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Infection with Toxoplasma gondli during pregnancy causes failure of pregnancy maintenance,
resulting in fetal death, abortion, stillbirth, or premature birth, but the mechanism of disease
onset remains unclear. Although Toll-like receptor 2 (TLR2) is expressed on antigen-
presenting cells and trophobilasts, the role of TLR2 in T. gondii infection during pregnancy
is unknown. In this study, we investigated the role of TLR2 in congenital toxoplasmosis
using TLR2-deficient (TLR2~-) mice. T. gondii infection on gestational day 12.5 (Gd12.5)
induced more abnormal pregnancy, including premature birth and stillbirth, in wild-type mice
than in TLR2~~ mice. Multiple calcifications were observed in the placentas of the infected
wild-type mice. At Gd18.5 (6 days postinfection), the parasite numbers in the placenta and
uterus and the histological changes did not differ significantly between the wild-type and
TLR2~~ mice. However, T. gondii infection reduced the mRNA expression of interleukin-12p40
(IL-12p40) and increased IL-4 and IL-10 mRNAs in the placentas of the wild-type mice. In
contrast, the placentas of the TLR2~~ mice showed no changes in the expression of these
cytokines, including IL-6 and tumor necrosis factor a, in response to T. gondii infection.
Serum interferon-y levels were significantly lower in the infected TLR2~~ mice than in the
infected wild-type mice on Gd18.5. Thus, the TLR2~~ mice were less susceptible to the
induction of immune responses by T. gondii infection during late pregnancy. Therefore, TLR2
signaling may play a role in the development of disease states during pregnancy, specifically
placental hypofunction.

Keywords: Toxoplasma gondii, congenital toxoplasmosis, TLR2, mouse, multiple calcifications, pregnancy

INTRODUCTION

Toxoplasma gondii is an obligate intracellular eukaryotic parasite of the phylum Apicomplexa,
which is thought to infect about 30% of the world’s population (Montoya and Liesenfeld,
2004). It infects humans and homothermic animals, causing toxoplasmosis. In humans, first
infection with T. gondii during pregnancy can cause a wide variety of morbidities, including
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abortion, stillbirth, and premature birth, depending upon the
stage of pregnancy (Hill and Dubey, 2002; Givens and Marley,
2008). The development of preventive and therapeutic measures
against T. gondii infections during pregnancy is an important
issue, but the mechanism of disease onset remains unclear.

The dynamics of the immune system during pregnancy are
associated with the maintenance of pregnancy. Pathogen infection
during early pregnancy stimulates inflammatory responses at
the fetal-maternal interface, resulting in embryo resorption
and abortion (Entrican, 2002). During T. gondii infection, the
proinflammatory T-helper 1 (Th1)-type cytokines, such as tumor
necrosis factor o (TNF-a), interferon y (IFN-y), interleukin 2
(IL2) and migration inhibitory factor, can be detrimental to
pregnancy and fetal survival, whereas such inflammatory
responses play an important role in the host defenses (Chaouat
et al,, 1990; Coutinho et al., 2012; Gomes et al., 2018). In
particular, excessive IFN-y released during pregnancy can cause
the apoptosis of mouse decidual cells at the fetal-maternal
interface (Senegas et al., 2009; Coutinho et al., 2012) and of
human trophoblast cells (Angeloni et al., 2013; Zhang et al,
2015). In previous studies, we showed that chemokine receptors
are involved in the host defenses, the apoptosis of embryos,
and fetal resorption during early pregnancy. The C-X-C motif
chemokine receptor 3 (CXCR3)-dependent immune response
reduces the embryo resorption and fetal loss caused by T.
gondii infection (Nishida et al., 2021), whereas C-C chemokine
receptor type 5 triggers the apoptosis of embryos and fetal
resorption in mice infected with T. gondii (Nishimura et al,
2017). These findings suggest that the maternal immune response
is associated with the maintenance or the failure of early
pregnancy dependent on the host receptor.

Microbes infect trophoblasts and other placental cells, resulting
in pregnancy complications such as abortion and stillbirth
(Gibbs, 2002; Goldenberg et al., 2010; Robbins and Bakardjiev,
2012). Placental immune tolerance is required to prevent fetal
rejection and maintain pregnancy. The trophoblast expresses
pattern recognition receptors (PRRs) and constitutively secretes
cytokines to regulate the immune balance at the maternal-fetal
borders and to maintain pregnancy. T. gondii infection disrupts
the balance of PRR-mediated cytokine secretion in the placenta
and induces an inflammatory response at the maternal-fetal
interface, making the maintenance of pregnancy difficult
(Abrahams et al., 2005; Costello et al., 2007). Furthermore,
primary trophoblast cells express all the 10 types of TLR,
TLR1-10, while choriocarcinoma cell lines possess broad TLR
gene expression, but lacked functional cytokine response to
TLR ligand activation (Gierman et al., 2015). Toll-like receptor
2 (TLR2) is an important PRR that controls T. gondii infection.
During T. gondii infection in nonpregnant mice, TLR2 induces
a Thl immune response, with the production of IFN-y, IL-12,
and nitric oxide, and plays an important role in the elimination
of the parasite (Mun et al., 2003; Umeda et al., 2017; Thara
et al, 2019). TLR2 is also involved in the production of
cytokines and prostaglandin E, by brain cells, astrocytes, and
microglia (Umeda et al, 2017). It is reported to recognize
glycosylphosphatidylinositol from T. gondii (Debierre-Grockiego
et al, 2003), and is one of the PRRs expressed on

antigen-presenting cells and trophoblasts in early and late
gestation (Abrahams et al., 2004; Rindsjo et al., 2007). TLR2
tends to be highly expressed in the placentas of pregnant
women with chorioamnionitis, suggesting a relationship between
TLR2 and pregnancy failure (Kim et al., 2004; Riley and Nelson,
2010; Thaxton et al., 2010).

Significant immunomodulation of the Th1 immune response
occurs at mid-gestation, resulting in a Th2 cytokine environment
at the maternal-fetal interface (Reinhard et al., 1998). Because
T. gondii cannot be controlled by Th2 cytokines, the consequence
of infection will be the death of the fetus or the offspring
may be born and show adverse symptoms at birth (Wang
et al., 2011). However, the role of TLR2 in the maintenance
of late gestation during T. gondii infection remains unknown.
In this study, we investigated the disease status of T. gondii
infection during late gestation using TLR2-deficient (TLR27")
mice to clarify the TLR2-dependent immunological mechanism
of pregnancy failure.

MATERIALS AND METHODS

Ethics Statement

This study was performed in strict accordance with the
recommendations of the Guide for the Care and Use of
Laboratory Animals of the Ministry of Education, Culture,
Sports, Science and Technology, Japan. The protocol was approved
by the Committee on the Ethics of Animal Experiments at
Obihiro University of Agriculture and Veterinary Medicine,
Obihiro, Japan (permit numbers 18-50, 19-56, 20-27). All
surgeries were performed under isoflurane anesthesia, and every
effort was made to minimize animal suffering.

Mice

C57BL/6 mice (wild-type) were obtained from CLEA Japan
(Tokyo, Japan). Homozygous TLR2-knockout (TLR27~) mice
were a kind gift from Dr. Satoshi Uematsu and Dr. Shizuo
Akira of Osaka University (Osaka, Japan; Takeuchi et al., 2000).
The mice shown in Supplementary Tables S1-S3 were maintained
under specific-pathogen-free conditions on a 12-h light/dark
cycle with free access to water and food in the animal facility
of the National Research Center for Protozoan Diseases at the
Obihiro University of Agriculture and Veterinary Medicine.

Preparation of T. gondii Tachyzoites

Kidney epithelial cells extracted from an African green monkey
(Vero cells) cultured in Eagle’s minimum essential medium
(Sigma, St. Louis, MO, United States) containing 8% heat-
inactivated fetal bovine serum and 1% penicillin-streptomycin
were used as the host cells for the passage of T. gondii (strain
PLK; type II) tachyzoites. To purify the tachyzoites, T. gondii-
infected Vero cells were washed with sterile phosphate-buffered
saline detached, suspended in RPMI 1640 medium (Sigma),
passed several times through a syringe with a 27G needle,
and then passed through a 5.0-mm pore-size filter (Millipore,
Bedford, MA, United States).
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Comparison of Abnormal Pregnancies Due
to Infection

Virgin female wild-type and TLR2™~ mice, aged 8-12weeks,
were mated with males of the same strain. The vulvas of the
female mice were observed at 08:00, and a visible vaginal plug
was deemed to indicate day 0.5 of pregnancy [gestational day
0.5 (Gd0.5)]. The female mice were weighed daily, and mice
with abdominal distension at Gd12.5 were deemed to
be pregnant. The pregnant mice were inoculated intraperitoneally
with T. gondii tachyzoites (1.0 x 10*/0.4 ml RPMI-1640 medium)
on Gd12.5. Uninfected pregnant mice from both groups were
inoculated intraperitoneally with 0.4 ml of RPMI-1640 medium
on GdI12.5. A normal birth was defined as “when the weight
of the pregnant mouse increased day by day and birth occurred
between Gd19.5 and Gd20.5 and all other pregnancies were
considered abnormal. Abnormal pregnancies included premature
births and stillbirths.

The definition of premature birth was “when delivery occurred
earlier than the scheduled date” (McCarthy et al., 2018), and
the definition of stillbirth was “when weight loss was observed
in the pregnant mouse for two consecutive days and the pups
died in utero, detected with laparotomy” (Rahman et al., 2017).
The information on the mice used in the experiment and the
outcomes of the births is shown in Supplementary Table S1.
Samples were collected immediately after birth in cases of
normal and premature births. In cases of stillbirth, samples
were collected at the time of confirmation of the death of the
pups with laparotomy. For the sampling, live animals were
euthanized. Blood samples were collected for the quantitative
analysis of serum cytokines. Uteri were collected for the
quantitative analysis of parasite numbers. Half the placentas
were used for histopathological analysis, and the other half
were used to quantify the numbers of parasites and for reverse
transcription-real-time quantitative PCR (RT-qPCR) analysis.
Information on the samples collected in the postpartum period,
including at stillbirth and at Gd18.5 [6 days postinfection (dpi)],
is shown in Supplementary Tables S2 and S3, respectively.

Quantitative PCR Analysis of Parasite
Numbers

The numbers of parasites in the tissues collected from the
wild-type and TLR2™~ mice were quantified with a qPCR
analysis of T. gondii DNA per 50ng of tissue DNA. For DNA
preparation, the tissues were lysed with 10 times the weight
of the tissue in extraction buffer (0.1 M Tris-HCI [pH 9.0],
1% SDS, 0.1M NaCl, and 1mM EDTA) and 100 pg/ml of
proteinase K (Sigma) and incubated at 50°C. DNA was
extracted from the tissues with phenol-chloroform-isoamyl
alcohol (25:24:1; Sigma), followed by DNA purification by
ethanol. Quantitative PCR was performed with the ABI Prism
7900HT Sequence Detection System (Applied Biosystems,
Bedford, MA, United States), with Power SYBR™ Green PCR
Master Mix (Applied Biosystems), according to the product
protocol. The parasite DNA was amplified with primers specific
for the T gondii Bl gene: forward primer BI1-B22
(5'-AACGGGCGAGTAGCACCTGAGGAGA-3') and reverse

primer B1-B23 (5'-TGGGTCTACGTCGATGGCATGACAAC-3}
Contini et al,, 2005). The parasite numbers were calculated
with standard curve interpolation on a plot of the cycle
threshold (CT) values against known concentrations of the
parasite (serially diluted samples ranging from 10,000 to 0.01
parasites; Tanaka et al., 2013).

Histopathological Analysis

The placental tissues were fixed in 10% neutral-buffered formalin
solution for 1-2weeks at room temperature, dehydrated, and
embedded in paraffin, according to the standard method, using
a sealed automatic fixation and embedding system (Tissue-Tek
VIP 5 Jr.,, Sakura, Tokyo, Japan). Paraffin blocks were prepared
with a paraffin-embedded block preparation system (Tissue-Tek
TEC™, Sakura). The paraffin blocks were sliced to 3-pm
thickness to prepare the tissue sections, which were stained
with hematoxylin and eosin (HE). The tissues were observed
with an all-in-one fluorescence microscope (BZ-9000; Keyence,
Osaka, Japan) and the BZ-II analysis software (Keyence). All
sections were analyzed in a blinded manner. The resultant
slides were observed by two veterinary pathologists (N.U.
and H.E).

Immunohistochemistry for Caspase-3 and
Image Analysis

Immunohistochemistry for caspase-3 was performed to examine
apoptosis in the placentas at Gd18.5. After deparaffinization,
antigen was retrieved by microwave oven with citrate buffer
(pH 6.0) at 98°C for 15min. In order to inactivate endogenous
peroxidase, the sections were immersed in 3% hydrogen peroxide
in methanol for 5min. Subsequently, the sections were washed
with Tris-buffered saline (TBS) and then blocked with 8%
skim milk in TBS at 37°C for 40 min. After incubation with
the primary antibodies for caspase-3 (Cat# ab13847, Abcam,
Cambridge, United Kingdom) at 4°C overnight, the sections
were incubated with the DAKO EnVision+ system horseradish
peroxidase-labeled polymer anti-rabbit secondary antibody
(Dako, Tokyo, Japan) at 37°C for 40min. Immunolabeled
antigens were visualized using 0.05% 3,3'-diaminobenzidine
plus 0.03% hydrogen peroxide in a Tris-hydrochloric acid buffer
and then counterstained with hematoxylin. The severity of
apoptosis in the placenta was quantified using an image-
processing method. Immunopositive areas were measured using
Image] software (National Institutes of Health, Bethesda, MD).
Briefly, immunopositive pixels were counted in five randomly
selected fields in the placenta.

Real-Time PCR Analysis

To measure mRNA expression, placental tissues were collected
from the pregnant mice in the following groups: infected wild-
type mice, uninfected wild-type mice, infected TLR27~ mice,
and uninfected TLR27~ mice. The tissues were crushed with
a Bio Masher (Nippi, Tokyo, Japan). The total RNA was extracted
with Tri Reagent (Sigma) and then washed with ethanol. cDNA
was synthesized from 500ng of total RNA with Prime Script™
RT Master Mix (Takara, Kusatsu, Japan), according to the
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product protocol. Real-time PCR was performed with the ABI
Prism 7900HT Sequence Detection System (Applied Biosystems),
with Power SYBR™ Green PCR Master Mix (Applied Biosystems),
according to the product protocol. The relative amounts of
mRNA were calculated with the ddCt method, according to
the manufacturer’s instructions (User Bulletin no. 2; PerkinElmer,
Boston, MA, United States). The primer sequences, designed
with the Primer Express software (Applied Biosystems), were:
B-actin sense primer 5-GCTCTGGCTCCTAGCACCAT-3,
B-actin antisense primer 5-GCCACCGATCCACACAGAGT-3
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) sense
primer 5-TGTGTCCGTCGTGGATCTGA-3', GAPDH antisense
primer 5'-CCTGCTTCACCACCTTCTTGAT-3'; IL-12p40 sense
primer 5-CGCAGCAAAGCAAGATGTGT-3', IL-12p40 antisense
primer 5-TGGCAAACCAGGAGATGGTT-3"; IL-6 sense primer
5-TTCCATCCAGTTGCCTTCTTG-3', IL-6 antisense primer
5'-GAAGGCCGTGGTTGTCACC- 3; TNF-a sense primer
5'-GGCAGGTCTACTTTGGAGTCATTGC-3', TNF-a antisense
primer 5'-ACATTCGAGGCTCCAGTGAA-3'; IL-4 sense primer
5'-CACGGATGCGACAAAAATCA-3', IL-4 antisense primer
5'-CTCGTTCAAAATGCCGATGA-3'; and IL-10 sense primer

5-AAGGGTTACTTGGGTTGC-3', IL-10 antisense primer
5-AAGGAGTTGTTTCCGTTA-3'. Foxp3 sense primer
5-GAGAAAGCGGATACCAAA-3/, antisense primer

5-TGTGAGGACTACCGAGCC-3'. The p-actin mRNA was used
as the internal control gene after comparison with GAPDH
mRNA using RefFinder (Xie et al., 2012). Gene-specific expression
was normalized to the expression of the mouse B-actin mRNA.

Analyses of Cytokine and Prostaglandin E2
Blood samples were collected from the mice, and the serum
concentrations of IFN-y and IL4 were measured with enzyme-
linked immunosorbent assays (ELISAs; BD Bioscience, San
Jose, CA, United States), according to the manufacturers
protocol. The concentration of prostaglandin E2 in sera was
also tested with an enzyme immunoassay kit (Cayman Chemical
Co., MI, United States).

Statistical Analysis

The analysis software used was GraphPad Prism software
(GraphPad Software Inc., La Jolla, CA, United States). Data
are presented as means + standard deviations (SD). Statistical
analyses were performed with Fisher’s exact test, one-way
analysis of variance (ANOVA), two-way ANOVA, F-test, Student’s
t test, or the Mann-Whitney U test. The levels of statistical
significance are shown with asterisks and are defined in each
figure legend, together with the name of the statistical test
used. p values of <0.05 were considered statistically significant.

RESULT

Abnormal Pregnancy Caused by T. gondii
Infection

Although there was no significant difference in the bodyweight
gain between the uninfected TLR27~ mice and the infected

TLR2™~ mice, the mean bodyweight of the infected wild-type
mice at Gd18.5 was lower than that of the uninfected wild-
type mice (Figure 1). Among the mice infected with T. gondii,
some animals had abnormal pregnancies, including premature
births and stillbirths (Figure 2A). The abnormal pregnancy
rate was 75% (9/12) in the infected wild-type mice and 12.5%
(1/8) in the infected TLR27~ mice. This result indicates
significantly higher abnormal pregnancy rates in the infected
wild-type mice, whereas both types of uninfected mice also
had normal pregnancies and births (Figure 2B,
Supplementary Table S1).

Impact of T. gondii Infection on Pups and
Placentas

We examined the pups and placentas in the postpartum period,
including stillbirths, because fetal and placental dysfunction
are common causes of pregnancy failure. The number of parasites
in the livers of the pups from the infected wild-type and
infected TLR27~ mice was quantified (Figure 3A). A small
number of T. gondii (<4.0 parasites) were detected in the
infected wild-type mice (2/48), but not in the infected TLR27~
mice (0/14), indicating little vertical transmission of T. gondii
in either type of mouse (Figure 3A). In the wild-type mice,
relatively higher numbers of parasites were detected in the
placentas associated with stillbirths and the uteri associated
with premature births, but they did not differ significantly
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FIGURE 1 | Bodyweight changes in uninfected mice and mice infected with
T. gondii. Values presented are the means + standard deviations of each
group. (A) Bodyweight changes in uninfected wild-type (WT) and T. gondii-
infected WT mice. (B) Bodyweight changes in uninfected TLR2~~ and T.
gondii-infected TLR2~~ mice. The statistical analysis was performed with

two-way ANOVA and Bonferroni’s multiple-comparison test. *o0 <0.05.
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FIGURE 2 | Abnormal pregnancy rates in mice uninfected and infected with 7. gondiii. (A) Pups from normal births and dead pups from abnormal pregnancies,
such as premature births and stillbirths. Representative photographs are shown. (B) Abnormal pregnancy rates in uninfected and infected mice. Abnormal
pregnancy rates in each group are shown in a bar graph (uninfected wild-type [WT] mice, 0/12, 0%,; infected WT mice, 9/12, 75%; uninfected TLR2~~ mice, 0/5,
0%,; infected TLR2~~ mice, 1/8, 12.5%). Statistical analysis was performed with Fisher’s exact test. *p <0.05.

(Figures 3B,C). A histological comparison of the brains and
livers of the wild-type and TLR2™~ pups in the uninfected
and infected groups showed no histological changes attributable
to infection (Supplementary Figure S1). The placentas of the
infected wild-type mice with abnormal pregnancies were analyzed
histologically, and multiple calcifications were observed in seven
of the eight mice (Figure 4 and Supplementary Figure S2).
We confirmed one case of premature birth in the infected
TLR2™~ mice, but we could not collect the placenta.

Immunological Response to T. gondii
Infection

To confirm the inflammatory response in terms of pathological
changes in the placenta, histological and molecular analyses
were performed at Gd18.5 (6 dpi). Although higher parasite
numbers were detected in the placentas and uteri of some
TLR2™~ mice, there was no significant difference in the parasite
numbers between the wild-type and TLR27~ mice
(Supplementary Figure S3). A histological comparison of
the placentas of the uninfected and infected groups showed
no histological changes attributable to infection in either the
wild-type or TLR2™~ mice (Supplementary Figure S3).

Immunohistochemistry, however, revealed that trophoblasts
and endothelial cells of the placenta were strongly positive
for caspase-3 in the infected wild-type mice (Figure 5B),
compared with the uninfected wild-type and TLR2™~ mice
(Figures 5A,C) and the infected TLR27~ mice (Figure 5D).
Image analysis revealed that caspase-3-positive area was
significantly increased in the infected wild-type mice than
the infected TLR2”~ mice (Figure 5E).

The levels of IL-12p40, IL-6, TNF-a, IL-4, and IL-10 mRNAs
in the placenta were measured with gPCR (Figure 6). In the
wild-type mice, T. gondii infection increased IL-4 and IL-10
mRNA expression and reduced IL-12p40 mRNA expression
compared with that in the uninfected mice. The level of IL-12p40
mRNA in the uninfected TLR2™~ mice was significantly lower
than that in the uninfected wild-type mice and was similar
to that in the infected TLR2™~ mice. The levels of IL-6, TNF-q,
IL-4, and IL-10 mRNAs were significantly lower in the infected
TLR2™~ mice than in the infected wild-type mice. However,
statistically significant difference was not seen in Foxp3 expression
among the groups.

The IFN-y and IL-4 levels in the mouse sera were measured
with ELISAs as indicators of their systemic immune status.
Serum IFN-y levels were increased significantly by T. gondii
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FIGURE 3 | Quantification of the numbers of parasites in the livers of pups
and the placentas and uteri of dams. Numbers of parasites in the livers of
pups (A), placentas of dams (B), and uteri of dams (C) from infected wild-
type (WT) and TLR2~~ mice were analyzed with quantitative PCR. Each point
on the graph represents one tissue, and the horizontal lines indicate the mean
values for each group. (A) Normal birth: WT (n=11), TLR27~ (n=14);
premature birth: WT (n=20), TLR2~~ (n=0); stilloirth: WT (n=15), TLR2~~
(n=0). (B) Normal: WT (n=2), TLR2~~ (n=2); premature birth: WT (n=6),
TLR2-~ (n=0); stilloirth: WT (1=16), TLR2-~ (n=0). (C) Normal: WT (n=3),
TLR27~ (n=5); premature birth: WT (n=5), TLR2~~ (n=0); stillbirth: WT (n=3),
TLR27~ (n=0). Statistical analysis of normal birth samples was performed
with the Mann-Whitney U test or t test, but no differences were detected. ND:
not done because no sample was available.

infection in both the wild-type mice and TLR2™~ mice, but
the IFN-y levels were significantly lower in the infected
TLR27~ mice than in the infected wild-type mice (Figure 7).
Serum IL4 was not detectable in this study. Additionally,
serum prostaglandin E, was measured because TLR2 is
important to trigger prostaglandin E, production (Umeda

et al, 2017) and prostaglandin E, can favor the parasite
proliferation in trophoblast cells (Barbosa et al., 2014). As
shown in Figure 7C, T. gondii infection showed a tendency
to increase serum prostaglandin E, in wild-type mice, not
in TLR2™" mice, while there was no statistically significant
difference among the experimental groups.

DISCUSSION

The maternal immune system plays two major roles against
pathogen infection during pregnancy: It maintains the pregnancy
and combats the pathogen (Robinson and Klein, 2012; Rowe
et al., 2013). However, immunomodulation in the placenta is
strongly affected by pathogens, resulting in a high pathogen
burden at the fetal-maternal interface, which causes pregnancy
complications such as abortion and stillbirth (Gibbs, 2002;
Goldenberg et al., 2010; Robbins and Bakardjiev, 2012). The
infection of pregnant animals with T. gondii can cause embryonic
death, fetal resorption, fetal death, abortion, and congenital
transmission (Dubey, 2009). Furthermore, infection with T. gondii
during early pregnancy has more severe consequences (e.g.,
fetal resorption, reduced offspring survival rates, and increased
parasite transmission rates) than infection during late pregnancy
(Shirahata et al., 1992; Montoya and Liesenfeld, 2004; Wang
et al,, 2011). Although the effects of T. gondii infection during
late pregnancy are poorly understood, changes in the immune
response and interactions with PRRs may be associated with
pregnancy complications. Because TLR2 is expressed in
trophoblast cells in late gestation (Abrahams et al., 2004; Rindsjo
et al., 2007), in the present study, we examined the roles of
TLR2 in late pregnancy after T. gondii infection.

The rate of bodyweight gain at Gd18.5 was significantly
lower in the infected wild-type mice than in the uninfected
wild-type mice (Figure 1A), suggesting that some mice lost
bodyweight through premature birth or stillbirth triggered by
T. gondii infection. In contrast, the infected TLR27~ mice
showed no reduction in bodyweight gain (Figure 1B). In this
study, the pregnant mice were inoculated intraperitoneally with
T. gondii tachyzoites (1.0 x10*/0.4ml RPMI-1640 medium) on
Gd12.5. So, Gd 18.5 is 6days post-infection. Generally, clinical
symptoms in T. gondii-infected C57BL/6 mice are seen after
5-7 days postinfection. Therefore, despite the fact that C57BL/6
is known to be highly susceptible to T. gondii infection, there
was almost no difference between groups on body weight.
Moreover, the TLR27~ mice had significantly fewer abnormal
pregnancies in response to T. gondii infection than the infected
wild-type mice (Figure 2B, Supplementary Table S1). These
results suggest that TLR2 is involved in disease exacerbation
during T. gondii infection in late pregnancy.

The damage to the placenta and pups caused by T. gondii
infection is a factor causing pregnancy failure in mice (Coutinho
et al, 2012; Zhang et al, 2015; Vargas-Villavicencio et al,
2016). Moreover, infection of the placenta and pups has been
detected in Calomys callosus (a South American rodent of the
family Cricetidae, often used in experiments involving acute
T. gondii infection; Ferro et al., 2002). In the present study,
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FIGURE 4 | Histological changes in the placentas of T. gondii-infected wild-type mice with abnormal pregnancies. Tissue sections from the placentas of infected
wild-type mice with abnormal pregnancies showed multiple calcifications in 19 of 25 samples. Representative photographs are shown. (A) Normal placenta on day
18.5 of pregnancy (Gd18.5). Bar=1.0mm. (B) High magnification of the labyrinth of the normal placenta. A large number of mature erythrocytes were observed in
the vascular spaces of the labyrinth. Bar=100pm. (C) Placenta of a stilloirth mouse at Gd19.5. Bar=1.0mm. Multifocal calcification (arrows) were observed at the
labyrinth of the placenta. A few of mature erythrocytes were observed in the vascular spaces of the labyrinth. (D) High magnification of the labyrinth. Bar=100pm.

few parasites were detected in the pups from the infected
dams, suggesting the low vertical transmission of T. gondii
under our experimental conditions. Previous study also showed
that placental infection of T. gondii was seen in C57BL/6 mice
infected with 30 cysts of T. gondii (type II strain) at Gd11.0,
while no vertical transmission was observed (Shiono et al,
2007). A histopathological analysis of sheep neonates
experimentally infected with T. gondii during pregnancy showed
leukomalacia, glial cell infiltration in the brain, and the necrosis
of multiple tissues throughout the whole body (Castafio et al.,
2016). However, our histopathological analysis of the brains
and livers of mouse pups indicated that no histological changes
were caused by T. gondii infection during late pregnancy.
However, the T. gondii Bl gene was detected in placentas and
uteri of the infected dams. These results suggest that T. gondii
infection does not cause pathological changes in the pups
because the placenta is a barrier to its vertical transmission
when infection occurs during late pregnancy (Robbins and
Bakardjiev, 2012).

Human, rats and mice have hemochorial type of placentas,
characterized by a limited cellular barrier without the maternal
tissue layer (Furukawa et al., 2014). Cellular barrier is composed

of one to three layers of cytotrophoblasts and syncytiotrophoblasts
(Soares et al., 2018). An in vitro analysis of human placenta
suggested that the placenta is a barrier to T. gondii infection
and indicated the particular importance of syncytiotrophoblasts
(Robbins et al., 2012). Although there are some differences in
the structures of human and mouse placentas,
syncytiotrophoblasts may also act as a barrier in mice (Maltepe
et al,, 2010). A histopathological analysis of the placentas from
the infected mice with abnormal pregnancies showed multiple
calcifications in seven of the eight mice (Figures 4C,D). Because
calcinosis occurs when calcium salts are deposited at the site
of cell or tissue death (dystrophic calcification), an inflammatory
response occurs in the placenta, resulting in cell death. The
results of placental infection with T. gondii and calcification
suggest that T. gondii infection during late pregnancy is involved
in the deterioration of placental function. The death of pups
in a dam (stillbirth) is presumed to be caused by a lack of
oxygen and the nutrients required by the pups, arising from
the deterioration of the placenta. No histological changes were
observed in the pups because histological lesions rarely appear
in cases of rapid death due to lack of oxygen. Because multiple
calcifications were not seen in the placentas of the
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TLR27~ mice, TLR2 signaling during late pregnancy may
be involved in this placental damage.

To investigate the immune changes caused by T. gondii
infection during pregnancy, we analyzed the parasite burden
and the immune response at Gd18.5 (6 dpi). Unexpectedly,
there were no significant differences in the parasite numbers
in the placentas and uteri of the wild-type and TLR2™~ mice
(Supplementary Figure S3). We found higher parasite numbers

in the placentas and uteri of some TLR2™~ mice, possibly
because TLR2 plays an important role in the elimination of
the parasite by inducing a Thl immune response. In addition,
prostaglandin E, induced by T. gondii infection might support
the parasite proliferation in trophoblast of wild-type mice, not
TLR27~ mice (Figure 7C; Barbosa et al., 2014). Furthermore,
no histopathological changes were seen in the placentas of
either group of animals (Supplementary Figure S4). However,

Frontiers in Microbiology | www.frontiersin.org

8 October 2021 | Volume 12 | Article 741104


https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles

lkeda et al.

Role of TLR2 in Pregnancy During Toxoplasma Infection

A B
3 4+ *
*
]
S - s 3
7] 2-
23 . 2o u
= N = ]
g+ B % "
o= °® R H =
TG 11 K=} =
L~ ° -
e LE 14 ° .‘ o T L
L1 (] °® . e ==
° ° TR ]
H o ® !& n¥nm
c T T c T T
WT TLR27- WT TLR27
e Uninfected e Uninfected
® Infected ®m  |nfected
C D
4- 41 &
*
=
s o *
o s 34 % 3
? 8 . 89 "
0% 5
- 27 Egm
S 24 Xy u
X = L R 5
g = - —n_ ° o
& ° ° °
o m il m
I.E 1- - ™ 'S 1 _'T u -
.o o - ° ° .I_.l
o © in e % g";
c T T G T T
WT TLR2"- WT TLR2™
e Uninfected e Uninfected
®  Infected ®  [nfected
E F
2.5+ * * 8
c .0 [ ]
5 2.0 as g 6
.g ._l_- -17) =
o ]
o % 1.5 ° - °o &
B = X
g 80 4
x ° o X W °
'S 1.0- o—o—0 D us -
ke’ o Em T © —a
(<} [
w ° - — 2 2 e
0.5 oo sl -
H pEEE -
oo o
0.0 I I ol—=o .i-_
WT TLR2™ WT TLR2'-
e Uninfected e uninfected
= |nfected = infected
FIGURE 6 | Relative mRNA expression of cytokines in placenta on day 18.5 of pregnancy. Levels of IL-12p40 (A), IL-6 (B), TNF-a (C) IL-4 (D), IL-10 (E) and Foxp3
(F) mRNAs in the placentas of each group were measured with RT PCR. Using synthesized cDNA, the mRNA expression levels of cytokines relative to those in
uninfected wild-type (WT) mice were quantified with RT gPCR. Because embryos and placentas collected from one mouse were pooled into one sample, each
symbol indicates the data from a single mouse. Uninfected WT mice (n=6), infected WT mice (n=7), uninfected TLR2~"~ mice (n=4), infected TLR2~~ mice (n=8). The
horizontal lines show the mean values for each group. Data were analyzed with two-way ANOVA followed by the Tukey—Kramer multiple-comparison test. *p <0.05.

some differences in cytokine mRNA expression were detected
in the placentas (Figure 6). T. gondii infection downregulated
the IL-12p40 mRNA expression and upregulated the mRNA
expression of IL-4 and IL-10 in the placenta at Gd18.5 (6 dpi).

These results contradict a report that T. gondii type II strains,
including PLK, stimulate IL-12 production in an MYD88-
dependent manner in nonpregnant animals (Robben et al,
2004; Kim et al., 2006). In vitro studies with the human placental
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cell line BeWo showed that the expression of the proinflammatory
cytokines IL-6 and TNF-a is downregulated by high
concentrations of IFN-y (Barbosa et al., 2015). In the present
study, T. gondii infection significantly increased the serum levels
of IFN-y, a known proinflammatory cytokine (Figure 7).
Therefore, in the placenta, high levels of IFN-y may downregulate
the expression of the Thl cytokine IL-12p40, resulting in the
upregulation of the Th2 cytokines IL-4 and IL-10, to maintain
the Th1/Th2 balance.

Macrophages at the maternal-fetal interface characterized
by alternative activation (M2  polarization) exhibit
immunosuppressive functions for the maintenance of pregnancy.
However, T. gondii infection changes the bias of M2 decidual
macrophages toward M1, resulting in the immunosuppressive
microenvironment at the maternal-fetal interface and the adverse

pregnancy outcomes (Liu et al., 2018). IL-4 plays an important
role in the maintenance of pregnancy by reducing the
inflammatory response. IL-4 induces M2 macrophages, which
are responsible for the production of the growth factors and
anti-inflammatory cytokines that promote wound healing and
tissue remodeling, and improves the metabolism and endocrine
signaling in tissues (Murray and Wynn, 2011). Like IL-4, IL-10
is a cytokine involved in the Th2 response. In nonpregnant
mice infected with T. gondii, IL-4 deficiency increased mortality,
but reduced the brain tissue cyst burden (Roberts et al., 1996;
Alexander et al., 1998). In contrast, significant mortality occurred
immediately postpartum in wild-type dams, whereas all IL-4-
deficient dams survived (Alexander et al., 1998). These results
and our present data suggest a role for IL4 in pregnancy-
induced immunomodulation and the associated increased
susceptibility to T. gondii infection. According to a report by
Gazzinelli et al. (1996), nonpregnant mice lacking IL-10 produced
excessive amounts of IL-12, IFN-y, and TNF-a in response
to T. gondii infection, resulting in a lethal immune response,
with severe cellular infiltration and necrosis in the liver (Gazzinelli
et al., 1996). In contrast to IL-4, IL-10 reduces the apoptosis
of decidual regulatory T cells (Treg cells), improving adverse
pregnancy outcomes after T. gondii infection (Lao et al., 2015).
The higher levels of IL-10 mRNA expression seen in the
placentas of the infected wild-type dams in the present study
require further research. Together, the changes in cytokine
expression in the placenta after T. gondii infection during
pregnancy may affect the parasite burden and calcinosis in
the placenta. Moreover, TLR2 is involved in this disease outcome
because no changes in the expression levels of IL-12p40, IL-6,
TNF-a, or IL-4 were observed in the TLR27~ mice during T.
gondii infection (Figure 6).

Several kinds of immune cells should be considered for
maintenance of pregnancy. Worse pregnancy outcomes observed
in mice were associated with higher TNF-a and IL-6 at the
maternal-fetal interface, with lower Foxp3 expression (Sousa
et al,, 2021). Because Foxp3 is an essential molecular marker
of regulatory T cell (Treg) development (Kim and Rudensky,
2006), Treg plays an important role on maintenance of pregnancy.
T. gondii infection significantly downregulates the number of
whole decidual Treg cell population by upregulating the
suppressive function of programmed cell death protein 1 (PD-1)"
Treg cell population (Zhang H et al, 2019) and apoptosis
(Qiu et al, 2018), resulting in adverse pregnancy outcomes.
On the other hand, Treg cell population and transforming
growth factor-beta (TGF-B) level contribute to pregnancy
outcomes (Xu et al., 2017; Zhao et al., 2017). Thus, immune
inhibitory activity is one of the important factors. However,
mRNA expression of Foxp3 in placenta on day 18.5 of pregnancy
did not show significant difference among the experimental
groups in our study (Figure 6F).

Immune inhibitory molecules such as T cell immunoglobulin
and mucin domain-containing protein 3 (Tim-3) and leukocyte
immunoglobulin-like receptor subfamily B member 4 (LILRB,)
contribute on the pregnancy outcome. The Tim-3 is discovered
to be expressed on some decidual immune cells and participates
in the maintenance of maternal-fetal tolerance. Dysregulation of
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Tim-3 expression on decidual NK (dNK) cells and decidual
macrophages was observed in several cases of pregnancy
complications. Tim-37~ pregnant mice displayed more worse
pregnancy outcomes with T. gondii infection (Zhang D et al,
2019; Li et al, 2021). LILRB, expressed by macrophages and
dendritic cells plays an important immune-regulatory role at the
maternal-fetal interface. T. gondii infection strengthens M1 activation
functions and weakened M2 tolerance functions by downregulation
of LILRB4 on decidual macrophages (Li et al., 2017). Moreover,
LILRB4 expression on uterine dendritic cells subsets from
mid-gestation is obviously downregulated after T. gondii infection
(Zhan et al., 2018). Contribution of Tim-3 and LILRB, should
be clarified in our experimental models for future study.

We consider that the calcification of the placenta observed
in the infected wild-type mice was due to cell death via a
caspase-3 pathway caused by increased levels of IFN-y in the
blood. IFN-y is a well-known cytokine that is important for
the elimination of T. gondii in nonpregnant animals (Sturge and
Yarovinsky, 2014). However, an in vitro study reported that IFN-y
did not prevent the growth of T. gondii in BeWo cells (Barbosa
et al, 2015), suggesting that the primary role of IFN-y in the
placenta may be other than the inhibition of parasite growth.
One mechanism of pregnancy failure involving TLR2 involves
the apoptosis of trophoblast cells. An in vitro study using human
placentas showed that the administration of peptidoglycan, a
ligand of TLR2, caused the apoptosis of trophoblast cells (Abrahams
et al., 2004), and an in vivo study of pregnant mice showed
that the intrauterine administration of peptidoglycan induced
preterm delivery, mainly characterized by apoptosis (Ilievski et al.,
2007). IFN-y is associated with the apoptosis of trophoblasts
via a caspase-3- and caspase-8-dependent pathway (Zhang et al,,
2015). Senegas et al. reported that the IFN-y-dependent apoptosis
of placental cells is involved in embryo resorption in T. gondii-
infected mice during early pregnancy (Senegas et al., 2009). In
the present study of late pregnancy, the apoptosis and dystrophic
calcification of trophoblast cells in the infected wild-type mice
may have been induced by the production of IFN-y via the
activation of TLR2. However, the production of IFN-y was lower
in the infected TLR27~ mice than in the infected wild-type
mice, resulting in less induction of trophoblast apoptosis and
fewer dams with abnormal pregnancies.

Cell death in the placenta reduces its ability to act as a
physical barrier to infection by T. gondii and may promote
the transmission of the parasite to the fetus. An in vitro study
using human placenta by Robbins et al. (2012) reported that
T. gondii was abundant at sites of syncytiotrophoblast disruption,
suggesting that placental damage and the vertical transmission
of T. gondii are related. In the present study, fewer parasites
were detected in the livers of pups from infected TLR27/~ mice
than in the pups from the infected wild-type mice (Figure 3A).
Our results suggest that the infected TLR27~ mice were less
likely to experience apoptosis of the placenta caused by IFN-y
and that the physical barrier function of the placenta against
T. gondii was not compromised. Therefore, TLR2”~ mice may
be more resistant to the vertical transmission of T. gondii.

Our results indicate that TLR2 signaling makes a major
contribution to abnormal pregnancies after T. gondii infection.

Notably, =~ TLR2  signaling is  important  because
glycosylphosphatidylinositol is a parasite ligand of TLR2 and
TLR4 (Debierre-Grockiego et al., 2007). Therefore, the regulation
of TLR2 signaling may be a potential target in controlling
congenital toxoplasmosis.
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