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Chlamydia trachomatis is the causative agent of the most frequently reported bacterial sexually transmitted infection, the total
burden of which is underestimated due to the asymptomatic nature of the infection. Untreated C. trachomatis infections can
cause significant morbidities, including pelvic inflammatory disease and tubal factor infertility (TFI). The human immune re-
sponse against C. trachomatis, an obligate intracellular bacterium, is poorly characterized but is thought to rely on cell-mediated
immunity, with CD4� and CD8� T cells implicated in protection. In this report, we present immune profiling data of subjects
enrolled in a multicenter study of C. trachomatis genital infection. CD4� and CD8� T cells from subjects grouped into disease-
specific cohorts were screened using a C. trachomatis proteomic library to identify the antigen specificities of recall T cell re-
sponses after natural exposure by measuring interferon gamma (IFN-�) levels. We identified specific T cell responses associated
with the resolution of infection, including unique antigens identified in subjects who spontaneously cleared infection and differ-
ent antigens associated with C. trachomatis-related sequelae, such as TFI. These data suggest that novel and unique C. tracho-
matis T cell antigens identified in individuals with effective immune responses can be considered as targets for vaccine develop-
ment, and by excluding antigens associated with deleterious sequelae, immune-mediated pathologies may be circumvented.

Chlamydia trachomatis is the leading cause of sexually transmit-
ted bacterial infections around the world; in 2008, the World

Health Organization (WHO) estimated that �105 million new
cases occurred annually worldwide (1). More than 1.4 million new
cases were reported in the United States in 2013 (2). The actual
number of C. trachomatis infections is likely to be significantly
higher, because many infections are asymptomatic and remain
undiagnosed; it has been estimated that there are closer to 2.8
million C. trachomatis infections annually in the United States (3).
The diagnosis of C. trachomatis infection is critical, since un-
treated infections have the potential to cause significant morbid-
ity, often with debilitating consequences: in addition to acute cer-
vicitis, up to 10 to 15% of infected women develop clinical pelvic
inflammatory disease (PID), with further long-term sequelae,
such as tubal factor infertility (TFI) or ectopic pregnancy, re-
ported in up to 15% of women with PID (4). Despite accurate
diagnostic tests and effective therapy, the continued high preva-
lence of C. trachomatis infections and associated complications
underscore the need for a broad prophylactic intervention. A safe
and effective C. trachomatis vaccine might have a profound impact
on the prevention of disease, a reduction in the rate of C. tracho-
matis-related complications, and reduce the transmission of C.
trachomatis infections.

There have been no human clinical trials for the assessment of
vaccines against C. trachomatis genital infection, and vaccination
trials directed against trachoma, the ocular form of the disease,
have not been successful. The trachoma vaccine trials were con-
ducted using whole inactivated C. trachomatis elementary body
(EB) preparations, which induced only partial and short-lived
protection against infection (5). Importantly, these studies also
reported evidence of disease exacerbation, likely due to immune-
mediated inflammation and tissue damage (6). These deleterious
responses could not be unequivocally recapitulated in subsequent

nonhuman primate studies (7). Recently, a live attenuated plas-
mid-cured C. trachomatis vaccine strain delivered by the ocular
route to macaques showed promising protection against tra-
choma without exacerbated disease; however, this vaccine was
most protective in primates sharing a single major histocompati-
bility complex class II (MHC II) allele (8, 9). Therefore, the pros-
pect of an inactivated or attenuated EB-based vaccine remains
viable; however, it would require substantial additional develop-
ment prior to evaluation in human studies.

Subunit C. trachomatis vaccines offer a theoretically safer and
more well-defined approach to the prevention of genital infection,
and several experimental subunit vaccines have been evaluated in
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animal models, resulting in various levels of protection against
experimental challenge (reviewed in reference 10). Collectively,
these studies demonstrated that bacterial clearance is achieved by
TH1-biased T cells and that a successful vaccine will likely need to
induce both interferon gamma (IFN-�) and tumor necrosis factor
alpha (TNF-�) responses (11, 12). While murine studies have
shown the critical importance of CD4� T cells in the resolution of
experimental C. trachomatis genital infection (13), the relative
contributions of CD4� and CD8� T cells to protection in humans
are currently being defined. Indeed, natural history studies can be
ethically conducted only with concomitant treatment with antibi-
otics, an intervention that has been theorized to arrest the devel-
opment of a fully functional cell-mediated immune response
against C. trachomatis (14).

The limited success of prior vaccination strategies attempted
thus far highlights the need for the identification of additional C.
trachomatis T cell antigens. This can best be achieved by selecting
antigens that stimulate robust IFN-� responses, are conserved
across the major C. trachomatis serogroups, are recognized by in-
dividuals with diverse HLA types, and are capable of stimulating
both CD4� and CD8� T cells. The partial protection induced by
C. trachomatis infection suggests that several T cell antigenic re-
sponses may be required to properly prime sufficient T cells with
an effector phenotype that home to the genital mucosa. Measuring
and understanding the breadth of the T cell immune response in
subjects who have successfully and naturally cleared their C. tra-
chomatis infection is an advancement toward the identification of
novel protective antigens.

Clinical evidence strongly suggests that such a protective im-
mune response can be stimulated in some subjects. Human sub-
jects can resolve acute infection, resist infection upon reexposure,
and develop immunity to repeated infections over time (15, 16).
However, at the same time, the immune response is also thought
to contribute to enhanced pathology in the form of heightened
inflammation and tubal scarring in the female reproductive tract,
potentially leading to infertility (17). While the nature of the ef-
fectors and the specificities associated with protection and disease
exacerbation are not known, it is plausible that both are associated
with immune priming against distinct sets of C. trachomatis anti-
gens, a hypothesis that readily can be tested by differential immu-
noprofiling of human subjects.

ATLAS, a high-throughput T cell antigen identification plat-
form, has led to the development of candidate vaccines for the
treatment of herpes simplex virus 2 (HSV-2) (18) and prevention
of Streptococcus pneumoniae colonization (19), both of which are
currently being evaluated in human clinical trials. ATLAS has also
been applied to the identification of C. trachomatis antigens in
mice; the C. trachomatis screening library was first used to identify
the specificity of a protective T cell line generated from infected
mice (20) and later used to identify the entire repertoire of immu-
nodominant CD4� and CD8� T cell antigens elicited during ex-
perimental intraperitoneal C. trachomatis infection. When sepa-
rately formulated with adjuvant as protein subunit vaccines, two
of the antigens identified in mice elicited antigen-specific T cells
capable of conferring protection against C. trachomatis genital
challenge in a mouse infection model (21). While these data were
encouraging, antigen specificities and mechanisms of infection
may be very disparate between inbred mice and humans; there-
fore, we hypothesized that the best antigen candidates would be
identified through profiling the specificity and nature of T cell

responses in samples from human volunteers that have spontane-
ously cleared natural infection with C. trachomatis.

Here, we describe the application of the ATLAS technology to
profile T cell responses in human subjects with well-characterized
outcomes to natural genital C. trachomatis infection. Specifically,
the IFN-�-mediated CD4� and CD8� T cell responses to C. tra-
chomatis exposure or infection were evaluated to identify antigens
that were associated with either resolution of infection or induc-
tion of pathology. While other approaches have been used to iden-
tify C. trachomatis-specific T cell antigens, they have not compre-
hensively analyzed the C. trachomatis proteome (22–24), and, to
our knowledge, no studies have identified human T cell antigens
that may correlate with the pathologies associated with C. tracho-
matis infection. By identifying antigens frequently recognized by
subjects who can control C. trachomatis infections in addition to
antigenic proteins correlating with enhanced disease, the profiling
of effective T cell immunity in human subjects may lead to a di-
rected means of selecting the appropriate C. trachomatis antigens
for inclusion in a safe and effective subunit vaccine.

MATERIALS AND METHODS
Library composition, construction, and validation. Library construc-
tion and validation were conducted using a methodology similar to one
described previously (18). Briefly, 901 unique predicted annotated open
reading frames (ORFs) from C. trachomatis serovar D strain UW-3/Cx
(25–27) and seven annotated ORFs from the cryptic plasmid (28) were
PCR amplified and ligated into a customized expression vector,
pDESTSL8, by Gateway recombination. Where present, signal peptides
were removed from the gene sequence, and all stop codons were elimi-
nated.

The resulting expression clones contained the inserted ORF flanked by
an N-terminal His6 tag and a C-terminal OVA257–264 (SIINFEKL) epitope
tag (where OVA stands for ovalbumin) that was used for validation of
full-length protein expression. The individual plasmids were transformed
into two separate Escherichia coli strains; for the CD8 library, the E. coli
strains contained an episome encoding a cytoplasmic variant of listerio-
lysin O (cLLO) a pore-forming protein derived from Listeria monocyto-
genes. The addition of cLLO facilitates phagolysosomal escape of the target
protein into the cytoplasm, permitting antigen processing and presenta-
tion of peptides in the context of MHC I. The CD4� version of the library
was generated by transfection into E. coli that did not contain the cLLO
plasmid.

Protein expression was induced by arabinose and isopropyl-�-D-thio-
galactopyranoside (IPTG), and full-length protein expression of the indi-
vidual E. coli transfectants was confirmed by a T cell hybridoma assay, as
previously described (18). E. coli clones that did not express to full length
were reinduced, tested for expression, and rearrayed together in the li-
brary. The final validated libraries contained 960 and 953 clones for the
CD4� and CD8� libraries, respectively. The induced and validated clones
were then fixed with 0.5% paraformaldehyde, washed, and resuspended at
109/ml. Fixed libraries were arrayed into multiple identical copies in 384-
well poly-D-lysine-coated plates and frozen at �80°C until ready for use.
Similarly, E. coli clones expressing green fluorescent protein (GFP) were
induced, fixed, and interspersed throughout the library as negative con-
trols (18). Multiple identical copies of the validated library were aliquoted
and frozen for screening.

Study participants. One hundred forty-one subjects, with 28 (22%)
males and 110 (78%) females between the ages of 15 and 60 years, were
recruited at five clinics across the United States. The subjects were re-
cruited at Jefferson County Department of Health STD Clinic in Birming-
ham, AL; Arkansas Children’s Hospital Research Institute in Little Rock,
AR; San Francisco Department of Public Health STD Prevention and
Control Services in San Francisco, CA; University of North Carolina
School of Medicine in Chapel Hill, NC; and Women’s Health Practice in
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Champaign, IL. Subjects who were coinfected with gonorrhea or HIV,
suffered from immune disorders, had T cell deficiency, used high-dose
steroids, or were pregnant were not included in the study. One hundred
twenty of the subjects who were exposed to C. trachomatis through an
infected partner or had active or previous C. trachomatis infections were
classified into one of seven cohorts based on the severity and duration of
their infection and evidence of immune control. Twenty-one subjects
who had no known previous C. trachomatis exposure or infection were
classified as naive. Spontaneously cleared subjects were those who were
confirmed C. trachomatis positive by a genital nucleic acid amplification
test (NAAT) and who had cleared their infection by the time they returned
to the clinic for treatment, based on repeat NAAT. Subjects classified as
having persistent infection were those confirmed to be C. trachomatis
positive by genital NAAT screening and who remained infected at the time
they returned to the clinic for treatment. Exposed subjects were exposed
to a C. trachomatis-infected partner but did not become infected, as de-
termined by genital NAAT testing. Subjects considered for this cohort
were enrolled when their C. trachomatis-infected partners were evaluated
for inclusion in the study by confirmation of active C. trachomatis infec-
tion. Unprotected C. trachomatis exposure was determined by medical
interview and a questionnaire. Pelvic inflammatory disease (PID) subjects
were confirmed to be C. trachomatis positive and were clinically diagnosed
with PID based on history, symptoms, and manual examination findings,
as defined by the Centers for Disease Control and Prevention (CDC)
(http://www.cdc.gov/std/treatment/2010/pid.htm). Subjects assigned to
the tubal factor infertility (TFI) cohort had previous C. trachomatis infec-
tions and were clinically diagnosed as having C. trachomatis-associated
TFI. The successful pregnancy cohort had experienced one or more C.
trachomatis infections, followed by at least one successful pregnancy.
Spontaneously cleared and exposed subjects were classified as having an
effective immune response. Subjects with sustained persistent or recur-
ring infections or who progressed to clinically diagnosed PID were defined
as having an ineffective immune response. Subjects with TFI due to doc-
umented previous C. trachomatis infection were separately compared
with subjects who had a history of C. trachomatis infection but a subse-
quent successful pregnancy.

Blood processing. Peripheral blood mononuclear cells (PBMC) were
isolated from heparinized whole blood by Ficoll gradient sedimentation.
The blood was diluted 1:2 with phosphate-buffered saline (PBS), overlaid
onto Ficoll-Paque Plus (GE Healthcare, Piscataway, NJ), and centrifuged
at 400 � g at 18 to 25°C for 30 min. The mononuclear cell layer was
harvested and washed 3 times with PBS. PBMC were resuspended at 107

PBMC/ml in freezing medium composed of T cell medium (TCM) (43%
RPMI 1640, 43% Alpha-minimum essential medium [MEM], and 10%
heat-inactivated fetal bovine serum [	FBS] supplemented with 1% non-
essential amino acids [NEAA], 1 mM sodium pyruvate, 10 mM HEPES, 2
mM L-glutamine, 50 
M �-mercaptoethanol, 100 U penicillin, and 100

g/ml streptomycin), combined with 50% 	FBS and 10% dimethyl sul-
foxide (DMSO), and frozen at �80°C, followed by storage in the vapor
phase of liquid nitrogen (LN2).

T cell and monocyte enrichment and culture. All medium compo-
nents and supplements were obtained from Life Technologies (San Diego,
CA). Freshly thawed PBMC were added to TCM containing 50 U/ml
Benzonase (Millipore, Billerica, MA) and washed twice with prewarmed
TCM prior to magnetic bead sorting using autoMACS Pro separator with
Miltenyi microbeads and reagents (Miltenyi GmbH, Teterow, Germany).
Monocytes were positively selected using CD14� microbeads, according
to the manufacturer’s instructions. CD14� cells were cultured in TCM
and supplemented every other day with 300 U/ml recombinant human
granulocyte macrophage-cerebrospinal fluid (rhGM-CSF) and 400 U/ml
recombinant human interleukin 4 (rhIL-4) (R&D Systems, Minneapolis,
MN) for 6 to 7 days to stimulate the maturation of monocyte-derived
dendritic cells (MDDC) for use as antigen-presenting cells in the library
screen. To enrich for T cells, the CD14�-depleted PBMC fraction was
further depleted of all non-T cells using the Miltenyi (San Diego, CA) Pan

T isolation kit. The enriched T cell fraction was then subjected to magnetic
separation to isolate CD8� T cells, and the depleted fraction was deter-
mined to be enriched for CD4� T cells. The isolated CD8� and CD4� T
cells were nonspecifically expanded with anti-CD3/CD28 human T-Acti-
vator Dynabeads and 20 U/ml recombinant human IL-2 for 6 to 7 days in
T cell expansion medium (AIM-V, 5% 	FBS with 1% non-NEAA, 1 mM
sodium pyruvate, 2 mM L-glutamine, and 50 
M �-mercaptoethanol).
Fresh medium containing IL-2 was added 2 and 4 days after stimulation.
The cells were rested for 24 h with no cytokine, and the expansion beads
were removed �4 h before the cell-based assay.

T cell screens. MDDC were harvested by physical dislodgment in cold
PBS, resuspended in TCM, and added to the prearrayed E. coli expression
libraries at a target cell ratio of 1:100 MDDC to bacteria. This corre-
sponded to about 3,000 MDDC per well of a 384-well plate. After 2 h of
incubation at 37°C, the MDDC-bacterium layer was fixed with 0.1% para-
formaldehyde (PFA) and washed with 120 mM lysine buffer, followed by
extensive washing with PBS. The expanded T cells were harvested,
washed, and resuspended in TCM; 4 � 104 T cells were added to each well
of the pulsed MDDC and cocultured for 24 h, after which cell-free super-
natants were harvested. Positive-control wells contained T cells stimu-
lated with 1 
g/ml phorbol 12-myristate 13-acetate (PMA) and 20 
M
ionomycin. Negative-control wells contained E. coli expressing GFP. The
supernatants were assayed in duplicate using the BD OptEIA human
IFN-� enzyme-linked immunosorbent assay (ELISA) kit, modified for use
in 384-well format. The IFN-� concentration in the supernatant was in-
terpolated from a standard curve included on each ELISA plate using a
linear regression analysis with SoftMax Pro version 6.1.

Statistical analysis. The gamma interferon concentrations calculated
by interpolation from the standard curve were examined under the fol-
lowing principles: (i) we imputed values of 0.1 pg/ml to IFN-� titers that
did not reach the limit of detection (LOD); (ii) the data were transformed
using a natural logarithm transform to ensure that no heteroscedasticity
was apparent in fitting residuals from a linear model, including cohort,
subject, and plate as fixed effects; (iii) the negative controls in the assay
(wells containing bacteria that expressed GFP) were used to normalize the
data by subtracting the average of logarithms of the negative controls for a
plate within a subject from each observation. This normalization strategy
resulted in a nearly normally distributed data set, with excess positive
kurtosis (leptokurtosis). We therefore used a nonparametric estimate of
positive signal using cutoffs that resulted, on average, in a �10% misas-
signment error of a negative signal for a positive signal (type I error).
These cutoffs were found to be 0.4894 and 0.5086 for the CD4� and CD8�

data sets, respectively. In their natural logarithm transforms, these cutoffs
correspond to 1.63- and 1.66-fold for CD4� and CD8�, respectively, as
shown in Fig. 2. A subject-clone value was classified as a responding signal
if the fold ratio of the value over negative control was greater than these
thresholds. Percent responders with �10% type I error indicated a higher
number of responders than that due to chance alone, with statistical sig-
nificance (alpha � 0.05) reached when the frequency of responses was
�15% (all subjects) or 19% (in comparing only effective and noneffective
immune responses).

Frequency analysis by cohort. The antigen-specific T cell response to
each expressed protein was quantified by IFN-� concentration. The inter-
polated IFN-� concentrations for each clone were compiled by cohort and
analyzed for frequency of response across the cohorts. The distribution of
the entire data set, including the GFP (negative) controls, was used to
define parameters for the normalization of data across all subjects. To
correct for variability between assays and subjects within the data set, the
data were log transformed and normalized by subtracting the average of
the GFP controls by plate within each subject. In a comparison of cohorts,
in contrast to the population evaluation, the cutoff for significance was
19%. Subsequent to identification of the antigens, the frequency of anti-
gen recognition for each protein (responders) was compared between
cohorts. Statistically significant differences in the frequency of responses
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to antigens between protected and unprotected cohorts were determined
by Fisher’s exact test.

Study approval. The study protocol, informed consent forms, patient
information questionnaires, and advertising materials were reviewed and
approved by institutional review boards (IRBs). Studies conducted at
Women’s Health Practice and San Francisco Department of Public Health
were reviewed by Quorum Review, Seattle, WA. Studies conducted at the
University of Alabama, the University of North Carolina, and the Arkan-
sas Children’s Research Hospital were reviewed by each institution’s re-
spective IRB.

RESULTS
Participant demographics and cohort assignments. For this
study, we classified subjects based upon their C. trachomatis infec-
tion status at enrollment and their previous exposure history. Spe-
cifically, study participants with a diagnosis or history of docu-
mented C. trachomatis infection(s) received pelvic examinations
and nucleic acid amplification testing (NAAT) for C. trachomatis.
Participants also provided blood samples, completed detailed
questionnaires regarding their STI history, and received treatment
when indicated. An additional cohort of C. trachomatis-naive in-
dividuals was also recruited. Clinical evaluation and medical his-
tories collected at the time of enrollment were used to assign 141
subjects to one of seven unique cohorts, as shown in Fig. 1. Nine-
ty-one subjects with acute disease or documented exposure were
grouped to reflect the characteristics of their immune response to
infection or exposure. Effective or ineffective immune responses
were determined by a persistence of infection at follow-up evalu-
ation(s) or by severity of disease. Fifty-four subjects able to either
(i) spontaneously clear a documented infection or (ii) remain un-
infected despite repeated exposure from an infected partner were
classified as having an effective immune response (Fig. 1). In con-
trast, the 37 subjects who were classified as having an ineffective
immune response either (i) sustained persistent infection or ex-
perienced recurring infections or (ii) progressed to clinically diag-
nosed PID. In addition, to evaluate if antigen-specific T cell re-
sponses could be associated with infertility, 29 subjects with a

history of multiple previous C. trachomatis infections but not
Neisseria gonorrhoeae infections were recruited. Of these, 16 par-
ticipants had developed C. trachomatis-attributed TFI, while 13
subjects did not develop TFI and had a subsequent successful
pregnancy(ies).

Overall, 141 subjects were recruited from five geographically
diverse urban areas in the continental United States. The summa-
rized demographics of each cohort are shown in Table 1. The
subject ages ranged from 15 to 60 years, and the median age was
25.5 years. The median age of subjects with effective immune re-
sponses was greater than that of subjects with ineffective immune
responses (30 years versus 25 years, respectively; P � 0.038), con-
sistent with previous findings that increased age is a factor in re-
sistance to C. trachomatis infection (29, 30). The majority of the
study subjects (78%) were women, due to the inclusion of cohorts
related to PID and the impact on pregnancy, which limits partic-
ipation to female subjects. Race designation was self-reported and
in some instances was not completed on the questionnaires;
51.8% of the enrolled subjects were black and 37% were white.
The remaining 11.2% included those with unreported race and
one Asian subject.

T cell library screen. The two separate E. coli-expressed C.
trachomatis proteomic libraries generated for screening CD4�

and CD8� T cells contained 908 annotated predicted ORFs (25–
27). A subset of the ORFs were duplicates, and the final CD4� and
CD8 T cell libraries contained 960 and 953 expressed ORFs, re-
spectively. The CD8� T cell library clones also coexpressed an
episomal nonsecreted variant of listeriolysin-O (cLLO), whose
function is to drive MHC I antigen processing. Full-length protein
expression was validated by a surrogate T cell activation assay,
directed toward the murine ovalbumin-derived SIINFEKL epitope
inserted in-frame at the C terminus of each ORF, upstream of the
stop codon (18).

CD4� and CD8� T cells were isolated from peripheral blood
mononuclear cells (PBMC) of each study participant, nonspecifi-
cally expanded, and then cocultured with autologous monocyte-

FIG 1 Schematic depiction of the subject cohorts analyzed in this study. (A) The number of subjects in each cohort is indicated in the corresponding box.
Multiple cohorts were grouped together for analysis. Subjects who spontaneously cleared their C. trachomatis (CT) infection or were not infected despite repeated
exposure were grouped in the effective immune response cohort, subjects who exhibited persistent C. trachomatis infection and/or progressed to PID were
grouped in the ineffective immune response, and subjects with documented C. trachomatis exposure that progressed to TFI or were able to complete a pregnancy
successfully were grouped in a fertility cohort. A group of subjects, presumably nonexposed to C. trachomatis, were also recruited as naive controls. (B) Numbers
and percentages of subject samples screened for T cell responses (CD4� and CD8�) for each cohort.
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derived dendritic cells (MDDC) prepulsed with the E. coli pro-
teomic libraries. The number of MDDC derived from PBMC
samples was the limiting factor in the cell-based screens; conse-
quently, in instances in which MDDC numbers were insufficient,
only one T cell subset was screened. The numbers of T cell subsets
and subjects screened per cohort are summarized in Fig. 1. Anti-
gen-specific T cell recognition was measured by the secretion of
IFN-� into the supernatant during overnight incubation and
quantified by ELISA. A representative screen from one subject is
shown in Fig. 2A and B, which depicts results from CD4� and
CD8� library screens, respectively. Each value represents the av-
erage IFN-� value of duplicate wells per expressed protein. The
IFN-� levels induced by the majority of the expressed proteins
were near or below the limit of detection (LOD) of the assay,
defined by half the concentration of the lowest measurable stan-
dard curve point (set at 3 pg/ml). To control for extrinsic experi-
mental factors, such as immune activation status of the donors or
cell culture yields, the individual IFN-� titers were compared to
the response measured against an irrelevant antigen (green fluo-
rescent protein [GFP]) distributed at specific positions on each of
the assay plates. IFN-� values were normalized by log-normal (ln)
transformation, followed by subtraction of the geometric mean
GFP values from each individual assay plate. The normalized
IFN-� distributions for all subjects in the study are depicted in Fig.
2C and D. Considered in total, the majority of the responses to the
960 proteins across all subjects were below the set threshold seen
by �15% of all subjects positive for T cell antigen responses, as
described in Materials and Methods. Across all screened subjects,
270 proteins were identified as CD4� T cell antigens, and 565 were
identified as CD8� T antigens, representing 30% and 59% of the
C. trachomatis proteome, respectively.

Repertoire of T cell-specific antigens differs between pro-
tected and unprotected cohorts. The relative frequency of re-
sponses to antigens recognized by CD4� and CD8� T cells was
compared between the protected and unprotected groups (Fig. 3).
The antigens were ordered from highest to lowest frequency in the
protected group for the CD4� (Fig. 3A) and CD8� (Fig. 3B) T cell
subsets. The cumulative frequency plots illustrated a statistically

significant difference in the recognition of antigens between pro-
tected and unprotected groups (P � 0.005 by Kolmogorov-Smir-
nov test). The frequency of response to each antigen, in the same
order as depicted in Fig. 3A and B, is shown in corresponding heat
maps in Fig. 3C and D. The maximum frequency of response to
any antigen in the CD4� T cell screens was 33% (range, 0 to 33%)
and was 44% (range, 0 to 44%) for CD8� T cells (Fig. 3C and D).
The disparate patterns of response frequency in the protected and
unprotected groups confirm that unique immune recognition
repertoires are associated with different clinical outcomes. To
identify a set of antigens that were most strongly associated with
an effective immune response, a frequency ratio was calculated by
dividing the frequency of antigen recognition in the effective
group by the recognition frequency in the ineffective group (Fig.
3E and F). Ratios of �3 in favor of the effective response for CD4�

T cells (Fig. 3E) or 2.4 for CD8� T cells (Fig. 3F) correspond to
statistically significant differences between groups (P � 0.05 by
Fisher’s exact test).

A comparison of the frequency of T cell responses to each an-
tigen within each immune cohort yielded a set of antigens associ-
ated with protective immunity (listed in Table 2). There were 18
CD8� and 8 CD4� T cell antigens that were statistically associated
with protection. Different antigens stimulated CD4� and CD8� T
cells with no overlap, suggesting that the determinants of a suc-
cessful response are unique to each T cell subset and may include
both CD4� and CD8� responses. These antigens elicited T cell
responses in 17 to 35% of the subjects in the protected cohorts.
The names and functions ascribed to the protein antigens are
shown in Table 2 and represent a wide range of bacterial proteins.

Distinct patterns of antigen-specific CD4� and CD8� T cell
responses are associated with TFI. Infertility attributed to C. tra-
chomatis infection is a significant cause of morbidity, and the de-
velopment of immune-mediated TFI has been associated with an-
tibody responses to specific antigens, such as heat shock protein 60
(HSP60) and major outer membrane protein (MOMP) (31). In
this study, we asked if antigen-specific CD4� or CD8� T cell re-
sponses might also be associated with TFI. While the association
would not necessarily be causative, T cell responses to certain an-

TABLE 1 Study participants and demographic information

Cohort
No. of
subjects No. of sites

Subject information

Gender (%)

Age (median [range])
(yr)

Race (%)

Female Male Black White
Other or
unknown

Effective immune response
Spontaneously resolved 27 2 96 4 25 (19–40) 70 19 11
Exposed 27 3 19 81 31 (22–60) 22 59 19
Total 54 4 52 48 30 (19–60) 46 39 15

Ineffective immune response
PID 24 5 100 0 27 (20–53) 50 42 8
Persistent infection 13 1 100 0 23 (17–27) 77 23 0
Total 37 5 100 0 25 (17–53) 59 35 6

Impact on pregnancy
Successful pregnancy 13 4 100 0 27 (19–37) 62 23 15
TFI 16 3 100 0 24 (21–40) 69 25 6

Chlamydia naive 21 2 76 24 19 (15–23) 33 53 14
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tigens might be predictors of persistent infection or the develop-
ment of C. trachomatis-mediated pathologies. In a comparison
with the other cohorts, a small number of T cell antigens might be
associated with TFI. Table 3 lists 5 CD4�-specific and 2 CD8�-
specific T cell antigens that were most frequently recognized by
subjects with C. trachomatis-associated TFI (22.7 to 31.8%) com-
pared with all other cohorts (5 to 12.5%).

Frequency of CD4� and CD8� T cell responses between co-
horts. Infection or exposure to C. trachomatis can result in symp-
tomatic or asymptomatic infection that either resolves spontane-
ously or persists undetected. Without an effective immune
response or timely antibiotic treatment, persistent infections may
progress to PID. We defined clinical cohorts based upon control
or resolution of infection and progression to more advanced dis-
ease. Figure 4 illustrates the unique antigens identified in the ag-
gregate effective and ineffective immune groups and the antigen
response frequencies in the contributing cohorts.

We first compared the T cell frequencies of antigens that were
statistically significantly associated with effective immune re-
sponses (spontaneously cleared and exposed uninfected) with
those that were associated with ineffective immune responses (Ta-
ble 2). The 18 CD8� antigens (Fig. 4B) replicate those in Table 2;
however, the 8 statistically significant CD4� antigens from Table 2
are supplemented with an additional 7 CD4� antigens that were
approaching significance (Fig. 4A). The majority of these anti-
gens associated with the effective immunity cohort were not
identified as T cell targets in the ineffective immunity or fertil-
ity cohorts. In addition, there was no overlap between antigens
identified as CD4� T cell targets compared with the targets of
CD8� T cell responses (Fig. 4A and B). T cell antigens associated
with effective immune responses (protected) were found at a high
frequency in spontaneous resolvers and exposed uninfected sub-
jects but not in those who developed PID or sustained persistent
infections.

FIG 2 T cell response profiling of study subjects against a C. trachomatis-expressed protein library. (A and B) Representative CD4� (A) and CD8� (B) T cell
responses measured by IFN-� ELISA against C. trachomatis proteome libraries expressed in E. coli and pulsed onto autologous MDDC. The average IFN-� value
in pg/ml for each clone in the library is represented by a single closed circle. (C and D) Aggregate CD4� (C) and CD8� (D) IFN-� ELISA profiles for all study
subjects were generated by log-normal transformation of the IFN-� value and subsequent normalization of the IFN-� value to the geometric mean response to
an irrelevant antigen (GFP). The threshold used for the determination of positive IFN-� responses is indicated by a white line at 1.63-fold (for CD4�) and
1.66-fold (for CD8�) signal ratios.
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The impact of C. trachomatis infection on fertility and TFI was
also investigated in these screens. TFI has been associated with
antibodies to MOMP and chlamydial HSP60 (26); however, asso-
ciations with T cell antigens have not been definitively established.
The frequencies of T cell antigens that were most often identified
in the fertility cohorts and naive subjects are indicated in Fig. 4C
and D. For illustration purposes, the aggregate and cohort-specific
frequencies of responses to the top 10 antigens identified in the
TFI (TOP TFI), successful pregnancy (TOP Pregnancy), and naive
(TOP Naive) cohorts are ranked, rather than limiting the infor-
mation to those antigens that were statistically overrepresented in
the TFI cohort. Several of the top-associated TFI antigens were
represented in both the effective and ineffective cohorts and there-
fore would not be selected as antigens associated with protection.
Likewise, there were antigens that were frequently associated with
successful pregnancy that were not found to be associated with

other clinical outcomes. There were a greater number of CD8� T
cell antigens that overlapped between these cohorts than CD4� T cell
antigens (Fig. 4C and D). There were also antigen-specific T cell re-
sponses identified in the presumed naive cohort, which may reflect
cross-specificity with other Chlamydia species, such as Chlamydia
pneumoniae, or a previously undocumented infection.

Efforts to develop subunit C. trachomatis vaccines have been
concentrated on proteins located on the surface of the EB outer
membrane or the inclusion body. Other proteins, such as the plas-
mid protein pgp3, chlamydial protease-like activity factor (CPAF),
and HSP, have also been evaluated in animal models (11). The
frequency of T cell responses to a group of these described anti-
gens is included in Fig. 4E and F. As was seen in the fertility co-
horts, there was a greater frequency of CD8� T cell responses to
this group of antigens (Fig. 4F) than the CD4� responses (Fig. 4E).
In addition, the frequencies of responses to well-defined antibody

FIG 3 Response frequency analysis of T cell responses against expressed C. trachomatis proteins. The cumulative frequency of antigens recognized by �15% of
CD4� (A) or CD8� (B) T cells from all subjects. The frequencies of responses have been arranged in order of increasing frequency for the individuals with
effective immune responses (solid line) and the corresponding frequencies for the individuals with ineffective immune responses (dashed line). (C and D) Heat
maps of individual response frequencies (ordered by effective immune response) for CD4� (C) (blue, 35%; red, 0%) and CD8� (D) (blue, 35%; red, 0%) T cells,
respectively. (E and F) Individual frequency ratios calculated by R � f(effective)/f(ineffective) in CD4� (E) and CD8� (F), with associated statistical significance
thresholds at 3.0 and 2.4, respectively (dashed line). The dotted line represents the baseline ratio, which defines positive versus negative correlation.
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targets, such as MOMP, were fairly low. Interestingly, when anti-
MOMP T cell responses were present, they were associated with
ineffective rather than protective immunity, with the highest fre-
quency in the PID cohort (Fig. 4F).

Immunodominant antigen responses do not overlap anti-
gens recognized in effective immune responses. A comparison of
the frequencies of the top antigens recognized by individuals with
effective immune responses and antigens recognized by �15% of
all study subjects shows that most immunodominant antigens are
not associated with protection (Fig. 5). Of interest, CT788, a
CD8� T cell antigen statistically associated with TFI, was close to
being the most immunodominant antigen. Therefore, it appears
that immunodominance by itself is not a suitable determinant of
productive immune responses.

DISCUSSION

The clinical course of human genital C. trachomatis infections
encompasses a broad spectrum of asymptomatic, acute, and

chronic clinical presentations. Although other factors, such as
the genital microbiome (32), coinfection with other pathogens
(33, 34), hormone-based contraceptives (35), and timing of
antibiotic therapy (14), may impact the burden of disease, clin-
ical presentation is also reflective of the quality of the innate
and adaptive immune responses. A variety of outcomes have
been defined, ranging from one extreme of protective immu-
nity to subsequent infections to the other extreme of sequelae,
such as TFI. Individuals who are incapable of mounting pro-
tective immune responses may have misdirected responses to
decoy immunodominant antigens. An ineffective immune re-
sponse may also predispose an individual to repeated infec-
tions, a risk factor for more serious sequelae, such as PID or TFI
(36). In this study, we examined the entire C. trachomatis pro-
teome to identify antigen specificities of human CD4� and CD8�

T cell responses, as defined by recall IFN-� secretion, which are
either immunodominant, unique to the clinical resolution of C.

TABLE 2 Antigens associated with effective immune responses

Gene ID by T
cell type Name Antigen % response P value

CD4�

CT043 Slc1 gene Type III secretion chaperone 21.7 0.05
CT564 yys Yop translocation protein T 17.8 0.05
CT572 gspF Type II secretion pathway protein 22.7 0.05
CT703 yphC GTP-binding protein 17.8 0.05
CT724 Hypothetical protein 17.8 0.05
CT725 birA Biotin [acetyl-CoA-carboxylase] ligase 22.7 0.05
CT757 mraY Phospho-N-acetylmuramoyl-transferase 25.0 0.01
CT856 ychM Sulfate transporter 25.0 0.01

CD8�

CT002 gatC Glutamyl-tRNA amidotransferase 25.7 0.05
CT142 ruvB Holliday junction DNA helicase 19.5 0.05
CT062 tyrS Tyrosyl-tRNA synthetase 19.5 0.05
CT064 lepA Membrane GTPase 24.4 0.05
CT067 ytgA ABC transport protein, binding component 28.2 0.05
CT137 ywlC Possible SuA5 family protein, translation 19.5 0.05
CT140 ypdP Uncharacterized protein 24.4 0.05
CT037 Hypothetical protein 26.8 0.05
CT177 dsbG Protein disulfide isomerase 35.0 0.01
CT188 tdk Thymidylate kinase 35.0 0.01
CT204 ybhI Dicarboxylate translocator 19.5 0.05
CT252 lgt Prolipoprotein diacylglyceryl transferase 25.7 0.05
CT366 aroA 3-Phosphoshikimate-1-carboxyvinyltransferase 29.3 0.01
CT570 gspF General secretion pathway protein F 28.6 0.01
CT578 copB Copper-exporting P-type ATPase B 25.7 0.01
CT634 nqrA NADH-ubiquinone oxidoreductase 19.5 0.01
CT635 Hypothetical protein 19.5 0.01
CTp1 orf7 Plasmid virulence factor 30.0 0.01

TABLE 3 Antigens associated with tubal factor infertility

Gene ID by T cell type Name Antigen % response P value

CD4�

CT476 Hypothetical protein 31.8 0.005
CT440 Hypothetical protein 27.3 0.035
CT203 hyp Hypothetical protein 31.8 0.046

CD8�

CT802 rpsR 30S ribosomal protein S18 31.8 0.048
CT788 Hypothetical protein 22.7 0.017
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trachomatis infection, or associated with immune-mediated in-
flammation and tubal scarring. Disparate immune signatures
were identified based upon clinical evidence of disease severity
and recovery.

In this study, a comprehensive frequency analysis of IFN-�
responses yielded antigenic signatures that were unique to the
immune and fertility cohorts and disparate from immunodomi-
nant antigens. Interestingly, antigens that were correlated with

FIG 4 Antigen identities and T cell response frequencies for each experimental cohort. The frequencies of subjects responding to selected or described genes are
compared to the frequencies of responses in individual cohorts. The frequency ranges are displayed as a blue-to-red heat map. The white squares indicate that the
frequency of response against that antigen has failed to meet the selection threshold. The aggregate frequencies of responses to antigens associated with an
effective or ineffective immune responses are shown, ordered in rank from high to low occurrence. (A and B) CD4� (A) and CD8� (B) T cell responses. (C and
D) Same information for TFI, successful pregnancy, and naive cohorts for CD4� (C) and CD8� (D). (E and F) Frequency distribution of a select group of antigens
previously described in the literature as immunodominant or potentially immunoprotective for all cohorts for CD4� (E) and CD8� (F). All standardized C.
trachomatis gene identifiers, along with colloquial gene names, when available, are provided.
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immune protection did not exclusively fall into predicted antigen
categories, such as outer membrane, secreted, or surface-ex-
pressed proteins, or virulence factors. The identified T cell anti-
gens included hypothetical proteins and membrane proteins that
are expressed throughout all stages of the developmental cycle and
do not represent proteins localized to any unique subcellular com-
partment, which is consistent with previously reported findings
(37).

It was unexpected that many of the previously described anti-
gens were not prioritized in this study. T cell responses to these
antigens were indeed identified in the ATLAS screens; in fact,
CD4� T cell responses were measured to OmpH and HSP10, and
CD8� T cell responses were measured to MOMP, OmpH, IncG,
HSP10, PmpA, PmpD, PmpG, and CPAF but not HSP60. How-
ever, none of the responses to these antigens could be correlated
with protective immunity, suggesting that they may be immuno-
dominant but not protective. This outcome may not be surpris-
ing, given that many of the previously defined T cell antigens were
identified in mouse models (38–40) or upon searches for T cell
responses to defined antibody targets based upon the principle of
linked recognition (41). Even more unexpected was the associa-
tion of CD8� T cell responses with antigens, such as OmpA
(MOMP) and HSP60 (groEL), with ineffective immune responses.
There were no substantial CD4� T cell responses measured to
these previously defined antigens, with the exception of CD4� T
cell responses to groEL in the TFI cohort, supporting the hypoth-
esis that responses to this antigen are associated with negative
sequelae related to C. trachomatis infection.

Of the antigens that were prioritized by the ATLAS screens,
only one, CT043 (Slc1), which was prioritized as a protective
CD4� T cell target, had been identified as a human T cell target
and subsequently studied as a vaccine antigen. It was originally
described as a C. trachomatis T cell antigen in screens of human
PBMC (37, 42, 43) and later elicited protective responses in mice

when administered as a subunit vaccine (44). In those studies,
mice immunized with CT043 protein plus CAF01 adjuvant gen-
erated antibodies that bound to the surface of C. trachomatis but
did not neutralize the bacteria, and CD4� T cell responses that
reduced the bacterial burden in the lower reproductive tract by
approximately 1 log after challenge with the human C. trachomatis
serovar D, compared with the control group. These data are
promising but also suggest that more than one antigen will be
required in a subunit vaccine for optimal vaccine efficacy.

A separate examination of the fertility cohorts revealed that a
group of T cell antigens was statistically associated with C. tracho-
matis-attributable TFI (Table 3). However, this group did not in-
clude expected targets, such as HSP60 (CD4� T cell responses
were measured to this antigen in subjects comprising the TFI co-
hort, but they did not segregate with the infertility cohort com-
pared to the other cohorts). It is possible that this is because the
majority of the human studies characterizing HSP60 responses
were focused on antibodies (45–48), although previous studies
have reported T cell responses based on proliferation as well (49).
One of the T cell targets that was prioritized as a protective antigen
in this study from the CD8� T cell screens, CT634 (nqrA), has
been implicated as an antigen associated with reactive arthritis in
HLA-B27-expressing subjects (50), but it was not identified as a T
cell target in the infertility cohort. Interestingly, all of the statisti-
cally prioritized CD4� TFI antigens are hypothetical proteins, and
only one of the CD8� TFI antigens is a known protein. The small
number of significant antigens identified in this cohort may be a
reflection of multiple C. trachomatis exposures leading to the
huge diversity of T cell responses in subjects with advanced dis-
ease.

The general consensus in the field, based predominantly on
mouse studies, is that CD4� T cells secreting IFN-� are responsi-
ble for the resolution of infections (30). In this study, we identified
a group of antigens that elicited CD4� T cell responses that segre-

FIG 5 Immunodominant antigens are not correlated with effective responses against C. trachomatis. Frequency distribution plot of antigens recognized in
�15% of all subjects for CD4� (gray circles) and CD8� (black circles) T cell responses ordered from high to low frequency. Antigens associated (P � 0.05) with
effective immune responses in the CD4� compartment (green circles), CD8� compartment (blue circles), and TFI (red circles) are highlighted.
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gated with protective immune responses, as expected. However,
we also identified a group of antigens that were uniquely recog-
nized in the CD8� T cell screens and that also elicited greater
frequency responses overall than those identified with the CD4� T
cell subset. These data suggest that in humans, IFN-�-secreting
CD8� T cells may also play a critical role in protection from dis-
ease. It is curious that (i) there was a greater number of CD8� T
cell antigens that elicited responses that were statistically more
frequent in the protected cohorts than in unprotected cohorts,
and (ii) there was no overlap between the top CD8� and CD4� T
cell antigens. One hypothesis to explain the observation is that the
different T cell subsets play unique roles in protection that are
temporally or spatially associated with the unique life cycle of this
bacterium. T cells producing other cytokines, such as IL-10, IL-17,
IL-22, and IL-23, might also play a role in either protective or
deleterious immune responses to C. trachomatis infection; how-
ever, the evidence in human subjects is sparse and inconclusive. In
mice, the presence or deletion of IL-17, IL-22, and IL-23 in exper-
imental genital Chlamydia muridarum infection does not signifi-
cantly impact the resolution of infection or the development of
oviduct pathology (51). On the other hand, the preponderance of
existing literature clearly points to IFN-� as the major immune
effector. The secretion of increased levels of IL-17 and IL-22 has
been reported in cervical washes of C. trachomatis-infected
women (52); however, PBMC samples from C. trachomatis-in-
fected women produce C. trachomatis-specific IFN-� but not
IL-17 (53). The mucosal localization of cytokine responses other
than IFN-� further validates the use of IFN-� as the readout for
antigen-specific responses in the ATLAS screening. As described
above, other groups have conducted human studies designed to
identify C. trachomatis-specific antigens, resulting in different
outcomes. Comparisons of T cell identification platforms and
their strengths and weaknesses were discussed in in a recent review
(54). The reasons for the identification of novel and unpredicted
antigens may lie in the uniqueness of the ATLAS approach.
First, the ATLAS screens are comprehensive, such that every antigen
predicted to be expressed by the pathogen is interrogated individ-
ually using autologous antigen-presenting cells and T cells from
each subject. This eliminates guesswork and skewing of data due
to predictions based on bioinformatics (37) or epitope algorithms
(55). Second, these screens were based on T cell reactivity after
natural exposure rather than determining if previously identified
antibody targets are also T cell targets (56, 57). Third, CD4� and
CD8� T cell antigen recognition profiles were determined sepa-
rately and independently from one another. The contribution of
IFN-�-producing CD4� T cells to the clearance of C. trachomatis
infection and induction of memory responses is generally accept-
ed; however, the roles of CD8� T cells are less well understood
(30). Future work to evaluate the function and nature of the anti-
gens identified from each subset may provide insight into the res-
olution of infection or pathologies associated with C. trachomatis
infection. Fourth, by delivering full-length protein antigens to au-
tologous antigen-presenting cells, each subject’s own antigen-
processing machinery will naturally process and present epitopes
in the context of their own MHC I or II molecules. This represents
a more natural means of antigen presentation than exogenous
loading of preprocessed overlapping peptides. Finally, the depth
in discriminating antigen-specific responses based on the clinical
outcome of the donors is unique to this proteomic screen for C.
trachomatis-specific responses. This is the first study in which ge-

netically diverse human subjects with well-characterized out-
comes to natural genital C. trachomatis infection or exposure (any
serovar) were used to identify T cell antigens associated with pro-
tective and, conversely, pathological T cell responses.

In conclusion, we have presented a comprehensive T cell im-
mune signature of human clinical genital C. trachomatis infection
that reflects immune competence. The unique T cell recognition
patterns stratified by resolution of infection highlight the impor-
tance of effective immune priming of T cells in the genital mucosa
to specific antigens likely to lead to a favorable clinical outcome. In
addition, we have shown that the most frequently recognized an-
tigens across all subjects exposed to or infected with C. trachomatis
may fall into any of the disease cohorts, suggesting that immu-
nodominance may not be predictive of resolution of infection.
The practical application of these antigen signatures to vaccine
development may yield vaccine formulations that could provide
immune protection to C. trachomatis infection and significantly
aid in the prevention and control of the C. trachomatis infection
epidemic.
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