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The significance of delivery systems in modern vaccine design strategies is underscored by the fact that a
promising vaccine formulation may fail in vivo due to an inappropriate delivery method. We evaluated the
immunogenicity and efficacy of a candidate vaccine comprising the major outer membrane protein (MOMP)
of Chlamydia trachomatis delivered with the lipophilic immune response-stimulating complexes (ISCOMs) as
a vehicle with adjuvant properties, in a murine model of chlamydial genital infection. Immunocompetent
BALB/c mice were immunized intranasally (IN) or intramuscularly (IM) with MOMP, MOMP-ISCOMs, and
live or heat-inactivated C. trachomatis serovar D. The level of local genital mucosal Th1 response was measured
by assaying for antigen-specific Th1 cell induction and recruitment into the genital mucosa at different times
after immunization. Immunization with MOMP-ISCOMs by the IM route induced the greatest and fastest
local genital mucosal Thl response, first detectable 2 weeks after exposure. Among the other routes and
regimens tested, only IN immunization with MOMP-ISCOMs induced detectable and statistically significant
levels of local genital mucosal Th1 response during the 8-week test period (P < 0.001). In addition, when T cells
from immunized mice were adoptively transferred into syngeneic naive animals and challenged intravaginally
with Chlamydia, recipients of IM immunization of MOMP-ISCOMs cleared their infection within 1 week and
were resistant to reinfection. Animals that received IN immunization of MOMP-ISCOMs were partially
protected, shedding fewer chlamydiae than did control mice. Altogether, the results suggested that IM delivery
of MOMP-ISCOMs may be a suitable vaccine regimen potentially capable of inducing protective mucosal

immunity against C. trachomatis infection.

An important goal in controlling the spread of sexually
transmitted diseases is the development and administration of
protective vaccines that induce long-term local genital mucosal
immunity. This combined requirement is crucial because even
the most promising vaccine formulations may fail to establish
the desired protective immunity due to an inadequate delivery
vehicle that does not optimize or adversely affects mucosal
immune elicitation and maintenance. The pathological conse-
quence of genital infection by Chlamydia trachomatis include
major sequelae such as Pelvic inflammatory disease and infer-
tility. The urgent need to develop an efficacious vaccine un-
derscores efforts to define the requirements for induction and
maintenance of protective genital mucosal immunity. The im-
munological control of several intracellular pathogens is due to
adequate Thl responses, including major histocompatibility
complex (MHC) class I-mediated CD8 T-cell function (1, 15,
28). It has been established that the induction and recruitment
of Thl cells into the local genital mucosae are crucial for
immunity against Chlamydia (24, 26, 40, 47, 60). Thus, impor-
tant objectives in designing protective anti-chlamydia vaccines
include the identification of an appropriate antigen(s) and the
development of effective delivery vehicles such as adjuvants to
optimize the induction and recruitment of chlamydia-specific
Th1 cells into the genital mucosa.

Lipophilic immune response-stimulating complexes (ISCOMs)
are negatively charged cage-like assemblies of complex mi-
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celles, composed of the saponin, Quil A, cholesterol, and phos-
pholipids, into which particulate antigens can be incorpo-
rated during synthesis (30, 33, 38). ISCOM particles can be
used as vehicles for amphipathic macromolecules, especially
membrane proteins, to substantially enhance immune re-
sponse against antigens (33, 42). The adjuvant properties of
ISCOMs have been demonstrated in animal models of several
infectious diseases, where both protective humoral and T-cell
immunity has been observed (33). The adjuvanticity of
ISCOMs derives partly from the hemolytic and local inflam-
matory effects of Quil A, possibly due to complex formation
with membrane cholesterol, causing an influx of leukocytes to
the site of antigen deposition, as well as direct B- and T-cell
stimulation (33). The accumulation of ISCOMs in secondary
lymphoid tissues also favors contact of antigen-presenting cells
(APCs) with lymphocytes (33). ISCOMs have been used in
immunogenicity and protection studies involving viral, bacte-
rial, and parasitic proteins, including pore protein 1 from Neis-
seria gonorrhoeae (31, 32), the major outer membrane protein
(MOMP) of Neisseria meningitis (42, 49), pili of enterotoxi-
genic Escherichia coli, and detergent-solubilized Mycoplasma
gallisepticum antigens (54). Both systemic and mucosal im-
mune responses have been detected.

The identification of an immunogenic and protective anti-
gen(s) that can serve as a subunit or peptide vaccine has been
a major focus of chlamydia research for almost three decades
(9). There are eight major serologically defined chlamydial
antigens recognized during human infection by immunoblot-
ting analysis of sera from women with cervical C. frachomatis
infections (7, 8, 58). The antigens range in size from 10 through
75 kDa, and most of the encoding genes have been cloned (8).
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The dnaK and groEL genes encode the 75- and 60-kDa heat
shock proteins, respectively, while omp-1 and omp-2 encode
the 40- and 57-kDa membrane proteins, respectively. The 40-
kDa Omp-1 antigen, also called the MOMP, is regarded as the
most promising vaccine candidate. First, MOMP is both highly
immunogenic and immunoaccessible and elicits T-cell re-
sponses and neutralizing antibodies. Second, MOMP is the
dominant surface protein (60% of the total protein mass in the
outer membrane) and is expressed in all phases of the devel-
opmental cycle of Chlamydia (8, 10, 58). Functionally, MOMP
contributes to the structural integrity of the chlamydial ele-
mentary body (EB) through disulfide bonding with other mem-
brane components, and it is also a porin (6) as well as an
adhesin (53). Typically, the MOMP (omp-1) gene has a
1,182-bp open reading frame which encodes a 394-amino-acid
polypeptide with eight cysteine residues and a 22-amino-acid
signal peptide, and it harbors two or more tandem promoters
(50, 51). Comparative sequence analysis revealed that MOMP
is 84 to 97% identical in nucleotides and amino acids among
several C. trachomatis serovars, but variation in amino acid
sequence is clustered into four variable sequence domains
(VD1, VD2, VD3, and VD4) that are interspersed among
invariable sequences (4, 14, 27). Immunologic analysis has
shown that MOMP harbors extensive species- and genus-spe-
cific immunogenic epitopes, suggesting that a MOMP-based
vaccine with either a narrow- or broad-spectrum effect is fea-
sible (8). In previous MOMP-based vaccine studies, whole
subunits, oligopeptides, or cloned recombinant fragments have
been delivered with or without bacterial, viral, and phage vec-
tors, and at best relatively low immunogenicity or partial pro-
tective immunity was observed (5, 8, 12, 19, 34, 39, 52, 55-57,
61, 63, 64). Previous reports indicated that ISCOMs have a
predilection for inducing MHC class I-mediated, as well as
T-cell-mediated, and humoral immune responses against sev-
eral viruses in experimental immunogenicity and protection
studies of mice, rabbits, dogs, pigs, calves, ewes, cats, dogs,
and cotton-top tamarin and rhesus monkeys (33). Besides,
intramuscular (IM) vaccination with MOMP-ISCOMs could
boost the immunogenicity of a DNA vaccine comprising the
MOMP and it enhanced protective immunity against pulmo-
nary chlamydial infection (13). This suggests that the adjuvan-
ticity of ISCOMs could foster T-cell-mediated immunity
against intracellular pathogens such as C. trachomatis. In the
present study, the immunogenicity of a MOMP-ISCOM:s can-
didate vaccine was evaluated to determine its ability to induce
a local genital Thl response and to confer protection against
chlamydial genital infection in mice. The results revealed that
MOMP-ISCOMs delivered via certain routes are potent induc-
ers of genital mucosal, specific, anti-chlamydial Th1 response
and that T cells from immunized mice protected recipients
from genital chlamydial infection.

MATERIALS AND METHODS

Chlamydia stocks and antigens. Stocks of the human isolate of C. trachomatis
serovar D used to infect mice in vivo were prepared by propagating EBs in
McCoy cells, as previously described (45). The titers of the stocks of chlamydiae
were determined by infecting McCoy cells with varying dilutions of EBs, and the
infectious titer was expressed as the number of inclusion-forming units (IFU) per
milliliter. Chlamydial antigen was prepared by purifying HeLa-grown EBs over
renografin gradients, followed by inactivation under UV light for 3 h.

Animals, infection, and assessment of protective immunity. Female BALB/c
mice, 5 to 8 weeks old, were obtained from the Jackson Laboratory, Bar Harbor,
Maine. All animals were fed with food and water ad libitum and maintained in
laminar flow racks under pathogen-free conditions of 12-h light and 12-h dark-
ness. Mice were challenged with C. trachomatis serovar D 24 h after the adoptive
transfer of T cells by intravaginal infection with 10* IFU of chlamydiae per
mouse in a volume of 30 pl of phosphate-buffered saline while under phenobar-
bitol anesthesia (45). The intensity of infection was monitored by periodic (every
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3 days) cervicovaginal swabbing of individual animals and isolation of Chlamydia
from swabs in tissue culture according to standard methods (45). Animals were
monitored for 3 weeks, a time period that covers the acute phase of chlamydial
infection in mice, when relatively high titers of chlamydiae are shed into the
vaginocervical vault (40).

Preparation of MOMP-ISCOMs. MOMP-ISCOMs of C. trachomatis serovar
D were prepared as a proportionate admixture of purified MOMP and Quil
A-based ISCOMs, as recently described (13). Briefly, Sarkosyl and dithiothreitol
fractions of EBs were further separated by centrifugation at 15 X g for 1 h at
20°C, and the pellet composed of the outer membrane complexes was extracted
with 10 mM phosphate buffer (Mega 10) and/or n-octylglucopyranoside at a total
combined concentration of 1%. Following incubation, the 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%). To
prepare MOMP-ISCOMs, the MOMP solution was diluted to 0.2 mg/ml with 10
mM phosphate buffer (pH 6.8). Phosphatidylcholine and cholesterol were dis-
solved at concentrations of 5 mg/ml each, and Quil A was added to a concen-
tration of 1 mg/ml. A 20% Mega 10 solution was added to bring the final con-
centration in the mixture to 1%. The mixture was rocked at 20 to 25°C overnight
and then dialyzed against three changes of 10 mM phosphate buffer for ~8 to
16 h per change. When prepared by this method, ISCOMs are uniform particles
~40 to 50 nm in diameter. Circular dichroism studies showed that the MOMP in
the MOMP-ISCOMs preparation exists in a predominantly B-sheet conforma-
tion (A. Murdin and K. Sokoll, unpublished data).

Immunization protocol. Eight groups of mice (six mice/group) were vaccinated
three times every 3 weeks as follows: group 1 received 10° IFU of live serovar D
by the intranasal (IN) route. Group 2 received 10° IFU of UV-inactivated
serovar D by the IN route. Group 3 received 2 pg of MOMP by the IN route.
Group 4 received 2 pg of MOMP-ISCOMs by the IN route. Group 5 received 0.2
g of MOMP-ISCOMs by the IN route. Group 6 received ISCOMs alone by the
IN route. Group 7 received 2 pg of MOMP-ISCOMs by the IM route via the
hind limbs; group 8 mice received ISCOMs alone by the IM route. All prepa-
rations were delivered in 0.03 ml of phosphate-buffered saline.

Cytokine assays, monoclonal antibodies, and other reagents. Enzyme-linked
immunosorbent assay (ELISA) kits for quantitating the amounts of murine
cytokines in biological and culture fluids were purchased from BioSource Inter-
national, Camarillo, Calif. Isolation of chlamydia from cervicovaginal swabs in
tissue culture was assayed by staining infected monolayers of McCoy cells with
fluorescein isothiocyanate-labeled, genus-specific, anti-chlamydia antibodies
(Kallestad Diagnostics, Chaska Minn.) to detect chlamydial inclusions by direct
immunofluorescence (45).

Assessment of genital mucosal and systemic anti-chlamydia Thl response.
The level of genital mucosal and systemic Thl response was determined by
measuring the response of chlamydia-specific, gamma interferon (IFN-y)-secret-
ing T cells from genital tissues and spleens of immunized mice, as previously
described (24). Briefly, immune T-cell-enriched cells were prepared from the
genital tract tissues of immunized and infected mice by the collagenase digestion
and nylon wool enrichment method (23, 24) as follows: at the indicated time after
immunization or infection, animals in each group were sacrificed, and the genital
tract between the vagina and ovaries (i.e., the cervix, uterus, and fallopian tubes)
was excised and placed in sterile HEPES (N-2-hydroxyethylpiperazine-N'-2-
ethanesulfonic acid)-buffered RPMI 1640 culture medium (Atlanta Biologicals,
Norcross, Ga.). Explants were transferred to 7 ml of 0.6 mg of filter-sterilized
type I collagenase (Atlanta Biologicals) per ml. The tissues were minced, incu-
bated at 37°C for 45 to 60 min, then teased with forceps, and passed through a
cell strainer. After being washed, the cells were enriched for T cells by the nylon
wool adherence method (22, 23). Purified splenic or genital cells contained at
least 90% CD3™ cells, as determined by fluorescence-activated cell sorter anal-
ysis. The level of response of chlamydia-specific cells induced was assessed by
seeding purified cells into 96-well tissue culture plates (Costar, Cambridge,
Mass.) at 10° cells per well with syngeneic antigen-presenting cells (2 X 10° cells
per well), in the presence or absence of UV-inactivated EBs as antigen (at a
multiplicity of infection of 5, EBs:APC). APCs were X-irradiated (2,000 rads)
spleen cells from syngeneic wild-type mice. After 5 days of incubation in humid-
ified incubators at 37°C and 5% CO,, the supernatants were collected and stored
at —70°C until assayed for IFN-y content. The amounts of IFN-y contained in
supernatants derived from culture-stimulated cells and controls were measured
by specific ELISA assays. The concentration of the cytokine in each sample was
obtained by extrapolation from a standard calibration curve generated simulta-
neously. Data were calculated as the mean values (* standard deviation [SD]) of
triplicate cultures for each experiment. It was previously shown that culture-
derived IFN-y obtained by this procedure possesses biological activity as deter-
mined by the ability of IFN-y-containing supernatants to protect L.929 cells from
infection by encephalomyocarditis virus (22).

Systemic Th1 or Th2 responses were determined by assaying the supernatants
from stimulated splenic T cells isolated from immunized mice for either IFN-y
or interleukin-4 (IL-4), respectively, with the ELISA kits from the same supplier
as previously described above.

Protection studies. Five groups of mice (12 mice/group) were vaccinated three
times every 3 weeks as follows: group 1 received 2 pg of MOMP by the IN route;
group 2 had 2 pg of MOMP-ISCOMs by the IN route; group 3 had 2 pg of
MOMP-ISCOMs by the IM route; and groups 4 and 5 received ISCOMs alone
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FIG. 1. Induction of specific genital mucosal Thl response against C. trachomatis by immunization with MOMP-ISCOMs. Groups of mice (six mice/group) were
vaccinated three times every 3 weeks with the indicated regimens, as described in Materials and Methods. The level of Thl response induced and amount of Thl
recruitment into the genital mucosa were determined by measuring the response of chlamydia-specific, IFN-y-secreting T cells from genital tract tissues of infected mice,
as previously described (24). The antigen used in culture was UV-inactivated EBs (at a multiplicity of infection of 5 EBs:APC) in each stimulated well. The amounts
of IFN-y contained in supernatants derived from culture-stimulated cells and controls were measured by ELISA. The concentration of the cytokine in each sample was
obtained by extrapolation from a standard calibration curve generated simultaneously. Data were calculated as the mean values (= SD) of triplicate cultures for each
experiment. The control cultures without antigens did not contain detectable levels of the cytokine, and so the data were excluded from the results.

by the IN or IM route, respectively. Eleven days after the last immunization, T
cells were isolated from the spleens by the nylon wool adherence method, and
25 X 10° cells were adoptively transferred into naive mice corresponding to each
group. All mice were challenged intravaginally with 10* IFU of live serovar D
after 24 h. Infections were monitored by cervicovaginal swabbing and isolation of
live chlamydiae in tissue culture (45).

Statistical analysis. The levels of IFN-vy in samples from different experiments
were analyzed and compared by performing a one- or two-tailed ¢ test, and the
relationship between different experimental groupings was assessed by analysis of
variance. Minimal statistical significance was judged at a P value of <0.05.

RESULTS

Ability of a MOMP-ISCOMs vaccine candidate to induce
local genital mucosal specific anti-chlamydia Thl response.
Purified T cells isolated from the genital tracts of mice immu-
nized with C. trachomatis serovar D MOMP-ISCOMs and T
cells from control groups were evaluated for levels of Thl cells
by in vitro restimulation and assessment of antigen-specific
Th1 response, as previously described (21, 24). Immunization
with MOMP-ISCOMs by the IM route induced the greatest
and fastest local genital mucosal Thl response, barely detect-
able (~1.0 = 0.6 pg/ml) by 2 weeks after exposure (Fig. 1), but
increased to 20.45 and 127.95 pg/ml by 4 and 8 weeks, respec-

tively. Of the other routes and regimens tested, only IN im-
munization with MOMP-ISCOMs induced detectable and
statistically significant levels of local genital mucosal Thl
response (P < 0.001) that measured 6.56 * 1.21 and 10.39 =
1.1 pg of IFN-y per ml at 4 and 8 weeks, respectively, postim-
munization with 2.0 pg of MOMP-ISCOMs. Immunization
with 0.2 pg of MOMP-ISCOMs produced a diluted specific
anti-chlamydia Th1 effect of 0.2 and 5.98 pg of IFN-y per ml
during the same time periods, respectively. These data re-
vealed that MOMP-ISCOMs vaccine formulation is capable of
inducing genital mucosal anti-chlamydia Th1 response, sug-
gesting that ISCOMs constitute an appropriate vehicle for the
administration of a potential MOMP-based candidate vac-
cine against C. trachomatis. Also, these data support the hy-
pothesis that the route of administration of a vaccine formu-
lation plays a major role in the efficacy of a potential vaccine,
as previously observed (24, 29).

Ability of MOMP-ISCOMs to induce systemic anti-chlamy-
dia Thl1 response. We determined whether IN or IM admin-
istration of MOMP-ISCOMs could also lead to the induction
of systemic anti-chlamydia Th1 responses. The rationale is that
clinical evaluation of the efficacy of anti-chlamydia immunity
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FIG. 2. Induction of specific systemic Th1 response against C. trachomatis by immunization with MOMP-ISCOMSs. Groups of mice (six mice/group) were vaccinated
three times every 3 weeks with the indicated regimens, as described in Materials and Methods. The level of Th1 response induced was determined by measuring the
response of chlamydia-specific, IFN-y-secreting T cells from spleen cells of infected mice (24). The amounts of IFN-y contained in supernatants derived from
culture-stimulated cells and controls were measured by ELISA. The concentration of the cytokine in each sample was obtained by extrapolation from a standard
calibration curve generated simultaneously. Data were calculated as the mean values (+ SD) of triplicate cultures for each experiment. The control cultures without
antigens did not contain detectable levels of the cytokine, and so the data were excluded from the results.

induced by a potential vaccine in humans is more likely and
conveniently performed by analysis of systemic Thl immune
status than genital mucosal Thl response. For the assessment
of systemic anti-chlamydia Th1 response following immuniza-
tion with MOMP-ISCOMs, splenic T cells from immunized
mice were analyzed as previously described above. Figure 2
shows that IM immunization with MOMP-ISCOMs induced a
specific systemic Thl response measured by early (2 weeks)
and late (8 weeks) IFN-vy levels of 85.16 = 9.0 and 717.99 =
67.88 pg/ml, respectively. Moreover, whereas the induction of
mucosal Th2 response (measured by antigen-specific IL-4 pro-
duction by stimulated T cells) was undetectable in genital tract

tissues during this period (data not shown), systemic Th2 re-
sponses were detected early (11.93 *= 7.4 pg/ml) and late
(17.83 = 6.2 pg/ml) after IM immunization with MOMP-
ISCOMs (Fig. 3). The data suggested that IM immunization
with MOMP-ISCOMs is capable of inducing both genital mu-
cosal and systemic anti-chlamydia Thl responses. Thus, sys-
temic evaluation of specific anti-chlamydia Th1 status follow-
ing IM administration of a MOMP-ISCOM:s vaccine could give
an indication of the presence of mucosal anti-chlamydia Th1
response. While specific genital mucosal Thl response has
been correlated with resolution of genital chlamydial infection
(24, 40, 47), it is uncertain whether the systemically detectable
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FIG. 3. Induction of specific systemic Th2 response against C. trachomatis by immunization with MOMP-ISCOMs. Eight groups of mice (six mice/group) were
vaccinated three times every 3 weeks with the indicated regimens, as described in Materials and Methods. The level of Th2 response induced was determined by
measuring the response of chlamydia-specific, IL-4-secreting T cells from spleen cells of infected mice, as previously described (24). The amounts of IL-4 contained
in supernatants derived from culture-stimulated cells and controls were measured by ELISA. The concentration of the cytokine in each sample was obtained by
extrapolation from a standard calibration curve generated simultaneously. Data were calculated as the mean values (= SD) of triplicate cultures for each experiment.
The control cultures without antigens did not contain detectable levels of the cytokine, and so the data were excluded from the results.

Th1 cells are functional clonotypes capable of conferring anti-
chlamydia immunity and protecting the host against an infec-
tion.

Ability of systemically derived chlamydia-reactive T cells to
confer adoptive immunity against genital chlamydial infection.
The ability of MOMP-ISCOMs to induce protective immunity
that is measurable by systemic assessment of a specific Thl
response was determined by investigating the hypothesis that
systemically derived chlamydia-reactive T cells from immu-
nized animals showing vigorous mucosal Th1 response would
transfer protection against C. trachomatis. Splenic T cells from
immune mice were selected as systemically derived chlamydia-
reactive T cells because the spleen is the major draining lym-
phoid tissue of the systemic circulation. Purified splenic T cells
from mice immunized with MOMP (IN), MOMP-ISCOMs
(IN), MOMP-ISCOMs (IM), ISCOMs (IN), or ISCOMs (IM)
were adoptively transferred into naive animals corresponding
to each immunization regimen, and after 24 h the animals were
challenged intravaginally with homologous live C. trachomatis
serovar D. The level of protective immunity was assessed by
cervicovaginal swabbing of the animals and isolation of chla-
mydiae in tissue culture as previously described (45). As shown
in Fig. 4, all recipients of T cells from IM MOMP-ISCOM:s-

immunized mice were highly resistant to infection, with 32.5,
6.5,1.0,4.2, 1.0, and 0.0 IFU/mouse on days 3, 6, 9, 12, 15, and
22 after challenge, as compared to the control group that
received IM ISCOMs alone that had 2,041.0, 2,412.2, 1,446.5,
819.2, 571.1, and 192.1 IFU/mouse at the same time points.
Recipients of T cells from IN MOMP-ISCOMs-immunized
mice were moderately immune, although to a lesser degree.
Finally, recipients of T cells from IN MOMP-immunized mice
were protected to a limited extent that was statistically higher
than controls that received T cells from mice immunized with
IN ISCOMs alone (P < 0.01) but much lower than the recip-
ients of T cells from mice immunized with either IN or IM
MOMP-ISCOMs. The results revealed that IN immunization
with MOMP could elicit T cells capable of conferring limited
protection against C. frachomatis genital infection, but immu-
nization with MOMP-ISCOMs offered better protection.

To determine the duration of the protective immunity con-
ferred by T cells from mice immunized with IM MOMP-
ISCOMs, recipients and controls were challenged with a large
dose of innoculum (10° IFU/mouse) 8 weeks after the primary
infection. Results presented in Fig. 5 show that recipients of
T cells from IM MOMP-ISCOMs-vaccinated mice enjoyed
higher-level resistance to reinfection than control mice that
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FIG. 4. Ability of immune T cells from MOMP-ISCOMs-immunized mice to transfer protective immunity against genital chlamydial infection following adoptive
transfer into naive animals. T cells were isolated from the spleens of mice immunized as indicated by the nylon wool adherence method, and 25 X 10° cells were
adoptively transferred into naive mice corresponding to each group. All mice were challenged intravaginally with 10* IFU of live serovar D after 24 h. The infection
was monitored by cervicovaginal swabbing and isolation of live chlamydiae in tissue culture by standard procedures (45).

received T cells from ISCOMs-vaccinated animals. These
findings would suggest that IM immunization with MOMP-
ISCOMs may elicit a Th1 response capable of conferring en-
during protective immunity against C. frachomatis that would
surpass the protection conferred by exposure to the primary
infection alone.

DISCUSSION

The development of protective vaccines that induce long-
term local genital mucosal immunity is an important approach
to preventing sexually transmitted diseases. In general, the ef-
ficacy of a vaccine is influenced by the immunogenicity of the
antigen and the immune status of the host. In particular, the
mucosal immune response to a vaccine directed at mucosally
laden pathogens can be affected by additional factors that
include the vector, adjuvant, delivery vehicle or route, and
hormones associated with the estrous cycle (for genital muco-
sal response) (44, 59). Despite considerable efforts, and clinical
and experimental evidence suggesting that at least partial pro-
tective immunity is feasible in humans (9, 17), the development
of reliable chlamydia vaccines using conventional immuniza-
tion strategies have proven to be elusive. Among other set-
backs, vaccine effectiveness was relatively limited because of
poor immunogenicity; more importantly, the use of inactivated

whole-chlamydia agents appears to be unattractive due to
likely immunopathogenic components (8).

Progress made in molecular and cellular immunology and
genetic bioengineering in the last two decades has led to a
gradual shift in the philosophy of vaccine development from
classical whole vaccines consisting of inactivated organisms
(i.e., rabies, pertussis, cholera, and Salk poliovirus vaccines) or
live attenuated intact pathogens (i.e., measles, mumps, rubella,
tuberculosis, and Sabin poliovirus vaccines) or their inactivated
toxins (i.e., toxoids of tetanus and diphtheria). The new era of
vaccinology focuses on epitope, peptide, oligosaccharide, oli-
goglycopeptide, or subunit vaccines, due partly to the availabil-
ity of technology enabling the identification, isolation, and
production of relevant antigenic determinants of a complex
antigen as well as the mass production of such reagents for
administration to humans. In a growing list of accomplish-
ments in these new approaches to vaccinology, human subunit
vaccines are currently available against pneumococci, menin-
gococci, Haemophilus influenzae, and hepatitis B and influenza
viruses. While the era of the epitope or subunit vaccines have
obviated the concerns inherent in inactivated or live attenu-
ated whole pathogen vaccines (35-37), including infectious,
noxious, or integrating nucleic acid contents, induction of non-
protective blocking antibodies (41), epitope destruction during
inactivation (16), and the presence of pathogenic antigenic
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FIG. 5. Assessment of long-term protective immunity against genital chlamydial infection after the adoptive transfer of immune T cells from MOMP-ISCOMs-
immunized mice. T cells were isolated from the spleens of mice immunized as indicated by the nylon wool adherence method, and 25 X 10° cells were adoptively
transferred into naive mice corresponding to each group. All mice were challenged intravaginally with 10* IFU of live serovar D after 24 h. The infection was monitored
by cervicovaginal swabbing and isolation of live chlamydiae in tissue culture by standard procedures (45). After 8 weeks, the mice were reinfected with a relative large
amount of innoculum of the homologous strain of C. rachomatis (10° IFU/mouse), and the status of reinfection was assessed after 5 days, as described in Materials

and Methods. A total of five to six animals were used per experimental group.

determinants (18, 37), it has also encountered a major setback
associated with the relatively poor immunogenicity of such
preparations. Thus, the preference for epitopic or subunit vac-
cines has necessitated the search for more-efficient delivery
vehicles, such as adjuvants, to boost immune responses against
less-complex antigens.

The design of an immunization regimen capable of inducing
sustained genital mucosal Th1 response is the current goal for
a vaccine for humans to control the severe complications of
genital infection by C. trachomatis (9, 26, 43, 60). In the present
study, we evaluated the immunogenicity and efficacy of a can-
didate vaccine comprising the MOMP of the human isolate of
C. trachomatis serovar D delivered with the lipophilic ISCOMs
as a vehicle in a urine model of genital chlamydial infection.
The results demonstrated that the MOMP-ISCOMs formula-
tion is a highly immunogenic anti-chlamydia vaccine regimen,
capable of inducing high levels of specific genital mucosal Thl
response. Thl responses, including MHC class I-mediated
CDS8 T-cell function, are important for controlling several in-
tracellular pathogens by mechanisms that include metabolic
inhibition and cellular cytotoxicity (1, 15, 28). The ability of
MOMP to induce a T-cell response has been previously estab-
lished (2, 3, 25, 46, 52), and MOMP-ISCOMs could enhance
the partial protection conferred by a MOMP-based DNA vac-
cine (13). However, our finding appears to be the first report of
MOMP or a regimen containing a MOMP capable of inducing
genital mucosal Thl response. IN and more particularly IM
immunizations were highly effective routes for MOMP-
ISCOMs administration leading to the induction of high levels
of genital mucosal Th1 response. Besides, although previous

reports have indicated that MOMP delivered as a purified
outer membrane protein, recombinant protein, or DNA vac-
cine could confer partial protection against certain complica-
tions of chlamydial infection (5, 55, 57, 61), the present study
shows that MOMP-ISCOMs would constitute an efficacious
vaccine formulation for inducing protective immunity against a
primary genital chlamydial infection. Of special prognostic
interest was the finding that of different vaccine regimens
and routes of immunization investigated, only IM immuni-
zation with MOMP-ISCOMs induced system Thl response
that correlated in time and intensity with the presence of a
genital mucosal Thl response. This observation would suggest
that systemic assessment of an anti-chlamydia Thl response
would constitute a reliable approach to following or determin-
ing the status of a genital mucosal Thl response after vacci-
nation with MOMP-ISCOMs. More so, the specific genital
mucosal Th1 immune status of immunized patients is less likely
to be conveniently determined by testing genital tract-derived
T cells. However, assessment of a delayed-type hypersensitivity
reaction by skin test and PCR analysis of vaginal and/or genital
scrapings for expression of certain Thl-associated cytokines
could be acceptable approaches.

To be of widespread attraction and application, the MOMP-
ISCOMs vaccine regimen should not be toxic to humans,
should elicit long-term protective immunity (preferably with
cross-protection from other C. trachomatis serovars or spe-
cies), and should possess no long-term adverse effects such
as induction of autoreactive immune effectors. Detailed sys-
tematic studies will be required to establish the safety of
ISCOM-based vaccines before their extension to humans.
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Also, it is unclear at this time whether the present technol-
ogy for the experimental preparation of MOMP-ISCOMs is
suitable for mass production for human use. Besides, MOMP
is known to possess both genus- and species-specific
epitopes (11, 20, 58, 62), which may include those capable of
inducing cross-species Thl responses, since partially protec-
tive cross-reactive cytotoxic T lymphocytes against C. tracho-
matis in mice have been generated (48). Furthermore, the
inductive sites containing the appropriate APCs responsible
for inducting Th1 cells that are recruited into the genital mu-
cosa following IM or IN immunization with MOMP-ISCOMs
are unknown. It is likely that the iliac lymph node and spleen,
as well as dendritic cells present in these sites, may play a role
in Thl induction. Further studies will investigate these sites
and analyze the molecular elements expressed on Thl cells
that foster their recruitment into the genital mucosa.
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