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Abstract

Two groups of 50 BALB/c male mice were immunized with live Chlamydia trachomatis mouse
pneumonitis (MoPn) using the intranasal (i.n.) or the meatus urethra (intraurethral: i.u.) routes. As
a control group, 100 male mice were sham-immunized in parallel. Both groups of animals
vaccinated with live organisms developed strong Chlamydia-specific humoral and cell mediated
immune responses. Based on the 1gG2a/IgG1 ratio and the levels of IFN-y both groups mounted a
Th1 immune response. At six weeks following the immunization, all mice were challenged in the
meatus urethra. The urethra, urinary bladder, testes and epididymides were harvested at weekly
intervals and tested for the presence of C. trachomatis. Based on the culture results from these four
organs both groups of Chlamydia-immunized mice showed significant protection. In the group
immunized i.u., 10% (5/50) had positive cultures, while in the group immunized i.n. 28% (14/50)
had positive cultures during the 5 weeks of observation. In contrast, in the sham-immunized
animals 47% (47/100) had positive cultures (P<0.005) during the study period. In addition, the
number of positive organs, the length of time that the animal had positive cultures, and the total
number of inclusion forming units (IFU) recovered were overall significantly lower in the i.u. or
i.n. groups in comparison with the sham-immunized animals. However, in relation to the i.u.
immunized group, the protection elicited in the i.n. group was delayed and not as robust. In
conclusion, immunization of mice in the meatus urethra may provide the gold standard for testing
Chlamydia vaccines in a male model.
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INTRODUCTION

Historically male urethritis has been called gonococcal urethritis when Neisseria
gonorrhoeae was detected, and non-gonococcal urethritis (NGU) when N. gonorrhoeae was
not isolated [1,2]. Chronic urethritis associated with the "inclusion forming agents" was first
described by Halberstaedter and von Prowazek in 1907 [3] and confirmed by Linder in 1910
[4]. In 1964 Jones isolated Chlamydia from a man with urethritis [5]. Since then, C.
trachomatis has been found to be the most common sexually bacterial pathogen in males. It
is estimated that 2 million cases of symptomatic male acute urethritis occurs in the USA
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every year [6,7]. Approximately 50% of the urethritis cases are due to C. trachomatis.
Additionally, 50-70% of the acute urethritis cases due to C. trachomatis in males are
asymptomatic [2,6,7]. An increase in the incidence of male urethritis due to C. trachomatis
has recently been observed in several countries [6,8-11]. For example, starting in 1996,
Massari et al. [10] observed an increase in the annual incidence of male urethritis in France.
The authors ascribe this upsurge to a return to unprotected sexual practices following the
decline resulting from the AIDS epidemic.

Complications may develop in some males with C. trachomatis urethritis. Approximately
500,000 cases of epididymitis occur yearly in the USA and of these, probably 50% are due
to C. trachomatis [12]. Sexually active young males account for approximately 70% of the
cases. In general, the epididymitis is unilateral and the patient has scrotal and inguinal pain.
As a result of epididymitis abscess formation and infarction of the testicle may developed
[12-14]. The role of C. trachomatis in male infertility is not well understood [15]. Transit of
the sperm through the epididymides is necessary for development of normal sperm function.
Thus, acute inflammation of the epididymides could lead to decreased fertility even in the
absence of occlusion. Hosseinzadeh et al. [16] have proposed that C. trachomatis, by
increasing tyrosine phosphorylation, may lead to premature capacitation of the spermatozoa
and failure of conception. In addition to infertility, other possible complications associated
with Chlamydia infections in males include proctitis, Reiter’s syndrome, and sexually
acquired reactive arthritis (SARA) [1,2,17].

When implemented in a timely fashion, antibiotics are effective against Chlamydia.
However, since many infections are asymptomatic the patients go untreated. Even in
symptomatic cases unless the patient is treated early in the infection, with the correct type of
antibiotic, long-term complications may occur. Therefore, development of a vaccine to
prevent chlamydial infections in males should be a priority. Pal et al. [18] have recently
established a new murine model of C. trachomatis urogenital tract (UGT) infection by
inoculating male mice in the meatus urethra with C. trachomatis MoPn. This pathogen,
originally isolated by Nigg [19] from mice inoculated with human respiratory specimens,
was considered by Nigg and Eaton [20] to be, most likely, of human origin. In female and
male mice MoPn produces UGT infections that closely resemble those produced in humans
by C. trachomatis [18,21,22]. Here, using this isolate, we explored new vaccination
strategies with the goal of establishing a gold standard for testing chlamydial vaccines for
males.

MATERIALS AND METHODS

Organisms

The C. trachomatis mouse MoPn strain Nigg Il (MoPn; also called C. muridarum) was
purchased from the American Type Culture Collection (Mannassas, VA) and was grown in
HeLa-229 cells [23]. Stocks of elementary bodies (EB) were prepared as described by
Caldwell et al. [24] and stored at —70°C in SPG (0.2 M sucrose, 20 mM sodium phosphate
pH 7.2 and 5 mM glutamic acid).

Immunization and challenge of mice

Three week-old male mice BALB/c (H-24) were purchased from Charles River Laboratories
(Wilmington, MA). The animals were housed in isolation cubicles at a constant temperature
of 24°C with a cycle of 12 h of light and 12 h of darkness and were fed chow ad libitum. For
i.u. immunization, the animals were anesthetized with Ketamine plus Xylazine and, while
lying on their backs, the prepuce was pulled and using a 4x magnifying glass 10° inclusion
forming units (IFU; 20x1Dsgp) of Chlamydia MoPn was placed on the meatus urethra [18].
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Mice were kept on their backs until the inoculum was observed to reflux into the urethra.
For i.n. immunization the mice were anesthetized and 10% IFU of MoPn (20x1Dsp) in 20 pl
of EMEM were placed on the nostrils [23,25]. A control group of male BALB/c mice of the
same age was sham-immunized with SPG. Six weeks after the immunization the mice were
challenged with 108 IFU i.u. as described above. The experiments were repeated twice. The
animal protocols were approved by, the University of California Irvine, Animal Care and
Use Committee.

Organ culture

The male mice were euthanized at weekly intervals following the challenge and the penile
and membranous urethra, urinary bladder, epididymides and testes were harvested and
placed in 2 ml of SPG [18]. The tissues were homogenized using a Stomacher Lab-Blender
80 (Tekmar Co., Cincinnati, OH) and duplicates of 10-fold dilutions were inoculated by
centrifugation (1,000 x g, 1 h at 24°C) onto HeLa-229 cells grown in 48-well tissue culture
plates. Each well was inoculated with 100 pl of the homogenate. The cells were incubated
for 30 h at 37°C and the C. trachomatis inclusions stained with a pool of monoclonal
antibodies (mAb) prepared in our laboratory [18]. This pool included mAb to the major
outer membrane protein (MOMP), the 60-kDa cysteine-rich protein (crp), a 150-kDa
putative outer membrane protein and the lipopolysaccharide (LPS) of C. trachomatis MoPn.
The limit of detection was 20 IFU per organ.

Immunoassays

Following euthanasia blood was collected at weekly intervals from the heart and the serum
from each mouse for each group of mice was pooled. The C. trachomatis MoPn specific
antibody titer in serum was determined by an enzyme linked immunosorbant assay (ELISA)
[23]. In brief, a 96-well plate was coated with 100 ul of C. trachomatis MoPn EB in PBS at
a concentration of 10 ug of protein/ml. Serum (100 pl) 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
washed three times with PBS. Subsequently, the plates were incubated with horseradish
peroxidase-conjugated goat antimouse IgM, IgA, 1gG, 1gG1, 1gG2a, 1gG2b and 1gG3
(Southern Biotechnology Associates, Inc. Birmingham, AL). The binding was measured in
an EIA reader (Labsystem Multiscan, Helsinki, Finland) using 2'-2"-azinobis (3-
ethylbenzthiazoline-6-sulfonic acid) as the substrate. Preinfection sera were used as negative
controls. The titers are expressed as the reciprocal of the dilution.

Immunoblots were performed by using 250 pg of protein from purified C. trachomatis
MoPn EB in tricine-SDS polyacrylamide gels (10% acrylamide, 0.3% bis-acrylamide (w/v)
[23,26]. Following transfer to nitrocellulose membranes the nonspecific sites were blocked
with BLOTTO (Bovine Lacto Transfer Technique Optimizer: 5% (w/v) non fat dried milk, 2
mM CaCl, and 50 mM Tris-HCI, pH 8.0). Serum samples were diluted 1:100 and incubated
overnight at 4°C. Antibody binding was detected with horseradish peroxidase-conjugated
goat anti-mouse antibody developed with 0.01% hydrogen peroxide and 4-chloro-1-naphthol
[23].

A T-cell lymphoproliferative assay (LPA) was performed using splenocytes as described
[23]. Briefly, the spleens of two to three mice from each group were collected, teased and
enriched for T-cells by passage over a nylon wool column. T-enriched cells were counted
and 10° cells were aliquoted into a 96-well plate. Antigen presenting cells (APC) were
prepared by irradiating splenocytes with 3,300 rads. UV inactivated C. trachomatis MoPn
EB were added at a concentration of 10 EB to 1 APC. Control wells received medium alone
as negative control, or concanavalin A, as a positive control, at a concentration of 5 ug/ml.
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Cell proliferation was measured by addition of 1 uCi of (methyl 3H) thymidine per well. The
mean count was determined for triplicate cultures.

Cytokine measurements

Statistics

RESULTS

Levels of IFN-y, IL-4 and TNF-a were determined by EIA using commercial kits following
the manufacturer instructions (BD-Pharmingen, San Diego, CA). T-cells from the spleen
were stimulated as described above and the cytokines were measured in tissue culture
supernatants collected after 48 h of incubation.

The two-tailed unpaired Student's t-test, Fisher's exact test, Chi square test and the Mann-
Whitney's U test were used to determine the significance of differences between the groups
using the SigmasStat 3.5 software program on a PC computer. A p value of <0.05 was
considered to be significant.

Assessment of the humoral immune response following immunization

Male BALB/c mice were immunized with live Chlamydia by the i.u. or i.n. routes and serum
samples were collected the day before the animals were challenged in the meatus urethra.
Results of the ELISA performed to detect serum antibodies specific for C. trachomatis
MoPn EB are shown in Table 1. The titer of 1gG antibodies in the mice immunized i.u. was
3,200 and in the mice immunized i.n. the titer was 12,800. To determine if the animals had
developed a Thl or a Th2 biased immune response the levels of Chlamydia-specific 1gG2a
and 1gG1 were determined. Titers of 1gG2a were 8-fold higher than those of 1gG1,
6,400/800 and 12,800/1,600, in the groups immunized i.u. and i.n., respectively. Serum IgA
titers were equivalent in the mice immunized i.n. (800) and in the animals inoculated i.u.
(400). No Chlamydia-specific IgM antibodies were detected in either group of male mice.
No Chlamydia-specific antibodies were detected in the serum samples form the sham-
immunized animals.

The Chlamydia-specific neutralizing titers were also determined the day before the i.u.
challenge. As shown in Table 1, the neutralizing titer was the same (1,250) in the i.u. and the
i.n. immunized groups. The serum from the sham-immunized group was used as the
background control.

Figure 1 shows the results of the Western blot performed with the serum samples collected
the day before the challenge. The serum from the animals immunized i.n detected several
bands with a MW in the range of 90-150 kDa. In this MW range a few faint bands were also
observed with the serum from the animals immunized i.u. In addition, the doublet
corresponding to the 60-kDa crp, the 60-kDa-heat shock protein (hsp), MOMP, the 28 kDa
and LPS were detected in both groups of animals. The Western blot was negative for the
sham-immunized mice.

Determination of the cellular immune response following immunization

To characterize the cellular immune response following the i.u. and i.n. immunizations, T
cell-enriched splenocytes were collected and tested for their proliferative response to EB. As
controls, splenocytes from the sham-immunized males were used. As shown in Table 2 a
very strong proliferative response to EB was observed in both groups immunized with C.
trachomatis when compared to the sham-immunized control animals. The stimulation index
(SI) in the group immunized i.u. was 54 (12,058/225) and the Sl for the animals inoculated
i.n. was 58 (9,511/163).
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Levels of IFN-y, IL-4 and TNF-a were measured in the supernatants from stimulated T-cells
from the spleen. As shown in Table 2, high levels of IFN-y and TNF-o were detected in the
supernatants of the lymphocytes from the immunized mice in comparison to those in the
sham-infected mice (p<0.05). In contrast, levels of IL-4 were below the limit of detection for
the C. trachomatis vaccinated and the sham-immunized animals.

Characterization of the course of the i.u. challenge

Six weeks after the i.u. and the i.n. immunizations the BALB/c male mice were challenged
in the meatus urethra with 1x10° IFU of C. trachomatis MoPn. At weekly intervals groups
of mice were euthanized, their UGT harvested and cultured for C. trachomatis. As shown in
Tables 3 and 4, overall, significant protection was observed in the mice immunized by either
the i.u. or the i.n. routes. Interestingly, the animals immunized i.u. showed significant
protection at 7 days after the challenge while the mice immunized i.n. showed significant
protection starting at 14 days post-challenge. For example, at 7 days post-challenge 85%
(17/20) of the sham-immunized mice had positive cultures from at least one UGT organ
while only 30% (3/10) of the animals immunized i.u. had positive cultures (P<0.05). In
contrast, in the i.n. immunized group 90% (9/10) of the mice had positive cultures (P>0.05).
Also, only 15% (6/40) of the UGT organs cultured were positive in the i.u. immunized
group while 59% (47/80) were positive in the control sham-immunized animals (P<0.05). Of
the organs cultured at 7 days after the challenge from the i.n. immunized mice, 48% (19/40)
were positive (P>0.05). Furthermore, a significant decrease in the number of IFU recovered
from the urethra, bladder, epididymides and testes was also observed in the i.u. immunized
group at 7 days post-challenge in comparison with the sham-immunized animals (P<0.05).
Importantly, in the i.u. immunized group only 10% (1/10) of the epididymides were positive
and all the testes were negative (0/10) while in the sham immunized group 55% (11/20) and
50% (10/20) of the animals had positive cultures from those two organs, respectively
(P<0.05). A similar trend was also noted at 14, 21 and 28 days post-challenge. At days 21,
28 and 35 after the challenge all the mice immunized i.u. had negative cultures. Therefore,
in the group immunized i.u., the total number of mice with positive cultures, the number of
positive organs, the length of time that the animal had positive cultures, and the total number
of IFU recovered were overall significantly lower in comparison with the sham-immunized
animals (Table 3).

Animals immunized i.n. with C. trachomatis were also significantly protected against an i.u.
challenge. However, the protection was not observed immediately after the challenge. At
day 7 post-challenge no statistically significant differences were observed between the
animals immunized i.n. and the sham immunized animals. The percentage of animals with
positive cultures, the number of organs that were positive for Chlamydia, and the number of
IFU recovered per organ, were not significantly different between the two groups.
Nevertheless, at day 14 post-challenge the percentage of animals with positive cultures 20%
(2/10) versus 60% (12/20), and the number of positive organs, 8% (3/40) versus 33%
(26/80), were significantly lower in the groups immunized i.n. with Chlamydia in
comparison with the sham-immunized group (P<0.05). A significant decrease in the number
of IFU recovered from the urethra and epididymides was also noted in the i.n. immunized
group at 14 days post-challenge (P<0.05). A similar trend was observed at day 21 post-
challenge. By day 35 post-challenge all mice immunized i.u. or i.n. with Chlamydia had
negative cultures while 20% (4/20) of the sham-immunized animals had positive cultures
from the urethra.

Table 4 shows the percentage of mice with positive cultures in the 5 weeks of observation
and the total number of C. trachomatis IFU recovered from the four UGT organs each week.
A significant decrease in the number of mice with positive cultures was observed in the
groups immunized i.u. 10% (5/50) and i.n. 28% (14/50) versus the sham immunized animals
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47% (47/100); P<0.05). In addition, at days 7, 14 and 21 post-challenge statistically
significant differences were observed in the number of IFU recovered from all UGT organs
cultured between the i.u. Chlamydia immunized and the sham immunized groups (P<0.05).
For the group immunized i.n. significant differences with the sham-immunized group were
observed at day 14 and 21 post-challenge.

DISCUSSION

The main goal of this study was to establish a new murine model to test vaccines against C.
trachomatis genital infections in males. The results show that i.n. or i.u immunization with
live Chlamydia, can induce immune responses in male mice that are protective against a
challenge in the meatus urethra. Overall, male mice that were immunized by the i.u. route,
showed a stronger protection than animals immunized by the i.n. route. This is, to our
knowledge, the first time that vaccine-induced protection in male mice has been shown
against a UGT infection with C. trachomatis.

Two species of Chlamydia, C. trachomatis and C. psittaci, have been used to characterize
immune-induced protection against a UGT infection in males. Non-human male primates
have been immunized with live C. trachomatis and subsequently challenged [27-29]. For
example, Digiacomo et al. [27] inoculated the urethra of two sexually mature male baboons
(Papio cynocephalus) with the C. trachomatis serovar D. Baboon 1 developed an infection
as shown by the isolation of Chlamydia from the urethra, and a positive antibody titer, while
the second animal remained negative. After reinfecting the second animal, both baboons had
positive urethral cultures for almost 3 months and positive antibody titers. No changes were
noted in the epididymides of the two animals. Over a period of several months the animals
were subsequently challenged with the D and | serovars. Based on serological and culture
findings the authors concluded that, following a primary infection, the baboons developed
an immune response that was protective, not only against the serovar used for the primary
inoculation, but also against a distantly related serovar.

In the case of the guinea pig model, males have been infected with the C. psittaci guinea pig
inclusion conjunctivitis (GPIC) agent (also called Chlamydia caviae) [30-32]. For example,
Howard et al. [32] inoculated male guinea pigs in the urethra with GPIC. The animals
developed urethritis as shown by shedding of Chlamydia from the urethra for a period of 8-
14 days. When these guinea pigs were challenged 42 days after the primary inoculation none
of the animals shed Chlamydia. The authors concluded that the finding clearly demonstrated
immunity to a urethral reinfection, after immunization at the same site. Further, based on
this finding the authors stated: "Resistance to infection in males alone may be sufficient to
disrupt the sexual transmission of chlamydial agents”. Similarly, to analyze the protective
immune response to a reinfection in the guinea pig model, Patterson and Rank [31]
inoculated the urethra of male animals with the GPIC agent. Positive cultures were obtained
in all animals with the infection peaking at 9 days p.i.. By 21 days all animals had negative
cultures. Three different groups of guinea pigs were then challenged at 30, 75 or 150 days
post immunization. On these dates, only 20%, 10% and 30%, respectively, of the animals
became reinfected. The authors concluded that male guinea pigs are more resistant to a
genital reinfection and for a longer period of time than female animals [31].

The results we obtained with the male murine model have significant similarities with the
female murine model but there are also interesting differences. In both, male and female
models, inoculation with live C. trachomatis by all routes elicits a strong immune Th1l
response [18,33]. In males and females high IFN-y levels can be detected in supernatants
from EB-stimulated lymphocytes and levels of chlamydial specific 1gG2a antibodies in
serum are significantly higher than those of IgG1. These findings suggest that formulation of
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a subunit vaccine to be used in males, similar to that to be used in females, should include
adjuvants that favor a Thl response. This premise is postulated on the assumption that
natural infection provides the best model for a vaccine. This assumption however, may or
may not be correct. Like with other infections, induction of "unnatural immunity"” by a
vaccine may elicit better protection than that resulting from a natural infection [34] .

An unexpected finding that may be significant for implementing a vaccine in humans, is the
difference in the ability of the i.n. versus i.u immunization to protect males. In 1994 Pal et
al. [23] first reported that an i.n. immunization of female mice with live C. trachomatis
MoPn elicited a very strong protection against a genital challenge. Similarly, Igietseme et al.
[35] compared various routes of immunization, including the vaginal, oral and sucutaneous
routes, with live C. trachomatis MoPn in the female murine model and concluded that the
i.n. route was the most efficacious in inducing protection against a vaginal challenge. Based
on the results obtained with the female and male models, it appears that in males, a genital
immunization better protects against a genital challenge while in females an i.n.
immunization is the most efficacious. The results obtained with the non-human primates and
the guinea pig male models support these findings with the male mouse model [27,30,36].
This apparent discrepancy between the male and the female models may be due to several
factors. For example, the UGT of the males may be a better inductive site than the UGT of
the female. This is not surprising since the UGT of the females needs to tolerate sperm and
the fetus. While higher number of Chlamydia IFU were used to immunize animals i.u.
compared to the i.n. route (10° versus 104 IFU, corresponding to 20x1Ds for both sites) we
do not attribute the observed dissimilarity in protection to the dose difference. I.N.
inoculation with 10% IFU results in the production of up to 1019 Chlamydia IFU in the lung
at 10 days p.i. versus a maximum recovery of 107 IFU from the urethra following i.u.
inoculation with 10° IFU, as shown in this study and the publication by Pal et al. [25].
Therefore, the local immune response, rather than the Chlamydia immunization dose, most
likely accounts for the observed differences in protection.

Several laboratories have evaluated the capacity of the male UGT to act as an inductive site.
For example, Pate et al. [37] collected penile urethral swabs from PCR-confirmed cases of
C. trachomatis infection and looked for the presence of cytokines, including IL-1p, IL-2,
IL-4, IL-6, IL-8, IL-10, IL-12, IL-18. In addition, they measured TGF-B, TNF-a, INF-y, and
antigen-specific antibodies. In comparison with the non-infected control group they only
detected elevated levels of IL-8 and IgA and IgG Chlamydia-specific antibodies. Based on
these results the authors concluded that the male genitourinary tract should be considered a
weak inductive site. This observation contrasts with the results reported by other groups
[38,39]. For example, Pudney and Anderson [38] characterized the immunobiology of the
human penile urethra and concluded that this region probably plays a key role in protecting
males against infections since it contains all the necessary components for antigen
presentation and humoral and cellular immune responses. Specifically, they determined that
the penile urethra is an active site for the production of secretory IgA and contains dendritic
cells, macrophages and T lymphocytes, in particular CD8* cells. Most of the T lymphocytes
are positive for CD45R0O, a memory marker, and for aE(7 integrin, a mucosal associated
antigen.

Our findings indicate that the genitourinary tract may be a better inductive site than the
respiratory tract for eliciting a protective immune response in male mice against a urethral
challenge. In contrast, in female mice the respiratory route appears to be more effective that
the vaginal route for inducing protection [23,36,40]. The fact that the findings in males do
not correlate with the observations in the female murine model should not be surprising. In
humans a vaccine for genital herpes simplex virus has shown differences in its ability to
protect females and males. For example, Stanberry et al. [41] showed that a vaccine
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formulated with glycoprotein D protected women but not men against genital herpes. Until
now, most of the human vaccines were not directed against sexually transmitted pathogens
and therefore, for the most part, did not take into account the anatomical and physiological
differences between males and females. With the implementation of vaccines for sexually
transmitted pathogen such as, herpes simples virus, human immunodeficiency virus, human
papillomavirus and Chlamydia these differences are factors that will need to be taken into
consideration.

Both the non-human primate model and the guinea pig model offer several advantages over
the murine model for testing vaccines in males. For example, in non-human primates it is
possible to infect the animals with the human serovars of C. trachomatis and characterize
the ability of a vaccine to induce cross-protection against the various human serovars
[27,28]. In addition, the immune system of these animals probably more closely parallels
that of humans. In the case of guinea pigs these animals are larger than mice and therefore
allow for easier urethral inoculations and collection of urethral specimens with a swab
[31,42]. Also, for studies that require large amounts of tissues fewer animals are required
when studying guinea pigs rather than mice. However, both the non-human primate and the
guinea pig model have some limitations. For example, the lack of inbred animals and
immunological reagents limits the types of studies that can be conducted with these animals.
Furthermore, they are more expensive to acquire and maintain. Therefore, the mouse model
can be used to perform the initial testing of vaccination protocols. Formulations found to be
protective in mice can then be tested in the guinea pig model and later on in non-human
primates.

In conclusion, we have established a new mouse model for testing vaccines in males against
C. trachomatis genital infections. Our data show that, at least with a live vaccine, it is
possible to induce protection in male mice against a UGT infection with Chlamydia. The
challenge now is to formulate a subunit vaccine that can induce protection in this model and
eventually in humans.
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Figure 1.

Western blot of C. trachomatis MoPn EB probed with serum samples collected from
immunized mice. Lanes: 1) Molecular weight standards; 2) Pre-immune serum; 3) Serum
from mice immunized i.n. with EB; 4) Serum from animals immunized i.u. with EB; 6)
Serum from sham-immunized animals; 6) mAb MoPn-40 used as a control that binds to
MOMP.
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