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Chlamydia trachomatis for their ability to induce protective
Immune responses in mice against a C. muridarum challenge
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Johannes H. Hegemann?#, and Luis M. de la Mazal:+*

1Department of Pathology and Laboratory Medicine, University of California, Irvine Irvine,
California, USA

2Institut fiir Funktionelle Genomforschung der Mikroorganismen, Heinrich-Heine-Universitét
Dusseldorf, Dusseldorf, Germany

Abstract

Objectives—To test vaccines, formulated with novel antigens, to protect mice against Chlamydia
infections.

Methods—To determine the ability of polymorphic membrane proteins (Pmps) to induce cross-
species protective immune responses, recombinant fragments from all nine C. trachomatis serovar
E Pmps were used to vaccinate BALB/c mice utilizing CpG-1826 and Montanide ISA 720 as
adjuvants. C. muridarum recombinant MOMP and PBS, formulated with the same adjuvants, were
used as positive and negative controls, respectively. Mice were challenged intranasally with 104
inclusion-forming units (IFU) of C. murigarum. Animals were weighed daily and at 10 days post-
challenge, they were euthanized, their lungs harvested, weighed and the number of chlamydial
IFU counted.

Results—Following vaccination the nine Pmps elicited immune responses. Based on body
weight changes, or number of IFU recovered from lungs, mice vaccinated with Pmp C, G or H
were the best protected. For example, over the 10-day period, the negative control group
vaccinated with PBS lost significantly more body weight than mice immunized with PmpC or G
(P <0.05). C. muridarum MOMP vaccinated mice were better protected against body weight
losses than any group immunized with Pmps. Also, the median number of IFU recovered from the
lungs of mice vaccinated with PmpC (72 x 106) or PmpH (61 x 106) was significantly less than
from mice immunized with PBS (620 x 10%; P < 0.05). As determined by the number of IFU, all
Pmps elicited less protection than C. muridarum MOMP (0.078 x 108 IFU; P < 0.05).
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Conclusions—This is the first time PmpC has been shown to elicit cross-protection against a
respiratory challenge. Additional work with Pmps C, G and H is recommended to determine their
ability to protect animal models against genital and ocular challenges. Keywords: C. trachomatis,
polymorphic membrane proteins (Pmps), vaccine, C. muridarum, PmpC,

Introduction

Chlamydia trachomatis is the leading cause of bacterial sexually transmitted diseases
worldwide [1]. Genital infections affect particularly young individuals [2-4]. Newborns
become infected in the birth canal resulting in ocular, respiratory and gastrointestinal
infections [4, 5]. Chronic ocular infections, which can result in trachoma, affect individuals
in regions with poor sanitary conditions [6, 7]. Antibiotic therapy is available, but due to the
high percentage of asymptomatic patients, or inappropriate treatment, long-term sequelae
including abdominal pain, infertility, ectopic pregnancy, lymphogranuloma venereum and
blindness, can develop [3, 4, 8]. Moreover, C. trachomatis is associated with cervical
hypertrophy, induction of squamous metaplasia and HIV and HPV infections [9, 10].
Countries that have established screening or disease notification programs have observed an
increase in the prevalence of genital infections likely due to a block in the development of
natural immunity as a result of the antibiotic therapy [11, 12]. Thus, a vaccine is the best
approach to control these infections [13-17].

The C. trachomatis major outer membrane protein (MOMP) is currently the most promising
antigen for a vaccine [16, 18-22]. However, this protein may only induce serovar/serogroup
protection and therefore, there is a need to identify additional antigens with broader
protection [17, 23, 24]. Genome sequencing uncovered the presence of a family of
polymorphic membrane proteins (Pmps) unique to Chlamydiales [25]. In C. trachomatis and
C. muridarum, previously called C. trachomatis mouse pneumonitis, there are nine pmp
genes [26]. Chlamydial Pmps form a group of proteins that have multiple repeats of
conserved GGA (1,L,V) and FxxN tetrapeptide motifs in their N-terminus and central
regions with MWs ranging from ~100-150 kDa [25, 27-31]. Pmps have three functional
domains including a cleavable sec-dependent N-terminal signal for translocation through the
cytoplasmic membrane, a C-terminal B-barrel sequence for outer membrane translocation,
and a passenger domain for secretion or cell surface localization. Based on their structure,
they are considered to be type V secretion autotransporters [32]. Indeed, all C. frachomatis
Pmps are located on the chlamydial cell surface [27, 33-35]. In addition, in their
tetrapeptide-harboring regions, all nine C. trachomatis Pmps harbor adhesion capacity to
their host cells [36]. Interestingly, mutational experiments revealed the two repetitive peptide
motifs GGA (I, L, V) and FxxN to be essential for the adhesion function [37]. Presence of
recombinant Pmps during the chlamydial adhesion to host cells reduces infection [36].
Furthermore, some Pmps contain poly G tracts that control the phase variable expression of
their genes providing means for evading host immune responses [38].

As determined by the presence of serum antibodies, Pmps have been found to be
immunogenic in humans and mice infected with Chlamyadia [39-41]. In 2006, Crane et al.
[33] reported that antibodies to PmpD could pan-neutralize /in vitroall the C. trachomatis
serovars. Interestingly, antibodies to MOMP and LPS blocked the ability of the PmpD
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antibody to neutralize chlamydial infection. The authors suggested that MOMP and LPS
could act as decoys to block the binding of neutralizing antibodies to PmpD [33].
Karunakaran et al. [42], using an immunoproteomic approach, discovered T cell epitopes in
Pmps (E, F, G and H) of C. muridarum. Vaccination of C57BL/6, BALB/c and C3H/HeN
mice, with fragments from each of these four proteins, as determined by accelerated vaginal
clearance, elicited protection against a challenge with C. muridarum. PmpG was the most
protective.

Here, to identify which of the nine Pmps can elicit the most robust cross serovar protection
mice were vaccinated with fragments of each of the nine C. trachomatis serovar E Pmps and
were challenged intranasally with C. muridarum. Our data shows that PmpC induced the
most robust immune responses and was the most protective.

Determination of the humoral immune responses

To determine antibody titers, sera and vaginal washes were collected the day before the
intranasal challenge. Antibody titers were determined using C. muridarum EBs as the
antigen and also the same recombinant Pmp fragments used for immunization. As shown in
Table 1, in mice immunized with the Pmps very low IgG geometric mean titers (GMT)
against C. muridarum EBs were observed, ranging from 635 to 100. In the positive control
mice immunized with MOMP the IgG GMT to the C. muridarum EBs was 102,000.

As a measure of the Thl versus Th2 responses the levels of 1gG2a and 1gG1 were
determined (Table 1). Overall the 19G2a/lgG1 ratio for the Pmps was close to 1, except
Pmpl (3.2), suggesting well-balanced Th1/Th2 responses to EBs. Immunization with
MOMP resulted in a biased Th1 response (IgG2a/lgG1= 7.8). Using EBs as the antigen,
none of the Pmp elicited detectable levels of IgG or IgA antibodies in the vaginal washes.
Mice vaccinated with MOMP had positive 1gG (403) and IgA (13) GMT.

Significantly different results were obtained when antibody levels were determined using as
antigens the Pmp peptides used for immunization (Table 2). The I1gG antibody GMT against
the homologous Pmp fragment ranged from 325,000 for PmpF to 8,257,000 for PmpG. For
some of the Pmps these titers were equivalent to those obtained in mice immunized with
MOMP (6,553,000) using MOMP as the antigen. The 1gG2a/lgG1 ratios were overall
greater than 1 indicating that most of the Pmp elicited Thl-biased responses to the
homologous protein. MOMP also elicited Th1 responses (1gG2a/IgG1 ratio = 6.4).
Significant IgG and 1gA antibody titers were also obtained in vaginal washes. The 1gG titers
ranged from 453 (PmpF) to 20,480 (PmpG and Pmpl) and the IgA titers from 28 (PmpD and
PmpF) to 453 (PmpG). The 1gG and IgA titers in vaginal washes to MOMP were 10,240 and
160, respectively.

Characterization of the cellular immune responses

To determine cell mediated immune responses in mice immunized with PmpC, PmpE,
PmpG or PmpH spleen T cells were isolated using a nylon column and restimulated with C.
muridarum EBs. As shown in Table 3, only PmpC (SI=6.3) elicited cell proliferative
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responses that were significant when compared with negative PBS control (SI =4.3; P <
0.05). MOMP also elicited significant cell mediated responses (SI 10.9).

Levels of IFN-y were measured in the supernatants of the EBs-stimulated T-cells. As shown
in Table 3, only levels (pg) of IFN-y from groups of mice immunized with PmpC (38) or
PmpE (51) were significantly different from those of the PBS control (< 15; P < 0.05). All
IFN-vy levels induced by Pmps were lower than those in mice vaccinated with MOMP (555)
(P <0.05).

Disease burden and number of C. muridarum IFU recovered following the i.n. challenge

Starting the day of challenge mice were weighed for 10 consecutive days when they were
euthanized, their lungs harvested, weighted and the number of C. muridarum |FU
determined. The percentage change in body weight was used as a measurement of the
systemic effects of the infection and the weight of the lungs as a parameter of the local
inflammatory responses.

Between days 2 and 4 following the challenge all mice lost body weight (Fig. 2). As shown
in Table 4 and Fig. 3A, by day 10 p.c. negative control vaccinated with PBS had lost 21.1%
of their initial body weight while mice immunized with MOMP, positive control, had only
lost 2.3% of their weight. None of the Pmp immunized mice had lost statistically
significantly less body weight than the PBS controls (P > 0.05). However, when body weight
changes were analyzed over the 10-day period using the ANOVA Repeated Measures test,
animals vaccinated with PmpC or PmpG had significant differences with the PBS controls
(P < 0.05). As determined by changes in mean body weight, MOMP elicited better
protection than any of the Pmps.

At day 10 post-challenge, the mean weight of the lungs of mice vaccinated with PBS was
0.31 g, while those of mice immunized with MOMP weighted 0.19 g (Table 4, Fig. 3B). The
lungs of mice immunized with the Pmps weighed from 0.29 to 0.31 g. None of these weights
were statistically significantly different from the PBS immunized animals indicating that
robust local inflammatory responses were still present. Therefore, as determined by lungs
weight, Pmps did not elicit significant protection.

As shown in Table 4 and Fig. 3C, mice immunized with PmpC (72 x 108) or PmpH (61 x
105) had statistically significantly less IFUs in the lungs than the PBS negative control (620
x 108; P < 0.05). The PmpG immunized group (106 x 10°) approached significant protection
(P <0.1). As determined by the number of IFUs recovered, all Pmps elicited less protection
than MOMP (0.078 x 10° ; P < 0.05).

As additional parameters to measure protection and immunity levels of IFN-y and C.
muridarum specific IgA were determined in lungs supernatants. As expected, high levels of
IFN-y (6,214 pg/ml) were observed in mice immunized with PBS. Significantly lower
levels of IFN-y, compared with the PBS group, were measured in mice immunized with
PmpB, PmpC, PmpD, PmpE and PmpF, although all the Pmp had significantly higher levels
of IFN-+y than mice vaccinated with MOMP (789; P < 0.05).
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PmpC (0.33), PmpG (0.31) and PmpH (0.31) vaccinated animals had significantly higher
levels of C. muridarum-specific IgA than the PBS immunized group (0.26; P < 0.05). All
Pmps immunized mice had lower IgA levels than MOMP vaccinated animals (0.66; P <
0.05).

Discussion

The aim of this study was to compare the ability of each of the nine C. trachomatis Pmps to
induce cross-species protective immune responses in mice against an intranasal challenge
with C. murigarum. Our data shows that, as determined by changes in body weight and
number of IFU recovered from the lungs, the best protection was obtained with Pmp C. The
other Pmps elicited limited or no protection. To our knowledge this is the first time that all
nine C. trachomatis Pmps have been tested in parallel for their ability to cross-protect in an
animal model. The novel discovery that PmpC is the most protective should be further
explored.

Brunham’s research group has done extensive work on the immunology and protective
ability of the C. muridarum Pmps. For example, Karunakaran et al. [42] showed that
dendritic cells infected with C. muridarum presented PmpG and PmpF peptides on their
MHC class Il receptors. Chlamydia-specific purified CD4+ T cells produced IFN-y
following co-culture with the C. murigarum infected dendritic cells suggesting T cell
recognition of the MHCII bound Pmps [43]. Subsequently, Yu et al. [44] demonstrated that
mice, after receiving dendritic cells pulsed with PmpG or PmpF, were protected against
intranasal and genital challenges with C. muridarum. The same group of investigators also
immunized mice with PmpG, PmpE/F and MOMP or with PmpE, PmpF, PmpG or PmpH
and showed significant decreases in vaginal shedding. Splenocytes from these mice
restimulated with the same Pmps demonstrated that PmpG and PmpH induced robust
production of IFN-y while there was a low or no production after stimulation with PmpF or
PmpE, respectively. Furthermore, the PmpG peptide (303-311; YVDPAAAGG), an epitope
not present in C. trachomatis, protected mice against respiratory and vaginal challenges with
C. muridarum [45]. Following a vaginal challenge with C. muridarum a polyvalent vaccine
formulated with PmpEFGH and MOMP, adjuvanted with DDA/MPL, as determined by
vaginal shedding, elicited a more robust protection that vaccination with PmpEFGH, PmpG
or MOMP alone [46]. In addition to working with C. muridarum, Karunakaran et al. [47]
also immunized mice with a polyvalent vaccine formulated with PmpEFGH from C.
trachomatis serovar D and three MOMPs from serovars D, J and F. The mice were
challenged transcervically and, as determined by the number of C. trachomatis serovar D
IFU recovered, animals vaccinated with the combination of the four Pmps and the three
MOMPs, were better protected than those vaccinated with either the Pmps, or the three
MOMPs alone. Interestingly, Inic-Kanada et al. reported that PmpC of C. trachomatis
serovar B elicited partial protection in guinea pigs against an ocular challenge with C. caviae
[48, 49].

Here, we sought to characterize the humoral and cell mediated immune responses elicited in
mice following vaccination with each of the nine Pmps from C. trachomatis serovar E, the
most prevalent urogenital tract serovar, and to determine their ability to induce cross
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protection against a C. muridarum intranasal challenge. The Pmps sequence conservation
among the C. trachomatis serovars ranges from ~80% for PmpF to ~99% for PmpD [28, 30].
Comparison of the sequences of C. muridarum Pmps with those of C. frachomatis shows that
conservation ranges from ~50% for PmpC to 80% for PmpA [25]. The degree of amino acid
identity between the Pmps fragments of C. trachomatis serovar E utilized in this study and
the same regions in C. muridarum ranged from 60-80% and harbored at least two of the
repetitive peptide motifs GGA (I, L, V) and FxxN known to be essential for adhesion (Fig.
1). Based on changes in body weight and number of C. muridarum IFU recovered from the
lungs, the most robust protection was observed with PmpC followed by PmpH. The
protection correlated with higher cell mediated immune responses and levels of IgA-C.
muridarum specific titers in lungs and levels of IgA-anti-Pmps in the vaginal washes.
Protection did not correlate with the degree of amino acid identity between the Pmps
fragments of C. trachomatisand C. muridarum utilized in this study.

In addition to sequence homology, another factor that can influence the ability of a particular
Pmp to elicit immune responses and protection may be the time of expression and the
quantity of the Pmp in EBs and on the EBs cell surface. Characterization of the expression
levels showed that Pmps, such as A, D and I, are mainly transcribed in the middle of the
developmental cycle (~ 18 h post-infection) of C. trachomatis while the others, B, C, E, F, G
and H, are transcribed at the end of the cycle (32-48 hrs. post-infection) [27, 28]. Based on a
quantitative proteomic analysis of the RBs and EBs from serovar L2, Saka et al. [50]
concluded that PmpG was the most abundant Pmp (26% of all the Pmps), followed by E
(18%), B and H (17% each) and C (11%) in EBs. Pmp A and | were not detected in EBs but
were present in RBs. PmpD was the most abundant Pmp in RBs (40%) but only accounted
for 1% of the Pmps detected in EBs. Our findings suggest that Pmps have to be present in
EBs to elicit protection since the three protective Pmps are all among the five most abundant
Pmps present in EBs.

Accessibility to the immune system and therefore the ability to elicit antibodies and cell
mediated immune responses, is a critical factor for the antigen to protect. Using 159 sera
from women with PID, infected young females and male patients, Tan et al. [39] found that
PmpB, PmpC, PmpD and Pmpl were the most frequently reactive and elicited more robust
immune responses than PmpA and PmpE. Importantly differences in reactivity were
observed between adolescent females and those with PID and also in males versus female
samples. It was suggested that Pmps may be differently regulated in the various chlamydial
serovars or that PmpC and PmpD could be strongly antigenic in adolescent females.
Antibodies to PmpB and Pmpl were more prevalent in patients with PID suggesting that
these two proteins may be involved in pathogenesis. Also, in a study by Taylor et al. [51],
PmpA and Pmpl were found to be associated with upper tract genital infection.

To assess which Pmp could elicit the most robust protective immune responses, we
vaccinated mice with fragments of each of the nine C. trachomatis serovar E Pmps, and the
adjuvant combination CPG plus Montanide, known to induce Thl-biased immune responses
[18]. C. muridarum MOMP and PBS, delivered with the same adjuvants, were used as
positive and negative controls, respectively. Antibody responses to the Pmps, using C.
muridarum EBs as the antigen, were weak, suggesting that either the Pmps are not easily
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accessible on the surface of the EBs or that the amount of protein present in EBs is limited.
When the same recombinant antigens used for vaccination were used as antigens in an
ELISA the antibody titers were very high for all nine Pmps indicating robust humoral
antibody responses. C. muridarum EBs were also used to restimulate T-cells from mice
vaccinated with PmpC, PmpE, PmpG or PmpH. Only mice vaccinated with PmpC elicited
proliferative responses significantly higher than the PBS control. PmpC, PmpE and PmpG
induced significant levels of IFN-y in spleen supernatants when compared with PBS. As
determined by changes in body weight and number of IFU recovered from the lungs, PmpC
and PmpH were the most protective antigens. The other Pmps induced limited or no
protection.

Phylogenetic analysis of pmpC, performed by Gomez et al. [52], for all the C. trachomatis
serovars showed that the most prevalent genital serovars E, F and Da form a distinct clade.
In these serovars, pmpC contained two putative insertion sequences (1S)-like elements, with
10 and 15-bp direct repeats respectively, while the other genital serovars only carried one IS-
like element. The sequence identity of PmpC for the E, F and Da serovars is 98-100% and
therefore, inclusion of this antigen in a human vaccine could have a major impact on the
prevalence of chlamydial infections. In support of the possibility of cross-serovar protection
induced by PmpC, Inic-Kanada et al. [48] have recently shown that mice vaccinated in the
ocular mucosa with PmpC from C. frachomatis serovar E developed humoral and cell
mediated immune responses that cross-reacted with serovar B.

In conclusion, PmpC, PmpG and PmpH should be further explored as vaccine candidates.
The phase variation of Pmps suggests that including at least two of them in a vaccine will be
prudent. To account for the allelic variation of MOMP including this protein from the
serovars most commonly found in humans should further increase the effectiveness of the
vaccine [46]. It is important to emphasize, that even a vaccine with moderate efficacy, 50%
protection over a 10 year period, could have a major impact on the epidemiology of C.
trachomatis infections [13].

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

This work was supported by Public Health Service grant RO1A1092129 from the National Institutes of Allergy and
Infectious Diseases (to LMdIM), and the Manchot foundation (Manchot Graduate School MOI I1) (to AF and JHH).

References

1. Centers for Disease Control and Prevention C. 2015 Sexually Transmitted Diseases Treatment
Guidelines. Sexually transmitted diseases. 2015. http://www.cdc.gov/std/tg2015/chlamydia.htm

2. Miller WC, Ford CA, Morris M, Handcock MS, Schmitz JL, Hobbs MM, et al. Prevalence of
chlamydial and gonococcal infections among young adults in the United States. JAMA. 2004;
291:2229-36. [PubMed: 15138245]

3. Ness RB, Smith KJ, Chang CC, Schisterman EF, Bass DC. Prediction of pelvic inflammatory
disease among young, single, sexually active women. Sex Transm Dis. 2006; 33:137-42. [PubMed:
16505735]

Vaccine. Author manuscript; available in PMC 2018 May 02.


http://www.cdc.gov/std/tg2015/chlamydia.htm

1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Pal et al.

Page 8

4. Stamm, W. Chlamydia trachomatis infections of the adult. In: Holmes, KKPS.Stamm, WE.Piot,
P.Wasserheit, JW.Corey, L.Cohen, MS., Watts, DH., editors. Sex Transm Dis. New York:
McGrawHill Book Co; 2008. p. 575-93.

5. Darville T. Chlamydia trachomatis infections in neonates and young children. Semin Pediatr Infect
Dis. 2005; 16:235-44. [PubMed: 16210104]

6. Wang SP, Grayston JT. A potency test for trachoma vaccine utilizing the mouse toxicity prevention
test. Am J Ophthalmol. 1967; 63(Suppl):1443-54.

7. Schachter, J., Dawson, CR. Human chlamydial infections. Littleton, Mass: PSG Pub. Co; 1978.

8. Taylor, HR. Trachoma: a blinding scourge from the Bronze Age to the twenty-first century. 1.
Victoria, Australia: Haddington Press Pry Ltd; 2008.

9. Plummer FA, Simonsen JN, Cameron DW, Ndinya-Achola JO, Kreiss JK, Gakinya MN, et al.
Cofactors in male-female sexual transmission of Human Immunodeficiency Virus type 1. J Infect
Dis. 1991; 163:233-9. [PubMed: 1988508]

10. Silva J, Cerqueira F, Medeiros R. Chlamydia trachomatis infection: implications for HPV status
and cervical cancer. Arch Gynecol Obstet. 2014; 289:715-23. [PubMed: 24346121]

11. Brunham RC, Pourbohloul B, Mak S, White R, Rekart ML. The unexpected impact of a Chlamydia
trachomatis infection control program on susceptibility to reinfection. J Infect Dis. 2005;
192:1836-44. [PubMed: 16235186]

12. Gotz H, Lindback J, Ripa T, Arneborn M, Ramsted K, Ekdahl K. 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. 2002; 34:28-34. [PubMed: 11874161]

13. de la Maza MA, de la Maza LM. A new computer model for estimating the impact of vaccination
protocols and its application to the study of Chlamydia trachomatis genital infections. Vaccine.
1995; 13:119-27. [PubMed: 7762268]

14. de la Maza LM, Peterson EM. Vaccines for Chlamydia trachomatis infections. Curr Opin Investig
Drugs. 2002; 3:980-6.

15. Rockey DD, Wang J, Lei L, Zhong G. Chlamydia vaccine candidates and tools for chlamydial
antigen discovery. Expert Rev Vaccines. 2009; 8:1365-77. [PubMed: 19803759]

16. Farris CM, Morrison RP. Vaccination against Chlamydia genital infection utilizing the murine C.
muridarum model. Infect Immun. 2011; 79:986-96. [PubMed: 21078844]

17. Carmichael JR, Pal S, Tifrea D, de la Maza LM. Induction of protection against vaginal shedding
and infertility by a recombinant Chlamydia vaccine. Vaccine. 2011; 29:5276-83. [PubMed:
21609745]

18. Pal S, Peterson EM, de la Maza LM. Vaccination with the Chlamyadia trachomatis major outer
membrane protein can elicit an immune response as protective as that resulting from inoculation
with live bacteria. Infect Immun. 2005; 73:8153-60. [PubMed: 16299310]

19. Sun G, Pal S, Weiland J, Peterson EM, de la Maza LM. Protection against an intranasal challenge
by vaccines formulated with native and recombinant preparations of the Chlamydia trachomatis
major outer membrane protein. Vaccine. 2009; 27:5020-5. [PubMed: 19446590]

20. Kari L, Whitmire WM, Crane DD, Reveneau N, Carlson JH, Goheen MM, et al. Chlamydia
tfrachomatis native major outer membrane protein induces partial protection in nonhuman primates:
implication for a trachoma transmission-blocking vaccine. J Immunol. 2009; 182:8063-70.
[PubMed: 19494332]

21. Tifrea DF, Pal S, Popot JL, Cocco MJ, de la Maza LM. 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. 2014; 192:5201-13.
[PubMed: 24778450]

22. Teng A, Cruz-Fisher MI, Cheng C, Pal S, Sun G, Ralli-Jain P, et al. Proteomic identification of
immunodominant chlamydial antigens in a mouse model. J Proteomics. 2012; 77:176-86.
[PubMed: 22959960]

23. Wang SP, Grayston JT, Alexander ER. Trachoma vaccine studies in monkeys. Am J Ophthalmol.
1967; 63(Suppl):1615-30.

Vaccine. Author manuscript; available in PMC 2018 May 02.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Pal et al.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Page 9

Tifrea DF, Sun G, Pal S, Zardeneta G, Cocco MJ, Popot JL, et al. Amphipols stabilize the
Chlamydia major outer membrane protein and enhance its protective ability as a vaccine. Vaccine.
2011; 29:4623-31. [PubMed: 21550371]

Stephens RS, Kalman S, Lammel C, Fan J, Marathe R, Aravind L, et al. Genome sequence of an
obligate intracellular pathogen of humans: Chlamydia trachomatis. Science. 1998; 282:754-9.
[PubMed: 9784136]

Grimwood J, Stephens RS. Computational analysis of the polymorphic membrane protein
superfamily of Chlamydia trachomatis and Chlamydia pneumoniae. Microb Comp Genomics.
1999; 4:187-201. [PubMed: 10587946]

Tan C, Hsia RC, Shou H, Carrasco JA, Rank RG, Bavoil PM. Variable expression of surface-
exposed polymorphic membrane proteins in in vitro-grown Chlamyadia trachomatis. Cell
Microbiol. 2010; 12:174-87. [PubMed: 19811502]

Carrasco JA, Tan C, Rank RG, Hsia RC, Bavoil PM. Altered developmental expression of
polymorphic membrane proteins in penicillin-stressed Chlamydia trachomatis. Cell Microbiol.
2011; 13:1014-25. [PubMed: 21504531]

Nunes A, Gomes JP, Mead S, Florindo C, Correia H, Borrego MJ, et al. Comparative expression
profiling of the Chlamydia trachomatis pmp gene family for clinical and reference strains. PLoS
One. 2007; 2:e878. [PubMed: 17849007]

Van Lent S, Creasy HH, Myers GS, Vanrompay D. The number, organization, and size of
polymorphic membrane protein coding sequences as well as the most conserved Pmp protein differ
within and across Chlamydia species. J Mol Microbiol Biotechnol. 2016; 26:333—-44. [PubMed:
27463616]

Vasilevsky S, Stojanov M, Greub G, Baud D. Chlamydial polymorphic membrane proteins:
regulation, function and potential vaccine candidates. Virulence. 2016; 7:11-22. [PubMed:
26580416]

Henderson IR, Lam AC. Polymorphic proteins of Chlamydia spp.--autotransporters beyond the
Proteobacteria. Trends Microbiol. 2001; 9:573-8. [PubMed: 11728862]

Crane DD, Carlson JH, Fischer ER, Bavoil P, Hsia RC, Tan C, et al. Chlamydia trachomatis
polymorphic membrane protein D is a species-common pan-neutralizing antigen. Proc Natl Acad
Sci U S A. 2006; 103:1894-9. [PubMed: 16446444]

Kiselev AO, Stamm WE, Yates JR, Lampe MF. Expression, processing, and localization of PmpD
of Chlamydia trachomatis Serovar L2 during the chlamydial developmental cycle. PLoS One.
2007; 2:e568. [PubMed: 17593967]

Swanson KA, Taylor LD, Frank SD, Sturdevant GL, Fischer ER, Carlson JH, et al. Chlamydia
trachomatis polymorphic membrane protein D is an oligomeric autotransporter with a higher-order
structure. Infect Immun. 2009; 77:508-16. [PubMed: 19001072]

Becker E, Hegemann JH. All subtypes of the Pmp adhesin family are implicated in chlamydial
virulence and show species-specific function. MicrobiologyOpen. 2014; 3:544-56. [PubMed:
24985494]

Molleken K, Schmidt E, Hegemann JH. Members of the Pmp protein family of Chlamydia
pneumoniae mediate adhesion to human cells via short repetitive peptide motifs. Mol Microbiol.
2010; 78:1004-17. [PubMed: 21062373]

Pedersen AS, Christiansen G, Birkelund S. Differential expression of Pmp10 in cell culture
infected with Chlamydia pneumoniae CWL029. FEMS Microbiol Lett. 2001; 203:153-9.
[PubMed: 11583841]

Tan C, Hsia RC, Shou H, Haggerty CL, Ness RB, Gaydos CA, et al. Chlamydia trachomatis-
infected patients display variable antibody profiles against the nine-member polymorphic
membrane protein family. Infect Immun. 2009; 77:3218-26. [PubMed: 19487469]

Wang J, Zhang Y, Lu C, Lei L, Yu P, Zhong G. A genome-wide profiling of the humoral immune
response to Chlamydia trachomatis infection reveals vaccine candidate antigens expressed in
humans. J Immunol. 2010; 185:1670-80. [PubMed: 20581152]

Cruz-Fisher MI, Cheng C, Sun G, Pal S, Teng A, Molina DM, et al. Identification of
immunodominant antigens by probing a whole Chlamydia trachomatis open reading frame

Vaccine. Author manuscript; available in PMC 2018 May 02.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Pal et al.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

Page 10

proteome microarray using sera from immunized mice. Infect Immun. 2011; 79:246-57. [PubMed:
20956570]

Karunakaran KP, Rey-Ladino J, Stoynov N, Berg K, Shen C, Jiang X, et al. Immunoproteomic
discovery of novel T cell antigens from the obligate intracellular pathogen Ch/amydia. J Immunol.
2008; 180:2459-65. [PubMed: 18250455]

Yu H, Jiang X, Shen C, Karunakaran KP, Jiang J, Rosin NL, et al. Chlamydia muridarum T-cell
antigens formulated with the adjuvant DDA/TDB induce immunity against infection that correlates
with a high frequency of gamma interferon (IFN-gamma)/tumor necrosis factor alpha and IFN-
gamma/interleukin-17 double-positive CD4+ T cells. Infect Immun. 2010; 78:2272-82. [PubMed:
20231405]

Yu H, Karunakaran KP, Jiang X, Shen C, Andersen P, Brunham RC. Chlamydia muridarumT cell
antigens and adjuvants that induce protective immunity in mice. Infect Immun. 2012; 80:1510-8.
[PubMed: 22290151]

Yu H, Jiang X, Shen C, Karunakaran KP, Brunham RC. Novel Chlamydia muridarumT cell
antigens induce protective immunity against lung and genital tract infection in murine models. J
Immunol. 2009; 182:1602-8. [PubMed: 19155509]

Yu H, Karunakaran KP, Jiang X, Brunham RC. Evaluation of a multisubunit recombinant
polymorphic membrane protein and major outer membrane protein T cell vaccine against
Chlamydia murigarum genital infection in three strains of mice. Vaccine. 2014; 32:4672-80.
[PubMed: 24992718]

Karunakaran KP, Yu H, Jiang X, Chan Q, Moon KM, Foster LJ, et al. Outer membrane proteins
preferentially load MHC class Il peptides: implications for a Chlamydia trachomatis T cell
vaccine. Vaccine. 2015; 33:2159-66. [PubMed: 25738816]

Inic-Kanada A, Stojanovic M, Marinkovic E, Becker E, Stein E, Lukic I, et al. A probiotic adjuvant
Lactobacillus rhamnosus enhances specific immune responses after ocular mucosal immunization
with chlamydial polymorphic membrane protein C. PLoS One. 2016; 11:e0157875. [PubMed:
27636704]

Inic-Kanada A, Stojanovic M, Schlacher S, Stein E, Belij-Rammerstorfer S, Marinkovic E, et al.
Delivery of a chlamydial adhesin N-PmpC subunit vaccine to the ocular mucosa using particulate
carriers. PL0oS One. 2015; 10:e0144380. [PubMed: 26656797]

Saka HA, Thompson JW, Chen Y'S, Kumar Y, Dubois LG, Moseley MA, et al. Quantitative
proteomics reveals metabolic and pathogenic properties of Chlamydia trachomatis developmental
forms. Mol Microbiol. 2011; 82:1185-203. [PubMed: 22014092]

Taylor BD, Darville T, Tan C, Bavoil PM, Ness RB, Haggerty CL. The role of Chlamydia
trachomatis polymorphic membrane proteins in inflammation and sequelae among women with
pelvic inflammatory disease. Infect Dis Obstet Gynecol. 2011; 2011:989762. [PubMed: 22028586]
Gomes JP, Bruno WJ, Borrego MJ, Dean D. Recombination in the genome of Chlamydia
trachomatis involving the polymorphic membrane protein C gene relative to ompA and evidence
for horizontal gene transfer. J Bacteriol. 2004; 186:4295-306. [PubMed: 15205432]

Vaccine. Author manuscript; available in PMC 2018 May 02.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Pal et al.

% aaidentity % aa identity
fragment used full length
I
408 608
PmpA-| ] 81 77
138 811
PmpB-| 64 72
80 1300
PmpC+ [ 71 46
e 70 n
219
PmpE~||g- 61 71
5 748
PmpF- [ = =
PMpPG- T 69 73
PmpH- o 64 75
137 518
Pmpl{ [ 76 78
T T T
Q Q Q QO
\) N N
S KN K

Protein length (aa)

Page 11

Fig. 1. Diagram showing percentage amino acid identity between C. trachomatis serovar E (strain
DK-20) and C. muridarum (strain Nigg Il) for the full length Pmps and the protein fragments

used for this study

The numbers above each Pmp identify the first and the last amino acid of the protein

fragment used in this study.
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Fig. 2. Daily changes in body weight following the i.n. challenge with C. muridarum
Mean percentage changes in daily mean body weight following the i.n. challenge (*, P <

0.05 by the Repeated Measures ANOVA).
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A. Percentage change in body weight at 10 days following the i.n. challenge. The mean is
shown as a horizontal line. Each symbol represents a single animal.
B. Lungs weight (g) at day 10 after the i.n. challenge. The mean is shown as a horizontal
line. Each symbol represents a single animal.
C. Number of C. muridarum IFU recovered from the lungs at day 10 after the i.n. challenge.

The median is shown as a horizontal line. Each symbol represents a single animal.
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