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Abstract
The present study was undertaken to test the efficacy of immunization with the native major outer
membrane protein (nMOMP) of C. trachomatis mouse pneumonitis (MoPn) serovar in
combination with a novel immunostimulatory adjuvant consisting of CpG oligodeoxynucleotide
(ODN) linked to the nontoxic B subunit of cholera toxin (CTB-CpG) to elicit a protective immune
response to C. trachomatis. High levels of Chlamydia specific IgG antibodies were detected in the
sera from BALB/c mice immunized intramuscularly and subcutaneously (i.m.+s.c.) with the
nMOMP/CTB-CpG vaccine or with nMOMP adjuvanted with a mixture of CT and CpG ODN
(CT + CpG). Further, these immunization schemes gave rise to significant T-cell mediated
Chlamydia-specific immune responses. No Chlamydia-specific humoral or cell-mediated immune
responses were detected in the control mice vaccinated with ovalbumin together with either CTB-
CpG or CT + CpG. Following an intranasal challenge with C. trachomatis the groups of mice
immunized with nMOMP plus CTB-CpG, CT + CpG or live C. trachomatis were found to be
protected based on their change in body weight and lung weight as well as number of inclusion
forming unit recovered from the lungs, as compared with control groups immunized with
ovalbumin plus either adjuvants. Interestingly, IFN-γ-producing CD4+, but not CD8+, T-cells
showed a significant correlation with the outcomes of the challenge. In conclusion, nMOMP in
combination with the novel adjuvant CTB-CpG elicited a significant antigen specific antibody and
cell-mediated immune responses as well as protection against a pulmonary challenge with C.
trachomatis.
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INTRODUCTION
Chlamydia trachomatis is worldwide the leading cause of bacterial sexually transmitted
diseases [1]. Newborns at the time of delivery can acquire ocular and respiratory infections
from an infected mother. In addition, in countries with poor hygienic conditions, it causes
trachoma resulting from scarring of the conjunctiva. Annually in the USA approximately 4-5
million new genital infections are reported [2]. The majority of these occur in teenagers and
individuals under 30 years of age. Although effective antimicrobial therapy is available, the
treatment has been largely unsuccessful in halting the spread of infection. This is most
likely, at least in part, due to the high rate of asymptomatic infections that may persist for
months to years [3]. Thus, the development of an effective vaccine to prevent C. trachomatis
infections is urgently needed.

The most utilized model to test vaccine protocols is the C. trachomatis mouse pneumonitis
(MoPn) serovar (also called Chlamydia muridarum). This serovar was originally isolated
from the lungs of mice inoculated with throat washings from humans with respiratory
infections [4]. Respiratory or genital inoculation of mice with this organism has been found
to induce infections that closely parallel those observed in humans. Using this murine model
a vaccine formulated with the native major outer membrane protein (nMOMP) has been
found to induce significant protection against an intranasal and a genital challenge [5, 6].

A novel immunostimulatory adjuvant based on the nontoxic B subunit of cholera toxin (CT)
linked to CpG oligodexynucleotide (CTB-CpG) was recently developed by Adamsson et al.
[7]. CT is a multi-subunit macromolecule composed structurally and functionally of the A
and B subunits [8]. Subunit A has ADP-ribosylating activity and by enhancing intracellular
cAMP levels alters ion transport resulting in water and chloride losses from the intestines
with subsequent diarrhea [9]. The B subunit binds to the cell’s ganglioside GM1 receptor
facilitating the entry of the A subunit into the cytosol where it binds to NAD and catalyzes
the ADP-ribosylation of the Gsα protein [10]. CT is a very strong mucosal adjuvant when
co-administered with antigens. CT exerts its adjuvant effect by inducing antigen-specific
CD4+ Th1- and Th2-type cells that produce high levels of IFN-γ, IL-4, IL-5, IL-6 and IL-10
[11]. In addition to T cell immunity, CT is able to stimulate the development of systemic
IgG1 and IgG2a, as well as mucosal secretory IgA antibody responses [12]. The inherent
toxicity of CT residing in its A-subunit precludes its use as an adjuvant in humans.
However, the non-toxic B subunit pentamer (CTB) can be given safely by different routes to
humans but is not by itself a strong mucosal adjuvant.

CpG binds to TLR9, which is located on the endosomal membranes and signals through
recruitment of the adaptor molecule myeloid differentiation factor 88 resulting in the
induction of a strong Th1 polarized immune response. The adjuvant effect of CpG has been
extensively studied and CpG has now reached advanced human trials [13, 14]. It has
recently been shown that the immunostimulatory/adjuvant effect of CpG ODN is
significantly enhanced when chemically conjugated to CTB [7, 15, 16]. The increased
immunostimulatory property of the CTB-CpG conjugate may be due to increased uptake of
coupled CpG ODN by target cells and also by CTB/GM1-directed intracellular transport
into the endoplasmic reticulum [15].
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In this study, we tested a novel vaccine formulation containing the nMOMP and the CTB-
CpG adjuvant. BALB/c mice immunized with this vaccine developed strong humoral and
cell mediated immune responses. Furthermore, the immunized animals were significantly
protected against a respiratory challenge with C. trachomatis. These results warrant further
exploration on the potential of nMOMP plus the novel adjuvant CTB-CpG as vaccine
candidate to counter Chlamydia infection.

MATERIALS AND METHODS
C. trachomatis stocks

The C. trachomatis MoPn strain Nigg II was obtained from the American Type Culture
Collection (ATCC; Manassas, VA) and was grown in HeLa-229 cells using Eagle’s minimal
essential medium supplemented with 5% fetal bovine serum (FBS) as described [17].
Purified elementary bodies (EB) were stored at −70°C in 0.2 M sucrose, 20 mM sodium
phosphate (pH 7.4), and 5 mM glutamic acid (SPG) [17]. Bacterial stocks were titrated in
HeLa-229 cells.

Preparation of the C. trachomatis native MOMP (nMOMP)
Extraction and purification of the native C. trachomatis MoPn MOMP (nMOMP) were
performed as previously described [5, 6]. The purified nMOMP was refolded by dialysis in
0.1 M phosphate buffer (pH 7.8) containing 2 mM reduced glutathione, 1 mM oxidized
glutathione (Sigma, St. Louis, MO), 1 mM EDTA, and 0.05% Z3-14. The protein was then
concentrated and fixed with 2% glutaraldehyde (Sigma, St. Louis, MO) at room temperature
for 2 min. Glycine (Bio-Rad Laboratories) was added to stop the reaction. The nMOMP was
concentrated with a Centricon-10 filter (Millipore Corp., Bedford, MA) and dialyzed against
a solution containing 20 mM phosphate buffer (pH 7.4), 0.15 M NaCl and 0.05% Z3-14
before using it to immunize mice.

Conjugation of CpG ODN to CTB
CpG ODN 1826, a 20-mer containing two copies of an optimal mouse CpG motif
(TCCATG ACG TTC CTG ACG TT) with complete PS backbone (Coley Pharmaceutical
Group, Ontario, Canada) and recombinant CTB protein (Operon, Ebersberg, Germany) were
used for conjugation [7]. The conjugation of CpG ODN to CTB was performed by mixing
thiolated ODN with maleimide-activated CTB at room temperature overnight, followed by
purification by gel filtration through Superdex 200 (Amersham Biosciences, Uppsala,
Sweden). The high molecular peak was collected and protein concentration was determined
using a protein assay (micro BCA; Pierce, Rockford, IL), with recombinant CTB as a
reference protein. Concentration of nucleic acid was determined by measuring the
absorbance at 260 nm. The CTB-CpG conjugate was analyzed by SDS-PAGE and CTB and
CpG ODN in the conjugate were visualized with Coomassie Blue (Sigma-Aldrich, St. Louis,
MO) and SYBR Green (Molecular Probes, Paisley, UK), respectively. The GM1-binding
property of CTB-CpG was confirmed by a solid-phase GM1 ELISA.

Immunization and challenge of mice
Three-week-old female BALB/c (H-2d) mice were purchased from Charles River
Laboratories (Wilmington, MA) and were housed at the University of California, Irvine,
Vivarium. All animal protocols were approved by the University of California, Irvine,
Animal Care and Use Committee.

Animals were immunized by the intramuscular (i.m.) and subcutaneous (s.c.) routes with
nMOMP (10 μg/mouse/immunization) in combination with CTB-CpG (20 μg/mouse/
immunization) or 1 μg/mouse/immunization of CT (Sigma-Aldrich, St. Louis, MO), a non-
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toxic dose for mice, plus 10μg CpG ODN 1826 (Coley Pharmaceutical Group, Ontario,
Canada). As negative controls, groups of mice were immunized with the same amount of
ovalbumin (Sigma, St. Louis, MO) in combination with CTB-CpG or CT + CpG ODN. The
mice were boosted twice at 2-week intervals with the same vaccine preparations. Positive
control mice were immunized by the intranasal (i.n.) route once with 104 inclusion forming
units (IFU) of the C. trachomatis MoPn strain. Mice were challenged i.n. with 104 IFU of
the C. trachomatis MoPn at four weeks after the last boost. Fourteen mice were employed
for each experimental group.

Characterization of the humoral response by enzyme-linked immunosorbent assay
(ELISA), Western blot assay and in vitro neutralization

Blood was collected by periorbital puncture and all the immunoassays were performed with
pooled sera from each group. The Chlamydia-specific antibody titers were determined by an
ELISA as previously described [17]. In brief, each well of 96-well plates was coated with
100 μl per well of C. trachomatis MoPn EB containing 10 μg/ml of protein in PBS to which
serial dilutions of serum were added. Following incubation at 37°C for 1 hr, the plates were
washed, and horseradish peroxidase-conjugated goat anti-mouse immunoglobulin (Ig),
IgG1, IgG2a (BD Pharmingen, San Diego, CA), IgG2b, IgG3 (Southern Biotechnology
Associates, Birmingham, AL), IgG (mixed components of IgG1, IgG2a, IgG2b and IgG), or
IgA (ICN Pharmaceuticals, Aurora, Ohio) was applied, and then incubated at 37°C for 1 hr.
The plates were washed, and the binding was measured in an ELISA reader (Labsystem
Multiscan; Helsinki, Finland) at 405 nm using 2, 2′-azino-bis-(3-ethylbenzthiazoline-6-
sulfonate) as the substrate.

Western blot was performed as previously described with C. trachomatis EB as the antigen
[5]. Approximately 30 μg of purified EB were loaded on a 7.5-cm-wide slab polyacrylamide
gel. Following transfer to nitrocellulose membrane, the nonspecific binding was blocked
with BLOTTO (bovine lacto transfer technique optimizer; 5% [wt/vol] nonfat dry milk,
2mM CaCl2, 50 mM Tris-HCl [pH8.0]) for 2 hrs at room temperature, and then serum
samples diluted 1:100 were added to the membrane and incubated overnight at 4°C. Then,
the membrane was washed and incubated with horseradish peroxidase-conjugated goat anti-
mouse antibody for 1 hr, followed by visualization of the bands by developing with 0.01%
hydrogen peroxide and the substrate 4-chloro-1-naphthol. A 1:5 dilution of mouse
monoclonal antibodies against the C. trachomatis serovar 40-kDa MOMP (mAb MoPn-40;
generated in our laboratory) acted as a positive control.

The in vitro neutralization assay was performed according to the protocol by Peterson et al.
[18]. Briefly, five-fold serial dilutions of the serum were made in PBS. Duplicate dilutions
were incubated for 45 min at 37°C with 104 IFU of the C. trachomatis MoPn. The mixtures
were then inoculated by centrifugation onto HeLa-229 cell monolayers that were grown in
15 × 45-mm glass shell vials. The monolayers were incubated for 30 hrs and subsequently
fixed with methanol. The inclusions were stained using a cocktail of monoclonal antibodies
to Chlamydia prepared in our laboratory [17]. A horseradish peroxidase conjugated goat
anti-mouse antibody was added and developed with 0.01% H2O2 and 4-chloro-naphthol
(Sigma-Aldrich, St. Louis, MO). The results are expressed as percent inhibition relative to
the control sera.

Preparation of splenocytes
Spleens were disrupted with a 1 ml syringe plunger on a 40 μm nylon cell strainer (BD
Falcon, BD Biosciences, Bedford, MA) using 5 ml of sterile PBS with 2% FBS.
Erythrocytes were lysed with ammonium chloride buffer (BD Pharm Lyse, BD
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Biosciences). Single-cell suspensions were washed and the cell viability was assessed by
trypan blue exclusion [17].

In vitro CD4+ splenic lymphocyte proliferative assay (LPA)
To assess the T-cell memory response after the immunization, in vitro LPA was performed
before challenge. In brief, the spleens from three mice from each group were collected and
pooled, and CD4+ splenic T-cells were isolated using anti-mouse CD4 particles-DM as
described by the manufacturer (BD Biosciences, San Jose, CA). Accessory cells for antigen
presentation (APCs) were prepared by irradiating (3,000 rads; 137Cs) syngeneic unseparated
splenocytes. APCs (105/well) were incubated with C. trachomatis MoPn EB at a 1:5 ratio, at
37 °C for 2 hrs. Concanavalin A (ConA; Sigma-Aldrich, St. Louis, MO) was used as
positive stimulant at a concentration of 5 μg/ml, and tissue culture media served as a
negative control. CD4+ cells were added at a 1:1 ratio to APCs. RPMI 1640 supplemented
with 5% FBS, 2% L-glutamine, and 0.5% 2-Mercaptoethanol (RPMI 1640-5% FBS) was
used as culture media. The total volume per well was 200 μl. At the end of 72 hrs of
incubation, 1.0 μCi of [methyl-3H] thymidine (47 Ci/mmol; Amersham, Arlington Heights,
IL) in 25 μl of RPMI 1640-5% FBS was added per well, and the incorporation of [3H] was
measured using a scintillation counter (Beckman Instruments, Fullerton, CA).

Ex vivo analysis of cytokines production by CD4+- or CD8+-memory T-cells with flow
cytometry

Single-cell suspensions were prepared from splenocytes as described above. Approximate
107 of splenocytes were re-suspended in RPMI 1640-5% FBS and incubated with EB at a
ratio of 1:1 at 37° in a 5% CO2 incubator for 1 h. Brefeldin A (10 μg/ml; Sigma, St. Louis,
MO) was added and the incubation continued for 5 hrs. Cells were harvested, washed and
re-suspended in flow cytometry buffer (PBS, 0.2% BSA, 0.05% NaN3) [19]. Non-specific
binding of antibodies was inhibited by blocking Fc receptors with anti-CD16 (Fc block;
eBioscience) for 10 min on ice. For the 4-color staining protocols, the cells were first stained
for cell surface markers after antibody concentrations were optimized using appropriate
fluorochrome-labeled isotype-matched control antibodies. Fluorescein isothiocyanate
(FITC) anti-CD44 (clone Pgp-1), PerCp anti-CD8a (clone 53-6.7), and Allophycocyanin
(APC) anti-CD4 (clone RM4-5) were used for surface staining. Subsequently, the cells were
intracellularly stained (ICS) with phycoerythrin (PE) IFN-γ (clone XMG1.2) or IL-4 (clone
11B11) following the manufacturer instruction [20]. All the antibodies were purchased from
eBioscience (San Diego, CA). Ten thousand total events were counted using an analytical
BD FACSCalibur flow cytometer (Becton-Dickinson). Data analyses were performed using
FlowJo software, v8.7.3 (Tree Star, Ashland, OR).

Evaluation of the infection following the i.n. challenge
After the intranasal challenge the mice were weighed daily for 10 days [5]. At day 10 post-
challenge the mice were euthanized, their lungs harvested and placed in 5 ml of SPG. The
lungs were homogenized, and serial 10-fold dilutions were inoculated onto Hela-229 cells
grown in 48-well tissue culture plates. Following centrifugation the plates were incubated
for 30 hrs at 37°C in a 5% CO2 incubator. Inclusions were stained with a cocktail of
monoclonal antibodies prepared in our laboratory [17].

Statistical analyses
The Mann-Whitney U test was used to compare the numbers of C. trachomatis IFU, and the
Student t-test was performed to compare CD4+ T-cell proliferative response (cpm), lung
weight and body weight change of mice at day-10 post-challenge. To compare the daily
changes in mean body weight between each group of mice during the 10 days following the
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i.n. challenge, repeated measures ANOVA was conducted. A pairwise correlation analysis
was performed to assay whether the protection of the vaccines against the C. trachomatis i.n.
challenge based on, the numbers of IFU recovered from lungs, lung weight and body weight
change of mice, is related with IFN-γ-producing effector T-cells. Due to only 5 study
groups, i.e., 5 data points available for each parameter, Pearson’s correlation analysis is not
sensitive enough to detect the potential relatedness between parameters. Therefore, a
bootstrap scheme was implemented with R program [21] to calculate the p-values of
correlation for any two parameters. Suppose the correlation coefficient of two parameters is
ρ. We fixed the first parameter and randomly sample the second parameter with replacement
from data. Set the correlation coefficient of the first parameter and the simulated second
parameter as . We repeated this process for n times, e.g. 10000 times. The empirical p-value

for ρ is then defined as , where I is an indicator variable with

RESULTS
Antibody response following immunization

Here, we investigated the vaccination of mice with nMOMP and CTB-CpG or CT + CpG
ODN in comparison with, an i.n. immunization with live C. trachomatis, the gold standard,
on induction of protection to a subsequent i.n. challenge with this pathogen. To this end,
groups of female Balb/c mice were immunized three times with nMOMP in combination
with either CTB-CpG or a mixture of CT + CpG ODN via the i.m. and s.c. routes. Positive
control mice were inoculated by the i.n. route once with 104 IFU of the C. trachomatis
MoPn strain. The mice were then examined for their humoral and cellular immunity as well
as protection four weeks after the final immunization.

Serum samples collected the day before the intranasal challenge were tested by ELISA,
Western blot, and for the presence of neutralizing antibodies. As shown in Table 1, high
Chlamydia-specific IgG antibody titers were observed in the groups of mice immunized
with nMOMP using either CTB-CpG or CT + CpG ODN as adjuvants (25,600 and 51,200,
respectively). In the control mice immunized i.n. with live C. trachomatis MoPn, the IgG
titer was also high (12,800). In these three groups of mice the Chlamydia-specific IgA
antibody titer was approximately 400. The two control groups immunized with ovalbumin
and either adjuvants had no detectable Chlamydia-specific IgG or IgA antibodies in their
sera.

The ratio of the IgG2a/IgG1 was used to evaluate the immune response predominantly to
Th1 or Th2. In the group of mice immunized with nMOMP/CTB-CpG, the ratio was 8
(25,600/3,200), while the group immunized using nMOMP/CT + CpG ODN, had the ratio
of 4 (25,600/6,400). The highest ratio was observed in the group of mice immunized i.n.
with live Chlamydia (16; 25,600/1,600). As expected, the negative control groups of animals
that received ovalbumin had no detectable IgG2a or IgG1 antibodies to Chlamydia in their
sera.

The in vitro neutralizing antibody titer in the mice vaccinated with the nMOMP and CT +
CpG ODN was 50, while no neutralizing antibodies were detected in the mice vaccinated
with the nMOMP and CTB-CpG adjuvant. In the positive control group inoculated i.n. with
live Chlamydia the neutralizing titer in serum was 1,250. The serum samples from the mice
vaccinated with ovalbumin were used as background controls.
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The Western blot in Fig. 1 shows that mice immunized with the nMOMP and CTB-CpG or
with CT + CpG ODN developed antibodies against the nMOMP, as shown by a band with a
MW of 40 kDa, and LPS. Animals immunized i.n. with live C. trachomatis also produced
antibodies to the nMOMP. In addition, antibodies to bands with a molecular mass higher
than 100 kDa, the 60-kDa cysteine rich protein (crp), the 28 kDa and LPS were detected.
Control mice immunized with ovalbumin instead of the nMOMP did not show any bands in
the blot. No protein bands were detected in any of the serum samples collected before
immunization.

In vitro splenic CD4+ T-cells proliferative response following immunization
The splenic CD4+ T-cell immune response for each group of mice was first evaluated by an
in vitro LPA the day before the challenge. Results are summarized in Table 2. Splenic CD4+

T-cells from the mice immunized with the nMOMP and CTB-CpG exhibited a significant
lymphoproliferative response when stimulated with EB compared to the response of the
control mice immunized with ovalbumin and the same adjuvant (5.3 × 103 versus 1.6 × 103

cpm, p < 0.001). The CD4+ T-cells isolated from the mice vaccinated with the nMOMP and
CT + CpG ODN also showed a higher lymphoproliferative response to EB stimulation than
the control mice immunized with ovalbumin and CT + CpG ODN (3.9 × 103 versus 2.5 ×
103 cpm), however, there was no statistical significance between these two groups (p >
0.05). The lymphoproliferative response of the mice vaccinated with the nMOMP and CTB-
CpG (5.3 × 103 cpm) was significantly stronger than that of the mice immunized with the
nMOMP and CT + CpG ODN (3.9 × 103 cpm; p < 0.05). As expected, the more robust
lymphoproliferative response was observed in the mice immunized i.n. with live C.
trachomatis (21.4 × 103 cpm).

Ex vivo intracellular levels of IFN-γ and IL-4 in CD4+- and CD8+-T cells following the i.n.
challenge with C. trachomatis MoPn

To directly detect the source of IFN-γ and IL-4 produced by effector memory T-cells, ex
vivo intracellular flow cytometric analyses of IFN-γ and IL-4 were performed on pooled
splenocytes from each group collected at 10 days after the intranasal challenge.

In the mice vaccinated with the nMOMP and CTB-CpG the percentage of IFN-γ producing
CD4 effector memory T-cells (IFN-γ+CD4+CD44+: 0.96%) and of IFN-γ producing CD8
effector memory T-cells (IFN-γ+CD8+CD44+: 0.52%) was high when compared with the
control mice immunized with ovalbumin and the same adjuvants (IFN-γ+CD4+CD44+:
0.65% and IFN-γ+CD8+CD44+: 0.3%) (Fig. 2A-B). Similar results were obtained when the
percentage of IFN-γ producing CD4 and CD8 effector memory T-cells were compared
between the mice immunized with the nMOMP and CT + CpG ODN (IFN-γ+CD4+CD44+:
1.15% and IFN-γ+CD8+CD44+: 0.18%) versus the group immunized with ovalbumin and
the same adjuvants (IFN-γ+CD4+CD44+: 1.07% and IFN-γ+CD8+CD44+: 0%). The highest
populations of IFN-γ+CD4+CD44high and IFN-γ+CD8+CD44high cells were detected in the
mice vaccinated with live C. trachomatis MoPn (CD4: 1.68% and CD8: 0.73%)

As shown in Fig. 2C-D, intracellular IL-4 production was found in 0.91% CD4+CD44high

and 0.48% CD8+CD44high T-cells of the mice vaccinated with the nMOMP and CTB-CpG,
and in 0.79% CD4+CD44high and 0% CD8+CD44high T-cells of the control mice vaccinated
with ovalbumin and CTB-CpG. In contrast, 0.62% CD4+CD44high and 0.16%
CD8+CD44high T-cells produced intracellular IL-4 in the mice vaccinated by the nMOMP
and CT + CpG ODN. However, 0.97% CD4+CD44high and 0.31% CD8+CD44high T-cells
produced IL-4 in the control mice immunized with ovalbumin and CT + CpG ODN. There
were 0.84% IL4+CD4+CD44high and no detectable IL4+CD8+CD44high T-cells found in
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mice that were inoculated i.n. with C. trachomatis. These results indicate that IL-4
production was most likely non-specific to C. trachomatis.

Changes in body weight following the i.n. challenge
The changes in mean body weight of each group of mice following the i.n. challenge are
shown in Fig. 3. Mice immunized with the nMOMP and CTB-CpG or with the nMOMP
plus CT + CpG ODN lost weight from the 2nd through the 4th day after the challenge and
then slowly regained some of their weight. At day 10 after the i.n. challenge these two
groups of mice had lost 12% and 10% of their initial body weights, respectively. The
corresponding control animals immunized with ovalbumin instead of the nMOMP had lost
significantly more body weight (19% and 17%, respectively; p < 0.05). No significant
difference in body weight change was observed between the mice vaccinated with the
nMOMP and CTB-CpG and the group immunized with the nMOMP plus CT + CpG ODN
(p > 0.05). The mice vaccinated i.n. with live EB showed a transient minimal drop in body
weight up to the third day after i.n. challenge and then quickly recovered it.

Assessment of lung infection following the i.n. challenge
Ten days after the i.n. challenge the mice were euthanized and their lungs were weighed,
homogenized and cultured. The weight of the lung was used as a parameter to assess the
overall infection and inflammatory reaction. As shown in Table 3, the mean weight of the
lungs from the mice immunized with the nMOMP and CTB-CpG or with the nMOMP and
CT + CpG ODN was 0.30+0.01 g and 0.27+0.03 g, respectively (p>0.05). In comparison
with the corresponding control mice immunized with ovalbumin instead of the nMOMP ,
the average weight of the lungs was 0.33+0.01 g and 0.35+0.01 g, respectively (p < 0.05). In
the positive control group inoculated i.n. with live EB the mean weight of the lungs was
0.22±0.01 g.

The yields of chlamydial IFU recovered from the lungs at 10 days post-challenge are shown
in Table 3. From the mice vaccinated with the nMOMP and CTB-CpG a median number of
1.6 × 106 IFU were recovered per pair of animal lungs of this group. This yield of IFU was
significantly lower in comparison with the number of IFU from the control group of mice
vaccinated with ovalbumin and CTB-CpG (55.4 × 106 IFU; p < 0.05). From the mice
immunized with the nMOMP and CT + CpG ODN we recovered 1.3 × 106 IFU, whereas the
corresponding control mice immunized with ovalbumin and the same adjuvant 55.3 × 106

IFU were recovered (p < 0.05). The difference in the number of IFU recovered from the
mice immunized with the nMOMP/CTB-CpG and nMOMP/CT + CpG ODN is not
statistically significant (p > 0.05). No detectable Chlamydia was recovered from the lungs of
the mice immunized with live organisms.

Correlation analyses between splenic T-cell proliferation assay before challenge and
protection after challenge with C. trachomatis MoPn

A bootstrap scheme was performed to analyze the correlation between the in vitro CD4+ T-
cells’ memory response before challenge and the protection readouts conducted 10 days
post-challenge with C. trachomatis MoPn. As illustrated in Table 4, the empirical p values of
correlation were calculated between any two parameters from the following readouts. The
CD4+ T-cells proliferation in vitro, the frequency of IFN-γ-producing CD4+ effector
memory (IFN-γ+CD4+CD44high) T-cells and IFN-γ-producing CD8+ effector memory
(IFN-γ+CD8+CD44high) T-cells as assessed by ex vivo ICS, C. trachomatis MoPn IFU
recovered from lung tissues, and the mean body weight change. The frequency of IFN-
γ+CD4+CD44high showed strong significant correlation with the proliferative CD4+ T-cells
(p < 0.001), and inverse correlation with the number of C. trachomatis MoPn IFU recovered
from the lungs (p < 0.05), and the mean body weight loss (p < 0.001). However, the

Cheng et al. Page 8

Vaccine. Author manuscript; available in PMC 2013 February 07.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



frequency of IFN-γ+CD8+CD44high T-cells only exhibited a significant inverse correlation
with the mean body weight loss (p < 0.001), but not with number of IFU recovered from the
lungs (p > 0.05). In addition, a significant correlation between the number of C. trachomatis
MoPn IFU recovered from the lungs and the mean body weight change of the mice was
observed (p < 0.001).

DISCUSSION
Most traditional vaccines comprising of live or inactivated whole pathogens possess intrinsic
adjuvant activity as they contain pathogen associated molecules such as LPS, and microbial
nucleic acids with the ability to activate TLR and other pattern recognition receptors in the
host cells. This in turn leads to induction of a coordinated set of innate and adaptive immune
responses [22]. The current use of highly purified subunit vaccines, such as synthetic
peptides and recombinant proteins, that lack inherent adjuvanticity, has resulted in the need
to develop new and safe immunomodulatory adjuvants to enhance and direct antigen
specific humoral as well as cellular immunity.

Recently, a novel immunomodulatory agent based on CpG ODN linked to CTB (CTB-CpG)
was developed [7]. Here, we utilized this non-toxic adjuvant in combination with the C.
trachomatis nMOMP to establish its ability to protect mice. In this study we showed that a
vaccine consisting of CTB-CpG and the nMOMP partially protected mice against a
respiratory challenge with C. trachomatis. The protection afforded with this vaccine was
equivalent to that elicited by a vaccine that used whole CT plus CpG ODN as adjuvant. This
finding is of importance as the holotoxin CT, although highly potent, is precluded for human
use as adjuvant due to its inherent toxicity. The non toxic pentameric CTB, which binds to
the ganglioside GM1 receptor, found on the surface of all nucleated cells [10] was shown to
be safe for human use via different routes [23-27]. Recently, Nystrom-Asklin et al. [16] have
shown that a vaccine adjuvanted with the CTB-CpG was able to induce protective immunity
in mice against a mucosal pathogen, namely Helicobacter pylori.

In 2002 Pal et al. [5] tested the same nMOMP preparation using CpG+Alum as adjuvants. In
contrast to the strong Th1 response observed here using CTB-CpG or CT+CpG, the use of
CpG+Alum elicited a more balanced Th1/Th2 response. Following the i.n. challenge, the
use of CpG+Alum resulted in a stronger protection in comparison to the one observed here.
For example, the mice immunized using CpG+Alum lost less body weight than the groups
immunized using CTB-CpG or CT+CpG. In addition, the animals immunized with CpG
+Alum appeared to be better protected based on the lung weight and number of IFU
recovered from the lungs. However, it is important to point out that while the lungs have
both a systemic and a mucosal component the genital tract is mainly mucosal and therefore,
protection using CTB-CpG or CT+CpG may be stronger than utilizing CpG+Alum in that
animal model. As expected, in both experiments the protection achieved by immunization
with live Chlamydia was more robust than that obtained with the subunits vaccines.

In this study, we found that IFN-γ production by memory CD4 T-cells (CD4+CD44high)
from immunized mice, after C. trachomatis MoPn intranasal challenge, showed a strong
correlation with CD4 T-cells’ proliferative activity. Furthermore, both proliferation of CD4
T-cells and IFN-γ production from these memory CD4 T-cells showed a strong inverse
correlation with C. trachomatis MoPn IFU recovered from the lungs and loss of body weight
in mice. In contrast, IFN-γ production from memory CD8 T-cells (CD8+CD44high) after
challenge only showed an inverse correlation with body weight loss but not with C.
trachomatis MoPn IFU recovered from the lungs. These results support the notion that IFN-
γ producing CD4 T-cells, but not CD8 T cells response plays a critical role in protection
against a respiratory challenge with C. trachomatis in mice vaccinated with the nMOMP and
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either CTB-CpG or CT + CpG ODN. Neither CD4 T-cells proliferation nor any other
outcome at post-challenge showed statistical correlation with IL-4 production. These
findings are in line with the previous reports from experimental models, which indicate that
CD4 Th1 cells, B cells and antibodies are mainly responsible for mediating the clearance of
a C. trachomatis infection, while CD8 T-cells do not appear to play a significant role. More
specifically, protection in the C. trachomatis MoPn infection model is most likely mediated
by CD4+ T-cells that produce IFN-γ, as mice deficient in MHC class II molecules [28],
CD4 [28, 29], IL-12 [30], IFN-γ [31] or IFN-γ receptor [32] can not control the infection.
Similarly, mice depleted of C. trachomatis MoPn-specific CD4+ T-cells [29] could not clear
the infection. Adoptive transfer of C. trachomatis MoPn-specific CD4+ Th-1 cell clones, but
not Th-2 cell clones, was also shown to protect nude mice against C. trachomatis MoPn
infection [33]. It is in general accepted that CD8 T-cells are neither sufficient nor necessary
to confer protective immunity in the murine model of chlamydial genital infection [34-36].
Although the mechanisms are not fully elucidated it is assumed that the protection is at least
partially mediated by the production of IFN-γ [37-40].

The vaccines comprising of the nMOMP and either CTB-CpG or CT plus CpG ODN
elicited a strong humoral response. A high IgG2a to IgG1 ratio and a high titer of IgG3
indicated a predominant Th1 type response [43, 44]. Similarly, a high IgG2a/IgG1 ratio was
observed in mice immunized i.n. with live Chlamydia [17, 45]. Interestingly, the antibodies
elicited by vaccines based on the nMOMP had limited ability to neutralize EB in vitro, when
compared with the antibodies found in the mice inoculated i.n. with live C. trachomatis. A
previous study reported that high titers of C. trachomatis-specific antibody do not correlate
with the resolution of infection in humans and, in fact, were correlated with increased
severity of sequelae of infection, such as tubal infertility [46]. Su et al. [47] reported that
antibodies are particularly important in local recall immunity, as mice deficient in antibodies
are less resistant to re-infection than mice with local anti-chlamydial antibodies. Similarly,
Morrison et al. [48] showed that antibodies contribute significantly to protection against a
genital tract re-infection but not against a primary infection. On the other hand, Pal et al.
[49, 50] have shown that passive immunization with IgA and IgG monoclonal antibodies
can protect mice against genital and respiratory tract infections with Chlamydia. This
finding is supported by an earlier epidemiological observation in infected humans that
showed an inverse correlation between IgA levels in cervical secretions and the amount of
Chlamydia recovered from the cervix [51].

In conclusion, we report here that a vaccine consisting of the chlamydial nMOMP and CTB-
CpG, a novel non-toxic immunomodulatory adjuvant, induced protection against a
pulmonary challenge with C. trachomatis as effective as that elicited using nMOMP in
combination with whole CT + CpG ODN. These results may have implications for the
development of a vaccine against Chlamydia infection in humans.
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Figure 1. Western blot analysis of serum samples from the day before i.n. challenge
C. trachomatis MoPn EB were used as the antigen. Lane 1, molecular weight standards.
Lane 2, control mAb MoPn-40. Lanes 3 to 7, sera from mice immunized with MOMP and
CTB-CpG-1826 (lane 3); with MOMP and CT + CpG-1826 (lane 4); with ovalbumin and
CTB-CpG-1826 (lane 5); with ovalbumin and CT + CpG-1826 (lane 6); with C. trachomatis
MoPn EB (lane 7). Lane 8, serum from d0.
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Figure 2. Flow cytometry assay performed using splenocytes isolated from the mice at day 10
after the i.n. C. trachomatis challenge
A. CD4+CD44high splenic T-cells were gated, and the frequency of positive intracellular
IFN-γ staining in CD4+CD44high splenic T-cells was exposed.
B. CD8+CD44high splenic T-cells were gated, and the frequency of positive intracellular
IFN-γ staining in CD8+CD44high splenic T-cells was exposed.
C. CD4+CD44high splenic T-cells were gated, and the frequency of positive intracellular
IL-4 staining in CD4+CD44high splenic T-cells was exposed.
D. CD8+CD44high splenic T-cells were gated, and the frequency of positive intracellular
IL-4 staining in CD8+CD44high splenic T-cells was exposed.
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Figure 3. Changes in body weight following the i.n. challenge
A. Percentage change of mean body weight following the i.n. C. trachomatis challenge. *,
p< 0.05 as determined by the Repeated Measures ANOVA.
B. Percentage change of mean body weight of each group at day 10 after the i.n. C.
trachomatis challenge. Mean is shown as a short line and a solid dot represents the weight of
each individual mouse. *, p< 0.05 as determined by the Student’s t-test.
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Table 2
CD4+ T-cell response the day before the i.n. challenge with C. trachomatis MoPn

a

Vaccine CD4+ T-cell proliferative response (× 103 cpm) to

EB Medium

nMOMP + CTB-CpG 5.3 ± 0.01
b, c 0.3 ± 0.05

nMOMP + CT + CpG ODN 3.9 ± 0.8
d 0.3 ± 0.1

Ovalbumin + CTB-CpG 1.6 ± 0.5 0.5 ± 0.16

Ovalbumin + CT + CpG ODN 2.5 ± 1.1 0.5 ± 0.2

C. trachomatis 21.4 ± 3.0 0.2 ± 0.02

a
The values are means ± SE for triplicate cultures. The data are from one of the experiments representative of duplicate experiments. UV-

inactivated C. trachomatis MoPn EB were added at a ratio of EB to T cells of 1:5.

b
p < 0.05 as determined by the Student t test for the comparison with the group immunized with nMOMP + CT + CpG ODN

c
p < 0.001 as determined by the Student t test for the comparison with the group immunized with ovalbumin + CTB-CpG

d
p > 0.05 as determined by the Student t test for the comparison with the group immunized with ovalbumin with adjuvant of CT + CpG ODN
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Table 3
Lung weight and number ofC. trachomatis MoPn IFU recovered from the lungs following
the i.n. challenge

Vaccine Lung weight (gr.; mean ± SE)
No. IFU lung culture

Median (range) × (106)

nMOMP + CTB-CpG 0.30 ± 0.01 
a, b

1.63 (0.67-21.06)
d,e

nMOMP + CT + CpG ODN 0.27 ± 0.03
c

1.32 (0.02-11.77)
f

Ovalbumin + CTB-CpG 0.33 ± 0.01 55.45 (1.30-181.72)

Ovalbumin + CT + CpG ODN 0.35 ± 0.01 55.34 (15.07-192.05)

C. trachomatis 0.22 ± 0.01 <0.00005

a
p > 0.05 as determined by the Student t test for the comparison with the group immunized with nMOMP + CT + CpG ODN

b
p < 0.05 as determined by the Student t test for the comparison with the group immunized with ovalbumin + CTB-CpG

c
p < 0.05 as determined by the Student t test for the comparison with the group immunized with ovalbumin + CT + CpG ODN

d
p > 0.05 as determined by the Mann Whitney U-test for the comparison with the group immunized with nMOMP + CT + CpG ODN

e
p < 0.05 as determined by the Mann Whitney U-test for the comparison with the group immunized with ovalbumin + CTB-CpG

f
p < 0.05 as determined by the Mann Whitney U-test for the comparison with the group immunized with ovalbumin + CT + CpG ODN
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