intervillous space.” EVT invasion in humans is also much deeper
than that in other mammalian species. Trophoblasts can invade
into the maternal decidua under harsh conditions, such as low
oxygen (2-5% O,) and low glucose concentrations (1 mM) until
11 weeks of gestation (Fig. S1a).*"' As trophoblast invasion of the
uterus proceeds, the hypoxia inducible factor (HIF) system plays
a critical role in EVT functions.” After 12 weeks, endovascular
EVTs invade the uterine spiral arteries, replace the endothelial
cells, and participate in the degradation of tunica media smooth
muscle cells. This remodeling of the spiral arteries is essential
for proper placental perfusion to sustain fetal growth (Fig. S1b).
Preeclampsia is considered to be caused by poor placentation,
and a two-step process has been proposed.? The first preclinical
stage, hypoplastic placentation, can be explained by the shallow
invasion by trophoblast until 20 weeks of gestation. This impair-
ment is closely related with a failure of vascular remodeling and
decreased circulation in the early placenta, resulting in continu-
ous placental ischemia after 20 weeks of gestation. The initial
events leading to these changes remain little understood. At the
second stage, a growing body of evidence is accumulating to
show that releasing and genetic factors, soluble fms-related tyro-
sine kinase 1 (sFLT1), soluble endoglin (sSENG), angiotensin II
receptor, type 1 receptor agonistic autoantibody (AGTR1-AA)
and catechol-O-methyltransferase (COMT) among others, are
responsible for maternal endothelial dysfunction, causing the
maternal signs of hypertension and proteinuria.’>"

Autophagy isa process for degrading cellular components under
stress to maintain cellular homeostasis. In addition to its well-
understood physiological role in recycling intracellular materials
under starvation, there is growing evidence for the participation of
autophagy in other cellular processes including cellular differen-
tiation, tissue remodeling, growth control, adaptation to adverse
environments and cellular immunity.'®*' Additionally, autophagy
is essential for preimplantation development beyond the four- and
eight-cell stages and blastocyst survival in mammals.?*?* Apart
from the placental energy supply, autophagy helps neonates with
the production of amino acids by autophagic degradation of ‘self
> proteins.”* Some papers reported the expression of autophagy-
related proteins in placentas, there is, however, no direct evidence
that autophagy is involved in human placentation.”

We now report that autophagy was essential for EVT func-
tions, invasion and vascular remodeling, under physiological
hypoxia, which is necessary for the first stage of placentation,
in vitro and in vivo. Furthermore, we first report that sENG,
an exacerbation factor in the second stage of preeclampsia, is
a physiologically active substance that inhibited autophagy in
EVTs under hypoxia, resulting in a disruption of EVT functions.
Additionally, the expression of SQSTMI, a hallmark of auto-
phagic inhibition, was observed in EVTs in preeclampsia cases.
These results suggested that autophagy may be essential in eluci-
dating the pathophysiology of preeclampsia.

Results

Detection of autophagy induced in primary extravillous tro-

phoblasts (EVTs) or EVT cell lines under hypoxia. To evaluate

2 Autophagy

autophagy in EVTs, microtubule-associated protein 1 light chain
3 B (MAPILC3B) staining was performed under hypoxia or
normoxia. MAPILC3B puncta were observed in the cytoplasm
of primary EVT cells under hypoxia (2% O,; physiological O,
concentration in early pregnancy period); on the other hand, few
MAPILC3B puncta were observed in EVT under normoxia (Fig.
la and b). MAP1LC3B puncta were not seen in EVTs in early
placental tissues at a shallower site from the fetus at the implan-
tation site (Fig. 1f), but were clearly seen at a deeper site from
the fetus side (Fig. 1g) and around the spiral arteries (Fig. 1h,
arrows) in the implantation site.

No such cells were seen at the villous trophoblast region
(Fig. 1h, arrowheads). To confirm the occurrence of autophagy
in the deeper invading EVT cells, double immunohistochemi-
cal staining was performed. MAP1LC3B puncta (Fig. 1j) were
present in cytokeratin 7 (KRT7)-positive EVT cells (Fig. 1k) in
the maternal decidua basalis at a deeper site from the fetus side
at the implantation site (Fig. 11, arrows). An enlarged image of
KRT7-positive EVT cells with MAPI1LC3B puncta is shown in
Figure Im.

An electron microscopic analysis showed the accumulation
of autophagosomes 0.5-1.5 pm in size, which are double-mem-
brane structures containing undigested cytoplasmic materi-
als including organelles (Fig. 1n and o), in HTR8/SVneo cells
under hypoxia for 4 h. The number of MAPILC3B puncta
was significantly increased under hypoxia as well as starvation

“in HTR8/SVneo cells at 24 h, compared with that under nor-

moxia (Fig. 2A, p = 0.005). The proportion of autophagic cells
was increased over 50% from 4-24 h under hypoxia, and then
gradually decreased (Fig. 2B). In the western blot analysis, the
amount of MAP1LC3B-II was increased under hypoxia, which
induced HIF1A expression, and the band of MAP1LC3B-II was
further augmented in the presence of E64d and pepstatin, prote-
ase inhibitors, under hypoxia (Fig. 2C). Additionally, SQSTM1
expression, a biomarker for autophagy flux, was decreased in
HTR8/SVneo cells under hypoxia, suggesting the activation
of autophagy. Flow cytometry showed that the total amount
of MAPILC3B decreased in a time-dependent manner under
hypoxia (Fig. 2D). These results directly showed the enhance-
ment of autophagy in EVT cells under hypoxia.

The role of autophagy in EVT cell functions under hypoxia.
To clarify the specific role of autophagy in trophoblast functions,
we constructed autophagy-deficient cells by stably transfect-
ing ATG4B*A, an inactive mutant of ATG4B, which inhibits
autophagic degradation and lipidation of MAP1LC3B paralogs
(see Materials and Methods).”” As shown in Figure 3A and Figure
S2a, no MAPILC3B puncta were observed in the HTRS-
ATG4B cells and HchEpC1b-ATG4B744 cells under hypoxia.
Western blot analysis also showed a complete MAP1LC3B-II
deficiency in the HTR8-ATG4B7* cells (Fig. 3B). The expres-
sion of SQSTMI, a protein selectively degraded by autophagy,
in HTR8-mStrawberry, a control cell line that expressed only
monomeric red fluorescent protein, showed a large decline under
hypoxia, whereas no clear decline in SQSTM1 expression in
HTR8-ATG4B** cells was observed (Fig. 3B). Enzyme-linked

immunosorbent assays showed a significant decrease of SQSTM1
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Figure 1. Detection of autophagy in EVTs from human subjects in early pregnancy. (a-d) Early chorionic and decidual tissues were obtained from
patients who had undergone elective termination at 8 weeks of gestation, and villous explant cultures were performed on Matrigel under hypoxia,

2% oxygen tension (a), and normoxia, 20% oxygen tension (b). HLA-G, one of the markers for EVTs, was expressed on primary cultured trophoblasts in
(¢). DIC is shown in (d). Arrows indicate MAP1LC3B (LC3) dot formation, a marker of autophagic activation. (e-) MAP1LC3B staining in normal pregnant
subjects at 8 weeks of gestation (e). MAP1LC3B dot formation (g and h, arrows) was detected in the maternal decidua basalis, the implantation site, at
| adeeper site from the fetus side in square DEC (g), but not at a shallower site from the fetus in the implantation site (f) or in the villous trophoblast re-
. gion (h, arrowheads). (f~h) Enlarged images of the white squares. (i-) Double immunohistochemical staining for cytokeratin 7 (KRT7), an EVT marker,
(k) and MAP1LC3B (j) revealed that cells with punctated MAP1LC3B were KRT7-positive EVTs (I). (m) Enlarged image of the KRT7-positive EVTs with

- MAP1LC3B punctain (I). Hoechst33342 staining, nuclei staining, is shown in (i). Scale bar: 50 pm. STB, syncytiotrophoblasts; CTB, cytotrophoblasts;
COL, cell column; DEC, decidua basalis. Electron microscopic images of autophagic structures in HTR8/SVneo cells under hypoxia (n and o). HTR8/SV-

| neo cells, which were cultured under hypoxia for 4 h, were fixed and observed by electron microscopy (x20,000). The smooth endoplasmic reticulum,
some destroyed organelles and autophagosomes (Ap) were present (n, arrow). The autophagosome (Ap) had come into contact with multiple vesicle

bodies (Mb) (o, arrow). AL, autolysosome; M, mitochondria.

expression under hypoxia in the HTR8-mStrawberry cells, but
not in the HTR8-ATG4B* cells (Fig. 3C). Flow cytometric
analysis showed that the total amount of cytoplasmic MAP1LC3B
did not decrease under hypoxia in the HchEpC1b-ATG4B<74
cells (Fig. S2b). In regard to cell growth and cell death, there
were no differences between HchEpClb-mStrawberry cells and
HchEpC1b-ATG4B7# cells (Fig. S2C and S2D).

EVT invades the maternal decidua under 2% O, for intact
placentation before 12 weeks of gestation. To clarify the role
of autophagy in trophoblast invasion, conventional invasion
assays were performed under 2% O,, mimicking the physiologi-
cal hypoxia in the early stages of pregnancy before 12 weeks of

www.landesbioscience.com

gestation (Fig. Sla). Under hypoxia the number of invading
HchEpC1b-ATG4B 7 cells, an autophagy-deficient EVT cell
line, was significantly decreased (p = 0.0001), compared with
that of HchEpClb-mStrawberry-expressing cells (Fig. 3D).
Similar results were obtained in HTR8-ATG4B¢* cells under
hypoxia (Fig. S2f). In three-dimensional culture assays, the
depth of HchEpC1b-ATG4B<7#A cells was significantly shallower
than that of HchEpClb-mStrawberry cells under normoxia (Fig.
3E, p = 0.001). In the next stage, endovascular EVTs invade the
uterine spiral arteries and replace spiral artery endothelial cells
after 12 weeks of gestation. Tube formation assays with EVT
cells and human umbilical vascular endothelial cells (HUVECs),
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Figure 2. Activation of autophagy in EVT cells under hypoxia. {A) The number of MAP1LC3B (LC3) puncta in HTR8/SVneo cells, infected with the GFP-

MAP1LC3B adenovirus vector, in the presence of E64d and pepstatin under 20% (Cont), starvation (Starved) or 2% oxygen tension (hypoxia) for 24 h.
(B) The proportion of autophagic cells, identified as cells containing more than 5 MAP1LC3B puncta, among HTR8/SVneo cells in the presence of E64d
| and pepstatin under 2% oxygen tension for 48 h. (C) Western blots in HTR8/SVneo cells under normoxia and hypoxia (2% oxygen tension) are shown

| as follows: MAP1LC3B (LC3), HIF1A, SQSTM1 and TUBATA. Expression of MAP1LC3B-Il was examined in the presence or absence of E64d and pepstatin
. under normoxia and hypoxia (2% oxygen tension). Nor, normoxia; Hyp, hypoxia. (D) Intracellular MAP1LC3B levels determined by flow cytometry. The

. amount of MAP1LC3B was estimated at 4 and 24 h under 2% oxygen tension (hypoxia) in HTR8/SVneo cells.

an in vitro model of vascular remodeling by EVT cells after 12
weeks of gestation, were performed under 8% oxygen tension
(Fig. S1b).»*** This level of oxygen tension is thought to match
the placental conditions after 12 weeks of gestation, the so-called
“second wave,” in which vascular remodeling takes place."" Both
HTR8-mStrawberry cells and HTR8-ATG4B7#2 cells formed a
tube structure with HUVECs at 12 h (Fig. 4f and 1), but they
did not form a tube structure without HUVECs (Fig. 4m and
n). The tube structure was predominantly formed by HUVECs
(green) in both settings at 6 h (Fig. 4b and h), and there was no
significant difference in the area occupied by HTR8 cells (red) in
the total tube area formed by dual cells at 6 h (Fig. 4p). In the
culture with HTR8-mStrawberry cells and HUVEC:s, the tubes
were mostly occupied by HTR8-mStrawberry cells (red) at 12 h

or later (Fig. 4d, f and p, blue line); meanwhile, the tubes were
occupied by HUVECs (green) when HTR8-ATG4BC%4 cells
were cocultured with HUVECs (Fig. 4j, | and p, red line). The
proportion of HTR8 (red) in the total tube area was significantly
higher in HTR8-mStrawberry cells than in HTR8-ATG4B#A
cells (Fig. 4p, blue and red lines), suggesting that replacement of
endothelial cells by EVT cells required autophagy. These results
indicated chat autophagy plays an important role in the endovas-
cular interaction between EVT and endothelial cells.

Soluble endoglin inhibits hypoxia-induced autophagy in
EVT cells. Soluble endoglin (sENG) is known to cooperate with
sFLT1 in the induction of severe preeclampsia in humans as well
as a rat model.'®* We examined whether preeclampsia-related
substances such as SENG, sFLT1, transforming growth factor, B 1

bar: 300 pwm.

Figure 3 (See opposite page). Confirmation of autophagy-deficient cells. (A) Representative panels show mStrawberry (red), anti-MAP1LC3B (LC3)

. (green) and merged images (lower panels) in HTR8-ATG4B“* (ATG4B“™*: left panels), an autophagy-deficient EVT cell line, and HTR8-mStrawberry
cells (mStrawberry: right panels) under hypoxia for 24 h. (B) Western blots in HTR8-ATG4B** and -mStrawberry cells under normoxia and hypoxia (2%
oxygen tension) are shown as follows: MAP1LC3B (LC3), SQSTM1, HIF1A and TUBATA. (C) SQSTM1 expression in HTR8-ATG4B* and -mStrawberry cells
under normoxia (white bars) and hypoxia (black bars) estimated by ELISA. Results were normalized per milligram of protein from cell lysate. (D) An in
vitro invasion assay model before 12 weeks of gestation. Hypoxia (2% oxygen tension) was similar to the placental pO, level before 12 weeks of gesta-
tion. Invasion assays were performed with HchEpC1b-ATG4B“** or -mStrawberry cells under normoxia (gray bars) or hypoxia (black bars) for 48 h. The
Y-axis indicates the number of invading cells. Data were normalized to 1 for normoxia at 24 h. (E) Three-dimensional invasion assays were performed
with HchEpC1b-ATG4B“** or -mStrawberry cells under normoxia (gray bars) and hypoxia (black bars) for 48 h. Photographs show the invading cells
(mStrawberry) at the incision face of the gel, in which cells were seeded. The Y-axis indicates the depth of invasion from the surface of the gel. Scale
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- Figure 3. For figure legend, see page 4.

(TGEB1) and tumor necrosis factor-a (TNF) affect autophagy in
EVT under hypoxia (2% O,) (Fig. 5A). Only sENG significantly
inhibited the number of MAPILC3B puncta in HchEpClb-
mStrawberry cells, the control cell line, under hypoxia at 24 h

in the presence of E64d and pepstatin (Fig. 5A, p = 0.007) or
even in the absence of E64d and pepstatin (Fig. 5B, p < 0.0001).
sENG repressed the MAP1LC3B-II conversion under hypoxia in
western blotting (Fig. 5C), and flow cytometric analysis showed
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that hypoxia-induced MAP1LC3B degradation was diminished
by sENG (Fig. 5D). These results indicated that sENG inhibited
the induction of autophagy in EVTs under hypoxia.

Disruption of EVT by soluble endoglin. To assess the effects
of sENG-induced inhibition of autophagy on EVT functions,
invasion and vascular remodeling assays were performed. sENG
significantly decreased the number of invading HchEpClb-
mStrawberry cells, a control cell line, but not HchEpClb-
ATG4B™ cells, an autophagy-deficient EVT cell line, under
hypoxia (2% O,) at 48 h (Fig. 6A, p = 0.0006). On the other
hand, the number of HchEpClb-mStrawberry cells under nor-
moxia was not affected by sENG (Fig. S3a). The inhibition
of HchEpClb-mStrawberry cells by 100 ng/ml sENG under
hypoxia was recovered by TGFB1 in a dose-dependent manner
and recovered to the control level under hypoxia by an additional
20 ng/ml of TGFBI (Fig. 6B). In regard to vascular remodeling,
a dose of more than 250 ng/ml of sENG significantly inhibited
the formation of tubes compared with that in the control under
8% O, tension, but there were no significant differences in the
total tube area formed by HchEpClb-mStrawberry cells with
HUVECs in the presence of 125 ng/ml sENG (Fig. 6C; Fig.
S3¢). HTR8-mStrawberry cells (red) replaced HUVEC:s (green)
in the absence of SENG at 12 h (Fig. 6De and D4, blue solid line).
On the other hand, sSENG (100 ng/ml) impaired the replacement
of HUVEC:s (green) by HTR8-mStrawberry cells (red) at 12 h
(Fig. 6Df and Di, blue dotted line); however, 100 ng/ml sSENG
did not affect the proportion of HTR8-ATG4B** cells (red) in
the total tube area at 12 h (Fig. 6Dg, Dh and Dj, red solid and
dotted lines), suggesting that replacement of endothelial cells by
EVT cells (a model for vascular remodeling) was impaired by a
low dose (100 ng/ml) of SENG in the HTR8-mStrawberry cells.
These results suggested that sENG inhibited the EVT func-
tions, such as invasion and tube formation, through inhibition
of autophagy.

Accumulation of SQSTM1 in EVTs in preeclampsia. Finally,
to evaluate the autophagy in EVTs of preeclamptic cases in vivo,
the expression of SQSTM]1 was assessed as a marker of autophagy
inhibition in placental bed biopsy samples. It has been reported
that hypoxic activation of autophagy induces clearance of the
SQSTM1 protein in carcinoma cells.?’ Our results showed that
SQSTM1 expression was significantly decreased under hypoxia
in HTR8-mStrawberry or HchEpClb-mStrawberry cells, con-
trol cell lines, although it was not significantly decreased under
hypoxia in HTR8-ATG4B"** or HchEpClb-ATG4B7 cells,
autophagy-deficient EVT cell lines (Fig. 3B and C; Fig. S2e).
SQSTM1 expression in interstitial EVT cells was not found in
normal pregnancy (Fig. 7b), but was markedly found in pre-
eclampsia (Fig. 7d). Similar results were obtained in endovascu-
lar EVT cells (Fig. 7 f and h). Little expression of SQSTM1 was,
however, seen in villous trophoblasts in preeclampsia (Fig. 7j).
Additionally, the distribution of SQSTMI was similar to that of
KRT7, which indicates EVTs, in the serial sections of preeclamp-
sia placental bed biopsy samples. The ratio of SQSTM1 to KRT7
expression was significantly higher in preeclampsia than in nor-
mal pregnancy in both interstitial and endovascular EVTs (Fig.
7KandL, p <0.0001, p = 0.0008). Patients with placenta previa,

6 Autophagy

who all delivered preterm, did not show significantly high expres-
sion of SQSTMI in EVTs (Fig. 7K and L, triangle marks). On
the other hand, there were no significant differences in SQSTM1
expression in villous trophoblasts between the preeclampsia and
normal pregnancy samples (Fig. 7M). These results suggested
that disruption of autophagy occurred in EVTs, but not villous
trophoblasts, in preeclampsia.

Discussion

We first showed the enhancement of autophagy even under phys-
iological hypoxia in EVTs, suggesting that autophagy has physi-
ological functions during early placentation in vivo. As shown
in Figure S1, the oxygen concentrations, at which EVT func-
tions, were known to be different before and after 12 weeks of
gestation. As for EVT functions, autophagy was an indispens-
able mechanism to promote EVT-invasion as well as crosstalk
between EVTs and the endothelium at the feto-maternal inter-
face under physiological hypoxia during early pregnancy. On
the other hand, many reports have shown that a disruption of
EVT functions contributes to the pathophysiology of preeclamp-
sia during early pregnancy.?*? Qur results showed that the
failure of EVT invasion and vascular remodeling by EVTs were
induced by autophagic inhibition. Paradoxically, there might be
a correlation between the inhibition of autophagy and onset of
preeclampsia. Therefore, we hypothesized that impairment of
autophagy may be involved in poor placentation. Maternal endo-
thelial dysfunction induced by sENG in concert with sFLT1 is
recognized as one of the major causes of preeclampsia.'®?’ Thus,
this study first showed that sSENG inhibited the autophagy in
EVTs under hypoxia, resulting in a failure of vascular remodeling
by EVTs as well as failure of EVT invasion. Our data also showed
the accumulation of SQSTMI in EVTs in preeclampsia cases,
suggesting that autophagy in EVTs is impaired in preeclampsia.
Our results are the first to show the importance of autophagy to
the pathophysiology of preeclampsia.

In regard to the pathophysiology of preeclampsia, a placen-
tal hypoxic model in rats clearly showed that placental hypoxia
itself led to increased plasma and placental expression of sSENG,
resulting in decreased fetal weight and increased blood pressure
in dams.?? This animal model mimicked the two stages of pre-
eclampsia, hypoplastic placentation and endothelial dysfunction.
The release of SENG under 2% O, tension was also increased
in primary human trophoblasts obtained from placentas of pre-
eclampsia patients, compared with those from normal pregnant
women.*® Thus, hypoxia initiates the induction of preeclampsia
and then augments sSENG production from syncytiotrophoblasts
or endothelial cells in the placenta. Our results suggested that
inhibition of autophagy in EV'Ts, which induces shallow tropho-
blast invasion, could cause preeclampsia, by emphasizing hypoxia
at the feto-maternal interface.

Recent data show that mRNAs for sENG and TGFBI were
already elevated in chorionic villous samples at 11 weeks of gesta-
tion from women who later developed preeclampsia.?* The sENG
concentration in sera was already elevated at 17-20 weeks of ges-
tation before the onset of early-onset preeclampsia.’** The sSENG
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Figure 4. Tube formation assay in the HUVEC and EVT coculture system. The tube formation assay was used as an in vitro model of vascular remodel-
ing after 12 weeks of gestation. Hypoxia (8% oxygen tension) was similar to the placental pO, level after 12 weeks of gestation. Tube formation assays
with human umbilical vein endothelial cells (HUVECs, b, e, h, k, labeled with green) with HTR8-ATG4B*A (g and j, labeled with red), an autophagy-

. deficient EVT cell line, or HTR8-mStrawberry cells (a and d, labeled with red) were performed under 8% oxygen tension for 6 or 12 h. Representative

| merged images are shown from cultures for 6 h (c and i) or 12 h (f and I). Representative figures in the lower panels show single cell cultures, HTR8- :

- mStrawberry cells (m), HTR8-ATG4B* cells (n) or HUVECs (o). (p) The graph shows the HTR8 (red) area as a proportion of the total area (red and green).

| *p < 0.001: the proportion in HTR8-mStrawberry and HUVECs (blue line) was significantly higher than that in HTR8-ATG4B** and HUVECs (red line).

| Data are shown as the mean £ S. E. for three independent experiments. Scale bar: 300 pm.

concentration in the intervillous space could be higher than
that in maternal sera; therefore, vascular remodeling by EVTs
might be disrupted by sENG in the first or second trimester of
pregnancy, resulting in shallow trophoblast invasion and inad-
equate vascular remodeling in preeclampsia. Mano et al. report
that membrane-bound ENG negatively regulates the invasion of

www.landesbioscience.com

normal HTR8/SVneo cells under normoxia, but sENG does not
affect invasion in HTR8/SVneo cells under normoxia.*® In our
study, sENG diminished EVT functions by inhibiting autophagy
in hypoxia, but not normoxia. Additionally, the suppressive effect
by sSENG on EVT invasion under hypoxia was removed by the
addition of TGFB1 (Fig. 6b). Hypoxia also enhances the release
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Figure 5. sENG inhibited autophagy in EVT cells under hypoxia. (A) The numbers of MAP1LC3B (LC3) puncta in HchEpClb-mStrawberry celis in the

| presence of 5 ng/ml TNF, 5 ng/ml TGFB1, 100 ng/ml sENG or 5 p.g/mi sFLT1 with E64d and pepstatin under 2% oxygen tension for 24 h. (B) The num-
bers of MAP1LC3B puncta in HchEpCib-mStrawberry cells in the presence of 100 ng/mi sENG without E64d and pepstatin under 20% or 2% oxygen

| tension for 24 h. Representative figures show MAP1LC3B staining in HchEpCib-mStrawberry cells in the presence or absence of 100 ng/ml sENG under
. 2% oxygen tension. (C) Western blot analysis showed that MAP1LC3B-Il expression was not enhanced in hypoxic conditions in the presence of 100 ng/
ml sENG. (D) The amount of MAP1LC3B in HchEpClb-mStrawberry cells under 20% oxygen tension (normoxia), 2% oxygen tension (hypoxia) or 2% ‘
. oxygen tension in the presence of 100 ng/ml sENG (hypoxia with sENG). n, negative control. Data are represented as means + S.E. n.s., not significant.

. Statistical significance was calculated using the Mann-Whitney U test.

of sENG in syncytiotrophoblasts.®® If autophagy, which is indis-
pensable for EVT invasion under hypoxia in the first trimester,
is impaired in EVTs, hypoxia in the placenta caused by shallow
invasion might enhance sSENG production in the second trimes-
ter, resulting in insufficient vascular remodeling.

Not only EVT invasion but also vascular formation between
EVTs and HUVECs was impaired by a disruption of autophagy
in this study. High concentrations of sSENG (250 and 500 ng/
ml) inhibited the tube formation by HUVECs and HchEpClb-
mStrawberry cells (Fig. 6C; Fig. S3c¢); on the other hand, a low
concentration of sSENG, 100 ng/ml, which is close to the serum
level in preeclampsia patients, suppressed the vascular remodel-
ing by EVT cells like autophagy-deficient cells. Although this

is indirect evidence, inadequate vascular remodeling of EVTs

8 Autophagy

might be, in part, related to the disruption of autophagy in EVTs
during the second stage of preeclampsia.

Impaired selective turnover of SQSTMI1 by autophagy cor-
responds to the pathophysiological conditions seen in human
hepatocellular carcinoma.’” A recent study shows that a fail-
ure of autophagy enhances oxidative stress, accompanied by
SQSTMI accumulation, in a mouse kidney cell line under
metabolic stress, low glucose and 1% O, tension.*® Mice lacking
ATGI16L1 in hematopoietic cells, which accumulate SQSTM],
are also highly susceptible to endotoxin-induced inflamma-
tory immune responses, resulting in Crohn disease like coli-
tis.”? In our study, a decline of SQSTMI1 expression under
hypoxia was observed in autophagy-normal EVT cells but not
in autophagy-deficient EVT cells (Fig. 3B and C; Fig. S2e).
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Marked SQSTMI expression in EVTs in placental bed biop-
sies in preeclampsia was found in vivo, suggesting the disrup-
tion of autophagy by sENG in EVT cells in preeclamptic cases.
Preeclampsia is an inflammatory disease in pregnant women,
and the level of TNF is increased in the plasma of preeclampsia
women. 42 EVT cells which express SQSTMI at high levels
in preeclampsia women might be susceptible to inflammatory
cytokines.

In regard to the correlation between autophagy and placenta, a
few papers reported the expression of autophagy-related proteins
in placentas following vaginal delivery and caesarean section, or
normal placenta and preeclampsia.??® Oh et al. showed that the
expression of MAPILC3B mRNA was significantly increased in

www.landesbioscience.com

placentas from patients with preeclampsia, compared with nor-
mal pregnancies. Immunostaining for MAP1LC3B in placental
villi was significantly increased in preeclamptic placentas, sug-
gesting that autophagy is activated in syncytiotrophoblasts.”
Additionally, Hung T et al. reported that autophagy is activated
in the villous trophoblasts in preeclampsia with intrauterine
growth restriction (PE+IUGR) or IUGR placentas, compared
with that in normal human pregnancy.®® In our study, we did
not detect the accumulation of SQSTM1, a marker of autophagic
inhibition, in placental villi in either preeclamptic placentas or
normal placentas, suggesting that autophagy was not inhibited
in syncytiotrophoblasts. Taken together, autophagy was activated
in syncytiotrophoblasts, and inhibited in EVTs in preeclamptic
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Figure 7. The expression of SQSTM1 in EVTs in preeclamptic placentas. Representative panels show the expression of cytokeratin 7 (KRT7) and
SQSTM1 in placental bed biopsies in normal placenta (NP) and preeclamptic placenta (PE) by immunohistochemistry. Four panels on the left show the
interstitial EVTs (a-d), four panels in the center show the endovascular EVT (e-h) and two panels on the right show the villous region (I and j). (d and
h) Enlarged images of the SQSTM1-positive cells. KRT7 staining, indicating EVTs, was performed in (a, ¢, e and g). SQSTM1 staining, a marker of auto-
phagic inhibition, was performed in (b, d, f, and h-j). KRT7-positive cells in the myometrium around the vessels were counted as endovascular EVTs,
and those in the myometrium without vessels, as interstitial EVTs. (K and L) The graphs show ratios of SQSTM1-positive cells to KRT7-positive cells in
the interstitial EVTs (K), in the endovascular EVTs (L) and in the villous trophoblast (M) between preeclampsia (PE, n = 9) and normal pregnancy (NP, n =

placentas. Preeclamptic placentas are well known to suffer from
severe hypoxia. The differences in SQSTM1 expression between
EVTs and syncytiotrophoblasts in preeclamptic placentas may
indicate a difference of susceptibility to hypoxia dependent on
autophagic activation. In other words, these findings suggested
that hypoxia induced-autophagy activation maintains cellular
homeostasis in syncytiotrophoblasts in preeclamptic placentas,
and the disruption of autophagy in EVTs might contribute to
hypoplastic placentation. :

As for trophoblast invasion, there are differences between
mouse and human placentation. Human EVTs invade into the
uterine myometrium up to one third of its depth. In mice, the
invasion is shallower. Additionally, A7G5" mice, an autophagy-
deficient model, are born with minimal abnormalities at birth
and do not show IUGR.? Furthermore, Kumasawa et al. reported
that the physiological excessive expression of human sFLT1 in

10 Autophagy

placenta induced symptoms of preeclampsia in pregnant mice.'?
But mouse sFLT1 in placenta did not induce preeclampsia (per-
sonal communication). There might be quite a difference in
function between humans and mice in regard to anti-angiogenic
factors as well as EVT-invasion. As autophagy is well conserved
from yeast to humans, it may be developmentally involved in the
pathophysiology of preeclampsia, a feature of human pregnancy.

In conclusion, we showed for the first time that autophagy
played an important role in trophoblast functions under physi-
ologically hypoxic conditions, suggesting a contribution of auto-
phagy to normal placentation. On the other hand, the activation
of autophagy in EVTs under hypoxia was inhibited by sENG,
and autophagic inhibition in EVTs was observed in preeclamp-
sia cases. Therefore, identification of the disruption of EVT due
to inhibition of autophagy by sENG will break new ground for
studying the pathophysiology of preeclampsia.
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Materials and Methods

Reagents. Recombinant human sENG (R&D, 1097-EN),
human sFLT1 (R&D, 321-FL/CF), human TNF (R&D, 210-
TA/CF) and human TGFB1 (R&D, 240-B) were purchased
from R&D Systems. The following antibodies (Ab) were used:
rabbit polyclonal Ab for MAP1LC3B (MBL, PM036), rabbit
polyclonal Ab for MAP1LC3B (ABGENT, AP1802a), mouse
monoclonal Ab for SQSTM1 (MBL, 5F2), mouse monoclonal
Ab for HIF1A (BD PharMingen, H72320), mouse monoclonal
Ab for TUBAI1A (Sigma-Aldrich, T8203), mouse monoclonal
Ab for KRT7 (NOVUS Biological, NB120-17069) and mouse
monoclonal Ab for HLA-G (Abcam, Ab7759). Protease inhibi-
tors, E64d (Peptide institute, 4321-v) and pepstatin A (Peptide
institute, 4397), were purchased from Peptide Institute, Inc.

Subjects. All clinical studies were approved by the University
of Toyama Ethics Committee, and informed consent was
obtained from all patients. Clinical samples were obtained in
early or late pregnancy. Normal early placental tissues in the
early pregnant period were obtained from patients (four cases,
median maternal age 27 y, range 2332 y; median gestational age
8 weeks, range 7-10 weeks) who had undergone elective termina-
tion by vaginal curettage. The termination was done legally at the
patient’s wish. The women had received no medication, or had
infectious, autoimmune, or other systemic diseases. Karyotype
was not analyzed in the abortive specimens. These specimens
were treated as normal early pregnant specimens. All placental
bed biopsy samples, late placental tissue samples, were obtained
when caesarean section was performed. Preeclampsia was defined
by the American College of Obstetricians and Gynecologists cri-
teria. Clinical information is described in Table §1. The normal
pregnancy group (NP) contained healthy pregnant women who
received a caesarean section due to breech presentation or previ-
ous caesarean section. Additionally, three patients with placenta
previa, which were all preterm deliveries, are shown in Figure
7K-M. They are clearly shown in the normal pregnancy groups
in Figure 7. '

Construction of an autophagy-deficient cell line. To establish
autophagy-deficient HTR8/SVneo cells or autophagy-deficient
HchEpClb cells, we used pMRX-IRES-puro-mStrawberry-
ATG4B A, an ATG4B** mutant expression vector that
inhibits MAPILC3B-II formation, and pMRX-IRES-puro-
mStrawberry, a control vector encoding monomeric red fluores-
cent protein. The procedures for constructing the vectors were
reported previously.* After infection with these vectors, the cells
were incubated in DMEM (Sigma, D5671) supplemented with
10% FBS (Cell culture technologies, CC3008-504) contain-
ing 0.3 pg/ml puromycin (Sigma, P8833). Growing cells were
collected, and the expression of mStrawberry was confirmed by
fluorescence microscopy. The constructed autophagy-deficient
cell lines and the control vector-infected cell lines were named
HTR-ATG4B** cells and HchEpC1b-ATG4B7#* cells and
HTR8-mStrawberry cells and HchEpClb-mStrawberry cells,
respectively.

Cell culture. EVT cell lines, HTR8/SVneo (a gift from Dr.
Charles H. Graham, Department of Anatomy and Cell Biology,
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Queen’s University) and HchEpClb, were used in this study.
HchEpClb is an HPV E6 and hTERT-transfected immor-
talized EVT cell line.® HTR8/SVneo cells were cultured in
DMEM supplemented with 10% FBS, 100 U/ml penicillin and
100 pg/ml streptomycin (GIBCO, 15140) at 37°Cina 5% CO,
atmosphere, and HchEpClb cells with RPMI1640 medium
(Sigma, R8758) supplemented with 10% FBS, 100 U/ml peni-
cillin and 100 pg/ml streptomycin at 37°C in a 5% CO, atmo-
sphere. HUVECs (Lonza, CC-2517) were cultured in EGM-2
Bullet Kit (Lonza, CC-3162) according to the manufacturer’s
instructions. For hypoxic cultures, the cells were plated on a
35-mm dish at 2 x 10° cells/dish. After 24 h, the cells were trans-
ferred to an incubator under a 2% O, and 5% CO, atmosphere
at 37°C. For starved cultures, the culture medium was exchanged
for Hanks’ solution (Nacalai Tesque Inc., 17460).

Small pieces of tissue (2-3 mm) from the placental villi,
which were obtained from Ist trimester placental tissues, were
dissected (usually 8-16 villus tips per sample). For each explant,
5 wg/cm? of Fibronectin™ (BD Biosciences, 356008) was placed
in the center of an 8-well culture slide (Thermo Fisher Scientific,
Inc., 177402). After the formation of gels (30 min at 37°C), the
dissected tissue pieces were carefully placed at the center of each
chamber, covered with 200 pl of medium, and incubated for
24 h at 37°C with 5% CO, and 20% O,. After an initial period
of 24 h, villi with good attachment and outgrowth on the gel
were selected for the hypoxic culture. Before the experiment,
the outgrown cells were characterized by immunocytochemi-
cal analysis for KRT7 and HLA-G to confirm that they were
EVTs.

Quantitative analysis of GFP-LC3 puncta. For the quan-
titative analysis of MAPILC3B, the cells were stained with
MAPILC3B or transfected with a green fluorescent protein-
microtubule-associated protein 1 light chain 3 protein (GFP-
MAPILC3B) adenovirus vector (5 x 10° pfu/ml) and incubated
for 24 h. The cells were pretreated with lysosomal protease
inhibitors, E64d (10 ng/ml) and pepstatin A (10 ng/ml), for
2 h to distinguish cytoplasmic MAP1LC3B puncta, and then
fixed with 4% paraformaldehyde-PBS.* The incidence of auto-
phagy was estimated by quantifying the number of MAP1LC3B
puncta within MAP1LC3B-stained cells by manual counting in
five independent visual fields using a fluorescence microscope
(KEYENCE, BZ-8000) or a confocal microscope (Carl Zeiss,
LSM700). Cells containing more than 5 GFP-MAPILC3B
punta in cytoplasm were counted as autophagic. These experi-
ments were independently performed at least three times.

Invasion assays and three-dimensional invasion assay. A
conventional invasion assay was performed using a BD BioCoat
Growth Factor Reduced Marrigel Invasion Chamber (BD
Biosciences, 354483) according to the manufacturer’s instruc-
tions. Cells were plated in the upper insert at 5 x 10% /well and
incubated under normoxia (20% O,) or hypoxia (2% O,). These
cells were incubated for 48 h, and then the upper surface of the
membrane in each insert was gently scrubbed with a cotton swab
to remove all of the noninvading cells, and the cells on the under
surface of the membranes were fixed in 100% methanol (Wako
Pure Chemical Industries, Ltd., 131-01826), stained with 0.05%
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Toluidine Blue Solution (Wako, 206-14555), and then the num-
ber of invading cells was counted by microscopy.

The three-dimensional invasion assay was performed as
described previously.” Collagen matrix, Cellmatrix® (Kurabo
Industries, Ltd., KP-2020), was prepared according to the manu-
facturer’s instructions. Cells at 2 x 10° /ml were then placed on
the top of the matrix and incubated under normoxia (20% O,) or
hypoxia (2% O,) for 48 h. The collagen matrix was fixed with 4%
paraformaldehyde (Wako, 163-20145) and cut for observation.
The invasion distance was measured by fluorescence microscopy.

Tube formation assay using an EVT cell and endothelial cell
coculture system. This assay was from a previous report.*® This
three-dimensional dual cell culture model is suitable for evaluat-
ing vascular remodeling by trophoblasts. Briefly, EVT cells (1
x 10° /ml) or HUVECs (1 x 10° /ml), labeled with cell tracker
green CMFDA (5-chloromethylfluorescein diacetate, Molecular
Probes, C-2925) or cell tracker red CMTMR [5-(and-6)-(((4-
chloromethyl)benzoyl)amino)tetramethylthodamine, Molecular
Probes, C-2927], respectively, were cocultured on thick Matrigel
(BD, 356234)-coated plates in the presence or absence of sSENG.
The cells were then incubated in an 8% O, and 5% CO, atmo-
sphere at 37°C for 24 h. The images were imported as TIFF files
into the National Institutes of Health Image ] software (http://
rsbweb.nih.gov/ij/). The total area of the tube-like structures per
image was quantified using Image J. The proportion, HTR8/
HUVEGCs, was calculated by dividing the area of HTRS8 by
the area of HUVECs. The averages of these factors were cal-
culated from the data for five independent visual fields. These
experiments were independently performed at least three times.
HUVEG:s, for which passages were performed 3 times, were used
in this assay.

Immunohistochemistry. Immunohistochemistry was per-
formed as described previously.® The sections were incubated
overnight at 4°C, with the primary antibodies, anti-KRT7
(1:250) and anti-MAP1LC3B (1:100; ABGENT), diluted with
5% BSA/DW. After extensive washing with TBS-Tween solution,
the sections were stained with the secondary antibodies, Alexa
Fluor 594 donkey anti-mouse IgG (1:2000; Molecular Probes,
A-21203) and Alexa Fluor 488 donkey anti-rabbit IgG (1:2000;
Molecular Probes, A-21206), and with Hoechst33342 (1:500;
Molecular Probes, H-3570) for nuclear staining overnight at 4°C
and then observed by confocal microscopy. Confocal images of
fluorescent materials were collected using a confocal microscope
(Carl Zeiss).

Immunocytochemistry. Primary EVT cells, HTR8/SVneo or
HchEpClb cells, were fixed in 4% paraformaldehyde/PBS for 15
min and labeled with the primary antibody, anti-MAP1LC3B
(MBL), at a dilution of 1:500. Negative controls were produced
by replacing the primary antibody with normal rabbit serum and
then were secondarily stained with Alexa Fluor 488 donkey anti-
rabbit IgG. They were finally stained with Hoechst33342 for
10 min, washed with PBS and observed under a fluorescence
microscope or a confocal microscope.

Electron microscopy. Electron microscopy was performed as
described previously*® Cells were fixed with 0.1 M phosphate buf-
fer containing 2.5% glutaraldehyde and 2% paraformaldehyde at
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4°C for 1 h. The cells were washed with the same buffer three
times and post-fixed with 1% osmium tetroxide (0s0,) in
0.1 M phosphate buffer for 1 h. After washing, cells were incu-
bated with a 3% uranyl solution, further dehydrated with a graded
series of ethanol and propylene oxide solutions, and embedded.
Areas containing cells were block-mounted and cut into 50-nm
sections. The sections were stained with uranyl acetate and lead
citrate and observed under an clectron microscope.

Flow cytometry. Cells were harvested, washed once and then
fixed in 4% paraformaldehyde-PBS for 15 min at room tem-
perature. After being permeabilized with 100 pg/ml digitonin
(Sigma-Aldrich, D141) for 15min at room temperature, the cells
were resuspended in PBS solution containing anti-MAP1LC3B
antibody (1:200, MBL) for 30 min at room temperature.
Subsequently, the cells were stained with FITC goat anti-rabbit
IgG (BD PharMingen, 554020) and incubated for 30 min at
room temperature. Samples were then analyzed with a FACS
Calibur flow cytometer (BD Biosciences) using the Cell Quest
software as described previously (BD Biosciences).”' Negative
controls were performed by replacing the primary antibody with
normal rabbit serum. To estimate the proportion of dead cells,
the harvested cells were suspended in PBS solution containing 5
wg/ml propidium iodide (Molecular Probes, P3566), and incu-
bated for 30 min at room temperature. Samples were then ana-
lyzed with a FACS Calibur flow cytometer using the Cell Quest
software (BD Bioscience).

Cell proliferation assay. To estimate cell proliferation, we
used two methods: the first was manual counting and the sec-
ond involved use of the cell proliferation reagent WST-1 (Roche,
5015944) according to the manufacturer’s instructions.

Enzyme-linked immunosorbent assay (ELISA). SQSTMI
expression was measured with a p62 ELISA kit (Enzo Life Sciences,
ADI-900-212-0001) according to the manufacturer’s instruc-
tions. The cells were cultured under 2% or 20% oxygen tension
for 24 h. The cells were lysed with Radio-Immunoprecipitation
Assay (RIPA) buffer containing protease inhibitors. The range
of the standard curve was 625-40,000 pg/ml. For each assay, all
samples were assayed in duplicate in the same plate. Results were
normalized per milligram of protein from cell lysate.

Statistical analysis. Results are presented as the mean =
S.E. and comparisons between multiple groups were made
using ANOVA. Values of p < 0.05 were considered statistically
significant.
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Regulatory T cells (Treg) play essential roles in implantation and alloge-
neic pregnancy maintenance in mice and humans. Recent data have
shown the heterogeneity of Treg, such as thymic (naturally occurring)
Treg, extrathymic (inducible or peripheral) Treg, naive Treg, effector
Treg, resting (non-proliferating) Treg and activated (proliferating) Treg.
Importantly, Foxp3, which was believed to be a specific marker for Treg,
is transiently expressed in T cells when conventional T cells are acti-
vated and proliferating in humans showing that Foxp3 is not a specific
marker for Treg. Therefore, we should evaluate the true Treg level and
clarify which types of Treg cells play important roles in implantation
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Introduction

Regulatory T cells were first reported as CD4" CD25™T
cells' (Fig. 1). Nine years later, Aluvihare et al.? and
Sasaki et al.’ reported that Treg cells might mediate
maternal tolerance to fetuses in mice and humans.
Depletion of Treg cells could induce abortion in allo-
geneic pregnancy, but not in syngeneic pregnancy in
mice,? and a decreased level of Treg cells in the
decidua was observed in miscarriage in humans.’ In
2005, Zenclussen et al. reported that adoptive trans-
fer of Treg cells purified from normal pregnant mice
prevented fetal loss in CBA/J mated with DBA/2J
abortion-prone mice.* Transfer of Treg cells from
non-pregnant CBA/J mice was ineffective, suggest-
ing that pregnancy-specific or paternal antigen-spe-
cific Treg cells contribute to the maintenance of
pregnancy. In 2007, Sasaki et al. reported that Treg
cells were decreased in the peripheral blood and in
the decidua of pre-eclamptic patients.” In 2008, very
important findings were reported by Tilburgs et al.®

340

and pregnancy maintenance in mice and humans.

They provided direct evidence for the selective
migration of fetal HLA-C-specific Treg cells from the
peripheral blood to the decidua in human preg-
nancy. The data of Zenclussen et al. and Tilburgs
et al. show that paternal antigen-specific Treg cells
play important roles in the maintenance of alloge-
neic pregnancy in mouse and human, so we should
consider the mechanisms that explain why paternal
antigen-specific Treg cells were expanded. Support-
ive data were also reported later.””® Robertson et al.
provided an answer to the above issue. They showed
that seminal fluid induced the expansion of the total
Treg cell pool and induced tolerance to paternal al-
loantigens in mice.” Schumacher et al. reported that
some of the Treg cells expressed hCG/LH receptor on
their surface, and hCG produced by trophoblasts
attracted Treg cells into the feto-maternal interface
in human pregnancy.'® Interestingly, Treg cells also
increase in syngeneic pregnant mice’ because male
antigen (H-Y)-specific Treg cells contribute to toler-
ance to male fetuses in syngeneic pregnancy.'!

American Journal of Reproductive Immunology 69 {2013) 340-345
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CHARACTERIZATION OF TREG DURING PREGNANCY

2012 -

Fig. 1 Progress of the studies of Treg cells AN
for induction of tolerance during pregnancy.

When Treg cells were depleted in the implantation
period, implantation failure occurred in allogeneic
pregnancy, but not in syngeneic pregnancy,*'*'?
and Treg cell depletion in the early pregnancy period
induces fetal resorption in allogeneic pregnancy, but
not in syngeneic pregnancy.'’'* Treatment with a
small amount (0.2 mg) of anti-CD25 monoclonal
antibody induced implantation failure,*'? but a
moderate amount (0.5 mg) of anti-CD25 monoclo-
nal antibody was required to induce abortion in allo-
geneic pregnancy.’” In our study, when 0.25 mg
and 0.5 mg of anti-CD25 monoclonal antibody was
injected into C57BL/6 female mice mated with
BALB/c male mice, the Treg cell population
decreased by 10 and 80%, respectively.'® These find-
ings suggest that mild or moderate Treg cell deple-
tion or suppression might cause implantation
failure, and severe Treg cell depletion or suppression
might induce immune-mediated pregnancy loss.
However, depletion of Treg cells in the late preg-
nancy period does not induce fetal resorption, fetal
growth restriction, maternal hypertension, and
maternal proteinuria,'’ suggesting that Treg cells are
essential for the implantation and for the success of
allogeneic pregnancy during the early pregnancy
period.

In 2012, very important findings were reported.
Rowe et al. reported that memory-type fetal
antigen-specific Treg cells were present in a second
pregnancy, and these Treg cells induced fetal anti-
gen-specific tolerance.'® These findings explain the

American Journal of Reproductive Immunology 69 (2013) 340-345
© 2013 John Wiley & Sons A/S

Regulatory T cells and immune tolerance in pregnancy

1995 - Treg cells were discovered as CD4+*CD25* T cells (Sakaguchi et al. J. Immunof).

2004 - Treg cells might mediate maternal tolerance to fetuses in mice (Aluvihare et al. Nat
Immunol) and humans (Sasaki et al. Mol Hum Reprod).

2005 - Adoptive transfer of Treg cells purified from normal pregnant mice prevented fetal
loss in CBA/J mated with DBA/2J mice. Transfer of Treg cells from non-pregnant mice
was ineffective (Zenclussen et al. Am J Pathol).

2007 - Treg cells were decreased in preeclamptic patients (Sasaki et al. Clin Exp Immunolt).

2008 - Selective migration of fetus-specific Treg cells from the peripheral blood to the
decidua in human pregnancy (Tilburgs et al. J Immunol).

2009 - Seminal fluid induced expansion of the Treg cells and induced tolerance to paternal
alloantigens in mice (Robertson et al. Biol Reprod).

- HCG attracted Treg cells into the fetomaternal interface in human pregnancy
(Schumacher et al. J. Immunol).

2010 - Male antigen (H-Y)-specific Treg cells contributed to tolerance to male fetuses in
syngeneic pregnancy (Kahn et al. PNAS).

Pregnancy imprints regulatory memory that sustains anergy to fetal antigen (Rowe
Letal Nature).

/ . .
/ Extrathymic Treg cells in placental mammals enforce maternal-fetal tolerance
~._ /" (Samstein et al. Cell).

epidemiological findings that the first conception
and first pregnancy with a new partner and cases
when there has been a long interval between births
are risk factors for pre-eclampsia.*®

Treg cells are classified into thymic (naturally
occurring) Treg that differentiate in the thymus and
extrathymic (inducible or peripheral) Treg cells.
Some thymocytes expressing T-cell receptor (TCR)
with a heightened reactivity for ‘self’ antigen up-reg-
ulate Foxp3 and differentiate into thymic Treg cells
in the thymus (Fig. 2). Another type of Treg cells
called extrathymic (inducible or peripheral) Treg
cells differentiate into Treg cells in the periphery
upon stimulation of naive CD4" T cells with high-
affinity cognate TCR ligands in the presence of TGFp
and retinoic acid'” (Fig. 2). Samstein et al. reported
that extrathymic (inducible or peripheral) Treg plays
an important role in the maintenance of preg-
nancy.'®

A Foxp3 enhancer, conserved non-coding sequence
1 (CNSI1), is essential for extrathymic Treg cell gen-
eration. CNSl-deficient female mice showed
increased fetal resorption in allogeneic pregnancy. It
was speculated that a CNSI-dependent mechanism
of extrathymic differentiation of Treg cells emerged
in placental animals to enforce maternal-fetal toler-
ance.'® These recent findings suggest that we should
reanalyze the populations of Treg in each subtype
and find out which subtypes of Treg cells increase
during normal pregnancy and decrease in compli-
cated pregnancy.
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Immunoregulation by CD4* Foxp3* Treg cells
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In 2003, it was reported that Foxp3 is specifically
expressed in Treg cells and is a master gene that
induces Treg cells from naive T cells;'>?° in addition,
mutation of human FOXP3 was found to be a cause
of immune dysregulation, polyendocrinopathy,
enteropathy, and X-linked syndrome (IPEX).*'*? As
a result, Treg cells were subsequently evaluated as
Foxp3™ T cells instead CD4* CD25% T cells. However,
recent data showing that naive CD4" T cells tran-
siently express Foxp3 after activation confuse the
definition of Treg cells in humans.?> Miyara et al.
reported that Foxp3"™ T cells were classified into
Foxp3'®" CD45RA* CD4"-naive Treg cells, Foxp3"h
CD45RA™CD4*-effector Treg cells, and Foxp3°"
CD45RA* CD4*- non-Treg cells (Fig. 3).** Naive
Treg cells proliferate and up-regulate Foxp3 and
differentiate into effector Treg cells by in vitro and in
vivo stimulation.

In contrast to naive Treg cells, effector T cells do
not proliferate and are susceptible to apoptotic cell
death after stimulation.?* The naive Treg population
was found to be decreased in aged donors and cases
of sarcoidosis, but was increased in patients with
active SLE.?* The effector Treg population was found
to be increased in aged donors and cases of sarcoido-
sis, and was decreased in patients with active SLE.*?
Non-proliferating-HLA-DR™ Treg cells were shown to
express a higher level of Foxp3 and to induce more
vigorous rapid T-cell suppression than those of HLA-
DR~ Treg cells.*®> Our recent data showed that the
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Fig. 2 The differentiation of thymus-derived
Treg cells and extrathymic Treg cells. The
major population of Treg celis is produced
from the thymus and prevents autoimmune
disease. However, some population of Treg
cells is produced from the periphery in the
presence of TGFB and retinoic acid.
Extrathymic Treg cells play an important role
in the maintenance of pregnancy.
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Fig. 3 CD4+Foxp3+ celis are classified into naive Treg cells, effector
Treg cells, and non-Treg cells by the expression of CD45RA and
Foxp3. CD4*CD45RA*Foxp3'™ cells are naive Treg cells, CD4*
CD45RA™Foxp3™e" cells are effector Treg cells, and CD4*CD45RA™
Foxp3'® cells are cytokine-producing activated T cells.

population of decidual non-proliferating (Ki677)
Foxp3™ Treg was significantly smaller in cases of mis-
carriage with a normal embryo than in normal preg-
nancy, suggesting that non-proliferated Treg cells
may play an important role in the induction of
immune tolerance, although HLA-DR expression
was not evaluated.”® Recent data showed that HLA-
DR* CD45SRA ™ -effector Treg cells decreased and HLA
DR~ CD45RA™ naive Treg cells increased in the
peripheral blood of healthy pregnant women.”’ In
contrast, the naive Treg cell population was reduced
in pre-eclampsia and preterm labor.?” At present,
the population of naive Treg cells and effector Treg
cells in the decidua is unknown. Naive Treg cells in
the periphery might differentiate into memory Treg
cells at feto-maternal interface.

American Journal of Reproductive Immunology 69 (2013) 340-345
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Functional Treg Cell Markers for Induction of
Maternal Tolerance

Regulatory T cells express cytotoxic T lymphocyte
antigen 4 (CLTA4), and mice with CTLA4 condi-
tional knockout in Treg cells showed autoimmune
disease.’® When Treg cells are activated, intracellular
CTLA-4 moves to the cell surface. Surface CTLA-4
ligation by the B7 complex triggers a negative signal-
ing pathway; thus, Treg cells regulate the immune
system.?’ Decidual CD4" CD25"&"  Treg cells
express surface CTLA-4 in normal pregnancy, but
these levels were found to be decreased in miscar-
riage cases,”> suggesting that the functional Treg cell
population might be down-regulated in miscarriage.

Kallikourdis et al. reported the accumulation of
CCRS5" Treg cells at the feto-maternal interface.>® In
addition, CCR5"* Treg cells functionally regulate the
proliferation of maternal lymphocytes, suggesting
that CCR5" Treg plays an important role in the
induction of tolerance in murine pregnancy.
We have studied the {frequency of decidual
CCR5*Foxp3*CD4" Treg cells. Unexpectedly, the fre-
quencies of CCR5" Treg cells did not differ between
normal pregnancy subjects, cases of miscarriage with
a karyotypically normal embryo and cases of miscar-
riage with a karyotypically abnormal embryo.%¢
Functional Treg marker might differ between mice
and humans.

Another candidate for a functional Treg marker
during pregnancy is CCR7. Guerin et al. reported
that seminal fluid regulates the accumulation of Treg
cells in the peri-implantation mouse uterus through
CCD19-CCR7-mediated recruitment.>! To date, the
population of human CCR7-expressing Treg cells
during pregnancy has not been reported. In human
pregnancy, Schumacher et al. reported that human
chorionic gonadotropin (hCG) attracted hCG/LH
receptor’ Treg cells into the feto-maternal inter-
face.'® If hCG/LH receptor is a functional marker for
the induction of tolerance, hCG/LH R* Treg might
be a useful tool for evaluating the immune environ-
ment in implantation failure and recurrent preg-
nancy loss.

Thymic (naturally occurring) Treg and Extrathymic
(peripheral or inducible) Treg

The majority of Treg cells (~70%) are produced from
the normal thymus, and they are capable of
recognizing both self and non-self antigen.>® Some

American Journal of Reproductive Immunclogy 9 (2013) 340-345
© 2013 John Wiley & Sons A/S

population of Treg cells (~30%) is produced from
peripheral T cells by ex vivo stimulation with anti-
gens in the presence of TGFB and retinoic acid®?
(Fig. 2). A recent study revealed that extrathymic
Treg cells induce feto-maternal tolerance, resulting
in the maintenance of allogeneic pregnancy.'®
Therefore, specific markers for extrathymic Treg cells
are needed to evaluate feto-maternal tolerance dur-
ing pregnancy. Thornton et al. reported that Helios,
an Ikaros transcription factor family member, is a
specific marker of the thymic Treg cells in mice and
humans.>> Around 70% of Treg cells expressed
Helios, suggesting that a significant percentage of
Treg cells is generated extrathymically.’® Helios is a
marker of proliferating Treg.>**> Our recent data
showed that non-proliferated Treg cells were
decreased in the decidua of miscarriage cases with a
normal embryo suggesting extra-thymic Treg cell
population was decreased in these cases. However, a
recent study showed that Helios was not a suitable
marker to distinguish thymic Treg cells from
extrathymic Treg cells,** and Helios is a marker for
activation and proliferation,>*>> or immunosuppres-
sive capacity of Treg.?”> Therefore, we should identify
a reliable marker for thymic or extrathymic Treg
cells.

TGFB is a very important cytokine for the differen-
tiation of extrathymic Treg cells. Interestingly, decid-
ual NK cells are the source of TGFp at feto-maternal
interface,?®*” and TGFB-producing NK cell popula-
tion decreases in miscarriage. These findings suggest
decidual NK cells play some roles for the differentia-
tion of extrathymic Treg cells.

Conclusion

It is well known that Treg cells play an essential role
in implantation and pregnancy maintenance, and
extrathymic Treg cells seem to be important. As a
next step, we should identify suitable markers for
functional Treg cells during pregnancy. These mark-
ers might be used for evaluating implantation fail-
ure, unsuccess of IVF-ET or immune-mediated
pregnancy loss.
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NKG2D Blockade Inhibits Poly(I:C)-Triggered Fetal Loss in
Wild Type but Not in IL-10~'~ Mice

Jessica E. Thaxton,* Tania Nevers,* Eliana O. Lippe,* Sandra M. Blois,Jr
Shigeru Saito,” and Surendra Sharma*

Infection and inflammation can disturb immune tolerance at the maternal-fetal interface, resulting in adverse pregnancy outcomes.
However, the underlying mechanisms for detrimental immune responses remain ill defined. In this study, we provide evidence for
immune programming of fetal loss in response to polyinosinic:polycytidylic acid (polyI:C), a viral mimic and an inducer of inflam-
matory milieu. IL-10 and uterine NK (aNK) cells expressing the activating receptor NKG2D play a critical role in poly(I: C)-induced
fetal demise. In wild type (WT) mice, poly(I:C) treatment induced expansion of NKG2D"* uNK cells and expression of Rae-1 (an
NKG2D ligand) on uterine macrophages and led to fetal resorption. In IL-10"'" mice, NKG2D ™ T cells instead became the source
of fetal resorption during the same gestation period. Interestingly, both uterine NK and T cells produced TNF-« as the key
cytotoxic factor contributing to fetal loss. Treatment of WT mice with poly(I:C) resulted in excessive trophoblast migration into
the decidua and increased TUNEL-positive signal. TL-10"'" mice supplemented with recombinant IL-10 induced fetal loss
through NKG2D" uNK cells, similar to the response in WT mice. Blockade of NKG2D in poly(I:C)-treated WT mice led to
normal pregnancy outcome. Thus, we demonstrate that pregnancy-disrupting inflammatory events mimicked by poly(I:C) are
regulated by IL-10 and depend on the effector function of uterine NKG2D* NK cells in WT mice and NKG2D™ T cells in IL-10
null mice. The Journal of Immunology, 2013, 190: 3639-3647.

aintenance of pregnancy is acutely prone to infections
M and inflammatory triggers. Viral and bacterial infec-

tions, clinical or subclinical, can disturb immune tol-
erance at the maternal-fetal interface and predispose to adverse
pregnancy outcomes (1-4). However, the mechanisms underlying
detrimental immune microenvironment and pregnancy loss remain
poorly understood. The immune constitution of the pregnant
uterus (decidua) is distinct from other organs, consisting of a large
number of innate immune cells such as NK cells and macro-
phages. Uterine NK (uNK) cells compose 50-60% of the total
mononuclear cell population during early to mid-gestation in both
humans and mice (5, 6), whereas macrophages make up 20% (7,
8). uNK cells possess alternate phenotype and function when com-
pared with peripheral blood NK cells, because they are empowered
with angiogenic characteristics and lack killing activity (9-11). In
humans, uNK cells are CD56°"2"CD16™™ and play a distinctive
role in placental vasculature and decidualization (12, 13). In mice,
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distinct populations of uNK cells have been identified that mirror the
functions of human uNK cells (14, 15). Like uNK cells, macro-
phages in the decidua also contribute to the balance required for
immune protection of the fetus (7, 8). Not surprisingly, conventional
T cells are found in low proportions in human and murine uterine
tissue to limit reactivity to paternally derived fetal-antigens (16).
Moreover, regulatory T cells (Tregs), present at ~10% of the uterine
immune population in early gestation, can further dampen cytotoxic
T cells and guide embryo acceptance in the hormonally receptive
uterus (17-19).

Inflammatory events including stress, commensal bacterial acti-
vation, and excessive local tissue necrosis can also propel an
immune-tolerant microenvironment toward induction of a detri-
mental response (20-22). Although the placenta is a highly potent
immune regulator, it is not known yet whether viral infections alone
or in combination with other triggers will elicit fetal ablating im-
mune responses. We recently demonstrated that pregnant IL- 107"
mice when challenged with low doses of LPS or CpG, ligands for
TLR4 and TLRY, respectively, experienced fetal resorption or
preterm birth depending on the gestational age-dependent exposure.
These adverse pregnancy outcomes were directly associated with
activation and amplification of TNF-a—producing uNK cells or
macrophages (7, 23, 24). In these models, IL-10 had a critical role
as a vascular and anti-inflammatory cytokine for maintaining preg-
nancy in response to mild or moderate levels of inflammation (4,
25). However, it is not clear which infectious or inflammatory
events will overwhelm the IL-10 proficient uterine milieu and cause
pregnancy complications. This scenario warrants further analysis of
detrimental immune responses activated by diverse inflammatory
triggers (26-28). In the TLR cascade, TLR3 can respond to double-
stranded nucleic acids emanating from viral infections or necrotic
cells (22). In this regard, the viral mimic polyinosinic:polycytidylic
acid (polyl:C) has been shown to induce fetal loss (29, 30). However,
what detrimental immune responses are elicited at the maternal-fetal
interface by poly(I:C) and whether cytokine milieu affects the nature
of the response to this viral mimic are poorly understood.
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