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Article

The Polymorphic Membrane Protein G Has a Neutral Effect and
the Plasmid Glycoprotein 3 an Antagonistic Effect on the
Ability of the Major Outer Membrane Protein to Elicit
Protective Immune Responses against a Chlamydia muridarum
Respiratory Challenge
Anatoli Slepenkin 1, Sukumar Pal 1, Steven Hoang-Phou 2, Abisola Abisoye-Ogunniyan 2, Amy Rasley 2,
Patrik D’haeseleer 2, Matthew A. Coleman 2,3 and Luis M. de la Maza 1,*

1 Department of Pathology, Laboratory Medicine, Medical Sciences I, Room D440, University of California,
Irvine, CA 92697, USA

2 Physical and Life Sciences Directorate, Lawrence Livermore National Laboratory, Livermore, CA 94550, USA
3 Department of Radiation Oncology, School of Medicine, University of California, Davis, CA 95616, USA
* Correspondence: lmdelama@uci.edu; Tel.: +1-(949)-824-7450; Fax: +1-(949)-824-2160

Abstract: Chlamydia trachomatis is the most common bacterial sexually transmitted pathogen. The
number of chlamydial infections continuous to increase and there is an urgent need for a safe
and efficacious vaccine. To assess the ability of the Chlamydia muridarum polymorphic membrane
protein G (PmpG) and the plasmid glycoprotein 3 (Pgp3) as single antigens, and in combination with
the major outer-membrane protein (MOMP) to induce protection, BALB/c mice were immunized
utilizing CpG-1826 and Montanide ISA 720 VG as adjuvants. Following vaccination with MOMP,
significant humoral and cell-mediated immune responses were observed, while immunization with
PmpG, or Pgp3, elicited weaker immune responses. Weaker immune responses were induced with
MOMP+Pgp3 compared with MOMP alone. Following the intranasal challenge with C. muridarum,
mice vaccinated with MOMP showed robust protection against body-weight loss, inflammatory
responses in the lungs and number of Chlamydia recovered from the lungs. PmpG and Pgp3 elicited
weaker protective responses. Mice immunized with MOMP+PmpG, were no better protected than
animals vaccinated with MOMP only, while Pgp3 antagonized the protection elicited by MOMP.
In conclusion, PmpG and Pgp3 elicited limited protective immune responses in mice against a
respiratory challenge with C. muridarum and failed to enhance the protection induced by MOMP
alone. The virulence of Pgp3 may result from its antagonistic effect on the immune protection induced
by MOMP.

Keywords: Chlamydia muridarum; vaccine; mouse; major outer membrane protein; polymorphic
membrane protein G; plasmid glycoprotein 3; adjuvants

1. Introduction

C. trachomatis is the most common sexually transmitted bacterial pathogen in the world
and can also cause ocular, respiratory and gastrointestinal infections [1,2]. C. trachomatis
infections during pregnancy can significantly affect neonatal outcomes [3]. Although
screening programs may have decreased the number of patients who develop long-term
sequelae, they have failed to control the spread of this pathogen and the accumulated costs
of caring for infected patients continues to increase [4–6].

Vaccination trials in humans and non-human primates to protect against C. trachomatis
(trachoma), using inactivated whole organisms yielded important findings [7–9]. Several
vaccine formulations were protective for 2–3 years after immunization, and the protection
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was serovar/serogroup specific. However, upon re-exposure to Chlamydia, some individu-
als developed a hypersensitivity reaction and the possibility that an antigenic component of
Chlamydia present in these inactivated vaccines mediated these adverse reactions motivated
the search for a subunit vaccine [7,9–17].

A subunit vaccine that will provide protection against all C. trachomatis serovars will
require the selection of well-conserved antigens among clinical isolates. The chlamydial
major outer membrane protein (MOMP) was initially identified as a potential protective
antigen when the serovar/serogroup protection observed during the trachoma vaccine trials
was found to correlate with the DNA sequence of this protein [18–20]. MOMP is a 40 kDa
protein that forms a 120 kDa homotrimer and constitutes ~60% of the outer membrane
protein mass of chlamydia. MOMP has four surface-exposed variable domains (VD), and
five constant domains (CD) located in β-barrels that cross the outer membrane [21–24]. This
protein is highly antigenic, containing both B and T-cell epitopes, and is currently the most
promising vaccine antigen having completed a Phase I clinical trial [12,16,17,21,24–32].

Wang and Grayston [33–35] published findings based on protection studies in mice
and serological analyses that grouped the 15 C. trachomatis serovars into three complexes
C (C, J, H, I, A, K, L3), B (B, Ba, E, D, L1, L2) and G/F. They identified a senior to junior
relationship within each complex such that the senior serovar, for example, C, protected
against all the junior serovars, while the junior serovar, L3, protected only against itself.
These findings have been supported in several studies, including in the genital challenge
mouse model using recombinant MOMP [36]. Mice immunized with C. trachomatis serovar
D MOMP were protected against shedding and infertility when challenged with serovars D
or E, but not when challenged with serovar F [36]. To elicit protection against all 15 major
serovars, a vaccine will require at least MOMP from the senior serovars of each of the
three complexes. As an alternative, or in conjunction with MOMP, other more conserved
chlamydial antigens may induce broad cross-serovar protection [17,37–39].

Humans and mice infected with Chlamydia mount an immune response to hundreds
of proteins [40–42]. Using the C. trachomatis and C. muridarum mouse models, several inves-
tigators have reported that some of the more conserved proteins, such as the polymorphic
membrane proteins (Pmp) and the plasmid glycoprotein 3 (Pgp3), can protect mice against
genital and/or respiratory challenges [43–48].

C. trachomatis and C. muridarum, have nine pmp genes encoding Pmps (A, B, C, D, E, F,
G, H, I) with MWs ranging from ~100–150 kDa [19,45,49–52]. Pmps have three functional
domains: 1) a cleavable sec-dependent N-terminal signal for translocation through the
cytoplasmic membrane, 2) a C-terminal β-barrel sequence for outer membrane insertion,
and 3) a passenger domain for cell surface localization. Pmps are located on the chlamydial
cell surface and have the capacity to adhere to the host cell [49,53–56].

In 2006, Crane et al. [53] reported in vitro assays whereby antibodies to PmpD neutral-
ized all C. trachomatis serovars. Karunakaran et al. 2008 [57], using an immunoproteomic
approach, discovered T-cell epitopes in four C. muridarum Pmps (E, F, G and H). Vaccination
of C57BL/6, BALB/c, and C3H/HeN mice with the passenger domains from each of these
four proteins (E, F, G and H), accelerated vaginal clearance of C. muridarum, while PmpG
elicited the best overall protection [57].

In the intranasal challenge model, the passenger domains of the nine C. trachomatis
serovar E Pmps, adjuvanted with CpG-1826 plus Montanide ISA 720 VG, were used to
vaccinate BALB/c mice [58]. Based on disease burden and the number of C. muridarum
IFU recovered from the lungs, mice immunized with C. trachomatis serovar E PmpC, were
the best protected against a respiratory challenge. Limited protection was also observed
in mice immunized with PmpG or H, suggesting that Pmps could elicit C. trachomatis
cross-serovar and cross-species protection.

Most of the C. trachomatis isolates, and C. muridarum, have a plasmid that encodes for
eight proteins including Pgp3 [59–61]. Pgp3 (MW 28 kDa) forms an ~84 kDa homotrimer and
has been found in the membrane of Chlamydia, and in the cytoplasm of the host cells [62–64].
Antibodies from humans and mice bind to the homotrimer but not to the monomer [41,65].
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Donati et al. [43] vaccinated C3H/HeN mice with a DNA plasmid expressing C. trachomatis
serovar D Pgp3 and a control group with the same plasmid containing an irrelevant insert.
Mice vaccinated with the Pgp3 plasmid developed systemic and mucosal immune responses.
As determined by the number of positive salpinx cultures, mice vaccinated with the Pgp3
plasmid were partially protected against a vaginal challenge with serovar D. Intranasal
vaccination of mice with a plasmid expressing C. trachomatis serovar D pORF5 (coding
for Pgp3), were challenged vaginally with C. muridarum [66]. Following immunization,
significant antigen-specific Th1 responses and antibody levels were detected. Bacterial
shedding, length of time of shedding, and upper genital tract inflammation were reduced
in the pORF5 immunized animals. Similar results were obtained by Luan et al. [44] using
purified Pgp3 for vaccination.

In this study, we used C. muridarum recombinant MOMP, PmpG and Pgp3 proteins,
alone and in combination, as vaccine antigens to establish their ability to induce humoral
and cell-mediated immune responses, and to protect mice against a respiratory challenge
with C. muridarum. The respiratory challenge route was used as a screening method to
identify protective antigens that can then be tested in the genital challenge model. To
induce both humoral and cell-mediated immune responses, CpG-1826, a TLR-9 agonist
that elicits Th1 responses, and Montanide ISA 720 VG, a non-TLR agonist that stimulates
Th2 responses, were used as adjuvants [25,67]. Our results show that mice vaccinated
with MOMP mounted robust protective immune responses, while animals vaccinated with
PmpG, or Pgp3, exhibited weaker immune responses. Furthermore, these two antigens
in combination with MOMP, failed to enhance the protection induced by MOMP alone.
Importantly, Pgp3 exerted an antagonistic effect on the protection elicited by MOMP, a
finding that may explain its role as a Chlamydia virulence factor [68].

2. Methods and Methods
2.1. C. muridarum Stocks

The C. muridarum (MoPn; strain Nigg II; previously called Chlamydia trachomatis mouse
pneumonitis) was purchased from the American Type Culture Collection (Manassas, VA,
USA), and was grown in HeLa-229 cells. Elementary bodies (EB) were purified and stored
at −80◦C in sucrose phosphate–glutamate (SPG) buffer, as previously described [24].

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

C. muridarum EB, were used to isolate genomic DNA with the Wizard Genomic DNA
Purification kit (Promega Corporation, Madison, WI, USA). C. muridarum DNA fragments used
for cloning were obtained by PCR. MOMP was amplified, cloned, expressed and purified as
previously described [26]. PCR-amplified DNA harboring C. muridarum pgp3 and PmpG (TC263)
genes were cloned into the NcoI-XhoI sites of the pET-45b(+) vector (Novagen, Madison, WI,
USA) under the control of the T7 promoter, using the following primers (Integrated DNA Tech-
nologies Inc., Coralville, IA, USA): Pgp3-forward—5′-GCAGGTACCATGACAGAACCTCTT
ACAGATC-3′; Pgp3-reverse—5′-GCACTCGAGTTAAGTGTTTTTTTGAGGTATC-3′ (GenBank
AAF39719.1). PmpG-forward—5′-GAGGGTACCATGGCTCGAATAGGTGGAGG-3′, PmpG-
reverse—5′-GACCTCGAGTTAAGCTACGCGCTCCGGACCAGGA-3′ (GenBank AE002160).
The pgp3 DNA fragment codes for 240 amino acids and the PmpG for 410 amino acids, corre-
sponding to the passenger domain of PmpG. The ligated vectors were used to transform E.
coli DH5-alpha (New England BioLabs, Ipswich, MA, USA) competent cells. Resulting clones
were selected and checked by PCR using DreamTaqTM Green PCR Master Mix (Thermo Fisher
Scientific, Waltham, MA, USA) for the appropriate insert size. To confirm the proper sequence
of the insert and assure the in-frame cloning, selected clones were sequenced by GENEWIZ Inc.,
from Azenta Life Sciences (South Plainfield, NJ, USA).

E. coli BL21(DE3) (New England BioLabs) harboring either pET-45b(+)-pgp3, or pET-
45b(+)-pmpG, were cultured at 37 ◦C with aeration and induced with 0.5 mM isopropyl-β-
D-thiogalactopyranoside (IPTG) at 37 ◦C for 6 h. Lysozyme treatment and sonication were
used to disrupt bacterial cells suspended in 20mM Na phosphate buffer [pH 7.4], containing
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50 mM NaCl, 5% glycerol and 0.05% Z3-14 (Anatrace, Inc., Maumee, OH, USA) detergent
followed by centrifugation at 20,000× g for 30 min at 4 ◦C. His-tagged Pgp3 and PmpG
were purified using IMAC (Immobilized Metal Affinity Chromatography) over a His60 Ni
SuperflowTM resin (Clontech Laboratories, Inc., Mountain View, CA, USA) column and gel
filtration column with Sephacryl 300 [26].

Eluted proteins were purified using Pierce Endotoxin Removal Resin (Thermo Fisher
Scientific). LPS was quantified using the Limulus Amebocyte Lysate Pyrotell assay (Associates
of Cape Cod. Inc., East Falmouth, MA, USA). The antigens contained: 6xHis-Pgp3 protein
(300 EU/mg/protein equal to 6.0 EU/20 µg/dose/mouse); 6xHis-PmpG (10 EU/mg/protein
equal to 0.2 EU/20 mg/dose/mouse) and MOMP less than 0.5 EU/mg/protein. The purity
and stability of the 6xHis proteins were assessed by polyacrylamide gel electrophoresis
(PAGE). Final antigens preparations were concentrated and transferred into NaPi (20 mM),
NaCl (50 mM), glycerol (5%), Z3-14 (0.05%), pH 7.4 buffer, and stored at −80◦C until used
for immunization.

2.3. Vaccination Protocols

Four to five-week-old female BALB/c (H-2d) mice (Charles River Laboratories; Wilm-
ington, MA, USA) were housed at the University of California, Irvine, Vivarium. The
University of California, Irvine IACUC approved all animal protocols.

The adjuvants CpG-1826 (TriLink, San Diego, CA, USA; 10 µg/mouse/immunization) and
Montanide ISA 720 VG (SEPPIC Inc., Fairfield, NJ, USA; 70% of total vaccine volume) were
directly mixed with single antigens (PmpG, Pgp3 or MOMP: 20 µg of each antigen/mouse/
immunization) and antigens combinations (10 µg of each antigen/mouse/immunization).

Groups of 5 to 9 mice were immunized twice by the intramuscular (i.m.) route in
the quadriceps muscle at a 4-week interval. An adjuvant control group was immunized
with CpG-1826 and Montanide ISA 720 VG in phosphate buffered saline (PBS). Sera and
vaginal washes were collected before immunization and the day before the challenge and
were stored at −20 ◦C until use. To determine the cell-mediated immune responses, four
mice per group were randomly selected and euthanized the day before the challenge. Four
weeks after the last immunization mice were challenged intranasally (i.n.) with 104 IFU of
C. muridarum. All animal experiments were replicated once.

2.4. Determination of the Humoral Immune Responses Induced by Vaccination

To determine humoral responses, 96-multiwell plates were coated with C. muridarum
EB (1 µg/well), or purified MOMP, Pgp3, or PmpG (0.1 µg/well), and incubated with
serially diluted pre-immune sera, as a negative control, and sera collected the day before
the challenge [69]. Horseradish peroxidase-conjugated goat anti-mouse IgG (KPL, diluted
1:5000), IgG1 and IgG2a (BD Pharmingen, diluted 1:2000) antibodies were added and the
binding was measured in an EIA reader (Labsystem Multiscan, Helsinki, Finland). The
geometric mean titers (GMTs) are expressed as the reciprocal of the dilution. In vaginal
washes, the levels of C. muridarum-specific IgG and IgA (ICN Pharmaceutical, OH; diluted
1:3500) antibodies were determined using the same procedures.

In vitro neutralization assays were performed as described [70]. Two-fold serial dilu-
tions of mouse sera, made with Ca2+- and Mg2+-free PBS, pH 7.2 and supplemented with
5% guinea pig serum, were added to 1 × 104 IFU of C. muridarum. Following incubation for
45 min at 37 ◦C, the mixtures were inoculated by centrifugation into HeLa-229 cells grown
on 96-multiwell plates. After 30 h of incubation at 37 ◦C, the monolayers were fixed and
stained with a pool of monoclonal antibodies to C. muridarum generated in our lab. The
titer of a sample was the dilution that yielded 50% neutralization relative to the negative
control serum from PBS immunized mice.

Antibodies elicited by vaccination against linear epitopes of C. muridarum MOMP
were determined using synthetic 25-mers overlapping peptides corresponding to the
entire amino acid sequence of mature MOMP (SynBioSci Corp., Livermore, CA, USA).
Peptide 25 overlapped the N-terminus and C-terminus of MOMP. Each peptide (1 µg/well)
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was adsorbed onto a high binding affinity 96-microttiter plate and antibody binding was
assessed in triplicate using anti-mouse IgG.

2.5. Evaluation of C. muridarum—Specific Cellular Immune Responses Induced by Vaccination

Four mice per group were used to determine cellular immune responses. Animals
were euthanized the day before the intranasal challenge and T-cell suspensions prepared
from spleen cells purified using a nylon wool column as described [25]. T-cells were
aliquoted into 96-well plates at a concentration of 2.5 × 106 cells/well. The T-cells were
stimulated with C. muridarum UV-inactivated EB, or purified MOMP. Concanavalin A
(5 µg/mL) and culture media served as positive and negative controls, respectively. After
two days of incubation at 37 ◦C, in a 5% CO2 incubator, supernatants were harvested and
stored at −20 ◦C. Levels of IFN-γ and IL-4 in supernatants were determined by an ELISA
(BD Pharmingen, San Diego, CA, USA) [25].

2.6. Intranasal Challenge and Evaluation of the Infection and Disease

Four weeks after the last immunization, anesthetized mice were challenged i.n. with
104 IFU of C. muridarum [26]. The mice were weighed for 10 days, euthanized, their lungs
weighed, homogenized in 5 mL of SPG (Seward Stomacher 80; Labsystems), and serial
10-fold dilutions were used to infect Hela-229 cell monolayers. The cultures were incubated
for 30 h at 37 ◦C in a 5% CO2 incubator, the inclusions visualized with C. muridarum-specific
monoclonal antibodies and counted using a light microscope. The limit of detection was,
<50 C. muridarum IFU/lungs mouse [71].

To determine the local cellular immune responses, levels of IFN-γ in lungs’ super-
natants at 10 days post-challenge (d.p.c.) were determined by an ELISA as describe above.

2.7. Statistical Analyses

Parametric and non-parametric statistical tests were used as follow. The Student’s
t-test was employed to evaluate changes in body weight at day 10 p.c., lungs’ weights
and amounts of IFN-γ in lungs supernatants. Repeated measures ANOVA was used to
compare changes in mean body weight over the 10 days of observation following the C.
muridarum i.n. challenge. The Mann–Whitney U-Test was used to compare antibodies titers,
levels of IFN-γ and IL-4 in T-cell supernatants, and the number of C. muridarum IFU in the
lungs. Values below the limit of detection (BLD) were assigned 1

2 the value of the BLD, as
described by Beal [72]. A p value of < 0.05 was considered to be significant. A p value of
<0.1 indicates approaching significance.

3. Results
3.1. Analyses of the Three C. muridarum Recombinant Antigens Used for Immunization

Recombinantly produced C. muridarum protein antigens were used for this study.
Using a sliver stain, the mature MOMP, and the passenger domain of PmpG, had similar
MW (~40 kDa), while the full length Pgp3 had a MW of ~26 kDa (Figure 1A). Loading the
samples, with and without boiling, in a 10% SDS-PAGE, both the denatured monomer and
the non-denatured trimer forms of Pgp3 were detected by silver stain (Figure 1B). Using a
Western blot, sera from mice vaccinated with a single, or two antigens, recognized their
respective proteins in C. muridarum EB (Figure 1C).
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Figure 1. Characterization of the recombinant C. muridarum proteins used as antigens. (A): Silver-
stained 10% SDS-PAGE of the C. muridarum recombinant proteins used as antigens. Lane 1: MOMP;
Lane 2: PmpG (passenger domain); Lane 3: Pgp3 and Lane 4: MW protein standards. (B): Silver-
stained 10% SDS-PAGE of the C. muridarum heated and non-heated Pgp3. Lane 1: Pgp3 was denatured
by heat (10 min at 100 ◦C) before loading. Lane 2: Pgp3 was loaded on the gel without boiling. The
gel was run overnight at 4 ◦C. (C): Detection by Western blot of MOMP, PmpG and Pgp3 in C.
muridarum EB using serum from vaccinated mice. C. muridarum EBs were probed with sera from mice
immunized with: Lane 1: PmpG; Lane 2: MOMP+PmpG; Lane 3: Pgp3; Lane 4: MOMP+Pgp3; Lane
5: MOMP; Lane 6: PBS, and Lane 7: MW protein standards.

3.2. Characterization of the Humoral Immune Responses Induced by Vaccination

Following vaccination, humoral immune responses were determined the day before
the i.n. challenge using C. muridarum EB as antigens (Figure 2 and Supplemental Table S1).
MOMP vaccinated animals had an IgG2a antibody geometric mean titer (GMT) of 409,600
and an IgG1 GMT of 64,508. Mice immunized with Pgp3 had lower serum IgG2a (9870)
and IgG1 (1131) GMT to C. muridarum EB. Similar levels of these antibodies were seen in
mice vaccinated with PmpG (6400 and 436, respectively). High IgG2a antibody levels to
EB were observed in animals vaccinated with MOMP+Pgp3 (223,336) or MOMP+PmpG
(265,593). IgG1 GMT were also high for these two groups, 23,475 and 39,481, respectively.
The IgG2a/IgG1 ratios ranged from 6.4 to 14.7, indicative of Th1-biased humoral immune
responses in all vaccinated animals.

Very high GMTs were detected when using the homologous protein as the antigen (Fig-
ure 3 and Supplemental Table S2). MOMP-vaccinated mice had an IgG titer of 139,900. The
GMT to Pgp3 in mice immunized with this protein was 2,826,500 and for mice vaccinated
with PmpG it was 905,100. When protein combinations were utilized to vaccinate animals,
the antibody levels to the two respective homologous antigens were similar, or slightly
lower, than when the individual protein was utilized for immunization. For example, mice
vaccinated with MOMP+PmpG had a GMT of 89,800 to MOMP and a GMT of 543,500
to PmpG.
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Figure 2. Vaccine-induced serum IgG1 and IgG2a antibody responses (GMT±SE) against C. muri-
darum EB the day before the i.n. challenge. Serum samples from immunized mice were collected
the day before the i.n. challenge with C. muridarum and the titers of IgG2a and IgG1 determined
to evaluate the Th1 versus Th2 humoral immune responses using EB as the antigen in an ELISA.
BLD < 100. * p < 0.05 by the Mann–Whitney’s U-test. ** p < 0.1 by the Mann–Whitney’s U-test.
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Figure 3. Vaccine-induced serum IgG antibody responses (GMT±SE) against MOMP, PmpG, or Pgp3
the day before the C. muridarum i.n. challenge. Blood was collected the day before the i.n. challenge
and probed with MOMP, PmpG or Pgp3, individually or in combination, using an ELISA. BLD < 100.
* p < 0.05 by the Mann–Whitney’s U-test.

Epitope mapping, using MOMP synthetic peptides, demonstrated that mice vaccinated
with MOMP produced antibodies to the four VDs (Figure 4). Peptides in the first constant
domain (CD1) were also recognized. Animals immunized with MOMP+PmpG showed
a similar pattern of antibody specificity. In contrast, the group of mice immunized with
MOMP+Pgp3 failed to generate significant amounts of antibodies to VD3 and weak to VD4.

Neutralizing antibodies were determined in serum samples using live EB as the
antigen (Figure 5 and Supplemental Table S1). Only the three groups of mice vaccinated
with MOMP alone (159), or in combination with PmpG (63), or Pgp3 (79), had neutralizing
antibodies, indicating that they were elicited by MOMP. No significant differences in
neutralizing titers were observed between these three groups of mice. Immunization with
PmpG, or Pgp3 did not induce neutralizing antibodies.

IgG and IgA antibody levels to C. muridarum EB were determined in pooled vaginal
washes. As shown in Figure 6 and Supplemental Table S3, only mice immunized with
MOMP alone, or in combination with Pgp3 or PmpG, showed IgG in the vaginal washes.
IgA levels were negative or very low in all groups of mice.
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Figure 4. Detection of serum antibodies specific for C. muridarum MOMP peptides (OD405 ± SD).
Serum samples from immunized mice were collected the day before the i.n. challenge and their
reactivity to 25-mer overlapping peptides corresponding to the whole amino acid sequence of
mature C. muridarum MOMP were analyzed by ELISA. MOMP and C. muridarum EB were used as
positive controls.
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Figure 5. Vaccine elicited levels of neutralizing antibody (GMT±SE) in sera the day before the C.
muridarum i. n. challenge. Serum samples were incubated with C. muridarum live EBs and the
neutralization titer was determined by the dilution of the sera that decreased the number of C.
muridarum IFU by 50% compared with the PBS immunized group. BLD (horizontal broken line) < 50.
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Figure 6. C. muridarum-specific IgA and IgG (GMT) in vaginal washes from vaccinated mice the day
before the i.n. challenge. Vaginal washes were collected and pooled from each group of mice and
the C. muridarum specific IgA and IgG titer determined using EB as the antigen in an ELISA. BLD
(horizontal broken line) < 10.
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3.3. Cell-Mediated Immune Responses following Vaccination

The day before the intranasal challenge, four mice per group were euthanized, their
spleens collected, and T-cells separated using nylon wool. T-cells from mice immunized
with MOMP, and stimulated with EB, secreted 796.05 pg/mL of IFN-γ (Figure 7 and
Supplemental Table S4). T-cells from mice immunized with Ppg3 or PmpG, stimulated with
EB, did not secrete significant amounts of IFN-γ (<15 pg/mL). In contrast, T-cells from mice
immunized with MOMP in combination with Ppg3 or PmpG, stimulated with EB, secreted
significant levels of IFN-γ, 60.70 and 811.38 pg/mL, respectively. No significant differences
were observed in amounts of IFN-γ produced between mice immunized with MOMP
alone or with MOMP+PmpG (p > 0.05); however, the group immunized with MOMP+Pgp3
secreted lower IFN-γ levels (p < 0.05). Levels of IL-4 were low, or negative, in all groups.
When T-cells were stimulated with ConA, as a positive control, levels of IFN-γ and of IL-4
were significant indicating that the T-cells were viable.
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Figure 7. Evaluation of the cytokine responses from T-cells isolated from the spleens of vaccinated mice
the day before the i.n. challenge. Spleens from four mice from each immunized group were collected the
day before the i.n. challenge, T-cells separated with nylon wool and stimulated with C. muridarum EB,
and ConA as a positive control. Levels of IFN-γ (pg/mL± SE) and IL-4 (pg/mL± SE) were determined
as indicators of Th1 and Th2 responses, respectively. * p < 0.05 by the Mann–Whitney’s U-test. ** p < 0.1
by the Mann–Whitney’s U-test. BLD (horizontal broken line) IFN-γ < 15 pg/mL; IL-4 < 4 pg/mL.
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3.4. Changes in Body Weight following the Intranasal Challenge

Four weeks after the last immunization, mice were challenged intranasally with 104 C.
muridarum IFU. Body weight changes were used as a parameter indicative of the systemic
effects of the infection. All groups of mice rapidly lost body weight from day 2 to day 4
post challenge (p.c.) (Figure 8).
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Figure 8. Body weight loss following the i.n. challenge with C. muridarum. Mice were immunized
with several vaccine formulations and challenged i.n. with 104 C. muridarum IFU at four weeks after
the last immunization. Daily percentage changes in mean body weight following the i.n. challenge.
a p < 0.05 by the repeated-measures ANOVA compared with the PBS immunized group. b p < 0.05
by the repeated-measures ANOVA compared with the MOMP immunized group. c p < 0.05 by the
repeated-measures ANOVA compared with the MOMP+PmpG immunized group. d p < 0.05 by the
repeated-measures ANOVA compared with the MOMP+Pgp3 immunized group. e p < 0.05 by the
repeated-measures ANOVA compared with the PmpG immunized group.

The negative control receiving PBS with adjuvants continuously lost body weight for
the entire 10 days of observation. Mice vaccinated with MOMP, gained weight starting
at day 5 p.c. Mice immunized with Pgp3 gained body weight from day 4 to day 6 p.c.
but then lost body weight, while the group vaccinated with PmpG lost body weight for
most of the 10 days p.c. In contrast, mice vaccinated with MOMP+PmpG, gained weight
from day 4 to day 10, while those immunized with MOMP+Pgp3 gained body weight
from day 4 to day 6 p.c., but then lost weight until the end of the experiment. Using the
repeated-measures ANOVA to calculate differences in body-weight losses over the 10 p.c.
days of observation, the weight loss of all immunized mice was significantly lower than the
negative control receiving PBS with adjuvants (p < 0.05). The two groups of mice that best
maintained their body weight were those immunized with MOMP, and MOMP+PmpG.
Mice vaccinated with Pgp3, or PmpG alone, lost more body weight than their respective
combination groups immunized with MOMP (p < 0.05).

By day 10 p.c., in comparison with the PBS control animals (body-weight loss 21.4%),
the five groups of mice immunized with one or two chlamydial antigens were protected
(p < 0.05) (Figure 9A and Table 1). The body-weight losses of mice vaccinated only with Pgp3
(16.4%), or PmpG (18.6%), or with the combination of MOMP+Pgp3 (9.1%), were significant
when compared with MOMP alone (4.2%) vaccinated animals (p < 0.05). Only mice
immunized with MOMP+PmpG (6.1%) had a body-weight loss that was not significantly
different when compared to the MOMP only vaccinated group (p > 0.05).
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Figure 9. Systemic and local disease burden and local immune responses in the lungs in vaccinated
mice following the i.n. challenge with C. muridarum. (A) Percentage change in mean body weight
at D10 following the i.n. challenge. The mean is shown as a horizontal line. Each symbol repre-
sents a single animal. a p < 0.05 by the Student’s t-test compared with the PBS immunized group.
b p < 0.05 by the Student’s t-test compared with the MOMP immunized group. c p < 0.1 by the
Student’s t-test compared with the MOMP immunized group. d p < 0.05 by the Student’s t-test
compared with the MOMP+PmpG immunized group. e p < 0.05 by the Student’s t-test compared
with the MOMP+Pgp3 immunized group. (B) Lungs weight (g) at D10 after the i.n. challenge.
The mean is shown as a horizontal line. Each symbol represents a single animal. a p < 0.05 by
the Student’s t-test compared with the PBS immunized group. b p < 0.05 by the Student’s t-test
compared with the MOMP immunized group. d p < 0.05 by the Student’s t-test compared with the
MOMP+PmpG immunized group. (C) Number of C. muridarum IFU recovered from the lungs at
D10 after the i.n. challenge. The median is shown as a horizontal line. Each symbol represents a
single animal. f p < 0.05 by the Mann–Whitney’s U-test compared with the PBS immunized group.
g p < 0.05 by the Mann–Whitney’s U-test compared with the MOMP immunized group. h p < 0.05
by the Mann–Whitney’s U-test compared with the MOMP+PmpG immunized group. i p < 0.05 by
the Mann–Whitney’s U-test compared with the MOMP+Pgp3 immunized group. BLD (horizontal
broken line) < 50 C. muridarum IFU. (D) Levels of IFN-γ (pg/mL) detected in the lungs at D10 after
the i.n. challenge. The mean is shown as a horizontal line. Each symbol represents a single animal.
a p < 0.05 by the Student’s t-test compared with the PBS immunized group. b p < 0.05 by the Student’s
t-test compared with the MOMP immunized group. d p < 0.05 by the Student’s t-test compared with
the MOMP+PmpG immunized group. BLD (horizontal broken line) < 15 pg/mL.
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Table 1. Disease burden, yields of C. muridarum IFU, and IFN-γ in the lung’s supernatants at D10
post challenge.

Immunization
Groups

% Change Body
Weight (Mean ± 1 SE)

Lungs Weight (g)
(Mean ± 1 SE)

Median Number IFU
Recovered

from Lungs (Min–Max) × 106

IFN-γ (pg/mL)
(Mean ± 1 SE)

Pgp3 −16.4 ± 1.8 a,b,d,e 0.33 ± 0.01 a,b,d 114.76 (11.78–1177.80) g,h,i 1184.8 ± 170.6 b,d

PmpG −18.6 ± 2.2 b,d,e 0.31 ± 0.01 a,b,d 115.89 (7.40–906.00) f,g,h,i 836.2 ± 161.0 a,b,d

MOMP + Pgp3 −9.1 ± 2.5 a,c 0.29 ± 0.02 a,b 16.50 (0.03–154.02) f,g,h 719.8 ± 241.0 a,b,d

MOMP + PmpG −6.1 ± 0.8 a 0.27 ± 0.00 a,b 0.05 (BLD–5.44) f 46.0 ± 16.9 a

MOMP −4.2 ± 0.9 a 0.23 ± 0.00 a 0.09 (BLD–10.87) f 112.5 ± 60.3 a

PBS −21.4 ± 1.6 0.36 ± 0.01 498.30 (84.56–1087.20) 1444.4 ± 219.6
a p < 0.05 by the Student’s t-test compared with the PBS + adjuvants immunized group. b p < 0.05 by the Student’s
t-test compared with the MOMP immunized group. c p < 0.1 by the Student’s t-test compared with the MOMP
immunized group. d p < 0.05 by the Student’s t-test compared with the MOMP + PmpG immunized group.
e p < 0.05 by the Student’s t-test compared with the MOMP + Pgp3 immunized group. f p < 0.05 by the Mann-
Whitney’s U-test compared with the PBS + adjuvants immunized group. g p < 0.05 by the Mann-Whitney’s U-test
compared with the MOMP immunized group. h p < 0.05 by the Mann-Whitney’s U-test compared with the
MOMP + PmpG immunized group. i p < 0.05 by the Mann-Whitney’s U-test compared with the MOMP + Pgp3
immunized group. BLD: Below level of detection (<50 C. muridarum IFU/lungs mouse).

3.5. Lung’s Weights

As a measure of the local inflammatory responses, the weights (g) of the mice lungs
were determined at D10 p.c. (Figure 9B and Table 1). The lung weights of all groups
immunized with a chlamydial antigen were significantly different from the negative control
receiving PBS plus the adjuvants (p < 0.05). The mean lung weights of mice vaccinated with
MOMP was 0.23 g and 0.36 g for those receiving PBS (p < 0.05). The lung weights of mice
immunized with Pgp3 (0.33 g), or PmpG (0.31 g) alone, or in combination with MOMP
(0.29 g and 0.27 g, respectively), were significantly different from the controls immunized
with MOMP (p < 0.05). Animals immunized with MOMP+PmpG had significantly lower
lung weights than those vaccinated with PmpG alone (p < 0.05). No significant differences
were observed between the lung weights of mice vaccinated with Pgp3 or PmpG (p > 0.05).

3.6. Burden of C. muridarum in the Lungs

At D10 p.c., the median number of C. muridarum IFU recovered from the lungs of mice
vaccinated with MOMP was 0.09 × 106, while in the negative control group receiving PBS
plus the adjuvants, it was 498.30 × 106 (p < 0.05) (Figure 9C and Table 1). In comparison
with the negative control group, except animals immunized with Pgp3 (114.76 × 106), all
mice vaccinated with a chlamydial antigen were protected (p < 0.05). Mice immunized with
MOMP+PmpG (0.05 × 106) showed a similar level of protection as those vaccinated with
MOMP alone (p > 0.05). Mice immunized with MOMP+PmpG were also better protected
than those vaccinated with MOMP+Pgp3 (16.50 × 106) (p < 0.05).

3.7. Local Immune Responses in the Lungs

To evaluate local immune parameters that correlate with protection, levels of IFN-
γ were determined in supernatants from lungs harvested at D10 p.c. (Figure 9D and
Table 1). We expect that protected mice will have controlled the C. muridarum infection and,
therefore, have low amounts of IFN-γ in lungs supernatants. Levels of IFN-γ (pg/mL) in
lungs supernatants of mice immunized with MOMP (112.5) were significantly lower from
those receiving PBS (1444.4) (p < 0.05). No significant differences in the levels of IFN-γ in
the lungs were determined when comparing mice vaccinated with MOMP only versus
PmpG+MOMP immunized mice (46.0) (p > 0.05). Amounts of IFN-γ in mice vaccinated
with MOMP, were statistically significantly lower than in animals immunized with Pgp3
(1184.8) or PmpG (836.2) only, or with the MOMP+Pgp3 (719.8) combination, indicative
that in these three groups the infection was still active (p < 0.05).
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4. Discussion

The goal of this study was to determine the ability of MOMP, PmpG and Pgp3 antigens,
alone and in combination, to induce protective immune responses against a C. muridarum
intranasal challenge. As determined by changes in body weight, weight of the lungs and
number of Chlamydia IFU recovered from the lungs, vaccines formulated with MOMP
elicited robust protective immune responses while those induced by PmpG, or Pgp3 were
weak. Combining MOMP with each of these two antigens elicited significant humoral and
cellular immune responses that were protective. However, MOMP alone induced more
robust protective immune responses than its combination with PmpG or Pgp3. Pgp3 had
an antagonistic effect that significantly decreased the humoral and cell mediated protective
immune responses elicited by MOMP.

MOMP, PmpG and Pgp3 have been shown to elicit protective immune responses
in mice against genital and/or respiratory challenges [17,73–77]. Here, we wanted to
determine if PmpG and/or Pgp3, well-conserved proteins among all the C. trachomatis
serovars, could broaden the protection induced by MOMP, an antigen that only induces
serovar/serogroup protection. Mice vaccinated with MOMP developed high antibody
titers to C. muridarum EB while those immunized with PmpG, or Pgp3, mounted low
antibody responses. Similar results were observed when levels of IgG and IgA were
determined in vaginal washes using EB as the antigen, and when T-cell mediated immune
responses were evaluated. These differences likely represent the relative quantities and
accessibility of these three proteins in EB [78]. This possibility was confirmed when the
antibody responses were determined against the purified proteins. In this case, both
PmpG and Pgp3 immunized mice had high antibody titers against the homologous protein,
confirming previous results in humans [40,79]. However, only vaccination with MOMP
elicited neutralizing antibodies in serum. This is not surprising, since it is known that
human and murine antibodies against the Pgp3 trimer are not neutralizing and we are
not aware of any publication showing that PmpG elicits neutralizing antibodies [63,65,80].
Cell-mediated immune response, using EB as the stimulating antigen, followed a similar
pattern. The stronger humoral and cellular immune responses to EB, elicited by MOMP,
correlated with protection against the respiratory challenge. While mice vaccinated with
MOMP mounted robust protection against body-weight losses, inflammatory responses in
the lungs and number of C. muridarum IFU in the lungs, those immunized with PmpG, or
Pgp3, were weakly protected.

Using multivalent vaccines, synergistic, additive, neutral or antagonistic effects may
be observed [81–85]. For example, Finco et al. [83] identified C. muridarum antigens that
elicited both humoral and cell-mediated immune responses. Mice immunized with each
of these four antigens, TC0106, TC0210, TC0313, or TC0741 (10 µg of each antigen/dose),
adjuvanted with LTK63+CpG, had 0.5–0.9 log10 reduction in the number of IFU recovered
from the lungs. A four-antigen combination (TC0106, TC0210, TC0313 and TC0741; 10 µg
of each antigen/dose) was then used to immunize mice. This multivalent combination
resulted in a 4.1 log10 reduction in the number of C. muridarum IFU recovered from the
lungs, indicative of synergistic effects. Yu et al. [82] also found additive effects of three
C. muridarum antigens PmpE/F, PmpG, and MOMP in the genital model (single antigen,
5 µg/dose; three antigens, 1.67 µg/each per dose). As determined by vaginal shedding, the
combination of the three proteins, adjuvanted with CAF01, exhibited the highest level of
protection against a genital challenge. Coler et al. [84] also showed that MOMP, combined
with CT875, (10 µg of each antigen, alone or in combination/dose), and adjuvanted with
AS01B, elicited better protection against a vaginal challenge with C. trachomatis serovar K
(UW-31/Cx), than the individual antigens.

Neutral effects resulting from immunization with C. muridarum antigens combinations
have also been reported. For example, Cheng et al. [86] vaccinated mice with components
of the C. muridarum putative ATP synthase complex TC0580, TC0581, TC0582, TC0584,
or only with MOMP (10 µg of each antigen/dose). In addition, TC0582 was formulated
in combination with TC0580, TC0581 or MOMP (10 µg of each antigen/dose). Animals
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immunized with combinations of two of these three antigens were only protected as well as
mice vaccinated with MOMP, the most protective protein in the formulations. Li et al. [87]
reported that the addition of CPAF to MOMP, or IncA, (15 µg of protein/dose), from C.
trachomatis serovar D (UW3-Cx), did not enhance the CPAF (15 µg of protein/dose) induced
protective effects on C. muridarum clearance, or oviduct pathology.

Here, we observed a neutral effect in immune responses and protection when combin-
ing MOMP with PmpG, while the formulation of MOMP with Pgp3 induced an antagonist
effect. Qiu et al. have also described an antagonist effect when testing HCV antigens [85].
Although a group of mice vaccinated with a 10 µg/dose of MOMP, was not included, we
have performed several experiments in mice immunized with 10 µg of MOMP and saw
similar levels of protection as that observed here with 20 µg of MOMP [58,88]. Therefore,
we favor the interpretation that PmpG had a neutral effect, while Pgp3 had an antagonistic
activity when combined with MOMP.

Analyses of the immune responses support this premise. Antibody responses in
serum and vaginal washes against EB, or MOMP, declined in mice immunized with
MOMP+PmpG, or MOMP+Pgp3, when compared with those vaccinated only with MOMP.
Neutralizing antibodies in serum, were also lower in mice vaccinated with the antigens
combinations. These differences in humoral immune responses, for the most part, however,
were not statistically different. Epitope mapping, using MOMP peptides, showed marked
decreases against VD3 and VD4 in mice immunized with MOMP+Pgp3 versus those vacci-
nated with MOMP alone. The most striking differences, however, were observed in the
cellular immune responses. Mice immunized with MOMP+PmpG had similar IFN-γ levels,
in T-cell supernatants stimulated with EB, compared to those vaccinated with MOMP alone
(811.38 versus 796.05 pg/mL; p > 0.05). In contrast, levels of IFN-γ from mice vaccinated
with MOMP, were significantly higher than in mice immunized with MOMP plus Pgp3
(796.05 versus 60.70 pg/mL; p < 0.05).

Liu et al. [68] demonstrated, in the mouse model, that C. muridarum Pgp3 is a virulence
factor. Chen et al. [63] postulated that the high antibody titers to Pgp3, present in Chlamydia
infected humans and mice, may be exhausting the host humoral immune responses and,
thus, providing an immune escape mechanism for this pathogen. These authors also
reported the presence of Pgp3 trimers in the chlamydial outer membrane complex (COMC)
where MOMP is the predominant component [63]. Although we do not have data about the
interactions that occurred in the vaccine formulation between MOMP and Pgp3, and the
mechanisms involved in the immune suppression, based on these findings, we hypothesize
that the virulence of Pgp3 could be due to its interference with the protective humoral and
cell-mediated immune responses elicited by MOMP.

A limitation of this study is the need to verify in a mouse model the interaction
between MOMP, and Pgp3, observed here. Mutant C. muridarum constructs not expressing
Pgp3, or monoclonal antibodies to Pgp3, could be utilized to specifically address this
issue [89]. It may also be important to verify if Pgp3 has a similar effect on other potential
vaccine antigens. When formulating a multivalent subunit chlamydial vaccine, it will be
necessary to carefully evaluate the interactions between the antigens in animal models
before implementation in humans.

To conclude, these results show that neither PmpG, or Pgp3, alone or in combination
with MOMP, elicit better protection than MOMP alone against a respiratory challenge
and, therefore, we expect similar outcomes in the genital challenge model. To protect
against all the C. trachomatis serovars, the search for a well-conserved antigen that elicits
broad protective immune responses should continue. In the meantime, the use of the three
MOMPs from the senior serovars of each of the three complexes (J, E and G), appears to be
the best option for the formulation of a broadly protective C. trachomatis vaccine.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/vaccines11030504/s1, Table S1: Vaccine induced antibody responses
in sera the day before the C. muridarum intranasal challenge; Table S2: Vaccine induced antibody
responses in sera the day before the C. muridarum intranasal challenge; Table S3: C. muridarum-specific
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IgG and IgA titers in vaginal washes the day before the C. muridarum i.n. challenge; Table S4: In vitro
cytokine production by T cells from immunized mice the day before challenge.
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