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Abstract
Chlamydia trachomatis is the most common bacterial sexually transmitted pathogen, but

more than 70% of patients fail to seek treatment due to the asymptomatic nature of these

infections. Women suffer from numerous complications from chronic chlamydial infections,

which include pelvic inflammatory disease and infertility. We previously demonstrated in

culture that host cell nectin-1 knockdown significantly reduced chlamydial titers and inclu-

sion size. Here, we sought to determine whether nectin-1 was required for chlamydial devel-

opment in vivo by intravaginally infecting nectin-1-/- mice with Chlamydia muridarum and

monitoring chlamydial shedding by chlamydial titer assay. We observed a significant reduc-

tion in chlamydial shedding in female nectin-1-/- mice compared to nectin-1+/+ control mice,

an observation that was confirmed by PCR. Immunohistochemical staining in mouse cervi-

cal tissue confirmed that there are fewer chlamydial inclusions in Chlamydia-infected nec-

tin-1-/- mice. Notably, anorectal chlamydial infections are becoming a substantial health

burden, though little is known regarding the pathogenesis of these infections. We therefore

established a novel male murine model of rectal chlamydial infection, which we used to

determine whether nectin-1 is required for anorectal chlamydial infection in male mice. In

contrast to the data from vaginal infection, no difference in rectal chlamydial shedding was

observed when male nectin-1+/+ and nectin-1-/- mice were compared. Through the use of

these two models, we have demonstrated that nectin-1 promotes chlamydial infection in the

female genital tract but does not appear to contribute to rectal infection in male mice. These

models could be used to further characterize tissue and sex related differences in chlamyd-

ial infection.
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Introduction
The obligate intracellular, bacterial pathogen Chlamydia trachomatis is responsible for over
100 million new infections each year and is the most prevalent curable STI in the world [1].
Despite the high prevalence of these infections, most genital tract infections with C. trachoma-
tis serovars D-K are either symptomatically mild or asymptomatic [2]. Because asymptomatic
patients do not seek treatment, chronic infections leading to long term complications are com-
mon. For example, as many as 40% of women with untreated C. trachomatis infections experi-
ence pelvic inflammatory disease (PID), which is also often subclinical [3]. Chlamydia-related
PID is a major risk factor for tubal infertility and ectopic pregnancy [4]. The longer chlamydial
infections go unnoticed, the more likely the chlamydiae are to ascend the genital tract and
induce inflammation associated with these chronic illnesses.

Anorectal chlamydial infections are also a growing health concern for both men and
women. Like urogenital chlamydial infections, these infections are largely asymptomatic; how-
ever, some irritation, pain, bleeding and/or discharge has been reported [5]. The prevalence
of anorectal Chlamydia in men who have sex with men (MSM) and in women is similar, at
approximately 9.8% and 9.5%, respectively [6]. However, as many as 85% of MSM experience
rectal-only chlamydial infections, compared to 22% rectal-only infections in women [6]. Uro-
genital infections are slightly less prevalent than anorectal infections in MSM and occur in
around 8% of those positive for chlamydial infections [7]. One study reported 8.8% detection
of urethral infections and 20.2% rectal infections, but only 3.9% had co-occurring infections at
both sites [8]. These data indicate that rectal-only infections represent a substantial number of
chlamydial infections. Furthermore, as many as 34.4% of MSM with rectal chlamydial infec-
tions also have Human Immunodeficiency Virus (HIV) infection [7], suggesting that chlamyd-
ial infection could also increase the risk of HIV transmission in these patients. Though more
studies are being conducted to establish the incidence and prevalence of rectal infections in var-
ious populations, little is known regarding Chlamydia pathogenesis within the human gastro-
intestinal tract. Because the GI tract may serve as a reservoir for chlamydial infection to exist
long term and re-infect the female genital tract after anti-microbial therapy [9, 10], develop-
ment of a murine model of chlamydial rectal infection seems warranted.

Chlamydiae engage in a unique biphasic developmental cycle. Upon entering the host, they
exist in the infectious, non-replicative form called an elementary body (EB). The EB enter host
cells and begin to differentiate into reticulate bodies (RB), the non-infectious, replicative form.
This differentiation and replication occurs within a membrane bound vacuole called an inclu-
sion. After a few rounds of division, the RB redifferentiate into EB and leave the host cell either
by host cell lysis or extrusion of the chlamydial inclusion into the extracellular milieu to con-
tinue the infection [11, 12]. Chlamydiae can adapt to an unfavorable host environment by
entering a developmental stage called persistence or the chlamydial stress response [13]. Under
stressful in vivo and/or in vitro conditions the chlamydiae cease dividing but continue replicat-
ing their DNA. This causes the RB to become enlarged, or aberrant. Removal of the stressor
allows the chlamydiae to re-enter and complete the normal developmental cycle [13, 14].

Nectin-1 belongs to a family of immunoglobulin-like molecules comprised of four mem-
bers, nectin-1, -2, -3 and -4 [15]. Nectins are ubiquitously expressed and work in co-operation
with other junctional proteins, called cadherins, to promote junction formation between cells.
Nectins can be found in the adherens junctions (AJs) of polarized epithelial cells, at synapses in
neurons and at points of contact between cultured epithelial cells [16]. Nectins are also impor-
tant for maintaining contact between cells with specialized junctions, such as the pigment epi-
thelial junctions in the ciliary body of the eye [17]. Several studies using nectin-1 transgenic
mice have reported that in tissues where multiple nectins are expressed, no significant
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differences in AJs were noticed compared to wild type mice. These observations were attributed
to the redundancy in function among nectins [17, 18]. Nectin-1 typically interacts with nectin-
3 to form cell:cell junctions, but nectin-3 can also interact with nectin-2 [19]. Though compen-
sation undoubtedly occurs, it may be incomplete. For example, in dental epithelium, nectin-1
and -3 are required for normal tooth development. In the absence of these two nectins, nectin-
2 and nectin-4 interaction was sufficient for tooth development but overall tooth structure was
abnormal [20].

Due to the ubiquitous expression of nectins, it is no surprise that nectin-1 also functions as
a co-receptor for the Herpes Simplex Virus (HSV) gD protein on host epithelial cells and neu-
rons [21]. HSV gD/nectin interaction also removes nectin-1 from the host cell surface [22, 23].
Previous work in our lab demonstrated that HSV super-infection of Chlamydia infected cells
significantly reduced EB production [23, 24] and suggested that the loss of host nectin-1 was
responsible for inhibition of chlamydial development [23]. We subsequently observed that that
chlamydial inclusion size and production of infectious EB was significantly reduced in nectin-1
knockdown cells, confirming a role for host nectin-1 in chlamydial development–at least in
culture [23].

Here we seek to determine the in vivo role of nectin-1 in chlamydial development. Based on
our in vitro data, we hypothesized that nectin-1 is required for normal chlamydial development
in vivo. We also present a novel male murine rectal infection model to study these severely
understudied STIs. Interestingly, though nectin-1 was required to promote chlamydial infec-
tion in the female genital tract, nectin-1 is not required for chlamydial infection in a male
mouse rectal infection model.

Materials and Methods

Ethics Statement
All animal experiments in this study were conducted in strict accordance with the National
Institutes of Health “Guide for the Care and Use of Laboratory Animals”. The animal protocol
(110602) was approved by the University Committee on Animal Care at East Tennessee State
University under the guidelines of the Association for Assessment and Accreditation of Labo-
ratory Animal Care, US Department of Agriculture, and in compliance with the Public Health
Service Policy on Human Care and Use of Laboratory Animals.

Cells and Bacteria
The cell line used was HeLa 229, a cervical adenocarcinoma epithelial cell line (ATCC No.
CCL2.1). The C. muridarumWiess strain was obtained from Kyle Ramsey (Midwestern
University).

Animal Handling and Genotyping
All mice were provided food and water ad libitum and kept on a standard 12-hour light/dark
cycle. At the conclusion of each study, mice were euthanized via cervical dislocation.

A nectin-1 knockout mouse colony was established from mice obtained from Jackson Labo-
ratory (strain name B6.129X1(Cg)-Pvrl1tm1Ytk/J). Tail snips were obtained at 3–4 weeks of age
and DNA was extracted using 75μl of NaOH. After a 1h incubation at 98°C, digested samples
were neutralized with 75μl Tris HCL. Samples were vortexed briefly and centrifuged at 1200 x
g for 3min. Supernatants were retained for use in genotyping. PCR was used to genotype mice
from our nectin-1 colony using the MasterTaq kit (5 PRIME) and primers designed by Jackson
Laboratories: nectin-1 forward CCG TAA AGG TCA AGG GCA GAG; nectin-1 wild type reverse
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GTG CCT GTC CCT TGT CCA; nectin-1 mutant reverse CTG TTG TGC CCA GTC ATA GCC.
Each sample was subjected to 2 reactions, one using the nectin-1 forward and nectin-1 wild
type reverse set, and a second reaction using the nectin-1 forward and the nectin-1 mutant
reverse set. Nectin-1+/+ animals display one band at 639 base pairs (bp), nectin-1 -/- mice dis-
play one band at 459bp, and the heterozygotes display one of each band (Fig 1A). Male nectin-
1-/- and female nectin-1+/- mice were used to maintain a breeding colony, producing a total of
1085 pups. Only 64 nectin-1-/- females and 49 nectin-1-/- males were produced, which were
divided between the experiments described below and maintaining the breeding colony.

Intravaginal Animal Infections
Female nectin-1+/+ and nectin-1-/- mice were treated with 2.5mg Depo-Provera (Greenstone
LLC, Peapack, NJ) by subcutaneous injection at 7–9 weeks of age. Mice were vaginally infected
at 8–10 weeks of age with either 1 x 103 or 1 x 106 inclusion forming units (IFU) Chlamydia
muridarum on day 0. The inocula were administered via micropipette in 10μl 2SPG. Mice were
vaginally swabbed every 3 days through day 21 post infection (pi) as previously described [25].
Swabs were snap frozen in 2mL tubes containing 500μl 2SPG and three 3mm glass beads and
stored at -80°C.

Rectal Animal Infections
Male nectin-1+/+ and nectin-1-/- mice aged 8–10 weeks were rectally infected with 20μl 2SPG
containing 1 x 106 IFU C.muridarum. The 20μl of inoculum was loaded into a tomcat catheter
(Fisher) and a syringe loaded with 0.2cc air was connected. Mice were inoculated in the morn-
ing so that their intestines were empty of fecal matter. To inoculate, the catheter was inserted
into the rectum to a depth of 3cm and the syringe was depressed gently. To monitor shedding,
male mice were swabbed similarly to female mice. A calcium alginate swab was inserted rec-
tally, rotated 15 times, collected into 500μL 2SPG, and snap frozen for use in chlamydial titer
assays.

Chlamydial Titer Assay
Swab samples were processed as previously described [25]. Briefly, samples were thawed, vor-
texed and sonicated. Dilutions were made for infection of HeLa 229 cells plated at 1 x 105 cells
per well on glass coverslips in duplicate wells of 24-well plates. Cultures were spin infected for
1h and refed with antibiotic/antifungal medium. For rectal swabs, the antibiotic/antifungal
reagent concentrations were doubled. After a 24h incubation at 35°C, cells were fixed and per-
meabilized with methanol for 20min. Chlamydial inclusions were stained with Pathfinder anti-
chlamydial LPS fluorescent stain (Bio-rad Laboratories, Hercules, CA) and total number of
inclusions per coverslip was recorded. Infectious shedding was reported as average IFU/mouse
+/- SEM. Chlamydial shedding between groups was analyzed by ANOVA and the Student’s
unpaired t-test using Minitab 17. Values of p�0.05 were considered significant (�).

Immunohistochemistry
Genital tract tissue was removed and immediately fixed in 10% neutral buffered formalin.
After 48h, tissues were placed in 70% ethanol until embedded in paraffin. Five μm cervical tis-
sue sections were cut for use in ABC immunohistochemistry. Each slide contained 3–4 adjacent
tissue sections. One slide from each mouse was used (5 mice per group from 2 independent
infection experiments). For rectally infected male animals, colon tissue within 3cm depth from
the rectum was removed, fixed, and paraffin embedded similarly to cervical tissue, except that
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colon tissue was embedded for longitudinal sectioning. A minimum of 30, 5 μm colon tissue
sections were examined per mouse. Three wild type male murine colon tissues from a single
experiment were harvested at day 24 and examined. Prior to staining, tissue sections were sub-
jected to antigen retrieval using sodium citrate and were immersed in 0.3% H2O2 to quench

Fig 1. Host nectin-1 is required for chlamydial shedding in intravaginally infectedmice. A) Example of
genotypic characterization of nectin-1 heterozygous mice (lanes 1 and 2), nectin-1+/+ mice (lanes 3 and 4),
and nectin-1-/- mice (lanes 5 and 6). Molecular size ladders are represented by lanes labeled “L”. Nectin-1+/+

mice exhibit a single band at 639bp, nectin-1-/- mice exhibit a single band at 459bp and heterozygotes exhibit
bands at 639bp and 459bp. B and C) Mice were infected with either 1 x 103 IFU (B) or 1 x 106 IFUC.
muridarum (C) on day 0. Swab samples from days 3 through 21 pi were used in chlamydial titer assays to
determine chlamydial shedding. For panel B, n = 10 for the nectin-1+/+ group and n = 13 for the nectin-1-/-

group. For panel C, n = 19 per group. Shedding data are reported as the average IFU/mouse +/- SEM at each
day pi. Shedding data are depicted as the combined data from 2 independent experiments each. Differences
in shedding between groups at each day post shedding were determined with the unpaired Student’s t-test
with p<0.05 considered significant, as indicated by an asterisk (*).

doi:10.1371/journal.pone.0160511.g001
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endogenous peroxidase activity. Cervical and colon tissue sections were stained using a C. tra-
chomatis primary antibody (1:1000, Abcam 31131) and the Vector Elite ABC kit (Vector Labo-
ratories, PK-6101). For development, the Vector VIP peroxidase HRP substrate kit was used at
a 1:2 dilution for 2min (Vector Laboratories SK-4600). The slides were counterstained for
2min with methyl green (Vector Laboratories H-3402). Positive staining is indicated by purple
color. Cervical tissue was photographed at 40x magnification using a Zeiss Axiovert 40C
microscope and color camera with Zen Blue imaging software. Colon tissue was photographed
at 40x and 63x under oil immersion using a Zeiss Observer.Z1 and a black and white camera
with Zen Blue imagining software.

PCR and RT PCR
Total DNA and RNA were isolated from day 3 pi female swab samples as previously described
using QIAmp DNA Blood Mini kit and RNA Easy Kit (Qiagen) [25]. To obtain cDNA, RNA
was reverse transcribed using the QuantiTect Reverse Transcription kit (Qiagen) and RT- reac-
tions were performed as appropriate. Primers previously reported by Phillips Campbell et al.
were used to detect host β-actin, 16s DNA to quantify chlamydial genomes, and 16s rRNA to
determine chlamydial viability [25]. Standard PCR conditions were applied except that PCR
for β-actin and 16s rRNA were performed using an annealing temperature of 58°C. PCR for
16s DNA was performed using an annealing temperature of 65°C. All PCRs cycled 35 times.
Amplification was performed with the MasterTaq Polymerase kit (5PRIME). After PCR, all
reactions were electrophoresed as described previously [24]. Densitometry was used to quantify
PCR amplification using the Genetools program (Syngene). All bands observed fell within the
linear range of control template DNAs diluted from a range of 1:10 to 1:1000. For quantifica-
tion of chlamydial genomes, amplification of 16s DNA was normalized to host β-actin. For
quantification of 16s rRNA, the chlamydial genomes were normalized first to β-actin and then
further normalized to 16s DNA for comparison of chlamydial viability between experimental
groups as previously described [25]. Averages are reported as average band integrated intensity
+/- SEM and were compared using the Student’s unpaired t-test. Values of p�0.05 were con-
sidered significant (�).

Results

Nectin-1 is required for chlamydial shedding in the female murine genital
tract
Through the use of nectin-1 knockdown HeLa cell lines, we previously demonstrated that the
loss of nectin-1 resulted in significantly reduced chlamydial infectious EB production in vitro.
To determine whether this phenomenon also occurred in vivo, we infected female nectin-1
wild type (nectin-1+/+) and nectin-1 knockout (nectin-1-/-) mice. Prior to infection, all mice
were genotyped as described in the methods and demonstrated in Fig 1A.

Female nectin-1+/+ and nectin-1-/- mice were intravaginally infected on day 0 and swabbed
every three days until day 21 post infection (pi). Chlamydial titer assays were performed to
enumerate average inclusion forming units (IFU) per group. To ensure that we were not using
an inoculum so high as to overcome any effect the absence of nectin-1 may have on infection,
we initially infected mice using a low inoculum of 1 x 103 IFU/mouse. The nectin-1-/- mice
shed significantly fewer IFU compared to nectin-1+/+ mice on days 3, 6, 9, 12, 15 and 18 pi (Fig
1B). We then increased the inoculum to 1 x 106 IFU C.muridarum to determine whether the
reduction in chlamydial shedding could be overcome by increasing the amount of incoming
chlamydiae. Interestingly, the nectin-1-/- mice exhibited significantly reduced shedding on
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days 3, 6, 9, and 15 (Fig 1C) when infected with the higher inoculum. These data demonstrate
that host nectin-1 is required for efficient chlamydial infection in the female mouse genital
tract at both low (103 IFU) and high (106 IFU) inocula.

Fewer chlamydial inclusions are detected in nectin-1-/- mouse cervical
tissue
Because the reduction in chlamydial shedding in the nectin-1-/- mice was so dramatic, we
sought to further confirm our observations. First, PCR was performed using DNA and RNA
extracted from swab samples at day 3 pi to quantify chlamydial genomes and chlamydial pre-
16s rRNA as previously described [25]. Chlamydial genome quantity was significantly reduced
in the nectin-1-/- group compared to the nectin-1+/+ group (Fig 2A), confirming the previous
vaginal shedding data. Additionally, no difference was observed in chlamydial pre-16s rRNA
accumulation in the presence or absence of nectin-1 (Fig 2B). Representative chlamydial 16s
DNA, chlamydial pre-16s RNA, and host β-actin PCR bands from one nectin-1+/+ and one
nectin-1-/- mouse are shown in Fig 2C. These data suggest that the small amount of detectable
chlamydial DNA in nectin-1-/- mice is from viable organisms and not from either dead organ-
isms or leftover inoculum.

We further sought to confirm that the chlamydiae were able to infect the cervical tissue.
Female mice were infected with 1 x 106 IFU C.muridarum on day 0 and swabbed on day 3 and
6 pi to confirm the reduction in chlamydial shedding described in Fig 1C. As previously
observed, shedding was significantly lower in nectin-1-/- animals compared to nectin-1+/+ ani-
mals as previously observed (840 IFU versus 2.1 x 104 IFU at day 6pi; p<0.05). Mouse genital
tracts from each group were removed after swabbing at day 6 pi and tissue sections immuno-
histochemically stained with a C. trachomatis antibody. In each group, inclusions were found
only in the outermost epithelial layer and not in the deeper layers of the tissue. In the nectin-
1+/+ animals, inclusions were not evenly dispersed along this epithelial layer, but appeared in
small aggregates (Fig 3 upper panels). Locating inclusions in the nectin-1-/- mice was challeng-
ing, as these aggregates were not observed. In many tissue sections from nection-1-/- mice, no
inclusions were observed. In sections from these animals that did stain for Chlamydia, typically
only one inclusion was observed per mouse; however, one mouse had several observable inclu-
sions (Fig 3 lower panels). Though we were unable to quantify the difference in inclusions
observed in the cervical tissue between the nectin-1-/- and nectin-1+/+ animals, far fewer inclu-
sions were observed in the nectin-1-/- group compared to the nectin-1+/+ group (Fig 3). These
data indicate that C.muridarum can infect and form inclusions in the cervical epithelium of
nectin-1-/- mice, but to a lesser degree than observed in nectin-1+/+ animals. Overall, these data
are consistent with the reduction in chlamydial shedding observed in Fig 1 and further suggest
that there are fewer chlamydial inclusions in the cervical tissue of nectin-1-/- mice.

Nectin-1 is not required for chlamydial replication in a male murine rectal
infection model
The reduction in chlamydial infection observed in the female nectin-1-/- mice led us to hypoth-
esize that nectin-1 would also be required for other routes of chlamydial infection. Because
there is evidence of spread from the female genital tract to the intestine [26] and because some
male nectin-1-/- mice were available for infection experiments, we sought to develop a male
murine rectal infection model of chlamydial infection. Male nectin-1+/+ and nectin-1-/- mice
were rectally infected on day 0 then swabbed using the same technique established for vaginal
chlamydial infections. Chlamydial titer assays were performed from swab samples obtained
every 3 days until day 24 pi. In general, chlamydial detection was lower than that observed in
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the vaginal infection model, but shedding was maintained at a consistent level throughout the
duration of the study, never reaching 0 IFU (Fig 4A). Using this model, significantly more chla-
mydial shedding was observed from nectin-1-/- mice only on day 3 pi. Significant differences in
rectal infection between male nectin-1+/+ and nectin-1-/- mice were not observed at any other
time point post-infection. Therefore, we conclude that nectin-1 is not required for rectal chla-
mydial infection in male mice since the absence of nectin-1 does not inhibit chlamydial infec-
tion at any time interval assayed.

Because shedding in male rectally infected mice was so much lower compared to female
mice vaginally infected with the same inoculum (1 x 106 IFU), we sought to determine whether
C.muridarum was able to form inclusions in colon tissue. Yeruva et al. previously demon-
strated that, in a murine C.muridarum oral infection model, rare inclusions were detectable in
the intestine at day 25 pi in a single animal [10]. Similarly, when colon tissue was harvested at
day 24 pi from three rectally infected male nectin-1 +/+ and -/- mice, chlamydial inclusions
were detectable in only one animal, but multiple inclusions were found (Fig 4B). These data,

Fig 2. Nectin-1-/- female mice have fewer detectable chlamydiae in the lower genital tract. A) Day 3 pi PCR semi-quantification of
chlamydial genomes using 16s DNA normalized to host β-actin. Each group n = 4 and data are representative of 2 independent
experiments. B) Day 3 pi PCR semi-quantification of chlamydial viability determined by amplification of chlamydial 16s rRNA normalized to
chlamydial 16s DNA and host β-actin. A single data set was analyzed and n = 4 per group. Panels A and B are reported as average
integrated intensity +/-SEM. Differences between groups were determined with the unpaired Student’s t-test with p<0.05 considered
significant, as indicated by an asterisk (*). Non-significant comparisons are designated NS. C) Representative gel electrophoresis of
chlamydial 16s DNA, chlamydial pre-16s RNA, and host β-actin PCR bands from one nectin-1+/+ and one nectin-1-/- female mouse.

doi:10.1371/journal.pone.0160511.g002
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which are similar to observations by Yeruva at al. [10], are also consistent with the low chla-
mydial titers obtained from rectally infected mice (Fig 4A). These data also demonstrate not
only that chlamydial inclusions are able to form in rectally infected tissue, but that inclusions
are detectable in the tissue as late as 24 days pi.

Discussion
Here we demonstrated that the host cell adhesion protein nectin-1, is required for optimal
chlamydial infection in the female mouse genital tract. Apart from forming junctions in co-
operation with cadherins, nectins interact directly with the actin cytoskeleton through a pro-
tein called afadin, and indirectly through signaling events mediated by interactions with αvβ3
integrins [27]. Integrins associated with nectins stimulate activation of focal adhesion kinase
(FAK) and Src, which ultimately leads to activation of Cdc42 and actin remodeling to form
junctions [28]. Although Wyrick et al. used integrin-specific neutralizing antibodies to deter-
mine that integrins were not required for chlamydial entry, they did not determine whether
chlamydial development or production of infectious EB were altered [29]. Additionally, cell

Fig 3. Nectin-1-/- female mice have fewer detectable chlamydial inclusions in cervical tissue. A) Immunohistochemical staining of
nectin-1+/+ (upper panels) and nectin-1-/- (lower panels) C.muridarum infected cervical tissue harvested day 6 pi; n = 5 for each group. Yellow
arrows indicate chlamydial inclusions. All mouse cervical samples were stained and cervical samples shown are from two individual mice per
experimental group. Data are representative of two independent experiments.

doi:10.1371/journal.pone.0160511.g003

Requirement of Nectin-1 in Chlamydial Genital Tract and Rectal Infection

PLOS ONE | DOI:10.1371/journal.pone.0160511 August 3, 2016 9 / 15



Fig 4. Nectin-1 is not required for male mouse rectal chlamydial infection.Male mice were rectally infected with 1x106

IFUC.muridarum as described in the methods. A) Swab samples every 3 days from day 3 to 24 pi were used in chlamydial
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culture experiments demonstrate that nectin-1 ablation has more effect on infectious EB devel-
opment than on entry/inclusion formation [23]. Therefore, it remains possible that nectin/
αvβ3 integrin interaction might be required for chlamydial development at some step after ini-
tial infection [29].

It is important to note that, αvβ3 integrins have been shown to interact exclusively with nec-
tins-1 and -3 in vitro, but not nectins -2 and -4 [28]. This suggests that any compensation by
nectin-2 to maintain cell junctions would not restore nectin-integrin signaling in nectin-1-/-

mice. Therefore, we speculate that in the absence of nectin-1, αvβ3 integrins are unable to asso-
ciate with the appropriate nectins to induce cell signaling events required for actin cytoskeletal
organization during inclusion maturation. Notably, chlamydiae recruit actin to the inclusion
[11] and this appears to be required for inclusion expansion [30]. Association of actin with the
inclusion is also required for extrusion-mediated EB exit from the host cell, but it appears that
actin depolymerization from around the mature inclusion is required for chlamydial exit by
lysis [11, 31, 32]. Regardless of the exit mechanism, these data suggest that nectin-integrin
interactions might be critical to inclusion stability, development and possibly for subsequent
release of infectious EBs.

Here we also present a novel male murine chlamydial rectal infection model. When consid-
ering the male wild type mice alone, our chlamydial titer results correspond with other models
of gastrointestinal chlamydial infection. Upon oral infection in mice, peak detection of C.muri-
darum from cecal tissue lysates was observed at day 5 pi with 5 x 104 IFU but held steady
through day 75 pi with just under 104 IFU detected on each sampling day [10]. Similarly, we
also detected chlamydial shedding at a low but almost constant level throughout our 24 day
time course, and shedding never reached 0 IFU (Fig 4A). Importantly, human rectal infections
are a growing health concern. It has been estimated that treatment of anorectal Chlamydia
with azithromycin is 83% efficacious compared to 97% efficacy in urogenital infections [33].
Patients may also contract an anorectal infection without being simultaneously infected by the
oropharyngeal or urogenital route, a scenario likely far more common in MSM than women
[6]. Our rectal model of chlamydial infection is thus a physiologically relevant mode of anorec-
tal infection that could be used in future studies to further characterize the pathogenesis of
these understudied chlamydial infections.

Contrary to our observations in the female nectin-1-/- mice, male nectin-1-/- mice rectally
infected with 1 x 106 IFU C.muridarum exhibited significantly increased chlamydial shedding
compared to male nectin-1+/+ mice at day 3 pi; shedding thereafter was the same in each group
(Fig 4A). Therefore, we conclude that nectin-1 is not required for rectal infection in male mice.
These results were somewhat surprising, given the drastic reduction in infection observed in
the female vaginal infection model. It seems likely that differences in sex and/or tissue type
contribute to these divergent results. One possibility is that nectin-1 is expressed at very low
levels, or not expressed, in rectal/gastrointestinal epithelial cells. Though nectins have been
studied in colon and intestinal cancer cell lines, expression in normal human tissue has not yet
been characterized [34–36]. In mice, nectin-2 and -3 are predominately expressed in the intes-
tine, whereas nectin-1 and -4 are hardly detected [37]. This would be consistent with the low
level of shedding observed during rectal/gastrointestinal tract infection, which is similar to the
levels of vaginal shedding observed in nectin-1-/- female mice (Fig 1 and [10]). In this case,

titer assays to determine chlamydial shedding. N = 16 and n = 18 for nectin-1+/+ and nectin-1-/- groups, respectively. Shedding
is reported as the average IFU/mouse +/- SEM at each day pi. Combined data from two independent experiments are shown.
B) Immunohistochemical staining of male wild type colon tissue at 430x (left panels) and 630x (right panels). Yellow arrows
indicate chlamydial inclusions. Colon tissue was harvested from C.muridarum rectally infected mice at day 24 pi; n = 3. Two
representative inclusions are depicted from one wild type mouse. Data represent a single experiment.

doi:10.1371/journal.pone.0160511.g004
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deletion of the nectin-1 gene would make little difference in rectal shedding, since nectin-1 is
low in those tissues already. If nectin-1 levels regulate chlamydial development, as our in vitro
[23] and in vivo (Fig 1) observations suggest, this could explain the differences observed in GI
and genital tract shedding.

It is also important to note that the female mice were hormone treated prior to infection,
which prevents the mice from cycling and promotes chlamydial infection [38]. It has been
demonstrated that both nectin-1 expression and chlamydial development can be altered by
changes in estrogen and/or progesterone concentrations [39–42]. Since male mice are not hor-
mone-treated before rectal infection, it is possible that nectin-1 expression in the GI tract
would be enhanced, at least in wildtype mice, by hormone treatment. In humans, both males
and females express estrogen and progesterone receptors in the intestine [43]. Furthermore,
there is evidence to suggest that male GI tissue is responsive to progesterone [44]. Thus, in the
future, we will determine whether nectin-1 is required for rectal chlamydial infections in female
mice and whether hormone treatment affects infection outcome.

In this study, we determined that nectin-1 is required to promote intravaginal infection
with C.muridarum in vivo. Because nectin-1 maintains interactions between adherens junc-
tions and the actin cytoskeleton, it seems likely that the absence of nectin-1 prevents actin-
dependent chlamydial development or affects the ability of Chlamydia to leave the host cell
and ascend the genital tract. We also report, for the first time, establishment of an experimen-
tally-tractable system in which to study the little understood pathogenesis, but growing inci-
dence, of anorectal chlamydial infection. This model has allowed us to determine that host
nectin-1 is not required for rectal infection in male nectin-1-/- mice. Together, these two infec-
tion models may provide a better understanding of the differences in susceptibility, chlamydial
infection outcome, and chronic disease that exists between men and women and in various tis-
sue types.
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