
INFECTION AND IMMUNITY, Sept. 2002, p. 4812–4817 Vol. 70, No. 9
0019-9567/02/$04.00�0 DOI: 10.1128/IAI.70.9.4812–4817.2002
Copyright © 2002, American Society for Microbiology. All Rights Reserved.

Immunization with the Chlamydia trachomatis Mouse Pneumonitis
Major Outer Membrane Protein by Use of CpG
Oligodeoxynucleotides as an Adjuvant Induces a

Protective Immune Response against an
Intranasal Chlamydial Challenge

Sukumar Pal,1 Heather L. Davis,2 Ellena M. Peterson,1 and Luis M. de la Maza1*
Department of Pathology, Medical Sciences, University of California, Irvine, Irvine, California 92697-4800,1 and

Coley Pharmaceutical Group, Ottawa, Ontario K1Y 4S1, Canada2

Received 26 March 2002/Returned for modification 6 May 2002/Accepted 12 June 2002

Recently, we have shown that a vaccine consisting of a purified preparation of the Chlamydia trachomatis
mouse pneumonitis (MoPn) major outer membrane protein (MOMP) and Freund’s adjuvant can protect mice
against a genital challenge. Here, we wanted to determine if CpG motifs could be used as an immune modulator
to the MOMP to induce protection in mice against an intranasal (i.n.) challenge. One-week-old BALB/c mice
were immunized intramuscularly and subcutaneously either once or three times at 2-week intervals with
MOMP and CpG suspended in aluminum hydroxide (alum). Negative controls received ovalbumin, CpG, and
alum. Positive controls were immunized i.n. with C. trachomatis MoPn elementary bodies (EB). Six weeks after
the last immunization, mice were challenged i.n. with 104 inclusion-forming units (IFU) of the C. trachomatis
MoPn serovar. Mice that received MOMP, CpG, and alum had a strong immune response, as shown by a high
titer of serum antibodies to Chlamydia and significant lymphoproliferation of T-cells following stimulation with
C. trachomatis EB. After the i.n. challenge mice immunized with MOMP, CpG, and alum showed significantly
less body weight loss than the corresponding control mice immunized with ovalbumin, CpG, and alum. Ten
days after the challenge the animals were euthanized, their lungs were weighed, and the numbers of IFU in the
lungs were determined. The average weight of the lungs of the mice immunized with MOMP, CpG, and alum
was significantly less than average weight of the lungs of the mice immunized with ovalbumin, CpG, and alum.
Also, the average number of IFU recovered per mouse immunized with MOMP, CpG, and alum was signifi-
cantly less than the average number of IFU per mouse detected in the mice inoculated with ovalbumin, CpG,
and alum. In conclusion, our data show that CpG sequences can be used as an effective adjuvant with the C.
trachomatis MoPn MOMP to elicit a protective immune response in mice against a chlamydial respiratory
challenge.

Members of the genus Chlamydia cause infections through-
out the animal kingdom (2, 3, 7, 27). This genus contains four
species, and three of them, Chlamydia trachomatis, Chlamydia
pneumoniae, and Chlamydia psittaci, can cause respiratory in-
fections in humans (3, 26). Females that have a genital infec-
tion with C. trachomatis at the time of delivery transmit this
organism to their infants 30 to 70% of the time and may have
long-term sequelae, including chronic abdominal pain, ectopic
pregnancy, and infertility (29, 35). In a newborn the clinical
presentation may be an ocular infection and/or a pneumonia
that frequently manifests in the first 6 months of life (3, 26). In
certain parts of the world C. trachomatis is the most common
cause of pneumonia in infants under 6 months old. In mature
individuals C. trachomatis pneumonia is not common, but on
the other hand, C. pneumoniae is one of the most common
causes of adult pneumonia (3, 26). Respiratory infections due
to C. psitacci usually occur in individuals working in close
contact with infected wild birds (3, 26). Thus, the need to

protect against Chlamydia infections is widespread throughout
the world (2, 5, 8, 33).

The C. trachomatis mouse pneumonitis (MoPn) serovar was
originally isolated from the lungs of mice inoculated with
throat washings from humans with respiratory infections (17).
This serovar was subsequently found to be a respiratory patho-
gen of mice, and thus, it is an ideal model to characterize
potential vaccine candidates which could be used to prevent
chlamydial respiratory infections (17, 24, 39). Optimally, a vac-
cine to protect against C. trachomatis infections should induce
neutralizing antibodies on the mucosal surfaces while also
stimulating a strong T-cell response (15, 16, 33, 36–38). More
specifically, based on recent studies with several murine mod-
els it appears that a Th1 immune response is more effective
than a Th2 response for protecting against a chlamydial chal-
lenge (9, 15, 16, 23). Nonreplicating antigens, including pro-
teins such as the major outer membrane protein (MOMP),
usually induce a predominant Th2 response. On the other
hand, oligodeoxynucleotides containing immunostimulatory
CpG motifs (CpG ODN) favor a Th1 response when they are
administered to mice with a wide variety of antigens (10–13).
Furthermore, CpG ODN have been found to induce signifi-
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cantly higher titers of antibodies against hepatitis B surface
antigen, which was adsorbed to aluminum hydroxide (alum),
significantly earlier in humans (H. L. Davis, C. L. Cooper,
M. L. Morris, S. M. Elfer, D. W. Cameron, and J. Heathcote,
Abstr. Third Annu. Conf. Vaccine Res., abstr, S25, p. 47,
2000). CpG ODN have broad effects, including stimulation of
B cells to proliferate and secrete immunoglobulins and activa-
tion of macrophages, monocytes, and dendritic cells to produce
cytokines and chemokines (6, 13, 34). We recently showed that
a homogeneously purified preparation of the C. trachomatis
MOMP administered with Freund’s adjuvant can effectively
protect mice against a genital challenge (21). Here, we wanted
to determine the ability of this purified MOMP preparation to
protect against an intranasal (i.n.) challenge. Furthermore,
Freund’s adjuvant is an adjuvant that cannot be utilized in
humans, and thus, we decided to test an immunostimulant that
potentially can be used in humans to protect against C. tracho-
matis infections. The results reported here show that CpG
ODN are an effective adjuvant to the C. trachomatis MOMP
for inducing a protective immune response in mice against an
i.n. challenge.

MATERIALS AND METHODS

Organisms. The C. trachomatis MoPn strain Nigg II was obtained from the
American Type Culture Collection (Manassas, Va.). This organism was grown in
HeLa 229 cells by using Eagle’s minimal essential medium supplemented with
10% fetal calf serum. Elementary bodies (EB) were purified by using Renografin
(Squibb, Princeton, N.J.) and were stored in sucrose-phosphate-glutamate (4).

Extraction and purification of the C. trachomatis MoPn MOMP. The C. tra-
chomatis MoPn strain that was grown in HeLa 229 cells was washed with 10 mM
phosphate-buffered saline (PBS) (pH 7.4) and centrifuged, and the pellet was
treated with DNase (21). Following centrifugation the pellet was resuspended in
0.2 M phosphate buffer (pH 5.5) containing 0.001 M EDTA and 0.001 M
phenylmethylsulfonyl fluoride and extracted with 3-[(3-cholamidopropyl)-dim-
ethylammonio]-1-propanesulfonate (CHAPS) (Calbiochem-Novabiochem
Corp., San Diego, Calif.) and Zwittergent 3-14 (Z3-14) (Calbiochem-Novabio-
chem Corp.) as previously described (21). The MOMP was recovered in the
supernatant and was purified by using a hydroxylapatite column (1 by 35 cm) (4).
The MOMP was refolded by dialysis against 0.1 M phosphate buffer (pH 7.8)
containing 0.001 M EDTA, 0.002 M reduced glutathione, 0.001 M oxidized
glutathione, and 0.05% Z3-14 at room temperature at a protein concentration of
30 to 150 �g/ml (21). The MOMP was concentrated and fixed with 20% glutar-
aldehyde for 2 min at room temperature, and subsequently 2 M glycine was
added to stop the reaction. The preparation was concentrated with Centricon-10
filters and dialyzed against 0.02 M phosphate buffer (pH 7.4)–0.15 M NaCl–
0.05% Z3-14 before inoculation (21).

Immunization protocol. Groups of pregnant BALB/c (H2d) mice were pur-
chased from Charles River Laboratories (Wilmington, Mass.). Following delivery
1-week-old male and female mice were simultaneously immunized intramuscu-
larly (i.m.) and subcutaneously (s.c.) with (per animal per immunization) 10 �g
of C. trachomatis MOMP in PBS (pH 7.4) containing 0.05% Z3-14, 10 or 50 �g
of CpG, and 250 �g of alum (Alhydrogel 85; Superfos Biosectr a/s, Kvistgard,
Denmark) (11–13, 20, 21). The mice that received 50 �g of CpG were immunized
once, while the mice that received 10 �g of CpG were inoculated three times at
2-week intervals. We tested these two protocols based on the results previously
reported by McCluskie and Davis (11, 12). As controls, mice were immunized
with ovalbumin, CpG, and alum. CpG ODN 1826 (5�-TCCATGACGTTCCTG
ACGTT-3�) were provided by Coley Pharmaceutical Group (Wellesley, Mass.).
As positive controls mice were immunized i.n. with 104 infection-forming units
(IFU) of the C. trachomatis MoPn strain. All experiments were repeated. The
protocols were approved by the Animal Care and Use Committee of the Uni-
versity of California, Irvine.

i.n. challenge. Mice were challenged i.n. with 104 IFU of the C. trachomatis
MoPn strain 6 weeks after the last immunization and were weighed daily for 10
days (19, 39, 40). For BALB/c mice the 50% lethal dose is 5 � 105 IFU/mouse
(unpublished results). Mice were challenged 6 weeks after the last immunization
in order to eliminate the possibility of developing nonspecific protection due the

CpG (10, 11). At day 10 postchallenge the mice were euthanized, and the lungs
were harvested and placed in 5 ml of sucrose-phosphate-glutamate (39, 40). The
lungs were homogenized, and serial 10-fold dilutions were inoculated onto Mc-
Coy cells grown in 48-well tissue culture plates. The plates were incubated for
36 h at 37�C. Inclusions were stained with a pool of monoclonal antibodies
prepared in our laboratory (19). This pool included monoclonal antibodies to the
MOMP, the 60-kDa cysteine-rich protein, the 150-kDa putative outer membrane
protein, and lipopolysaccharide of the C. trachomatis MoPn strain. The limit of
detection was 50 IFU of the C. trachomatis MoPn strain per pair of lungs.

Immunoassays. Blood samples were collected from the orbital plexus and
from the heart on the day before the challenge, 41 and 69 days after the initial
immunization for the mice inoculated once and three times, respectively. Chla-
mydia-specific antibodies were measured by an enzyme-linked immunosorbent
assay (19). Flat-bottom 96-well plates were coated with C. trachomatis EB at a
concentration of 10 �g per ml. A 1:2,000 dilution of goat anti-mouse pan im-
munoglobulin, immunoglobulin M (IgM), IgA, and IgG (Cappel, Aurora, Ohio)
and a 1:3,000 dilution of goat anti-mouse IgG1, IgG2a, IgG2b, and IgG3 (South-
ern Biotechnology Associates, Birmingham, Ala.) were used to determine sub-
class- or isotype-specific antibodies.

The ability of serum to neutralize in vitro the infectivity of C. trachomatis
MoPn EB was determined as follows (22). The C. trachomatis MoPn strain (104

IFU) was added to fourfold serial dilutions of serum made with 5% guinea pig
serum in Ca2�- and Mg2�-free PBS. After incubation at 37°C for 45 min, the
mixture was used to inoculate HeLa 229 cells by centrifugation. The cells were
fixed 30 h after infection with methanol and stained as described above, and the
number of IFU was determined. Neutralization was defined as �50% decrease
in the number of IFU, as determined by using sera from animals inoculated with
ovalbumin as a control.

For immunoblotting, components of C. trachomatis MoPn EB were resolved
by Tricine–sodium dodecyl sulfate–polyacrylamide gel electrophoresis (28). Ap-
proximately 250 �g of purified EB was loaded on a 7.5-cm-wide slab gel. Fol-
lowing transfer to nitrocellulose membranes, the nonspecific sites were blocked
with BLOTTO (bovine lacto transfer technique optimizer; 5% [wt/vol] nonfat
dry milk, 2 mM CaCl2, 50 mM Tris-HCl [pH 8.0]), and serum samples diluted
1:100 were incubated overnight at 4°C (19, 21). Antibody binding was detected by
using horseradish peroxidase-conjugated goat anti-mouse antibody developed
with 0.01% hydrogen peroxide and 4-chloro-1-naphthol. Monoclonal antibody 40
to the C. trachomatis MoPn MOMP was used as a control.

A T-cell lymphoproliferative assay was performed by using splenocytes as
previously described (19, 21). Briefly, T-enriched cells were counted, and 105

cells were placed in each well. UV-inactivated C. trachomatis MoPn EB were
added at a ratio of EB to antigen-presenting cells of 10:1; the antigen-presenting
cells were prepared by irradiating splenocytes with 3,300 rads. Some wells re-
ceived medium alone as a negative control. Cell proliferation was measured by
adding 1 �Ci of [methyl-3H]thymidine per well. A mean count was obtained by
using triplicate cultures.

Cytokine measurements. Levels of gamma interferon (IFN-�) (BD-Pharmin-
gen, San Diego, Calif.) and interleukin-4 (IL-4) (Endogen, Cambridge, Mass.)
were measured by using splenic T cells stimulated as described above and the
tissue culture supernatants collected after 48 h of incubation (21).

Data analysis. The two-tailed unpaired Student t test and the Mann-Whitney
U test were employed to determine the significance of differences between the
groups by using the Statview software program and a Macintosh computer
(Apple Co., Cupertino, Calif.).

RESULTS

Characterization of the immunological response. Results of
the humoral immune response are shown in Table 1. High
chlamydia-specific IgG and IgA antibody titers were observed
in the groups of mice that were immunized by the i.m. and s.c.
routes one or three times with MOMP, CpG, and alum. Both
groups of experimental animals that received this type of im-
munization showed a balanced Th1 and Th2 response, as
judged by the levels of IgG2a and IgG1 chlamydia-specific
antibodies in the serum. Control mice immunized i.n. with C.
trachomatis MoPn EB also had high levels of chlamydial IgG
and IgA in the serum. This control group, on the other hand,
had higher levels of IgG2a than of IgG1 in the serum, indicat-
ing a predominant Th1 response. Both control groups of ani-
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mals that received ovalbumin, CpG, and alum had no detect-
able antibodies to Chlamydia.

A neutralizing antibody titer of 450 was observed for both
groups of mice immunized with MOMP, CpG, and alum (Ta-
ble 1). Mice immunized i.n. with C. trachomatis EB had a
neutralizing antibody titer of 1,250.

A Western blot prepared with serum collected the day be-
fore the i.n. challenge is shown in Fig. 1. Mice immunized with
MOMP, CpG, and alum one or three times developed anti-
bodies exclusively against MOMP, as shown by a band at ap-
proximately 40 kDa. Animals immunized i.n. with EB had
predominantly antibodies to the MOMP, the 60-kDa cysteine-
rich protein, and the 28-kDa protein. Control mice immunized
with ovalbumin, CpG, and alum did not have antibodies that
reacted with any of the chlamydial components.

The results of measurement of the cell-mediated immune
response are shown in Table 2. T-lymphocytes from animals
immunized with MOMP, CpG, and alum one or three times by
the i.m. and s.c. routes showed a significant lymphoprolifera-
tive response when they were stimulated with EB compared

with the response of the control mice immunized with ovalbu-
min, CpG, and alum (P � 0.05). Control BALB/c mice immu-
nized i.n. with EB also showed a strong lymphoproliferative
response to chlamydial EB. The levels of IFN-� in superna-
tants of splenocytes stimulated with EB were significantly
higher than the levels of IL-4 for the mice immunized with
MOMP, CpG, and alum and for the control animals inoculated
i.n. with EB. Overall, the immune response in the animals
immunized three times was stronger, as determined by the high
proliferative response and the levels of IFN-� production, than
the immune response in the animals immunized only once.

Changes in body weight following the i.n. challenge. The
changes in mean body weight of the mice following the i.n.
challenge are shown in Fig. 2. A group of mice that was not
challenged served as a control for possible changes in body
weight in normal animals. As expected, no significant changes
in body weight were observed for this control group over the 10
days of observation. Mice immunized once or three times with
MOMP, CpG, and alum lost weight for the first 4 days and
then slowly started to recover. By 10 days after the i.n. chal-
lenge the body weights of both groups were approximately only
3 to 5% below the initial body weights. On the other hand,
animals immunized with ovalbumin, CpG, and alum lost body
weight during the 10 days of observation, and the final body
weights were approximately 20 to 25% below the initial body
weights (P � 0.05). The mice that were vaccinated i.n. with EB
showed a significant drop in body weight for 3 days after the
i.n. challenge but then quickly returned to the expected weight.

Characterization of the lungs. Ten days after the i.n. chal-
lenge mice were euthanized, and their lungs were weighed and
cultured. As shown in Table 3, the lungs of the BALB/c mice
immunized once i.m. and s.c. with MOMP, CpG, and alum
weighed 0.24 g, while the lungs of the mice immunized with
ovalbumin, CpG, and alum weighed 0.30 g (P � 0.01). The
yields of chlamydial IFU were also significantly different for
the two groups (2.3 � 106 versus 43.2 � 106 IFU; P � 0.01).
The weight of the lungs of the mice inoculated with EB was
similar to the weight of the lungs of the animals immunized
with MOMP and significantly different from the weight of the
lungs of the animals that were inoculated with ovalbumin,
CpG, and alum (P � 0.0001). In the control group of mice the
number of IFU was below the level of detection.

Significant differences were also observed between the
groups of mice immunized three times. Animals immunized
three times exhibited a higher T-cell proliferative response, a

FIG. 1. Western blot of serum samples collected the day before the
i.n. challenge. C. trachomatis MoPn EB were used as the antigen. Lane
1, molecular weight standards. Lanes 2 to 7, sera from mice immunized
with MOMP, CpG, and alum once (lane 2); with ovalbumin, CpG, and
alum once (lane 3); with MOMP, CpG, and alum three times (lane 4);
with ovalbumin, CpG, and alum three times (lane 5); with C. tracho-
matis MoPn EB (lane 6); or with saline (lane 7). Lane 8, control
monoclonal antibody 40 to the C. trachomatis MoPn MOMP.

TABLE 1. Serum antibody titers of immunized mice the day before challenge with the C. trachomatis MoPn strain

Antigen Adjuvant

Immunization
Neutralizing

titer

Anti-C. trachomatis MoPn ELISA titera

Route No. of
times IgM IgA IgG IgG1 IgG2a IgG2b IgG3

MOMP CpG � alum i.m. � s.c. 1 450 �100 800 51,200 25,600 25,600 12,800 200
Ovalbumin CpG � alum i.m. � s.c. 1 0 �100 �100 �100 �100 �100 �100 �100

MOMP CpG � alum i.m. � s.c. 3 450 �100 1,600 102,400 25,600 25,600 1,600 400
Ovalbumin CpG � alum i.m. � s.c. 3 0 �100 �100 �100 �100 �100 �100 �100

C. trachomatis
MoPn

i.n. 1 1,250 �100 3,200 25,600 3,200 25,600 12,800 3,200

a ELISA, enzyme-linked immunosorbent assay.
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higher level of IFN-� production, and better protection than
the mice immunized only once. The mean weight of the lungs
of the BALB/c mice immunized with MOMP, CpG, and alum
was 0.23 g, while the lungs of the mice immunized with ovalbu-
min, CpG, and alum weighed 0.38 g (P � 0.0001). The yield of
Chlamydia was 0.8 � 106 IFU from the lungs of the animals
immunized with MOMP, CpG, and alum, while we recovered
241.8 � 106 IFU from the controls (P � 0.0001). As expected,
the BALB/c mice inoculated i.n. with MoPn EB were well
protected, as shown by the weight of the lungs (P � 0.001) and
the yield of IFU (P � 0.0001) compared with the values for the
control group of animals immunized with ovalbumin plus CpG
plus alum.

DISCUSSION

Here we show that a preparation of the chlamydial MOMP
administered with CpG ODN plus alum as an immune mod-
ulator can induce protection against a C. trachomatis i.n. chal-
lenge. To our knowledge, this is the first time that a homoge-
neously purified antigen of C. trachomatis, directly extracted

from this organism, has been shown to induce significant pro-
tection against a respiratory challenge when it is combined with
an adjuvant that potentially can be used in humans. The pro-
tection that we obtained by immunizing mice with MOMP,
CpG, and alum followed by two boost inoculations with the
same preparation paralleled that observed after i.n. immuni-
zation with viable organisms. These results are very encourag-
ing since up to this point, vaccination with viable EB has been
considered to be the most efficient way of obtaining protection
against a C. trachomatis challenge (8, 19, 40).

Over the last several decades multiple laboratories have
attempted to develop a vaccine against Chlamydia infections
(8, 18, 24). Some of the first efforts were focused on controlling
trachoma, and whole viable or inactivated organisms were used
as the antigen to immunize humans and monkeys (8). The
recognition over the last three or four decades of the high
prevalence of chlamydial respiratory and genital infections has
resulted in a new impetus for developing a vaccine against this
pathogen (8, 18, 21, 25, 33).

Although no vaccination protocols were implemented as a

FIG. 2. Changes in mean body weights of the six groups of mice following i.n. challenge. Ova, ovalbumin.

TABLE 2. T-cell responses of immunized mice the day before challenge with the C. trachomatis MoPn straina

Antigen Adjuvant

Immunization T-cell proliferative response
(103 cpm) to:

In vitro cytokine production (pg/ml)

IFN-� IL-4

Route
No.
of

times
EB Medium EB Medium EB Medium

MOMP CpG � alum i.m. � s.c. 1 6.5 	 1.8b 0.09 	 0.01 555 	 31b �30 1.4 	 0.7 �0.1
Ovalbumin CpG � alum i.m. � s.c. 1 0.3 	 0.2 0.1 	 0.02 �30 �30 �0.1 �0.1
C. trachomatis i.n. 1 6.9 	 1.1b 0.1 	 0.04 4,275 	 28b �30 5.1 	 0.2b �0.1

MOMP CpG � alum i.m. � s.c. 3 26.1 	 4.1b 1.5 	 0.2 1,306 	 85b �30 4.4 	 1.3 �0.1
Ovalbumin CpG � alum i.m. � s.c. 3 0.4 	 0.1 0.3 	 0.08 39 	 24 �30 0.5 	 0.7 �0.1
C. trachomatis i.n. 1 6.1 	 0.8b 0.2 	 0.1 4,009 	 137b �30 5.1 	 1.2b �0.1

a The values are means 	 standard errors 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 10:1.

b P � 0.05 as determined by the Student t test for the comparison with the corresponding ovalbumin-immunized group.
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result of the initial efforts to control trachoma, some important
conclusions were obtained from those trials (8). Protection
against a chlamydial challenge was found to be serovar specific
and short lived. Furthermore, in individuals that were only
partially protected reexposure resulted in clinical disease that
was more severe than the disease occurring in nonvaccinated
controls. The fact that the initial trials with whole organisms
resulted in some cases of what appeared to be a hypersensi-
tivity reaction prompted attempts to develop subunit vaccines
(8, 14). As a result of its ability to induce a strong immune
response, the MOMP was identified as a promising candidate
(1, 2, 5, 24, 30, 33). However, multiple attempts to immunize
different animals with MOMP extracted from the organism or
recombinant preparations gave disappointing results (20, 31–
33). On the other hand, Zhang et al. in 1997 reported that
DNA vaccination with the MOMP gene was able to induce a
protective immune response against an i.n. challenge (39). The
protection, however, was limited and varied from experiment
to experiment (39, 40). Pal et al. also attempted to induce
protection against a genital challenge using a DNA vaccine
with the MOMP gene but obtained negative results (18). Re-
cently, Zhang et al. (40) vaccinated mice with the MOMP
plasmid and then boosted with immune-stimulating complexes
and the MOMP of Chlamydia. Using this approach, they were
able to obtained significant protection against an i.n. challenge.

The apparent inefficiency of the MOMP preparations for
inducing a strong protective immune response, in contrast to
the efficiency of vaccination with the whole organism or the
outer membrane, was considered to be due to the loss of
conformational epitopes present in MOMP in the intact or-
ganism (20, 33, 40). In support of this hypothesis, Pal et al.
recently reported that a refolded preparation of MOMP, in
which Freund’s adjuvant was used as an adjuvant, was able to
induce significant protection against a genital challenge (21).
Furthermore, disruption of the structural conformation by son-
ication of the refolded MOMP preparation resulted in a de-
crease in protective activity (21). Freund’s adjuvant, however,
cannot be used in humans, and thus, here we tested the ability
of CpG and alum, compounds already tested in humans, to act
as immune modulators to the refolded C. trachomatis MOMP
preparation. Our results are very encouraging and support the
findings, reported for other systems, which indicate that the
adjuvant effect of CpG ODN and alum in adult and neonatal

mice is strong (10–13). CpG ODN stimulate the production of
IL-6, IL-12, and IFN-� with a strong Th1 component (10–13,
34). Alum, on the other hand, favors a Th2 response (34).
Thus, it is not surprising that we obtained a mixed Th1-Th2
response, as shown by the levels of IgG1 and IgG2a, although
higher levels of IFN-� than of IL-4 were detected in superna-
tants from splenocytes following stimulation with EB.

In conclusion, we have shown that a homogeneously purified
preparation of MOMP administered with CpG plus alum can
induce significant protection in mice against a C. trachomatis
respiratory challenge. Before a similar protocol can be imple-
mented in humans, several issues will have to be addressed.
Production of enough MOMP by extraction from tissue cul-
ture-grown C. trachomatis is costly. On the other hand, prep-
aration of a recombinant protein should solve this problem,
but refolding of the MOMP in the protective conformation
may be a significant challenge. Also, our results were obtained
by using the MoPn serovar, which, although having a high
degree of DNA sequence homology to the human serovars,
may have some unique properties. Thus, testing of MOMP
preparations purified from human serovars by using a monkey
model will have to be done to test the validity of this approach.
Finally, it will be necessary to carry out appropriate safety and
efficacy evaluations of the combination of MOMP plus CpG
plus alum to support a human clinical study. In spite of the
limitations, our results and those previously reported indicat-
ing that this MOMP preparation can also induce protection
against a genital challenge have provided very encouraging
evidence of the potential for using this protein as a vaccine
candidate in humans.
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9 C. trachomatis

MoPn
i.n. 1 0.23 	 0.01b �0.00005c

13 MOMP CpG � alum i.m. � s.c. 3 0.23 	 0.02b 0.8 	 0.3c

13 Ovalbumin CpG � alum i.m. � s.c. 3 0.38 	 0.01 241.8 	 90.8
11 C. trachomatis

MoPn
i.n. 1 0.26 	 0.01b 0.001 	 0.0001c

a The values are means 	 standard errors.
b P � 0.05 as determined by the Student t test for the comparison with the corresponding ovalbumin-immunized group.
c P � 0.05 as determined by the Mann-Whitney U test for the comparison with the corresponding ovalbumin-immunized group.
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