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Abstract
Advanced animal models, such as minipigs, are needed for the development of a globally requested human Chlamydia vaccine. Previous
studies have shown that vaginal inoculation of sexually mature G€
ottingen minipigs with Chlamydia trachomatis resulted in an infection lasting
only 3e5 days.
The aim of this study was to evaluate the effect of targeting the upper porcine genital tract by transcervical and transabdominal intrauterine
inoculation, compared to previously performed vaginal inoculation. Furthermore, we investigated the effect of the hormonal cycle, estrus vs.
diestrus, on the establishment of a C. trachomatis infection in the minipig.
Targeting the upper genital tract (transcervical inoculation) resulted in a longer lasting infection (at least 7 days) compared to vaginal
inoculation (3e5 days). When comparing intrauterine inoculation during estrus and diestrus, inoculation during diestrus resulted in a longer
lasting infection (at least 10 days) compared to estrus (3e5 days). Furthermore, we found a significant C. trachomatis specific IFN-g response in
pigs inoculated during estrus correlating with the accelerated clearance of infection in these pigs.
These findings suggest that for implementation of an optimal model of C. trachomatis in minipigs, inoculation should bypass the cervix and
preferable be performed during diestrus.
© 2017 The Author(s). Published by Elsevier Masson SAS on behalf of Institut Pasteur. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
Keywords: Minipig model; Chlamydia trachomatis; Sexually transmitted disease

1. Introduction
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Department of Veterinary Clinical Sciences, Faculty of Health and Medical
Sciences, University of Copenhagen, Copenhagen, Dyrlægevej 68, 1870,
Frederiksberg C, Denmark.
E-mail address: emmalorenzen@sund.ku.dk (E. Lorenzen).

Chlamydia trachomatis is worldwide the most frequent
sexually transmitted bacterial infection [1]. It causes severe
complications such as tubal infertility, and it is internationally
acknowledged that a vaccine would be the best preventive
strategy [2]. For development of safe and effective vaccines,
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proper animal models are essential, however, a proper
advanced animal model for testing Chlamydia vaccines is still
missing [3].
Traditionally, mice and guinea pigs are the animal models
of choice, but pigs and especially minipigs have become
increasingly popular as models in preclinical research due to
their high level of anatomical, physiological and immunological similarities to humans [4e6]. These similarities suggest that pigs have major predictive value as preclinical
models of vaccine efficacy. Both conventional pigs and minipigs are found to be suitable models of genital C. trachomatis
infection, but minipigs are favored due to their small size at
sexual maturity and specific pathogen free (SPF) status [4,6,7].
Initial studies with vaginal inoculation of sexually mature
Ellegaard G€
ottingen minipigs with C. trachomatis Serovar D
(Ct SvD) during estrus found that an infection lasting only
3e5 days could be established [8,9] thus making it challenging to evaluate the efficacy of vaccine induced antibody
and cell-mediated immune responses. Focus has therefore
been on establishing a longer lasting infection in the porcine
female genital tract to enable better evaluation of vaccine efficacy/protection.
The genital tract target cells for C. trachomatis are the
columnar epithelial cells found in the endocervix of women
[10]. Deposition of C. trachomatis during sexual intercourse at
the external opening of cervix in women is therefore hypothetically sufficient for C. trachomatis to reach the target cells.
In pigs, however, the cervix is dominated by stratified squamous epithelium [11] and the bacteria have to reach the
uterine mucosa to establish an infection of the columnar target
cells.
Murine models of genital Chlamydia are generally treated
with progesterone before inoculation to enable inoculation
during diestrus, and achieve a higher infection rate [4,12]. This
is consistent with studies in pigs experimentally infected with
Escherichia coli, where intrauterine inoculation during
metestrus caused endometritis and inoculation during estrus
did not [13]. Overall the findings indicate that inoculation
during estrus is unfavorable for the establishment of a genital
infection.
We hypothesized that transcervical inoculation in the
minipig would allow the C. trachomatis bacteria more efficient
access to their target cells, thereby allowing a more efficient
colonization. Furthermore, we hypothesized that inoculation
during diestrus rather than estrus would allow for establishment of a longer lasting infection. The aim of this study was
therefore to evaluate the effect of transcervical inoculation
during estrus and intrauterine inoculation during estrus and
diestrus, on the course of genital C. trachomatis infection in
minipigs and to compare the results to vaginal inoculation.
2. Materials and methods
2.1. C. trachomatis
The C. trachomatis serovar D (Ct SvD; UW-3/Cx, ATCC®
VR-885™) strain used was originally isolated from a female
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patient with an asymptomatic genital infection. It has been
propagated in HeLa-229 cells, harvested, and purified as previously described [14,15].
2.2. Minipigs and experimental design
This study was performed with two groups of each 12 SPF
(http://minipigs.dk/the-goettingen-minipig/health-status/)
sexually mature female G€ottingen Minipigs (Ellegaard
G€ottingen Minipigs A/S, Dalmose, Denmark) of approximately 10 months. One group (n ¼ 12) was inoculated by a
transcervical route in estrus (TC-group), and the other group
(n ¼ 12) had laparotomy and direct intrauterine inoculation
performed (IU-group) in estrus or diestrus. Upon arrival at the
study site, the minipigs were allowed one week of acclimatization and were under all circumstances treated in accordance
with the Danish law on animal experiments. The experiments
were approved by the Danish Animal Experiments Inspectorate (license number: 2013-15-2934-00978). Details on the
experimental setup are summarized in Fig. 1.
Before inoculation the minipigs were treated orally for 18
days with Regumate Equine® (Altrenogest, 20 mg/animal and
day, MSD Animal Health, Ballerup, Denmark) for estrous
cycle synchronization. Following Regumate® treatment, the
minipigs were monitored for clinical evident estrus (behavior,
vaginal hyperemia, and edema of the vulva). Inoculation
during estrus was performed on the first day of evident estrus
and inoculation during diestrus was performed 5 days after the
end of clinical evident estrus. Serum progesterone levels
(Central Laboratory, University Hospital for Companion Animals, University of Copenhagen) were determined at the day
of inoculation to verify that minipigs in the IU-group were
either in estrus (all pigs < 0.3 ng/ml) or diestrus (range
12.6e35.6 ng/ml) (Supplementary file 1).
The pigs were during all procedures anesthetized with
Zoletil® mixture (1 vial Zoletil®50 Vet (125 mg tiletamin and
125 mg zolazepam) resuspended in 6.25 ml xylazine (20 mg/
ml), 1.25 ml ketamine (100 mg/ml), and 2.5 ml butorphanol
(10 mg/ml)) [16]. The following doses were used: 1 ml/12 kg
body weight (BW) for non-invasive TC inoculation, 1 ml/
17 kg BW for vaginal swabbing, 1 ml/15 kg BW for blood
collection and vaginal swabbing. See Supplementary file 2 for
the anesthesia protocol for laparotomy.
In the TC-group, the minipigs were inoculated transcervically through a combination of a Spirette insemination catheter (17102/9067, Minitube, Tiefenbach, Germany) and a
urinary catheter (273410, Kruuse, Langeskov, Denmark) with
4*109 Ct SvD inclusion forming units (IFUs) in 10 ml sterile
SPG buffer (0.2 M sucrose, 20 mM sodium phosphate, and
5 mM glutamic acid buffer). The minipigs were placed with
the hindquarters elevated for 20 min following inoculation to
avoid reflux. All 12 minipigs were inoculated utilizing the
same method, but divided into three groups euthanized on days
3, 7 and 14 post infection (pi) (Fig. 1).
The transcervical catheterization was only performed during estrus, where the cervix is under estrogen influence and
therefore edematous and soft (http://extension.missouri.edu/p/
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Fig. 1. Experimental setup. This study was performed with two groups of each 12 Ellegaard G€ottingen Minipigs (EGM). In the transcervical group (TC-group) 12
EGM were inoculated during estrus by transcervical catheterization with 4*109 Chlamydia trachomatis Serovar D (Ct SvD) Inclusion Forming Units (IFUs). The
pigs were euthanized in three groups on days 3, 7 or 14 post infection (pi). In the intrauterine group (IU-group) the 12 EGM had laparotomy and intrauterine
inoculation performed. 6 EGM were inoculated during estrus and 6 EGM during diestrus. Furthermore, 3 pigs in each group were given 1*105 IFUs and three pigs
were given 1*108 IFUs giving 4 groups with three EGM in each. All 12 EGM were euthanised on day 10 pi. Symbols indicate collection of blood (blood drop) and
vaginal swab samples (swab). On the day of euthanasia, thorough sampling from the genital tract was performed.

G2312) allowing catheterization. Cervical catheterization
has not been successful during diestrus in minipigs (the authors' personal experience) and laparotomy was therefore
performed to access the uterus independently of estrous cycle
stage enabling comparison of inoculation during diestrus and
estrus.
In the IU-group, laparotomy and intrauterine inoculation
were performed following the detailed description in
Supplementary file 2. Six minipigs were inoculated during
estrus and six minipigs during diestrus. Furthermore, within
each group of six minipigs, three minipigs were inoculated
with 1*105 IFUs and three minipigs with 1*108 IFUs. All
minipigs in the IU-group were euthanized on day 10 pi
(Fig. 1).
2.3. Sampling
The rectal temperature was taken daily starting two days
prior to the inoculation until euthanasia, and furthermore
6e9 h after inoculation. A rectal temperature of 39.5  C was
set as fever limit [9].
Blood samples were collected from the vena jugularis
externa with a vacutainer system. Serum was isolated by
centrifugation for 15 min at 3500 rpm and stored at 20  C.
Vaginal swabs were collected with sterile regular size
Copan FLOQswab (Statens Serum Institut, Copenhagen,
Denmark) in 1 ml SPG. A vaginoscope was utilized during
sampling, and aseptic procedures were followed. Following
sampling, the swabs were vortexed for 1 min with three sterile
glass-beads and stored at 80  C until further analyses.
A detailed scheme for blood- and vaginal swab sampling is
shown in Fig. 1.

2.4. Antibody ELISA
IgG and IgA ELISAs to determine antibodies against C.
trachomatis were performed essentially as described previously [8], with the exception that Polysorp® plates (NUNC
A/S, Roskilde, Denmark) were coated with whole inactivated
Ct SvD elementary bodies (EB) 4 mg/ml over night at 4  C.
Detection was performed with a goat anti-pig IgG antibody
(1:10.000, AAI41P, Serotec, UK) and a goat anti-pig
IgA antibody (1:2000, AAI40P, Serotec, UK). A positive
control (serum from a previous study [8]) was included as
an internal standard to correct for plate-to-plate variation and
a negative control was included on each plate (two
wells without serum). Difference in optical density (OD)
during the study was calculated as DOD ¼ OD450nme650nm
(day x)OD450nme650nm (day 0).
2.5. Interferon-g release assay
Isolation and stimulation of peripheral blood mononuclear
cells (PBMCs) were performed as described earlier [8], with
the exception that stimulation was performed with whole Ct
SvD EBs 1 mg/ml. The IFN-g ELISA on the supernatant was
also performed as previously described [8]. On each plate, a
standard with a predetermined concentration of porcine IFN-g
was added in duplicate serial dilutions together with two wells
without substrate as a negative control. A logelog transformed
standard curve was made from the serial dilutions of the
standard, and an equation was made correlating the measured
optical density (OD) value with the amount of IFN-g in the
sample. The IFN-g concentration in each sample was calculated with this equation.
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2.6. Vaginal chlamydial load
The vaginal load of C. trachomatis was evaluated by
cultivation of swab material in the TC-group, whereas swabs
from the IU-group were evaluated by qPCR due to practical
circumstances and the increased sensitivity by qPCR. Cultivation was performed as described elsewhere [7]. In summary,
a monolayer of McCoy cells was inoculated with 100 ml swab
material in duplicates, centrifuged for 1 h at 750 g and then
incubated 2 h at 35  C followed by a replacement of the media
with fresh cycloheximide media and incubation for approximately 30 h at 37  C. Inclusions were then visualized with
rabbit-anti recombinant major outer membrane protein
(rMOMP) serum (from our own lab) and an Alexa 488 conjugated goat-anti-rabbit IgG secondary antibody (Life Technologies, Paisley, UK). Inclusions were counted in 20 fields of
view (40 objective magnification) with an Olympus IX71
fluorescence microscope (Olympus, Ballerup, Denmark) and
the total number of inclusions per swab was calculated.
In the IU-group, detection of C. trachomatis was performed
by qPCR. Swab samples were pretreated by mixing 600 ml
swab material with 350 ml Bacteria lysis buffer (Roche, Hvidovre, Denmark), 50 ml Proteinase K (Sigma-Aldrich,
Brøndby, Denmark) and 5 ml internal amplification control
(Goffin Molecular Technologies, Maurik, The Netherlands).
The mixture was incubated 10 min at 65  C followed by
10 min at 90  C, where after DNA was extracted with a
MagNA Pure 96 DNA and Viral NA Large Volume Kit
(Roche, Denmark) on a MagNA pure 96 instrument with the
Pathogen Universal protocol. DNA was eluted in 50 ml.
Detection of chlamydial DNA was performed with a Presto
CT-NG PCR test kit (Goffin Molecular Technologies) [17]
according to the manufacturer's protocol with 10 ml DNA
and 15 ml master mix run on a LightCycler® 96 instrument
(Roche). A standard curve was prepared with a Ct SvD batch
made in our lab with a known concentration of viable bacteria.
2.7. Euthanasia
The minipigs were euthanized by intramuscular (IM) injection of Zoletil® mixture [16] 1 ml/7 kg followed by
exsanguination and necropsy. Tissue samples and swabs were
taken from the cervix, uterine body, uterine horns (bilaterally
sampled both proximally and distally), and the uterine tubes
(Fallopian tubes). Regular size Flock swabs were used for all
swabs except the uterine tubes, where minitip size was used.
2.8. Histopathology
Macroscopic evaluation of the genital tract was performed
during necropsy. Tissue samples from vagina, cervix, uterine
horns and uterine tubes were fixed in 10% neutral buffered
formalin and processed by standard procedures [9]. Tissue
sections were stained with hematoxylin and eosin (HE) for
histopathology.
Chlamydia immunohistochemistry (IHC) was performed as
described elsewhere [9] with a mouse anti-Chlamydia
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antibody (clone AC1-P; Progen, Heidelberg, Germany) at a
dilution of 1:100 and a Vectastain ELITE ABC Mouse kit
detection system (VWR Bie og Berntsen A/S, Søborg,
Denmark). Blinded evaluation was performed. Negative control sections were made with non-sense serum replacing the
primary antibody.
2.9. Statistical analysis
All statistics were performed with GraphPad Prism 6
(GraphPad Software Inc., CA, USA). Data were analyzed with
the non-parametric Friedman's test and Dunn's multiple comparison test. P values lower than 0.05 (P < 0.05) were
considered statistically significant. Further levels of significance are indicated with asterisks *P < 0.05, **P < 0.01,
***P < 0.001.
3. Results
3.1. Vaginal chlamydial load
The current study was performed with two groups of each
12 sexually mature female SPF G€ottingen Minipigs. The TCgroup was inoculated transcervically during estrus, while the
IU-group underwent direct intrauterine inoculation via laparotomy during either estrus or diestrus (Fig. 1). Since cervical
catheterization of minipigs has not been successful during
diestrus, laparotomy was performed to be able to compare
intrauterine inoculation during diestrus and estrus.
Culturing of vaginal swabs from the TC-group showed a
stable number of at least 104 viable C. trachomatis bacteria
until day 7 pi. On day 14 pi no viable bacteria were detected
(Fig. 2). Within the two IU-groups given the low dose inoculum (1*105 IFUs) only few Chlamydia bacteria could be
detected by qPCR in 1/3 minipigs on day 3 pi in the group
inoculated during diestrus and in 0/3 minipigs inoculated
during estrus (data not shown). Therefore, a dose of 1*105
IFUs was considered too low to establish an infection in this
model and consequently these two groups have been omitted
in other parts of this article.
Within the two IU-groups inoculated with 1*108 IFUs, the
group inoculated during estrus had a high vaginal load of
Chlamydia bacteria on day 3 pi and 1/3 minipigs had detectable amounts of bacteria on day 5 pi, while all samples day 7
and 10 were negative. In the IU-group inoculated with 1*108
IFU during diestrus, 3/3 pigs had a high load of bacteria until
day 7 pi, 1/3 minipigs a high level in the vagina on day 10 pi
and 2/3 minipigs a high level in the uterus on day 10 pi.
Furthermore, 1/3 minipigs had Chlamydia in the uterine tubes
on day 10 pi (Fig. 2).
3.2. Immunohistochemistry
To identify true infection of the porcine genital tract cells,
In situ C. trachomatis inclusions were detected by immunohistochemical staining. No inclusions were detected in the
vagina and cervix. In the TC-group 3/4 minipigs on day 3 pi
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Fig. 2. Chlamydial load following inoculation. (A) Detection of C. trachomatis from vaginal swabs on day 0, 3, 5, 7 and 14 pi in McCoy cell culture following
transcervical inoculation during estrus. (B þ C) qPCR detection of C. trachomatis in vaginal swabs on day 0, 3, 5, 7 and 10 pi and swabs from uterus and uterine
tubes on day 10 pi following intrauterine inoculation during estrus (B) and diestrus (C) with 108 IFUs.

and 7 pi had distinct inclusions in the endometrial columnar
epithelial cells (Fig. 3) but inclusions were no longer present
on day 14 pi. In the IU-group, inclusions were only detected in
one pig inoculated during diestrus with 1*108 IFUs (Fig. 3).
Negative controls with no primary antibody were performed
on the positive sections and confirmed true positivity.
3.3. Antibody response
To characterize the infection-induced antibody response,
levels of IgG and IgA antibodies against C. trachomatis EBs
were determined in serum with an in-house sandwich ELISA.
In the TC-group on day 14 pi, 3/4 minipigs had a serum IgG
response (DOD > 0) and 1/4 minipigs had a serum IgA
response. In the IU-group, all minipigs irrespectively of estral
inoculation time had a serum IgG response on day 10 pi, 3/3
inoculated during estrus had a serum IgA response and 2/3
inoculated during diestrus had a serum IgA response on day
10 pi.
3.4. Cell-mediated immune response (CMI)
IFN-g producing CD4 T cells are an important part of the
CMI against Chlamydia and the IFN-g response was therefore

evaluated in this study by an IFN-g release assay on PBMCs.
In the TC-group a significant IFN-g response was detected on
day 7 (Dunn's multiple comparison; p < 0.01) and a further
significantly increased response had developed at day 14 pi
(Dunn's multiple comparison; p < 0.01) (Fig. 4). In the IUgroup a significant IFN-g response was found in the minipigs inoculated during estrus on day 7 pi (Dunn's multiple
comparison; p < 0.05), however, the change in response was
no longer significant on day 10 pi (Fig. 4). The IFN-g response
in the minipigs inoculated during diestrus was not significantly
increased at day 7 or 10 pi (Friedman; p ¼ 0.19) (Fig. 4).
3.5. Clinical signs and necropsy findings
Only a few minipigs showed clinical signs such as
decreased activity following inoculation. In the TC-group, two
pigs were given analgesic (20 mg/kg IM buprenorphine) due to
a reduced appetite 8 h after inoculation, and normal eating
behavior was restored the following day. In the IU-group all
minipigs were supplied with 20 mg/kg buprenorphine for the
first three days following the laparotomy.
The rectal temperature was measured daily. In the TCgroup one pig had a temperature of 39.2  C approaching the
fever limit of 39.5  C following the catheterization and

Fig. 3. Photomicrographs showing immunostained C. trachomatis antigen in uterine epithelial cells. (A) Inclusion from day 7 post inoculation (pi) after
transcervical (TC) inoculation. In the TC-group 3/4 minipigs had distinct inclusions on day 7 pi. (B) In the intrauterine (IU) group inoculated during estrus no
inclusions were found on day 10 pi. (C) A newly bursted inclusion from day 10 pi in the IU-group inoculated during diestrus with 1*108 IFUs. In this group,
inclusions on day 10 pi were detected in 1/3 minipigs.
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Fig. 4. IFN-ɣ
ɣ release assay. Peripheral blood mononuclear cells (PBMCs) were isolated and re-stimulated with C. trachomatis elementary bodies (EBs) (4 mg/ml)
and the IFN-ɣ levels in the supernatant were determined. Statistical comparisons were performed comparing the responses on day 7, 10 and 14 to day 0.

inoculation. In the IU-group four minipigs experienced
39.4  C following the laparotomy and inoculation, but the
increase in temperature was in all cases transient with the
temperature returning to a normal level the following day.
In the TC-group, one pig had clinically visible mucoid
vaginal discharge on day 2 pi, one minipig on day 3 pi (Fig. 5)
and two minipigs had clinically visible bloody mucoid
discharge on day 3 pi. These findings were consistent with the
necropsy findings at day 3 pi in the TC-group, where 3/4
minipigs had bloody or purulent vaginal content (Fig. 5).
Furthermore, one pig had purulent exudate in the uterus on day
3 pi (Fig. 5). The minipigs euthanized on days 7 and 14 pi in

the TC-group only had mild mucosal edema and hyperemia
(Supplementary file 3).
In the IU-group, all minipigs were euthanized on day 10 pi.
Macroscopically, one pig had serous fluid in the uterus
(Fig. 5), but otherwise only mild edema and hyperemia was
found in the uterine mucosa (Supplementary file 3).
3.6. Histopathology
In the TC-group, the histological findings at day 3 pi was
characterized by a luminal content with neutrophils, corresponding to the macroscopic finding of pus, and subepithelial

Fig. 5. Clinical and macroscopic findings. The top row represents the transcervical (TC) group on day 3 pi. The bottom row represents the intrauterine (IU) group
on day 10 pi as well as the TC-group on day 7 pi and 14 pi. A) Vaginal discharge on day 3 pi after transcerivcal inoculation with 1*109 IFUs (TC-group). Vaginal
swabs from this animal showed 1.78*104 IFUs. B) Pus in the lumen (encircled) could be seen after opening of the dorsal part of the vagina on day 3 pi after
transcervical inoculation. Vaginal samples from this animal showed 1.78*104 IFUs. C) Uterus from day 3 pi after transcervical inoculation filled with purulent
exudate (Petri dish) and an inflamed hyperemic mucosa (arrowhead). Vaginal swabs from this animal showed 2.72*104 IFUs. D) Vulva with no vaginal discharge
from the IU group on day 3 pi. E) Vagina with no pus in the IU group on day 10 pi. F) Uterus of a pig euthanised on day 14 pi after IU inoculation showing a
normally colored (light red) and moist mucosa (samples from this uterus had no viable Chlamydia).
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infiltration with leukocytes (Fig. 6). On day 7 pi, the leukocytic infiltration was milder and only few neutrophils were
detected in the lumen. On day 14 pi, the infiltration was almost
absent, except for a few randomly distributed leukocytes.
Neutrophils were not detected in the lumen. In the IU-group,
all minipigs were euthanized on day 10 pi and the only
changes seen were stromal edema and none to mild infiltration
with leukocytes. A few minipigs also had few neutrophils in
the uterine lumen. Lesions were not observed in the uterine
tubes of either group.
4. Discussion
In this study we evaluated the effects of inoculating minipigs with C. trachomatis either by transcervical catheterization
or directly into the uterus following laparotomy. Transcervical
inoculation during estrus resulted in an approximately two log
units higher bacterial load (IFUs) than vaginal inoculation
during estrus, performed in a previous study [9] (103 IFUs/
swab vs. 105 IFUs/swab) along with an infection that lasted
longer (at least 7 days vs. 3e5 days). This is consistent with
studies in mice, showing that transcervical inoculation induces
a more efficient infection with colonization of the upper
genital tract and a higher vaginal level of bacteria within the
first 6 days following inoculation [18].
The transcervical inoculation during estrus resulted in a
longer lasting infection (viable bacteria 7 days pi, Fig. 2)
compared to intrauterine inoculation during estrus (chlamydial
DNA 3e5 days pi, Fig. 2). This might be due to the mechanical damage caused to the cervical mucosa during catheterization, and thereby an increased vulnerability of the
mucosa to infection during transcervical inoculation.
When comparing intrauterine inoculation during estrus vs.
diestrus, it was clear that inoculation during diestrus favored
colonization. Inoculation during diestrus induced an infection
with a duration of at least 10 days in 2/3 minipigs, whereas
intrauterine inoculation during estrus gave infections with a
duration of 3e5 days. The more efficient infection, when
inoculated during diestrus compared to estrus, is in line with
earlier observations in pigs experimentally inoculated with E.
coli where intrauterine inoculation during metestrus resulted
in a robust infection and endometritis, whereas inoculation

during estrus did not [13]. These observations might be
explained by the more active porcine innate genital immune
system during estrus, with for example a significantly higher
number of neutrophils in the endometrium [6,19]. It is
furthermore consistent with observations from murine models
where progesterone treatment before inoculation, corresponding to inoculation during diestrus, is important for successful establishment of C. trachomatis infection [4,18]. In
addition, studies in rats have shown similar results with progesterone treatment allowing the establishment of C. trachomatis infection in the uterus [20]. These findings from animal
models support the findings from women indicating that the
use of oral contraceptives is associated with an increased risk
of C. trachomatis infection [21].
The above-described findings are slightly contradictory to
in vitro studies showing that estrogen prone porcine and
human endometrial cells are more susceptible to Chlamydia
in vitro [22,23]. In vitro studies, however, do not include the
impact of the genital immune system. It is known that especially the innate part of the genital immune system is more
active during estrus in pigs [6,19] and therefore likely to be
involved in the fast clearance of infections during estrus.
Hence, the faster clearance of infection during estrus, might be
due to the thicker epithelium [24] and a faster clearance by the
innate immune cells e either directly by the innate cells
[25,26] or through an increased activation of the adaptive
immune response [27,28].
In general, the low numbers of animals in each group make
statistical comparisons challenging, and it cannot be excluded
that the differences found in this study relied on biological
variation. However, the clear correspondence with findings
from other animal models and other microbial agents in pigs
adds validity to the presented differences.
Earlier studies in prepubertal conventional pigs have shown
the presence of Chlamydia spp. until day 25 pi [29], however,
as shown by Lorenzen et al. [19] prepubertal minipigs have
almost no neutrophils and other leukocytes in the vaginal
mucosa, which is likely to explain the longer lasting infection
in prepubertal minipigs.
In the present studies in situ inclusions of C. trachomatis
were detected by IHC in the columnar epithelial cells in the
endometrial mucosa on days 3 and 7 pi in the TC-group,

Fig. 6. Photomicrographs showing genital tract inflammation. Hematoxylin and eosin stained tissue sections from the genital tract. A) Endometrium on day 3 pi
(pig from the transcervical group) with a purulent luminal content (arrowhead) and subepithelial infiltration with neutrophils (insertion). B) Cervicitis on day 10 pi
(intrauterine group) with mild to moderate leukocytic infiltration and a small lymphoid follicle (encircled).
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whereas only a single inclusion was detected in one minipig
in the IU-group inoculated during diestrus. The presence of
inclusions confirms that an infection was established. However, the low number of inclusions detected did not correlate
with the numbers detected by qPCR, which was higher. This
discrepancy might be due to the detection of DNA from nonviable bacteria by the qPCR, but also, and most likely, due to
the low sensitivity of the IHC related to the very limited area
examined by histology. In a previous study using vaginal
inoculation [9] Chlamydia antigen was detected by IHC on
days 3 pi and 5 pi in the vagina and cervix while Chlamydia
antigen was not found in the uterus. Hence, vaginal inoculation is more likely to establish a shorter lasting vaginal/
cervical infection, whereas transcervical and intrauterine
inoculation induces colonization of the uterine mucosa.
On day 3 pi, during necropsy, we observed vaginal discharge
and purulent exudate in the genital tract of 2/4 minipigs in the
TC-group, which did not occur after vaginal inoculation of C.
trachomatis in minipigs [9]. This corresponds to findings by
Gondek et al. [18] in mice using the C. trachomatis LGV strain,
where approximately 15% of the mice inoculated transcervically developed pathology, whereas vaginal inoculation with
this strain did not lead to significant pathology.
The cervical catheterization is rather harsh for the complex
porcine cervix with winding cervical pulvini [6] and it is
inevitable to induce mechanical trauma and subsequent
inflammation in the cervix during this procedure. It is therefore likely that the bloody discharge on day 3 pi was due to the
catheterization procedure and not the Chlamydia infection. A
mock inoculated group could have clarified this uncertainty.
The laparotomy on the other hand is minimally traumatic to
the genital tract but the minipigs might be slightly affected by
the surgical wound, despite being supplied with opioid analgesia the first three days after surgery. The opioid analgesia
was chosen over NSAID therapy, due to the strong analgesic
effect and to minimize the effect on the infection-induced
inflammation and immune response. However, it cannot be
excluded that the opioid therapy has influenced the inflammation in the IU-group [30].
As stipulated above, neither of the methods are without side
effects. Laparoscopic inoculation could be a less traumatic
alternative to laparotomy, however, placing the syringe into
the lumen of the uterus can be difficult without sufficient
fixation of the uterus and laparoscopy furthermore requires
rather expensive equipment and a surgeon with experience in
using the equipment.
Different methods were used to determine the chlamydial
load following inoculation; culturing in the TC-group and
qPCR in the IU-group. Cultivation of swab material will only
detect viable C. trachomatis EBs. The quantitative PCR targets the C. trachomatis cryptic plasmid DNA and thereby
detects all forms of C. trachomatis e both RBs and EBs,
viable and non-viable. Due to practical circumstances, the
vaginal swab samples were frozen (80  C) before analysis in
the IU-group. Therefore, the qPCR assay with the higher
sensitivity was preferred for the IU-group, despite the risk of
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detecting non-viable Chlamydia. Furthermore, vaginal swabs
were performed throughout the studies to evaluate the chlamydial load and duration of ongoing infection. However, the
detected vaginal level of Chlamydia might not exactly reflect
the uterine infection, since bacterial flow across the cervix
varies through the reproductive cycle.
The immune responses evaluated in this study showed that
3/4 minipigs in the TC-group and 6/6 in the IU-group seroconverted in terms of a positive serum IgG response against C.
trachomatis. The timing of seroconversion is in line with
studies from mice, showing detectable levels of antibodies
10e14 days after a primary infection [31].
The CMI response, in terms of IFN-g levels from restimulated PBMCs, was significant in the TC-group and in
the IU-group inoculated during estrus, but not in the IU-group
inoculated during diestrus, showing the longest lasting infection. Hence, there seems to be a correlation between a significant IFN-g response and faster clearance of infection,
when comparing the IU-group inoculated during estrus and the
IU-group inoculated during diestrus. This correlation corresponds well with studies in mice, showing that IFN-g producing T cells are important for protection against and
clearance of C. trachomatis infection [31].
In summary, this study shows that by bypassing the porcine
cervix, a longer lasting infection with C. trachomatis can be
established when compared to vaginal inoculation; Furthermore that intrauterine inoculation during diestrus induces a
longer lasting infection than intrauterine inoculation during
estrus, in the absence of a significant IFN-g response. These
results indicate that inoculation of pigs should be performed
by bypassing the cervix either using transcervical or intrauterine route during diestrus for establishment of the longer
lasting Chlamydia infection and to improve evaluation of the
efficacy of vaccine candidates.
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GmbH (Tiefenbach, Germany) for sponsoring insemination
catheters. The experiments were funded by The Innovation
Fund Denmark through the project GeniVac [069-2011-1] and
by the Faculty of Health and Medical Sciences, University of
Copenhagen.

342

E. Lorenzen et al. / Microbes and Infection 19 (2017) 334e342

Appendix A. Supplementary data
Supplementary data related to this article can be found at
http://dx.doi.org/10.1016/j.micinf.2017.01.008.
References
[1] World Health Organization. Global incidence and prevalence of selected
curable sexually transmitted infections. 2008.
[2] Cochrane M, Armitage CW, O'Meara CP, Beagley KW. Towards a
Chlamydia trachomatis vaccine: how close are we? Future Microbiol
2010;5:1833e56.
[3] Dodet B. Current barriers, challenges and opportunities for the development of effective STI vaccines: point of view of vaccine producers,
biotech companies and funding agencies. Vaccine 2014;32:1624e9.
http://dx.doi.org/10.1016/j.vaccine.2013.08.032.
[4] De Clercq E, Kalmar I, Vanrompay D. Animal models for studying female genital tract infection with Chlamydia trachomatis. Infect Immun
2013;81:3060e7. http://dx.doi.org/10.1128/IAI.00357-13.
[5] De Rijk E, van den Brink H, Lensen J, Lambregts A, Lorentsen H,
Peter B. Estrous cycle-dependent morphology in the reproductive organs
of the female Gottingen Minipig. Toxicol Pathol 2014;42:1197e211.
http://dx.doi.org/10.1177/0192623314526136.
[6] Lorenzen E, Follmann F, Jungersen G, Agerholm JS. A review of the
human vs. porcine female genital tract and associated immune system in
the perspective of using minipigs as a model of human genital Chlamydia
infection. Vet Res 2015:46. http://dx.doi.org/10.1186/s13567-015-0241-9.
[7] Bøje S, Olsen AW, Erneholm K, Agerholm JS, Jungersen G, Andersen P,
et al. A multi-subunit Chlamydia vaccine inducing neutralizing antibodies and strong IFN-gþCMI responses protects against a genital
infection in minipigs. Immunol Cell Biol 2015;94:185e95. http://
dx.doi.org/10.1038/icb.2015.79.
[8] Lorenzen E, Follmann F, Bøje S, Erneholm K, Olsen AW, Agerholm JS,
et al. Intramuscular priming and intranasal boosting induce strong genital
immunity through secretory IgA in minipigs infected with Chlamydia
trachomatis. Front Immunol 2015;6:1e12. http://dx.doi.org/10.3389/
fimmu.2015.00628.
[9] Erneholm K, Lorenzen E, Bøje S, Olsen AW, Andersen P, Cassidy JP,
et al. Genital tract lesions in sexually mature G€ottingen minipigs during
the initial stages of experimental vaginal infection with Chlamydia trachomatis serovar D. BMC Vet Res 2016;12:200. http://dx.doi.org/
10.1186/s12917-016-0793-6.
[10] Hafner L, Beagley K, Timms P. Chlamydia trachomatis infection: host
immune responses and potential vaccines. Mucosal Immunol 2008;1:
116e30. http://dx.doi.org/10.1038/mi.2007.19.
[11] Eurell JA, Frappier BL. Dellmann's textbook of veterinary histology. 6th
ed. United States of America: Blackwell Publishing; 2006.
[12] Tuffrey M, Taylor-Robinson D. Progesterone as a key factor in the
development of a mouse model for genital-tract infection with Chlamydia trachomatis. FEMS Microbiol Lett 1981;12:111e5. http://
dx.doi.org/10.1111/j.1574-6968.1981.tb07622.x.
[13] De Winter PJJ, Verdoncka M, de Jcruip A, Devrieseb LA,
Haesebrouck F. Endometritis and vaginal discharge in the sow. Anim
Reprod Sci 1992;28:51e8.
[14] Caldwell HD, Kromhout J, Schachter J. Purification and partial characterization of the major outer membrane protein of Chlamydia trachomatis. Infect Immun 1981;31:1161e76.
[15] Caldwell HD, Kuo C, Kenny GE. Antigenic analysis of Chlamydiae by
two-dimensional immunoelectrophoresis: I. antigenic heterogeneity between C. trachomatis and C. psittaci. J Immunol 1975;115:963e8.

[16] Bollen PJA, Hansen AK, Alstrup AKO. The laboratory swine. 2nd ed.
CRC Press; 2010.
[17] Schuurs TA, Verweij SP, Weel JFL, Ouburg S, Morre SA. Detection of
Chlamydia trachomatis and Neisseria gonorrhoeae in an STI population:
performances of the Presto CT-NG assay, the Lightmix Kit 480 HT CT/
NG and the COBAS Amplicor with urine specimens and urethral/cervicovaginal samples. BMJ Open 2013;3:e003607. http://dx.doi.org/
10.1136/bmjopen-2013-003607.
[18] Gondek DC, Olive AJ, Stary G, Starnbach MN. CD4þ T Cells are
necessary and sufficient to confer protection against Chlamydia trachomatis infection in the murine upper genital tract. J Immunol 2012;189:
2441e9. http://dx.doi.org/10.4049/jimmunol.1103032.
[19] Lorenzen E, Agerholm JS, Grossi AB, Bojesen AM, Skytte C,
Erneholm K, et al. Characterization of cytological changes, IgA, IgG and
IL-8 levels and pH value in the vagina of prepubertal and sexually mature
Ellegaard G€ottingen minipigs during an estrous cycle. Dev Comp
Immunol 2016;59:57e62. http://dx.doi.org/10.1016/j.dci.2016.01.006.
S0145-305X(16)30006-4 [pii].
[20] Kaushic C, Zhou F, Murdin AD, Wira CR. Effects of estradiol and
progesterone on susceptibility and early immune responses to Chlamydia trachomatis infection in the female reproductive tract. Infect
Immun 2000;68:4207e16. http://dx.doi.org/10.1128/IAI.68.7.42074216.2000.
[21] Cottingham J, Hunter D. Chlamydia trachomatis and oral contraceptive
use: a quantitative review. Genitourin Med 1992;68:209e16.
[22] Maslow A, Davis C, Choong J, Wyrick P. Estrogen enhances attachment
of Chlamydia trachomatis to human endometrial epithelial cells in vitro.
Am J Obs Gynecol 1998;159:1006e14.
[23] Guseva NV, Knight ST, Whittimore JD, Wyrick PB. Primary cultures of
female swine genital epithelial cells in vitro : a new approach for the
study of hormonal modulation of Chlamydia infection. Infect Immun
2003;71:4700e10. http://dx.doi.org/10.1128/IAI.71.8.4700.
[24] Wira CR, Rodriguez-Garcia M, Patel MV. The role of sex hormones in
immune protection of the female reproductive tract. Nat Rev Immunol
2015;15:217e30. http://dx.doi.org/10.1111/aji.12235.
[25] Martínez-Burnes J, Lopez A, Merino-Moncada M, Ochoa-Galvan P,
Mondragon I. Pulmonary recruitment of neutrophils and bacterial
clearance in mice inoculated with aerosols of Pasteurella haemolytica or
Staphylococcus aureus. Can J Comp Med 1985;49:327e32.
[26] Sturdevant GL, Caldwell HD. Innate immunity is sufficient for the
clearance of Chlamydia trachomatis from the female mouse genital
tract. Pathog Dis 2014;72:70e3. http://dx.doi.org/10.1111/2049632X.12164.
[27] Mantovani A, Cassatella MA, Costantini C, Jaillon S. Neutrophils in the
activation and regulation of innate and adaptive immunity. Nat Rev
Immunol 2011;11:519e31. http://dx.doi.org/10.1038/nri3024.
[28] Murphy K. Janeway's immunobiology. 8th ed. United States of America:
Garland Science; 2011.
[29] Schautteet K, Stuyven E, Cox E, Vanrompay D. Validation of the
Chlamydia trachomatis genital challenge pig model for testing recombinant protein vaccines. J Med Microbiol 2011;60:117e27. http://
dx.doi.org/10.1099/jmm.0.024448-0.
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