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Abstract
A novel Chlamydia muridarum antigen (TC0582) was used to vaccinate BALB/c mice. Mice were
also immunized with other components of the ATP synthase complex (TC0580, TC0581, and
TC0584), or with the major outer membrane protein (MOMP). TC0582 was also formulated in
combination with TC0580, TC0581 or MOMP. TC0582 alone, or in combination with the other
antigens, elicited strong Chlamydia-specific humoral and cellular immune responses. Vaccinated
animals were challenged intranasally and the course of the infection was followed for 10 days.
Based on percentage change in body weight, lung weight, and number of Chlamydia inclusion
forming units recovered from the lungs, mice immunized with TC0582, TC0581 or MOMP, as
single antigens, showed significant protection. Mice immunized with combinations of two
antigens were also protected but the level of protection was not additive. TC0582 has sequence
homology with the eukaryotic ATP synthase subunit A (AtpA). Therefore, to determine if
immunization with TC0582, or with Chlamydia, elicited antibodies that cross-reacted with the
mouse AtpA, the two proteins were printed on a microarray. Sera from mice immunized with
TC0582 and/or live Chlamydia, strongly reacted with TC0582 but did not recognize the mouse
AtpA. In conclusion, TC0582 may be considered as a Chlamydia vaccine candidate.
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1. Introduction
Chlamydia trachomatis is worldwide the most common sexually transmitted bacterial
pathogen and the causative agent of ocular, gastrointestinal and respiratory infections [1–3].
Attempts to control this organism using antibiotics have failed and therefore, a vaccine
program has been considered [4–7]. Using whole inactivated and viable C. trachomatis
vaccination trials were performed to protect against trachoma [2, 8, 9]. The protection was
found to be short-lived, serovar specific and in some individuals, a hypersensitivity reaction
was observed after re-exposure to Chlamydia [2]. The cause of the hypersensitivity reaction
is thought to be mediated by a component present in Chlamydia and therefore, efforts are
now focused on formulating a subunit vaccine [10, 11].

The major outer membrane protein (MOMP) of C. trachomatis has been tested as a vaccine
in several models [5, 6, 12–15]. For example, mice immunized with native MOMP
(nMOMP) showed protection against genital and respiratory challenges [14, 16, 17]. The
protection elicited by nMOMP was found to be, at least in part, dependent on its native
structure [17]. Extraction of the native MOMP cannot be scaled up at a reasonable cost.
Furthermore, the serovar specific protection observed during the trachoma vaccine trials was
thought to be mediated by MOMP [18]. Therefore, additional antigens need to be identified
to formulate a broadly protective vaccine.

By probing a Chlamydia muridarum (previously called C. trachomatis mouse pneumonitis
[MoPn] biovar) proteome microarray with sera from mice infected with this pathogen, the
protein coded by the open reading frame (ORF) TC0582 was identified as a novel
immunodominant antigen [19]. TC0582 is a highly conserved V-type ATP synthase subunit
A (AtpA), which is part of the hexamer of three AtpA and three AtpB subunits and has
sequence identity with its eukaryotic homologue. The AtpB from different bacteria have
been reported as being immunodominant antigens [20]. Recently, TC0582 was found to be
preferentially recognized by sera from mice that developed hydrosalpinx following a vaginal
infection with C. muridarum and therefore, was considered as a potential pathology-
associated antigen [21].

Here, we investigated the protective efficacy of TC0582 and related antigens (TC0580,
TC0581, and TC0584), and assessed its potential role in the immunopathogenesis of a
chlamydial infection. Our results show that TC0582 can elicit protection against a challenge
with Chlamydia and is likely not involved in inducing tissue damage. Therefore, TC0582
should be considered as a potential Chlamydia vaccine candidate.

2. Materials and methods
2.1. Cloning of the C. muridarum TC0580, TC0581, TC0582, TC0584 and MOMP and the
Neisseria gonorrhoeae porin B (Ng-rPorB) ORF

C. muridarum (ATCC; Manassas, VA) was grown in HeLa-229 cells and purified
elementary bodies (EB) were stored at −70°C [12, 22]. Genomic DNA from C. muridarum
and N. gonorrhoeae strain FA 1090 (ATCC) were extracted [23] and the TC0580, TC0581,
TC0582, and TC0584 genes were amplified with Pfu Turbo DNA Polymerase (Stratagene,
La Jolla, CA) using the following primers: TC0580 F: 5'-
GGGGTACCTCTTCACAAATAAAATTAAC-3' and R: 5'-
CGGGATCCCTACTCCTTATGCTGCTGAATT; TC0581 F: 5'-
GGGGTACCCAAACAATATATACAAGAA-3' and R: 5'-
ATAGTTTAGCGGCCGCTTATTTGTGAAGACATGCT-3'; TC0582 F: 5'-
CATGCCATGGTAGCAACTTCAAAAGA-3' and R: 5'-
ATAGTTTAGCGGCCGCCGTCTGCACCATTTTGC-3'; TC0584 F: 5'-
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GGGGTACCGCAGATCTCAGCGCTCAGG-3' and R: 5'-
CGGGATCCCTAACAAGACTGAAAAATC-3'. TC0580, TC0581, and TC0584 were
cloned into the pET-45b vector (Novagen, Gibbstown, NJ). The C. muridarum MOMP and
the N. gonorrhoeae porin B (Ng-PorB) genes were amplified without the signal sequence as
described [17]. After confirmation by DNA sequencing the proteins were expressed [17].

2.2. Purification of antigens
The TC0580, TC0581, TC0582 and TC0584 His-tagged proteins were extracted from the
Escherichia coli inclusion bodies using the Invitrogen ProBond™ (Carlsbad, CA). The
MOMP and Ng-rPorB proteins were isolated as described by Marston [24]. Following
solubilization, the MOMP and Ng-rPorB proteins were loaded onto a Sephacryl-S-300
column and the peak fractions were pooled [16, 23, 25, 26].

Before immunization all proteins were dialyzed against PBS (pH 7.4) with 0.05% Z3–14
and stored at −80°C [27]. The apparent MW and purity of TC0580, TC0581, TC0582,
TC0584, MOMP and Ng-rPorB proteins were determined by 10% tricine-SDS-PAGE [28].
Using the limulus amoebocyte assay (BioWhittaker, Inc., Walkersville, MD), the
recombinant antigens were found to have less than 0.05 EU of LPS/mg of protein.

2.3. Immunization protocols
Three-weeks-old female BALB/c (H-2d) mice (Charles River Laboratories; Wilmington,
MA) were housed at the University of California, Irvine, Vivarium. The University of
California, IACUC approved all animal protocols.

CpG-1826 (TriLink, San Diego, CA; 10 μg/mouse/immunization) and Montanide ISA 720
VG (SEPPIC inc., Fairfield, NJ; 70% of total volume) as adjuvants were directly mixed with
single antigens (TC0580, TC0581, TC0582, TC0584, MOMP, Ng-rPorB; 10 μg/mouse/
immunization) or antigen combinations (TC0582 + TC0581, TC0582 + TC0580, TC0582 +
MOMP; 10 μg of each protein/mouse/immunization) [16, 29].

A pilot study was performed with five mice per group (Supplemental Table 1). Antigens that
elicited protection were subsequently tested with additional mice (Tables 1, 2). Mice were
immunized three times by the intramuscular plus subcutaneous (i.m./s.c.) routes at 2-week
intervals. As positive vaccine controls mice were immunized i.n. once with 104 inclusion
forming units (IFU) of C. muridarum while a negative control group was inoculated once
i.n. with 20 μl of MEM-0 [29, 30]. Mice were challenged i.n. four weeks after the last
immunization.

2.4. Characterization of the humoral response elicited by vaccination
Blood was collected from each mouse the day before the challenge. To measure Chlamydia-
specific, or antigen-specific antibody levels, an ELISA was performed as previously
described [30]. Each well of a 96-well plate was coated with 100 μl per well of EB (10 μg/
ml of protein) or TC0582 or MOMP protein (1 μg/ml) in PBS. Serial dilutions of serum
were added and, following incubation, the plates were washed, horseradish peroxidase-
conjugated goat anti-mouse immunoglobulin (Ig)G (KPL, Gaithersburg, MD), IgG1, IgG2a
(BD Pharmingen, San Diego, CA), and IgA (ICN Pharmaceuticals, Aurora, Ohio) were
added. The binding was measured in an ELISA reader (Labsystem Multiscan; Helsinki,
Finland) using 2, 2'-azino-bis-(3-ethylbenzthiazoline-6-sulfonate) as the substrate. The
geometric mean titers (GMT) are expressed as the inverse of the highest dilution that gave a
positive result [31].
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The Western blot was performed as previously described [30]. Approximately 40 mg of
purified EB were loaded on a polyacrylamide gel. Following transfer to a nitrocellulose
membrane, nonspecific binding was blocked with BLOTTO overnight. Serum samples were
added to the membranes and incubated. The membrane was washed and incubated with
horseradish peroxidase-conjugated goat anti-mouse antibody, followed by visualization of
the bands with 0.01% hydrogen peroxide and 4-chloro-1-naphthol.

2.5. In vitro splenic T-cell responses following vaccination
To assess the T-cell memory response following immunization, an in vitro LPA was
performed before the i.n. challenge as previously described [30, 32]. In brief, spleens were
harvested and T-cell-enriched lymphocytes (105 cells/well) were cultured with antigen
presenting cells (APCs; 1.25 × 105/well), which were prepared by irradiating (3,000
rads; 137Cs) syngeneic unseparated splenocytes, and incubated with UV-inactivated C.
muridarum EB at a 1:1 ratio. Concanavalin A (ConA; Sigma-Aldrich, St. Louis, MO) was
used as a positive stimulant and tissue culture media as a negative control. After 96 hrs of
incubation, 1.0 μCi of [methyl-3H] thymidine (47 Ci/mmol; Amersham, Arlington Heights,
IL) was added to each well and the uptake of the [3H] thymidine was measured at 48 hrs.

Levels of IFN-γ in supernatants from the splenic T-cells stimulated with UV-inactivated EB
were determined with ELISA kits (BD Pharmingen, San Diego, CA) and measured
(Labsystem Multiscan; Helsinki, Finland) at 450nm using tetramethylbenzidine [30].

2.6. Intranasal challenge with C. muridarum
Mice were challenged i.n. with 104 IFU of C. muridarum and for 10 consecutive days xtheir
body weights were monitored [30]. At day 10 post-challenge (p.c.) mice were euthanized,
their lungs harvested, weighed, homogenized and 10-fold serial dilutions inoculated onto
HeLa-229 cells. The chlamydial inclusions were stained with a cocktail of monoclonal
antibodies prepared in our laboratory [30]. The limit of detection per mouse was 50 IFU.

To assess the local humoral and cellular immunities in the lungs, the titers of Chlamydia-
specific IgA and levels of IFN-γ were determined by an ELISA as described above using a
1:2 dilution of the supernatants of homogenized lungs from each mouse.

2.7. Cross reactivity between TC0582 and the mouse ATP6v1a gene
TC0582 has ~40% amino acid sequence identity with its eukaryotic homolog. In order to
determine whether antibodies from mice immunized with TC0582 cross-reacted with the
mouse ATP synthetase subunit A protein, sera from immunized mice were tested using a
protein microarray chip. The mouse ATP6v1a gene was purchased from OriGene
Technologies (Rockville, MD). Mouse ATP6v1a and TC0582, with His and HA tags at the
3' and 5' end, respectively, were cloned into a T7 promoter based plasmid expression vector
pET-28b vector (Novagen, Gibbstown, NJ) [33]. The genes were expressed using the RTS
100 E. coli HY kit (Roche, Indianapolis, IN) [33]. The expression of both genes were quality
controlled by using anti-His and anti-HA antibodies.

2.8. Characterization of the antibody response to TC0582
To determine the timing and levels of antibody production to TC0582 sera were collected
from three strains of mice infected with C. muridarum EB by the i.n. or intravaginal (i.vag.)
routes [34]. For i.n. inoculation, 12 BALB/c and C57BL/6 mice received 104 IFU/mouse of
MoPn while C3H/HeN mice were infected with 101 IFU. For i.vag. infection mice received
105 IFU/mouse [22, 30, 35–37]. Six months after infection the animals were euthanized and
their genital tract inspected for hydrosalpinx. Serum samples were collected every two
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weeks after infection and probed on the C. muridarum protein array as previously described
[33, 38].

Antigen-specific signal intensities were first corrected for background noise by using
QuantArray software (Perkin Elmer, Waltham, MA). In addition to the target antigen
TC0582, control antigens TC0052 (MOMP), TC0386 (hsp60), and TC0727 (omp2) were
evaluated. The data was transformed using the log variant asinh. The antigen signal intensity
data were averaged and no DNA control plus two standard deviations was removed. Next,
the signal of each antigen the day before infection was subtracted from that specific antigen
signal post-infection. The signal intensity from each animal was then transformed using log
and then plotted over time.

2.9. Statistical analyses
The two-tailed unpaired Student's t-test, the Mann-Whitney U-test, and repeated measures
ANOVA were employed to determine the significance of the differences between groups.

3. Results
3.1. Pilot vaccination experiment

Following the C. muridarum i.n. challenge mice were weighed daily and, at 10 days p.c.,
they were euthanized, their lungs collected, weighed and the number of IFU determined
(Supplemental Table 1). Mice vaccinated with TC0582 had lost least body weight at day 10
p.c. (−3.79 ± 0.87), had the lightest lung weight (0.23 ± 0.02 g) and the lowest number of
Chlamydia in the lungs [(median: 1.9; range: 0.8 – 25) × 106 IFU] when compared to the
other three groups of mice immunized with a single antigen. The mice immunized with
TC0581, when compared to the negative control group, also showed partial protection based
on the percentage change in mean body weight, lung weight, and yield of IFU from the
lungs, whereas TC0580 and TC0584 were not protected.

To determine if enhanced protection could be obtained by combining two of these antigens
mice were immunized with TC0580 plus TC0582 or with TC0581 plus TC0582. As shown
in Supplemental Table 1, none of these combinations showed better protection than TC0582
by itself. Based on these results, further testing was performed only with TC0582.

3.2. Humoral immune responses following vaccination
To further assess the protective capacity of T0582 and its ability to enhance the protection
elicited by MOMP, mice were vaccinated with these two antigens singly or in combination
(Tables 1, 2). Sera from mice immunized with TC0582 showed no reactivity to C.
muridarum EB or MOMP but had high IgG (GMT: 204,800; range: 204,800–204,800) and
IgA (GMT: 40,637; range: 25,600–51,200) titers to TC0582. When using EB as the antigen,
the mice immunized with MOMP showed a strong Th1 biased response with high IgG2a in
comparison to IgG1 titers (GMT: IgG1= 12,800 and IgG2a= 162,550; IgG2a/IgG1 ratio:
13). The IgG anti-MOMP titers (GMT= 1,638,400; range: 1,638,400–1,638,400) were high
in animals immunized with MOMP. This group of mice had no detectable antibody to
TC0582. Mice immunized with TC0582 + MOMP also had Th1 biased immune response
(IgG1= 10,159 and IgG2a= 51,200, IgG2a/IgG1= 5) when using EB as the antigen. The IgG
antibody titer to TC0582 in this group of mice was not different from that of the group
immunized only with TC0582. In contrast, in mice immunized with a combination of
MOMP and TC0582 the IgG antibody titer to MOMP (GMT IgG=409,600; range: 409,600–
409,600) was lower than in the group only vaccinated with MOMP. As expected, the
positive control group immunized with live EB elicited a Th1-biased response with higher
EB-specific IgG2a than IgG1 antibody levels (GMT: IgG1= 3,200 and IgG2a= 12,800,
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IgG2a/IgG1= 4). Positive control mice also had IgG antibodies to MOMP and TC0582
(GMT= 3,200; range: 3,200–3,200; GMT=566; range: 400–800), respectively.

A higher EB-specific IgA titer was detected in mice vaccinated with MOMP (GMT: 4,032;
range: 3,200–6,400) when compared to mice immunized with MOMP + TC0582 (GMT:
635; range: 400–800) or with TC0582 alone (<100). In contrast, in mice vaccinated with
MOMP + TC0582, or with TC0582 alone, the anti-TC0582 IgA were the same
(GMT=40,637; range: 25,600–51,200). The anti-MOMP IgA titers in mice vaccinated with
MOMP + TC0582 versus with MOMP only were different (GMT=40,637; range: 25,600–
51,200, versus GMT= 102,400; range: 102,400–102,400). No detectable IgG or IgA anti-C.
muridarum antibodies were found in mice immunized with Ng-rPorB or MEM-0.

By Western blot mice vaccinated with TC0582 developed antibodies only against this
protein (MW 65-kDa; Supplemental Fig. 1). Animals immunized with MOMP had specific
antibodies only against this protein (MW 40-kDa). Mice vaccinated with the TC0582 and
MOMP combination developed strong specific antibodies against MOMP but the 65-kDa
band was fairly weak. Animals immunized i.n. with live C. muridarum produced antibodies
against several antigenic components. Sera collected from preimmunized mice and from the
mice immunized with Ng-rPorB or MEM-0 were negative by Western blot.

3.3. Cell mediated immune responses (CMI) following vaccination
Mice immunized with TC0582 showed weaker T-cell proliferative response (975 ± 119
cpm) in comparison to animals vaccinated with MOMP (2,017 ± 259 cpm), or mice
immunized with TC0582 + MOMP (1,714 ± 226 cpm, p < 0.05 respectively) (Fig. 1A).
However, the proliferative response with TC0582 was stronger than the control mice
immunized with Ng-rPorB (513 ± 54 cpm) or with MEM-0 (672 ± 81 cpm, p < 0.05
respectively). The most robust lymphoproliferative response was observed in control mice
inoculated i.n. with live EB (3,467 ± 224 cpm; p < 0.05; compared to any other vaccinated
group).

No detectable IFN-g levels were found in mice vaccinated with TC0582 (Fig. 1B).
Significantly higher levels of IFN-γ were obtained in the group of mice vaccinated with
MOMP (886 ± 21 pg/ml) in comparison to the group immunized with TC0582 + MOMP
(399 ± 22 pg/ml; p < 0.05). The highest level of IFN-γ was detected in the supernatants from
mice vaccinated with MoPn EB (3,665 ± 788 pg/ml; p < 0.05, in comparison to any other
group). Low levels of IFN-γ were found in mice immunized with Ng-rPorB or MEM-0.

3.4. Changes in mean body weight of mice following the i.n. challenge
Except animals immunized i.n. with live EB, all other groups of mice rapidly lost weight
from days 2 to 4 p.c. (Fig. 2A). Subsequently, mice vaccinated with MOMP maintained their
weight up to 10 days p.c. Mice immunized with TC0582 + MOMP gained more weight
during the 10 days in comparison with mice immunized with MOMP (p < 0.05 by Repeated
Measured ANOVA). Mice vaccinated with TC0582, Ng-rPorB or MEM-0 lost body weight
during most of the 10 days.

As shown in Supplemental Fig. 2 and Table 2, at day 10 p.c. mice vaccinated with TC0582
+ MOMP showed the least body weight loss (−3.56 ± 0.92%) in comparison to any other
group of mice, except the control immunized i.n. with live EB which gained some weight by
day 10 p.c. (+1.7 ± 0.44%). The body weight loss in the TC0582 + MOMP group was
significantly less than in the group immunized with TC0582 (−7.6 ± 0.99%, p < 0.05).
However, no significant difference was found between the TC0582 + MOMP group in
comparison to mice immunized with MOMP (−5.86 ± 0.95%, p > 0.05). The negative
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control mice inoculated with MEM-0 (−18.73 ± 1.08%), or Ng-rPorB (−15.45 ± 1.22%), lost
more body weight than any of the other groups (p < 0.05).

3.5. Burden of C. muridarum infection in the lungs
The mean weight of the lungs, used as a parameter of the local inflammatory response, from
mice vaccinated with TC0582 was 0.30 ± 0.01 g, that was lighter than the negative control
mice immunized with Ng-rPorB (0.35 ± 0.01 g) and the animals inoculated i.n. with MEM-0
(0.34 ± 0.01 g; p < 0.05) (Fig. 2B and Table 2). In contrast, the lung weight in these mice
was significantly heavier than that of the group vaccinated with MOMP (0.23 ± 0.01 g) or
the mice immunized with TC0582 + MOMP (0.26 ± 0.02 g; p < 0.05, respectively). There
was no significant difference between the groups of mice vaccinated with MOMP or with
TC0582 + MOMP (p > 0.05). The mean weight of the lungs of the positive control mice
vaccinated with EB was 0.20 ± 0.01 g, significantly less than any other group (p < 0.05).

The median (range) number of IFU recovered from the lungs of mice vaccinated with
TC0582 was 17 (0.2 – 2,738) × 106 IFU (Fig. 2C and Table 2). This was significantly less
than the number of IFU from the negative controls immunized with Ng-rPorB [1,136 (10.3 –
8,415) × 106 IFU; p < 0.05], or inoculated i.n. with MEM-0 [2,168 (17 – 42,952) × 106 IFU;
p < 0.05]. The number of IFU recovered from the TC0582 immunized group however, was
significantly higher than the number of IFU from mice vaccinated with MOMP [0.6 (0.007 –
6,382) × 106 IFU; p < 0.05] or with TC0582 + MOMP [2.9 (0.003 – 190) × 106 IFU; p <
0.05]. There was no significant difference in the number of IFU recovered from mice
vaccinated with MOMP versus the group immunized with TC0582 + MOMP (p > 0.05). The
number of IFU recovered from the lungs of mice vaccinated with EB was below the level of
detection (< 50 IFU/mouse).

3.6. Local humoral and cellular immune responses in the lungs at day 10 p.c.
The mean OD405 value of Chlamydia-specific IgA in the lungs of mice vaccinated with
TC0582 (0.335 ± 0.011) was significantly higher than that of the negative control mice
immunized with Ng-rPorB (0.258 ± 0.012), or with MEM-0 (0.214 ± 0.020) (p < 0.05,
respectively), but lower than those of mice immunized with MOMP (0.536 ± 0.023) or with
TC0582 + MOMP (0.558 ± 0.071; p < 0.05; Fig. 3A and Table 2). No significant difference
in the levels of Chlamydia-specific IgA were detected between the mice immunized with
MOMP versus TC0582 + MOMP (p > 0.05). As expected, the mice inoculated with EB had
the highest Chlamydia-specific IgA levels (2.552 ± 0.157) in the lungs and that was
significantly higher than in any other group (p < 0.05).

The mean level of IFN-γ in the lungs of mice vaccinated with TC0582 was 2,611 ± 665 pg/
ml (Fig. 3B and Table 2). This was not significantly different than in the negative control
animals immunized with Ng-rPorB (3,317 ± 252 pg/ml) or inoculated with MEM-0 (2,970 ±
298 pg/ml; p > 0.05, respectively). In contrast, the mean level of IFN-γ measured in the
lungs of the TC0582 vaccinated group was significantly higher than that of mice immunized
with MOMP (825 ± 377 pg/ml) or TC0582 + MOMP (1,065 ± 361 pg/ml; p < 0.05). There
was no significant difference in the levels of IFN-γ detected in mice immunized with
MOMP versus TC0582 + MOMP (p > 0.05). Undetectable levels of IFN-γ were found in the
lungs of mice inoculated with EB.

3.7. Cross reactivity between the C. muridarum TC0582 and the mouse ATP6v1a
To determine if immunization with TC0582 elicited antibodies that cross-reacted with the
mouse V-type ATP synthetase subunit A (AtpA), the ORF of both proteins were expressed
and printed on the same microarray chip (Supplemental Fig. 3). All serum samples from
mice immunized with TC0582, or infected i.n. with EB, reacted with the TC0582 protein. In
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contrast, none of these serum samples reacted with the mouse V-type ATP synthase subunit
A protein, indicating that there is no cross-reactivity.

3.8. Antibody response to TC0582
To determine if the antibody response to TC0582 was an indicator of upper genital tract
long-term sequelae, three strains of mice BALB/c, C3H/HeN and C57BL/6 were infected
i.vag. or i.n. with C. muridarum. At six months post infection the mice were euthanized and
their genital tract inspected for the presence of hydrosalpinx. Serum samples were collected
every two weeks over a period of six months and tested for their ability to react with
TC0582 and three other MoPn proteins used as controls, TC0052 (MOMP), TC0386 (60-
kDa hsp) and TC0727 (60-kDa crp) (Fig. 4).

Antibodies to TC0582 were detected at 14 days p.i. in BALB/c mice infected i.vag. and at
28 days following the i.n. infection. In both C3H/HeN and C57BL/6 mice a positive signal
was detected by day 28 independently of the route of infection. Antibodies to the TC0052
protein were detected at 14 days p.i. in all three strains of mice independently of the route of
infection. Reactivity to the TC0386 was first detected at 14 days p.i. in C3H/HeN mice
inoculated i.vag or i.n and in the C57BL/6 infected i.n. The most delayed reaction (day 42)
was observed in BALB/c mice inoculated i.vag. Antibodies to the TC0727 were overall
detected later than to the other three antigens. In BALB/c mice, by day 28 p.i., TC0727
reacted with sera from mice infected i.n. or i.vag. In C3H/HeN and C57BL/6 mice
antibodies to the TC0727 were first observed at day 42 and 56 p.i., respectively.

Mice were euthanized at the end of the experiment and their genital tracts inspected for the
presence of hydrosalpinx. None of the mice infected i.n. had hydrosalpinx. All BALB/c and
C3H/HeN mice and 75% of the C57BL/6 mice infected i.vag., had hydrosalpinx.

4. Discussion
In spite of significant efforts we still do not have a vaccine to protect against C. trachomatis
infections. Here, to establish the ability of the C. muridarum TC0582 protein to elicit
protection, BALB/c mice were vaccinated with this antigen formulated with adjuvants that
induce Th1 responses. Mice immunized with TC0582 did not developed detectable levels of
antibodies when using EB as the antigen in an ELISA. This was not unexpected since
TC0582 is not a surface exposed antigen and furthermore, it is likely present at low
concentrations in EB [21]. This was confirmed when the same sera were tested by ELISA
using TC0582 as the antigen. In this case, high IgG and IgA titers were detected and the
specificity of the reaction was confirmed by Western blot. Moreover, T-cells from mice
immunized with TC0582 proliferated when stimulated in vitro with EB. To identify antigens
that elicit antibodies, Finco et al. [39] utilized a panel of 120 C. trachomatis serovar D
recombinant proteins to screen sera from Chlamydia infected patients. The 79 proteins that
gave positive results were then used to stimulate splenocytes from C. trachomatis-infected
mice. Five of the proteins (CT119, CT372, CT443, CT681 and CT823), also induced CD4+/
IFN-γ, indicative of cell-mediated immune responses. Based on our results, TC0582
(CT308) can now be added to the list of chlamydial antigens that, at least in mice, can elicit
both humoral and cell mediated immune responses. Mice vaccinated with TC0582 were i.n.
challenged and, as determined by changes in body weight, lung weight and number of
Chlamydia IFU recovered from the lungs, it induced an immune response that provided
statistically significant protection.

TC0582 has homology to the eukaryotic V-type ATP synthase subunit A [21]. The
eukaryotic ATP synthase complex is made up of multiple subunits. In C. muridarum
TC0580, TC0581, TC0582 and TC0584, may code for proteins that are part of the ATP
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synthase complex. To determine if we could identify additional protective proteins from the
same complex mice were immunized with TC0580 (subunit D), TC0581 (subunit B) or
TC0584 (subunit E). TC0581 elicited moderate protection while, in mice vaccinated with
TC0580 or TC0584, no protection was observed.

Neutral, additive, synergistic and subtractive effects have been observed when formulating
vaccines with several antigens [39–41]. For example, Finco et al. [39] reported an additive
effect by combining partially protective, or not-protective, chlamydial antigens. Yu et al.
[40] on the other hand, observed neutral effects with combinations of Chlamydia antigens.
Therefore, to determine if we could enhance protection using two antigens, mice were
immunized with vaccines formulated with TC0582 and TC0581 or TC0582 and TC0580.
None of the two combinations conferred enhanced protection when compared to TC0582
alone. Differences in the ability of antigen combinations to enhance a protective immune
response may depend on several factors including the antigens and adjuvants utilized, the
genetic background of the animal and/or the experimental model.

In the trachoma vaccination trials, using live or inactivated C. trachomatis as the antigen, the
protection was observed to be serovar or serogroup specific [2, 9, 42]. DNA sequencing
demonstrated that the serovar classification of C. trachomatis was likely dependent on the
amino acid sequence of the variable domains of MOMP [43]. The serovar-specificity of the
MOMP-induced protection could be a limitation for using this protein as the only vaccine
antigen [44]. Well-conserved C. trachomatis antigens could, in principle, elicit a broad-
protection. Therefore, we also tested a combination of TC0582, an antigen with more than
99.5% sequence identity among all the C. trachomatis serovars, plus MOMP.

Mice immunized with TC0582 plus MOMP had higher antibody titers to EB than those
vaccinated only with TC0582 but lower than the group immunized only with MOMP.
Antibody titers to MOMP were also lower in the mice vaccinated with the combination than
in animals immunized only with MOMP. Interestingly, antibody levels to TC0582 were the
same in both groups. The T-cell lymphoproliferative responses and levels of IFN-γ were
higher in mice immunized only with MOMP than in those vaccinated with TC0582 plus
MOMP. Following the i.n. challenge, mice vaccinated with TC0582 and MOMP maintained
their body weight better than those immunized only with TC0582 or MOMP. However, by
day 10 p.c., mice immunized with the combination of TC0582 plus MOMP had a body
weight not significantly different from mice vaccinated only with MOMP. Similarly, neither
the lung weight nor the number of IFU, were significantly different between the two groups.
Furthermore levels of Chlamydia-specific IgA, a protective parameter and IFN-γ, an
inflammatory marker, in the lungs at day 10 p.c., were not significantly different between
mice vaccinated with TC0582 plus MOMP and those immunized with only MOMP.
Therefore, our results combining TC0582 with other subunits of the ATP synthetase
complex, or with MOMP, parallel those of Yu et al. [40] that reported that vaccination with
Chlamydia antigen combinations only protected as well as the best individual protein in the
mixture. We can thus conclude that, at least in this model using the homologous isolate to
challenge, the MOMP and TC0582 combination does not offer an advantage over using
MOMP as the only antigen.

TC0582 has ~40% amino acid sequence identity with the eukaryotic V-type ATP synthase
subunit A. Zeng et al. [21] proposed that the hydrosalpinx that develops in mice after C.
muridarum intravaginal infection, correlates with TC0582 antigen-specific antibody
responses. They hypothesized that TC0582 contributed to chlamydial pathogenesis by
mechanisms similar to those proposed for hsp60 (TC0386) [21]. In women infected with C.
trachomatis, significantly elevated anti-hsp60 antibodies have been detected in patients with
tubal factor infertility [11, 45, 46]. The anti-hsp60 antibody responses, due to the high level
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of amino acid sequence conservation between the chlamydial and human hsp60s, are
thought to contribute to the damage in the upper genital tract [46]. However, in spite of this
perceived limitation, heat shock proteins have been tested as vaccine candidates with no
negative outcomes [47].

To determine whether cross-reactive antibodies are generated by vaccination with TC0582,
we expressed the ATP6v1a mouse gene and, using a protein microarray, we tested mouse
sera. Sera from mice vaccinated with TC0582, or with EB, gave strong signals with TC0582
but did not react with the mouse AtpA protein. To further assess the possibility that
antibodies to TC0582 were associated with hydrosalpinx formation, using a C. muridarum
protein microarray, we tested sera from mice infected i.vag. or i.n. with MoPn. Our results
showed that specific anti-TC0582 antibodies are elicited following i.vag. or i.n. inoculation
with live EB. The antibody response to TC0582 paralleled that elicited by TC0052 (MOMP)
and TC0386 (hsp60). Only antibodies to TC0727 (omp2), an antigen also considered to be
associated with hydrosalpinx and cardiac pathology [48–50], were delayed by 2–4 weeks.
Therefore, since mice immunized multiple times with TC0582, or EB, do not produce cross-
reactive antibodies to the eukaryotic ATP6v1a and animals infected i.n. with live EB, that do
not develop hydrosalpinx, have antibodies levels to TC0582 like those inoculated i.vag., it is
unlikely that this antigen plays a role in the upper genital pathology resulting from a
chlamydial vaginal infection [35]. Furthermore, in women, the C. trachomatis orthologue of
this protein, (CT308), has not been found to be associated with chlamydial tubal factor
infertility [48, 49].

In conclusion, immunization with TC0582 elicited statistically significant protection in
BALB/c mice against a challenge with C. muridarum. TC0582, in combination with other
components of the ATP synthase subunits, or with MOMP, did not confer enhanced
protection when compared to itself, or to MOMP alone. However, TC0582 is highly
conserved among all the human C. trachomatis serovars and therefore, it may be a good
antigen to include in a vaccine to elicit broad cross-serovar protection.
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Fig. 1. In vitro splenic T-cell proliferative responses following immunization
A. Splenic T-cells collected the day before the i.n. C. muridarum challenge were stimulated
with UV-treated EB and the proliferative responses were determined (*, p < 0.05, by the
two-tailed unpaired Student's t-test).
B. IFN-γ levels detected in the supernatants of proliferating splenic T-cells stimulated with
UV-treated EB (*, p < 0.05, by the two-tailed unpaired Student's t-test).
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Fig. 2. Disease burden following the i.n. challenge with C. muridarum
A. Daily percentage change in mean body weight following the i.n. challenge (*, p < 0.05 by
the Repeated Measures ANOVA).
B. Lung weights (g) at day 10 after the i.n. challenge. The mean is shown as a horizontal
line. Each symbol represents a single animal.
C. Number of Chlamydia IFU recovered from the lungs at day 10 after the i.n. challenge.
The median is shown as a horizontal line. Each symbol represents a single animal.
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Fig. 3. Titers of C. muridarum-specific IgA and levels of IFN-γ present in the lungs
A. Levels of C. muridarum-specific IgA (OD405) detected in the lungs at day 10 following
the i.n. challenge. The mean is shown as a horizontal line. Each symbol represents a single
animal.
B. Levels of IFN-γ (pg/ml) detected in the lungs at day 10 after the i.n. challenge. The mean
is shown as a horizontal line. Each symbol represents a single animal.
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Fig. 4. Reactivity of serum samples to the TC0582, TC0052, TC0386 and TC0727 proteins, from
mice infected i.n. or i.vag. with C. muridarum
Signal intensity of TC0582, TC0052, TC0386, and TC0727 proteins tested with sera from
three strains (BALB/c, C3H/HeN, and C57BL/6) infected i.n. (solid line) or by the i.vag.
route (dashed line) with MoPn.
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