opportunity
for one or more elements of the immune system to block
unrestricted growth of the organism. Immediately after
re-introduction of C. trachomatis into an immune host, it is
likely that mucosal and circulating antibodies are able to
bind and neutralize some organisms by blocking the ability
of these infecting EBs to enter the columnar epithelial
cells of the genital tract or conjunctiva. In addition,
professional antigen-presenting cells (APCs) present at the
site of infection can engulf the organisms and present
Chlamydia-derived peptide antigens in the context of class
II molecules encoded in the major histocompatibility
complex (MHC). Chlamydia-specific CD4+ T cells are
activated after recognition of these peptide–MHC-class-II
complexes. As described below, activated CD4+ T cells
can both directly inhibit C. trachomatis replication as well as
stimulate the protective function of a variety of other
immune and inflammatory cells. However, once organisms
successfully enter epithelial cells, which typically do not
express MHC class II, they are able to replicate in a niche
in which recognition by CD4+ T cells is unlikely. In
epithelial cells, immune surveillance is possible through
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recognition of C. trachomatis antigens presented in the
context of MHC class I molecules to CD8+ T cells. Like
CD4+ T cells, CD8+ T cells possess a variety of effector
functions capable of limiting Chlamydia replication.

Chlamydia-specific CD4+ and CD8+ T cells
exert protective effects through secretion of
interferon-γγ
There is significant data demonstrating that both CD4+

and CD8+ T cells are involved in controlling C. trachomatis
infection. In human and animal models, both T cell subsets
are detected at the site of C. trachomatis infection [8–10]. In
addition, adoptive transfer of either immune splenocytes or
C. trachomatis-specific CD4+ or CD8+ T cells into infected
mice has been shown to contribute to protection [11–16].
These transferred CD4+ and CD8+ T cells limit C. trachomatis
infection through a variety of effector mechanisms.

A major function of CD4+ helper T cells is to promote the
activation of B cells, CD8+ T cells, and other inflammatory
cells, both by contact-dependent and cytokine-mediated
processes. A synergistic co-operation between CD4+

T cells and B cells is suggested by a recent study performed
by Morrison et al. [17•]. The authors showed that µMT
mice, which lack B cells, and mice depleted of CD4+

T cells were each slightly more susceptible to a secondary
C. trachomatis genital tract infection than were wild-type
mice. On the other hand, µMT mice that were additionally
depleted of CD4+ T cells were severely impaired in their
ability to resolve the infection. This study and others
[18,19] support a role for neutralizing antibodies in
controlling Chlamydia infection, and suggest that CD4+

T cells are important regulators of B cell activity.

CD4+ T cells are also likely to be required for optimal
stimulation of C. trachomatis-specific CD8+ T cells. The
CD8+ T cells, in turn, can respond both by secreting
interferon-γ (IFN-γ) and by directly lysing infected cells. It
has been attractive to speculate that CD8+ T-cell-mediated
lysis of infected cells during replication disrupts the
developmental cycle of Chlamydia and deprives the
organism of its replicative niche. However, no evidence to
support this hypothesis has been uncovered [20].

Although there continues to be debate about the relative
importance of effector mechanisms such as B cell activation
and lysis of infected cells, it has consistently been
demonstrated that IFN-γ production by CD4+ and CD8+

T cells is critical for protection. Several groups have shown
that IFN-γ inhibits the growth of Chlamydia in cell culture
[21,22]. In addition, disruption of the IFN-γ gene and
monoclonal-antibody-mediated neutralization of IFN-γ
have both been shown to enhance host susceptibility to
Chlamydia infection [23–26]. Work in our laboratory suggests
that the key mechanism through which CD8+ T cells
control Chlamydia replication is IFN-γ secretion [15,24].
This work has shown that although adoptive transfer of a
Chlamydia-specific CD8+ T cell line into naïve mice can

mediate protection from challenge, this protective effect
cannot be demonstrated when CD8+ T cells are isolated
from mice lacking the gene for IFN-γ.

IFN-γ has a variety of activities that appear to limit
C. trachomatis infection. IFN-γ can upregulate macrophage
phagocytic potential and the expression of MHC molecules
by both professional and non-professional APCs, leading to
enhanced presentation of microbial antigens to both CD4+

and CD8+ T cells [27]. However, these inhibitory activities
may be balanced by the ability of C. trachomatis to interfere
with the IFN-γ-mediated increase in MHC expression.
Zhong et al. [28] have identified a protease-like factor that
is expressed by Chlamydia and secreted into the host cell
cytosol. This factor has been shown to be both necessary
and sufficient for the degradation of host transcription
factors required for MHC gene activation.

IFN-γ can also directly inhibit the replication of 
C. trachomatis within infected cells by at least three mecha-
nisms. First, IFN-γ induces the expression of indoleamine
2,3-dioxygenase (IDO), a host enzyme that degrades
intracellular tryptophan stores [29,30]. Because Chlamydia
has little or no ability to produce its own tryptophan,
IFN-γ-induced expression of IDO can limit the growth of
intracellular Chlamydia. Second, IFN-γ upregulates the
expression of inducible nitric oxide synthase (iNOS),
which catalyzes the production of various reactive nitrogen
intermediates, most notably nitric oxide (NO) [31,32]. NO
has been identified as an important defense molecule
against bacterial pathogens and has been shown to restrict
the growth of Chlamydia in vitro [33,34•,35]. Third, IFN-γ
downregulates the expression of transferrin receptor on the
surface of infected cells, resulting in an intracellular iron
deficiency that may also limit C. trachomatis replication
[36]. The relative contributions of the IDO, iNOS and Fe
systems in the IFN-γ-mediated control of Chlamydia have
been found to vary depending on whether the host cells
are of human or murine origin. Igietseme et al. [33] have
shown that each of these IFN-γ-mediated antimicrobial
activities contribute, to varying degrees, to the inhibition
of intracellular growth of C. trachomatis in a human epithelial
cell line. NO induction, along with tryptophan and iron
deprivation, combined to account for greater than 60% of
the IFN-γ-induced growth inhibition in human cells.
Induction of IDO in response to Chlamydia infection has
not been observed in murine systems, but several recent
studies show that NO induction plays a role in controlling
Chlamydia infections in mice [34•,35]. It seems likely that
control of intracellular C. trachomatis replication will
require multiple IFN-γ-dependent inhibitory activities,
including some that remain to be identified.

The elements of the immune system most
effective at limiting C. trachomatis replication
probably also promote immunopathology
As described above, it is likely that IFN-γ-mediated activities
are able to inhibit the growth of Chlamydia in infected
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individuals. However, experiments in humans and animals
have shown that these activities often result in incomplete
clearance of C. trachomatis [21,34,37]. The inflammatory
response that results from localized IFN-γ production is
almost certainly to blame for many of the serious sequelae
of C. trachomatis infection, such as tissue scarring. IFN-γ
production by T cells at the site of infection is likely to
diminish as the Chlamydia antigen level decreases. Once the
T cell response and IFN-γ production wane, C. trachomatis
is able to resume replication and the inflammatory process
repeats. These chronic bouts of conjunctivitis or salpingitis
are key to the development of blindness or infertility [38].
Only by stimulating an immune response that sterilizes
the site of infection will immune interventions avoid the
promotion of immunopathology.

Recognition of Chlamydia antigens by T cells
depends on type of cell infected and
compartmentalization of antigen
Dendritic cells are very efficient APCs that act as sentinels
by internalizing pathogens, processing the pathogen-
derived proteins into peptide fragments, and then
migrating to secondary lymphoid organs, where they
present these antigenic peptides to CD4+ and CD8+

T cells [39]. In fact, Shaw et al. [40••] recently showed that
adoptive transfer of dendritic cells pulsed with non-viable
Chlamydia into naïve mice afforded significant protection
against subsequent challenge with viable Chlamydia. They
also showed that Chlamydia-pulsed dendritic cells secrete a
large number of pro-inflammatory molecules that promote
their homing to lymphatic tissues and the activation of
CD4+ T cells [40••]. These results suggest that dendritic
cells are able to efficiently present antigen to T cells and
that the resulting activated T cells are protective. Several
Chlamydia-specific CD4+ T cell lines have been cultured
from infected individuals and have been shown to recognize
highly expressed Chlamydia proteins, such as heat shock
protein 60 (Hsp60) and the cell-surface proteins MOMP,
Omp2 and PmpD [41–43,44•,45•]. Enolase and open
reading frame CT579 have also been identified as CD4+

T cell antigens [45•].

CD4+ T cell activation is an effective mechanism for
controlling Chlamydia infection in APCs. However, the
primary tissue tropism for Chlamydia is epithelial cells,
which do not typically express MHC class II. Epithelial
cells do express MHC class I. Therefore, CD8+ T cells are
likely to be important in immune surveillance once the
organisms have established infection of the epithelium.
CD8+ T cells generally recognize proteins present in the
host cell cytosol or cytosolic domains of membrane proteins.
These cytosolic proteins are degraded into peptides by the
host proteasome, the peptides are transported into the
endoplasmic reticulum, where they bind the MHC class I
molecules, and the peptide–MHC-class-I complexes are
transported to the cell surface. Even though Chlamydia
remain confined to a vacuolar compartment throughout
their replication cycle, CD8+ T cells are able to recognize

Chlamydia-infected cells in vitro and in vivo [15,16,46,47].
This suggests that one or more Chlamydia protein has
access to the host cell cytosol. Among the classes of proteins
that may have access to the host cell cytoplasm are several
inclusion membrane proteins as well as putative substrates
of a Chlamydia type III secretion system. Type III secretion
systems are envelope-associated protein complexes 
capable of directly translocating proteins from the bacterial
cytoplasm into the host cell cytosol. This type of secretion
apparatus has been identified in a broad range of bacteria
[48]. Sequence analysis of the Chlamydia genome has
identified a potential type III secretion system that may
be able to translocate C. trachomatis proteins across the
inclusion membrane into the host cell cytosol [2,49]. It is
not known which Chlamydia proteins, if any, are secreted
by this system. However, some secreted Chlamydia proteins
are likely to act as CD8+ T cell antigens. Thus far, only a
few CD8+ T cell antigens have been identified in
Chlamydia. Chlamydia-specific CD8+ T cell lines isolated
from humans have been shown to recognize peptide
fragments derived from MOMP [50•]. A well-characterized
CD8+ T cell line cultured from mice is specific for Cap1, a
C. trachomatis protein of unknown function that localizes
to the inclusion membrane [51•]. As more CD8+ T cell
antigens are identified, they can be incorporated into 
vaccine delivery vehicles with antigens that stimulate CD4+

T cells and can be tested for their protective ability.
Because recognition of CD8+ T cell antigens suggests
cytosolic or inclusion membrane localization, these
proteins may be involved in functions essential for the
intracellular survival of C. trachomatis. Such functions may
include scavenging of nutrients or modification of host cell
structures or processes. In addition to their use in vaccines,
characterization of these proteins may suggest non-immune
therapeutic interventions capable of inhibiting C. trachomatis.

Conclusions: both CD4+ and CD8+ T cell
responses are required for optimal immunity
to C. trachomatis
In many of their functions, CD4+ and CD8+ T cells are
interdependent and redundant. Therefore, it is difficult to
dissect the relative contributions of one subset by eliminating
the other. This is particularly true when one considers that
undermining the activity of CD4+ T cells may disrupt the
activity of several other cell types. Selective depletion of
either CD4+ or CD8+ T cells in experimental mice
reduces the capacity of the animals to resolve C. trachomatis
infection [17•,52]. Several investigators have found that,
in animals depleted of CD4+ T cells or in MHC class II
knockout animals, the effect on protection is more
dramatic than in animals depleted of CD8+ T cells or in
β2-microglobulin knockout mice [53,54]. Some have used
these data to argue that CD8+ T cells are not as important
as CD4+ T cells in immunity to C. trachomatis [53,54].
However, such an interpretation is complicated in part
because CD4+ T cells are required for optimal stimulation
of CD8+ T cells. A similar interdependence can be argued
when considering the role of B cells in Chlamydia-specific
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immunity, given that elimination of CD4+ T cells would
also impair B cell stimulation and secretion of specific
antibody. The redundancy of the immune response to
C. trachomatis is revealed in the finding that both CD4+

and CD8+ T cells exert their protective effects primarily
through the secretion of IFN-γ. As a result, an ideal
immunization strategy may simply require stimulation of a
critical threshold frequency of IFN-γ-secreting T cells in
order for optimal protection to be achieved.

In studies with model viral pathogens, it has been possible
to provide sterilizing protective immunity by stimulating
T cells with a single peptide reactivity [55]. This has not
held true when attempting to design vaccines against
bacterial pathogens. It is almost certain that vaccines
designed to stimulate protective immunity against
C. trachomatis and other intracellular bacterial pathogens
will require the incorporation of several antigens. An
effective mix of antigens would include those able to
stimulate multiple arms of the immune system, including
CD4+ T cells, CD8+ T cells and antibody production.
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