
Intranasal Immunization with Chlamydial Protease-Like Activity
Factor and CpG Deoxynucleotides Enhances Protective Immunity
Against Genital Chlamydia Muridarum Infection

Yu Cong*, Madhulika Jupelli*, M. Neal Guentzel*, Guangming Zhong‡, Ashlesh K. Murthy*,
and Bernard P. Arulanandam*,1
*South Texas Center for Emerging Infectious Diseases, Department of Biology, University of Texas
at San Antonio, San Antonio, TX 78249
‡Department of Microbiology and Immunology, University of Texas Health Science Center, San
Antonio, TX 78229.

Abstract
We have reported recently that intranasal (i.n.) vaccination with chlamydial protease-like activity
factor (CPAF) and interleukin-12 (IL-12) enhances protective immunity against genital chlamydial
challenge. In this study, we show that i.n. or intraperitoneal (i.p.) vaccination with CPAF plus CpG
deoxynucleotides (CpG), an alternative T helper 1 (Th1) adjuvant, induced robust CPAF-specific
IFN-γ responses and elevated levels of serum antibody and vaginal IgA production. CPAF+CpG
vaccinated animals displayed accelerated genital chlamydial clearance, and minimal hydrosalpinx
and inflammatory cellular infiltration compared to mock-immunized (PBS) challenged animals.
Together, CpG dexoynucleotides are an efficacious alternative Th1 adjuvant with CPAF to induce
protective anti-chlamydial immunity.
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1. Introduction
Chlamydia trachomatis is the leading cause of bacterial sexually transmitted disease worldwide
[1,2]. There currently is no licensed vaccine available for human use with only a few potential
candidates being evaluated in murine models of genital chlamydial infection [1,2]. Chlamydial
protease-like activity factor (CPAF) is a bacterial protein secreted into the host cytosol that has
been shown to degrade transcription factors required for major histocompatibility gene
expression [3]. Additionally, CPAF has been demonstrated to induce the proteolytic
degradation of cytoskeletal components such as keratin-8 [4] and pro-apoptotic proteins [5],
and therefore is a putative chlamydial virulence factor. Recently, we have shown that intranasal
(i.n.) vaccination with chlamydial protease-like activity factor (CPAF) plus interleukin-12
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(IL-12), a mucosal T helper 1 (Th1) adjuvant, reduces the duration of chlamydial shedding and
abrogates the development of oviduct pathology following intravaginal (i.vag.) chlamydial
challenge [6]. Protection afforded by CPAF was highly dependent on CD4+ T-cells and
endogenous IFN-γ production and required the use of interleukin-12 (IL-12) [6,7]. These
results suggest that CPAF may be a viable candidate for an anti-chlamydial vaccine and
underscore the need to identify other adjuvants that may be appropriate for human use.

Oligodeoxynucleotides (ODN) containing CpG motifs mimic the ability of microbial DNA to
activate the innate immune system [8]. CpG oligodeoxynucleotide (CpG) adjuvant has been
shown to stimulate antigen presenting cells and to predominantly induce secretion of Th1-type
cytokines such as IL-12 and IFN-γ [9-13]. Studies in mice and non-human primates have shown
that DNA sequences containing CpG motifs can selectively promote antigen-specific cellular
and/or humoral immune responses in vivo [9-12,14]. In addition, early results from clinical
studies indicate that CpG is well tolerated and improves the immune response to microbial
vaccines [8,14]. In the case of Chlamydia, CpG administered intramuscularly (i.m.) or
subcutaneously (s.c.) with chlamydial major outer membrane protein (MOMP) has been shown
to induce MOMP-specific Th1 type immune responses and to enhance protective immunity
against i.n. C. muridarum challenge [15]. Additionally, transcutaenous immunization with
MOMP plus cholera toxin and CpG induced a strong anti-MOMP immune response, including
mucosal IgA, and induced protective immunity against genital C. muridarum challenge [16,
17]. Parenteral routes of vaccination induce robust systemic immunity, whereas mucosal
immunization, orally or i.n., elicits systemic immune responses and robust mucosal IgA
production [18-20]. Although the mechanisms are not currently well understood, intranasal
immunization has been shown to induce optimal anti-chlamydial immunity in the genital tract
when compared to other routes of vaccination, including vaginal immunization [17,21].

In this study, we compared the protective efficacy of i.n. and intraperitoneal (i.p.) vaccination
with CPAF plus CpG against genital chlamydial challenge. Both routes of CPAF+CpG
vaccination induced robust CPAF-specific cellular and humoral immune responses, and
comparably enhanced resolution of genital C. muridarum infection. Additionally, CPAF+CpG
vaccination protected animals against the development of hydrosalpinx and oviduct dilatation
in the genital tract. Given that early results from ongoing clinical studies indicate that CpG is
well tolerated and improves the immune response to microbial vaccines, results from our study
demonstrate the promise of using CpG as an alternative mucosal adjuvant against genital
chlamydial infection.

2. Materials and Methods
2.1. Bacteria

Chlamydia muridarum was grown on confluent HeLa cell monolayers. Cells were lysed using
a sonicator (Fisher, Pittsburgh, PA) and elementary bodies (EBs) purified on Renograffin
gradients as described previously [22]. Aliquots of bacteria were stored at −70 °C in sucrose–
phosphate–glutamine buffer.

2.2. CPAF and CpG deoxynucleotides
CPAF from C. trachomatis L2 genome was cloned and expressed in a bacterial system as
described previously [4]. CPAF has been shown to be highly conserved among the different
biovars of Chlamydia, with 82% amino acid identity between L2 and C. muridarum CPAF
[23]. Additionally, we have previously shown the protective efficacy of L2 CPAF against
genital C. muridarum challenge [6]. Briefly, CPAF constructs cloned from C. trachomatis L2
genome with a 6-Histidine tag (His) were cloned into pBAD vectors and expressed in
Escherichia coli with isopropyl-β-Dthiogalactopyranoside (IPTG) as an inducer. The fusion
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protein was purified using NiNTA agarose beads (Amersham Biosciences Corp.). The purified
CPAF was identified by Western blot analysis using a monoclonal anti-CPAF antibody [24].
CPAF activity was determined by the ability to degrade the transcription factor RFX-5 in a
concentration-dependent fashion, using a cell-free degradation assay, as described previously
[3]. Purified CPAF was used as a source of protein for all experiments.

CpG oligodeoxynucleotides (5'-TCC ATG ACG TTC CTG ACG TT-3', designated CpG in
this paper) or non-CpG control oligodeoxynucleotides (5'-TCC AGG ACT TTC CTC AGG
TT-3', designated ODN in this paper) [25,26] were synthesized and obtained from Sigma
Genosys (St.Louis, MO).

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

2.4. Immunization procedure
Mice were anesthetized i.n. with 3% isofluorane using a rodent anesthesia system (Harvard
Apparatus, Holliston, MA). Mice were immunized i.n. or i.p. on day 0 with 15 μg rCPAF
dissolved in 25 μl (for i.n.) or 100 μ (for i.p.) of sterile phosphate buffered saline (PBS). This
was accompanied on days −1, 0, and +1 with 10 μg of CpG or 10 μg of ODN. Mice were
boosted i.n. with 15 μg rCPAF + CpG or ODN on days 14 and 28. Some mice received only
CpG or PBS (no CPAF vaccine). The dose of CPAF used was what provided optimal protection
in our studies with CPAF+IL-12 in BALB/c mice [6].

2.5. Antigen-specific cytokine recall response
Spleens were removed 14 days after primary vaccination and single cell suspensions prepared
to analyze the antigen-specific cytokine response as described previously [6,27]. Collected
cells [106/well] were incubated for 72 hr with 1μg CPAF per well or with an equal concentration
of an unrelated antigen, hen egg lysozyme (HEL), or PBS alone in 96-well culture plates.
Supernatants were assayed for levels of interleukin-12 (IL-12), gamma-interferon (IFN-γ) and
interleukin-4 (IL-4) using BDOptEIATM kits (BD Pharmingen, San Diego, CA) according to
manufacturer's instructions. Absorbance at 630 nm was measured using a μQuant ELISA
microplate reader (Biotek Instruments, Winooski, VT).

2.6. Detection of antibody and isotype levels by ELISA
Ten days following final immunization, animals were bled for serum, or vaginal lavage fluids
were obtained and analyzed by ELISA as described previously [6,7,27]. Microtiter plates (96-
well) were coated overnight with 5 μg CPAF in sodium bicarbonate buffer (pH 9.5). Serial
dilutions of serum or undiluted vaginal lavage fluids were added to wells followed by either
goat anti-mouse total Ig, IgG1, IgG2a, IgG2b, IgM, or IgA conjugated to alkaline phosphatase
(Southern Biotechnology Associates, Birmingham, AL). After washing, p-nitrophenyl
phosphate substrate (Sigma, St. Louis, MO) was added for color development and absorbance
(O.D.) monitored at 405 nm using a μQuant ELISA microplate reader (Biotek Instruments).
Reciprocal serum dilutions corresponding to 50% maximal binding were used to obtain titers.
Because of the low amounts of Ab in vaginal fluids and the large dilution involved in the lavage
procedure, these samples were tested undiluted. No binding of immune serum was detected in
plates coated with HEL.

Cong et al. Page 3

Vaccine. Author manuscript; available in PMC 2009 October 6.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



2.7. Vaginal C. muridarum challenge and determination of bacterial shedding
One month following the final vaccination, animals were anesthetized using isofluorane (3%)
and challenged i.vag. with 5×104 inclusion forming units (IFU) of C. muridarum in 5 μl of
SPG buffer as described previously [6,7,27]. To synchronize the estrous cycle of animals prior
to chlamydial challenge, two doses of depo-provera (Pharmacia Upjohn, Kalamazoo, MI) were
injected subcutaneously on days -10 and -3 before challenge. To monitor bacterial shedding,
vaginal swabs were obtained on the indicated days after vaginal challenge, followed by plating
of the swab material on HeLa cell monolayers grown on culture coverslips. Chlamydial
inclusions were detected using a anti-Chlamydia genus specific murine monoclonal primary
antibody and goat anti-mouse IgG secondary antibody conjugated to Cy3 plus Hoescht nuclear
stain. The average number of inclusions in 5 random microscopic fields was calculated for
each animal for earlier time-points (until day 12 after challenge) and entire coverslips for later
time-points (days 15-30 after challenge), and results expressed as average number of inclusions
per animal group.

2.8. Gross and histopathology
Genital tracts were removed from mice at day 80 after challenge [6,7,27], examined for
presence of hydrosalpinx, then fixed in 10% neutral formalin, and embedded into paraffin
blocks. Serial horizontal sections (5 μm) were prepared and stained using hematoxylin and
eosin (H&E). Stained sections were visualized using a Zeiss Axioskop 2 Plus research
microscope and images acquired using an Axiocam digital camera (Zeiss, Thornwood, NY).

2.9. Histological scoring
Sections stained with H&E were scored in blinded fashion as described previously [6].
Dilatation of oviducts was scored as follows: 0- no significant dilatation, 1- mild dilatation of
single cross-section of oviduct, 2- 1-3 dilated cross-sections of oviduct, 3->3 dilated cross-
sections of oviduct, 4- confluent pronounced dilatation of oviduct. Cellular parameters
(polymorphonuclear cells (PMNs), mononuclear, and plasma cells) were individually scored
as follows: 0- no significant presence of infiltration, 1- presence of infiltration at a single focus,
2- presence at 2-4 foci, 3- presence at more than 4 foci, or 4- confluent infiltration. Results are
expressed as mean ± SD of scores from all animals in a group.

2.10. Statistical analyses
For comparison of two groups, the student's 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 four groups of animals, analysis of variance
(ANOVA) followed by multiple comparison of means (Kruskall-Wallis test) was used. To
analyze differences in the time required for 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 2–3 independent experiments and each experiment shown
was analyzed independently.

3. Results
3.1 Cellular cytokine responses to CPAF vaccination

Groups of BALB/c mice were immunized i.n. or i.p. with CPAF+CpG, CPAF+ODN, or treated
with PBS (mock). Fourteen days later, splenocytes were stimulated in vitro with CPAF and
antigen specific cytokine production was measured by ELISA. As shown in Fig. 1, splenocytes
from i.n. CPAF+CpG vaccinated mice stimulated with CPAF exhibited significantly greater
IL-12 (538.84 ± 19.21 pg/ml) and IFN-γ production (577.60 ±30.6 pg/ml) as compared to those
from CPAF+ODN immunized animals (93.2 ± 15.5 and 230.38 ± 24.8 pg/ml , respectively).
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In contrast, splenocytes from i.p. CPAF+CpG vaccinated mice exhibited significantly greater
IFN-γ production (385.85 ± 35.36 pg/ml), but minimal levels of IL-12 induction (53.84 ± 19.21
pg/ml), as compared to those from i.p. CPAF+ODN (94.32 ± 20.2 and 3.2 ± 15.5 pg/ml,
respectively) vaccinated animals. In either case, cells stimulated with an unrelated antigen,
HEL, did not exhibit cytokine production. Furthermore, splenocytes from mock-immunized
(PBS) or CpG treated animals did not exhibit CPAF-specific cytokine production. There was
no detectable IL-4 production in splenocytes from any animal group (data not shown). These
results demonstrate the induction of a robust CPAF-specific Th1 cellular response after i.n. or
i.p. CPAF+CpG vaccination.

3.2 Humoral response to CPAF vaccination
Groups of mice were vaccinated i.n. or i.p. with CPAF+CpG, CPAF+ODN, or with CpG or
PBS (Mock) alone. Sera and vaginal fluids were assayed for the presence of anti-CPAF
antibodies. Two weeks after the final i.n. or i.p. CPAF+CpG vaccination, mice exhibited high
titers of serum anti-CPAF total IgG (5957.74 ± 533.73 and 7523.03 ± 677, respectively), IgG1
( 6043.9 ± 269.2 and 8008.2 ± 501, respectively), IgG2a (4639.38 ± 409.14 and 3174.83 ±
652.22, respectively) and IgG2b (3811.12 ± 1120.98 and 4849.97 ± 737.35 respectively) (Fig.
2A), when compared to PBS (mock) or CpG alone immunized animals. Intranasal or i.p.
immunization with CPAF+ODN induced comparable anti-CPAF total Ab and IgG1 to CPAF
+CpG vaccination. However, titers following CPAF+CpG vaccination were significantly
elevated for IgG2a (i.n.: 4639.38 ± 409.14 versus 327.87 ± 327.87, and i.p.: 3174.83 ± 652.22
versus 1119.63 ± 503.07, respectively) and IgG2b (i.n.: 3811.12 ± 1120.98 versus 661.41 ±
502.77, and i.p.: 4849.97 ± 737.35 versus 2523.02 ± 321.15, respectively). Vaginal fluid from
i.n. or i.p. CPAF+CpG vaccinated mice exhibited significantly elevated levels of anti-CPAF
IgA (0.45 ± 0.1 and 0.52 ± 0.05, respectively) when compared to mock vaccinated (PBS)
animals (Fig. 2B). Animals immunized with CPAF+ODN exhibited intermediate levels (0.29
± 0.06 and 0.27 ± 0.06, respectively) of anti-CPAF IgA as compared to animals vaccinated
with CPAF+CpG or those treated with PBS (mock). Animals immunized with PBS (mock) or
CpG alone displayed minimal levels of anti-CPAF IgA in the vaginal fluid. There were
negligible levels of anti-CPAF IgA in the sera of each group of vaccinated animals (data not
shown). Plates coated with HEL did not display detectable binding of sera or vaginal fluid from
any animal group, indicating the specificity of the measured anti-CPAF antibody (data not
shown). These results indicate that i.n. or i.p. vaccination with CPAF+CpG induces strong
systemic and mucosal humoral responses against CPAF.

3.3 Protective efficacy against genital C. muridarum challenge after CPAF vaccination
Groups of mice were vaccinated i.n. or i.p with CPAF+CpG, CPAF+ODN, or with CpG alone
or PBS (mock) on days 0, 14, and 28. The mice were rested for a month and then challenged
i.vag. with 5 × 104IFU C. muridarum. Vaginal bacterial recovery was measured at 3-day
intervals post-challenge. Mice vaccinated i.n. with CPAF+CpG displayed significantly
reduced chlamydial shedding compared to those immunized with PBS (mock) as early as day
12 after challenge (Fig. 3A). Complete resolution of infection was observed in 75% of i.n.
CPAF+CpG vaccinated mice on day 12, 84% on day 15, and 100% on day 18 after challenge
(Fig. 3A & 3B). In comparison, mice vaccinated with CPAF+ODN resolved the infection
completely between days 15 and 21, whereas mock-immunized animals resolved the bacterial
infection between 24 and 30 days post-challenge (Fig. 3A & 3B).

Mice vaccinated i.p. with CPAF+CpG also displayed significantly reduced chlamydial
shedding as compared to mock-immunized animals as early as day 12 after challenge (Fig,
3C). Complete resolution in CPAF+CpG i.p. vaccinated mice was observed in 38% of animals
on day 15, 63% on day 18, and 100% by day 21 after challenge (Fig. 3C & 3D). In comparison,
mice vaccinated i.p. with CPAF+ODN displayed resolution between days 18-24, and mock-
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immunized animals between days 24-30 after challenge. These results demonstrate the
comparable efficacy of i.n. and i.p. CPAF+CpG vaccination in accelerating clearance of
Chlamydia from the genital tract. Additionally, vaccination with CPAF+ODN also enhanced
the resolution of infection compared to mock-immunized animals, but with delayed kinetics
in comparison to animals vaccinated with CPAF+CpG.

3.4 Histopathological analysis of genital tissues
The effect of CPAF+CpG vaccination on the development of genital tract pathology
(hydrosalpinx) was examined on day 80 following vaginal chlamydial challenge. This time
point was chosen based on results from our previous studies [6,7,27]. As shown in Fig. 4A,
mice vaccinated i.n. or i.p. with CPAF+CpG exhibited minimal development of hydrosalpinx
(0% bilateral, 16% unlilateral or 0% bilateral, 33% unilateral, respectively) as compared to
mock-immunized animals (66% bilateral, 16% unilateral). Mice vaccinated i.n. or i.p. with
CPAF+ODN displayed intermediate degree of protection against hydrosalpinx (33% bilateral,
16% unilateral, for each) when compared to CPAF+CpG vaccinated and mock-immunized
animals.

The development of histopathology and cellular infiltration at day 80 after challenge in
vaccinated animals was further scored in a blinded fashion as described previously [6]. As
shown in Fig. 4B, CPAF+CpG vaccinated animals displayed minimal oviduct dilatation (0.41
± 0.19) as compared to mock-immunization with PBS (2.41 ± 0.43). In addition, CPAF+CpG
vaccinated animals displayed significantly reduced infiltration of PMNs (1.33 ± 0.16),
mononuclear cells (1.45 ± 0.18), and plasma cells (0.41 ± 0.08), as compared to mock-
immunized animals (3.5 ± 0.28, 3.2 ± 0.17, 1.92 ± 0.15, respectively) (Fig. 4C). In addition,
animals vaccinated with CPAF+ODN exhibited intermediate degrees of oviduct dilatation
(1.41 ± 0.39), and inflammatory cellular infiltration (PMNs: 2.83 ± 0.15, mononuclear cells:
3 ± 0.01, plasma cells: 1.38 ± 0.17, respectively). These results indicate that apart from
enhancing resolution of infection, vaccination with CPAF+CpG induces protection against
oviduct pathology and reduces inflammatory cellular infiltration.

4. Discussion
We have recently shown that intranasal vaccination with CPAF+IL-12 enhances protective
immunity against genital chlamydial infection [6] with an important contribution of CD4+ T-
cells [7] and endogenous IFN-γ production [6]. In this study, we have shown that as an
alternative Th1 adjuvant, CpG is equally efficacious when administered i.n. or i.p. with CPAF
in inducing protective immunity.

Intranasal or i.p. CPAF+CpG vaccination induced robust CPAF-specific Th1 type cellular
responses. At day 14 after primary immunization, splenocytes from the i.n. CPAF+CpG
vaccinated mice produced significant amounts of IFN-γ and IL-12 upon in vitro stimulation
with CPAF, whereas i.p. CPAF+CpG vaccination induced elevated levels of IFN-γ, with
minimal IL-12 production. Although the reason for reduced IL-12 expression after i.p.
immunization is not known, it did not significantly affect the kinetics of chlamydial clearance
in i.p. versus i.n. CPAF+CpG vaccinated animals. CD4+ Th1 cells have been shown to be
important for the optimal resolution of genital chlamydial infection [28-30]. IL-12 is important
for early clearance [28], whereas IFN-γ has been shown to be required for the later phases of
chlamydial clearance and for the prevention of bacterial dissemination [28,31-34].

Both routes of vaccination with CPAF+CpG induced high levels of anti-CPAF serum
antibodies. Antibodies have been shown to play a predominant role in protective immunity
against reinfection, but not against primary genital chlamydial infections [29,35]. To this end,
antibodies may function by neutralization [36,37] or through Fc-receptor mediated
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mechanisms in clearance of chlamydial infection [38,39]. Intranasal or i.p. vaccination also
induced comparable levels of anti-CPAF vaginal IgA antibody. Mucosal IgA in particular has
been thought to enhance resistance to chlamydial reinfection, but does not affect the resolution
of primary infection [36]. We have found that CPAF vaccinated mice deficient in antibodies
(μMT mice) or IgA (IgA−/− mice) resolve the genital chlamydial infection with kinetics
comparable to similarly vaccinated wild type animals (Murthy and Arulanandam, unpublished
observations). Interestingly, Chlamydia sero-positive humans have been shown to exhibit anti-
CPAF antibodies [40], including those that neutralize the proteolytic effect of CPAF [41].
Therefore, the precise role of anti-CPAF antibodies in protective immunity against chlamydial
infection has yet to be fully understood.

Animals vaccinated i.n. or i.p. with CPAF+CpG exhibited significantly accelerated resolution
of the genital infection by as much as two weeks when compared to PBS (mock) immunized
animals. In addition, CPAF+CpG vaccination also significantly reduced the development of
oviduct pathology (hydrosalpinx and oviduct dilatation), and induced significant reduction in
the numbers of inflammatory cells within the infected genital tracts. This is a highly desirable
outcome since the development of oviduct pathology and complications are a major concern
in individuals infected with Chlamydia [1,2]. The resolution of infection in these animals was
comparable to that of animals treated i.n. with CPAF+IL-12 [6], indicating that CpG was an
effective alternative to IL-12 in this vaccination regimen. Mice treated with CpG alone
displayed minimal CPAF-specific responses and comparable kinetics of chlamydial shedding
and development of oviduct pathology to PBS (mock) immunized animals (data not shown),
suggesting that there was no direct contribution of CpG to the observed protection apart from
enhancing CPAF-specific immune responses. Our results are in agreement with Pal et. al [15]
who have shown that CpG alone does not significantly alter the course of a genital chlamydial
infection. In this study, we also found that non-CPG-containing ODN administered with CPAF
also induced enhanced antigen-specific response and had a positive effect on bacterial
clearance when compared to mock-immunized animals, but not to the extent of CpG ODN.
The effect of CPAF+ODN was comparable to vaccination with CPAF alone as observed in
our previous studies [6].

In summary, CpG dexoynucleotides are a potent Th1 adjuvant when delivered i.n. or i.p. with
CPAF to enhance protective immunity against genital chlamydial challenge. Although the
safety profile of CpG use in humans is still forthcoming [13,14,42], the utility of such adjuvants
with microbial vaccines holds great promise [13]. These results together provide additional
insight for the use of CPAF as a viable anti-chlamydial vaccine candidate.
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Fig. 1.
Intranasal or i.p. CPAF+CpG vaccination induces robust cell-mediated immune
responses. Animals (3 mice/group) were treated i.n. or i.p. with CPAF + CpG, CPAF + ODN,
CpG, or PBS. On day 14, animals were euthanized and single cells prepared from spleens and
analyzed for CPAF-specific recall cytokine responses by measuring IL-12, IFN-γ and IL-4
production by ELISA. Cells from each group were also stimulated with an unrelated antigen,
hen egg lysozyme (HEL). * Significant differences in cytokine secretion between CPAF+CpG
and CPAF+ODN immunization (P < 0.05, student's t test). Results are representative of two
independent experiments.
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Fig. 2.
Intranasal or i.p. CPAF+CpG vaccination induces robust humoral immune responses.
Animals (6 mice/group) were treated i.n. or i.p. with CPAF + CpG, CPAF + ODN, CpG, or
PBS on days 0, 14, and 28. Sera or vaginal fluids were collected from animals two weeks after
final immunization. (A) Systemic anti-CPAF Ab responses after immunization. Serum anti-
CPAF antibody levels were analyzed by ELISA using CPAF-coated microtiter plates. Results
are expressed as mean ± SD of reciprocal serum dilutions corresponding to 50% maximal
binding. (B) Mucosal anti-CPAF IgA responses after immunization. Results are expressed as
mean ± SD of the absorbance of undiluted vaginal fluids. * Significant differences between
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CPAF+CpG and CPAF+ODN immunized animals (P < 0.05, Kruskall-Wallis test). Results
are representative of two independent experiments.
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Fig. 3.
CPAF+CpG vaccination enhances the resolution of a genital challenge. Animals (6 mice/
group) were treated i.n. or i.p. with three doses of CPAF + CpG, CPAF + ODN, or PBS. One
month following final vaccination, mice were challenged i.vag. with 5 × 104 IFU of C.
muridarum. At the indicated days following challenge, chlamydial shedding was measured.
(A) & (C) Numbers of chlamydial inclusion forming units (IFUs) recovered from vaginal swabs
at the indicated days after genital challenge. Results are expressed as Means ± SD. * Significant
differences between PBS (mock) immunized animals and CPAF+CpG or CPAF+ODN
vaccinated animals (P < 0.05, Kruskall-Wallis test). (B) & (D) Percentage of animals shedding
Chlamydia after genital challenge. Significant differences were detected in the time required
for resolution of infection between CPAF+CpG immunized mice and all other experimental
groups (P = 0.0002, Kaplan-Meier test). Results are representative of three independent
experiments.
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Fig. 4.
CPAF+CpG vaccination reduces the development of oviduct pathology. Animals (6 mice/
group) were treated i.n. or i.p. with three doses of CPAF + CpG, CPAF + ODN, or PBS. One
month following final vaccination, mice were challenged i.vag. with 5 × 104 IFU of C.
muridarum. At day 80 following challenge, animals were euthanized and tissues collected for
further analysis. (A) Percentage of animals developing hydrosalpinx in different immunization
groups after genital chlamydial challenge: B-bilateral and U-unilateral. (B) Quantitative
histopathological scoring of oviduct dilatation. (C) Quantitative estimation of cellular
infiltration into the genital tracts following chlamydial challenge. Means ± SD of
histopathology and cellular infiltration scores are shown. * Significant differences between
CPAF+CpG and mock-immunized (PBS) animals (P < 0.05, Mann-Whitney Rank-Sum test).
Results are representative of two independent experiments.
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