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Abstract

Chlamydia is the most common sexually transmitted infection of bacterial origin, and a broadly protective vaccine is urgently needed given the largely asymptomatic
nature of the infection and the severe reproductive sequelae in women with untreated infections. The primary aim of this study was to characterize the immune response
to vaccination with BD584, a novel recombinant antigen consisting of three type Ill secretion (T3S) proteins, and to evaluate its efficacy against a Chlamydia trachomatis
challenge in three strains of mice. C57BL/6, BALB/c, and C3H/HeN mice were vaccinated three times intranasally with BD584 and CpG adjuvant, then challenged
intravaginally with C. trachomatis. BD584/CpG vaccination induced strong cell-mediated and humoral immune responses in all three strains of mice, suggesting that this
vaccine should be immunogenic in a genetically heterogenous population. BD584/CpG vaccination reduced vaginal shedding of C. trachomatis in C57BL/6 and C3H/HeN
mice. Together, these results strengthen the rationale for further investigating the use of T3S proteins in a C. trachomatis vaccine.

Introduction

Chlamydia trachomatis infections are the most prevalent
sexually transmitted bacterial infections in the world. The
World Health Organization estimates that 131 million new
cases of C. trachomatis infection occur each year [1]. Up to
90% of women and 50% of men with these infections are
asymptomatic [2] and consequently do not seek testing and
treatment. Untreated infections in women can lead to many
complications including Pelvic Inflammatory Disease (PID),
tubal factor infertility, and ectopic pregnancy [3]. Public health
programs, including screening, partner identification, and
treatment, have contributed to improve infection control, but
to curb the infection rates, there is a need for the development
of an effective C. trachomatis vaccine [4] as a necessary next
step to control this public health problem.

Almost immediately following the isolation of the
causative agent of trachoma, human trials were initiated
using vaccines based on whole Chlamydiae [5]. While these
studies demonstrated that some protection can be achieved
using whole-cell vaccines, protective efficacy appeared to
be serovar-specific, which, together with concerns about
potentially detrimental antigens in intact bacteria, highlighted
the need for a broadly protective subunit vaccine. Although five
decades of vaccine research efforts have led to the discovery
of a large number of potential vaccine antigens [6,7], only one
such vaccine has reached phase I clinical trials [8]. Therefore,
sustained efforts are needed to identify and evaluate promising
antigens for testing in humans.

The type III secretion (T3S) system is an essential virulence
factor used by many Gram-negative bacterial pathogens to
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manipulate host cell biology to ensure successful invasion.
Surface exposed T3S proteins are therefore attractive vaccine
candidates as they are essential for infection and amenable to
neutralization by antibodies. While they have been successfully
used in the development of vaccines against other pathogenic
bacteria [9-11], only within the last few years have they been
tested as vaccine antigens against Chlamydia. Recently, Koroleva
et al. reported that immunization with the T3S needle protein
(TC_0037), an ortholog of C. trachomatis CdsF, protected mice
against C. muridarum infection and the associated pathology
[12]. A multistage vaccine containing proteins associated
with the T3S system (CdsF and CT584), inclusion membrane
(IncA and CT229), and outer membrane (MOMP and PmpG)
conferred greater protection against infection and pathology
than vaccines targeting outer membrane proteins alone
[13]. Previously, our group has shown that C57BL/6 mice
immunized with BD584, a fusion protein consisting of highly
conserved C. trachomatis T3S components CopB, CopD, and
CT584, were protected against infection and upper genital tract
(UGT) pathology upon challenge with the mouse pathogen C.
muridarum [14]. However, given that significant differences
exist between C. muridarum and C. trachomatis infections [15,16],
vaccine-mediated protection against C. muridarum does not
imply protection against C. trachomatis, and it is important to
determine the effectiveness of BD584 vaccination against the
human pathogen. Furthermore, a more detailed analysis of
the cell-mediated and humoral immune response to BD584
vaccination will enhance our understanding of BD584-
mediated protective immunity.

Most Chlamydia vaccine studies utilizing the murine model
have been conducted using a single inbred mouse strain,
which is not ideal given the genetic heterogeneity of humans,
suggesting the need for vaccine studies using animals with
different genetic backgrounds. Moreover, use of animals with
genetically determined differences in immune predispositions
can also provide insight into host factors that contribute
to effective anti-chlamydial immunity. In this study, we
used C57BL/6 mice (Thi-polarized; Chlamydia-resistant),
C3H/HeN mice (Thi-polarized; Chlamydia-susceptible), and
BALB/c mice (Th2-polarized; Chlamydia-susceptible) to
model human genetic heterogeneity and to identify potential
correlates of BD584-mediated protection [17,18]. We show
here that intranasal immunization with BD584 elicits robust
cell-mediated and humoral immune responses in addition to
strong mucosal immunity in all three strains of mice and that
BD584 immunization confers protection against C. trachomatis
infection in a strain dependent way.

Materials and methods
Ethics statement

This study was carried out in accordance with the Canadian
Council on Animal Care guidelines and approved by the
Animal Research Ethics Board at McMaster University. Every
effort was made to minimize animal suffering. Isoflurane and
ketamine/xylazine were used during vaccination and challenge
procedures, respectively. The method of euthanasia was
cervical dislocation.

BLASTp

Non-redundant protein sequences were searched with
BLASTYp using CopB, CopD, CT584, or MOMP from C. trachomatis
serovar D (UW-3/Cx) as query sequences. Using the queries
as references, the number of non-identical residues in each
identified C. trachomatis sequence was calculated, tabulated,
and represented as a frequency of non-identical amino acids.

Chlamydia trachomatis

A clinical isolate of C. trachomatis serovar D was propagated
in McCoy cells (ATCC) in RPMI 1640 containing 25 mM HEPES,
10% FBS, 2 mM L-glutamine, 50 png/ml gentamicin, and 1
pg/ml cycloheximide (Infection Media). After 48 hours of
infection, C. trachomatis was harvested and stored in multiple
aliquots in 250 mM sucrose, 10 mM sodium phosphate, 0.5 mM
L-glutamic acid (SPG, pH 7.4) at -70°C.

Cloning

C. trachomatis (UW-3/Cx) copB,_,, and copD,_,,, were cloned
into pDEST17 using the Gateway cloning system according to
manufacturer’s instructions (Thermo Fisher Scientific, ON,
Canada). Briefly, attB-containing gBLOCK DNA fragments
(Integrated DNA Technologies, ON, Canada) coding for first
100 amino acids of CopB or CopD were cloned, via BP reaction,
into pDONR201 donor vectors, which were then used in LR
reactions to generate expression vectors pDEST17::CopB,
and pDEST17::CopD, , . Cloning of CT584 in pET-21b and has
been described previously [19].

Cloning of BD584, which consists of the first 100 amino
acids of CT578 (CopB) and CT579 (CopD) and full length CT584,
has been described previously [14]. Briefly, PCR products
containing the first 300 nucleotides of copB, copD, and full length
ct584 were generated from genomic DNA from C. trachomatis
(UW-3/Cx) using primers with appropriate restriction sites
and cloned into the multiple cloning site 1 of pETDuet-1 to
generate pETDuet-1::BD584. All constructs included a His-tag
for protein purification via affinity chromatography.

Protein expression and purification

To generate the antigens required in this study,
pDEST17::CopB, _,,, pDEST17::CopD, _,, pET-21b::CT584, and
PETDuet-1::BD584 were transformed separately into Escherichia
coli BL21 (DE3) cells for protein expression and purification as
previously described [14]. Briefly, bacteria were grown to an
OD,,,... of 0.6 at 37°Cin LB broth and induced for 2-3 hours with
0.2 mM Isopropyl B-D-1-thiogalactopyranoside (IPTG). Cells
were harvested by centrifugation and lysed via sonication. The
lysate was further centrifuged and the insoluble fraction was
discarded. Fast Protein Liquid Chromatography (FPLC) using
Ni-NTA HisTrap HP column (GE Healthcare, ON, Canada) was
used to purify recombinant protein (at > 95% purity), which
was buffer exchanged into PBS using a desalting column, filter
sterilized, aliquoted, and stored at -80°C.

Vaccination and challenge

C57BL/6, BALB/c, and C3H/HeN female mice were
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purchased from Charles River Laboratory. Six to eight week
old mice were immunized three times at intervals of three
weeks. Animals were anaesthetized with 5% isoflurane and
vaccinated intranasally with either 20 pg of BD584 plus 20 ng
of CpG oligodeoxynucleotide 1826 (with a phosphorothioate
backbone) (ACGT Corp, ON, Canada), in 20 pl of PBS (BD584/
CpG) or with 20 pl of vehicle alone (PBS). Mice were pretreated
with 2.5 mg of Depo-Provera (Pfizer, ON, Canada) in 100 pl
of saline administered subcutaneously 10 and 3 days prior to
challenge. Three weeks after the final immunization, mice
were challenged intravaginally with 105 inclusion forming units
(IFUs) of C. trachomatis serovar D suspended in 10 ul of SPG.

Monitoring of infection

To assess bacterial shedding following challenge, vaginal
samples were collected on days 3, 7, 10, 14, 21, and 28 post
challenge using FLOQSwabs (REF No. 516CSo01, Copan, Italy).
Swabs were placed into 0.5 ml of SPG, vortexed with 1 mm
Mini-BeadBeater Glass Mill Beads (BioSpec, OK, USA) for 30
seconds, and stored at -70°C until ready for analysis. Serial
dilutions of swab samples were plated onto McCoy cells in 96
well tissue culture plates and centrifuged at 1,500 x g for 1 hour
at 25°C. The inoculum was then replaced with fresh Infection
Media and incubated for 24 hours at 37°C / 5% CO,. Cells were
fixed with Fixation Buffer (BD Biosciences, ON, Canada) for 20
min at room temperature, blocked with Perm/Wash Buffer (BD
Biosciences, ON, Canada) overnight at 4°C, and stained with
rabbit anti-Chlamydia antibody (Genetexa, CA, USA) followed
with Alexa Fluor 647-conjugated mouse anti-rabbit antibody
(Jackson ImmunoResearch Laboratories, PA, USA) at 37°C for
1 hour each. C. trachomatis inclusions were identified manually
under an EVOS FL Cell Imaging System microscope (Thermo
Fisher Scientific, ON, Canada). The total number of IFUs per
swab was calculated based on the number of IFUs per well,
accounting for dilution factors, inoculation volumes, and
sample volumes.

Collection of vaginal washes and blood

Seven days after the final immunization, vaginal washes
were collected for antibody analysis for five consecutive days
by pipetting twice with 30 pl of PBS in and out of the vagina
to give a total of 60 nl per mouse per day and stored at -70°C.
Blood (submandibular) was collected 14 days after the final
immunization, allowed to clot at room temperature for 30
minutes, centrifuged at 1,000 x g for 10 minutes at 4°C, and
serum was removed and stored at -70°C.

Antibody ELISA

Antigen-specific antibodies were quantified by Enzyme-
linked immunosorbent assay (ELISA). NUNC MaxiSorp 96-well
plates (Thermo Fisher Scientific, ON, Canada) were incubated
with 10 pg/ml of CopB, CopD, CT584, or BD584 in PBS for one
hour. Plates were then blocked with 50 mg/ml of skim-milk
in PBS + 0.1% Tween 20 (PBST) for one hour. Serially diluted
serum or vaginal wash samples were added to the wells and
incubated for two hours, followed by the addition of horseradish

peroxidase-conjugated goat antibodies specific to mouse IgA,
IgG1, IgG2a, IgG2b, IgG2c, IgG3 (Abcam, ON, Canada), or whole
IgG (Sigma-Aldrich, ON, Canada) for one hour. The substrate,
3,3’,5,5’-tetramethylbenzidine (BD Biosciences, ON, Canada)
was added to each well and incubated for 10 — 20 minutes
before stopping the reaction with 1 M H,SO,. Absorbance
at 450 nm (A, ) was measured on a ELx800 microplate
spectrophotometer (BioTek, VT, USA). All steps were performed
at room temperature and plates were thoroughly washed with
PBST between incubations. The endpoint titre of a sample was
defined as the dilution at which the A, of the sample was
equal to the mean A, of the negative samples plus three

times the Standard Deviation (SD).
Splenocyte recall assay

To determine cell-mediated immune responses, another
cohort of mice was vaccinated with BD584/CpG or PBS and
sacrificed seven days later. Mouse spleens were mechanically
disrupted through 40 nm cell strainers (Corning), re-
suspended in RPMI 1640 containing 25 mM HEPES, 10% FBS,
2 mM L-glutamine, 50 pM B-mercaptoethanol, 100 IU/ml
penicillin, and 100 pg/ml streptomycin (Splenocyte Media),
and seeded into U-bottom 96-well plates at 5 x 105 live cells
per well. Splenocytes were then supplemented with either
Splenocyte Media alone or Splenocyte Media containing 10 pg
of BD584 and incubated for 96 hours at 37°C / 5% CO,. Cell
culture supernatants were assayed for IFN-y, IL-17, IL-4,
TNF-q, or IL-10 using DuoSet ELISA kits (R&D Systems, MN,
USA) according to manufacturer’s instructions.

Statistical analysis

GraphPad Prism 6 was used for statistical analysis.
Differences were assessed using Student’s t test for parametric
data and Mann-Whitney test for nonparametric data, one-way
ANOVA when comparing more than two groups, or two-way
ANOVA when comparing more than one independent variable.
Statistical significance is indicated in figures as *, P < 0.05; **,
P < 0.01; *** P < 0.001; **** P < 0.0001.

Results

CopB, CopD, and CT584 are highly conserved among C.
trachomatis serovars

A C. trachomatis vaccine should be effective against all C.
trachomatis serovars, and one way to achieve this would be
to include antigens that are highly conserved. Therefore, we
began our investigation by comparing the degree of amino
acid variability in CopB, CopD, and CT584, using MOMP as a
reference antigen. As shown in Figure 1, alignment of known
sequences of each protein showed that CopB, CopD, and CT584
have, on average, 0.46, 0.55, and 0.02 non-identical amino
acids per 100 residues, respectively, which are significantly
fewer compared to MOMP, which averages 4.16 non-identical
amino acids per 100 residues. These results show that CopB,
CopD, and CT584 are significantly more conserved than MOMP
in C. trachomatis, which is an advantage for subunit vaccine for

a pathogen with multiple serotypes.
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BD584/CpG vaccination induces robust cell-mediated
immune responses

Cell-mediated immunity has been reported to be essential
for protection against Chlamydia [15,20]. Therefore, we
examined whether vaccination with BD584 and CpG induces
antigen-specific cell-mediated immune responses. C57BL/6,
BALB/c, and C3H/HeN mice were intranasally vaccinated
with BD584/CpG or PBS, and BD584-induced production
of cytokines from splenoctyes was analyzed 7 days later.
Antigen-specific splenocyte production of IFN-y and IL-17 in
all three strains of mice indicates that a mixed Thi and Thi17
response was induced by intranasal vaccination with BD584/
CpG, independent of the genetic background of the animal
(Figure 2). No antigen-specific cytokines were produced by
splenocytes from mice vaccinated with PBS. As expected with a
Thi-polarizing adjuvant, BD584/CpG vaccination did not elicit
IL-4 production. Interestingly, the level of BD584-induced
production of IFN-y was strain dependent, with C3H/HeN mice
developing significantly higher IFN-y responses compared
to C57BL/6 and BALB/c mice. However, IFN-y production
induced by the three separate subcomponents of BD584 (CopB,
CopD and CT584) relative to that induced by BD584 were

.F igure 1A)! BD584/CpG vaccinated C3H/HeN mlce exhibited a
moderately but significantly higher level of antigen-specific
TNF-a and IL-10 production compared to C57BL/6 and BALB/c
mice (Figure 2). These results suggest that intranasal BD584/
CpG vaccination induces a mixed Thi/Th17 antigen-specific
cell-mediated immune response with variable immunogenicity
dependent on the animal’s genetic background.

BD584/CpG vaccination elicits robust systemic and mu-
cosal humoral immune responses

While cell-mediated immunity is essential for protection
against C. trachomatis, accumulating evidence suggests that
a C. trachomatis vaccine should also generate strong humoral
immunity. Therefore, C57BL/6, BALB/c, and C3H/HeN mice
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Figure 1: Antigenic variability of CopB, CopD, and CT584 in C. trachomatis strains.
Non-redundant protein sequences were searched with BLASTp using CopB, CopD,
CT584, or MOMP from C. trachomatis urogenital isolates serovar D (UW-3/Cx) as

query sequences. The degree of amino acid variability of identified C. trachomatis
sequences were tabulated and presented as the mean frequency of non-identical
residues (per 100 amino acids) with SD depicted. Amino acid variability in CopB,
CopD, and CT584 was compared to that in MOMP (reference antigen) using one-
way ANOVA followed by Dunn’s multiple comparison test.
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Figure 2: BD584-specific splenocyte cytokine responses following intranasal
vaccination with BD584/CpG or PBS as the control group . C57BL/6, BALB/c, and
C3H/HeN mice were intranasally vaccinated with either BD584/CpG or PBS as the
control group (n = 5). Seven days later, animals were euthanized, and splenocytes

were harvested and stimulated with BD584 for 96 hours. IFN-y, IL-17, IL-4, TNF-q,
and IL-10 were quantitated from culture supernatants using ELISA. Bars and
whiskers represent means and SDs, respectively. Statistical differences between
different strains of BD584/CpG immunized mice was calculated using two-way
ANOVA followed by Tukey’s multiple comparisons test.

were intranasally vaccinated three times, three weeks apart,
and antibody responses were assessed two weeks after the final
vaccination. Intranasal vaccination with BD584/CpG elicited
robust BD584-specific IgG and IgA responses in both serum
and vaginal secretions in all three strains of mice (Figure
3A). PBS-vaccinated mice did not generate antigen-specific
responses. Interestingly, BD584-specific antibody titres were
consistently and significantly lower in C57BL/6 mice compared
to BALB/c and C3H/HeN mice. However, CT584-specific serum
IgG, when normalized against the level of BD584-specific
serum IgG in each mouse, was significantly higher in C57BL/6

1mmunogen1c1ty of the CT584 subcomponent relative to that of
BD584 is greater in this strain. BD584-specific IgG1, IgG2a/c,
IgG2b, and IgG3 titres were lower in C57BL/6 mice compared
to BALB/c and C3H/HeN mice (Figure 3B). Compared to BALB/c
mice, C57BL/6 and C3H/HeN mice exhibited higher IgG2a/c
to IgG1 ratios (Figure 4), suggesting a more polarized Thi
response in these strains. Furthermore, C57BL/6 and C3H/HeN
mice also had higher BD584-specific vaginal IgG to IgA ratios
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Figure 3: BD584-specific antibody responses following intranasal vaccination with BD584/CpG or PBS as the control group. C57BL/6, BALB/c, and C3H/HeN mice were
intranasally vaccinated three times, three weeks apart, with either BD584/CpG or PBS as the control group (n = 10). One and two weeks after the final vaccination, vaginal
washes and blood were collected, respectively, and BD584-specific antibody titers were determined using ELISA. The box indicates 25™ and 75™ percentiles, the horizontal

line within a box indicates the median, and whiskers indicate min to max values. Antibody titers were compared between different strains of BD584/CpG vaccinated mice
using one-way ANOVA followed by Dunn’s multiple comparisons test. A. BD584-specific serum and vaginal IgG and IgA in mice vaccinated with BD584/CpG or PBS. B.

BD584-specific serum IgG isotypes in mice vaccinated with BD584/CpG.

(Figure 4). Taken together, these results show that BD584/CpG
is highly immunogenic in all three strains of mice, and that the
subtype of antibodies associated with antigen-specific Th1 and
Th2 responses is at least partially dependent on the animal’s
genetic background.

BD584/CpG immunization reduces bacterial shedding
upon intravaginal C. trachomatis challenge

Next, we evaluated the ability of BD584/CpG immunization
to protect against C. trachomatis infection as measured by
reductioninbacterial shedding following intravaginal challenge.
As shown in Figures 5A and 5B, C57BL/6 mice immunized with
BD584/CpG showed a nearly 100-fold reduction of C. trachomatis
shedding on days 7 and 10 post challenge compared to the PBS
group. Shedding in the unvaccinated group had ceased on day
10 and no difference was seen in bacterial shedding between
the two groups after day 14. Reduction in shedding was seen
as early as day 3 post challenge, although the difference at
this time point was not statistically significant. Compared to
C57BL/6 mice, C3H/HeN mice immunized with BD584/CpG
exhibited less reduction in shedding. BD584/CpG immunized
C3H/HeN mice shed 4.7- and 1.9-fold less C. trachomatis on
day 3 and day 7, respectively, compared to the PBS group.
An area under the curve (AUC) analysis, which allows for a
simultaneous comparison of both the magnitude and duration
of infection, showed that BD584/CpG immunization reduced
the overall bacterial load by 96% in C57BL/6 mice and 75%
in C3H/HeN mice (Figure 5C). Interestingly, no statistically
significant reduction in shedding was observed at any point for
BALB/c mice. Overall, these results demonstrate that BD584/
CpG vaccination reduces C. trachomatis shedding upon challenge
in C57BL/6 and C3H/HeN mice.

Discussion

In this study, we show that vaccination with the conserved
T3S fusion antigen, BD584, elicits strong cell-mediated and
humoral immune responses in animals with different genetic
backgrounds and, upon an intravaginal C. trachomatis challenge,
reduces bacterial shedding in two out of three strains of mice.

Previously, we have shown that intranasal immunization
with C. trachomatis BD584/CpG reduces shedding and incidence
of hydrosalpinx upon intravaginal challenge with C. muridarum
[14]). Given that BD584 was cloned from the C. trachomatis
genome, its ability to afford cross-species protection speaks
to its conserved nature and its potential as a broadly protective
immunogen for all 18 C. trachomatis serovars. The amino acid
identity of BD584 between CT and Cmu is 57% while the identify
between the ocular, genital and LGV strains of C. trachomatis is
92%. We have shown recently that antibodies raised against
BD584 neutralizes ocular (serovars A and C), genital (serovars
D and E) and LGV (LGV1) strains of C. trachomatis (unpublished
data). The T3S components that make up the fusion antigen,
CopB, CopD, and CT584, have significantly less antigenic
diversity among C. trachomatis strains compared to MOMP
(Figure 1) , which reflects the conservation of these proteins
that make up an essential virulence factor required for cell
invasion. Therefore, a vaccine consisting of BD584 should
provide protection against all serovars of CT and may be less
susceptible to vaccine escape.

To evaluate the ability of BD584 vaccination to confer
protection against infection, we immunized three strains
of mice with BD584 plus CpG before challenging them
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Figure 4: BD584-specific serum IgG2a/c to IgG1 ratio and vaginal IgG/IgA ratio
in mice following intranasal vaccination with BD584/CpG. C57BL/6, BALB/c, and
C3H/HeN mice were intranasally vaccinated three times, three weeks apart, with
either BD584/CpG or PBS (n = 10). One and two weeks after the final vaccination,
vaginal washes and blood were collected, respectively, and BD584-specific antibody

titers were determined using ELISA. The box indicates 25th and 75th percentiles,
the horizontal line within a box indicates the median, and whiskers indicate min to
max values. Antibody titers were compared between different strains of BD584/CpG
vaccinated mice using one-way ANOVA followed by Dunn’s multiple comparisons
test.

intravaginally with C. trachomatis. Compared to control mice,
BD584/CpG vaccinated C57BL/6 and C3H/HeN mice had reduced
shedding at the peak of infection but similar clearance kinetics.
Thus, while BD584/CpG vaccination appears to have no effect
on the duration of infection, it can reduce the magnitude of
infection, which has the potential to reduce the incidence
of disease by limiting transmission of infections. Ideally,
however, a vaccine would confer sterilizing immunity, but this
is difficult to evaluate in the C. trachomatis mouse model since
reliable infection requires the use of a high inoculum that could
overwhelm an otherwise sterilizing immune response [16]. In
a previous study, we showed that BD584 vaccination reduced
shedding of C. muridarum assessed by quantitative PCR, which
does not necessarily imply a reduction in the shedding of live
organisms [14]. In the current study, we show that BD584
vaccination reduced shedding of infectious C. trachomatis, which
was quantified by culture, thus providing stronger evidence for
vaccine efficacy.

3

BD584 vaccination induced robust cell-mediated and
humoral immune responses in all three strains of mice,
suggesting that the antigen should be immunogenic in a
genetically heterogenous population. Splenocytes from
BD584/CpG immunized mice exhibited increased IFN-y
and IL-17 production with no detectable IL-4 production
following in vitro BD584 stimulation, suggesting that a mixed
Th1 and Thi17 response was generated by vaccination. This
was expected given that BD584 was delivered intranasally, a
route that preferentially generates Thi7 responses [21], with
a Thi polarizing adjuvant, CpG [22]. Vaccinated C57BL/6
mice had significantly lower levels of BD584-specific IgG
and IgA compared to vaccinated BALB/c and C3H/HeN mice,
but exhibited the highest level of protection against shedding,
suggesting that an increase in the magnitude of BD584-
specific humoral responses, at least above a certain level, may
not necessarily improve protection against infection. Instead,
genetically determined differences in innate and adaptive
immunity likely accounted for the difference in vaccine
efficacy between the three strains. Increased susceptibility to
Chlamydia infection in C3H/HeN mice, compared to C57BL/6
mice, may have masked the protection afforded by BD584/
CpG vaccination [18]. However, it is unclear why BALB/c mice
were not significantly protected by vaccination. Compared to
vaccinated BALB/c mice, vaccinated C57BL/6 and C3H/HeN
mice had a significantly higher BD584-specific IgG2a/c to IgG1
ratio, suggesting a more Thi polarized response. However,
whether higher IgG2a/c directly enhances protection via Fc-
dependent mechanisms [23,24], or is merely a surrogate
marker for a protective Thi1 response [25], or is associated with
an unknown mechanism of protection, remains unknown.
A high IgG2a/Ig1 ratio may also be functionally similar to a
high IgG/IgA ratio; in both cases, the higher ratio may reflect
a greater engagement with Fc-dependent effector functions.
We did not evaluate pathology in this study. In a previous
study using C. muridarum we showed that UGT pathology
viz. hydrosalpinx was reduced by 85% after vaccination with
BD584. Importantly, an immune-correlates analysis of an
HIV vaccine clinical trial found that higher antigen-specific
IgG and lower antigen-specific IgA correlated with protection
[26]. The authors suggested that IgA interfered with protective
IgG effector functions. Interestingly, in the current study, we
also found that the two strains of mice protected by BD584
vaccination exhibited higher BD584-specific IgG/IgA ratios
than the unprotected strain. However, conclusive evidence
for the role of specific antibody isotypes and subtypes will
need to come from mechanistic studies, which are beyond
the scope of the current study. Experiments are underway
to better understand the mechanisms of BD58/-mediated
protection. Given that different strains of Chlamydia infect
different animals (mice and humans) and different immune
mechanisms may be required to clear chlamydial infections in
different animals, the protection provided by BD584 should be
evaluated additional animal models. Although cell-mediated
responses obtained in this study appeared to be good, and this
is important in clearing an intracellular pathogen infection,
the duration of immune protection could not be evaluated in
this study, because C. trachomatis infection doesn’t persist in
non-vaccinated mice. The use of progesterone treated animals
may help elucidate the question of duration.
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Figure 5: Protective efficacies against C. trachomatis genital tract infection in mice vaccinated with BD584/CpG. Three weeks following the final vaccination, mice were
challenged intravaginally with 10° IFUs of C. trachomatis. Vaginal swabs were taken on days 3, 6, 10, 14, 21, and 28 post challenge and C. trachomatis shedding was
measured by culturing serial dilutions of swab samples on McCoy cells. Statistical difference was calculated using the Mann-Whitney test. Results for C57BL/6, BALB/c,

and C3H/HeN mice are represented in the first, second, and third row, respectively. A. Shedding in individual mice on days 3, 7, and 10 post challenge. The bar represents the
median IFU. B. Course of infection for each group. Individual points represent median IFUs (with interquartile ranges). C. Area under the clearance curves. Bars and whiskers

represent medians and interquartile ranges, respectively. Statistical significance is indicated as *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001.

Conclusion

we show that immunization with the BD584 fusion
antigen consisting of three highly conserved T3S proteins is
immunogenic in mice with different genetic backgrounds,
elicits robust cell-mediated and humoral immune responses,
and confers protection against C. trachomatis infection in two
out of three strains of mice tested, strengthening the rationale
for exploring the use of T3S proteins in a human C. trachomatis
vaccine. Evaluation of the protection provided by BD84 in
additional animal models may help elucidate the full potential
of this vaccine for humans.

Supplementary materials

Supplementary Figure 1 shows CopB-, Cop-D, and CT584-
specific IFN-y and serum IgG responses following intranasal
vaccination of C57BL/6, BALB/c, and C3H/HeN mice with
BD584.
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