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We previously reported that DNA vaccination was able to elicit cellular immune responses and partial
protection against Chlamydia trachomatis infection. However, DNA immunization alone did not generate
immune responses or protection as great as that induced by using live organisms. In this study, we evaluated
the immunologic effects of a combinational vaccination approach using C. trachomatis mouse pneumonitis
(MoPn) major outer membrane protein (MOMP) DNA priming followed by boosting with immune-stimulating
complexes (ISCOM) of MOMP protein (MOMP ISCOM) for protection of BALB/c mice against MoPn lung
infection. Substantially better protection to challenge infection was observed in mice given combinational
vaccination compared with mice given MOMP ISCOM immunization alone, and the protection approximated
that induced by live organisms. Enhanced protection was correlated with stronger delayed-type hypersensi-
tivity, higher levels of gamma interferon production, and increased immunoglobulin A antibody responses in
lung homogenates. The results indicate that DNA priming followed by ISCOM protein boosting may be useful

in designing a fully protective chlamydial vaccine.

DNA vaccination has provided a new approach for preven-
tion of a wide range of infectious diseases. Chlamydia tracho-
matis is a common cause of several sexually transmitted dis-
eases, such as urethritis, cervicitis, and salpingitis, and is the
causative agent of trachoma, the leading cause of preventable
blindness worldwide (14, 19). Chlamydial genital infection is
also an important risk factor for human immunodeficiency
virus (HIV) transmission (5, 9). Clearly, a vaccine to prevent C.
trachomatis infection would be highly desirable but has been
difficult to develop. In general, an effective vaccine to prevent
C. trachomatis infection should elicit strong T-cell responses
and neutralizing mucosal antibody (1, 2, 7, 12, 15, 16, 20-22).
We previously reported that C. trachomatis major outer mem-
brane protein (MOMP) DNA immunization induced partial
protection against C. trachomatis mouse pneumonitis (MoPn)
lung infection, which was associated with Th1 cellular immune
responses, variable and low serum antibody responses, and
absent immunoglobulin A (IgA) antibody responses (23, 24).

DNA priming and protein boosting has been used for vac-
cination against HIV-1. Immunization with HIV-1 envelope
(env) DNA followed by env DNA plus HIV Env protein in-
duced high titers of neutralizing antibody and completely pro-
tected monkeys from infection after intravenous challenge with
a chimeric HIV strain (10). Similar results were observed when
mice of different genetic backgrounds (CBA, BALB/c, and
C57BL/6) were primed with plasmid DNA encoding a se-
quence derived from the Plasmodium falciparum antigen
Pf155/RESA and boosted with the recombinant malarial pro-
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tein (4). In the current study, we immunized BALB/c mice with
MOMP DNA followed by boosting with MOMP immune-stim-
ulating complex (ISCOM) protein and characterized the re-
sulting immune responses and protective efficacy against C.
trachomatis MoPn lung challenge infection.

MATERIALS AND METHODS

Animals and organisms. Female BALB/c mice (4 to 5 weeks old) were pur-
chased from Charles River Canada (Saint Constant, Canada). All animals were
maintained and used in strict accordance with the guidelines issued by the
Canadian Council on Animal Care.

C. trachomatis MoPn biovar was grown in HeLa cells, and elementary bodies
(EBs) were purified by step gradient density centrifugation and kept at —70°C as
previously described (23).

Vaccination vectors and proteins. The MOMP gene was amplified from C.
trachomatis MoPn genomic DNA by PCR and cloned into eukaryotic expression
plasmid pcDNA3 (Invitrogen, San Diego, Calif.) as described previously (23, 24).
The MOMP gene-encoding plasmid was transferred by electroporation into
Escherichia coli DH5a, which was grown in Luria-Bertani broth containing 100
wg of ampicillin per ml. The plasmid was extracted by a DNA purification system
(Wizard Plus Maxiprep; Promega, Madison, Wis.), and the sequence of recom-
binant MOMP DNA was verified by PCR direct sequence analysis as described
before (23). Purified plasmid was dissolved in saline at a concentration of 1
mg/ml. The DNA concentration was determined by spectrophotometry (DU-62;
Beckman, Fullerton, Calif.) at 260 nm, and the size of the plasmid was compared
with a DNA standard in an ethidium bromide-stained agarose gel.

To prepare MoPn MOMP, purified chlamydial EBs were extracted with 10
mM phosphate buffer (pH 7.4) in 1% Sarkosyl and 10 mM dithiothreitol (DTT).
EBs were incubated at 37°C for 30 min, with occasional 20-s pulses in a sonicat-
ing waterbath. Following incubation, soluble and insoluble fractions were sepa-
rated by centrifugation at 15,000 X g for 1 h at 20°C. The pellet (which comprises
the outer membrane complexes) was extracted with 10 mM phosphate buffer (pH
7.4) containing 10 mM DTT and decanoyl-N-methyglucamide (Mega 10) and/or
n-octylglucopyranoside at a total combined concentration of 1%. The suspended
pellet was incubated at 37°C for 30 min with occasional 20-s pulses in a sonicating
waterbath. Following incubation, soluble and insoluble fractions were separated
by centrifugation at 150,000 X g for 1 h at 20°C. MOMP is the predominant
protein component of the soluble fraction (>90%).

ISCOMs were prepared by diluting the MOMP solution to 0.2 mg/ml with 10
mM phosphate buffer (pH 6.8). Phosphatidylcholine and cholesterol were dis-
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solved at 5 mg/ml each. Quil A was added to a concentration of 1 mg/ml. A 20%
concentration of Mega 10 was added to bring the final concentration in the
mixture to 1%. The mixture was rocked at 20 to 25°C overnight and then dialyzed
at 20 to 25°C against three changes of 10 mM phosphate buffer (pH 6.8) for
about 8 to 16 h per change. When prepared by this method, ISCOMs are uniform
particles about 40 to 50 nm in diameter. Circular dichroism studies showed that
the MOMP in the ISCOM exists in a predominantly B-sheet conformation
(A. Murdin and K. Sokoll, unpublished data). For intramuscular immunization,
ISCOMs containing 0.5 pug of MOMP were diluted to 100 wl with saline and
injected into the quadriceps muscle group.

Immunization. Female BALB/c mice (4 to 5 weeks old) were intramuscularly
immunized with plasmid DNA on three occasions, 0, 2, and 4 weeks. For each
immunization, a total of 200 pl of plasmid DNA (200 wg) was injected into the
two quadriceps muscles (100 pg of DNA per injection site) with a 27-gauge
needle. Negative control animals were injected intramuscularly with saline or
with the blank plasmid vector lacking an inserted chlamydial gene. The mice
primed with the plasmid DNA were boosted at week 6 with MOMP ISCOM. For
protein boosting, 0.5 pg of MOMP ISCOM per mouse was injected into the
quadriceps muscles. Where indicated, groups of mice were immunized intrana-
sally with 1,000 inclusion-forming units (IFU) of viable MoPn EBs twice on two
occasions at 2-week intervals. A total of 1,000 IFU of MoPn EBs was suspended
in 40 pl of sucrose-phosphate-glutamate (SPG) buffer (160 g of sucrose, 0.415 g
of KH,PO,, 0.976 g of NaHPO,, 0.576 g of glutamic acid diluted in 800 ml of
water [pH 7.4 to 7.6]) and delivered onto the nostrils of mice following anesthesia
with isoflurane (Aerrane; Fort Dodge Animal Health, Fort Dodge, Iowa).

Challenge infection and quantification of MoPn. Mice were challenged intra-
nasally with 10° TFU of MoPn in 40 ul 14 days after the last immunization as
described before (22-24). The body weight of the mice was measured daily for 10
days following challenge infection. Mice were sacrificed, and their lungs were
aseptically isolated and homogenized with a cell grinder in 4 ml of SPG, and the
tissue homogenates were centrifuged at 500 X g for 10 min at 4°C to remove
coarse tissue and debris. The supernatant was frozen at —70°C until tested. For
assessment of MoPn growth, lung homogenates were inoculated onto HeLa-229
cells grown to confluence in flat-bottomed 96-well microtiter plates and pre-
treated with 100 pl of Hank’s balanced salt solution containing 30 ng of EDTA
per ml for 15 min. The monolayers were inoculated in triplicate with 50 wl of
serially diluted supernatants. After 2 h of incubation at 37°C on a rocker plat-
form, each well was supplemented with 200 ul of Eagle’s minimal essential
medium containing 10% fetal calf serum, 1.5 mg of cycloheximide per ml, and 12
pg of gentamicin per ml. Plates were incubated for 48 h at 37°C in CO,. The cell
monolayers were fixed with absolute methanol and incubated with a Chlamydia
genus-specific murine monoclonal antibody (MAD) followed by staining with
goat anti-mouse IgG antibody conjugated to horseradish peroxidase to detect
inclusion formation. The stained inclusions were developed with 4-chloro-1-
naphthol (Sigma, St. Louis, Mo.) and H,O,. Inclusion number was counted
under a light microscope, and chlamydial growth in each lung was calculated
from the dilution titer of the original inoculum.

ELISA for antibody. Chlamydia-specific IgG2a and IgG1 antibodies in the
serum were determined with an alkaline phosphatase-based enzyme-linked im-
munosorbent assay (ELISA) as described previously (22, 24). Briefly, mice were
bled from the tail 2 weeks following boosting. ELISA plates (Corning 25805;
Corning Science Products, Corning, N.Y.) were coated with 50 l of 10° IFU of
MoPn EBs in bicarbonate buffer (0.05 M, pH 9.6) overnight at 4°C. Plates were
blocked with 2% bovine serum albumin dissolved in phosphate-buffered saline
(PBS) for 2 h at room temperature, and the plates were incubated with serially
diluted mouse sera for 4 h at room temperature. After being washed four times
with PBS-Tween 20, biotinylated goat anti-mouse IgG2a or goat anti-mouse
IgG1 (Southern Biotechnology Associates Inc., Birmingham, Ala.) antibody was
added to the wells and incubated overnight at 4°C. Alkaline phosphatase-con-
jugated streptavidin was added and incubated for 45 min at 37°C. After extensive
washing, p-nitrophenyl phosphate was added to the plates, which were then read
with a microplate reader at 405 nm.

Chlamydia-specific IgA antibody in extracts of lung homogenates was also
tested by ELISA at day 10 after challenge infection. The lungs of mice were
ground with a tissue homogenizer and centrifuged at 10,000 rpm. Anti-MoPn EB
IgA antibody in the supernatant of the lung extracts was tested in an ELISA with
biotin-labeled goat anti-mouse IgA (PharMingen, San Diego, Calif.).

MoPn-specific DTH. Delayed-type hypersensitivity (DTH) was evaluated 6
weeks after the last immunization as previously described (23, 24). Briefly, 25 ul
of UV-killed MoPn EBs (2 X 10° IFU) in SPG buffer were injected into one hind
footpad of the mice, and the same volume of SPG buffer was injected into the
opposite hind footpad as a control. Footpad swelling was measured at 48 and
72 h following injection using a dial-gauge calliper (Walter Stern 601; Fisher
Scientific, Ottawa, Canada). The difference between the thickness of the two foot
pads was used as a measure of the DTH response.

Cytokine ELISA. Gamma interferon (IFN-y) and interleukin-10 (IL-10) pro-
duction by splenic mononuclear cells following specific antigen stimulation in
vitro was determined as previously described (21, 22, 24). Briefly, a single-cell
suspension of spleen cells was cultured at 5 X 10° cells/ml (2 ml/well) alone or
with UV-killed MoPn (2 X 10° IFU/ml) in 24-well plates at 37°C in RPMI-1640
medium containing 10% heat-inactivated fetal calf serum, 1% L-glutamine, and
5 X 107° M 2-mercaptoethanol. Culture supernatants were harvested at 72 and
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FIG. 1. DTH response. BALB/c mice (three per group) were immunized
three times with DNA (pc, vector pcDNA3, pM, MOMP gene in vector
pcDNA3) intramuscularly at 2-week intervals or immunized once with live MoPn
EBs (EB; 1,000 IFU) intranasally. Fourteen days after the third immunization,
the DNA-immunized groups were boosted with MOMP ISCOM protein (pc/IS,
pcDNA primed and MOMP ISCOM boosted; pM/IS, MOMP DNA primed and
MOMP ISCOM boosted). N, naive mice as a control. All mice were injected with
25 ul of 2 X 10* IFU of UV-killed MoPn EBs in SPG into one hind footpad 14
days after boosting; 25 pl of SPG buffer was injected into the other hind footpad
as a control. Footpad swelling was measured at 48 h following the injection. The
difference in thickness between the two footpads was used as a measure of DTH.
The data are means = SEM. #x, P < 0.01 compared with N, IS, and pc/IS.

96 h. IFN-y and IL-10 in culture supernatants were detected by a sandwich
ELISA with MAbs purchased from PharMingen as previously described (22).

Statistics. All data were expressed as means * standard errors. Student’s ¢ test
was used for analysis of statistical significance (P value).

RESULTS

DTH response. Previous work has shown that DTH reac-
tions correlate with protective immunity to C. frachomatis
MoPn infection in this model system (21-24). DTH responses
are demonstrated by footpad swelling following UV-inacti-
vated EB challenge among immunized mice. A strong DTH
response was elicited in mice immunized with MOMP DNA
followed by MOMP ISCOM boosting and was comparable in
magnitude to that measured in mice immunized with viable
EBs (Fig. 1). MOMP ISCOM alone or with pcDNA3 priming
failed to induce significant DTH responses. Thus, mice immu-
nized with protein alone did not show strong T-cell responses,
and empty vector DNA priming (without the specific antigen
gene) was unable to enhance the T-cell responses in mice
immunized with MOMP ISCOM.

Antibody response. Serum antibody responses to MoPn EBs
were tested by ELISA (Fig. 2A). MOMP ISCOM alone in-
duced significant antibody responses, including IgG2a and
IgG1 antibody isotypes. Antibody production was enhanced
when MOMP ISCOM immunization was preceded by MOMP
DNA priming. In particular, IgG2a levels in the MOMP
DNA-primed/MOMP ISCOM-boosted group were signifi-
cantly higher than those in the groups given MOMP ISCOM
immunization alone or pcDNA3 priming and MOMP ISCOM
boosting. The isotype-specific antibody data also suggest that
Thl-biased immune responses to chlamydial antigens are en-
hanced when MOMP ISCOM immunization is preceded by
MOMP DNA priming.

We tested IgA levels to MoPn EBs in extracts of lung ho-
mogenates at day 10 after challenge infection in order to eval-
uate the effects of immunization on IgA antibody responses.
IgA levels in the lungs (Fig. 2B) of the mice vaccinated with the
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FIG. 2. Antibody response against MoPn EBs. (A) Serum antibody. BALB/c
mice (five per group) were immunized as described in the legend to Fig. 1. Serum
samples were collected 2 weeks after boosting. MoPn-specific IgG2a and IgG1 in
serum were tested by ELISA. An optical density of 0.5 was the cutoff point. The
data are means = SEM. #*, P < 0.01 compared with N, IS, and pc/IS. (B) IgA
antibody against MoPn EBs in extracts of mouse lung homogenates. BALB/c
mice (five per group) were immunized as above. The mice were challenged with
1,000 IFU of MoPn EBs 14 days after the last immunization and sacrificed on day
10 postinfection. The lungs of the mice were ground and centrifuged at 10,000
rpm. IgA antibody in the supernatant of the lung extracts was tested by ELISA
against MoPn EBs. #*, P < 0.001, compared with ISCOM alone and P < 0.05
compared with pc/IS or EB.

INFECT. IMMUN.

MOMP DNA priming/MOMP ISCOM boosting protocol were
significantly higher than those in the mice immunized with
MOMP ISCOM alone, given pcDNA priming and MOMP
ISCOM boosting, or immunized with MoPn EBs. The in-
creased IgA levels in the lungs of MOMP DNA-primed/
MOMP ISCOM-boosted mice indicate that MOMP DNA
priming was able not only to enhance systemic Thl cellular
immune responses but also to increase IgA B-cell responses.

Cytokine production by spleen cells. IFN-y production plays
an important role in DTH responses and in protection against
C. trachomatis MoPn infection (20, 21). We therefore tested
IFN-y production by splenic lymphocytes in an antigen-specific
fashion. When splenocytes were cultured with UV-inactivated
MoPn EBs in vitro, IFN-y and IL-10 were detected in the
culture supernatants of all groups tested. Splenocytes from
mice immunized with MOMP DNA priming followed by
MOMP ISCOM boosting produced significantly higher levels
of IFN-y than did those from mice given MOMP ISCOM
immunization alone or primed with the empty vector pcDNA3
(Fig. 3A). In contrast, IL-10 production was comparable
among all immunized groups (Fig. 3B).

Protective immunity. Protective efficacy was evaluated by
challenging mice with 1,000 IFU of C. trachomatis MoPn via
the respiratory route. A direct measurement of protection is
determined by testing the in vivo growth of chlamydia follow-
ing challenge infection. In this infection model, day 10 post-
challenge is the time of peak chlamydial growth and thus was
chosen for comparison of lung clearance among the various
groups of mice (21). Partial protection from C. trachomatis
infection was observed in the mice immunized with MOMP
ISCOM (Fig. 4). Mice primed with MOMP DNA followed by
MOMP ISCOM boosting had significantly fewer chlamydia
organisms in the lung than those given MOMP ISCOM immu-
nization alone. Importantly, the priming-boosting strategy ap-
proximated the level of protective immunity observed in the
mice immunized with live chlamydial EBs. The enhancing ef-
fect of priming with DNA was specific to MOMP DNA be-
cause priming with the empty vector pcDNA3 failed to in-
crease immunity among mice boosted with MOMP ISCOM.

DISCUSSION

A vaccine against C. frachomatis infection has proven diffi-
cult to develop. Early vaccine studies showed that whole inac-
tivated bacterial cells administered intramuscularly were par-
tially protective in human and primate trials. Primate vaccine
trials and human experimental infection studies suggested that
C. trachomatis immunity was in part strain specific, and the
identification of MOMP as the strain-specific antigen of C.
trachomatis quickly focused vaccine efforts on this protein. In
general, use of MOMP or peptide epitopes derived from it as
a vaccine has engendered variable or no protective immunity in
a variety of animal model systems. The best results were ob-
served when MOMP was used as a structurally intact molecule,
suggesting that conformationally intact antigenic sites on the
molecule are important for protective immunity.

We previously reported that MOMP DNA administered
parenterally was also partially effective in inducing protective
immunity against lung infection with MoPn. The result has
been confirmed by some investigators and has been extended
to protection against Chlamydia psittaci as well as Chlamydia
pneumoniae infection (13, 17, 18). MOMP DNA vaccination
was observed to induce variable protection from experiment to
experiment, possibly due to the stochastic nature of cellular
uptake and expression of the plasmid vector (Zhang et al.,
unpublished observations). Because DNA priming followed by
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FIG. 3. Cytokine production by antigen-stimulated spleen cell cultures.
BALB/c mice (five per group) were immunized as described in the legend to Fig.
1 and killed 10 days after challenge infection with MoPn. Spleen cells were
incubated with 2 X 10° IFU of UV-killed MoPn EBs in RPMI-1640 with 10%
fetal calf serum and 5 X 107> M 2-mercaptoethanol in 5% CO, at 37°C. The
supernatant was collected after 96 h of incubation. IFN-y (A) and IL-10 (B) in
the supernatant were tested by ELISA. The data are means = SEM. s, P < 0.01
compared with N, IS, and pc/IS.

protein boosting has been demonstrated to be a promising
approach for vaccination against other pathogens, we evalu-
ated this approach for C. trachomatis vaccine design. MOMP
DNA was administered in a plasmid vector that we had used
successfully before, and MOMP protein was incorporated into
lipid vesicles as ISCOM. ISCOM was chosen as a delivery
vehicle because of the likelihood that the MOMP would retain
its conformational structure in the lipid bilayer of the ISCOM
and because ISCOMs deliver antigen intracellularly (11).
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FIG. 4. Protection against MoPn infection. BALB/c mice were immunized as
described in the legend to Fig. 1. The mice were challenged with 1,000 IFU of
MoPn EBs 14 days after boosting and killed on day 10 postinfection. Chlamydial
growth in the lungs was analyzed by quantitative tissue culture. The data are
means = SEM. #x, P < 0.001 compared with N and P < 0.01 compared with IS
and pc/IS; *, P < 0.01 compared with N; P < 0.01 when pM/IS is compared with
IS or pc/IS.

The results reported in this study show that the strategy of
MOMP DNA priming followed by MOMP ISCOM protein
boosting is able to strongly enhance the immune responses and
protection against C. trachomatis MoPn pulmonary infection.
In particular, MOMP DNA priming followed by MOMP
ISCOM boosting increased protection about 1,000-fold and
virtually prevented infection in most of the mice. The magni-
tude of protection induced by this approach approximates that
induced by viable EB immunization, the most efficient vacci-
nation approach known for prevention of C. trachomatis infec-
tion (22). DTH responses, which correlate with protective T-
cell responses, were also induced in primed-boosted animals
and were much stronger than those elicited by MOMP ISCOM
immunization alone. The results paralleled the MoPn-specific
IFN-y production by spleen cells. Given the extreme impor-
tance of IFN-vy in host defense against C. trachomatis infection,
this response is particularly important (3, 6, 25). An interesting
finding in this study is the enhancement of IgA antibody re-
sponse against chlamydial EBs in the group immunized with
MOMP DNA priming and MOMP ISCOM boosting. Since
mucosal IgA is considered an important component to host
defense against chlamydial infection, this result suggests an
additional advantage to the combination vaccination approach.
A previous study reported that IFN-y receptor knockout mice
failed to clear C. trachomatis infection despite a significant IgA
response (8), but it may be that the coexistence of IFN-y and
IgA responses as induced by DNA priming-protein boosting is
particularly important to protective immunity against chlamyd-
ial infection.

DNA immunization is known to preferentially activate T-cell
responses (23, 24), and we speculate that sensitized T-cell
clones are substantially expanded by MOMP ISCOM boosting.
In this way, DNA priming promotes the initiation of a T-cell
immune response, while protein boosting expands the specific
response to chlamydial MOMP. Overall, the results suggest
that MOMP DNA priming followed by MOMP ISCOM boost-
ing efficiently enhanced humoral and cellular immune re-
sponses and protection against C. trachomatis MoPn infection.

In summary, a DNA priming-protein boosting protocol
which has proven effective for other pathogens is also effective
at eliciting stronger immune responses and protection against
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C. trachomatis lung infection. This approach may prove useful
for chlamydial vaccine design.
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