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Abstract: There is an urgent need to produce a vaccine for Chlamydia trachomatis infections. Here,
using the Chlamydia muridarum major outer membrane protein (MOMP) as an antigen, four adjuvant
combinations IVAX-1 (MPLA+CpG-1018+AddaVax), IVAX-2 (MPLA+CpG-1018+AS03),
CpG-1826+Montanide ISA 720 VG (CpG-1826+Mont) and CpG-1018+Montanide ISA 720 VG
(CpG-1018+Mont), were tested for their local reactogenicity and ability to elicit protection in BALB/c
mice against a respiratory challenge with C. muridarum. Immunization with IVAX-1 or IVAX-2 in-
duced no significant local reactogenicity following intramuscular immunization. In contrast, vaccines
containing Montanide resulted in the formation of a local granuloma. Based on the IgG2a/IgG1 ratio
in serum, the four adjuvant combinations elicited Th1-biased responses. IVAX-1 induced the highest
in vitro neutralization titers while CpG-1018+Mont stimulated the lowest. As determined by the
levels of IFN-γ produced by T-cells, the most robust cellular immune responses were elicited in mice
immunized with CpG-1018+Mont, while the weakest responses were mounted by mice receiving
IVAX-1. Following the respiratory challenge, mice immunized with CpG-1018+Mont lost the least
amount of body weight and had the lowest number of C. muridarum inclusion-forming units (IFUs)
in the lungs, while those receiving IVAX-2 had lost the most weight and had the highest number of
IFUs in their lungs. Animals vaccinated with CpG-1826+Mont had the lightest lungs while those
immunized using IVAX-2 had the heaviest. To conclude, due to their safety and adjuvanticity, IVAX
formulations should be considered for inclusion in human vaccines against Chlamydia.

Keywords: Chlamydia trachomatis; Chlamydia muridarum; vaccine; adjuvant combinations; major outer
membrane protein; mice

1. Introduction

The World Health Organization has estimated that 130 million individuals worldwide
are infected in the genitourinary tract each year with Chlamydia trachomatis, making it the
most common sexually transmitted bacterial pathogen [1,2]. In addition, C. trachomatis
causes ocular, respiratory, and gastrointestinal infections [3,4].

To protect against C. trachomatis-induced trachoma, whole-pathogen inactivated vaccines
were tested in several countries [3,5]. Some vaccine formulations protected against trachoma.
Protection, however, was found to be short-lived (1–3 years) and serovar/serogroup-specific.
In addition, some vaccinees developed a hypersensitivity reaction upon re-exposure to this
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pathogen [3,5–8]. Although the cause of this hypersensitivity reaction is still under investiga-
tion, the possibility that an antigenic component of Chlamydia mediated this adverse outcome
stimulated the search for a subunit vaccine [2,9–13].

DNA sequencing of C. trachomatis identified the major outer membrane protein (MOMP)
as the likely antigen that induced serovar/serogroup-specific protection during the trachoma
vaccine trials [14]. Since then, a number of chlamydial antigens have been tested for their
ability to confer protection against genital, respiratory and ocular challenges [10,12,13,15,16].
Of these, MOMP is still the most promising candidate [9,17–24]. MOMP is highly antigenic
containing multiple B-cell epitopes, mostly located in the variable domains, while the T-cell
epitopes are for the most part in the constant domains [14,25,26]. The amino acid sequence of
the variable domains (VDs) defines each serovar [14,26,27].

In contrast to whole-cell vaccines, which are self-adjuvanted, a shortcoming of subunit
vaccines is that they lack the adjuvant activity necessary to induce innate and adaptive
immune responses following immunization [28]. In mice, both humoral and cell-mediated
immune responses contribute to protection against Chlamydia [29–31]. Thus, there is a need
to identify the adjuvants, or their combinations, that elicit mucosal and systemic humoral
and cellular immune responses. Safety is a major concern for vaccines and therefore,
adjuvants need to be tested in animal models to make sure that they do not produce
significant local or systemic toxicity or reactogenicity. Here, to achieve these goals, we
tested four adjuvant combinations.

To compare the safety and effectiveness of the adjuvant combinations, CpG-1826
and CpG-1018 were tested with Montanide ISA 720 VG. The CpG adjuvants are cytosine
phosphoguanine motifs that mimic bacterial and viral nucleic acids. CpG-1826 and CpG-
1018 are agonists of TLR-9 and induce Th1-biased immune responses with direct activation
of monocytes, macrophages and dendritic cells (DCs) that secrete IL-6, IL-12, IFN-γ, TNF-α
and several chemokines [32,33]. Furthermore, CpG stimulates B-cells to proliferate and
secrete immunoglobulins, IL-6 and IL-12. The overall effect of CpG is the induction of
strong Th1 humoral and cellular immune responses and the broadening of B-cell epitope
recognition. CpG-1826 has been optimized to induce robust immune responses in mice
but not in humans. CpG-1018 plus Montanide ISA 720 (CpG-1018+Mont) has been found
to be a very effective combination to elicit protective immune responses in mice against
a chlamydial challenge [22,34,35]. CpG-1018, unlike CpG-1826, elicits a robust immune
response in both humans and mice and has recently been approved by the FDA for use in a
hepatitis B virus vaccine [36]. Therefore, here we tested CpG-1018 in parallel with CpG-1826,
both in combination with Montanide ISA 720 VG, to compare their safety and efficacy.

Montanide ISA 720 VG is a non-TLR adjuvant containing squalene that promotes the
recruitment of antigen-presenting cells (APCs) and the phagocytic uptake of the antigen [37].
This results in increases in antibody responses. Montanide ISA 720 VG, when formulated
as “a water-in-oil” suspension, produces reactogenicity at the site of immunization. In spite
of this limitation, it has been used in Phase I and II clinical trials with vaccine candidates
for HIV-1, SARS-CoV-2, malaria and cancer [38–42].

Hernandez-Davies et al. [43] recently tested in C57BL/6 mice nine different TLR
agonist combinations, with or without AddaVax, using the influenza A hemagglutinin
trimer as the antigen. Among the 18 new adjuvant combinations, the formulation containing
CpG-1018, monophosphoryl-Lipid A (MPLA) and AddaVax (termed IVAX-1) was found
to elicit the most robust immune responses. MPLA is a TLR-4 agonist that signals via the
TRIF adaptor and induces preferentially Th-1-biased responses [44–46]. It is a less toxic
derivative of the lipid A from Salmonella minnesota R595 lipopolysaccharide. By enhancing
APC maturation, MPLA improves the immunogenicity of vaccine antigens. MPLA is part
of the ASO4 adjuvant used in licensed human vaccines (Fendrix, and Cervarix). AddaVax
is a squalene-based oil-in-water emulsion with a formulation similar to that of MF59,
which is an adjuvant approved for use in influenza vaccines [47]. AddaVax stimulates the
recruitment and activation of APCs and the production of cytokines and chemokines by
granulocytes and macrophages, which increase antibody responses [42,43].
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IVAX-1, as determined by the ratio of IgG2c/IgG1 and the production of IFN-γ by
CD4 and CD8 T-cells, was the most effective at eliciting Th1-biased responses [43]. This
adjuvant combination increased the titers and the breadth of antibodies to hemagglutinin
and the level of in vitro neutralizing antibodies. Importantly, no significant local or systemic
reactogenic effects were noted, and similar immune responses were obtained when IVAX-1
was delivered by subcutaneous and intranasal routes.

IVAX-2 is a new adjuvant combination that, like IVAX-1, was formulated with the
goal of eliciting strong humoral immune responses with influenza A hemagglutinin [43].
It is similar to IVAX-1 but contains ASO3 instead of AddaVax. ASO3 is an oil-in-water
emulsion containing squalene, DL-α-tocopherol (Vitamin E) and polysorbate-80 and is
approved for human use [46,48]. AS03 triggers NF-κB-dependent innate immune responses
releasing cytokines and chemokines at the site of injection and in the draining lymph
nodes. Monocytes and granulocytes then migrate, leading to increases in antigen-specific
antibody responses.

Here, we used the murine challenge respiratory model to identify the formulations
of Montanide ISA 720 VG + CpG-1018, Montanide ISA 720 VG + CpG-1826, IVAX-1 and
IVAX-2 that were safe and induced the most robust protective immune responses. The goal
was to find a vaccine formulation that can be tested in the mouse genital challenge model
and eventually in humans. In comparison with the respiratory model, testing chlamydial
vaccines in the mouse genital tract infection model is lengthy, time-consuming, and the
personnel and supplies are expensive. The reactogenicity/toxicity/immunology of the
vaccine formulation can equally be tested in the respiratory and genital tract models. Here,
we used the i.m. route for immunization, because this will likely be the route used to de-
liver a vaccine to protect against chlamydial genital infections and we can test the possible
negative effects at the site of injection. The respiratory and the genital tract, although quite
different anatomically and physiologically, have similarities, including a mucosal and a
systemic component that are affected during infection by C. trachomatis. Therefore, this
study allowed us to evaluate the safety and the protective immune responses in both com-
partments. Furthermore, in humans, C. trachomatis infections can occur when a newborn is
infected in the birth canal and develops pneumonia a few weeks later [49]. C. trachomatis
respiratory infections have also been described in adults, particularly in those who are
immunocompromised [50,51]. In addition, Chlamydia pneumoniae and Chlamydia psittaci
are common respiratory pathogens in humans, and information learned from testing
C. trachomatis vaccines in the mouse respiratory model will likely help to formulate vac-
cines against these pathogens [52–58].

In this study, with the goal of identifying a vaccine formulation that was safe and
elicited robust humoral and cell-mediated protective immune responses against a respira-
tory challenge with C. muridarum, MOMP was delivered with four adjuvant combinations.
Three of them, IVAX-1, IVAX-2 and CpG-1018+Mont, have never been tested before in
vaccines to protect against Chlamydia infections. We hypothesized that the adjuvant combi-
nation that elicits the most robust Th1-biased immune responses will be the most protective.

2. Materials and Methods
2.1. Stocks of C. muridarum

C. muridarum (strain NiggII; ATCC) was grown in HeLa-229 cells using high-glucose
Dulbecco’s medium, plus cycloheximide (1 µg/mL) and gentamycin (10 µg/mL), without
fetal bovine serum. Elementary bodies (EBs) were purified and stored in sugar phosphate
glutamate buffer (SPG) at −80 ◦C [59]. The number of C. muridarum inclusion-forming
units (IFUs) was determined in HeLa-229 cells as described in [17].

2.2. Cloning, Expression and Purification of C. muridarum MOMP

The method to clone, express and purify C. muridarum MOMP was published in [18].
Briefly, the C. muridarum MOMP gene (GenBank, accession No. AE002272, X63409), with-
out the leader sequence, was amplified by PCR and inserted into the pET-45b(+) vector
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(Novagen, Madison, WI, USA). Escherichia coli TOP10 competent cells were transformed,
and the plasmid was extracted from positive clones. For expression, E. coli BL21 (DE3)
was transformed with the plasmid containing C. muridarum MOMP DNA and inoculated
into LB broth. MOMP was extracted from E. coli inclusion bodies and purified using a
Sephacryl-S-300 column (Sigma-Aldrich, St. Louis, MO) column (1 × 50 cm) [16]. By the
Limulus amoebocyte assay (Associates of Cape Cod Inc.; East Falmouth, MA, USA), MOMP
had less than 0.05 EU of LPS/mg of protein.

2.3. Mice Vaccination, Intranasal Challenge and Assessment of the Course of the Disease and the C.
muridarum Infection in Mice

Four-to-five-week-old female BALB/c (H-2d) mice (Charles River Laboratories, Wilming-
ton, MA, USA) were immunized with C. muridarum MOMP (10 µg/mouse/immunization),
twice at four-week intervals by the intramuscular (i.m.) route in the quadriceps muscle
(Figure S1 and Table S1). The following adjuvant combinations were used with MOMP:
(1) CpG-1826 (10 µg/mouse/immunization) (Tri-Link) + Montanide ISA 720 VG (70:30 v/v)
(Seppic, Inc., Fairfield, NJ, USA); (2) CpG-1018 (10 µg/mouse/immunization) (Integrated
DNA Technologies; Coralville, IA, USA) + Montanide ISA 720 VG (70:30 v/v); (3) IVAX-1:
MPLA (5.3 µg/mouse/immunization, i.e., 3 nmole standard dose formulated as liposome
along with DOPG co-lipid) (Avanti Polar Lipids Inc.; Alabaster, AL, USA) + CpG-1018
(7.15 µg/mouse/immunization, i.e., 1 nmole standard dose (Integrated DNA Technolo-
gies) + AddaVax (50 µl/mouse/immunization) (Invivogen Inc., San Diego, CA, USA)) and
(4) IVAX-2: (MPLA (5.3 µg/mouse/immunization, i.e., 3 nmole standard dose formulated
as liposome along with DOPG co-lipid) + CpG-1018 (7.15 µg/mouse/immunization, i.e.,
1 nmole standard dose, (Integrated DNA Technologies) + AS03 50 µl/mouse/immunization)
(Invivogen Inc., San Diego, CA, USA). The two IVAX formulations were recently developed
and tested in Drs. Felgner and Davies labs [43] (Supplemental Figure S1 and Supplemental
Table S1). A negative immunization control group received PBS only, and an adjuvant
negative control was vaccinated only with MOMP (10 µg/mouse/immunization). The
positive antigen control received i.n. 104 C. muridarum IFUs once at the time of the first
immunization. A total of 12–13 mice per group were immunized. Three mice/group
were used to characterize the cell-mediated immune responses before the challenge and
9–10 mice were challenged intranasally with C. muridarum. The local reactogenicity at the
site of immunization was visually evaluated when the mice were euthanized, and the size
of the local reaction was measured.

Four weeks after the second immunization, anesthetized mice were challenged i.n.
with 104 IFUs of C. muridarum [60]. Animals were weighed daily for 10 days post-challenge
(d.p.c.) when they were euthanized and their lungs weighed and homogenized (Seward
Stomacher 80; Seward, Laboratory System Inc., Bohemia, NY, USA) in 5 mL of SPG/mouse.
To determine the number of C. muridarum IFUs present in the lungs, six 10-fold serial
dilutions of the lung homogenates were used to infect Hela-229 cells grown in 48-well
plates. Following incubation for 30 h at 37 ◦C in a CO2 incubator, the chlamydial IFUs were
visualized with mAb MoPn-40 and counted using a light microscope [61]. The limit of
detection (LD) was <50 C. muridarum IFU/lungs/mouse.

To evaluate the local cellular immune responses, levels of IFN-γ in lung supernatants
collected from lung homogenates at 10 d.p.c. were determined by ELISA as described [62].
To assess the humoral immune responses in the lungs at 10 d.p.c., the levels of C. muridarum-
specific IgA were determined in the lung supernatants [63].

The University of California, Irvine, IACUC (AUP-20-054) approved the vertebrate
animal protocols.

2.4. Determination of the Humoral Immune Responses following Vaccination

Blood from the periorbital plexus was collected before vaccination and the day be-
fore the respiratory challenge. Antibody titers to C. muridarum EBs (1 µg/well) were
determined by ELISA using 96-well plates as described in [64]. Serial dilutions of serum
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were added, and the antigen–antibody reactions were detected with HRP-conjugated goat
anti-mouse. Goat anti-mouse IgG, IgG1, and IgG2a (BD Bioscience, San Diego, CA, USA)
diluted 1:5000 for IgG and 1:1000 for the two isotypes were used. ABTS [2,2′-azino-bis-(3-
ethylbenzthiazoline-6-sulfonate)] (Sigma-Aldrich, St. Louis, MO, USA) was utilized as the
substrate and the plates were scanned in an ELISA reader at 405 nm (Labsystem Multiscan;
Helsinki, Finland). Titers were calculated using the OD of pre-immunization sera ± 2 SD
as a background and reported as geometric mean titer (GMT).

In vitro neutralization assays were performed as previously described [65]. Briefly,
duplicate sets of two-fold serial dilutions of serum were made in Ca+2/Mg+2-free PBS
containing 5% guinea pig serum as a source of complement. Serum samples were incubated
with 104 C. muridarum IFUs for 45 min at 37 ◦C and centrifuged onto HeLa-229 monolayers
grown in flat-bottom 96-well plates. Monolayers were incubated for 30 h in culture medium
with cycloheximide (1 µg/mL). Cells were fixed with methanol and chlamydial IFUs were
stained with mAb MoPn-40 [66]. The number of IFUs was counted and neutralization was
defined as greater than or equal to a 50% decrease in the number of IFUs when compared
with the controls incubated with pre-immunization sera.

To examine the presence of antibodies to linear epitopes following vaccination, over-
lapping 25-mers, corresponding to the mature C. muridarum MOMP amino acid sequence,
were chemically synthesized (SynBioSci Corp.; Livermore, CA, USA). Peptide 25 (p25)
overlaps with the N- and C-terminus of MOMP. The peptides were adsorbed onto high-
binding-affinity ELISA plates (1 µg/well of a 96-well plate) and the antibody binding was
determined in triplicate using anti-mouse IgG as described in [67].

To evaluate the humoral immune responses to C. muridarum EBs in the genital mucosa,
vaginal washes were collected the day before the i.n. challenge and levels of IgG and IgA
were determined as discussed above. Two pools of vaginal washes, five mice each, were
run in triplicate.

2.5. Evaluation of Memory-Cell-Mediated Immune Responses following Vaccination

The day before the respiratory challenge, splenic T-cells, purified using nylon wool
(85–90% purity), were stimulated with C. muridarum EBs in the presence of antigen-
presenting cells (APCs) [61]. APCs were prepared by the irradiation (3300 rads, 137Cs) of
syngeneic splenocytes, and 2.5 × 106 cells were incubated in flat-bottom 48-well plates
(Costar, Corning Inc., NY, USA) at 37 ◦C for 2 h with EBs at a 1:1 ratio. T-cells were added
to APCs at a ratio of 1:1. Concanavalin A (5 µg/mL) served as a positive stimulant and
cell culture medium (RPMI with 10% FBS) was used as a negative antigen control. Lev-
els of IFN-γ and IL-4 in supernatants from EB-stimulated T-cells were determined using
commercial kits (BD Pharmingen, San Diego, CA, USA) [64,68].

2.6. Statistical Analyses

The Mann–Whitney U test was used to compare antibody titers in serum, the number
of C. muridarum IFUs in the lungs, and levels of IFN-γ in lung supernatants. Repeated-
measures ANOVA was employed to compare changes in mean body weight over 10 days
following the C. muridarum i.n. challenge. The Student’s t-test was utilized to evaluate
differences between changes in body weight at 10 d. p.c., lung weights, levels of IFN-γ and
IL-4 in T-cell recall assays, and levels of IgA in lung supernatants. A p-value of < 0.05 was
considered to be significant. A p-value of <0.10 was deemed as approaching significance.

3. Results
3.1. Assessment of the Immune Reaction at the Site of Vaccination

To evaluate the local reactogenicity, pictures were taken on the last day of the exper-
iment when the mice were euthanized. Figure 1A,B shows the controls not immunized
and receiving PBS, respectively. As shown in Figure 1C,E, the mice immunized with CpG-
1826+Mont or with CpG-1018+Mont developed granulomas measuring approximately
2–5 mm in size. In contrast, the mice immunized with IVAX-1 or IVAX-2 (Figure 1D,F)
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showed no abnormalities at the site of immunization. The mice only receiving MOMP had
no local reaction (Figure 1G). No significant negative effects were observed in the physical
activity or behavior of the mice receiving any of the four vaccine formulations.
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Figure 1. Evaluation of the reactogenicity/toxicity at the site of vaccination. Before the mice were
euthanized, pictures were taken of the site where the vaccines were delivered. (A) No injection control;
(B) PBS control; (C) CpG-1826+Mont/MOMP; (D) IVAX-1/MOMP; (E) CpG-1018+Mont/MOMP;
(F) IVAX-2/MOMP; (G) MOMP only.

3.2. Humoral Immune Responses Elicited by Vaccination

To determine the vaccine-induced humoral immune responses, serum samples were
collected from mice the day before the i.n. challenge. Pre-immunization sera were used
as controls. Antibody geometric mean titers (GMTs) were determined using EBs as the
antigen (Figure 2A). The positive antigen control immunized i.n. with viable C. muridarum
EBs had an IgG GMT of 25,600, while in the negative control receiving PBS the GMT was
below the limit of detection (<100). The mice vaccinated with MOMP, without adjuvants,
had a GMT of 1600, while the mice immunized with MOMP and one of the four adjuvant
combinations had GMTs that ranged from 229,880 to 540,470. No significant differences in
titer were determined between these four groups of mice.
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To establish whether the vaccines elicited Th1- or Th2-biased immune responses, IgG2a
and IgG1 antibodies were quantified, respectively (Figure 2A). The mice immunized with
C. muridarum EBs had a ratio of 16 (25,600/1600), while those vaccinated only with MOMP
had ratio of <0.08 (<100/1270). Of the experimental groups, the one immunized using
CpG-1018+Mont had the highest IgG2a/IgG1 ratio of 80, while a more balanced Th1/Th2
response, with a ratio of 5, was observed in the mice receiving IVAX-1.

The in vitro neutralizing antibody GMT in the serum was determined the day before
the challenge (Figure 2B). Serum collected before immunization was used as the negative
control. The in vitro neutralization GMT in mice immunized with EBs was 400, while
for the MOMP only and PBS-vaccinated groups, it was below the level of detection (<50).
The highest in vitro neutralization GMT was observed in the mice vaccinated with IVAX-1
(2263). The other three experimental groups had GMTs ranging from 200 to 283, significantly
lower than the titer elicited by IVAX-1 (p < 0.05).

IgG antibodies to the four C. muridarum MOMP variable domains (VDs) were identi-
fied in serum from the positive control immunized with EBs and the groups vaccinated
with CpG-1018+Mont or CpG-1018+Mont (Figure 3). Overall, the mice vaccinated with
IVAX-1 or IVAX-2 generated weak immune responses against the MOMP VD. This was
particularly evident when evaluating the antibody responses to VD2 and VD3. MOMP,
without adjuvants, did not elicit responses to VD3 or VD4.
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tides. Serum samples from mice were collected the day before the i.n. challenge. Their reactivity to 25-
aa overlapping peptides corresponding to the C. muridarum mature MOMP was analyzed by ELISA.

To determine mucosal IgG and IgA antibody titers to EBs, vaginal washes were
collected and pooled (Figure 4). For the four groups immunized with MOMP, the IgG titers
were low and the IgA titers were below the level of detection. EB-immunized mice had
similar levels of IgG and IgA.
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Figure 4. IgG and IgA antibody titers in pooled vaginal washes collected the day before the i.n.
challenge. Vaginal washes were collected, two pools of five mice/group were run in triplicate, and
the levels of IgG and IgA were determined using C. muridarum EBs.

3.3. Memory Cellular Immune Responses Induced by Vaccination

As a parameter of the C. muridarum-specific memory cellular immune responses
elicited by the vaccines, purified spleen T-cells were stimulated with EBs and the levels of
cytokines were determined in the supernatants (Figure 5A,B). T-cells from the control ani-
mals immunized with C. muridarum EBs secreted high levels of IFN-γ (4179 ± 480 pg/mL)
compared with the negative control mice receiving PBS (<15 pg/mL) or MOMP only
(431 ± 232) (p < 0.05). Of the groups immunized with adjuvant combinations, the mice
vaccinated with CpG-1018+Mont produced the highest levels of IFN-γ (4213± 183 pg/mL),
followed by the group immunized with CpG-1826+Mont (2989 ± 925 pg/mL). The mice
vaccinated with IVAX-1 (271 ± 114 pg/mL) or IVAX-2 (935 ± 561 pg/mL) had significantly
lower levels of IFN-γ than those immunized with CpG-1018+Mont (p < 0.05). Indicative of
cellular viability, all groups stimulated with ConA produced high levels of IFN-γ, while
the medium-stimulated T-cells did not produce IFN-γ (limit of detection 20 pg/mL).
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Figure 5. Determination of (A) IFN-γ and (B) IL-4 levels in T-cell supernatants collected from
vaccinated mice the day before the i.n. challenge. The day before the intranasal challenge, four
randomly selected mice from each group were euthanized, their spleens collected, and T-cells isolated
using nylon wool columns and stimulated with C. muridarum EBs, with Concanavalin A as a non-
specific stimulant, or with medium as a negative control. * p < 0.05 and ** p < 0.1 by the Student’s
t-test. The limit of detection is indicated with a broken horizontal line.
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Low levels of IL-4 were detected in the T-cell supernatants from mice vaccinated
with CpG-1018+Mont or with CpG-1018+Mont. No IL-4 was found in the supernatants
from mice immunized with IVAX-1 or IVAX-2 (limit of detection 4 pg/mL). The T-cells
stimulated with ConA produced IL-4, while those stimulated with medium did not.

3.4. Changes in Body Weight of Mice following the C. muridarum i.n. Challenge

As a measurement of the systemic effect, the body weight was determined for 10 days
following the i.n. challenge with 104 inclusion-forming units (IFUs) of C. muridarum. Except
for the positive control group immunized i.n. with live EBs, all the mice lost weight from day
two to four p.c. (Figure 6). Subsequently, in contrast to the mice immunized with MOMP
only or PBS, the animals vaccinated with adjuvanted C. muridarum MOMP slowly regained
most of their initial body weight. As determined by the repeated-measures ANOVA, the
cumulative body weight changes over the 10 days were significantly different between
the mice immunized with C. muridarum MOMP and adjuvant combinations and the two
negative control groups receiving MOMP only or PBS (p < 0.05). The mice immunized with
CpG-1018+Mont, CpG-1018+Mont, or IVAX-1 lost less body weight over the 10-day period
than the groups immunized with IVAX-2 (p < 0.05).
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By 10 d.p.c., the mice immunized with C. muridarum EBs had only lost −0.3 ± 0.9% of
their initial body weight (Figure 7A and Table S2). In contrast, the mice vaccinated with
control MOMP or PBS had lost significantly more body weight compared to their initial
body weight (−19.7 ± 2.4% and −22.9 ± 1.7%, respectively (p < 0.05). The four groups of
mice vaccinated with adjuvant combinations had lost less body weight at 10 d.p.c. than the
controls receiving MOMP alone or PBS (p < 0.05). Significant differences in body weight
loss at 10 d.p.c. were found between the groups immunized with IVAX-2 (−8.3% ± 2.3)
and CpG-1018+Mont (−2.4% ± 1.2) (p > 0.05).

3.5. Lung Weights following the i.n. Challenge

As a parameter of local inflammatory responses, which results in the accumulation of
cells and fluid in the lungs, lung weights in grams were determined at 10 d.p.c. (Figure 7B
and Table S1). The mean lung weight of the mice vaccinated with C. muridarum EBs
(0.18 ± 0.04) was significantly lower than those of the negative control mice immunized
with MOMP alone (0.28 ± 0.01) or PBS (0.32 ± 0.01) (p < 0.05). In comparison to the
PBS group, the lung weights from the four groups of mice vaccinated with the adjuvant
combinations were significantly different (p < 0.05). Additionally, the mice vaccinated
with IVAX-1 (0.23 ± 0.02), CpG-1018+Mont (0.21 ± 0.01) or CpG-1018+Mont (0.22 ± 0.01)
had lighter lungs (p < 0.05) than those with MOMP only, while the mice immunized with
IVAX-2 (0.26 ± 0.01) did not (p > 0.05).



Pathogens 2023, 12, 863 10 of 18
Pathogens 2023, 12, x FOR PEER REVIEW 11 of 19 
 

 

 
Figure 7. Disease burden at day 10 following the i.n. challenge with 104 C. muridarum IFUs. (A) 
Percentage change in body weight at 10 days following the i.n. challenge. The mean is shown as a 
horizontal line. Each symbol represents an animal. * p < 0.05 and ** p < 0.1 by the Student’s t-test. (B) 
Lung weights (g) at 10 days after the i.n. challenge. The mean is shown as a horizontal line. Each 
symbol represents an animal. * p < 0.05 and ** p < 0.1 by the Student’s t-test. (C) Number of C. muri-
darum IFUs recovered from the lungs at day 10 after the i.n. challenge. The median is shown as a 
horizontal line. Each symbol represents an animal. * p < 0.05 by the Mann–Whitney U test. 

3.5. Lung Weights following the i.n. Challenge 
As a parameter of local inflammatory responses, which results in the accumulation 

of cells and fluid in the lungs, lung weights in grams were determined at 10 d.p.c. (Figure 
7B and Table S1). The mean lung weight of the mice vaccinated with C. muridarum EBs 
(0.18 ± 0.04) was significantly lower than those of the negative control mice immunized 
with MOMP alone (0.28 ± 0.01) or PBS (0.32 ± 0.01) (p < 0.05). In comparison to the PBS 
group, the lung weights from the four groups of mice vaccinated with the adjuvant com-
binations were significantly different (p < 0.05). Additionally, the mice vaccinated with 

Figure 7. Disease burden at day 10 following the i.n. challenge with 104 C. muridarum IFUs.
(A) Percentage change in body weight at 10 days following the i.n. challenge. The mean is shown
as a horizontal line. Each symbol represents an animal. * p < 0.05 and ** p < 0.1 by the Student’s
t-test. (B) Lung weights (g) at 10 days after the i.n. challenge. The mean is shown as a horizontal line.
Each symbol represents an animal. * p < 0.05 and ** p < 0.1 by the Student’s t-test. (C) Number of
C. muridarum IFUs recovered from the lungs at day 10 after the i.n. challenge. The median is shown
as a horizontal line. Each symbol represents an animal. * p < 0.05 by the Mann–Whitney U test.

3.6. Burden of C. muridarum Infection in the Lungs

To determine the number of C. muridarum IFUs in the lungs, ten days after the i.n.
challenge, the mice were euthanized and their lungs cultured (Figure 7C and Table S1). The
median number of IFUs recovered from the lungs of mice vaccinated with C. muridarum
EBs was 100 (range < 50–200). In the mice vaccinated with MOMP only or PBS, the median
numbers of IFUs recovered were 1,845,250 × 103 and 335,775 × 103, respectively (p < 0.05).
The mice immunized with MOMP, with the four different combinations of adjuvants, had
significantly less IFUs than the mice immunized with MOMP or PBS (p < 0.05). Both groups
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vaccinated with CpG+Montanide had less IFUs than the groups immunized with IVAX
formulations (p < 0.05). The animals vaccinated with CpG-1018+Mont had the lowest
number of IFUs in the lungs (19,360; range 1400–5324 × 103) while the mice immunized
with IVAX-2 had the highest number of IFUs (13,976 × 103; range 539 × 103–103,455 × 103;
p < 0.05).

3.7. Local Immune Responses in the Lungs at 10 d.p.c.

To evaluate local immune responses following the challenge, lung supernatants were
collected at 10 d.p.c., and the levels of IFN-γ and C. muridarum-specific IgA were determined
(Figure 8A,B and Table S1). The mean level of IFN-γ (pg/mL) in the mice vaccinated with
C. muridarum EBs was below the limit of detection (20 pg/mL), indicating local control of
the infection. Levels of IFN-γ were significantly higher in the mice immunized with MOMP
only, (2215 ± 382) or PBS (2868 ± 389) (p < 0.05), supporting a still active local infection
(Figure 8A). The mice immunized with CpG-1018+Mont (247 ± 142) or CpG-1018+Mont
(142± 75) had significantly lower levels of IFN-γ than the groups immunized using IVAX-1
(1825 ± 1284) or IVAX-2 (1329 ± 420) (p < 0.05).
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Figure 8. Immune responses in the lungs of mice at 10 d.p.c. (A) IFN-γ levels in lung supernatants at
10 d.p.c. The mean is shown as a horizontal line. Each symbol represents an animal. * p < 0.05 and
** p < 0.1 by the Mann–Whitney U test. (B) C. muridarum-specific IgA levels in lung supernatants at
10 d.p.c. The mean is shown as a horizontal line. Each symbol represents an animal. * p < 0.05 and
** p < 0.1 by the Student’s t-test.

As an indicator of the local humoral immune responses elicited by the vaccination
followed by the challenge, the levels of C. muridarum-specific IgA (OD405) in lung super-
natants were determined (Figure 8B and Table S1). The mice vaccinated with C. muridarum
EBs had the highest median levels of IgA (2.87 ± 0.06), significantly different from those of
the animals immunized with MOMP (0.49 ± 0.08) or PBS (0.42 ± 0.04) (p < 0.05). The four
experimental groups had higher levels of IgA than the controls receiving PBS (p < 0.05).
IgA levels were not significantly different among the groups of mice vaccinated with the
four adjuvant combinations (p > 0.05). However, only the mice vaccinated with IVAX-1
(0.77 ± 0.11) or IVAX-2 (0.89 ± 0.08) had higher levels of IgA in comparison with those
receiving MOMP only (p < 0.05).
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4. Discussion

The goals of this study were to evaluate in a mouse model the safety and protective
efficacy of vaccines formulated with the C. muridarum MOMP and four adjuvant combi-
nations. At the site of immunization, the mice immunized using Montanide ISA 720 VG
developed a significant inflammatory response, while those receiving IVAX-1 or IVAX-2
did not. The four adjuvant combinations elicited humoral and cellular immune Th1-biased
responses. The highest in vitro neutralization titers in serum were induced by IVAX-1,
while the highest levels of IFN-γ from T-cell culture supernatants were observed in animals
immunized using CpG-1018+Mont. As determined by changes in body weight, weight of
the lungs, and number of C. muridarum IFUs recovered from the lungs, when compared
with the mock-immunized groups receiving PBS or MOMP only, the four formulations
were protective. Overall, the CpG-1018+Mont adjuvanted vaccine elicited the most robust
protection, while the IVAX-2 formulation induced the lowest levels of protection against
the C. muridarum respiratory challenge. As expected, the most robust immune responses
and best protection was achieved by i.n. immunization with live C. muridarum EBs. In
our opinion, vaccination with live EBs is not a safe or practical approach to implement in
humans. Whether or not it is possible to formulate a subunit vaccine that is as effective
as a live vaccine requires further investigation. These results support previous findings
indicating that Th1-biased cellular-mediated immune responses producing IFN-γ play a
more important role than antibodies in protection against a C. muridarum challenge. How-
ever, considering the local reactogenicity of adjuvant combinations containing Montanide,
the IVAX-1 formulation could be more applicable for the implementation of a chlamydial
vaccine in humans.

The benefits and risks of a vaccine need to be carefully evaluated in animal models
before it is tested in a Phase I clinical trial [28]. For diseases that have high morbidity
and mortality, such as severe viral and bacterial infections and cancer, moderate local and
systemic reactogenicity/toxicity may be acceptable since the benefits outweigh the risks.
In contrast, in vaccination against diseases with low morbidity and no mortality, such as
chlamydial infections, the safety of the vaccination should be a primary consideration.
Montanide ISA 720 VG can be prepared as a water-in-oil, water-in-oil-in-water, or as an oil-
in-water formulation [37]. In our experience, the water-in-oil suspension, in comparison to
the other two formulations, induces the more robust protective immune responses but also
the most significant local reactogenicity (unpublished results). The increases in immune
responses by the water-in-oil formulation are likely the result of the depot effect that allows
the slow release of the antigen and the induction of robust innate responses that trigger
adaptive immunity [37].

Protection against a primary Chlamydia infection is dependent on a robust cellular im-
mune response [9]. In contrast, for protection against a secondary infection, both antibodies
and cell-mediated immune responses play significant roles [9]. Specifically, CD4+ Th1
cells, producing IFN-γ, are the main immune components involved in protection [31,69].
CD8+ T-cells play a secondary role, not due to their cytotoxicity, but likely by secreting
IFN-γ [70,71]. Antibodies are a protective factor during the early stages of the infection [69].
Vaccination, therefore, has to elicit both humoral and cellular immune responses to optimize
protection against a chlamydial infection.

We have tested several vaccines containing MOMP with a single adjuvant or adjuvant
combinations [34,62,72–74]. So far, with single adjuvants, we have failed to induce robust
protection [72]. However, a combination of a Th1 and a Th2 adjuvants, specifically CpG-
1018+Mont, have elicited significant protection in mice against genital and respiratory
challenges [17,18,74,75]. To evaluate the safety and efficacy, in addition to CpG-1826,
we also tested CpG-1018, an adjuvant recently approved for human use [36]. The local
reactogenicity was similar in mice immunized with Montanide ISA 720 VG and CpG-1018
or CpG-1826. ELISA and neutralizing antibody titers were equivalent for both adjuvant
combinations. Although the differences were not statistically significant, the levels of IFN-γ
in supernatants from T-cells were higher in mice immunized with CpG-1018 versus CpG-
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1826. Degrees of protection, as evaluated by changes in body weight, weight of the lungs
and number of C. muridarum IFUs recovered from the lungs, were also similar between the
two CpG formulations. Based on these findings, we conclude that CpG-1018, although not
significantly superior in this mouse model to CpG-1826, has the advantage that it is already
approved for human use and is also effective in mice.

IVAX-1, formulated with influenza A hemagglutinin, has been found to be safe and
efficacious when used to elicit neutralizing antibodies in mice [43], and against a respiratory
challenge with influenza A virus (manuscript in preparation). Here, we also observed that
IVAX-1 and IVAX-2 elicited no significant reactogenicity at the site of immunization. IVAX-1
induced very high levels of neutralizing antibodies when compared with IVAX-2. The
quantities of IFN-γ in T-cell supernatants were also higher, but not statistically significant
different between the two adjuvants. Similarly, while the changes in body weight, lung
weights, and number of C. muridarum IFUs in the lungs showed better protection for IVAX-1
versus IVAX-2, the differences were not statistically significant. Neutralizing antibodies
likely play a role in protection during the early stages of infection before the EBs are
endocytosed by the host cells. Antibodies have been found to play a role also during the
intracellular development of Chlamydia [76]. Additionally, when a chlamydial inclusion
ruptures the host cells, antibodies can block the infection of other host cells. Therefore,
although we do not have definitive data to confirm this conclusion to be likely, in the mice
immunized with IVAX-1, the high levels of neutralizing antibodies partially blocked the
infectivity of C. muridarum used to challenge the mice.

A comparison of the results obtained between the IVAX-1 and IVAX-2 versus the two
combinations of Montanide ISA 720 VG confirms previous results indicating that cellular
immune responses, specifically the secretion by T-cells of IFN-γ, are better indicators of
protection than levels of neutralizing antibodies. For example, Pal et al. [77] tested in CD-1
outbreed mice a vaccine formulated with the C. trachomatis serovar E MOMP and SPA08,
an adjuvant combination containing Alum plus a TLR4 agonist. SPA08 was prepared with
buffers containing different amounts of phosphate. The vaccine with the highest phosphate
substitution elicited the highest levels of neutralizing antibodies, while the vaccine with the
lowest phosphate substitution induced the highest IFN-γ production by T-cells. The most
robust protection against a vaginal challenge with C. trachomatis serovar E was observed in
mice vaccinated with the formulation containing the lowest phosphate substitution. This
effect is thought to result from an increase in the phosphorylated adjuvant that allows the
formation of a water layer between the components of the vaccine and therefore, a more
rapid release of the antigen after immunization [77].

A potential limitation of this study is the use of the respiratory rather than the genital
tract model to test the four adjuvant combinations. The respiratory challenge model
with C. muridarum has extensively been used to evaluate humoral and cellular immune
responses to this pathogen and to test vaccines [78–85]. In our experience, if we cannot
induce protection in the respiratory model, then that vaccine formulation and delivery
system will not protect against a genital tract challenge. An advantage of the respiratory
model is that it takes half of the time to complete an experiment versus using the genital
tract model. Additionally, the resources needed are significantly reduced. From the results
obtained with this experiment, we will consider testing the IVAX-1 vaccine formulation in
the genital tract model.

To conclude, the innate responses elicited by adjuvants need to be balanced with reac-
togenicity/toxicity. Currently, we do not know if these differences between adjuvanticity
and reactogenicity are qualitatively or quantitatively different [46,86]. The mechanism
of action of adjuvants is poorly understood and therefore, we need to take an empirical
approach to moving forward with testing adjuvants. IVAX-1 was recently found to be
safe [43]. Here, we confirmed that IVAX-1 formulated with MOMP was also safe. However,
the protection against a C. muridarum respiratory challenge was not as effective as that
obtained when using CpG-1018+Mont or CpG-1826+Mont, thus confirming our hypothesis
that the adjuvant combination that elicits the most robust Th1-biased immune responses
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will be the most protective. This is not surprising since the IVAX adjuvant combinations
were formulated with the goal of eliciting protection against influenza A virus, which can be
blocked by neutralizing antibodies, while protection against Chlamydia is mainly dependent
on cell-mediated immune responses [11,13]. It is not possible to predict whether these
findings in the mouse model can be translated to humans. Testing IVAX-1 in a non-human
primate model could help to decide if this adjuvant, in addition to being safe, can protect
humans against a chlamydial challenge. In the meantime, the search for safe and effective
adjuvants to formulate a chlamydial vaccine needs to continue.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/pathogens12070863/s1, Figure S1: Experimental timeline; Table S1:
Vaccines formulations, routes of immunization and number of mice; Table S2: Disease burden, yields
of C. muridarum IFU, and levels of IFN- and C. muridarum specific IgA in lung’s supernatants at 10
d.p.c.
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