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An important consideration for antichlamydial vaccine development is the induction of cross-serovar
protection, since multiple serovars (D to L) of Chlamydia trachomatis cause genital infections. We have shown
previously that vaccination with C. trachomatis-derived recombinant chlamydial protease-like activity factor
(rCPAF) induced significant earlier resolution of Chlamydia muridarum infection and reduced oviduct pathol-
ogy. However, the vaccinated mice continued to shed chlamydiae for up to 2 weeks after challenge. In this study,
C. trachomatis serovar D recombinant proteins, such as recombinant major outer membrane protein
(rMOMP), recombinant inclusion membrane protein A (rIncA), and rCPAF were administered intranasally,
individually or in combinations, with murine interleukin-12 (IL-12) as an adjuvant, and cross-species immu-
nity against intravaginal C. muridarum infection was examined. Immunization with rCPAF plus IL-12
(rCPAF�IL-12), compared to immunization with rIncA�IL-12 or rMOMP�IL-12, induced the greatest
antigen-specific gamma interferon production from purified CD4� T cells and concurrently enhanced serum
antibody production. All (100%) the animals vaccinated with rCPAF�IL-12 alone or in any combination
completely resolved the infection by day 18 after challenge compared to animals vaccinated with rIncA�IL-12
(50%), rMOMP�IL-12 (33%), or phosphate-buffered saline (mock vaccinated; 0%). Moreover, oviduct pathol-
ogy in mice vaccinated by any regimen that included rCPAF, but not rMOMP�IL-12 or rIncA�IL-12 alone,
was markedly reduced compared to mock-immunized animals. The addition of rMOMP and/or rIncA did not
significantly enhance the rCPAF�IL-12-induced effect on bacterial clearance or oviduct pathology. These
results suggest a greater conservation of protective linear antigenic epitopes within CPAF than MOMP or IncA
across the examined serovars and the need to identify other highly conserved antigens for use with rCPAF in
a multisubunit recombinant vaccine.

Chlamydia trachomatis is an obligate intracellular gram-neg-
ative bacterium that is the leading cause of bacterial sexually
transmitted disease worldwide (4, 21). The majority of genital
chlamydial infections are initially asymptomatic and untreated,
despite the availability of effective antimicrobial therapy, and
may lead to severe complications, such as pelvic inflammatory
disease, ectopic pregnancy, and infertility (4, 19, 21, 38, 39).
Additionally, the incidence rates of genital chlamydial infec-
tions have increased over the last decade, indicating the
need for timely development of an efficacious chlamydial
vaccine (4).

Multiple serovars (D to L) of the organism cause genital
infections in humans (4, 21). Therefore, an ideal antichlamy-
dial vaccine should induce cross-serovar immunity. We have
recently demonstrated that immunization with recombinant
chlamydial protease-like activity factor (rCPAF) from C. tra-
chomatis (serovar L2) plus interleukin-12 (IL-12) or CpG de-
oxynucleotides (CpG) induces cross-species protection, as in-
dicated by the significant earlier resolution of Chlamydia

muridarum genital infection and the reduced development of
upper reproductive pathology (7, 24). However, the CPAF-
vaccinated animals shed chlamydiae for up to 2 weeks after
challenge, albeit for a significantly shorter time than that for
the mice vaccinated with phosphate-buffered saline (PBS)
(mock vaccinated), and did not display detectable resistance to
infection. Since CPAF is secreted into the host cytosol during
the later stages of the chlamydial developmental cycle (40), we
reasoned that the addition of other candidate antigens ex-
pressed at earlier times in the cycle would enhance the vacci-
nation regimen towards further reducing the duration of chla-
mydial shedding in rCPAF-vaccinated animals. To this end, the
chlamydial major outer membrane protein (MOMP) is acces-
sible to the host immune system when abundantly expressed on
the surface of the extracellular infective phase (elementary
body [EB]), but not after entry into the phagosome where
there is relative seclusion from the host immune system by a
sturdy inclusion membrane (12). During the metabolically ac-
tive phase (reticulate body), Chlamydia synthesizes the inclu-
sion membrane proteins (e.g., inclusion membrane protein A
[IncA]) that localize to the inclusion membrane (13). There-
fore, it would appear that vaccination with select individual
chlamydial proteins would elicit an immune response against
different aspects of the organism’s developmental cycle; thus, a
targeted combinatorial vaccination approach may induce opti-
mal protective immunity.

* Corresponding author. Mailing address: South Texas Center for
Emerging Infectious Diseases, Department of Biology, University of
Texas at San Antonio, One UTSA Circle, San Antonio, TX 78249.
Phone: (210) 458-5492. Fax: (210) 458-5523. E-mail: Bernard
.arulanandam@utsa.edu.

� Published ahead of print on 17 October 2007.

1537



An important consideration for inducing cross-serovar pro-
tection is that even subtle variations in the amino acid se-
quence of a protein across chlamydial serovars might signifi-
cantly affect the secondary and tertiary protein conformation.
Therefore, there is a greater likelihood of conservation of
protective linear epitopes compared to conformational
epitopes. To this end, T cells recognize only linear antigenic
epitopes, whereas B cells can directly recognize conforma-
tional epitopes, suggesting that the induction of T-cell-medi-
ated immunity, but not B-cell-mediated immunity, may be suit-
able for generating cross-serovar protection. This is also
corroborated by the fact that T helper 1 (Th1)-type CD4� T
cells, which recognize only linear epitopes, are required for
optimal resolution of genital chlamydial infection (4, 16, 21,
37). The screening of such conserved protective linear T-cell
epitopes can be accomplished using recombinant candidate
antigens generated by heterologous (e.g., Escherichia coli [used
in this study]) expression vector systems (6, 14).

In this study, we examined the protective efficacy of recom-
binant proteins from C. trachomatis serovar D (a common
cause of chlamydial sexually transmitted disease in humans),
recombinant MOMP (rMOMP), recombinant IncA (rIncA),
or recombinant chlamydial protease-like activity factor
(rCPAF), against vaginal C. muridarum challenge. Female
BALB/c animals were intranasally (i.n.) immunized with the
proteins, individually or in combinations, with murine recom-
binant IL-12, a well-established mucosal Th1 adjuvant (1–3),
and evaluated for the induction of cross-species protection
against C. muridarum challenge. Animals vaccinated with
rCPAF plus IL-12 (rCPAF�IL-12) alone exhibited signifi-
cantly accelerated resolution of genital infection and minimal
development of oviduct pathology. However, there was no
significant additive or synergistic effect of the other evaluated
antigen(s) to the cross-species protective immunity induced by
rCPAF�IL-12 vaccination alone.

MATERIALS AND METHODS

Recombinant proteins. The recombinant chlamydial proteins were purified as
previously described (24, 35). The sequences of MOMP (NCBI nucleotide ac-
cession no. X77364), IncA (GenBank accession no. AF326998), and CPAF (40)
from serovar D were used for generation of the recombinant proteins. Briefly,
rMOMP and rIncA were cloned into PGEX vectors and expressed with gluta-
thione S-transferase fused to the N terminus of the protein. Since the sequences
of CPAF from serovar D and serovar L2 share 99% amino acid identity with each
other (11) and 82% identity each with C. muridarum CPAF (11), an existing
rCPAF construct generated using sequence from C. trachomatis L2 genome with
a six-histidine tag cloned into pBAD vectors was used (7, 23–25, 40). The fusion
proteins were expressed in Escherichia coli with L-arabinose (for rCPAF) or
isopropyl-�-D-thiogalactopyranoside (for rMOMP and rIncA) as an inducer and
extracted by bacterial lysis using sonication in a Triton X-100 lysis buffer. Ni-
nitrilotriacetic acid agarose beads (Amersham, NJ) were used for purification of
rCPAF, and glutathione-conjugated agarose beads (Pharmacia & Upjohn, MI)
were used for purification of rMOMP and rIncA. Each fusion protein was
concentrated using Centriplus YM-10 tubes (Millipore, MA), suspended in PBS
with proteinase inhibitor cocktail (Roche, CA), aliquoted, and then stored at
�20°C. The purity of each protein was evaluated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) and by Western blotting using
antigen-specific murine antibodies (40). As a standard procedure, the endotoxin
levels in the purified protein samples were measured using the Limulus amebo-
cyte assay (Sigma-Aldrich, MO) and consistently found to be �1 endotoxin unit
(EU)/mg of protein (1 EU � 0.2 ng). Murine recombinant IL-12 was obtained as
a generous gift from Wyeth (Cambridge, MA).

Bacteria. Chlamydia muridarum was grown on confluent HeLa cell monolay-
ers. Cells were lysed using a sonicator (Fisher Scientific, PA), and EBs were

purified on Renograffin gradients as described previously (26). Aliquots of bac-
teria were stored at �70°C in sucrose-phosphate-glutamine (SPG) buffer.

Mice. Four- to-six week-old, female BALB/c mice were obtained from Charles
River Laboratory (Bar Harbor, ME). Mice were housed and bred at the Uni-
versity of Texas at San Antonio and provided food and water ad libitum. Animal
care and experimental procedures were performed in compliance with the In-
stitutional Animal Care and Use Committee (IACUC) guidelines.

Intranasal immunization procedure. Animals were immunized as described
previously (7, 23–25). Groups of mice (six mice per group) were anesthetized
(3% isofluorane) and immunized i.n. on day 0 with 15 �g rCPAF, 15 �g rMOMP,
or 15 �g rIncA alone or with combinations of 15 �g rCPAF plus 15 �g rMOMP,
15 �g rCPAF plus 15 �g rIncA, or 15 �g rCPAF plus 15 �g rMOMP plus 15 �g
rIncA, all dissolved in 25 �l of sterile PBS. This was accompanied on days �1,
0, and �1 with 0.5 �g of recombinant murine IL-12 (Wyeth, MA) in PBS
containing 1% normal mouse serum. Mice were boosted i.n. with the same doses
on days 14 and 28. The dose of rCPAF that was selected (15 �g/mouse) provided
robust protection against genital C. muridarum challenge in our studies using
BALB/c mice (7, 23–25). Equivalent doses of the other antigens (rMOMP and
rIncA) were used for this comparative study. Groups of mice (six mice/group)
received 15 �g of the unrelated antigen hen egg lysozyme (HEL) plus 0.5 �g
IL-12, 0.5 �g IL-12 alone, or PBS (mock) alone as controls, on days 0, 14, and 28.
As previously described, no significant toxicity was observed with the IL-12
treatment regimen (15, 23).

Antigen-specific CD4� T-cell responses. Fourteen days after the initial (day 0)
i.n. immunization with individual recombinant chlamydial antigens, the spleens
were removed from the mice (three mice/group), and splenocytes were layered
over a Ficoll density gradient to collect mononuclear cells. CD4� T-cell popu-
lations were isolated using magnetic particles (Stem Cell Technologies, Canada),
and the purity was determined to be at least �95% of CD4� T cells by flow
cytometry using an allophycocyanin-conjugated anti-CD4 monoclonal antibody
(BD Biosciences, CA). A separate pool of naı̈ve splenocytes was prepared from
animals immunized with PBS (mock immunized) and treated with mitomycin C
(25 �g/107 cells) for 20 min and used as a source of antigen-presenting cells
(APCs) (23). The purified CD4� T cells (105 cells/well) were cultured in tripli-
cate with APCs (105 cells/well) and stimulated for 72 h in vitro with individual
recombinant chlamydial antigens (1 �g/ml) or with the unrelated antigen HEL (1
�g/ml), UV-inactivated C. muridarum (105 IFU/well), or medium alone in cul-
ture plates. Supernatants from the culture wells were analyzed for gamma inter-
feron (IFN-�) and IL-4 production using BD OptELISA kits (BD Pharmingen,
NJ) as described previously (7, 23–25). Positive and negative controls were
included in all assays.

Detection of antibody and isotype levels by ELISAs. Ten days after the final
(day 28) immunization, sera from the animals were analyzed by enzyme-linked
immunosorbent assays (ELISAs) as described previously (7, 23–26). Microtiter
plates were coated overnight with rCPAF (5 �g/ml) in sodium bicarbonate buffer
(pH 9.5). Serial dilutions of serum were added in triplicate to wells followed by
either goat anti-mouse total immunoglobulin, immunoglobulin G1 (IgG1),
IgG2a, IgG2b, IgM, or IgA conjugated to alkaline phosphatase (Southern Bio-
technology Associates, AL). After the wells were washed, p-nitrophenyl phos-
phate substrate (Sigma, MO) was added for color development, and the absor-
bance at 405 nm was measured using a �Quant microplate reader (Biotek
Instruments, VT). Reciprocal serum dilutions corresponding to 50% maximal
binding were used to obtain titers.

Vaginal C. muridarum challenge and determination of bacterial shedding.
One month following the final (day 28) vaccination, animals were challenged
intravaginally (i.vag.) with 105 inclusion-forming units (IFU) of C. muridarum in
5 �l of SPG buffer as described previously (7, 23–25). The estrous cycle of
animals was synchronized using two subcutaneous injections of Depo-Provera
(Pharmacia Upjohn, MI) on days �10 and �3 before challenge. Vaginal swabs
were obtained on the indicated days after challenge, followed by plating of the
swab material in triplicate on HeLa cell monolayers grown on culture coverslips.
Chlamydial inclusions were detected using an anti-Chlamydia genus-specific mu-
rine monoclonal primary antibody and goat anti-mouse IgG secondary antibody
conjugated to fluorescein isothiocyanate (FITC) plus Hoechst nuclear stain. The
number of inclusions was counted using a Zeiss Axioskop microscope, and
results were expressed as the average number of inclusions per animal group.

Gross and histopathology. Genital tracts were removed from the mice at
various indicated time points after challenge, examined for the presence of
hydrosalpinx, then fixed in 10% neutral formalin, and embedded into paraffin
blocks. Serial horizontal sections (5 �m) were prepared and stained using he-
matoxylin and eosin. Representative sections were stained and visualized using a
Zeiss Axioskop microscope and scored in a blind fashion as described previously
(24). Dilatation of oviducts was scored as follows: 0, no significant dilatation; 1,
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mild dilatation of a single cross section of an oviduct; 2, one to three dilated cross
sections of an oviduct; 3, more than three dilated cross sections of an oviduct; 4,
confluent pronounced dilatation of the oviduct. Cellular parameters (polymor-
phonuclear cells [PMNs], mononuclear, and plasma cells) were individually
scored as follows: 0, no significant presence of infiltration; 1, presence of infil-
tration at a single focus; 2, presence of infiltration at two to four foci; 3, presence
of infiltration at more than four foci; or 4, confluent infiltration. Results are
expressed as means 	 standard deviations (SDs) of the scores from all animals
in a group. For differences in the degree of oviduct dilatation in different groups,
coronal sections were obtained from genital tracts of each animal within all
groups. The oviductal regions were examined (left and right, separately) at 
10
magnification, and images were acquired using a Zeiss Axioskop 2 research
microscope. Each image was stored in the Axiovision software (1,250 pixels [width]
by 1,050 pixels [height]) and printed individually onto paper (8.5 in. by 11 in.)
at 600 dots per inch using a laserjet printer (Hewlett Packard, Palo Alto, CA).
The diameter of the oviduct and the wall thickness was measured in milli-
meters and expressed as a ratio of oviduct diameter to corresponding wall
thickness. The ratios for individual oviducts, along with the mean 	 standard
error of the mean, within each group is shown. On the basis of the measure-
ments in naı̈ve animals of comparable age (data not shown), a ratio of �20
was determined to indicate dilatation.

Statistical analyses. All data sets were reported without removing any outliers.
For comparison of two groups, the Student t test (for normally distributed
values) or the Mann-Whitney rank sum test (for values not distributed normally)
was used to compare values of continuous variables. For experiments with more
than two groups of animals, analysis of variance (ANOVA) followed by multiple
comparison of means was used. To analyze differences in the time required for
bacterial clearance, the Kaplan-Meier test was used. Differences between groups
were considered statistically significant if P values were �0.05. All data shown
are representative of two or three independent experiments conducted under the
same conditions, and each experiment shown was analyzed independently.

RESULTS

Purification of recombinant chlamydial proteins. Recombi-
nant proteins rCPAF, rIncA, and rMOMP were cloned and
expressed as described previously (24, 35). As shown in Fig. 1,
each purified protein exhibited a distinct band (rCPAF, 72-
kDa band; rMOMP, 66-kDa band; rIncA, 56-kDa band) after
SDS-PAGE and staining with Coomassie blue. The purity of
the proteins was further confirmed by Western blotting using
antigen-specific monoclonal antibodies (data not shown); the
proteins were then divided into aliquots, which was used as the
source of recombinant protein for all experiments.

Cellular response after i.n. immunization. Groups of ani-
mals were vaccinated individually with rCPAF, rIncA,
rMOMP, the unrelated antigen HEL, or PBS (mock vacci-
nated). Additionally, all groups of animals (with the exception
of mock-vaccinated animals) received IL-12 on days �1, 0, and
�1. Fourteen days after immunization, purified CD4� T cells

were cultured with mitomycin C-treated APCs and stimulated
for 72 h with 1 �g of individual antigen, UV-inactivated C.
muridarum (105 IFU/well), or medium alone, and the super-
natants were analyzed for IFN-� and IL-4 production. As
shown in Table 1, mice vaccinated with rCPAF exhibited the
highest antigen-specific IFN-� production (1,525 	 172 pg/ml)
compared to mice immunized with rMOMP (228 	 72 pg/ml)
or rIncA (972 	 128 pg/ml). Additionally, purified CD4� T
cells from C. muridarum-infected animals exhibited the great-
est IFN-� production upon stimulation with rCPAF (295 	 95
pg/ml), followed by rIncA (270 	 80 pg/ml) and rMOMP (155 	
45 pg/ml). As expected, purified CD4� T cells from C. murida-
rum-infected animals exhibited high levels of IFN-� production
(1,305 	 113 pg/ml) and minimal IL-4 production (below the limit
of detection) upon in vitro stimulation with UV-inactivated C.
muridarum EBs (data not shown). Purified CD4� T cells from
animals immunized with HEL�IL-12, IL-12 alone, or PBS (mock
immunized) displayed minimal IFN-� production upon stimula-
tion with any chlamydial antigen, indicating the specificity of the
measured cytokine responses. These results indicate that immu-
nization with rCPAF, rIncA, or rMOMP elicit Th1-type cellular
responses, but rCPAF elicits the greatest induction of IFN-�
production among these antigens.

Humoral response after i.n. immunization. Groups of ani-
mals were vaccinated individually with rCPAF, rIncA,
rMOMP, HEL, or PBS (mock vaccinated) or in combinations
of rCPAF�rIncA, rCPAF�MOMP, or rCPAF�rIncA�
rMOMP on days 0, 14, and 28, respectively. Additionally, all
groups of animals (except the mock-vaccinated group) re-
ceived IL-12 on days �1, 0, �1, 14, and 28. The serum anti-
body responses against rCPAF, rIncA, or rMOMP were mea-
sured 10 days after the last booster immunization. As shown in
Table 2, animals vaccinated with rCPAF alone or in combina-
tion with any antigen displayed high titers of serum anti-
rCPAF total antibody, IgG1, IgG2a, and IgG2b. These anti-
gen-specific antibody and isotype responses were also observed
after vaccination with rMOMP or rIncA (Table 2). As ex-
pected, animals immunized with HEL�IL-12, IL-12 alone, or
PBS (mock immunized) exhibited minimal anti-CPAF, anti-

TABLE 1. Intranasal rCPAF�IL-12 vaccination induces robust
cell-mediated immune responsesa

Immunization

Cellular recall IFN-� (pg/ml) productionb (mean 	
SD) upon in vitro stimulation with:

rCPAF rMOMP rIncA

PBS (mock) �32 �32 �32
IL-12 �32 �32 �32
rCPAF�IL-12 1,525 	 172 87 	 34 66 	 24
rMOMP�IL-12 64 	 31 228 	 72 96 	 45
rIncA�IL-12 58 	 26 90 	 32 972 	 128
C. muridarum 295 	 95 155 	 45 270 	 80
HEL�IL-12 65 	 30 52 	 21 35 	 13

a Animals (three mice/group) were immunized i.n. with rCPAF�IL-12,
rMOMP�IL-12, rIncA�IL-12, C. muridarum (105 IFU), the unrelated antigen
HEL�IL-12, IL-12 alone, or PBS (mock immunized) alone. On day 14, the
animals were euthanized, and splenic CD4� T cells were purified and tested for
antigen-specific IFN-� production by ELISAs.

b Results are representative of two independent experiments. The cellular
recall IFN-� production values were �32 for cells from animals immunized by all
the immunization regimens shown after the cells were stimulated in vitro with
medium.

FIG. 1. SDS-PAGE of the purified recombinant chlamydial pro-
teins. Lane 1, molecular mass standards (in kilodaltons); lane 2,
rCPAF (72 kDa); lane 3, rMOMP (66 kDa); lane 4, rIncA (56 kDa).
Results are representative of three independent experiments.
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IncA, or anti-MOMP antibodies (Table 2). Additionally, the
purity of the antigens and the specificity of immune responses
were further confirmed by the minimal levels of cross-reactive
antibodies in vaccinated mice. The minimal cross-reactivity in
the cellular and humoral immune responses between the glu-
tathione S-transferase-tagged proteins in this study and the
previous demonstration that the six-His tag in rCPAF by itself
does not induce antigen-specific responses (24) suggest that
the different purification tags may not have significantly con-
tributed to or adversely affected the effects of vaccination.

Chlamydial clearance after genital challenge in vaccinated
animals. Groups of animals were vaccinated individually with
rCPAF, rIncA, and rMOMP or in combinations of rCPAF�
rIncA, rCPAF�rMOMP, and rCPAF�rIncA�rMOMP or
vaccinated with HEL and PBS (mock vaccinated) on days 0, 14
and 28, respectively. Additionally, all groups of animals (except
the mock-vaccinated group) received IL-12 on days �1, 0, �1,
14, and 28. The efficacy of the different vaccination regimens
against genital C. muridarum challenge was examined by mon-
itoring vaginal chlamydial shedding at 3-day intervals after
challenge. As shown in Table 3, vaccination with rCPAF�
IL-12 induced resolution of infection in 33% of the mice as
early as day 12, in 67% of the mice by day 15, and in all mice
(100%) by day 18 after challenge. In comparison, the majority
of rMOMP- or rIncA-vaccinated animals were still shedding
Chlamydia at day 18 after challenge (67% or 50%, respec-
tively). The majority (83% each) of the rMOMP- or rIncA-
vaccinated animals displayed resolution of infection at day 24,
with 100% mice exhibiting resolution on day 27 after chal-
lenge. Furthermore, the addition of rMOMP, rIncA, or both to
the rCPAF�IL-12 vaccination regimen did not significantly
enhance the kinetics of bacterial resolution compared to vac-
cination with rCPAF�IL-12 alone, with 100% of animals in
each group resolving the infection by day 18 after chlamydial
challenge. Animals immunized with PBS (mock immunized) or
the unrelated antigen (HEL�IL-12) began to resolve the in-
fection between days 21 and 30 after challenge. As previously
shown (24), resolution of infection in animals treated with
IL-12 alone was comparable to animals treated with PBS
(mock immunized). These results demonstrate the following.
(i) Vaccination with rMOMP, rIncA, or rCPAF all enhance
chlamydial clearance. (ii) The efficacy of rCPAF in enhancing
the chlamydial clearance was greater than those of other an-
tigens examined. (iii) rMOMP and/or rIncA contributed min-
imally to the rCPAF�IL-12 regimen.

Chlamydia-induced upper genital tract pathology in vacci-
nated animals. The major problem with genital chlamydial
infections in humans is the development of inflammatory com-
plications in the upper genital tract (4, 21). Likewise, mice
infected i.vag. with C. muridarum develop typical complica-
tions in the upper genital tract, such as hydrosalpinx and ovi-
duct dilatation (21). The effect of the vaccination regimen on
the development of upper genital tract pathology was exam-
ined on day 80 after challenge. As shown in Table 4, rCPAF�
IL-12 vaccination prevented the development of hydrosalpinx
on day 80 after chlamydial challenge in the majority of the
animals (0% bilateral, 33% unilateral), which was significantly
lower than animals immunized with PBS (mock immunized)
(83% bilateral). An intermediate degree of protection, not
significantly different from that of either the group vaccinated
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with PBS (mock vaccinated) or rCPAF�IL-12, against oviduct
pathology was observed in the group vaccinated with
rMOMP�IL-12 (33% bilateral, 33% unilateral) or rIncA�
IL-12 (50% bilateral, 17% unilateral). Furthermore, the effects
of rCPAF�rMOMP�IL-12 (0% bilateral, 17% unilateral),
rCPAF�rIncA�IL-12 (0% bilateral, 0% unilateral), and
rCPAF�rMOMP�rIncA�IL-12 (17% bilateral, 17% unilat-
eral) were not significantly different from that of vaccination
with rCPAF�IL-12 alone (0% bilateral, 33% unilateral). As
expected, the incidence of hydrosalpinx in animals vaccinated
with HEL�IL-12 (67% bilateral, 17% unilateral) was
comparable to that of animals immunized with PBS (mock
immunized).

The incidence of oviduct dilatation and cellular infiltra-
tion was also scored microscopically on day 80 after chal-
lenge. As shown in Table 4, animals immunized with PBS
(mock immunized) displayed a high degree of oviduct dila-
tation (2.41 	 0.23) on day 80 after chlamydial challenge.
Animals vaccinated with rCPAF�IL-12 displayed signifi-
cantly reduced dilatation of oviducts (0.66 	 0.21) com-
pared to animals immunized with PBS (mock immunized).
Animals vaccinated with the combinations rMOMP�IL-12

(1.18 	 0.23) and rIncA�IL-12 (1.25 	 0.21) also displayed
reductions in oviduct dilatation compared to animals immu-
nized with PBS (mock immunized), but not as great a re-
duction as those for the CPAF-immunized animals. Animals
vaccinated with the combinations rCPAF�rMOMP�IL-12
(0.5 	 0.13), rCPAF�rIncA�IL-12 (0.5 	 0.12), and
rCPAF�rMOMP�rIncA�IL-12 (0.67 	 0.3) displayed re-
duced oviduct dilatation that was not statistically different
from that of animals vaccinated with rCPAF�IL-12 alone
(0.66 	 0.21). The degree of oviduct dilatation was also
measured on day 80 after challenge. As shown in Fig. 2,
animals vaccinated with rCPAF�IL-12 (16.48 	 1.36) dis-
played significantly reduced (P � 0.05) dilatation of oviducts
compared to control animals immunized with PBS (mock
immunized) (50.40 	 9.33) or HEL�IL-12 (60.74 	 8.77)
on day 80 after chlamydial challenge. In contrast, animals
vaccinated with rMOMP�IL-12 (43.33 	 9.08) or rIncA�
IL-12 (25.86 	 5.13) displayed oviduct dilatation ratios that
were lower than, but not significantly different from, the
ratios of the control animals vaccinated with either PBS
(mock) or HEL�IL-12. The lowest oviduct dilatation scores
were exhibited by rCPAF�IL-12-vaccinated animals, but

TABLE 3. Percentage of immunized animals shedding Chlamydia after genital challengea

Immunization
% Mice shedding Chlamydia from the vagina on the indicated day after i.vag. challenge

3 6 9 12 15 18 21 24 27 30

PBS (mock) 100 100 100 100 100 100 50 50 33 0
rCPAF�IL-12 100 100 100 67 33 0 0 0 0 0
rMOMP�IL-12 100 100 100 100 100 67 50 17 0 0
rIncA�IL-12 100 100 100 100 83 50 33 17 0 0
rCPAF�rMOMP�IL-12 100 100 100 67 50 0 0 0 0 0
rCPAF�rIncA�IL-12 100 100 100 50 17 0 0 0 0 0
rCPAF�rMOMP�rIncA�IL-12 100 100 100 83 67 0 0 0 0 0
HEL�IL-12 100 100 100 100 100 100 67 50 33 0

a Animals (six mice/group) were immunized with three doses of rCPAF�IL-12, rMOMP�IL-12, rIncA�IL-12, rCPAF�rMOMP�IL-12, rCPAF�rIncA�IL-12,
rCPAF�rMOMP�rIncA�IL-12, HEL�IL-12, or PBS (mock immunized). One month after the final booster vaccination, mice were challenged i.vag. with 105 IFU
of C. muridarum. Chlamydial shedding was measured at the indicated days following challenge. The time to resolution differed significantly between the experimental
groups (P � 0.0002 by the Kaplan-Meier test). Specifically, rCPAF�IL-12, rCPAF�rMOMP�IL-12, rCPAF�rIncA�IL-12, and rCPAF�rMOMP�rIncA�IL-12,
each demonstrated significantly earlier resolution, but not rMOMP�IL-12 or rIncA�IL-12, compared to PBS (mock) or HEL�IL-12 (p � 0.05). Results are
representative of two independent experiments.

TABLE 4. rCPAF�IL-12 immunization reduces the development of oviduct pathologya

Immunization

% Mice developing
hydrosalpinx Oviduct dilatation

score (mean 	 SD)

Cellular infiltration score (mean 	 SD)

Bilateral Unilateral PMNs Mononuclear
cells Plasma cells

PBS (mock) 83 0 2.41 	 0.23 1.28 	 0.22 2.7 	 0.26 1.58 	 0.20
rCPAF�IL-12 0 33 0.66 	 0.21 0.66 	 0.17 0.79 	 0.24 0.45 	 0.07
rMOMP�IL-12 33 33 1.18 	 0.23 1.12 	 0.22 1.62 	 0.49 1.00 	 0.20
rIncA�IL-12 50 17 1.25 	 0.21 0.79 	 0.15 1.5 	 0.34 0.70 	 0.10
rCPAF�rMOMP�IL-12 0 17 0.5 	 0.13 0.75 	 0.25 0.83 	 0.15 0.41 	 0.13
rCPAF�rIncA�IL-12 0 0 0.5 	 0.12 0.62 	 0.14 0.65 	 0.10 0.45 	 0.11
rCPAF�rMOMP�rIncA�IL-12 17 17 0.67 	 0.30 0.75 	 0.11 0.75 	 0.17 0.55 	 0.12
HEL�IL-12 67 17 2.16 	 0.33 1.41 	 0.22 2.66 	 0.27 1.75 	 0.18

a Animals (six mice/group) were immunized with three doses of rCPAF�IL-12, rMOMP�IL-12, rIncA�IL-12, rCPAF�rMOMP�IL-12, rCPAF�rIncA�IL-12,
rCPAF�rMOMP�rIncA�IL-12, HEL�IL-12, or PBS (mock immunized). One month after the final booster vaccination, mice were challenged i.vag. with 105 IFU
of C. muridarum. At day 80 following C. muridarum challenge, animals were euthanized, and tissues were collected for further analysis. The development of bilateral
and unilateral hydrosalpinx was studied as a measure of gross pathology. Quantitative histopathological scoring of oviduct dilatation and cellular infiltration into the
genital tracts following chlamydial challenge was also performed. Groups of animals vaccinated with rCPAF�IL-12, rCPAF�rMOMP�IL-12, rCPAF�rIncA�IL-12,
or rCPAF�rMOMP�rIncA�IL-12 each displayed significantly reduced incidence of oviduct dilatation, but not groups vaccinated with rMOMP�IL-12 or rIncA�IL-
12, compared to groups vaccinated with PBS (mock vaccinated) or HEL�IL-12 (P � 0.05 by ANOVA). Results are representative of two independent experiments.
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the levels were not significantly different from those of
rMOMP�IL-12- and rIncA�IL-12-vaccinated animals. An-
imals vaccinated with the combinations rCPAF�rMOMP�
IL-12 (17.79 	 1.77), rCPAF�rIncA�IL-12 (13.72 	 0.58),
and rCPAF�rMOMP�rIncA�IL-12 (14.96 	 0.79) dis-
played reduced oviduct dilatation that was not statistically
different from animals vaccinated with rCPAF�IL-12 alone
(16.48 	 1.36). The degree of oviduct dilatation of animals
vaccinated with HEL�IL-12 (60.74 	 8.77) was similar to
that of animals vaccinated with PBS (mock vaccinated)
(50.40 	 9.33).

The infiltration of PMNs, mononuclear cells, and plasma
cells was also examined and found to be reduced in animals
vaccinated with rCPAF�IL-12 alone or in combination with
the other antigens, with significant reductions in mononuclear
and plasma cell frequencies (Table 4). Animals vaccinated with
rMOMP�IL-12 or rIncA�IL-12 alone displayed intermedi-
ate, albeit not significantly different, numbers of all cell types
examined compared to the numbers of cell types in animals
immunized with rCPAF�IL-12 and PBS (mock immunized)
on day 80 after challenge. Collectively, these results demon-
strate the following. (i) Vaccination with rMOMP, rIncA, or
rCPAF reduces the development of oviduct pathology. (ii)
rCPAF had higher efficacy in reducing oviduct pathology than
the other examined antigens did. (iii) rMOMP and/or rIncA
contributed minimally to the effects of rCPAF�IL-12 regimen
towards reduction of oviduct pathology.

DISCUSSION

The presence of multiple serovars of Chlamydia trachomatis
that cause genital infections suggests the need to identify vac-
cine candidates that provide cross-serovar protection. We have
demonstrated that rCPAF�IL-12 vaccination enhances chla-
mydial clearance and reduces the development of oviduct pa-
thology (23–25) but does not induce complete resistance to
infection. In this study, we used a recombinant multisubunit
vaccination approach with three defined chlamydial antigens,
including rMOMP, rIncA, and rCPAF from C. trachomatis
serovar D, individually or in combinations, with IL-12 as an
adjuvant, and studied the cross-species protective efficacy
against vaginal C. muridarum challenge.

After i.n. immunization, all the respective antigens induced
robust CD4� Th1-type antigen-specific cellular responses, in-
dicated by high levels of IFN-� but minimal IL-4 production.
However, rCPAF immunization induced the greatest IFN-�,
followed by vaccination with rIncA and rMOMP, respectively.
Additionally, while each chlamydial antigen tested induced
high levels of serum antibody, rCPAF, followed by rIncA,
induced greater levels of IgG2a than those of IgG1, whereas
rMOMP induced greater levels of IgG1 than those of IgG2a.
These results suggest that rCPAF, rIncA, and rMOMP may
have various degrees of potency as Th1 immunogens. In this
regard, Th1 responses have been shown to be highly important
for protective immunity against primary genital chlamydial in-
fection (5, 29–31). Specifically, mice depleted of CD4� T cells
or those deficient in major histocompatibility complex MHC
class II production displayed an inability to resolve genital
chlamydial infection (22, 25). Additionally, mice deficient in
IFN-� production also displayed inabilities to optimally resolve
and prevent dissemination of chlamydial infections (8, 17, 18,
29, 31, 32). Conversely, Th1 responses from immune cells or
from chronically infected cells, have been thought to cause
collateral tissue damage, leading to the sequelae of chlamydial
infections (4). Therefore, the rapid induction of an optimal
Th1 response leading to early chlamydial clearance and sub-
sequent early exit of immune cells from genital tissues seems to
be important for both inducing bacterial clearance and reduc-
ing upper genital pathology.

In this regard, vaccination with rCPAF�IL-12 resulted in
significantly accelerated resolution of genital chlamydial infec-
tion, as well as reduction in the incidence of hydrosalpinx,
oviduct dilatation, and cellular infiltration. These results are in
agreement with our recent studies (7, 23–25) demonstrating
the protective efficacy of rCPAF against genital chlamydial
infections. rIncA and rMOMP individually induced lower,
albeit not significantly different, levels of protective immunity
than the level induced by rCPAF, and the levels of protective
immunity correlated with the levels of Th1-type response in-
duced by each of these regimens. Given that CPAF is secreted
only in later phases of the chlamydial developmental cycle
(�12 to 18 h after the initial infection), it is interesting that
immune responses against this antigen provided better protec-
tion than the early phase structural antigens, rMOMP and
rIncA. The ability of CPAF to be actively secreted into the host
cytosol may influence antigen presentation and subsequent
activation of cell-mediated responses (9–11, 40–42) during the
infection. In this regard, we have demonstrated that rCPAF�

FIG. 2. Degree of oviduct dilatation after vaccination and chlamydial
challenge. Animals (six mice/group) were immunized with three doses of
rCPAF�IL-12, rMOMP�IL-12, rIncA�IL-12, rCPAF�rMOMP�IL-
12, rCPAF�rIncA�IL-12, rCPAF�rMOMP�rIncA�IL-12, HEL�IL-
12, and PBS (mock immunized). One month after the final booster vac-
cination, mice were challenged i.vag. with 105 IFU of C. muridarum. At
day 80 following challenge, animals were euthanized and their genital
tracts were processed and stained with hematoxylin and eosin. The degree
of oviduct dilatation was measured and expressed as the ratio of oviduct
diameter to wall thickness for each mouse and as the mean ratio 	
standard error for each group. The oviduct dilatation ratio differed sig-
nificantly between the experimental groups (P � 0.001 by ANOVA).
rCPAF�IL-12, rCPAF�rMOMP�IL-12, rCPAF�rIncA�IL-12, and
rCPAF�rMOMP�rIncA�IL-12 each demonstrated significantly re-
duced dilatation compared to PBS (mock immunized) (P � 0.05).
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IL-12-induced immunity was highly dependent upon antigen
presentation via the major histocompatibility complex class II
pathway (25), antigen-specific CD4� T cells (23), and endog-
enous IFN-� production (24).

The incorporation of rMOMP, rIncA, or both into the
rCPAF�IL-12 treatment regimen resulted in levels of protec-
tion comparable to the level of protection shown by vaccina-
tion with rCPAF�IL-12 alone. The failure to elicit additive or
synergistic protective immunity with these combination regi-
mens suggests multiple possibilities including the following. (i)
The C. trachomatis serovar D proteins used in this study exhibit
different degrees of amino acid identity (MOMP, 82%; IncA,
52%; and CPAF, 82%) with the respective proteins from C.
muridarum. While IncA inherently has low amino acid identity,
MOMP and CPAF share comparable levels of sequence iden-
tity. However, the differential induction of cross-serovar pro-
tection in this study suggests that more protective linear
epitopes within CPAF are conserved than within MOMP. (ii)
rCPAF displays immunogenic dominance compared to
rMOMP or rIncA. To this end, Sharma et al. (33–35) have
demonstrated that CPAF was a dominant immunogen in Chla-
mydia-seropositive humans compared to a wide repertoire of
other chlamydial proteins. (iii) The usage of progesterone
treatment before challenge, an important component in the
murine model, may suppress immune responses and render the
genital tract more susceptible to infection (4), making it diffi-
cult to assess the precise effects of vaccination on early infec-
tion clearance. Finally, (iv) the reduction of oviduct pathology
in most animals vaccinated with rCPAF�IL-12 may mask the
additive effects of combinatorial approaches upon upper gen-
ital pathology.

Based on the results from this study, certain possibilities that
cannot be excluded are as follows. (i) The conformational
epitopes within MOMP or IncA may induce cross-protection.
This issue may be addressed using proteins purified from the
bacterium and refolded to native configuration, as has been
demonstrated for chlamydial MOMP (28). However, the re-
folding of proteins for vaccines may be tedious compared to
the ease of mass-producing recombinant proteins and per se
does not lend itself well to the identification of conserved
linear antigenic epitopes. In this context, (ii) a direct compar-
ison of the most protective forms of the various antigens (such
as refolded MOMP), may yield results different from this
study. Finally, (iii) it is also possible that usage of rMOMP or
rIncA from serovar D may provide better immune protection
against challenge with the same serovar or other human sero-
vars. However, a vaccination study with recombinant human
serovar proteins in direct protection against human serovar
chlamydial infection in mice has constraints, including the
strict host tropism linked to differential IFN-� sensitivity of
Chlamydia (27) and therefore, the limited infectivity of human
serovars in mice. This issue may possibly be overcome by using
humanized mouse models of infection (20, 36). Such mice have
been used to study other infectious agents, including human
immunodeficiency virus and Epstein-Barr virus, as well as toxic
shock syndrome toxin 1 (20, 36).

In summary, we have shown that i.n. vaccination with
rCPAF�IL-12 accelerated clearance of C. muridarum after
i.vag. challenge, reduced the development of oviduct pathol-
ogy, and induced strong cross-species protection, all to a much

greater extent than identical doses of rMOMP�IL-12 or
rIncA�IL-12, when all antigens were derived from C. tracho-
matis serovar D. However, the addition of rMOMP and/or
rIncA to the rCPAF�IL-12 regimen did not contribute signif-
icantly to protective immunity against C. muridarum, suggest-
ing the need to further optimize the source and doses of
rMOMP and rIncA or evaluate other antigens for use with
rCPAF towards inducing robust cross-serovar protective im-
munity against genital chlamydial infections.
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