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Abstract
Chlamydia trachomatis, although commonly asymptomatic in women, can result in chronic
sequelae, such as pelvic inflammatory disease, ectopic pregnancy and infertility. However, a clear
relationship has not been determined between specific serovars and the ability to lead to upper
genital tract infection or infertility. Thus, in order to investigate differences in pathogenicity, C3H/
HeN mice were infected in the ovarian bursa with the C. trachomatis strains D (UW-3/Cx), F (N.I.
1), F (IC-Cal-3) and E (Bour). Differences both in the amount of vaginal shedding as well as
subsequent fertility rates were observed between D (UW-3/Cx) and F (N.I.1) compared to F (IC-
Cal-3) and E (Bour). Approximately 50% of the mice infected with the D (UW-3/Cx) and F (N.I.
1) strains had vaginal shedding for up to 3–4 weeks after infection and fertility rates of less than
25%. Furthermore, mice inoculated with D (UW-3/Cx) and F (N.I.1) showed infertility even in the
absence of medroxy progesterone acetate (MPA) treatment. In contrast, both MPA and non-MPA
treated mice infected with F (IC-Cal-3) or E (Bour) did not show vaginal shedding and had
fertility rates between 45–88%. Mutations in the CT135 open reading frame have been associated
with virulence. However, no nucleotide differences were found among the four isolates for
CT135. This murine model of infection with C. trachomatis may help with the understanding of
disease pathology in humans and ultimately vaccine development.
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1. Introduction
Chlamydia trachomatis is a leading cause of pelvic inflammatory disease (PID), ectopic
pregnancy and infertility among women [1–4]. There are approximately 100 million
confirmed cases of Chlamydia each year, making it the most common bacterial sexually
transmitted disease in the world [3, 4]. The exact percentage of cases that ultimately ascend
to the upper genital tract causing tubal pathology and infertility is not well known. One
study showed that the rate of PID among women that previously tested positive for
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Chlamydia was 5.6% [5], yet most women with PID or tubal infertility report no previous
symptoms [6]. In addition to the host factors it is not understood if all or only certain C.
trachomatis serovars, or specific strains, have the potential to induce upper genital tract
pathology.

Using mouse toxicity assays and immunofluorescence analysis, the human C. trachomatis
isolates were grouped into 15 serovars belonging to three complexes: B (B, Ba, E, D, L1,
and L2 serovars), C (C, J, H, I, A, K, and L3 serovars) and the intermediate G and F serovar
complex [7, 8]. DNA sequencing of the major outer membrane protein (MOMP) from the
human serovars demonstrated that this protein has four variable domains (VD) and five
constant domains (CD) [9]. Analysis of the amino acid sequence of the VD was found to
correlate with the classification based on the mouse toxicity and immunofluorescence assays
[10]. Since then, the assumption was made that the virulence of C. trachomatis isolates was
dependent, at least for the most part, on MOMP.

Based on these assumptions several epidemiological studies were performed trying to
correlate the prevalence and virulence of genital infections with specific serovars [11, 12].
From these studies it was established that the most common genital serovars, consisting of
up to 75% of all clinical cases, are D, E, and F [13–15]. Studies have shown conflicting
results in identifying associations between clinical symptoms and the infecting serovar. For
example, infections with serovar F have been shown to be more likely in women reporting
abdominal pain and PID [11, 16]. However, another study showed that serovar F presented
with fewer clinical signs in both men and women [12]. Additionally, Dean et al. found that
infections with serovar E were commonly asymptomatic while serovar D was associated
with ascending infections [12].

Animal experiments have also addressed these issues. Tuffrey et al. first attempted to induce
upper genital pathology in the mouse with the human serovar F [17]. They showed that an
intrabursal, but not an intravaginal infection, with C. trachomatis F (N.I.1), in CBA/H
animals pre-treated with medroxy progesterone acetate (MPA), resulted in salpingitis and
infertility; in addition, intrabursal inoculation resulted in salpingitis in CBA and C3H/He-mg
mice, but not in BALB/c [17, 18]. Ito et al. pretreated outbred CF-1 mice with MPA,
inoculated the animals intravaginally with 4.8×107 to 9.5×107 IFU of serovar D, E, F, G, H,
I, or K and collected vaginal cultures [19]. Based on the median duration of vaginal
shedding they concluded that the infection was significantly longer with serovars D and E.
In a separate experiment they infected CF-1 mice, pretreated with MPA, with serovars D
and H and collected the genital tract at 13 and 27 days post infection [20]. Six out of eight
mice infected with serovar D had positive uterine cultures while only one out of eight
animals infected with serovar H had positive uterine cultures. The ovaries and oviducts were
negative in all animals.

Due to the limitations of the current Chlamydia genetic systems, several investigators have
used DNA sequencing in an attempt to identify virulence factors in this pathogen. For
example, Sturdevant et al. [21] infected innate immunity-deficient C3H/HeJ female mice
intravaginally with C. trachomatis serovar D (UW-3/Cx), that had undergone multiple in
vitro passages and observed early and late clearance phenotypes. Strains of each serovar D
phenotype were then used to infect naïve mice. Following infection, the late-clearance
strains were shown to be more virulent than the early-clearance strains. Genome sequencing
of the isolates demonstrated mutations in the CT135 gene suggesting that it may be a
virulence factor.

Studies to further investigate the differential virulence of human C. trachomatis serovars in
mice are crucial for elucidating the pathogenesis of these infections and development of an

Carmichael et al. Page 2

Microbes Infect. Author manuscript; available in PMC 2014 March 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



effective vaccine. Here, for the first time, we performed a comparative study between the C.
trachomatis strains D (UW-3/Cx), E (Bour), F (IC-Cal-3) and F (N.I.1). Our results show
that strains D (UW-3/Cx) and F (N.I.1) can induce infertility in C3H/HeN mice following an
intrabursal infection both in the presence and absence of MPA; further, these strains differ in
their ability to infect the upper and lower genital tract compared to strains F (IC-Cal-3) and
E (Bour).

2. Materials and Methods
2.1 C. trachomatis stocks

The C. trachomatis serovar D (strain UW-3/Cx), F (strain IC-Cal-3) and E (strain Bour)
were purchased from the American Type Culture Collection (ATCC; Manassas, VA) and the
C. trachomatis serovar F (strain N.I.1) was obtained from Dr. Tuffrey (Imperial College
School of Medicine; London, UK). This strain (F N.I.1), originally thought to be serovar E,
was isolated from the cervix of a non-gonococcal urethritis contact who was negative for
Neisseria gonorrhoeae but positive for Gardnerella vaginalis, anaerobes and Mycoplasma
hominis [17, 22]. All strains were grown in HeLa-229 cells as previously described [23].
Purified elementary bodies (EB) were stored at −70°C in 0.2 M sucrose, 20 mM sodium
phosphate (pH 7.4), and 5 mM glutamic acid (SPG) [24].

To eliminate the Mycoplasma from strain F (N.I.1), C3H/HeN (H-2k) female mice were
treated twice with 2.5 mg MPA subcutaneously, 5 days before challenge and 2 days after
challenge [25]. Mice were then inoculated intravaginally and in the left ovarian bursa with
105 IFU of F (N.I.1). Vaginal swabs were cultured at 7-day intervals for a period of 6 weeks
following the challenge, and the presence of Chlamydia was confirmed by inoculation onto
HeLa-229 cells [26]. Cultures from week 3 post-inoculation, the last positive timepoint,
were amplified by passages in HeLa-229 cells without antibiotics, and the absence of
Mycoplasma was confirmed by PCR using 16s rRNA primers: 5′-GGG AGC AAA CAG
GAT TAG ATA CCC T and 5′-TGC ACC ATC TGT CAC TCT GTT ACC CTC [27]. A
Mycoplasma-free stock was then used to inoculate mice as described below.

Genomic DNA from C. trachomatis D (UW-3/Cx), E (Bour), F (N.I.1), and F (IC-Cal-3)
was extracted using the Wizard genomic DNA Purification Kit (Promega; Madison, WI).
The MOMP gene (CT 681) was amplified without the leading sequence with Pfu Turbo
DNA Polymerase (Agilent Technologies; Santa Clara, CA) using the primer set
5′ACGCCCATGGCACTGCCTGTGGGGAATCCTGCT and reverse primer: 5′
AGCGGTCGACTTAGAAGCGGAATTGTGCATTTACG. The CT135 gene was amplified
from EB stocks and day 14 genital tissue culture from each C. trachomatis strain in two
fragments using the primer sets 5′TGAGCTAAAGATCGTGATGGTC with
5′CTCATCATCACAGTATCGCAAG and 5′ CTGCCTTCGCCCGTTTGAG with
5′CTATACCACAAATCCGCCGC [21].

2.2 Infection of mice with C. trachomatis
Ten to 11 week-old female C3H/HeN (H-2(k)) mice were purchased from Charles River
Laboratories (Wilmington, MA) and were housed at the University of California, Irvine,
Vivarium. The animal protocols were approved by the UCI Animal Care and Use
Committee. All experiments were repeated.

To enhance the susceptibility to C. trachomatis groups of mice were treated subcutaneously
4 days before the challenge with either 1 mg/mouse of MPA (Greenstone Ltd, Peapack, NJ),
when infected with strains D (UW-3/Cx), F (IC-Cal-3) or F (N.1.1), or with 2 mg/mouse of
MPA before infection with strain E (Bour) [18]. The same strains were used to infect groups
of mice that were not treated with MPA. The vaginal cytology was checked before the
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challenge. Mice were inoculated in the left ovarian bursa with 103 or 105 C. trachomatis
inclusion-forming units (IFU) per mouse, as previously described [26]. As a negative-
control group, mice were inoculated in the left ovarian bursa with SPG.

2.3 Immunoassays
Blood was collected from the periorbital region; all immunoassays were performed with
three pools of sera from each group. The Chlamydia-specific antibody titers in sera were
determined by an enzyme-linked immunosorbent assay (ELISA) using total immunoglobulin
G (IgG) (MP Biomedical; Solon, OH) as previously described; EBs from the homologous
strain were used as the antigen [28].

2.4 Genital cultures
Vaginal swabs were cultured at 7-day intervals for a period of 6 weeks following the genital
challenge, and samples were stained and counted as described [26].

2.5 Tissue cultures
2.6 Fertility Studies

At 6 weeks following the challenge, female mice were housed with a proven breeder male
mouse for a maximum of 18 days and then repeated if necessary [26]. Fertility is defined as
at least one embryo in each uterine horn.

2.7 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.

3. Results
3.1 Immune response following infection with C. trachomatis

Table 1 shows the results of the humoral immune responses in sera from D28 post infection.
The mice infected with 103 or 105 IFU of either D (UW-3/Cx) or F (N.I.1) had moderate
IgG antibody titers (GMT and range). For example, the mice infected with 103 IFU of D
(UW-3/Cx) had a titer of 800 (200–1,600), compared to 3,200 (3,200-3,200) in the 105 IFU
group. The mice infected with 103 IFU of F (N.I.1) had a titer of 1,600 (800–3,200)
compared to 8,063 (1,600–25,600) in the 105 IFU group. The mice infected with 103 or 105

IFU of F (IC-Cal-3) or E (Bour) had titers ≤400 (below the limit of detection (BLD) – 800)

3.2 Vaginal cultures for C. trachomatis
All mice treated with MPA were in diestrus at the time of challenge while mice not given
MPA were not synchronized at the estrous cycle. Mice were inoculated intrabursally with
the different C. trachomatis strains, and the resulting infection was followed by weekly
vaginal cultures. As shown in Table 2, over the six-week period 45% (9/20) and 50%
(10/20) of the MPA-treated mice infected with 103 IFU of D (UW-3/Cx) or F (N.I.1),
respectively, had Chlamydia-positive vaginal cultures, significantly greater (P<0.05) than
mice infected with E (Bour), (6%; 1/16) or F (IC-Cal-3), (0%; 0/20). The group infected
with D (UW-3/Cx) in weeks 2 and 3, (35 and 40% respectively), along with the mice
infected with F (N.I.1) in week 3, (40%), had significantly more animals shedding (P<0.05)
than the animals infected with E (Bour), (6%), or F (IC-Cal-3), (0%) during this time (Fig.
1). Further, the mice infected with D (UW-3/Cx) in weeks 2 and 3, along with the mice
infected with F (N.I.1) in week 3, shed significantly greater (P<0.05) number of IFU than
the mice infected with F (IC-Cal-3) or E (Bour). Further, the D (UW-3/Cx) infected mice
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shed significantly greater (P<0.05) number of IFU than the F (N.I.1) infected mice in week 2
but significantly fewer (P<0.05) number of IFU in week 4.

In the non-MPA treated groups infected with 105 IFU, over the 6-week period Chlamydia
was recovered from 70% (14/20) of the mice infected with D (UW-3/Cx) and 30% (6/20)
infected with F (N.I.1) (Table 2), significantly greater (P<0.05) compared to mice infected
with E (Bour) or F (IC-Cal-3), that had no positive cultures (0/16 and 0/20, respectively). In
addition, there were significantly more (P<0.05) mice with positive vaginal cultures overall
with D (UW-3/Cx), 70%, than with F (N.I.1), 30%. Further, the animals infected with D
(UW-3/Cx) had significantly more mice shedding (P<0.05) during week 2, (65%), than
animals infected with F (N.I.1), (25%), E (Bour), (0%), or F (IC-Cal-3), (0%). There was
significantly more mice shedding (P<0.05) over all 6 weeks, and significantly more mice
shedding (P<0.05) in week 2 for animals infected with F (N.I.1) compared to mice infected
with E (Bour) or F (IC-Cal-3). Finally, the mice infected with D (UW-3/Cx) or F (N.I.1)
shed significantly greater (P<0.05) number of IFU in week 2 than mice infected with F (IC-
Cal-3) or E (Bour), with mice infected with D (UW-3/Cx) having significantly greater
(P<0.05) number of IFU than mice infected with F (N.I.1) (Fig. 1).

All MPA treated groups infected with 103 IFU had negative vaginal cultures starting at week
5 and the non-MPA treated groups infected with 105 IFU were negative by week 4. Both the
MPA and non-MPA treated SPG inoculated negative-control group had no mice with
positive cultures.

3.3 Genital Tissue Culture for C. trachomatis
Mice either treated or not treated with MPA were inoculated in the left ovarian bursa. To
assess the local spread of the infection, the tissue from the lower (cervix and vagina), upper
right and upper left (uterus and ovary) genital tract was cultured for Chlamydia from three
mice in each infection group for each time point. In the MPA-treated groups, over the six-
week period, Chlamydia was recovered from 36% (13/36) of the tissue samples from mice
infected with D (UW-3/Cx) and 25% (9/36) of F (N.I.1), significantly greater (P<0.05)
compared to 6% (2/36) of the mice infected with F (IC-Cal-3) or with E (Bour) (Table 3). In
addition, 50% (6/12) of the overall upper left genital tract tissue samples from D (UW-3/Cx)
or F (N.I.1) were Chlamydia-positive, significantly greater (P<0.05) compared to 8% (1/12)
positive tissues from the mice infected with F (IC-Cal-3) or E (Bour), while 42% (5/12) of
the upper right genital tract tissue samples from the mice infected with D (UW-3/Cx) were
positive, significantly greater (P<0.05) than the F (N.I.1) infected mice with no positive
cultures (0/12). This corresponded to, at D7, 100% of the mice infected with either D
(UW-3/Cx) or F (N.I.1) had positive upper left genital tissue cultures and 100% of the mice
infected with D (UW-3/Cx) had positive upper right genital tissue cultures (Fig. 2). In
addition, the number of Chlamydia IFU in the upper left genital tissues from the mice
infected with either D (UW-3/Cx) or F (N.I.1) was significantly greater (P<0.05) than the F
(IC-Cal-3) and E (Bour) infected groups. Further, one mouse infected with F (N.I.1) still had
positive cultures from the lower genital tract at D28, while all other groups were negative.
The total number of IFU (median; range) recovered from the mice infected with D (UW-3/
Cx), (<20; <20–35,150) or F (N.I.1), (<20; <20–10,175) were significantly higher (P<0.05)
compared with the mice infected with F (IC-Cal-3), (<20; <20–777) or E (Bour), (<20; <20–
1,332). Mice inoculated with SPG were negative for all tissues at all time points.

In the non-MPA treated groups infected with 105 IFU, over the six-week period, Chlamydia
was recovered from 44% (16/36) of the tissue samples from mice infected with D (UW-3/
Cx) and 50% (18/36) with F (N.I.1), compared to 28% (10/36) of the mice infected with F
(IC-Cal-3) or 25% (9/36) with E (Bour) (Table 3). However, these values were not
significantly different (p>0.05). Also 58% (7/12) and 75% (9/12) of the upper left genital
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tissue samples from mice infected with D (UW-3/Cx) or F (N.I.1), respectively, were
Chlamydia-positive; in addition, 67% (8/12) and 58% (7/12) of the upper right genital tissue
samples from these mice were Chlamydia-positive, respectively. Yet, the upper left genital
tissue from F (N.I.1) infected mice and the upper right genital tissue from D (UW-3/Cx)
infected mice had significantly greater number of Chlamydia IFU than only the E (Bour)
infected mice (P<0.05). The mice infected with F (IC-Cal-3) showed 50% (6/12) and 33%
(4/12) positive cultures while mice infected with E (Bour) showed 25% (3/12) and 42%
(5/12) positive cultures from the upper left and right genital tract tissue, respectively. Here,
by D7 100% of the mice infected with either D (UW-3/Cx), F (N.I.1) or F (IC-Cal-3)
showed positive cultures from the upper left and upper right genital tract tissues, which
persisted to D14 for the animals infected with F (N.I.1). The total number of IFU recovered
from the mice infected with D (UW-3/Cx), (<20; <20–21,090) or F (N.I.1), (30; <20–
16,280) were significantly higher (P<0.05) compared with the mice infected with F (IC-
Cal-3), (<20; <20–1,776) or E (Bour), (<20; <20–3,811). The SPG inoculated negative-
control mice had no positive cultures at any time point.

3.4 Fertility Studies
Six weeks after the intrabursal infection, mice were mated to determine the effect of the
chlamydial infection on fertility. As shown in Table 2, MPA-treated groups infected with
103 IFU of D (UW-3/Cx), (2/20; 10%), F (N.I.1), (5/20; 25%), or F (IC-Cal-3), (9/20; 45%),
had significantly lower fertility rates (P<0.05) than the SPG negative-control group, 92%
fertile (24/26). Also, the mice infected with D (UW-3/Cx) or F (N.I.1) had significantly
lower fertility rates (P<0.05), 10% and 25%, respectively, than mice infected with E (Bour)
with 69% fertility. Further, the mice infected with D (UW-3/Cx) had a significantly lower
fertility rate (10%) (P<0.05) than the mice infected with F (IC-Cal-3) (45%).

The mean total number of embryos in the MPA-treated groups: 2.0 ± 3.3 for the mice
infected with D (UW-3/Cx), 4.3 ± 4.5 for F (IC-Cal-3) and 5.1 ± 2.6 for F (N.I.1), were
significantly less (P<0.05) than in SPG negative-control group, 8.7 ± 2.0 (Table 2). The
mean total number of embryos in the mice infected with E (Bour), 5.9 ± 4.3, was not
statistically different than the SPG negative-control group. The mean number of embryos in
the left uterine horn for the mice infected with D (UW-3/Cx) was 0.6 ± 1.4, 2.2 ± 2.7 for F
(IC-Cal-3), and 0.8 ± 1.4 for F (N.I.1), all significantly less (P<0.05) than the SPG negative-
control group, 4.3 ± 1.5. The mice infected with D (UW-3/Cx) or F (IC-Cal-3) also had
significantly less embryos (P<0.05) in the right uterine horn compared to the SPG group (1.5
± 2.7 and 2.1 ± 2.4 versus 4.4 ± 1.8). The mice infected with D (UW-3/Cx) had significantly
less (P<0.05) mean number of embryos than animals infected with E (Bour) or F (N.I.1),
less embryos in the left uterine horn compared to mice infected with E (Bour) or F (IC-
Cal-3), and less embryos in the right uterine horn compared to mice infected with F (N.I.1).
Further, the mice infected with F (N.I.1) had significantly less (P<0.05) embryos in the left
uterine horn compared to mice infected with E (Bour) or F (IC-Cal-3), but significantly
more embryos (P<0.05) in the right uterine horn compared to mice infected with F (IC-
Cal-3).

For the non-MPA-treated infected groups, the mice infected with 105 IFU of D (UW-3/Cx)
(8/20; 40%) or F (N.I.1) (1/20; 5%) had significantly lower fertility rates (P<0.05) than the
SPG negative-control group, 84% fertile (37/44), and the mice infected with E (Bour) or F
(IC-Cal-3) that had 88% (14/16) and 80% (16/20) fertility rates, respectively. In addition,
the mice infected with F (N.I.1) had a significantly lower fertility rate (P<0.05) than animals
infected with D (UW-3/Cx).

Only the mice infected with D (UW-3/Cx) or F (N.I.1) had significantly less mean total
number of embryos (P<0.05) than the SPG negative-control group (5.6 ± 2.8 and 3.2 ± 3.1
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compared to 7.0 ± 3.6). The mice infected with F (N.I.1) also had significantly fewer
embryos (P<0.05) in the left uterine horn (0.2 ± 0.7) than the SPG negative-control group
(3.2 ± 2.1) and significantly less mean embryos and embryos in the left uterine horn
(P<0.05) than those infected with D (UW-3/Cx), E (Bour) or F (IC-Cal-3). The mice
infected with D (UW-3/Cx) had significantly less embryos (P<0.05) in the left uterine horn,
2.2 ± 2.1, than the mice infected with E (Bour), 3.8 ± 1.8.

3.5 DNA Sequencing
The MOMP and CT135 genes were both sequenced from genomic DNA from the infecting
stocks of D (UW-3/Cx), F (N.I.1), F (IC-Cal-3) and E (Bour). In addition, CT135 was
sequenced from the D14 positive genital tissue samples from each strain. The MOMP gene
from the C. trachomatis D (UW-3/Cx), F (IC-Cal-3) and E (Bour) were identical to their
corresponding reference strain (GenBank Accession Numbers DQ064284, DQ064287, and
DQ064286, respectively). The MOMP sequence from serovar F (N.I.1) was identical to the
MOMP sequence from F (IC-Cal-3). Further, no nucleotide differences were found between
the four strains for CT135; the gene sequence from the genomic DNA stock was identical to
the sequence from the genital tissue tract sample for each strain.

4. Discussion
This study shows that some C. trachomatis human strains can induce infertility in C3H/HeN
mice by an intrabursal infection, and that strains D (UW-3/Cx) and F (N.I.1) are more
virulent than strains F (IC-Cal-3) and E (Bour). MPA-treated mice infected with 103 IFU of
D (UW-3/Cx) or F (N.I.1) had significant vaginal shedding (~50%) and very low fertility
rates (≤;25%). In addition, low fertility rates (≤40%) were observed in mice infected with
105 IFU of these strains in the absence of MPA treatment. In comparison, mice infected with
F (IC-Cal-3) or E (Bour) exhibited moderately low fertility rates (45 and 69%, respectively)
only with MPA treatment and did not show vaginal shedding either in the presence or
absence of MPA treatment. This difference in virulence was also supported by the genital
tract tissue cultures, where 100% of the MPA-treated mice infected with D (UW-3/Cx) or F
(N.I.1) showed positive cultures throughout the time course, compared to few to no positive
cultures from mice infected with F (IC-Cal-3) or E (Bour). In addition, only the mice
inoculated with D (UW-3/Cx) or F (N.I.1) exhibited a Chlamydia-specific serum antibody
response. Therefore, these results demonstrate differential pathogenicity between C.
trachomatis strains.

Prior comparative studies with C. trachomatis strains in mice have been limited due to either
the absence of upper genital tract pathology and infertility (intravaginal model) or the
necessity of MPA for such pathology (intrabursal model) [19, 29–31]. In our study, infection
with D (UW-3/Cx) resulted in high vaginal shedding as well as significant infertility.
Studies utilizing the intravaginal inoculation model showed that among serovars D-K,
serovar D was the most pathogenic as shown by infection of the uterine horn tissue, and
serovars D and E had the longest duration of infection in both inbred and outbred mice
strains [19, 29]. Further, serovar F, along with serovars G and K, have been shown to have a
shorter duration of vaginal shedding than serovars D and E (B complex), but greater than
serovars from the C complex (H, I, and J) [19]. In our study, infection with strain F (IC-
Cal-3), in mice treated with MPA, had only a moderate effect on the fertility rate (45%).
Thus, it was less pathogenic than D (UW-3/Cx) (10% fertility), but more virulent than E
(Bour) (69% fertility). However, strain F (N.I.1) showed vaginal shedding and a severe
reduction in fertility rates (25 and 5%) with and without MPA, respectively. Additionally,
Tuffrey et al. showed that an intrabursal infection with F (N.I.1) in MPA pretreated C3H
(CRC) mice resulted in salpingitis and infertility (31% fertility rate) compared to the control
group of mice (93% fertility rate) [31].
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In our study, both MPA and non-MPA-treated mice infected intrabursally with E (Bour)
exhibited the highest levels of fertility (69 and 88%, respectively), and genital tissues from
these mice had the lowest yields of IFU among all the strains studied, as well as a lack of an
antibody response. Numerous studies involving serovar E have resulted in minimal upper
genital pathology and no infertility after a vaginal infection [30, 32]. Darville et al. showed
that an intravaginal infection with serovar E or C. muridarum caused equivalent destruction
of the uterine horn epithelium but only C. muridarum resulted in pathology in the oviduct,
while Ramsey et al. showed serovar E could moderately reduce fertility but only after a
secondary inoculation [30, 32]. In addition, Miyarei et al. reported that strain E (Bour)
completed in vitro conversion to EB in a longer period compared to the strains D (UW-3/
Cx), E (UW-5/Cx), F (UW-6/Cx) and L2 (434/Bu) [33]. Interestingly, E (Bour), which was
originally isolated from an adult with active trachoma, possesses genetic characteristics
specific to genital strains [34]. F (IC-Cal-3) was also isolated from the eye but it was of a
nine-day old baby and therefore, acquired from the genital tract of the mother.

Here we show for the first time induction of infertility with C. trachomatis human strains in
the absence of MPA treatment. Previously, Tuffrey and Taylor-Robinson showed that
treatment with MPA was necessary to induce vaginal infection in CBA mice with F (N.I.1)
[18]. It has long been assumed that MPA works by halting the oestrous cycle and thus
maintaining the target epithelial cells necessary for a vaginal infection [18]. Yet, MPA may
induce a general immunosuppressive effect necessary for a more severe chlamydial genital
infection that could lead to the development of infertility [35, 36]. In our study, we have
shown that differential pathogenicity between strains remained with and without MPA; in
fact, the pathogenicity of E (Bour) may be so low in mice, that it is unaltered by the
presence of MPA, even at the higher dose (2 mg/mouse compared to 1 mg/mouse) given to
these mice.

Comparative genomic studies have yet to elucidate a clear explanation for the differences in
pathogenicity between strains of the same C. trachomatis serovar, both in women and in
mice. Since serovars share high genomic identity (>99.6%), even between MOMP (>80%),
the basis for serovar identification, a genetic determinant for pathogenicity probably it is
going to be very difficult to identify. The current genetic systems in Chlamydia preclude the
definitive identification of gene(s) involved in virulence and DNA sequencing, an
inadequate surrogate, will probably require characterization of thousands of isolates before a
tentative conclusion could be reached [37, 38]. As shown here, the MOMP sequence is
identical between F (IC-Cal-3) and F (N.I.1) but these two strains differ significantly in
virulence and therefore, we can exclude MOMP as the cause underlying the differences in
pathogenicity. Yet, genotype variants in MOMP were found to occur more often in serovar
F than in other serovars, and there was a strong correlation between women infected with
these variants and the occurrence of PID [12]. Jeffrey et al. found several ORFs with
polymorphisms between serovars from clinical isolates; however only genotypes from two
loci (CT154 and CT326) correlated with rectal tissue tropism and only within serovar G
(isolates 9301, 9768, 11222 and 11074), and not E (isolates 11023 and 150) or J (isolate
6276) [39]. Moreover, two serovar A ocular isolates (A23497 and A/HAR-13) were found to
have distinct genotypes within 6 genes, 4 potentially affecting growth rate and 2 involved in
iron transport [40]. Finally, after infecting C3H/HeJ mice intravaginally with serovar D
(UW-3/Cx), Sturdevant et al. observed that some mice had a prolonged infection compared
to others, correlating to the presence of a frameshift mutation in the CT135 gene [21]. Yet,
our sequence analysis of CT135, from the original stock as well as from the day 14 upper
left genital culture tissue, from the four C. trachomatis strains studied here, found no
variation between them. Therefore, this gene may account for population differences in
serovar D but does not explain clinical virulence between strains.
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Few studies have shown that genetic variability within a population of a single serovar can
affect the development and severity of infection. For example, Ramsey et al. showed that the
Nigg strain of C. muridarium was more virulent in C3H/HeN mice, based on the ID50,
plaque size and replication rate in vitro, than the Weiss strain [41]. Kari et al. also observed
that differences in growth rate and plaque morphology between two strains of C. trachomatis
ocular subtype A corresponded to their infectivity in Macaca fascicularis [40]. Slow growth
rate was also observed in nonfusing inclusion mutants of C. trachomatis correlating to a
reduction in clinical signs and symptoms in women [42, 43].

Hence, faster growing serovars, or strains, may be correlated to higher virulence, possibly
due to an increased host immune response. Rank et al. observed that pathology between a
wild-type and azithromycin-resistant strain of Chlamydia caviae in vivo corresponded to the
ability to induce an inflammatory response [44]. Yet, slower growing strains may have the
potential to result in long-term or chronic pathology such as PID and infertility. In fact,
studies have shown that the chronic inflammation due to prolonged infection may lead to
greater tissue damage and disease pathology [45, 46]. Interestingly, this idea was also shown
by an evolutionarily model where human papillomavirus (HPV) transmission and infection
dynamics were linked to sexual behavior in humans [47]. The authors hypothesize that HPV
strains with a high risk of causing cancer evade the host’s immune system by producing
fewer virions. This reduces the transmission rate but allows for a longer infection period,
and thus show an evolutionarily advantage in monogamous long-term relationships. In
summary, the dynamics of Chlamydia growth and infection, the host’s immune response,
and perhaps sexual behavior, all must be considered when evaluating virulence.

Our results illustrate a reproducible model in which some C. trachomatis strains can result in
shedding and tubal infertility in mice, even in the absence of MPA immunosuppression. This
model is an important contribution to the field for it contains similar elements as the C.
muridarium model, such as the presence of upper genital tract pathology, thus making it a
very useful system for analyzing the relationship between lower and upper genital pathology
that may be extrapolated to human disease [26, 48]. Testing in mice multiple strains of C.
trachomatis isolated from patients with a variety of clinical presentations may help
determine the specific genes involved in pathogenicity. In addition, establishing in mice a
model with C. trachomatis that replicates the spectrum of the infections observed humans
could aid in the development of effective therapeutic and preventive measures.
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Figure 1. Vaginal cultures of mice at days 7, 14, 21, 28, 35 and 42 after intrabursal infection with
C. trachomatis
The horizontal lines correspond to the median number of C. trachomatis IFU. Numbers in
parenthesis represent percentage of mice with positive vaginal cultures and the statistical
analyses. Letters in brackets correspond to statistical analyses of number of Chlamydia IFU.
a: P<0.05 by the Fisher’s exact test compared to the SPG MPA group,
b: P<0.05 by the Fisher’s exact test compared to the F (IC-Cal-3) MPA group
c: P<0.05 by the Fisher’s exact test compared to the E (Bour) MPA group
d: P<0.05 by the Mann Whitney test compared to the SPG MPA group
e: P<0.05 by the Mann Whitney test compared to the F (N.I.1) MPA group
f: P<0.05 by the Mann Whitney test compared to the F (IC-Cal-3) MPA group
g: P<0.05 by the Mann Whitney test compared to the E (Bour) MPA group
h: P<0.05 by the Fisher’s exact test compared to the SPG non-MPA group
i: P<0.05 by the Fisher’s exact test compared to the F (N.I.1) non-MPA group
j: P<0.05 by the Fisher’s exact test compared to the F (IC-Cal-3) non-MPA group
k: P<0.05 by the Fisher’s exact test compared to the E (Bour) non-MPA group
l: P<0.05 by the Mann Whitney test compared to the SPG non-MPA group
m: P<0.05 by the Mann Whitney test compared to the F (N.I.1) non-MPA group
n: P<0.05 by the Mann Whitney test compared to the F (IC-Cal-3) non-MPA group
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o: P<0.05 by the Mann Whitney test compared to the E (Bour) non-MPA group
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Figure 2. Number of Chlamydia IFU in the lower (LO), upper left (UL) and upper right (UR)
genital tissue at days 3, 7, 14 and 28 after intrabursal inoculation
Data represent results of tree individual mice per group per time point.
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