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ARTICLE INFO ABSTRACT

Keywords: Background: Maternal immune activation has been implicated in the pathophysiology of neurodevelopmental
Maternal immune activation disorders such as autism spectrum disorders caused by maternal infection. It has been suggested that the
Placenta

placental origin of inflammatory cytokines leads to neurodevelopmental disorders. However, the identity of the
initial immune-activated site in the placenta, in response to maternal viral infection, is not clear.

Toll-like receptor 3 signaling Methods: By cross-breeding male enhanced green fluorescent protein (EGFP) transgenic mice with wild-type
Phosphorylation of interferon regulatory factor females, the placental tissues of maternal origin can be distinguished from those of paternal origin by EGFP
3 expression. Using this method, at embryonic day (E) 12.5, dams were administered an intraperitoneal poly-
riboinosinic—polyribocytidylic acid (poly [I:C]) injection. We quantitatively analyzed the levels of phosphory-
lated interferon (IFN) regulatory factor 3 (pIRF3) in the placenta, and investigated the distribution of pIRF3
positive cells.

Results: We show that maternally derived decidual cells are the initial target of maternal poly (I:C) through the
toll-like receptor 3/TIR-domain-containing the adapter-inducing interferon-f signaling pathway. We also show
that the expression of interferon-p was upregulated in the placenta after maternal injection with poly (I:C).
Conclusion: These results suggest that maternally derived decidual cells are the initial target of maternal poly (I:

Decidual cells
Polyriboinosinic—polyribocytidylic acid

C) and that this innate immune response is likely associated with a state of maternal immune activation.

1. Introduction

Epidemiological studies have suggested that maternal infection in
mid-pregnancy is a risk factor for developing neurodevelopmental dis-
orders in offspring [1-4]. A model of neurodevelopmental disorders
caused by maternal infections has helped in identifying the underlying
mechanisms for these developmental disorders [5-11]. Several studies
have found that, the maternal interleukin-6 (IL-6)-mediated mechanism
is important for understanding the pathophysiology as well as devel-
oping new strategies for preventing neurodevelopmental disorders [6,
10,12]. Furthermore, it has been demonstrated that interleukin-17a, as a
single or downstream mediator of IL-6, causes abnormal cortical struc-
ture and autism spectrum disorder (ASD)-related behavior in offspring
exposed to maternal immune activation [13]. These studies have also
shown that the maternal immune system is activated by injecting

polyriboinosinic—polyribocytidylic acid (poly [I:C]) and is believed to be
localized in the placenta, which functions as the maternal-fetal inter-
face. The placenta is composed of two parts—the decidua of maternal
origin and trophoblasts of fetal origin. Trophoblasts express toll-like
receptor 3 (TLR3) and nuclear localization of NF-kappa B after poly (I:
C)-induced maternal immune activation [14]. Poly (I:C) is a ligand for
TLR3 and induces an antiviral response. However, it has been suggested
that the placental tissue of fetal origin does not contribute to activation
of the maternal immune status [10]. Activated maternal immune cells,
which comprise uterine natural killer (NK) cells, dendritic cells, and
macrophages residing within the decidua, produce inflammatory cyto-
kines, such as IL-6, after injection with poly (I:C) [10,12]. However,
there is no direct evidence indicating the site of TLR3 signaling in the
placenta after the poly (I:C) injection into the dam. Understanding this
will help elucidate the pathogenesis of neurodevelopmental disorders in
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maternal immune activation. In this study, we determined that the
initial TLR3 signaling site of the inflammatory response is in the
placenta.

2. Materials and methods
2.1. Animals

Female C57BL/6J mice aged 8-24 weeks were used in this study. To
identify the origin of cells that exhibit an immune response in the
placenta, we used male C57BL/6-Tg (CAG-EGFP) mice (EGFP transgenic
mice) and cross-bred them with wild-type female mice to produce the
placenta. The mice were maintained under standard laboratory condi-
tions. Food and water were available ad libitum. A female mouse was
housed with a male mouse overnight, and the day on which a vaginal
plug was found in the morning was designated as embryonic day (E) 0.5.
We also purchased pregnant C57BL/6J mice (SLC Japan, Inc., Tokyo,
Japan). We maintained these mice for at least 1 d before sacrificing them
for dissection. All procedures were performed in strict accordance with
the guidelines for the Care and Use of Laboratory Animals of Kanazawa
Medical University, Kanazawa, Japan. The protocol was approved by the
Committee on the Ethics of Animal Experiments of Kanazawa Medical
University. All surgery was performed under sodium pentobarbital
anesthesia, and all efforts were made to minimize suffering.

2.2. Injecting poly (I:C) and harvesting the placenta

At 12.5 days post coitum, females bred with EGFP transgenic males
were administered an intraperitoneal injection of poly (I:C) (Sigma
Aldrich, St. Louis, MO, USA) at 20 mg/kg based on the weight of the poly
(I:C) [6]. The injection volume was unified into 10 pL/g body weight.
The control group was injected with the same volume of saline. The mice
were sacrificed at 3 h post injection under anesthesia, and the placentas
were collected for histochemical and molecular biology analyses.

2.3. Histology and immunohistochemistry

Paraffin-embedded placentas were sectioned (10 pm thick) and
adhered to glass slides. Dewaxed and rehydrated sections were stained
with hematoxylin and eosin for standard morphological observation.
Immunohistochemical analysis using 3,3'-diaminobenzidine (DAB)
staining were then conducted on these tissues. Heat-mediated antigens
were retrieved using 10 mM citrate buffer (pH 6.0) under microwave
irradiation for 5 min. Endogenous peroxidase activity was quenched
using 3% hydrogen peroxide in methanol for 10 min. The slides were
blocked with 1% bovine serum albumin in phosphate-buffered saline
(PBS) containing 0.1% Triton-100 (PBS with Tween, PBST). After
washing with PBST, the slides were incubated at 4 °C overnight with the
primary antibodies, rabbit anti-TLR3 pAb (1:2000; Abcam plc, Cam-
bridge, UK), anti-TIR-domain-containing adapter-inducing interferon-p
(TRIF) pAb (1:5000; Abcam), and rabbit anti-phospho-IRF3 (Ser396)
mADb (1:200; Cell Signaling Technology, Danvers, MA, USA). Non-
immune rabbit immunoglobulin G (Sigma Aldrich) was used as the
negative control. After washing with PBST, the sections were reacted
with horseradish peroxidase (HRP)-conjugated anti-rabbit antibody
using the EnVision™ system, according to the manufacturer’s in-
structions (Dako). The slides were visualized using the DAB substrate
(Dako) and counterstained with hematoxylin before dehydration. The
sections were subsequently mounted and captured using NanoZoomer
C9600-03 (Hamamatsu Photonics K.K., Hamamatsu, Japan). For
immunofluorescence staining, 30-pm frozen sections were used. Specific
staining was obtained using the Opal™ 4-Color Manual IHC Kit (Per-
kinElmer Japan Co., Ltd., Yokohama, Japan), following the manufac-
turer’s instructions. Primary and secondary antibodies as previously
mentioned were used. Rabbit anti-GFP pAb (1:200; Abcam) was used in
detecting EGFP. Images were visualized using the LSM 710 confocal
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microscope (ZEISS, Oberkochen, Germany). All sections used were
chosen from areas near the midsagittal section of the body, where the
centrally located spiral arterioles and central canal in the placenta were
observed. Quantifications of the pIRF3 signal were performed on three
representative images from each group using ImageJ software (https://i
magej.nih.gov/ij/). Three rectangular areas (50 x 50 pm) of each image
were chosen, and the percentage of pIRF3 signals within each area was
calculated.

2.4. Western blot analysis

Dissected placentas were quickly stored at —80 °C, and western
blotting was performed to analyze specific proteins. Using PRO-PREP™
(iNtRON Biotechnology, Inc., Gyeonggi-do, Korea), proteins were
extracted from placentas following the manufacturer’s instructions. The
protein contents were determined using the DS-11 NanoPad (DeNovix,
Wilmington, DE, USA). Samples were boiled for 10 min in sample buffer
(Wako Pure Chemical Industries, Osaka, Japan), separated using sodium
dodecyl sulfate—polyacrylamide gel electrophoresis (SDS-PAGE), and
electroblotted onto a polyvinylidene difluoride (PVDF) membrane using
the iBlot Device (Invitrogen). To analyze pIRF3 and IRF3, the samples
were separated using Phos-tag® SDS-PAGE (Wako Pure Chemical In-
dustries) and electroblotted onto a PVDF membrane after incubating
with transfer buffer that included 10 mmol ethylenediaminetetraacetic
acid (EDTA). The membrane was incubated with the indicated antibody
after blocking in Starting Block blocking buffer (Pierce). Rabbit anti-
TLR3 pAb (1:500; Abcam), rabbit anti-phospho-IRF3 (Ser396) mAb
(1:500; Cell Signaling Technology), mouse anti-IRF3 mAb (1:200; Santa
Cruz Biotechnology, Inc., Santa Cruz, CA, USA), and mouse anti-p-actin
PAD (1:1000; Santa Cruz Biotechnology, Inc.) were used as the primary
antibodies. The membrane was washed with Tris-buffered saline with
Tween 20 and incubated at room temperature with HRP-conjugated
anti-rabbit or anti-mouse secondary antibody (MBL International Cor-
poration, Woburn, MA, USA). The signal was visualized using an
enhanced western blot chemiluminescent substrate (Thermo Fisher
Scientific). To reblot the membrane with either of the primary anti-
bodies, the membrane was stripped using Restore™ Plus Western Blot
Stripping Buffer (Thermo Fisher Scientific). The band densitometries
from each blot membrane were quantified using ImageJ software
(https://imagej.nih.gov/ij/), and the relative expression was evaluated.

2.5. Statistical analysis

Data are presented as the mean + standard deviation. Statistical
analyses were performed using the XLSTAT software, using Student’s t-
test for comparing two groups or one-way analysis of variance for
comparing more than two groups. The differences were considered
significant at p < 0.05.

3. Results
3.1. Expression and distribution of TLR3 in the mouse placenta

Although TLR3, a poly (I:C) receptor, has been observed to be
expressed in vitro in trophoblast cells during the first trimester of preg-
nancy in humans [15], in vivo evidence for TLR3 expression in the mouse
placenta is unclear. We first investigated the protein expression levels of
TLR3 from embryonic day (E) 10.5 to E14.0 using western blotting, and
determined the localization of TLR3 in the normal placenta using im-
munostaining. The protein expression of TLR3 was confirmed in the
placenta, and the relative expression levels of TLR3 were not signifi-
cantly different among E10.5, E12.5, and E14.0 (Fig. 1A and B).
Immunoreactivity to anti-TLR3 antibody was observed in the decidua
and trophoblast cells (Fig. 1C).
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Fig. 1. Protein expression levels and distribution of toll-like receptor 3 (TLR3) in the mouse placenta. (A and B) Western blot analysis of TLR3 in the control
placenta at embryonic day (E) 10.5, E12.5, and E14. p-Actin served as the internal control. The protein expression levels of TLR3 are not significantly different among
the three groups (n = 3 for each group). Data represent the mean + standard deviation. (C) Paraffin-embedded sections of the control placenta at E12.5. Immu-
nohistochemical staining of TLR3, visualized using 3,3'-diaminobenzidine (DAB). The image on the right shows the negative control. Notes: Giant, giant trophoblast
cells; spongio, spongiotrophoblast cells. Images were taken using a 40 x lens. The bar = 50 ym.

3.2. Poly (I:C) injection induces TLR3 signaling in the decidua

TLR3 signaling can occur through phosphorylation of type 1 inter-
feron (IFN) regulatory factor 3 (pIRF3) as well as the pathway for nu-
clear factor kappa-light-chain-enhancer of activated B cells (NF-kappa
B). In addition, activation of the NF-kappa B pathway is triggered by
stimulation of another cytokine, such as tumor necrosis factor o (TNFa).
A previous study showed that poly (I:C) injection into the doe causes NF-
kappa B signaling in trophoblast cells [14]. To elucidate the initial site
and identify a more specific signaling pathway activated by poly (I:C),
we quantitatively analyzed the pIRF3 levels in the whole placenta and
investigated the distribution of pIRF3-positive cells after poly (I:C) in-
jection. We quantitatively compared the level of pIRF3 in poly (I:C)
groups to control groups by western blot analysis and observed that
PIRF3 levels increased after poly (I:C) injection (Fig. 2A and B). Six
hours after the poly (I:C) injection, we observed a decrease in nuclear
PIRF3 levels by western blotting (data not shown). Three hours after
poly (I:C) injection, IL-6 in the maternal serum increased to 1642.4 +
208.6 pg/mL (S1 Fig). We mainly analyzed the pIRF3 levels in the
placenta 3 h after the poly (I:C) injection. The timing of the initial im-
mune response via the TLR3 signaling pathway positively correlated
with incremental increases in maternal IL-6. Using immunofluorescent
staining, pIRF3 was detected in the decidua of both groups, and pIRF3
signals appeared to increase in the poly (I:C) group 3 h after the injection
(Fig. 2C-F). Theoretically, preceding phosphorylation of IRF3 is neces-
sary for inducing IRF3 signaling prior to nuclear translocation of IRF3.
Accordingly, pIRF3 was detected around the nucleus (Fig. 2G and H).

The percentage of pIRF3 signal in the area significantly increased in the
poly (I:C) group (Fig. 2I). This quantification of pIRF3 expression
through immunofluorescence supports the results of the western blot
analysis of pIRF3 levels in whole placenta. To determine the TLR3 sig-
nals in the placenta, localization of TLR3 and TIR-domain-containing
adapter-inducing interferon-p (TRIF) were determined using immuno-
fluorescence staining. In the decidua, TLR3 and TRIF staining showed a
cytoplasmic pattern (Fig. 2J-0).

3.3. The decidua is composed of cells derived from different origins with
varying characteristics

We analyzed the origin of the decidual cells that were pIRF3-positive
using hybrid mice obtained by cross-breeding EGFP transgenic male
mice with wild-type female mice. The offspring exhibited EGFP
expression in the paternally derived cells but not in those that were
maternally derived (Fig. 3A). The placenta is composed of maternally
derived decidua and paternally derived trophoblasts. At the cell layer
between the decidua and giant trophoblasts, trophoblast cells invade the
decidua up to 150-300 pm [16]. In the placenta of this
EGFP-heterozygous offspring, it is easy to distinguish whether the origin
of decidual cells is maternal or paternal (Fig. 3B). As expected,
EGFP-expressing cells derived from fetal origins were detected directly,
and were distributed in the decidua (Fig. 3B). There were no apparent
differences between the control and poly (I:C) groups in the distribution
and number of EGFP-expressing cells. Next, we attempted to determine
the characteristics of the cells that were EGFP-negative or positive. We
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Fig. 2. Polyriboinosinic-polyribocytidylic acid (poly [I:C]) injection induces phosphorylated type 1 interferon (IFN) regulatory factor 3 (pIRF3) through
toll-like receptor 3 (TLR3) signaling in the decidua. (A) Western blot analysis of pIRF3 in the placenta at embryonic day (E) 12.5 between the control and poly (I:
C) groups. Representative bands of the control and poly (I:C) groups are shown. (B) Relative pIRF3 expression levels are shown as the mean + SD (n = 6 for each
group; *p < 0.05). (C-F) Frozen placenta sections were incubated with anti-pIRF3 antibody and stained using the immunofluorescence technique. (G, H) Magnified
images of the rectangular area in Fig. 2C and D are shown. The percentage of pIRF3 signals significantly increased in the poly (I:C) group. Calculation of the area was
performed on a representative of three independent images. (J-O) Frozen sections of placenta were incubated with anti-TLR3, TIR-domain-containing adapter-
inducing interferon-p (TRIF), and pIRF3 antibodies and stained by immunofluorescence. n = 3 for each group. The full-length blots are included in a Supplemen-
tary Information file (S4 Fig). The grouping of blots was cropped as representatives.
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investigated by double labeling with antibodies against vimentin and
cytokeratin 7 (CK7) to distinguish mesenchymal cells from trophoblast
cells, respectively. EGFP-negative cells were stained with vimentin but
not CK7 (Fig. 3C and D); and the EGFP-positive cells were stained with
both CK7 and vimentin (Fig. 3C and D).

3.4. Poly (I:C)-induced TLR3 signaling occurs in the maternally derived
mesenchymal cells in the decidua

We then investigated the cells by double staining using anti-GFP Ab
and anti-pIRF3 Ab. Phosphorylated IRF3 was detected in the EGFP-
negative cells in the decidua of both groups (Fig. 4A-D). The localiza-
tion pattern of pIRF3-positive cells was not noticeably different between

Fig. 3. Origin and characteristics of cells in the decidua. (A) The enhanced green fluorescent protein (EGFP) transgenic male mice were mated with wild-type
female mice. In this cross-breeding, the offspring exhibited EGFP expression only in the paternally derived cells. (B) Distribution of EGFP-expressing cells in the
placenta. (C, D) Frozen sections of placenta were incubated with anti-GFP, CK7, and vimentin antibodies and stained via immunofluorescent staining in the control
group. Notes: Images are representative of data taken using a 40 x oil lens; n = 2 for each group. The bar = 50 pm in A and 20 pm in B. Giant, giant trophoblast cells;
labyrinth, labyrinth layer. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Decidua
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the control and poly (I:C) groups. We also determined the immunobhis-
tochemical localization using antibodies against vimentin, CK7, and
pIRF3. Phosphorylated IRF3-positive cells were colocalized with
vimentin but not with CK7 (Fig. 4E-J). However, pIRF3 cells were
detected in EGFP-negative and CK7-negative as well as vimentin-
positive cells. Hsiao and Patterson [10] demonstrated that the number
of activated immune cells that were CD69-positive increased in the
decidua after poly (I:C) injection into the doe. Since it is well known that
immune cells express TLR3, they potentially show a direct response,
thereby increasing the phosphorylation of IRF3 in the maternally
derived cells. To clarify this, we analyzed the distribution of activated
immune cells in the placenta after poly (I:C) injection using anti-CD69
antibody. CD69-positive cells were observed within the intervillous
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space filled with maternal blood (S2 Fig). The distribution pattern of
these cells was quite different from that of pIRF3-positive cells, which
were localized in the stroma of the decidua (Fig. 4E-G). Our findings so
far suggest that the IRF3 signal in response to maternal poly (I:C) in-
jection was restricted in decidua but not in activated immune cells. To
determine the functional role of the IRF3 signal through TLR3 after
maternal immune activation, we analyzed the expression of type I in-
terferons (IFNs) using quantitative real-time polymerase chain reaction.
Maternal poly (I:C) injection induced a large increase in IFNf tran-
scription in placental tissue compared to the control (p < 0.05, S3 Fig A).
We did not observe any differences in the transcription level of IFNa4
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Fig. 4. Polyriboinosinic-polyribocytidylic acid
(poly [I:C]) injection induced phosphorylated
type 1 interferon (IFN) regulatory factor 3
(pIRF3)-positive cells are mainly maternally
derived mesenchymal cells. (A-D) Double stain-
ing using anti-green fluorescent protein (GFP) and
anti-pIRF3 antibodies. (E-J) Multiple staining using
anti-cytokeratin 7 (CK7), vimentin, and pIRF3 an-
tibodies in the poly (I:C) group. From the confocal
images, maximum intensity projections of z-sections
were created using the ImageJ software (https://i
magej.nih.gov/ij/). Notes: Representative images
are taken using a 40 x oil x lens; n = 2 (A-D) and n
= 3 (E-J). The bar = 20 pm.

(S3 Fig B).
4. Discussion

We show here that maternal poly (I:C) injection induced a TLR3-
mediated immune response in maternally derived mesenchymal cells
but not in immune cells. In this study, we examined the TLR3-mediated
immune response in the placenta using mice by cross-breeding EGFP
transgenic male mice with wild-type female mice. In the offspring, the
paternally derived cells exhibit EGFP, which made it easy to clearly
distinguish these from the maternally derived EGFP-negative cells in the
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placenta (Fig. 3A). A previous study demonstrated that activated im-
mune cells, such as dendritic cells, macrophages, and NK cells, are
candidates for inducing inflammatory cytokines and IL-6, and that these
immune cells are known to express TLR3 [10]. However, it remains
unclear whether TLR3 signaling occurs in the activated immune cells. In
contrast, it has been demonstrated by immunostaining nuclear factor
kappa-light-chain-enhancer of activated B cells (NF kB) p65 that
trophoblast cells respond to poly (I:C) injection into the does [14]. TLR3
signaling was transduced by NF kB p65 as well as by pIRF3. NFkB p65 is
induced by various stimuli, including the TLR3 specific agonist.
Although we examined TLR3 signaling using poly (I:C) injection into the
doe, we did not determine the location of initial immune activation. By
revealing the initial activation site and the type of cells that actually
respond to stimuli, we can determine the exact pathogenesis of the
maternal infection mouse model for neurodevelopmental disorders, and
search for new therapeutic strategies. Within this context, we examined
the pIRF3-positive cells and the pIRF3 levels in the placenta induced by
the poly (I:C) injection into the doe. The characteristics and distribution
of pIRF3-positive cells indicated that the maternally derived mesen-
chymal cells in the decidua reacted to poly (I:C) injection. However, it
was unclear how the immune cells were activated by this treatment.
pIRF3 functions as a transcription factor to induce IFNs; therefore, we
examined IFN expression levels and observed that they increased after
poly (I:C) injection. Consequently, we considered that induced IFNp
activates immune cells, which then secrete cytokines such as IL-6.
Cultured endometrial cells can secrete cytokines such as IL-6, as well
as chemokines involved in the immune response [17,18]. Therefore, we
cannot exclude the possibility that decidual cells may secrete cytokines
in vivo. Because of the nonimmune cells, it is doubtful that the response
of maternally derived decidual mesenchymal cells to poly (I:C) actually
occurred. A study on implantation failure has shown that early endo-
metrial cells responded to poly (I:C) administration in vitro [19], which
is consistent with our results. In addition, after the administration of
poly (I:C) on decidual stromal cells, necroptosis of these cells was
induced by TLR3/TRIF signaling [20]. Yu et al. [20]showed through in
vivo analysis that poly (I:C) administration causes a higher frequency of
fetal absorption during first pregnancy. It is known that maternal viral
infection, maternal stress, and air pollution are known risk factors for
neurodevelopmental disorders [21-24], and that these risk factors could
also induce inflammatory responses through TLR signaling [25,26].
Besides relating to IL-6 and the IL-17 based maternal immune activation
model, decidual TLR3 signaling might also play a key role in the path-
ogenesis of the recent increasing worldwide prevalence of neuro-
developmental disorders, and unknown causes of infertility or fetal loss
in humans.

Based on our findings, we conclude that the decidua is the initial
target of maternal immune activators, and propose that increased
maternal decidual pIRF3 expression is likely associated with overall
immune activation in the placenta.
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