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Abstract

An efficacious vaccine is needed to control Chlamydia trachomatis infection. In the murine model

of C. muridarum genital infection, multifunctional mucosal CD4 T cells are the foundation for

protective immunity, with antibody playing a secondary role. We previously identified four

Chlamydia outer membrane proteins (PmpE, PmpF, PmpG and PmpH) as CD4 T cell vaccine

candidates using a dendritic cell-based immunoproteomic approach. We also demonstrated that

these four polymorphic membrane proteins (Pmps) individually conferred protection as measured

by accelerated clearance of Chlamydia infection in the C57BL/6 murine genital tract model. The

major outer membrane protein, MOMP is also a well-studied protective vaccine antigen in this

system. In the current study, we tested immunogenicity and protection of a multisubunit

recombinant protein vaccine consisting of the four Pmps (PmpEFGH) with or without the major

outer membrane protein (MOMP) formulated with a Th1 polarizing adjuvant in C57BL/6, Balb/c

and C3H mice. We found that C57BL/6 mice vaccinated with PmpEFGH+MOMP elicited more

robust cellular immune responses than mice immunized with individual protein antigens. Pmps

elicited more variable cellular immune responses than MOMP among the three strains of mice.

The combination vaccine accelerated clearance in the three strains of mice although at different

rates. We conclude that the recombinant outer membrane protein combination constitutes a

promising first generation Chlamydia vaccine construct that should provide broad immunogenicity

in an outbred population.
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INTRODUCTION

Globally over 106 million cases of sexually transmitted Chlamydia trachomatis infections

occur annually [1]. C. trachomatis infection in women is of particular concern because

ascending infection causes pelvic inflammatory disease (PID) which heals with scar

formation resulting in infertility, ectopic pregnancy and chronic pain. Public health

programs to control C. trachomatis genital infection appear to be failing as case rates

continue to rise [2]. New approaches, such as an effective vaccine, are needed if control is to

be achieved.

To date, efforts to develop a vaccine for Chlamydia have been only partially successful. The

results from early human trials with inactivated, whole-organism vaccines suggest that

development of protective immunity is feasible. While the trials achieved short-term

protection, further development was halted when primates experienced enhanced ocular

disease upon re-infection possibly due to vaccine induced immunopathology [3, 4]. As such,

the focus shifted to a subunit vaccine design that may bypass damaging immunopathologic

responses [5, 6].

The major outer membrane protein (MOMP) was the first subunit vaccine tested in animal

models and has been a focus of subunit vaccine development for many years [7–9].

However, experimental vaccines based on the purified recombinant MOMP protein in

various animal models have not achieved complete nor consistent protection [10, 11]. One

possibility for the incomplete success of MOMP-based vaccines is that other antigens in

addition to MOMP are required.

A major obstacle in developing a successful Chlamydia subunit vaccine has been the

identification of antigens that induce protective cell-mediated immune (CMI) responses, as

immunity to Chlamydia depends on CMI responses, especially mucosal CD4 Th1 polarized

cytokine responses that accelerate clearance of infection [5, 12, 13]. Antibodies appear to

play a more limited role than CD4 T cells [14]. Protective antigens are presented to T cells

by MHC molecules following intracellular processing and identifying MHC-bound

microbial epitopes can now be empirically determined by immunoproteomic techniques [5].

The determination of the genome sequence for Chlamydia [15, 16], along with the advances

in mass spectrometry, provide the experimental means for identifying MHC-presented

peptides.

We previously used an immunoproteomic approach to identify MHC class II-bound

Chlamydia peptides from C. muridarum-infected murine DCs [17]. We detected MHC class

II-bound peptides derived from four Pmps (PmpE, PmpF, PmpG and PmpH). Molecular

study using tetramer technology confirmed that the MHC bound peptides are the dominant

in vivo antigens induced by C. muridarum infection as determined by long lived expansion

of CD4 Th1 cells [18]. A PmpG vaccine epitope in particular persisted on splenic antigen

presenting cells for at least 6 months [19]. Vaccination with PmpE, PmpF, PmpG, PmpH or

MOMP individually provided significant protection as measured by accelerated clearance in

the murine C57BL/6 genital tract C. muridarum infection model. Moreover, the level of
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protection conferred by PmpG, PmpE or PmpF was comparable to that conferred by

immunization with recombinant MOMP [20].

In the present study we compare a multisubunit vaccine composed of five recombinant outer

membrane proteins (PmpEFGH+MOMP) formulated with a Th1 polarizing adjuvant

DDA/MPL in three genetically distinct strains of mice (C57BL/6, C3H and Balb/c). We

evaluated immune responses and shedding post vaccination and infection challenge in these

different mouse strains.

MATERIALS AND METHODS

Chlamydia

C. muridarum strain Nigg (the mouse pneumonitis strain) was grown in HeLa 229 cells as

previously described [21]. Elementary bodies (EBs) were purified and quantified as

described elsewhere [22]. Purified EBs were aliquoted and stored at −80°C in sucrose-

phosphate-glutamic acid (SPG) buffer and thawed immediately before use. Heat-killed EBs

(HK-EB) were prepared by heating at 56°C for 30 min.

Preparation of C. muridarum recombinant proteins

The production and purification of recombinant proteins PmpG-1(PmpG), PmpE/F-2

(PmpF), PmpE, PmpH and MOMP have been described previously [20, 23, 24]. Briefly, the

gene fragments of pmpG (aa 25–500), pmpF (aa 25–575), pmpE (aa 26–600), PmpH (aa 26–

600) from C. muridarum were generated by PCR and cloned into vector pET32a (Novagen)

for expression. The ompA gene encodes the MOMP protein without first 22 amino acids,

was cloned into the vector pET30a. Plasmids containing pmpE, pmpF, pmpG, pmpH and

ompA were transformed into Escherichia coli strain BL21 (DE3) (Stratagene). The

expressed PmpE, PmpF, PmpG, PmpH and MOMP proteins, with N-terminal His tag were

purified with a nickel column by using the His-Bind purification system (Qiagen).

Lipopolysaccharide (LPS) was removed by adding 0.1% Triton-114 to the wash buffers

during purification [25].

Mice

Female C57BL/6 (H2b), Balb/c (H2d) and C3H/HeNCrl (C3H) (H2k) mice were purchased

from Charles River Canada (Saint Constant, Canada) and used at 6–8 wk of age. The mice

were housed under pathogen-free conditions at the Animal Facility of the Jack Bell Research

Center. All experiments were performed in strict accordance with University of British

Columbia guidelines for animal care and use.

Adjuvant

The adjuvant DDA/MPL (dimethyldioctadecylammonium bromide and monophosphoryl

lipid A) was prepared as previously described [20]. Briefly DDA (Avanti Polar Lipids

product no. 890810P) was mixed into 10 mM Tris buffer at pH 7.4 to a concentration of 3.3

mg/ml and heated to 80°C while being stirred continuously on a magnetic hot plate for 20

min and then cooled to room temperature. MPL (Avanti Polar Lipids product no. 699800P)

was suspended in distilled water (dH2O) containing 0.2% triethylamine to a concentration of
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1 mg/ml. The MPL solution was heated in a 70°C water bath for 30 s and then vortexed for

60 s. The heating and vortexing procedure was repeated three times. The MPL was mixed

with DDA at 1:3 volume ratio immediately before use. The emulsion consisted of 250 μg

DDA and 25 μg MPL per 100 μl.

Immunization

Two mouse trials were conducted in this study. In the first trial, five groups of C57BL/6

mice were immunized with the following recombinant proteins formulated with DDA/MPL:

(1) PmpG, (2) MOMP, (3) a combination of PmpE, PmpF, PmpG and PmpH (PmpEFGH),

or (4) a combination of PmpEFGH plus MOMP (PmpEFGH +MOMP). The PmpG (5 μg),

MOMP (5 μg), PmpEFGH (1.25 μg for each protein) or PmpEFGH+MOMP (1 μg for each

protein) was diluted in 100 μl of 10 mM Tris buffer (pH 7.4) and mixed by briefly vortexing

with 100 μl DDA-MPL for each dose of immunization. A group of mice immunized with

phosphate-buffered saline (PBS) was used as a negative control. Mice were immunized three

times subcutaneously at the base of the tail at 2-week intervals. Two weeks after the last

immunization, mice in each group were sacrificed to isolate splenocytes for lymphocyte

multicolor flow cytometry, and enzyme-linked immunospot (ELISPOT) assays. Four weeks

after the last immunization, mice in each group were intravaginally challenged with 1,500

inclusion-forming units (IFU) of live C. muridarum for evaluation of protection against

infection.

In the second trial, the protective efficacy against infection conferred by the vaccine

PmpEFGH+MOMP was evaluated in the three mouse strains, C57BL/6, Balb/c and C3H

mice. For each mouse strain, three groups were set up: (1) the PmpEFGH+MOMP group,

(2) the PBS group as a negative control and (3) the prior Cm infection group as a positive

control in which mice were previously intravaginally infected with 1,500 inclusion-forming

units (IFU) of live C. muridarum. The vaccine formulation and immunization course in this

trial were the same as those in the first trial. Two weeks after the last immunization, mice

were sacrificed to harvest spleens for evaluation of Chlamydia specific immune responses.

Four weeks after the last immunization, mice in each group were intravaginally challenged

with 1,500 IFU of live C. muridarum for evaluation of protection against infection.

Genital tract infection challenge and C. muridarum quantification

Three weeks after the final immunization or 7 weeks after live C. muridarum genital, mice

were injected subcutaneously with 2.5 mg of medroxyprogesterone acetate (Depo-Provera;

Pharmacia and Upjohn). One week after Depo-Provera treatment, mice were challenged

intravaginally with 1,500 IFU of C. muridarum. Cervicovaginal washes were taken at

selected dates after infection. Samples were vortexed in 0.5 ml of SPG buffer and stored at

−80°C until analysis. Quantitative shedding of Chlamydia was measured by infection of

Hela 229 cell monolayers with a titrated volume of the sample suspension. The plates were

centrifuged at 1600 g for 30 min at room temperature followed by incubation at 37 °C for 30

min. Infection medium was then replaced with fresh medium containing 1 μg/ml

cycloheximide (Sigma-Aldrich), and the cells were incubated at 37 °C for 24 hours. Hela

cells were fixed in methanol containing 0.3% H2O2 for 30 minutes and inclusions were

visualized by staining with anti-EB mouse polyclonal antibody (Homemade), followed by
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peroxidase-conjugated donkey anti-mouse IgG (Jackson ImmunoResearch Code:

715-035-150) and a 3,3′-diaminobenzidine (DAB) substrate (Vector Laboratories).

Multiparameter flow cytometry

Two weeks after the final immunization or eight weeks after live genital C. muridarum

immunization, mice were sacrificed and splenocytes were stimulated with 2 μg/ml antibody

to CD28 and HK-EBs (5 × 105 IFU/ml) in complete RPMI 1640 for 4 h at 37°C. Brefeldin

A was added at a final concentration of 1 μg/ml, and cells were incubated for an additional

12 h before intracellular cytokine staining. The protocol of intracellular cytokine staining

was previously described [24]. We acquired 200,000 live lymphocytes per sample by using a

Fortessa flow cytometer and analyzed the data by using the FlowJo software program (Tree

Star).

ELISPOT assay

Two weeks after the final immunization, the IFN-γ ELISPOT assay was performed as

described previously [26]. Briefly, 96-well filtration plates (Millipore, Catalog no.

MAHAS4510) were coated overnight at 4°C with 2 μg/ml of murine IFN-γ-specific

monoclonal antibody (clone R4-6A2; BD Pharmingen). Splenocytes isolated from each

group were added to the coated plates at 106 cells per well in the presence of HK-EBs (5 ×

105 IFU/ml). After 20 h of incubation at 37°C and 5% CO2, the plates were washed

completely and then incubated with biotinylated murine IFN-γ-specific monoclonal

antibodies (clone XMG1.2; BD Pharmingen) at 2 μg/ml. This was followed by incubation

with streptavidin-alkaline phosphatase (BD Pharmingen) at a 1:1,000 dilution. The spots

were visualized with a substrate consisting of 5-bromo-4-chloro-3-indolyl phosphate and

Nitro Blue Tetrazolium (Sigma-Aldrich).

Statistical analysis

Data were analyzed with the aid of the GraphPad Prism software program. The Kruskal–

Wallis test was performed to analyze data for C. muridarum sheddings from multiple

groups, and the Mann–Whitney U test was used to compare medians between pairs.

Comparison of cytokine productions as determined by multiparameter flow cytometry and

ELISPOT assay between two groups were analyzed using two-tailed t test. A P value <0.05

was considered significant. Data are presented as means ± SEM.

RESULTS

Vaccination with multiple outer membrane proteins either as pooled recombinant antigens
or as single antigens accelerates clearance of C. muridarum genital tract infection

We previously evaluated the protective efficacy of individual Pmps (PmpE, PmpF, PmpG

and PmpH) with the adjuvant DDA/MPL in the C57BL/6 genital tract infection model and

all four proteins individually elicited protection as measured by accelerated clearance [20].

In this study, we tested the efficacy of a multisubunit formulation consisting of the four

Pmps with or without MOMP. We included the PmpG alone and the MOMP alone groups

for comparison. We formulated vaccine with DDA/MPL. Four weeks after the final

immunization, mice were challenged intravaginally with C. muridarum. Cervicovaginal
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washes were taken at day 6 and day 13 after infection, and bacterial shedding was measured.

Mice immunized with PBS were used as a negative control, and mice previously infected

with live C. muridarum intravaginally were used as a positive control. On day 6 and 13, as

shown in Fig 1a and b, mice recovered from a previous genital Chlamydia infection

exhibited excellent protection. All vaccine groups demonstrated a significant reduction in

Chlamydia shedding compared to the PBS group (P < 0.001). At day 13 (Fig 1b), no

Chlamydia shedding was detected in the live EB group and the majority (five of 8) of mice

in the PmpEFGH+MOMP group also resolved infection at day 13 although this was not

statistically different from the PmpG, MOMP and PmpEFGH groups.

Multiple recombinant outer membrane protein vaccine induces more robust
multifunctional Chlamydia-specific IFN-γ and TNF-α CD4 T cell responses than the single
recombinant protein vaccine

We next assessed the magnitude and quality of Chlamydia specific T cell responses in

C57BL/6 mice following immunization with the different vaccines. Two weeks after the

final immunization, mouse splenocytes from each group were harvested. IFN-γ- or TNF-α-

producing CD4 T cells were recalled by stimulation with HK-EBs and analyzed by

multiparameter flow cytometry. As shown in Fig 2a, splenocytes from mice following

vaccination with different antigens exhibited different levels of IFN-γ- and TNF-α

responses. The PmpEFGH+MOMP immune splenocytes exposed to HK-EBs developed the

highest frequency of IFN-γ- and TNF-α-secreting CD4 cells. The multiple recombinant

outer membrane proteins groups, PmpEFGH and PmpEFGH+MOMP groups demonstrated

statistically significantly higher frequency of EB-specific IFN-γ- or TNF-α-secreting CD4

cells than the single recombinant MOMP (P < 0.01) and PmpG groups (P < 0.05).

Multiparameter flow cytometry allows simultaneous analysis of multiple cytokines at the

single-cell level. The total of IFN-γ- producing cells can be IFN-γ single or IFN-γ- and

TNF-α double positive cells. Figure 2b pictorially represents the fractions of IFN-γ single or

IFN-γ- and TNF-α double positive cells among the total of IFN-γ- producing CD4 T cells in

the different vaccine groups. We observed that the IFN-γ+ TNF-α+ double-positive CD4 T

cells encompassed 95, 94, 90, 83, and 0% of the total IFN-γ-producing CD4 T cells in the

PmpEFGH, PmpEFGH+MOMP, PmpG, MOMP and PBS groups, respectively. The results

demonstrate that the vaccine antigens formulated in the adjuvant DDA/MPL induced a high

frequency of IFN-γ and TNF-α-double-positive CD4 T cells, a previously identified

correlate of C. muridarum immunity [27].

We next performed ELISPOT assays to detect IFN-γ responses against individual antigens

in responses to immunization. Splenocytes from different vaccine groups were harvested

and exposed to individual recombinant protein PmpE, PmpF, PmpG, PmpH and MOMP.

HK-EB was included as a positive control. As shown in the Fig 3, splenocytes from the

PmpG or the MOMP immunization groups showed potent IFN-γ responses only to the

corresponding recombinant protein as well as to HK-EB. The PmpEFGH with or without

MOMP groups exhibited profiles characterized by very strong responses to PmpG, PmpF

and HK-EB, and weak responses to PmpE and PmpH. As expected MOMP responses were

observed in the PmpEFGH+MOMP but not the PmpEFGH group. The PBS group exhibited
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very low background levels, indicating that IFN-γ –secreting cells are Chlamydia antigen-

specific. Taken together, these results show that PmpG, PmpF and MOMP are the dominant

protein antigens that induce IFN-γ responses among C57BL/6 mice.

Vaccine immunogens induce superior or similar Th1 immune responses as those elicited
by live Chlamydia infection in different mouse strains

All the T cell antigens we studied were originally identified in C57BL/6 mice. We next

evaluated immunogenicity in two additional mouse strains with different MHC

backgrounds: Balb/c and C3H and compared the results to those observed in C57BL/6. Mice

immunized with PBS were used as a negative control and mice previously genitally infected

with live EB as a positive control. Two weeks after the final immunization or six weeks after

live EB infection, splenocytes from the three strains with four different vaccinations were

stimulated with HK-EBs. IFN-γ- or TNF-α-producing CD4 T cells were analyzed by

multiparameter flow cytometry. As shown in Fig 4, C57BL/6 mice immunized with

PmpEFGH+MOMP developed the highest IFN-γ- and TNF-α responses against HK-EBs

among the three mouse strains. Compared to C57BL/6 mice, immunized C3H mice showed

less balanced IFN-γ- and TNF-α responses. Immune Balb/c mice induced the lowest and

least balanced cytokine responses, especially for IFN-γ. Within the same mouse strain Th1

immune response levels after vaccination with the PmpEFGH+MOMP vaccine were

immunologically superior or similar to those elicited by live Chlamydia at six weeks after

infection.

Vaccination with PmpEFGH+MOMP elicits IFN-γ responses to the individual outer
membrane proteins vary dependent on the mouse strain

We performed the ELISPOT assay to detect the IFN-γ responses to the five Chlamydia outer

membrane proteins after immunization with the PmpEFGH+MOMP vaccine in the three

mouse strains. Splenocytes were harvested and individually exposed to the recombinant

proteins PmpE, PmpF, PmpG, PmpH and MOMP as well as HK-EB. As shown in Fig 5,

C57BL6 and C3H mice immunized with the PmpEFGH+MOMP vaccine induced strong

IFN-γ responses to all five outer membrane proteins. PmpG induced the strongest IFN-γ

responses in both C57BL/6 and C3H mice but not in Balb/c where PmpF was dominantly

immunogenic. Interestingly, MOMP was similarly immunogenic in all three strains of mice.

These results suggest that the PmpEFGH+MOMP, as a multi-component vaccine, provides

broad immunogenicity for CD4 T cell recognition among different MHC genetic

backgrounds.

The effect of vaccine on the clearance rate of C. muridarum infection among the three
strains of mice

We next evaluated protection against C. muridarum infection as measured by clearance post

challenge. Chlamydia inclusion titers in the cervicovaginal washes were tested at day 3, 6,

13 and 20. As shown in Fig. 6, C57BL/6 mice immunized with PmpEFGH+MOMP

exhibited a 2 log10 reduction of Chlamydia shedding as early as day 3-post challenge

compared to the PBS group. At day 13, five of 8 the C57BL/6 mice immunized with

PmpEFGH+MOMP resolved infection. Compared to C57BL/6 mice, Balb/c mice
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immunized with vaccines developed less-efficient protective immunity. Although C.

muridarum sheddings in Balb/c mice immunized with PmpEFGH+MOMP was statistically

significantly lower than that in the PBS group (P < 0.001), no mouse resolved the infection

by day 13. C3H mice had the slowest rate of clearance of Chlamydia infection among the

three tested mouse strains. The different clearance kinetics in response to vaccine in the

three mouse strains was similar to that observed in the live EB group suggesting innate

differences in vaccine and infection susceptibility.

DISCUSSION

Studies in animal models and human infections have revealed that immunity to Chlamydia

relies mainly on CD4 Th1 T cells producing IFN-γ. B cells and antibody play a more limited

role by enhancing CD4 T cell priming and preventing spread of infection [18]. Clearance of

infection from mucosal epithelial cells depends on local cellular immune responses [28, 29].

Selection of molecularly defined antigens for a subunit vaccine that stimulate CD4 Th1 cells

is an essential first step in the current design effort. We applied immunoproteomic

approaches to identify the MHC class II-bound peptides using C. muridarum infection of

bone marrow derived dendritic cells. Polymorphic membrane family of proteins (Pmps)

commonly generated MHC class II binding epitopes using this methodology. Pmps belong

to a group of proteins known as type V autotransporters that may be involved in microbial

attachment to host cells [30, 31]. The genomes of C. trachomatis and C. muridarum encode

nine different Pmps (PmpA to PmpI) [15, 16]. The identification of Pmps as T cell antigens

suggests that these outer membrane proteins may have advantages over other proteins for

preferential processing and presentation to the CD4 T cells. MOMP is also known as a

highly immunogenic protein that elicits measurable protection against challenge infection in

several animal model systems [7, 32, 33]. In general antigenic analysis of Chlamydiae has

revealed that proteins vary in whether they contain T cell epitopes, B cell epitopes or both.

A Chlamydia genome wide study recently identified 42 immunogenic proteins [34]. Sixteen

proteins (38%) contained CD4 T cell epitopes only, 21 (50%) contained B cell epitopes only

and 5 (12%) contained both T and B cell epitopes. MOMP contains both B and T cell

epitope [35, 36] whereas Pmps generally contain only T cell epitopes [37]. We hypothesized

that combining Pmps with MOMP may result in a vaccine with greater protection than Pmp

or MOMP alone.

Recombinant proteins alone as subunit vaccines are poor inducers of cell mediated

immunity and the selection of an adjuvant is extremely important. Using PmpG protein as a

model antigen, we previously tested a series of adjuvants [20]. Alum was not a suitable

adjuvant in part because it failed to induce Th1 polarized CD4 T cell responses. While both

CpG oligodeoxynuleotide (CpG-ODN) and DDA/MPL are potent Th1-polarizing adjuvants,

which activate antigen-presenting cells through Toll-like receptor 9 (TLR9) and TLR4

respectively. However, immunization with PmpG formulated with CpG-ODN failed to

provide protection against Chlamydia infection, whereas immunization with PmpG

formulated with DDA/MPL reduced infection by 2~3 log10 [24].

In this study, we tested four Pmps (PmpEFGH) plus MOMP formulated with DDA/MPL as

a novel Chlamydia multisubunit recombinant vaccine in three strains of mice (C57BL/6,
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C3H and Balb/c). In C57BL/6 mice the multisubunit vaccine (PmpEFGH+MOMP)

produced the best overall protection as measured by accelerated clearance (P <0.001 versus

the PBS group) although this was not statistically different from the single and multi antigen

groups perhaps due to the limited number of animals tested (Figure 1). The multisubunit

vaccine was significantly more immunogenic than the single antigen groups (P <0.01versus

MOMP and P <0.05 versus PmpG) and induced a robust multifunctional CD4 T cell

responses previously identified as a correlate of protection in the C. muridarum genital tract

model [27]. The multisubunit vaccine induced strong CD4 T cell responses to PmpG, PmpF

and MOMP whereas the single antigen group induced CD4 T cell responses only to itself.

Overall, the multisubunit vaccine was more immunogenic and tended to clear infection

faster than the single antigen vaccine groups.

Since the Chlamydia CD4 T cell antigens were originally discovered in C57BL6 mice it is

important to demonstrate that mice with different MHC backgrounds are capable of

responding to these antigens. Accordingly, we evaluated the multisubunit vaccine in

C57BL/6, Balb/c and C3H mice. Overall the multisubunit vaccine was at least as

immunogenic as live C. muridarum infection in the three strains of mice. Interestingly, the

TNFα and IFN-γ cytokine response in Balb/c mice was significantly unbalanced compared

to the other two strains of mice. Balb/c mice are known to have reduced IFN-γ responses to

C. muridarum infection than C57BL/6 [22]. Balb/c responded with the lowest IFN-γ

responses to the individual Pmp antigens compared to the other two strains with PmpF

emerging as immunodominant. In C57BL/6 and C3H, PmpG was immunodominant. In all

three strains PmpE and PmpH were relatively immunorecessive. In distinction MOMP was

similarly immunogenic in all three strains of mice (figure 5). The induction of a robust

Chlamydia-specific T cell response in different strains may imply that the vaccine antigens

contain assorted epitopes that are recognized by different MHC haplotypes. The higher level

of immune responses may be due to the presence of more epitopes recognized by some

MHCs or superior innate immune reactivity in some strains. The multisubunit vaccine

accelerated clearance of C. muridarum genital infection in all three strains compared to the

PBS group (p<0.001) but was least effective in C3H. Interestingly the rate of clearance of

live C. muridarum infection exhibited similar differences among the three strains as did

vaccine suggesting that innate factors are important to both infection resistance and vaccine

immunity. Our previous study showed that genetically determined differences in C.

muridarum infection are associated with differences in early innate cytokine profiles,

dendritic cell functions and cellular response patterns [38].

The assessment of protection against C. trachomatis-induced pathologies is a key

consideration in Chlamydia vaccine development. In this study we did measured visually

apparent hydrosalpinx in murine oviduct as a surrogate of the pathologic outcome eight

weeks after genital infection challenge with C. muridarum in the different vaccine groups.

We observed that the majority of mice developed hydrosalpinx in all groups and no

significant differences were observed between the vaccine groups and the PBS group.

Similar pathologic results were reported by Hansen et al using the adjuvant DDA/TDB with

MOMP as an antigen that induced robust protection against Cm genital infection in the

mouse model [32].
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It is known that tissue damage from a Chlamydia infection is caused by the inflammatory

response [39–41]. C. muridarum infection of the murine genital tract causes early

inflammatory damage to oviductal tissue that is mediated by neutrophils and dependent on

local activation of TLR-2 driven by active replication of the organism [42, 43]. Human C.

trachomatis tissue damage on the other hand, appears to be driven by the T cell immune

response dependent on cycles of reinfection or of long duration infection [44]. For these

reasons, the C. muridarum genital tract model is unlikely to be predictive of human C.

trachomatis immunopathology. Currently we are planning to carry out a systematic analysis

of the effect of vaccination on tissue pathology using the primate model where vaccine

induced immunopathology was initially defined.

In conclusion, a multisubunit T cell vaccine based on five Chlamydia outer membrane

proteins including PmpE, PmpF, PmpG, PmpH and MOMP induces protective immunity as

measured by enhanced clearance in three strains of mice. Broad immunogenicity and

possible synergy among the multiple outer membrane proteins may explain the efficacy of

PmpEFGH+MOMP as a Chlamydia vaccine. We propose assessment of the multisubunit

vaccine for protection against infection and immunopathology using C. trachomatis

orthologs in a non-human primate genital tract model [45].
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Figure 1.
Vaccine elicited protection against C. muridarum genital tract infection in C57BL/6 mice

after immunization with different vaccine formulations in DDA/MPL adjuvant. Four weeks

after the final immunization, mice were challenged intravaginally with 1,500 IFU of C.

muridarum. Cervicovaginal washes were taken at day 6 (a), day 13 (b) post infection, and

bacterial shedding was measured by inclusion counts on HeLa 229 cells. Mice immunized

with PBS were used as a negative control, and mice previously infected with 1,500 IFU of

live C. muridarum intravaginally were used as a positive control. Horizontal bar represents

median value for each group. All vaccine groups significantly reduced Chlamydia shedding

compared to the PBS group P value <0.001.
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Figure 2.
C. muridarum -specific cytokine responses after immunization with different vaccine

formulations in C57BL/6 mice. Two weeks after the final immunization, splenocytes from

different vaccine groups were harvested and stimulated with HK-EB (5×105 IFU/ml). IFN-

γ- or TNF-α-producing CD4 T cells were analyzed by multiparameter flow cytometry as

described in Materials and Methods. (a) Percentage of IFN-γ- or TNF-α-producing CD4 T

cells from each vaccine group. The results are expressed as means ± SEM for groups of six

mice. (b) Fraction of IFN-γ single- and IFN-γ/TNF-α double-positive cells in total IFN-

γproducing CD4 T cells. All vaccine formulations most commonly elicited double positive

cytokine producing CD4 T cells.
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Figure 3.
C. muridarum antigen-specific IFN-γ responses after immunization with different vaccine

formulations determined by ELISPOT assay in C57BL/6 mice. The vaccine immunogen is

shown alone each figure panel. Two weeks after the final immunization, mouse splenocytes

from different vaccine groups were harvested and stimulated in vitro for 20 h with 5×105

IFU/ml of HK-EB or 1 μg/ml of recombinant protein as indicated as the ELISPOT Ag along

the x-axis. The results are expressed as means ± SEM for groups of six mice. MOMP, PmpG

and PmpF are immunodominant among the antigens tested in C57BL/6 mice.
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Figure 4.
C. muridarum -specific cytokine responses after immunization with different vaccine

formulations in three different inbred strains of mice (C57BL/6, Balb/c, C3H). Two weeks

after the final immunization or six weeks after live EB infection, mouse splenocytes were

harvested and stimulated with HK-EB (5×105 IFU/ml). IFN-γ- or TNF-α-producing CD4 T

cells were analyzed by multiparameter flow cytometry. The results are expressed as means ±

SEM for groups of four mice. The vaccine formulations were variably immunogenic among

the three tested strains of mice.
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Figure 5.
C. muridarum individual antigen-specific IFN-γ responses determined by ELISPOT assay in

C57BL/6, Balb/c and C3H mice after immunization with PmpEFGH+MOMP. Two weeks

after the final immunization, mouse splenocytes were harvested and stimulated in vitro for

20 h with 5×105 IFU/ml of HK-EB, or 1 μg/ml of indicated recombinant proteins. The

results are expressed as means ± SEM for groups of four mice. All three mouse strains

immunized with the PmpEFGH+MOMP vaccine elicited IFN-γ responses to five individual

outer membrane proteins with Pmps displaying different patterns based on the genetic

background and MOMP similar immunogenic in the three strains of mice.
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Figure 6.
Vaccine elicited protection against C. muridarum genital tract infection in C57BL/6, Balb/c

or C3H mice immunized with different vaccine formulations. Four weeks after the final

immunization or eight weeks after live EB infection, mice were challenged intravaginally

with 1,500 IFU of C. muridarum. Cervicovaginal washes were taken at day 3, 6, 13 and 20

post infection and Chlamydia shedding was measured by inclusion forming units (IFU) on

HeLa 229 cells. Mice immunized with PBS were used as a negative control, and mice

infected with 1,500 IFU of live C. muridarum intravaginally were used as a positive control.

(a) Individual Chlamydia sheddings for each group. The bar represents the median value. **,

P<0.01; ***, P<0.001 vs the PBS group. (b) Infection curves for each group. The bar

represents the mean Chlamydia IFU ± SD. The effect of vaccine on the rate of clearance

differed among the strains of mice.
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