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Efficacy of Pgp3 vaccination for
Chlamydia urogenital tract
infection depends on its native
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Urogenital tract infections with Chlamydia trachomatis have frequently been
detected among patients diagnosed with sexually transmitted infections, and
such infections lead to inflammatory complications. Currently, no licensed
chlamydial vaccine is available in clinical practice. We previously reported that
immunization with recombinant C. trachomatis plasmid-encoded virulence
factor Pgp3 provided cross-serovar protection against C. muridarum genital
tract infection. Because Pgp3 is a homotrimer and human antisera only
recognize the trimeric form of Pgp3, we compared the effects of the native
conformation of Pgp3 (trimer) and heat-denatured Pgp3 (monomer) to
determine whether the native conformation is dispensable for the induction
of protective immunity against chlamydial vaginal challenge. Both Pgp3 trimer
and monomer immunization induced corresponding specific antibody
production, but only trimer-induced antibody recognized endogenous Pgp3,
and trimer-immunized mouse splenocytes showed the highest IFN-y
production upon restimulation with the chlamydial elementary body or
native Pgp3 in vitro. Importantly, only Pgp3 trimer-immunized mice showed
shortened lower genital tract chlamydial shedding and decreased upper genital
tract pathology. Thus, Pgp3-induced protective immunity against Chlamydia
urogenital tract infection is highly dependent on the native conformation,
which will guide the design of Pgp3-based polypeptides and multi-subunit
chlamydial vaccines.
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Introduction

Chlamydia trachomatis, a gram-negative intracellular
bacterium, comprises at least 19 serotypes. Serovars A to C are
associated with ocular epithelial cell infection, serovars D to K
primarily infect urogenital epithelial cells, and serovars L1 to L3
mainly target the lymphatic tissue (1). All C. trachomatis
organisms share a conserved biphasic life cycle, switching
between an infectious elementary body (EB) and a noninfectious
reticulate body (RB). Chlamydial infection is initiated when the EB
invades the host epithelial cells. The internalized EB rapidly
differentiates into metabolically active RB. It replicates and
differentiates back into EBs, which are released at a late stage of
the life cycle and infect adjacent cells (2). Urogenital tract infections
with C. trachomatis have frequently been detected among patients
diagnosed with sexually transmitted infections, with an estimated
annual incidence of over 131 million cases worldwide in 2018 (3).
Although Chlamydia is sensitive to antibiotic treatment, most
infected women are asymptomatic and easily overlooked,
resulting in the spread of the infection and the occurrence of
complications. Of note, 15%-40% of women with vaginal
chlamydial infection develop inflammatory complications,
including fallopian tube fibrosis and blockage, adhesion, ectopic
pregnancy, and infertility (4, 5). The heavy social burden of
chlamydial genital tract infection underscores the urgent need to
develop an effective vaccine (6).

C. muridarum is a murine variant of Chlamydia and a model
pathogen for studying the pathogenesis of C. trachomatis. C.
muridarum vaginal infection induces hydrosalpinx in mice,
similar to female fallopian tube infertility (7). Pgp3, a cryptic
plasmid-encoded protein, has been implicated in chlamydial
pathogenesis since Pgp3-deficient C. muridarum failed to induce
hydrosalpinx after vaginal infection and could not colonize the
gastrointestinal tract following oral inoculation (8, 9). Pgp3 is an
~84 kDa homotrimer consisting of a globular N-, tumor necrosis
factor-resembling C-, and triple-helical coiled-coil M-domain
(10). C. muridarum mutants deficient in any domain of Pgp3
attenuated the induction of hydrosalpinx, indicating that
structural integrity is essential for Pgp3 function (11).
Furthermore, the Pgp3 trimer is distributed in both the
chlamydial EB outer membrane and infected cell cytosol.
Antisera collected from chlamydial genital-infected women
predominantly recognized Pgp3 with a higher frequency than
any other chlamydial immunodominant antigen, including
chlamydial protease-like activity factor (CPAF), major outer
membrane protein (MOMP), and polymorphic outer
membrane protein, and human antisera only recognize the
trimeric form of Pgp3 (12-14).

Despite extensive efforts, there is still no chlamydial vaccine
available for humans. Pgp3 serves as a chlamydial virulence
factor and immunodominant antigen and has been frequently
reported in previous vaccine studies. Immunization of C3H/
HeN mice with pgp3 DNA protected against the spread of C.
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trachomatis from the vagina to the upper genital tract (15). The
subcutaneous immunization of C57BL/6N mice with
recombinant Pgp3 protein induced a significantly lower
organism burden in the lungs following C. muridarum airway
infection (16). BALB/c mice intranasally immunized with
recombinant Pgp3 protein purified from chlamydial serovar D
exhibited cross-serovar protection against C. muridarum genital
tract infection (17). Furthermore, immunization with
Chlamydia psitaci CPSIT_P7, homologous of C. trachomatis
Pgp3 with 70% protein sequence identity, provided partial
protection against C. psitaci lung infection in BALB/c mice
(18). Therefore, Pgp3 showed stable protective efficacy against
both Chlamydia strains and in different mouse models,
suggesting the potential value of Pgp3 in clinical vaccine
development. However, whether the trimeric conformation of
Pgp3 is necessary for its protective efficacy has not been
investigated so far, and the answer to this question will guide
the design of Pgp3-based multi-epitope peptide and multi-
subunit chlamydial vaccines.

In the present study, we tested the efficacy of vaccination
with the C. trachomatis Pgp3 trimer in comparison with a heat-
denatured Pgp3 monomer with a Thl-polarizing adjuvant CpG
in a C. muridarum murine genital tract model. Both Pgp3 trimer
and monomer immunization induced corresponding specific
antibody production, but only the trimer-induced antibody
recognized endogenous Pgp3, and trimer-immunized mouse
splenocytes showed the highest IFN-y production upon
restimulation with chlamydial EB or native Pgp3 in vitro.
Importantly, only Pgp3 trimer-immunized mice showed
shortened lower genital tract chlamydial shedding and
decreased upper genital tract pathology, which emphasizes the
importance of maintaining the Pgp3 conformation for its
protective efficacy. These observations provide important and
novel information for the development of chlamydial vaccines.

Materials and methods
Standard strain of Chlamydia

C. trachomatis strain D/UW-3/CX and C. muridarum strain
Nigg were grown on confluent HeLa 229 cells (ATCC, CCL-2.1),
and the EBs were purified from the infected cells by Renografin
gradients as described previously (19). After washing twice with
phosphate-buffered saline, the EBs were suspended in sucrose-
phosphate-glutamate buffer and stored at —80°C.

Preparation of Pgp3 trimer
and monomer

The recombinant plasmid pGEX6p/pgp3 was transformed
into Escherichia coli XL-1 Blue to express GST-tagged C.
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trachomatis strain D/UW-3/CX protein Pgp3, as described
previously (17). GST-Pgp3 was purified using glutathione-
conjugated agarose beads and cleaved using a precision
protease (Amersham Pharmacia Biotech, Inc., Piscataway, NJ,
USA) to remove the GST tag. To rule out endotoxin
contamination, the purified Pgp3 protein was treated with the
ToxinEraser  Endotoxin Removal Kit (GenScript, Piscataway,
NJ, USA), and the endotoxin level was measured using Limulus
Amebocyte Lysate (Chinese Horseshoe Crab Reagent
Manufactory, Ltd., Xiamen, China). The endotoxin was found
to be less than 0.05 endotoxin units (EU)/ml, which could not to
lead to non-specific activation of immune cells. Heat-denatured
or linearized monomer Pgp3 antigen was prepared by boiling the
native endotoxin-free Pgp3 protein for 1, 5, or 10 min. The
quality and molecular weight of both the native Pgp3 protein
(trimer) and monomer were assessed using 12% native gel
electrophoresis and Coomassie blue staining.

Mice and immunization

Of note, 5-6-week-old special pathogen-free female BALB/c
mice purchased from Hunan SJA Laboratory Animal Co., Ltd.
were used in our experiment. In total, 45 mice were obtained and
divided into three groups of 15 mice each. Two groups of mice
were immunized intranasally with purified Pgp3 trimer or
monomer protein at a dose of 30 g mixed with 10 ug of CpG
adjuvant (Coralville, IA, USA). The third group was immunized
with CpG adjuvant alone and was used as a control. All mice
were immunized three times on three different days (days 0, 20,
and 30). Serum samples from five mice/group were collected 14
days after the third immunization to analyze antibody
production. To determine whether the antiserum from each
group of mice contained antibodies that could recognize Pgp3
protein in a conformation-dependent manner, both
recombinant and endogenous Pgp3 proteins were used as
antigens to react with these mouse sera by western blot or
immunofluorescence assay. Twenty days after the third
immunization, five mice/group were sacrificed for splenocyte
cytokine detection. All animal procedures complied with the
guidelines of the Animal Welfare and Ethics Committee of the
University of South China.

Native gel-western blot assay

The 12% native gel used in this experiment was prepared
according to the manufacturer’s instructions (Bio-Rad, Hercules,
CA, USA). The protein loading buffer used for the native gel
(Sigma-Aldrich, St. Louis, MO, USA) was the same as that used
for the denaturing gel but without sodium dodecyl sulfate (SDS).
Of note, 2-pg purified recombinant Pgp3 protein or heat-
denatured protein was solubilized in the native gel protein
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loading bufter and loaded into gel wells without boiling. After
electrophoresis, the proteins in the gels were transferred onto a
PVDF membrane (Sangon Biotech Co., Ltd., Shanghai, China)
for antibody detection. A pool of sera collected from Pgp3
trimer-, Pgp3 monomer-, or CpG alone-immunized mice was
used as the primary antibody, and HRP-conjugated goat anti-
mouse IgG was used as the secondary antibody. Protein binding
was visualized using an ECL luminescence reagent (Sangon
Biotech Co., Ltd.).

Immunofluorescence assay

HeLa 229 monolayers cultured on coverslips were infected
with C. muridarum strain Nigg and processed for antibody
staining as described previously (19, 20). Infected cells were
fixed with 2% paraformaldehyde for 30 min and permeabilized
with 1% saponin (Sigma-Aldrich) for 45 min at room
temperature. After blocking, Hoechst staining solution (blue;
Sangon Biotech Co., Ltd.) was used to visualize DNA. A genus-
specific rabbit antibody against chlamydial EBs and Cy2 (green;
Jackson ImmunoResearch Laboratories, Inc., West Grove, PA,
USA)-labeled goat anti-rabbit IgG secondary antibody were used
to visualize the chlamydial inclusions. Antisera collected from
each immunized mouse group and Cy3 (red; Jackson
ImmunoResearch Laboratories, Inc.)-conjugated goat anti-
mouse IgG secondary antibody were used to visualize the Pgp3
antigen. All images were obtained using an AX-70 fluorescence
microscope (Olympus, Melville, NY, USA).

Detection of IgG and IgG subclasses

Ultraviolet-inactivated C. muridarum EBs were used as
antigens to monitor chlamydia-specific IgG and its subclasses
in mouse antisera by enzyme-linked immunosorbent assay
(ELISA). Briefly, 96-well plates (Thermo Labsystems, Franklin,
MA, USA) were coated with 1 pg/well of EB and kept overnight
at 4°C. After blocking with 2.5% milk, serially diluted antisera
from each mouse were added, and the plates were incubated at
37°C for 1.5 h. Then, HRP-conjugated goat anti-mouse I1gG (H
+L), IgG1, IgG2a, IgG2b, or IgG3 secondary antibody and ABTS
(Sigma-Aldrich) substrate were added for chlamydia-specific
IgG and subclass detection. Absorbance (OD) was measured at
405 nm using a microplate reader (BioTek Instruments,
Winooski, VT, USA).

Detection of antigen-specific IFN-y
production

Antigen-specific IFN-y production was evaluated using
ELISA as described previously (21, 22). Splenocyte single-cell
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suspensions prepared from each mouse (5 mice/group) 20 days
after the third immunization were inoculated (1 x 10° cells/well)
into 96-well culture plates with no treatment (medium), or 1ug
per well of an unrelated protein fetal bovine serum (BSA), or
UV-inactivated C. muridarum EBs at 1 x 10° IEUs/well, or 1ug
per well of recombinant Pgp3 (native Pgp3), or heat-denatured
Pgp3. Then, 72 h after stimulation, the supernatants were
collected and evaluated using an IFN-y ELISA kit (Sangon
Biotech Co., Ltd.).

Mouse urogenital tract infection and
monitoring of chlamydial shedding

Twenty-five days after the final immunization, 2.5 mg of
Depo-Provera/mouse was administered subcutaneously to
synchronize mice estrous cycles. Five days later, each mouse
was challenged intravaginally (i.vag.) with 2 x 10* inclusion
forming units (IFUs) of C. muridarum. Vaginal swabs were
taken every 4 days until 28 days after infection to monitor
chlamydial shedding in the lower genital tract of the mice. Each
swab sample was diluted appropriately and used to infect HeLa
229 monolayers as described previously (17, 22). After 24 h of
incubation, inclusion bodies in the culture were visualized by
immunofluorescence assay and counted under a microscope.
The total number of IFUs per swab was calculated and converted
into log10, and logl10 IFUs were used to report the mean + SD
per group of mice at each time point.

Pathological evaluation

Sixty days post-challenge, all mice were sacrificed for
pathological evaluation. First, the entire genital tract, including
the vagina, cervix, uterine horn, oviduct, and ovary, was checked
for swelling, inflammation, and adhesion changes in situ. Under
the naked eye, the hydrosalpinx of the oviduct was obvious, and
the severity was scored as reported previously (17, 23). Briefly,
the ovary of each mouse was used as a size reference: 0, no
hydrosalpinx; 1, hydrosalpinx suspicious, not sure; 2,
hydrosalpinx is clear and its size is smaller than that of the
ovary; 3, similar size to that of the ovary; and 4, larger than the
ovary. The entire genital tract was isolated for H&E staining and
assessed by a pathologist. Under a microscope, changes in the
uterine horn and oviduct were obvious. The severity was scored
separately using the double-blind method, and the scoring
criteria were as follows. Dilation of the uterine horn or
oviduct: 0, no significant dilation; 1, mild dilation of a single
cross-section; 2, one to three dilated cross-sections; 3, more than
three dilated cross-sections; and 4, confluent pronounced
dilation. Inflammatory cell infiltration (at the chronic stage of
infection, the inflammatory cells that infiltrate are mainly
mononuclear cells): 0, no significant infiltration; 1, infiltration
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at a single focus; 2, infiltration at two to four foci; 3, infiltration at
more than four foci; and 4, confluent infiltration. The scores
assigned to each mouse were used to report the mean + SD of
each group of mice.

Statistical analysis

ANOVA test was used to analyze data from three groups. A
two-tailed Student’s t-test via GraphPad Prism 6.0 software
(GraphPad Software, Inc., La Jolla, CA) was used to compare
means between two groups. A Wilcoxon rank sum test (SPSS
20.0) was used to analyze differences in the speed of clearance
and a Kruskal-Wallis test was used to analyzed ranked pathology
scores. A chi-square test (Microsoft Excel) was performed to
compare the incidence rates between two groups. * p < 0.05 and
** p < 0.01 indicated statistical significance.

Results

Generation of Pgp3 trimer and
denatured monomer

It has been previously reported that recombinant Pgp3
protein purified from a prokaryotic expression system forms a
stable trimer (13). In the present study, Pgp3 was expressed in E.
coli as a GST-tagged fusion protein and purified using
glutathione-conjugated agarose beads. The GST tag was
removed using a precision protease. The Pgp3 protein
migrated to ~84 kDa in the native gel, corresponding to the
molecular weight of trimeric Pgp3 (Figure 1A). To generate the
Pgp3 monomer, aliquots of recombinant Pgp3 protein were
boiled for 1, 5, or 10 min. As expected, heating at 100°C
gradually changed Pgp3 trimers into monomers. After 5 min
of boiling, all proteins migrated to ~28 kDa in the native gel,
corresponding to the molecular weight of monomeric Pgp3.
After 10 min of boiling, all proteins were degraded (Figure 1A).
Therefore, untreated native Pgp3 trimer and 5-min heat-
denatured Pgp3 monomer were used for the following
vaccination experiment.

Both Pgp3 trimer and monomer
immunization induce specific antibody
responses

To determine whether the conformation of the Pgp3 protein
affects specific antibody production, sera collected from five
mice of each group were evaluated using a native gel-western
blot assay. Recombinant Pgp3 with or without 1- or 5-min heat
treatment served as antigens, and immunization with the Pgp3
trimer (Figure 1B, panel a) or monomer (Figure 1B, panel b) but
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FIGURE 1

Pgp3 proteins used in this study and their immunogenic analysis. (A) Untreated Pgp3 protein and Pgp3 protein boiled for 1, 5, or 10 min were
loaded in a 12% native gel and stained with Coomassie blue dye. (B) Untreated Pgp3 protein and Pgp3 protein boiled for 1 or 5 min were loaded
in gels for western blot detection with sera immunized with Pgp3 trimer (panel a), Pgp3 monomer (panel b), or CpG alone (panel c).

not CpG alone (Figure 1B, panel ¢) induced the production of
Pgp3-specific antibodies. Interestingly, trimer-immunized
mouse sera reacted with both trimeric and monomeric Pgp3,
but monomer-immunized mouse sera only recognized the
monomeric Ppg3. These results suggest that the Pgp3 trimer
contains both conformational and linear B cell epitopes, and the
linear ones may be inside the molecule, whereas the 5-min heat-
denatured monomer loses conformational epitopes but exposes
linear epitopes.

To determine whether Pgp3 monomer-induced specific
antibodies were able to recognize the endogenous Pgp3
protein, HeLa monolayers infected with C. muridarum were
processed for mouse antisera staining using an
immunofluorescence assay. As shown in Figure 2, endogenous
Pgp3 was stained only in Pgp3 trimer-immunized mouse sera. C.
muridarum EB-specific antibody titers were further quantitated
using ELISA, which showed that only Pgp3 trimer-immunized
mice developed high titers of anti-EB total IgG, IgGl, 1gG2a,
IgG2b, and IgG3 (Figure 3). However, Pgp3 monomer- and CpG
alone-immunized mice displayed minimal levels of anti-EB
antibodies. Collectively, these observations suggest that both
Pgp3 trimers and monomers are immunogenic but that they
induce different specific antibodies. Only sera from Pgp3 trimer-
immunized mice recognized endogenous Pgp3, which is located
in the host cell cytosol, in the inclusion lumen, and on the
chlamydial EB surface.
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Pgp3 immunization induces
INF-y production

Since the Thl signature cytokine INF-vy is critical for the
clearance of chlamydia infection, INF-y levels have been an
important indicator for evaluating the protective efficacy of a
vaccine candidate antigen. In this study, splenocytes prepared
from each mouse (5 mice/group) were inoculated into plates and
stimulated with medium, unrelated antigen BSA, EB, native
Pgp3, or heated Pgp3. IFN-y production was evaluated using
ELISA (Figure 4). Compared with the CpG alone-immunized
group, IFN-y secretion in both Pgp3-immunized groups was
significantly higher. It is worth noting that when the splenocytes
were restimulated with EB or native Pgp3 in vitro, the
production of IFN-y was much more robust in the Pgp3
trimer-immunized group than in the Pgp3 monomer-
immunized group.

Kinetics of live chlamydial organism
shedding in vaccinated mice
after challenge

To evaluate whether the Pgp3 conformational structure is

expendable for the induction of protective immunity, 60 days
after the first immunization, all mice were challenged i.vag. with
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FIGURE 2

Pgp3 monomer +

10.3389/fimmu.2022.1018774

CpG alone
CpG

Detection of antibodies against endogenous Pgp3 in C. muridarum-infected cell samples. Sera collected from each group were used to detect
endogenous Pgp3 by an immunofluorescence assay. C. muridarum-infected cells were costained with mice antisera (red) as indicated at the top
of the figure, rabbit anti-chlamydial EB polyclone antibody (green), and DNA dye (blue). Only Pgp3 trimer-immunized mice produced antibodies

that recognized endogenous Pgp3

2 x 10* IFUs of C. muridarum. Vaginal chlamydial shedding was
monitored every 4 days until 28 days after the challenge. While
Pgp3 trimer-immunized mice exhibited a significant reduction
in live chlamydial organism shedding on days 12, 16, 20, and 24
compared with CpG alone-immunized mice, there was no
significant reduction observed in Pgp3 monomer-immunized
mice (Figure 5). Moreover, 80% of the Pgp3 trimer-immunized
mice stopped chlamydial shedding by day 20 post-infection, and
all mice showed resolution of infection by day 24. In
comparison, 70% or more mice in the Pgp3 monomer- and
CpG alone-immunized groups exhibited positive chlamydial
shedding by day 20, with 50% mice in these groups continuing
shedding by day 24 (Table 1). These results indicate that only
Pgp3 trimer immunization accelerated chlamydial clearance
from the lower genital tract of mice.
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Pgp3 trimer vaccination alleviates mice
upper genital tract pathology

On day 60 after the challenge, all mice were sacrificed for
pathological evaluation. We found that the reproductive tract
did not adhere to the surrounding organs or tissues. No obvious
pathological changes in the vagina, cervix, uterine horn, and
ovary were observed under the naked eye, but the severity of
oviduct blockage (hydrosalpinx) varied greatly among the three
groups of mice. As shown in Table 2, 90% (60% bilateral) of the
Pgp3 monomer- and 80% (70% bilateral) of the CpG alone-
immunized mice developed hydrosalpinx. In comparison, the
incidence of bilateral hydrosalpinx was significantly lower (20%)
in the Pgp3 trimer-immunized mice. In total, 15 of 20 oviducts
(75%) from the Pgp3 monomer- or CpG alone-immunized mice
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Detection of (C) muridarum EB-specific antibody responses by ELISA. (A) (C) muridarum EB was coated onto 96-well plates as antigen, and the
serially diluted mice sera collected from each group were applied to the microplates. Antibody binding was detected, and the results are shown
as OD values. (B) Serum from each mouse after 1:800 dilution was made to react with coated EB antigen to analyze IgG subclasses by ELISA.

Results are representative of three independent experiments

developed hydrosalpinx, which was significantly higher than
that from the Pgp3 trimer-immunized mice (7 of 20; 35%).
Images of the intact urogenital tract tissues and corresponding
amplified oviduct/ovary from both left and right side are shown
(Figure 6A, Supplementary Figure 1). We used a scoring system
for semi-quantitatively assessing the severity of hydrosalpinx in
each oviduct. Multi sample Kruskal Wallis H test was performed
to compare hydrosalpinx severity scores among three groups,
which indicates statistical difference (H=12.503, p=0.002). This
observation suggests that Pgp3 trimer + CpG immunization
reduce the progression of hydrosalpinx. After gross appearance
assessment, we further evaluated the severity of inflammation
microscopically using histology sections (Figure 6B).
Inflammatory infiltrates and luminal dilatation were
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significantly lower in oviduct tissues of mice treated with Pgp3
trimer + CpG. These results demonstrate that the conformation
of Pgp3 affects its protective efficacy.

Discussion

Previously, we reported that immunization with
recombinant Pgp3 plus CpG adjuvant induced cross-serovar
protection against C. muridarum genital tract infections (17).
The native conformation of Pgp3 is homotrimeric when it is
endogenously expressed in infected cells or purified from an E.
coli expression system. Treatment with SDS, urea, boiling, or
various combinations of denaturing methods converts portions
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Induction of antigen-specific IFN-y production following vaccination. Twenty days after the last immunization, splenocytes harvested from each
group (5 mice/group) were restimulated in vitro with the following antigens as listed along the X-axis: medium alone, BSA at the concentration
of 10ug/ml (1ug per well), UV-inactivated C. muridarum EBs at 1 X 10° IFUs/well, native Pgp3 and heated Pgp3 at 10ug/ml IFN-y production was
evaluated 72 h after stimulation using an indirect ELISA. Results are expressed as ng/ml, as listed along the Y-axis (mean + standard deviation).
Results are representative of three independent experiments (* p < 0.05, ** p < 0.01)

of or all Pgp3 trimers into monomers (13). To assess whether the
conformational structure is expendable for Pgp3 to provide anti-
chlamydial immunity, we immunized mice with recombinant
Pgp3 trimers or heat-denatured monomers. We found that both
immunizations induced specific antibody production; however,
only trimer-induced antisera recognized endogenous Pgp3, and
trimers induced the highest EB-specific IFN-y production.
Importantly, only Pgp3 trimer immunization significantly
shortened lower genital tract chlamydial shedding and
decreased upper genital tract pathology, and the protective
efficacy of the Pgp3 trimer was better than that of the
Pgp3 monomer.

To assess whether protein-induced immune protection is
related to conformation, the protein conformation should be
damaged, but the primary structure should be preserved (24).
Boiling with water denatures most proteins via the destruction of
hydrogen bonds, resulting in the loss of secondary and higher
structures. However, moderately high-temperature treatment
may result in proteins that retain the primary structure, but
too high-temperature treatment or too long treatment time may
lead to protein aggregation and immunogenicity disappearance
(25). Based on our previous studies (13), recombinant Pgp3
purified from a bacterial expression system is a stable trimer and
a mouse polyclonal antibody raised with a purified Pgp3 protein
recognize both native and denatured Pgp3. To monitor the
oligomeric status of Pgp3, the purified Pgp3 left untreated or
treated with boiling were analyzed using a 12% native gel plus a
Western blot assay (Figure 1). Note that the untreated Pgp3
migrated at the ~84 kDa position (corresponding to the
molecular mass of trimeric Pgp3) whereas the Pgp3 treated
with 5 min of boiling migrated at the ~28 kDa position
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(corresponding to the monomeric form of Pgp3). Moreover,
after 5 min boiling, the mouse anti-Pgp3 polyclonal antibody
known to recognize both native and denatured Pgp3 could not
detect any Pgp3 trimer band in Western blot assay which
demonstrated that heating for 5 min converted all Pgp3
trimers into monomers. However, it was unclear whether this
heat-denatured monomer was immunogenic. To confirm this,
we assessed the specific humoral and cytokine recall responses to
Ppg3 monomer immunization. We found that monomer-
induced mouse antisera recognized the Pgp3 monomer in the
western blot assay but CpG alone-immunized mouse sera could
not, and the splenocyte IFN-y production level in monomer-
immunized mice was significantly higher than that in control
mice upon heated-Pgp3 restimulation in vitro. Chaganty et al.
also showed that boiling CPAF for 5 min resulted in the loss of
enzymatic activity (dependent on tertiary conformation), but the
linear epitopes were unaltered (24). In our study, high-
temperature treatment destroyed the conformational structure
but preserved the immunogenicity, which is consistent with
Chaganty et al’s findings, despite the use of different
protein immunogens.

The Pgp3 monomer has good immunogenicity, but it
induces humoral and cytokine immune responses that differ
significantly from those induced by Pgp3 trimers, which may
explain the differences in their immune protective efficacy.
Mouse antisera collected after Pgp3 monomer immunization
could not react with trimerized Pgp3 in the western blot assay
and could not recognize endogenous Pgp3 in chlamydia-infected
cells, suggesting that Pgp3 monomer-induced antibodies may
not play a role during host chlamydial infection, which was
consistent with Kari’s finding that the Pgp3 antibody correlated
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FIGURE 5

Live chlamydial organism shedding from mice vaginas following challenge. (A) For the experiment, 5-6-week-old BALB/c mice were immunized
intranasally with Pgp3 trimer + CpG, Pgp3 monomer + CpG, or CpG alone on days 0, 20, and 30. In total, five mice/group were sacrificed
before the challenge to monitor specific humoral and cellular immune responses. The remaining mice (n = 10) were challenged intravaginally
with (C) muridarum, and vaginal live chlamydial organism shedding was monitored every 4 days until 28 days after infection. Day 60 post-
challenge, all mice were sacrificed for pathological evaluation. (B) Vaginal swabs were collected for measuring IFU numbers, and each swab IFU
number was converted into log;o. The log;o IFUs were compared between the three groups of mice at each time point using the ANOVA Test
and a Wilcoxon rank sum test was used to further analyze the speed of clearance. Significant differences were observed between the Pgp3
trimer versus CpG alone groups. ** p < 0.01, * p < 0.05, analyzed by ANOVA and a Wilcoxon rank sum test.

with chlamydial infection eradication and that an efficacious
vaccine requires Ppg3 and other chlamydial immunodominant
antigens delivered in their native conformation (26). However,
the Timea Mosolygo’ chlamydial airway infection mouse model
showed that even antisera obtained against native Pgp3 could
not reduce the amount of chlamydia in the lungs of mice (16).
Chaganty et al. reported that vaccination with heat-denatured
CPAF induced very low levels of CPAF-specific antibody
production but provided comparable protection to native

CPAF, indicating that the role of specific antibodies against
chlamydial infection is negligible (24).

Although the role of specific humoral immune responses in
controlling chlamydial infection is controversial, the role of Thl
cells and their signature cytokine IFN-y is well defined (27-29).
The Pgp3 monomer and trimer may differ in conformational
structure, but the primary amino acid sequence and linear
epitopes are identical, and Thl cell activation relies on
antigen-presenting cells (APC) presenting linear epitopes.

TABLE 1 Percentage of positive chlamydial shedding in diverse immunization groups.

Immunization group No. of mice

D4 D8
Pgp3 trimer + CpG 10 10 (100) 10 (100)
Pgp3 monomer + CpG 10 10 (100) 10 (100)
CpG alone 10 10 (100) 10 (100)

** p < 0.01 vs. CpG alone analyzed by ANOVA and a chi-square test.
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No. of mice shedding chlamydia from the vagina (%)

Days after intravaginal challenge

D12 D16 D20 D24 D28
10 (100) 7 (70) 2(20) ** 0 (0) ** 0 (0)
10 (100) 10 (100) 7 (70) 5 (50) 0(0)
10 (100) 10 (100) 8 (80) 5 (50) 1(10)
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TABLE 2 Hydrosalpinx data in diverse immunization groups.

10.3389/fimmu.2022.1018774

Immunization Number of mice with Number of mice with bilateral Number of oviducts with Kruskal-
group hydrosalpinx/total mice (%)  hydrosalpinx/total mice (%) *  hydrosalpinx/total oviducts (%) * Wallis test b
a
H P
value

Pgp3 trimer + CpG 5/10 (50) 2/10 (20) * £ < 00 7/20 (35) * P<00
Pgp3 monomer + 9/10 (90) 6/10 (60) 15/20 (75) 12.503  0.002
CpG
CpG alone 8/10 (80) 7/10 (70) 15/20 (75)

*vs. CpG alone analyzed by ANOVA and a chi-square test. * p < 0.05.

® Kruskal-Wallis test was used to compare hydrosalpinx severity scores among three groups, which indicates statistical difference (p=0.002).

Thus, Pgp3 monomer- and trimer-induced Th1 cytokine IFN-y
production was expected to be identical, similar to how heat-
denatured CPAF induced comparable levels of IFN-y production
to native CPAF. Unfortunately, upon EB or native Pgp3
restimulation in vitro, the splenocyte IFN-y levels in the
monomer group were significantly lower than those in the
trimer group. We suggest three possible reasons for this. First,
Pgp3 trimers are more complex than monomers and may
provide more epitopes to stimulate the immune system.
Second, the C-terminal domain of the Pgp3 trimer is the

Pgp3 trimer +CpG

Dilation

Pgp3 monomer +CpG

closest bacterial homolog to human and rodent TNF family
members (10), which may play a role in host cell binding and
may facilitate the APC uptake of Pgp3 antigen and presentation
to Th1 cells. Third, the Pgp3 trimer can bind to and form a stable
complex with cathelicidin peptide LL-37 to enhance
proinflammatory activity on myeloid cells (30), which may
stimulate APC to express costimulation molecules and
improve antigen presentation. It will be interesting to further
study the role of the pooled, overlapping peptides of the Pgp3
protein and its induced Abs and cytokine responses to examine

CpG alone

Inflammation

Uterus horn

Pgp3
monomer
+CpG

CpG alone

FIGURE 6

Pgp3 trimer immunization reduced C. muridarum-induced upper genital tract pathology. Sixty days after C. muridarum infection, mice were
sacrificed for pathology observation. (A) The urogenital tract tissues from mice immunized with Pgp3 trimer + CpG, Pgp3 monomer + CpG or
CpG alone were examined at the level of gross appearance. Representative images of the intact urogenital tract tissues and corresponding
amplified oviduct/ovary from both left and right side were presented. (B) The urogenital tract tissues were sectioned for microscopic
observation of histological pathologies. Representative images from each group containing the uterine horn or oviduct are shown. DI, luminal

dilation (yellow arrow); IN, inflammatory cell infiltration (black arrow).
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whether these responses were dependent on conformation or
APC activation status.

Immunization with the Pgp3 monomer does not protect
against chlamydial urogenital tract challenge. Pgp3 trimer-
immunized mice showed reduced chlamydial shedding on day
12 and enhanced clearance by day 20, but Pgp3 monomer-
immunized mice showed a similar shedding time course and
clearance pattern to CpG alone-immunized mice. Moreover, only
Pgp3 trimer vaccination significantly decreased upper genital tract
pathology. The present study used a well-established chlamydial
infection animal model, and the protective efficacy of the Pgp3
trimer is consistent with previous observations (17), which
confirmed that conformational structure and conformational
epitopes are indispensable for Ppg3 vaccine protection. This
finding has important implications for the design of Pgp3-based
chlamydial vaccines for human use. First, SDS and other
detergents should not be used in Pgp3 preparation, either from
a bacterial expression system or EB organism outer membrane
complex, since the Pgp3 trimer contains SDS-accessible cysteine
residues (13). Second, boiling Pgp3 for 1 min caused a large
amount of trimer to be converted to monomer; hence, high
temperatures cannot be used during vaccine preparation. Thus,
low-temperature storage and transportation are necessary. Third,
Pgp3 must be in the native conformation to induce high IFN-y
production, suggesting that a multi-epitope peptide vaccine
should be designed with a small fragment of Pgp3 that includes
both conformational and linear epitopes. Finally, since the
chlamydial multi-subunit vaccine usually offers better protection
than the mono-component subunit vaccine and the Pgp3
conformation is likely maintained by the C-terminal 75% amino
acid sequence (10, 31-33), it would be interesting to test whether
combined subunit candidates, such as MOMP-Pgp3. or CPAF-
Pgp3c, form trimers and provide better protection than the
corresponding single-subunit vaccines.

In summary, the results of this study, in addition to those from
our previous studies, indicate that Pgp3 is a promising vaccine
candidate, and its protective efficacy against Chlamydia urogenital
tract infection is highly dependent on the native conformation.
Our findings provide novel and important information for the
development of Pgp3 as a clinical chlamydial vaccine.
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