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ARTICLE OPEN

Vaccination with the recombinant major outer membrane
protein elicits long-term protection in mice against vaginal
shedding and infertility following a Chlamydia muridarum
genital challenge
Sukumar Pal1, Maria I. Cruz-Fisher1, Chunmei Cheng1, Jennifer R. Carmichael1, Delia F. Tifrea1, Olga Tatarenkova1 and
Luis M. de la Maza1✉

Implementation of a vaccine is likely the best approach to curtail Chlamydia trachomatis infections. The aim of this study was to
determine the ability of a vaccine formulated with the recombinant major outer membrane protein (MOMP) and Th1 and Th2
adjuvants, delivered by combinations of systemic and mucosal routes, to elicit long-term protection in mice against a genital
challenge with Chlamydia muridarum. As a negative control, mice were vaccinated with the recombinant Neisseria gonorrhoeae
porinB, and the positive control group was immunized with C. muridarum live elementary bodies (EB). The four vaccines formulated
with MOMP, as determined by the titers of IgG and neutralizing antibodies in serum, proliferative responses of T-cells stimulated
with EB and levels of IFN-γ in the supernatants, elicited robust humoral and cellular immune responses over a 6-month period.
Groups of mice were challenged genitally at 60, 120, or 180 days postimmunization. Based on the number of mice with positive
vaginal cultures, number of positive cultures, length of time of shedding, and number of inclusion forming units recovered, MOMP
vaccinated groups were significantly protected. To assess fertility, when the vaginal cultures became negative, female mice were
caged with male mice and the outcome of the pregnancy evaluated. As determined by the number of pregnant mice and the
number of embryos, two of the vaccine formulations protected mice up to 180 days postimmunization. To our knowledge this is
the first subunit of Chlamydia vaccine that has elicited in mice significant long-term protection against a genital challenge.

npj Vaccines            (2020) 5:90 ; https://doi.org/10.1038/s41541-020-00239-7

INTRODUCTION
Chlamydia trachomatis causes sexually transmitted infections
worldwide and more than 130 million new cases occur annually1,2.
This pathogenic bacterium infects epithelial cells lining the
urogenital, respiratory, and gastrointestinal tracts and also the
conjunctiva of the eye3. In women, as a result of primary acute and
recurrent infections, severe long-term sequelae including pelvic
inflammatory disease (PID), chronic abdominal pain, ectopic
pregnancy, and infertility can occur3–6. Chronic infection of the
eye leads to trachoma the world’s main infectious cause of
blindness7,8. Public health programs based on diagnostic screen-
ing and antibiotic treatment have failed to control urogenital or
ocular infections9–11. Therefore, implementation of an efficacious
vaccine is a priority12–16. Eliciting sterilizing immunity with a
vaccine is highly unlikely17. However, computer modeling
indicates that chlamydial vaccines that are at least 50% efficacious
can have a marked effect on controlling these infections18.
In the 1950’s, live or inactivated whole organism chlamydial

vaccines were tested in humans and non-human primates to
protect against trachoma3,7. These studies reached several conclu-
sions. Some vaccination protocols induced protective immunity.
The protection however, was found to be short-lived, usually for
two to three years, and serovar/subgroup specific. Furthermore,
certain vaccinated individuals developed a hypersensitivity reaction,
or became more susceptible to reinfections, upon exposure to C.
trachomatis. Although the cause of the hypersensitivity reaction is

still under investigation, the likelihood that it was mediated by a
component present in the whole organism resulted in the search
for a C. trachomatis subunit vaccine19.
Several investigators have assessed the ability of live vaccines to

elicit long-term protection against a genital challenge20–23. For
example, Ramsey et al. vaccinated mice vaginally with live C.
muridarum EB and challenge the animals at different times
postimmunization20. The authors reported that mice became
susceptible to reinfection, as shown by vaginal shedding, starting
at 100 days following vaccination. Ramsey et al. could not evaluate
the impact of the challenge on long-term sequelae since infertility
resulted following vaginal vaccination20. Pal et al. vaccinated mice
by the intranasal route using live C. muridarum EB and challenged
the animals in the ovarian bursa at 90, 120, and 180 days
postimmunization21. As determined by the number of mice with
positive cultures and the number of C. muridarum inclusion forming
units (IFU) recovered, immunized mice, when compared with the
sham-immunized group, were protected up to 180 days. Impor-
tantly, as shown by the number of fertile mice and the number of
embryos, mice were also protected against infertility. The use of a
live chlamydial vaccine in humans is unlikely and therefore, there is
a need to formulate an efficacious subunit vaccine.
The major outer membrane protein (MOMP) of C. trachomatis, is

surface exposed, highly antigenic, accounts for the serotyping
method used to classify this organism and therefore, likely for the
serovar/subgroup protection found in the trachoma vaccine
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trials24–26. Immunization of mice with either native, or recombi-
nant MOMP, has been shown to elicit protective responses against
a genital challenge lasting for at least a month from the last
immunization27–31. Here, to determine if a vaccine formulated
with recombinant MOMP can induce long-term protection, BALB/c
mice were vaccinated by several routes, using CpG-1826+Mon-
tanide ISA 720 as adjuvants. Different groups of mice were
challenged in the genital tract at 60, 120, or 180 days
postimmunization.

RESULTS
Humoral immune responses following vaccination
Mice were immunized with four different vaccine formulations
and the results of the humoral immune responses to C. muridarum
the day before each of the three vaginal challenges are shown in
Fig. 1a. Overall, the highest C. muridarum-specific antibody titers in
serum were observed at 60 days postMOMP immunization and
subsequently declined overtime. For example, in mice immunized
by the col. + s.c. + i.m. routes, the IgG2a geometric mean titer
(GMT) at 60 days postimmunization (d.p.i.) was 51,200 and

declined to 15,603 and 10,973 at 120 and 180 d.p.i., respectively.
The positive control group, mice immunized once i.n. with live EB,
had no significant changes in antibody titers during the complete
course of the experiment.
No major differences in IgG2a antibody titers were found

between the four groups of mice immunized with MOMP using
different routes. For instance, the IgG2a GMT at 60 d.p.i. ranged from
67,559 to 51,200 (P > 0.05). In contrast, IgG1 titers were lower in mice
systemically vaccinated when compared with the two groups of
mice immunized by a mucosal followed by a systemic route.
The four groups of mice immunized with MOMP had higher

levels of IgG2a than IgG1 at the three-time points indicative of
sustained Th1-biased responses. However, since the IgG1 levels
were lower in mice vaccinated only by the systemic routes, in
comparison to the groups immunized by the mucosal followed by
the systemic routes, the IgG2a/IgG1 ratios were different among
those groups. For example, in mice immunized by the i.n. + s.c. +
i.m. routes at 60 d.p.i. the IgG2a/IgG1 ratio was 3.5, while for mice
vaccinated four times i.m. the ratio was 194. Live EB, used as a
positive control, also elicited robust Th1 responses as determined
by the IgG2a/IgG1 ratios (4 at 60 d.p.i.). The negative-control

Fig. 1 Serum and vaginal C. muridarum-specific antibody titers the day prior to the genital challenge. Mice were vaccinated with
C. muridarum MOMP using different combinations of mucosal and systemic routes. CpG-1826 and Montanide ISA 720 (only systemically) were
used as adjuvants. The day before the genital challenges at 60, 120 and 180 days postimmunization blood and one pool of vaginal washes
were tested from each group and antibody titers determined using C. muridarum EB as antigen. IgG2a and IgG1 titers were determined in
serum (a) and IgG and IgA titers in vaginal washes (b). Error bars represent geometric mean with 95% confidence intervals. EB elementary
bodies, col colonic, i.n. intranasal, i.m. intramuscular, s.c. subcutaneous.
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groups, mice immunized with N. gonorrhoeae PorB (Ng-PorB), did
not have detectable C. muridarum-specific antibodies (<100; data
not shown).
Mapping of antibody responses in serum were determined

using MOMP peptides. As shown in Fig. 2, all groups of mice
vaccinated with MOMP elicited the most robust antibody
responses to the N-terminal region of MOMP including CD1,
VD1, CD2, and VD2. Weaker responses occurred to VD3, VD4, and
CD5. Antibody responses to VD3 and CD5 were higher in mice
vaccinated by systemic routes than in those immunized with a
combination of mucosal plus systemic routes. Mice immunized
with live EB-mounted antibody responses to the four VD and CD5.
In vitro neutralization titers were measured in serum samples

collected before each of the three challenges. As shown in Fig. 3,
the GMT were initially similar for the four groups of animals
vaccinated with MOMP. Titers declined from day 60 to day 180
postimmunization for the four groups. At 180 days only mice
immunized four times i.m. + s.c. had a positive neutralization titer.
The positive control immunized with live EB that had the highest
neutralizing titers that also declined over the 180 days. The four
negative controls that received Ng-PorB were all negative (<50;
data not shown).
The GMT of C. muridarum-specific IgG antibodies in vaginal

washes of mice immunized with MOMP were low (Fig. 1b). The
highest IgG GMT (320) was observed in the i.n. (2×)+ i.m./s.c. (2×)
immunized group at 60 d.p.i. The other three groups had lower
titers (160 and 40 at that time point). No IgA was detected in
vaginal washes in any of the four groups vaccinated with MOMP.
The live EB-immunized positive-control group had the highest IgA
and IgG antibody levels in the vaginal washes at the three challenge

days. The Ng-PorB-immunized negative-control groups had no
detectable antibody titers in the vagina (<10; data not shown).

Cell-mediated immune responses elicited by vaccination
The cellular proliferative responses were determined using spleen
T-cells stimulated with C. muridarum EB. As shown in Fig. 4a, the
four groups of mice immunized with MOMP had significant

Fig. 2 Binding of serum antibodies to synthetic C. muridarum MOMP peptides. Serum samples from immunized mice were collected the
day before each of the genital challenges and their reactivity to 25-mer peptides corresponding to the C. muridarum mature MOMP were
analyzed by ELISA. EB elementary bodies, col colonic, i.n. intranasal, i.m. intramuscular, s.c. subcutaneous.

Fig. 3 Serum C. muridarum-specific neutralization titers the day
prior to the genital challenges. Mice were vaccinated with C.
muridarum MOMP, using different combinations of mucosal and
systemic routes. CpG-1826 and Montanide ISA 720 (only systemi-
cally) were used as adjuvants. The day before the genital challenges
at 60, 120, and 180 days postimmunization blood was collected and
neutralizing antibody titers determined using C. muridarum EB as
antigen. Error bars represent geometric mean titers with 95%
confidence intervals. EB elementary bodies, col colonic, i.n.
intranasal, i.m. intramuscular, s.c. subcutaneous.
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proliferative immune responses at 60, 120, and 180 d.p.i. when
compared with animals vaccinated with Ng-PorB. The proliferative
responses were similar among the four groups of mice at the three
time points tested. For instance, at 60 d.p.i. the Δcpm and the
stimulation index (SI) for each group of mice were: i.n. + i.m. + s.c.
2385 (SI: 16.6); col. + i.m. + s.c. 2042 (SI: 22.2); 3× i.m.+ s.c. 2229
(SI: 12.9) and 4× i.m.+ s.c. 2615 (SI 23.7). At 180 d.p.i. the values
were 2028 (SI: 8.2), 2955 (SI: 19.6), 7851 (SI: 5.3), and 2631 (SI: 8.4)
respectively, indicative that there were sustained cellular immune
responses.
Levels of IFN-γ were measured in supernatants from EB-

stimulated T-cells (Fig. 4b). There were no major changes overtime
in levels of IFN-γ in any of the four groups vaccinated with MOMP.
Positive control mice immunized with live C. muridarum EB had
the most robust proliferative responses and levels of IFN-γ. Mice
immunized with Ng-PorB had low proliferative responses and
produced IFN-γ below the level of detection (<15 pg/ml) (data not
shown).

Vaginal cultures
At 60, 120, or 180 days after the last immunization, mice were
challenged in the left ovarian bursa with 105 IFU of C. muridarum
and the course of the infection was followed with vaginal cultures
for a 6-week period (Table 1 and Figs. 5, 6). Four parameters were
used to ascertain protection against the challenge: percentage of
mice with positive vaginal cultures, total number of positive
vaginal cultures, median length of time (in days) of vaginal
shedding, and number of C. muridarum IFU recovered. Overall, as
determined by these parameters, the four groups of mice
immunized with MOMP were significantly protected at the three
time points, when compared with their respective Ng-PorB
immunized groups.
There was a consistent decrease in the percentage of mice with

positive vaginal cultures in groups vaccinated with MOMP versus
controls immunized with Ng-PorB (Table 1 and Fig. 5). For the
three challenge days, 40–88% of mice vaccinated with MOMP had

Fig. 4 Cell-mediated immune responses of vaccinated mice the
day before the genital challenges at 60, 120 and 180 days
following immunization. Spleen T-cells, collected the day before
the genital challenges, were stimulated with C. muridarum EB and
the proliferative responses (a) and levels of IFN-γ (b) secretion were
determined. As a negative background control, T-cells were
stimulated with minimal essential medium. Error bars represent
mean with one standard error. EB elementary bodies, col colonic, i.n.
intranasal, i.m. intramuscular, s.c. subcutaneous, SI stimulation index.
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positive vaginal cultures compared to 90–100% of control animals
immunized with Ng-PorB. The four groups vaccinated with MOMP
and challenged at 60 d.p.i., had a significantly lower percentage of
mice with positive cultures when compared with their respective
Ng-PorB immunized animals (P < 0.05). As determined by percen-
tage of mice with positive vaginal cultures, except for the group
immunized col + i.m. + s.c., there was a progressive decrease in
protection when comparing mice challenged at 60, 120, and 180
d.p.i. Approximately 50% of the mice vaccinated with MOMP and
challenged at 60 d.p.i. had positive vaginal cultures while ~75% of
those challenged at 180 d.p.i. had positive cultures. Negative
control mice immunized with Ng-PorB had consistently higher
positivity rates (~96%). Positive control mice, receiving EB i.n., had
very solid protection.
The total number of positive vaginal cultures was lower in mice

vaccinated with MOMP in comparison to negative control animals
(Table 1 and Fig. 5a–c). In general, mice vaccinated with MOMP
had half the number of positive vaginal cultures that those
immunized with Ng-PorB. For instance, of the mice immunized
with MOMP using the col. + i.m. + s.c. routes, at 60 d.p.i., 9% (15/
160) had positive vaginal cultures while the controls immunized
with Ng-PorB had 27% (43/160) positive vaginal cultures (P < 0.05).
The protection slowly declined as the time to challenge increased.
For the same group at 180 d.p.i., the numbers were 18% (28/160)
and 38% (57/152), respectively (P < 0.05).
The shortest median length of time (days) of shedding was

observed in mice vaccinated four times i.m./s.c., or by the col. + i.
m./s.c. routes (Table 1 and Fig. 5). In mice vaccinated four times i.
m./s.c with MOMP significant differences were observed between
groups challenged at 60 (median 11; range 7–28) and 120 (median
14; range 7–28) d.p.i. when compared with animals immunized
with Ng-PorB (median 16; range 7–28) and (median 21; range
7–42), respectively (P < 0.05). For these two groups vaccinated
with MOMP at 180 d.p.i. the differences were approaching
significance (P < 0.1) when compared to mice immunized with
Ng-PorB.

As determined by the number of C. muridarum IFU recovered
from the vaginal swabs, except for the group immunized three
times i.m. + s.c., mice vaccinated with MOMP were protected (Fig. 6).
Mice vaccinated four times im. + s.c. were better protected when
compared to the other MOMP immunized groups. For the group
immunized four times i.m. + s.c. the median number of C.
muridarum IFU/mouse over the 6 weeks of culture were, <2
(<2–889,082), 200 (<2-3,443,500) and 2700 (<2–83,420) at 60, 120,
and 180 d.p.i., respectively. All these values were significantly
lower than 3000 (<2–277,008), 22,600 (<2–175,570) and 19,000
(50–523,800) for the group immunized with Ng-PorB (P < 0.05).

Fertility results
To ascertain the ability of MOMP to protect against long-term
sequelae, specifically infertility, mice were mated seven weeks
after the intrabursal challenge. As shown in Table 2, all but the
groups vaccinated via the i.n. + i.m. + s.c. routes with MOMP, and
challenged at 60 and 180 d.p.i., showed higher bilateral fertility
rates than those immunized with Ng-PorB, although differences
for most groups were not statistically significant. For example, for
mice immunized with MOMP by the col. + i.m. + s.c. routes the
fertility rates were 60, 40 and 58%, while for the negative controls
were 30, 20, and 5%, at 60, 120, and 180 d.p.i., respectively.
Similarly, the fertility rates for mice vaccinated with MOMP four
times i.m. + s.c. and challenged at 60, 120, and 180 d.p.i. were 40,
58, and 37%, while for animals immunized with Ng-PorB were 25,
16, and 10%, respectively. Bilateral fertility in mice immunized with
EB was similar to the fertility control group (85–95%).
A similar trend was observed when analyzing the number of

embryos in the left uterine horn, the challenged site. The mean
number of embryos in the left uterine horn for mice vaccinated
four times with MOMP i.m. + s.c. and challenged at 60, 120, and
180 d.p.i. were 2.1, 1.3, and 1.3, respectively, while for animals
immunized with Ng-PorB were 0.9, 1.2, and 0.1, respectively. The
mean number of embryos in the right uterine horn was also
consistently higher in mice immunized with MOMP versus

Fig. 5 Vaginal cultures of mice following intrabursal challenges with C. muridarum at 60, 120, and 180 days postimmunization.Mice were
immunized with recombinant C. muridarum MOMP, or with N. gonorrhoeae porB as a negative control antigen, using different combinations of
mucosal and systemic routes. CpG-1826 and Montanide ISA 720 (only systemically) were used as adjuvants. At 60 (a), 120 (b) and 180 (c) days
postimmunization, mice were challenged in the left ovarian bursa with C. muridarum and vaginal cultures were collected for a period of
6 weeks. EB elementary bodies, col colonic, i.n. intranasal, i.m. intramuscular, s.c. subcutaneous. Each dot represents a mouse. Horizontal bars
represent median IFU numbers. Numbers in brackets correspond to percentage of mice with positive vaginal cultures. Limit of detection (<2
IFU/culture).
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Ng-PorB. Controls immunized i.n. with EB had similar number of
embryos as the fertility control.

Cumulative protective efficacy
Humans are exposed to pathogens at different times following
immunization and therefore, vaccine efficacy is calculated based
on cumulative data independently of the time lapse between
immunization and exposure. Thus, to determine the efficacy of the
MOMP vaccine, we analyzed the cumulative results for the three
challenge dates (Table 3).
Based on the number of mice that had positive vaginal cultures,

all groups of mice vaccinated with MOMP were significantly
protected in comparison to the controls immunized with Ng-PorB.
Only 60–68% (36/60–34/50) of mice vaccinated with MOMP had
positive vaginal cultures a decrease of ~35% in positivity rate,
when compared to 95–98% (57/60–47/48) of the animals
immunized with Ng-PorB (P < 0.05). Only 7% (4/66) of the control
EB-immunized mice had positive cultures.
The number of positive vaginal cultures for MOMP-vaccinated

mice was also significantly lower when compared with their
respective Ng-PorB immunized group (Table 3). For example, in
mice vaccinated with MOMP the number of positive cultures
ranged from 17% (82/480) to 19% (92/472), while for mice
immunized with Ng-PorB it ranged from 32% (153/472) to 33%
(160/480) (P < 0.05). In the EB-immunized group 0.8% (4/480) of
the cultures were positive.
The cumulative median time (days) to negative culture was

calculated for all groups (Table 3). The four groups of mice
vaccinated with MOMP had significantly shorter median time of
vaginal shedding. The median number of days was 16 or 17 days
for mice vaccinated with MOMP while it was 21 days for animals
immunized with Ng-PorB (P < 0.05). Control animal immunized
with EB had a median number of days to clearance of 7 (first day
of culture after the challenge).
Based on the number of IFU shed per mouse, animals

vaccinated with MOMP were also protected compared with the
negative controls. The media number of IFU shed/mouse ranged
from 90 to 5000 for mice vaccinated with MOMP versus 4700 to
15,500 for the negative controls immunized with Ng-PorB (Table 3)
(P < 0.05). The only MOMP vaccinated group that was not
significantly different from the Ng-PorB control was the one
immunized three times i.m. + s.c. Most mice immunized with EB
had a number of IFU below the limit of detection.
Significant protection against bilateral infertility and number of

embryos in the left uterine horn, were obtained in three of the

Fig. 6 Cumulative number of C. muridarum IFU collected per
mouse from vaginal cultures at 60, 120, and 180 days post-
immunization. The number of C. muridarum IFU collected from
vaginal cultures at 60, 120, and 180 days postchallenge were totaled.
Bars represent the median number of C. muridarum IFU/mouse and
error bars represent range. Symbol * indicates P value is less than
0.05 by the Mann–Whitney U-test. EB elementary bodies, col colonic,
i.n. intranasal, i.m. intramuscular, s.c. subcutaneous.

Table 2. Fertility results of mice genitally challenged at 60, 120, or 180 days post-immunization.

Antigen Immunization route # bilateral fertile mice/total (%+) Mean # embryos (±1 SD) in left
uterine horna

Mean # embryos (±1 SD) in right
uterine horn

D60 D120 D180 D60 D120 D180 D60 D120 D180

MOMP i.n. (2×) + i.m./s.c. (2×) 2/20 (10) 9/20 (45)b 6/18 (33) 0.3 ± 0.8 1.1 ± 1.5d 1.3 ± 1.6 2.9 ± 2.8 2.7 ± 1.8 2.7 ± 2.1

Ng-PorB i.n. (2×) i.m./s.c. (2×) 4/20 (20) 1/20 (5) 7/20 (35) 1.2 ± 1.6 0.3 ± 0.8 1.2 ± 2.0 1.9 ± 2.1 1.7 ± 2.3 3.0 ± 2.1

MOMP col. (2×) + i.m./s.c. (2×) 12/20 (60) 8/20 (40) 11/19 (58)b 1.4 ± 1.3 1.1 ± 1.5 1.6 ± 1.8d 3.4 ± 1.8 3.6 ± 2.0 2.8 ± 1.7d

Ng-PorB col. (2×) + i.m./s.c. (2×) 6/20 (30) 4/20 (20) 1/19 (5) 1.3 ± 2.2 0.8 ± 1.5 0.1 ± 0.2 3.0 ± 2.5 3.0 ± 2.2 1.5 ± 1.9

MOMP i.m./s.c. (3×) 8/16 (50)b 7/18 (39) 2/16 (13) 1.1 ± 1.2c 1.0 ± 1.4 0.6 ± 1.2 2.6 ± 2.0 3.1 ± 1.7e 1.8 ± 1.7

Ng-PorB i.m./s.c. (3×) 0/16 (0) 4/15 (27) 1/17 (6) 0 ± 0 0.7 ± 1.3 0.5 ± 1.1 2.5 ± 2.5 1.9 ± 1.8 1.9 ± 1.9

MOMP i.m./s.c. (4×) 8/20 (40) 11/19 (58)b 7/19 (37)c 2.1 ± 2.0e 1.3 ± 1.5 1.3 ± 1.8d 2.9 ± 2.2 3.0 ± 1.3d 1.9 ± 1.8

Ng-PorB i.m./s.c. (4×) 5/20 (25) 3/19 (16) 2/20 (10) 0.9 ± 1.8 1.2 ± 2.0 0.1 ± 0.2 2.7 ± 2.2 1.2 ± 1.8 2.2 ± 2.2

Cm EB i.n. 18/20 (90) 17/20 (85) 17/20 (85) 2.6 ± 1.6 2.0 ± 1.4 2.2 ± 1.4 3.4 ± 2.1 2.7 ± 1.8 2.3 ± 1.6

Fertility control 18/20 (90) 18/19 (95) 18/20 (90) 3.4 ± 1.8 3.5 ± 2.2 2.2 ± 1.9 3.4 ± 2.4 3.9 ± 1.1 2.2 ± 1.5

aLeft ovarian bursae were challenged with 105 IFU of C. muridarum.
bSignificant (P < 0.05) by the Fisher’s Exact test compared to the corresponding Ng-PorB immunized mice.
cSignificant (P < 0.1) by the Fisher’s Exact test compared to the corresponding Ng-PorB immunized mice.
dSignificant (P < 0.05) by the Student’s t-test compared to the corresponding Ng-PorB immunized mice.
eSignificant (P < 0.1) by the Student’s t-test compared to the corresponding Ng-PorB immunized mice.
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four groups vaccinated with MOMP when compared with their
respective controls immunized with Ng-PorB (Table 3). For
example, for the group vaccinated by the col.+ i.m. + s.c. routes,
bilateral fertility was observed in 53% (31/59) of the MOMP-
vaccinated mice while in the Ng-PorB group only 19% (11/59) of
the animals were fertile (P < 0.05). Also, for mice vaccinated
four times i.m. + s.c. with MOMP the percentage of animals with
bilateral fertility was 45% (26/58) and in the control group
immunized with Ng-PorB it was 17% (10/59) (P < 0.05). Controls
immunized i.n. with EB had similar number of bilaterally
fertile mice (87%) when compared with the fertility controls
(92%) (P > 0.05).
Except for mice vaccinated with MOMP by the i.n. + i.m. + s.c.

routes, the other three groups were protected against infertility at
the challenge site, the left uterine horn (Table 3). In animals
vaccinated with MOMP by the col. + i.m. + s.c. routes the mean
number of embryos in the left uterine horn was 1.3 versus 0.7 for
mice immunized Ng-PorB (P < 0.05). In mice vaccinated four times
i.m. + s.c. with MOMP, the mean number of embryos in the left
uterine horn was 1.6 compared with 0.7 in mice immunized with
Ng-PorB (P < 0.05). It is interesting to note that although not
statistically significantly different, the four groups of mice
vaccinated with MOMP also had higher number of mice in the
right uterine horn than animals immunized with Ng-PorB. The
total number of embryos in mice vaccinated by the col. + i.m. + s.
c. (4.6) and i.m./s.c. (4×) (4.1) routes, was not significantly different
from the number of embryos in the positive EB-immunized control
(5.0) (P > 0.05).

DISCUSSION
Here we sought to determine if a subunit vaccine can elicit long-
term protection in female mice against a C. muridarum genital
challenge. We tested four protocols using recombinant MOMP as
the antigen, CpG-1826, and Montanide ISA 720 as the adjuvants
and several combinations of mucosal and systemic routes for
immunization. All four formulations elicited significant cellular and
humoral immune responses. The immune responses were robust
at 60 days postimmunization and then, in particular the humoral
responses, declined by 180 days postimmunization. As deter-
mined by vaginal shedding and infertility, the most effective
vaccine formulations were those delivered four times by a
combination of colonic plus intramuscular and subcutaneous
routes, or by systemic routes only. The fertility period for human
females expands approximately from 15 to 45 years of age and
therefore, a chlamydial vaccine does not necessarily has to
provide lifetime protection against infertility21. In this model, as
determined by the number of pregnant animals and number of
embryos, mice were protected for a period of 180 days, equivalent
to approximately a third of the life span of mice, suggesting that it
should be possible to formulate vaccines that protect females
during their fertile years. To our knowledge, this is the first time
that a subunit vaccine has been shown to induce significant long-
term protection against a chlamydial genital challenge.
C. trachomatis affects mainly individuals in their early years of

sexual activity2,32. Most females are infected with C. trachomatis
during their teens and early twenties and some of them develop
long-term sequelae following an acute primary or a reinfec-
tion5,6,33,34. In older individuals, as a result of acquired immunity,
changes in sexual behavior and/or physiological maturation, the
rates of sexually transmitted infections, including Chlamydia,
decline2–4. Mice, like humans, also become more resistant to a C.
muridarum infection as they age, indicative of physiological
maturation35. In a study by Westrom et al.34, of 141 women that
developed tubal infertility, 79 became infertility after a single
episode of PID, 36 after two events and 26 after three or more
episodes of PID. Thus, like in the case of human papillomavirus
(HPV) infections, in order to protect a person when they are at theTa
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highest risk, a vaccine needs to be delivered before the individual
reaches sexual maturity and they suffer their first PID episode36,37.
Here, we started immunization at 3 weeks of age with the goal of
achieving protection by the time mice reach sexual maturity at
7–9 weeks of age.
The intrabursal model used for these studies has limitations

since it does not parallel the natural route of infection and the
mechanisms of protection in the lower and upper genital tract are
different38. However, a direct challenge at the site where
protection is more critically needed, may provide a more stringent
proof of vaccine efficacy39. Also, challenging mice in one ovarian
bursa, allows to determine the ability of Chlamydia to disseminate
to the other ovarian bursa and helps evaluate the efficacy of the
vaccine by comparing the number of embryos in both uterine
horns39.
Unlike in the intrabursal model, to increase susceptibility to

infection in the intravaginal and the transcervical models, mice are
treated with medroxyprogesterone before they are chal-
lenged40,41. Progesterone has a significant immunomodulatory
activity in humans and mice. This sex hormone induces a shift
from Th1 to Th2 responses42. In case of C. muridarum infections, a
Th1 response is considered to be necessary for protection12,43.
Therefore, treating mice with progesterone, before they are
intravaginally or transcervically challenge, can abrogate the
protective effect of a vaccine by altering the immune
responses41,44,45. This limitation has been shown in a animals
model of chlamydia and herpes simplex virus infection. Treatment
with progesterone blocked the protective responses following
immunization46–48. Similarly, treatment of nonhuman primates
with progesterone before an intravaginal challenge with the
simian immunodeficiency virus negated the protection elicited by
the vaccine49. Thus, in our opinion, in spite of some drawbacks,
the use of the intrabursal model offers some advantages over the
intravaginal and transcervical mouse models40,50,51.
Subunit vaccines have very limited, if any, intrinsic adjuvanticity

and therefore, there is a need to formulate the antigen with
adjuvants. Using several experimental models it has been
determined that protection of mice against a secondary genital
challenge with C. muridarum requires CD4 Th1 cells and
neutralizing antibodies while the role of CD8 cells is still under
investigation12,43. Thus, here we used a combination of CpG-1826,
a Th1 adjuvant, with Montanide ISA 720, a Th2 adjuvant, to elicit
both cellular and humoral immune responses. In this experiment,
humoral immune responses declined over time in all groups
except the positive controls inoculated with live EB. Interestingly,
the decline in levels of IgG2a was fairly consistent in the four
groups immunized with MOMP. In contrast, IgG1 titers declined in
mice vaccinated by a combination of mucosal and systemic routes
while they remained fairly constant in mice immunized only
systemically. In the systemically immunized groups however, the
initial levels of IgG1 were low compared with those from mice
immunized by combined routes. Mapping of the humoral
responses using synthetic peptides to MOMP, shows that most
of the antibodies bind to the VD. Antibody levels to the VD are low
in the EB-immunized group versus animals vaccinated with
MOMP. Protection however is more robust in the EB-immunized
group suggesting that during a natural infection some anti-MOMP
antibodies are conformation dependent and thus, not detected by
this assay. Neutralizing antibodies in serum also declined overtime
in all groups probably accounting for part of the loss of protection.
Only mice immunized four times systemically, and the positive
control, had neutralizing antibodies at D180 postimmunization. In
the vaginal washes IgG titers also declined overtime although the
decline was not marked. Only controls immunized with EB had IgA
antibodies in the vaginal washes. The role of IgA in protection is
still under investigation. Although both in humans and mice there
are reports suggesting a protective role of IgA in the vaginal
mucosal, Morrison and Morrison52 found that resolution of a

primary and a secondary vaginal C. muridarum infection was not
different in IgA−/− versus IgA+/+ mice52–54. The relative stability
of antibody titers in serum and vaginal washes in the EB control
group, likely reflects the establishment of a C. muridarum chronic
colonization of the gastrointestinal tract and other organs55.
Cellular immune responses, as determined by T-cell stimulation

and levels of IFN-γ in the supernatants from EB-stimulated T-cells,
were fairly constant for all the groups over the 180 days of
evaluation. As expected, positive control mice immunized i.n. with
live EB had the most robust and consistent cell-mediated immune
responses. Therefore, the decline in protection overtime better
correlated with titers of neutralizing antibodies than with levels of
cell-mediated immune responses.
The route of administration of a vaccine influences the strength

and nature of immune responses56,57. The i.m. route is the one
most commonly used to vaccinate humans against pathogenic
organisms independent of their site of entry. For example, the
HPV, influenza and pneumococcal vaccines are delivered i.m. to
protect against mucosal pathogens36,58,59. The same route is also
used to vaccinate against Clostridium tetani and hepatitis B virus,
both systemic pathogens60,61. The portal of entry of Chlamydia can
involve several sites including the conjunctiva and the urogenital,
respiratory and gastrointestinal tracts4,62. Therefore, identification
of routes of immunization that can elicit strong immune responses
at various mucosal sites is critical if we want to formulate an
efficacious vaccine against this pathogen. The immunization route
is particularly important because due to the compartmentalization
of the mucosal immune system, stimulation of the various
mucosal inductive sites results in an uneven distribution of
immune responses at the various effector sites57,63,64. Overall, the
most effective way to induce an immune response at a specific
effector site is to locally administer the immunization, or perhaps,
stimulate sites with related lymph drainage57,65,66.
Among mucosal routes, intranasal immunization with live and

subunit chlamydial vaccines, has been shown to induce protection
against chlamydial respiratory and genital challenges in
mice21,39,67,68. Unfortunately, the use of the i.n. route for
immunization can result in significant negative secondary effects.
For example, cases of facial (Bell’s) paralysis were reported
following the i.n. delivery of the influenza vaccine69,70. The
immediate proximity of the olfactory epithelium, located in the
middle of the roof of the nasal cavity, to the central nervous
system is a significant concern for delivering vaccines by the i.n.
route. For these reasons, here, in addition to the i.n., we also
explored the colonic route, a recently described mucosal route for
immunization71.
McConnell et al.71 compared in mice the oral and colonic routes

for vaccination. Using ovalbumin adjuvanted with cholera toxin,
they found that colonic administration induces significantly higher
levels of colonic and vaginal IgA and serum IgG than the oral
route. Based on their findings, they suggested that the colonic
route may be an appropriate route for vaccinating against sexually
transmitted infections71. Draining of the urogenital and the
gastrointestinal tracts to the same lymph nodes supports this
recommendation71. Patient acceptance and easy of use could be
improved by oral delivery targeting the colon that protects the
vaccine formulation through passage of the upper gastrointestinal
tract. Here, we found better protection in mice immunized by the
col. + i.m. + s.c. routes than those vaccinated i.n. + i.m. + s.c.
supporting the premise that the proximity of the draining lymph
nodes from the vaccination site to the portal of infection is
important. Also, resident memory T-cells may be more abundant
in the genital tract following colonic compared to i.n.
immunization72.
Individuals get exposed to pathogens at different times

following vaccination. Thus, the overall efficacy of a vaccine
should be determined over an extended period of time. To assess
the cumulative efficacy of the vaccine over the study period, we
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combined the results of the three challenges at 80, 120, and
180 days postimmunization. The most robust protection was
obtained in mice vaccinated by the colonic followed by the i.m./s.
c. routes while the weakest protection was observed in the group
vaccinated three times i.m./s.c. Mice immunized by the colonic
route, followed by i.m./s.c. routes, had robust protection except on
D120. We do not have an explanation for this finding since the
immunological parameters do not reflect a failure of the
vaccination at that particular point. The same result was observed
in the primary experiment and the replicate suggesting that it is
reproducible. Further work needs to be done to clarify this
unexpected result.
Carmichael et al.27 were the first to demonstrate the ability of a

recombinant chlamydial subunit vaccine to elicit significant
protection against vaginal shedding and infertility in the mouse
model. These authors tested several routes for immunization
including mucosal only, systemic only, or combinations of
mucosal, followed by systemic routes. Mice were vaccinated four
times at 2 weeks intervals, CpG-1826 plus Montanide ISA 720 (only
systemic) were used as adjuvants, and the animals were
challenged 28 days after the last immunization. Mice immunized
by a combination of mucosal and systemic routes were the best
protected while those vaccinated only in the mucosa had minimal
protection. Groups immunized i.m. + s.c. four times had
significant protection but not as robust as those vaccinated by
two mucosal, vaginal + colonic or intranasal + sublingual,
followed by i.m. + s.c. routes. Our data confirm the results by
Carmichael et al.27 in that a combination of mucosal and systemic
routes of immunization elicits the most robust protective immune
responses. Specifically, here, mice vaccinated by colonic followed
by i.m. + s.c. routes were the best protected. Vaccination four
times i.m. + s.c., also induced quite robust protective responses.
Using only systemic routes will greatly facilitate the delivery of a
chlamydial vaccine particularly if it can be administered simulta-
neously with the HPV vaccine.
The results of these analyses are very encouraging since we

observed significant decreases in the number of mice with
positive vaginal cultures, the length of time animals had positive
vaginal cultures, number of vaginal cultures and the total number
of IFU recovered. This indicates that transmission rates will
significantly decline. In addition, significant increases in fertility
rates and number of embryos were observed in vaccinated
individuals compared with their respective negative controls.
These increases in fertility are the major target of a chlamydial
vaccine. In humans, these vaccine formulations should also
protect against PID, chronic abdominal pain, and ectopic
pregnancy since they have the same underlying pathogenic
mechanisms as infertility.
In conclusion, vaccination of mice by mucosal plus systemic

routes, or systemic routes only, with C. muridarum MOMP, using a
combination of a Th1 and a Th2 adjuvant, can significantly
decrease vaginal shedding and protect against long-term
sequelae over a third of the life-span of the animals. This
suggests, that a Chlamydia vaccine may be able to elicit protection
during most of the reproductive life span of human females. To
our knowledge this is a first time, that this broad and long-term
protection has been achieved with a subunit Chlamydia vaccine.

METHODS
Stocks of C. muridarum
C. muridarum (strain Nigg II) was obtained from the American Type Culture
Collection (Manassas, VA) and was grown in HeLa-229 cells73. Elementary
bodies (EB) were purified from C. muridarum infected cultures using
density gradient centrifugation and were stored at −80 °C until used24. The
stock of C. muridarum was tittered in HeLa-229 cells39.

Preparation of recombinant C. muridarum MOMP and Neisseria
gonorrhoeae Porin B
The cloning, expression and purification of C. muridarum MOMP and N.
gonorrhoeae PorB (Ng-PorB) were performed as previously described74,75.
By the limulus amoebocyte assay (BioWhittaker, Inc., Walkersville, MD), the
recombinant proteins had less than 0.05 EU of LPS/mg of protein75. Before
immunization the antigens were dialyzed against PBS (pH 7.4) with 0.05%
of the zwitterionic detergent Z3-14 (Anatrace: Maumee, OH).

Vaccination protocols
Three-week-old BALB/c (H-2d) mice (Charles River Laboratories; Wilming-
ton, MA) were immunized by the i.n., col., i.m., or s.c. routes with MOMP
(10 μg/mouse/immunization) as follows27,71. One group of mice was
vaccinated twice by the col. route followed by two times via the i.m. + s.c.
routes. Another group was immunized twice i.n. followed twice i.m. + s.c. A
third set of mice was vaccinated three times i.m. + s.c., while a fourth
group was immunized four times i.m.+ s.c. All immunizations were
performed at two-weeks intervals. CpG-1826 (10 µg/mouse/immunization;
5′-TCCATGACGTTCCTGACGTT-3′; Trilink Biotechnologies Inc., San Diego,
CA) and Montanide ISA 720 VG (Seppic Inc, Fairfield, NJ; at a 30:70 volume
ratio of MOMP plus CpG to Montanide) were used as adjuvants27,68,75.
Montanide was delivered only by systemic routes. Negative control groups
were inoculated with Ng-PorB as antigen using the same adjuvants and
routes of immunization as the experimental groups. At the time when the
other groups received the first immunization, the positive control group
was vaccinated once i.n. with 104 inclusion forming units (IFU) of C.
muridarum. All experiments were replicated. We had complied with all
relevant ethical regulations for animal testing and research. All animal
protocols were approved by the University of California Irvine, Animal Care
and Use Committee.

Immunoassays
Blood was collected before the genital challenge by periorbital puncture.
C. muridarum specific antibody titers in serum were determined by an
enzyme linked immunosorbent assay (ELISA)28,39. In brief, 96-well plates
were coated with 100 μl of C. muridarum EB in PBS at a concentration of
10 μg of protein/ml. Serum (100 μl) was added to each well in 2-fold serial
dilutions. After incubation at 37 °C for 1 h, the serum was discarded and
the wells were washed three times with PBS. The plates were incubated
with horseradish peroxidase-conjugated goat antimouse IgG1, or IgG2a,
antibodies (BD Pharmingen, San Diego, CA). The binding was measured in
an EIA reader (Labsystem Multiscan, Helsinki, Finland) using 2′-2′-azinobis
(3-ethylbenzthiazoline-6-sulfonic acid) as the substrate. Preimmunization
sera were used as negative controls. In vaginal washes, the levels of C.
muridarum specific IgG and IgA antibodies were determined using the
same methodology. The titers are expressed as the reciprocal of the
dilution.
To detect antibodies, elicited by vaccination, to linear epitopes of C.

muridarum MOMP, overlapping 25-mers corresponding to the amino acid
sequence of mature MOMP, were chemically synthesized (SynBioSci Corp.;
Livermore, CA)30. Peptide 25 (p25) overlapped the N-termini and C-termini
of MOMP. The peptides were adsorbed onto high binding affinity ELISA
plates (1 µg/well of a 96-well plate) and antibody binding was determined
in triplicates as described above using anti-mouse IgG76.
In vitro neutralization assays were performed as follows77.

C. muridarum (1 × 104 IFU) was added to mouse sera, and two-fold serial
dilutions made with Ca2+ and Mg2+ free PBS, pH 7.2, supplemented with
5% guinea pig serum as a source of complement. Following incubation
for 45 min at 37 °C, the mixtures were inoculated by centrifugation into
HeLa-229 cells grown on shell vials. After 30 h at 37 °C, the monolayers
were fixed and stained with a pool of monoclonal antibodies developed
in our laboratories39. The titer of a sample was the dilution that yielded
50% neutralization relative to the negative control serum from
preimmunized mice.
A T-cell lymphoproliferative assay was performed using T-cells from the

spleen28,39. Briefly, spleens from each group of mice were collected, teased
and enriched for T-cells by passage over a nylon wool column. T-enriched
cells (>90%) were counted and 105 cells/well were aliquoted into a 96-well
plate. Antigen presenting cells (APC) were prepared by irradiating
splenocytes with 3300 rads. UV-inactivated C. muridarum EB were added
at a concentration of 10 EB to 1 APC. Control wells received medium alone,
as negative control, or concanavalin A (ConA; 5 μg/ml), as a positive
nonspecific pan-T-cell mitogen. Cell proliferation was measured by
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addition of 1 μCi of (methyl 3H) thymidine per well. The mean counts per
minute (cpm) was determined from triplicate cultures. The delta cpm
(Δcpm) is the cpm in cultures from T cells stimulated with EB minus the
cpm from cultures stimulated with medium. The stimulation index (S.I.)
was calculated by dividing the number of cpm in cultures from T-cells
stimulated with EB by the number of cpm from cultures stimulated with
medium.

Cytokine measurements
Levels of IFN-γ were determined by EIA using commercial kits following
the manufacturer instructions (BD-Pharmingen). T-cells from the spleen
were stimulated with EB as described above and IFN-γ was measured in
the tissue culture supernatants collected after 48 h of incubation.

Genital challenge and vaginal cultures
Groups of mice were challenged with 105 IFU of C. muridarum in the left
ovarian bursa at 60, 120, or 180 days after the last immunization21,39.
Following the genital challenge vaginal samples were collected with swabs
for a period of 6 weeks. The first vaginal culture was collected 7 days after
challenge. The specimens were cultured in HeLa-229 cells and C.
muridarum inclusion forming units (IFU) were stained and counted as
described39.

Fertility studies
At 7 weeks following the genital challenge, four females were housed in
the same cage with a proven breeder male mouse for 18 days and the
body weight was used to monitor pregnancy21,39. Mice that did not
become pregnant were mated a second time with a male mouse that had
fathered during the first mating. After euthanasia of pregnant mice, the
number of embryos in each uterine horn was counted and bilateral fertility
was defined as at least one embryo/uterine horn.

Statistical analyses
The Mann–Whitney U-test, Fisher’s exact test, and the Student’s t-test were
used for statistical analysis using the program SigmaStat version 3.5. A
P value of < 0.05 was considered significant.

Reporting summary
Further information on research design is available in the Nature Research
Reporting Summary linked to this article.

DATA AVAILABILITY
The authors confirm that all relevant data are included in the manuscript.

Received: 19 May 2020; Accepted: 20 August 2020;

REFERENCES
1. Newman, L. et al. Global estimates of the prevalence and incidence of four

curable sexually transmitted infections in 2012 based on systematic review and
global reporting. PLoS ONE 10, e0143304 (2015).

2. CDC. Division of STD Prevention 1–168 (U.S. Department of Health and Human
Services, Atlanta, 2019).

3. Schachter, J. & Dawson, C. R. Human Chlamydial Infections. (PSG Publishing
Company, Burlington, 1978).

4. Stamm, W. in Sexually Transmitted Diseases (eds. Sparling, P. F. et al.) 575–593
(McGrawHill Book Co., Pennsylvania, 2008).

5. Haggerty, C. L. et al. Risk of sequelae after Chlamydia trachomatis genital infec-
tion in women. J. Infect. Dis. 201, S134–S155 (2010).

6. Moller, B. R. et al. Chlamydia trachomatis infection of the Fallopian tubes. His-
tological findings in two patients. Br. J. Vener. Dis. 55, 422–428 (1979).

7. Taylor, H. R. Trachoma: A Blinding Scourge from the Bronze Age to the Twenty-First
Century. 1st edn (Haddington Press Pry Ltd, West Perth, 2008).

8. Mabey, D. C., Hu, V., Bailey, R. L., Burton, M. J. & Holland, M. J. Towards a safe and
effective chlamydial vaccine: lessons from the eye. Vaccine 32, 1572–1578
(2014).

9. Gotz, H. et al. Is the increase in notifications of Chlamydia trachomatis infections
in Sweden the result of changes in prevalence, sampling frequency or diagnostic
methods? Scand. J. Infect. Dis. 34, 28–34 (2002).

10. Brunham, R. C., Pourbohloul, B., Mak, S., White, R. & Rekart, M. L. The unexpected
impact of a Chlamydia trachomatis infection control program on susceptibility to
reinfection. J. Infect. Dis. 192, 1836–1844 (2005).

11. Evans, J. R. et al. Antibiotics for trachoma. Cochrane Database Syst. Rev. 9,
CD001860 (2019).

12. Farris, C. M. & Morrison, R. P. Vaccination against Chlamydia genital infection
utilizing the murine C. muridarum model. Infect. Immun. 79, 986–996 (2011).

13. Brunham, R. C. & Rappuoli, R. Chlamydia trachomatis control requires a vaccine.
Vaccine 31, 1892–1897 (2013).

14. de la Maza, L. M., Zhong, G. & Brunham, R. C. Update on Chlamydia trachomatis
vaccinology. Clin. Vaccine Immunol. https://doi.org/10.1128/CVI.00543-16 (2017).

15. Zhong, G., Brunham, R. C., de la Maza, L. M., Darville, T. & Deal, C. National
Institute of allergy and infectious diseases workshop report: “Chlamydia vaccines:
The way forward”. Vaccine https://doi.org/10.1016/j.vaccine.2017.10.075 (2017).

16. Phillips, S., Quigley, B. L. & Timms, P. Seventy years of Chlamydia vaccine research—
limitations of the past and directions for the future. Front. Microbiol. 10, 70 (2019).

17. Plotkin, S. A., Orenstein, W. A. & Offit, P. A. Plotkin’s Vaccines. 7th edn, (Elsevier,
Hoboken, 2018).

18. de la Maza, M. A. & de la Maza, L. M. A new computer model for estimating the
impact of vaccination protocols and its application to the study of Chlamydia
trachomatis genital infections. Vaccine 13, 119–127 (1995).

19. Morrison, R. P., Belland, R. J., Lyng, K. & Caldwell, H. D. Chlamydial disease
pathogenesis. The 57-kD chlamydial hypersensitivity antigen is a stress response
protein. J. Exp. Med. 170, 1271–1283 (1989).

20. Ramsey, K. H., Newhall, W. J. T. & Rank, R. G. Humoral immune response to
chlamydial genital infection of mice with the agent of mouse pneumonitis. Infect.
Immun. 57, 2441–2446 (1989).

21. Pal, S., Peterson, E. M. & de la Maza, L. M. Intranasal immunization induces long-
term protection in mice against a Chlamydia trachomatis genital challenge.
Infect. Immun. 64, 5341–5348 (1996).

22. Rank, R. G., Batteiger, B. E. & Soderberg, L. S. Immunization against chlamydial
genital infection in guinea pigs with UV-inactivated and viable chlamydiae
administered by different routes. Infect. Immun. 58, 2599–2605 (1990).

23. Cui, Z. D. et al. Induction of antibody response to Chlamydia trachomatis in the
genital tract by oral immunization. Infect. Immun. 59, 1465–1469 (1991).

24. Caldwell, H. D., Kromhout, J. & Schachter, J. Purification and partial character-
ization of the major outer membrane protein of Chlamydia trachomatis. Infect.
Immun. 31, 1161–1176 (1981).

25. Caldwell, H. D. & Schachter, J. Antigenic analysis of the major outer membrane
protein of Chlamydia spp. Infect. Immun. 35, 1024–1031 (1982).

26. Sun, G. et al. Structural and functional analyses of the major outer membrane
protein of Chlamydia trachomatis. J. Bacteriol. 189, 6222–6235 (2007).

27. Carmichael, J. R., Pal, S., Tifrea, D. & de la Maza, L. M. Induction of protection
against vaginal shedding and infertility by a recombinant Chlamydia vaccine.
Vaccine 29, 5276–5283 (2011).

28. Pal, S., Theodor, I., Peterson, E. M. & de la Maza, L. M. Immunization with the
Chlamydia trachomatis mouse pneumonitis major outer membrane protein can
elicit a protective immune response against a genital challenge. Infect. Immun.
69, 6240–6247 (2001).

29. Pal, S., Peterson, E. M. & de la Maza, L. M. Vaccination with the Chlamydia tra-
chomatis major outer membrane protein can elicit an immune response as
protective as that resulting from inoculation with live bacteria. Infect. Immun. 73,
8153–8160 (2005).

30. Tifrea, D. F., Pal, S., Popot, J. L., Cocco, M. J. & de la Maza, L. M. Increased
immunoaccessibility of MOMP epitopes in a vaccine formulated with amphipols
may account for the very robust protection elicited against a vaginal challenge
with Chlamydia muridarum. J. Immunol. 192, 5201–5213 (2014).

31. Pal, S., Tifrea, D. F. & de la Maza, L. M. Characterization of the horizontal and
vertical sexual transmission of Chlamydia genital infections in a new mouse
model. Infect. Immun. https://doi.org/10.1128/IAI.00834-18 (2019).

32. Darville, T. Recognition and treatment of chlamydial infections from birth to
adolescence. Adv. Exp. Med. Biol. 764, 109–122 (2013).

33. Westrom, L. Effect of acute pelvic inflammatory disease on fertility. Am. J. Obstet.
Gynecol. 121, 707–713 (1975).

34. Westrom, L., Joesoef, R., Reynolds, G., Hagdu, A. & Thompson, S. E. Pelvic
inflammatory disease and fertility. A cohort study of 1844 women with lapar-
oscopically verified disease and 657 control women with normal laparoscopic
results. Sex. Transm. Dis. 19, 185–192 (1992).

35. Pal, S., Peterson, E. M. & de la Maza, L. M. Susceptibility of mice to vaginal
infection with Chlamydia trachomatis mouse pneumonitis is dependent on the
age of the animal. Infect. Immun. 69, 5203–5206 (2001).

S. Pal et al.

10

npj Vaccines (2020)    90 Published in partnership with the Sealy Center for Vaccine Development

https://doi.org/10.1128/CVI.00543-16
https://doi.org/10.1016/j.vaccine.2017.10.075
https://doi.org/10.1128/IAI.00834-18


36. Bryan, J. T. Developing an HPV vaccine to prevent cervical cancer and genital
warts. Vaccine 25, 3001–3006 (2007).

37. Lowy, D. R. & Schiller, J. T. Prophylactic human papillomavirus vaccines. J. Clin.
Invest. 116, 1167–1173 (2006).

38. Kelly, K. A., Walker, J. C., Jameel, S. H., Gray, H. L. & Rank, R. G. Differential
regulation of CD4 lymphocyte recruitment between the upper and lower regions
of the genital tract during Chlamydia trachomatis infection. Infect. Immun. 68,
1519–1528 (2000).

39. Pal, S., Fielder, T. J., Peterson, E. M. & de la Maza, L. M. Protection against infertility
in a BALB/c mouse salpingitis model by intranasal immunization with the mouse
pneumonitis biovar of Chlamydia trachomatis. Infect. Immun. 62, 3354–3362
(1994).

40. Stary, G. et al. Vaccines: a mucosal vaccine against Chlamydia trachomatis gen-
erates two waves of protective memory T cells. Science 348, aaa8205 (2015).

41. Tuffrey, M. & Taylor-Robinson, D. Progesterone as a key factor in the develop-
ment of a mouse model for genital-tract infection with Chlamydia trachomatis.
FEMS Microbiol. Lett. 12, 111–115 (1981).

42. Piccinni, M. P. et al. Progesterone favors the development of human T helper cells
producing Th2-type cytokines and promotes both IL-4 production and membrane
CD30 expression in established Th1 cell clones. J. Immunol. 155, 128–133 (1995).

43. Farris, C. M., Morrison, S. G. & Morrison, R. P. CD4+ T cells and antibody are
required for optimal major outer membrane protein vaccine-induced immunity
to Chlamydia muridarum genital infection. Infect. Immun. 78, 4374–4383 (2010).

44. Beagley, K. W. & Gockel, C. M. Regulation of innate and adaptive immunity by the
female sex hormones oestradiol and progesterone. FEMS Immunol. Med. Micro-
biol. 38, 13–22 (2003).

45. Kaushic, C., Murdin, A. D., Underdown, B. J. & Wira, C. R. Chlamydia trachomatis
infection in the female reproductive tract of the rat: influence of progesterone on
infectivity and immune response. Infect. Immun. 66, 893–898 (1998).

46. Gillgrass, A. E., Ashkar, A. A., Rosenthal, K. L. & Kaushic, C. Prolonged exposure to
progesterone prevents induction of protective mucosal responses following
intravaginal immunization with attenuated herpes simplex virus type 2. J. Virol.
77, 9845–9851 (2003).

47. Kaushic, C., Zhou, F., Murdin, A. D. & Wira, C. R. Effects of estradiol and proges-
terone on susceptibility and early immune responses to Chlamydia trachomatis
infection in the female reproductive tract. Infect. Immun. 68, 4207–4216 (2000).

48. Kaushic, C., Ashkar, A. A., Reid, L. A. & Rosenthal, K. L. Progesterone increases
susceptibility and decreases immune responses to genital herpes infection. J.
Virol. 77, 4558–4565 (2003).

49. Abel, K. et al. Abrogation of attenuated lentivirus-induced protection in rhesus
macaques by administration of depo-provera before intravaginal challenge with
simian immunodeficiency virus mac239. J. Infect. Dis. 190, 1697–1705 (2004).

50. Swenson, C. E. & Schachter, J. Infertility as a consequence of chlamydial infection
of the upper genital tract in female mice. Sex. Transm. Dis. 11, 64–67 (1984).

51. de la Maza, L. M., Pal, S., Khamesipour, A. & Peterson, E. M. Intravaginal inocu-
lation of mice with the Chlamydia trachomatis mouse pneumonitis biovar results
in infertility. Infect. Immun. 62, 2094–2097 (1994).

52. Morrison, S. G. & Morrison, R. P. The protective effect of antibody in immunity to
murine chlamydial genital tract reinfection is independent of immunoglobulin A.
Infect. Immun. 73, 6183–6186 (2005).

53. Brunham, R. C., Kuo, C. C., Cles, L. & Holmes, K. K. Correlation of host immune
response with quantitative recovery of Chlamydia trachomatis from the human
endocervix. Infect. Immun. 39, 1491–1494 (1983).

54. Morrison, R. P., Feilzer, K. & Tumas, D. B. Gene knockout mice establish a primary
protective role for major histocompatibility complex class II-restricted responses in
Chlamydia trachomatis genital tract infection. Infect. Immun. 63, 4661–4668 (1995).

55. Perry, L. L. & Hughes, S. Chlamydial colonization of multiple mucosae following
infection by any mucosal route. Infect. Immun. 67, 3686–3689 (1999).

56. Srivastava, I. et al. Dynamics of acute and memory mucosal and systemic immune
responses against HIV-1 envelope following immunizations through single or
combinations of mucosal and systemic routes. Vaccine 26, 2796–2806 (2008).

57. Neutra, M. R. & Kozlowski, P. A. Mucosal vaccines: the promise and the challenge.
Nat. Rev. Immunol. 6, 148–158 (2006).

58. Riddiough, M. A., Sisk, J. E. & Bell, J. C. Influenza vaccination. JAMA 249,
3189–3195 (1983).

59. Whitney, C. G. et al. Decline in invasive pneumococcal disease after the intro-
duction of protein-polysaccharide conjugate vaccine. N. Engl. J. Med. 348,
1737–1746 (2003).

60. Lang, J. et al. Safety and immunogenicity of a new equine tetanus immunoglo-
bulin associated with tetanus-diphtheria vaccine. Am. J. Trop. Med. Hyg. 63,
298–305 (2000).

61. Lin, H. H., Liao, H. W., Lin, S. K. & Wang, L. Y. HLA and response to booster hepatitis
B vaccination in anti-HBs-seronegative adolescents who had received primary
infantile vaccination. Vaccine 26, 3414–3420 (2008).

62. Schachter, J. in Chlamydia: Intracellular Biology, Pathogenesis and Immunity (ed
Stephens, R. S.) 139–170 (ASM, Washington, 1999).

63. Mestecky, J., Moldoveanu, Z., Smith, P. D., Hel, Z. & Alexander, R. C. Mucosal
immunology of the genital and gastrointestinal tracts and HIV-1 infection. J.
Reprod. Immunol. 83, 196–200 (2009).

64. Mestecky, J. & Russell, M. W. Induction of mucosal immune responses in the
human genital tract. FEMS Immunol. Med. Microbiol. 27, 351–355 (2000).

65. Mestecky, J. & Elson, C. O. Peyer’s patches as the inductive site for IgA responses.
J. Immunol. 180, 1293–1294 (2008).

66. Kelly, K. A., Chan, A. M., Butch, A. & Darville, T. Two different homing pathways
involving integrin beta7 and E-selectin significantly influence trafficking of CD4
cells to the genital tract following Chlamydia muridarum infection. Am. J. Reprod.
Immunol. https://doi.org/10.1111/j.1600-0897.2009.00704.x (2009).

67. Cong, Y. et al. Intranasal immunization with chlamydial protease-like activity
factor and CpG deoxynucleotides enhances protective immunity against genital
Chlamydia muridarum infection. Vaccine 25, 3773–3780 (2007).

68. Ralli-Jain, P., Tifrea, D., Cheng, C., Pal, S. & de la Maza, L. M. Enhancement of the
protective efficacy of a Chlamydia trachomatis recombinant vaccine by com-
bining systemic and mucosal routes for immunization. Vaccine 28, 7659–7666
(2010).

69. Mutsch, M. et al. Use of the inactivated intranasal influenza vaccine and the risk
of Bell’s palsy in Switzerland. N. Engl. J. Med. 350, 896–903 (2004).

70. Calzas, C. & Chevalier, C. Innovative mucosal vaccine formulations against influ-
enza A virus infections. Front. Immunol. 10, 1605 (2019).

71. McConnell, E. L., Basit, A. W. & Murdan, S. Colonic antigen administration induces
significantly higher humoral levels of colonic and vaginal IgA, and serum IgG
compared to oral administration. Vaccine 26, 639–646 (2008).

72. Morrison, S. G. & Morrison, R. P. In situ analysis of the evolution of the primary
immune response in murine Chlamydia trachomatis genital tract infection. Infect.
Immun. 68, 2870–2879 (2000).

73. Nigg, C. An unidentified virus which produces pneumonia and systemic infection
in mice. Science 95, 49–50 (1942).

74. Marston, F. A. The purification of eukaryotic polypeptides synthesized in
Escherichia coli. Biochem. J. 240, 1–12 (1986).

75. Sun, G., Pal, S., Weiland, J., Peterson, E. M. & de la Maza, L. M. Protection against an
intranasal challenge by vaccines formulated with native and recombinant pre-
parations of the Chlamydia trachomatis major outer membrane protein. Vaccine
27, 5020–5025 (2009).

76. Pal, S., Cheng, X., Peterson, E. M. & de la Maza, L. M. Mapping of a surface-exposed
B-cell epitope to the variable sequent 3 of the major outer-membrane protein of
Chlamydia trachomatis. J. Gen. Microbiol. 139, 1565–1570 (1993).

77. Peterson, E. M., Zhong, G. M., Carlson, E. & de la Maza, L. M. Protective role of
magnesium in the neutralization by antibodies of Chlamydia trachomatis infec-
tivity. Infect. Immun. 56, 885–891 (1988).

ACKNOWLEDGEMENTS
This work was supported by Public Health Service grants AI067888 and AI092129
from the National Institute of Allergy and Infectious Diseases.

AUTHOR CONTRIBUTIONS
S.P.: planned and conducted experiments, performed data analyses, generated
figures and tables and revised manuscript. M.I.C.-F.: planned the experimental design,
executed experiments, interpretated the results, and edited the manuscript. C.C.:
contributed to the experimental design, execution of experiments, and interpretation
of the results. J.C.: contributed to the experimental design and execution of
experiments. D.F.T.: prepared vaccine formulations and revised manuscript. O.T.:
performed experiments and collected data. L.M.M. conceived the original idea,
supervised the project, interpreted the results, and wrote the manuscript. All the
authors read and approved the final manuscript.

COMPETING INTERESTS
The authors declare no competing interests.

ADDITIONAL INFORMATION
Supplementary information is available for this paper at https://doi.org/10.1038/
s41541-020-00239-7.

Correspondence and requests for materials should be addressed to L.M.d.l.M.

S. Pal et al.

11

Published in partnership with the Sealy Center for Vaccine Development npj Vaccines (2020)    90 

https://doi.org/10.1111/j.1600-0897.2009.00704.x
https://doi.org/10.1038/s41541-020-00239-7
https://doi.org/10.1038/s41541-020-00239-7


Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give

appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

© The Author(s) 2020

S. Pal et al.

12

npj Vaccines (2020)    90 Published in partnership with the Sealy Center for Vaccine Development

http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Vaccination with the recombinant major outer membrane protein elicits long-term protection in mice against vaginal shedding and infertility following a Chlamydia muridarum genital challenge
	Introduction
	Results
	Humoral immune responses following vaccination
	Cell-mediated immune responses elicited by vaccination
	Vaginal cultures
	Fertility results
	Cumulative protective efficacy

	Discussion
	Methods
	Stocks of C. muridarum
	Preparation of recombinant C. muridarum MOMP and Neisseria gonorrhoeae Porin B
	Vaccination protocols
	Immunoassays
	Cytokine measurements
	Genital challenge and vaginal cultures
	Fertility studies
	Statistical analyses
	Reporting summary

	References
	References
	Acknowledgements
	Author contributions
	Competing interests
	ADDITIONAL INFORMATION




