Mod Rheumatol Downloaded from informahealthcare.com by National Center for Child Health & Development on 03/09/15
For personal use only.

DO 10.3109/14397595.2014.942503

Tabie 2. Association of aPL with pregnancy outcome.

Poor outcome Good outcome P value
Lupus Anticoaglulant 9/9 (100%) 2/6 (33%) 0.041%
dRVVT 619 (67%) 2/6 (33%) 0.315
aPTT (Staclot LA) 9/9 (100%) 2/5 (40%) 0.047%
IgG afi2GPI 8/9 (89%) 1/6 (17%) 0.011%
aCL 8/9 (89%) 6/6 (100%) 1.0
1gG 8/9 (89%) 6/6 {100%) 1.0
IsM 3/9 (33%) 0/6 0.338
1gG aPS/PT 5/5 (100%) 0/3 0.072
IeG aPE 0/8 (0%) 0/3 1.0
*Significant (P <0.03).

although they did not have high anticoagulant activity (data not
shown). IgG af32GP! was positive only in one case (#5) but with
low titer. Neither 1gG aPS/PT nor IgG aPE was detected in any
of the patients.

Characteristics of cases with poor outcome {(n = 9)

The mean age at diagnosis was 32.1 years (range: 25-37 years).
Four cases had history of thrombosis. In terms of autoimmune
diseases, seven cases were complicated with SLE; however, SLE
activity in all cases was under control (all had a SLEDAI score
[15] of less than 3).

Intrauterine growth retardation (IUGR) was suggested by
severely low birth weight compared to gestational period. Preg-
nancy had to be terminated due to adverse obstetrical outcomes
in two cases (#6 and #9 in Table 1). The other cases were suc-
cessfully treated to achieve live birth. However, most of the cases
had delivery before 34 weeks of gestation (#7, #8, #8°, #10, #12,
and #13). TUGR occurred in three cases (#11, #12, and #13). Two
cases (#8 and #8’) were complicated with pregnancy-induced
hypertension.

LA was positive in all cases, while IgG aB2GP1 and IgG aCL
were low or negative in some cases. IgG aPS/PT presented high
titer in all cases. IgG aPE was not detected in any of the patients.

Low-dose corticosteroids, intravenous immunoglobulin (IVig),
or plasma exchange (PE) was used for additional treatment.

Comparison of aPL profiles between both groups

The aPL profile was compared between the good and poor out-
come groups (Table 2). LA, IgG aB2GPl, and IgG aPS/PT were
more frequently found in the poor cutcome group compared to that
of good outcome.

Discussion

In this study, we have demonstrated the correlation of aPL profile
with pregnancy outcome in APS patients; LA was strongly asso-
ciated with poor outcomes, while IgG aPS/PT, a marker strongly
associated with LA [13], was generally positive in the poor
outcome group. Meanwhile, aPE, a marker significantly related
to recurrent pregnancy loss [8], did not accurately indicate the
severity of the condition. As we could not examine IgG aPS/PT
and aPE in all of the poor outcome cases, further study is neces-
sary to clarify these correlations.

In both groups, there were a number of cases in which obstetric
complications were difficult to control with only LDA and hepa-
rin therapy. In addition to being LA positive and having a higher
frequency of IgG aP2GPI and IgG aPS/PT, most of the cases with
poor outcome appeared to have all of LA, aCL-B2GPT and aPS/
PT, but not aPE. Regarding the titer of each aPL in our study —
although there is no previous report which revealed the relation
between aPL titer and pregnancy outcome — LA, aCL-32GPI and
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aPS/PT, but not aPE, had a tendency to show higher titer or higher
activity in poor ouicome cases than the good ones. The titer of
aPE did not correlate with the outcome. A point to note is that LA
was not always positive in both dRVVT and Staclot LA tests even
in the cases with poor outcome. This suggested that more than
one test is necessary for detecting LA, a key marker for diagnos-
ing APS and predicting the outcome. We found that IgG aPS/PT
was helpful for identifying LA, while 1gG aPS/PT was useful for
assessing LA activity during heparin treatment.

None of the patients in our study presented IgG aPE. This was
likely to be associated with recurrent early pregnancy losses [8],
suggesting that recurrent early pregnancy losses may have a differ-
ent pathogenesis from severe obstetric APS.

Because the average age was younger in the group with poor
outcome than the other group, we propose that age is not a major
determinant of outcome among patients in this study.

Prior thrombosis was observed in one (20%) in the group with
good outcome and four (50%) in the group with poor outcome,
presumably affecting the severity of APS pregnancy. In fact, one
patient (#6 in Table 1) presented cerebral infarction as soon as she
became pregnant, while another (#13) presented spleen infarct dur-
ing puerperal period after delivery. These experiences indicated
that careful management is crucial in preventing thrombotic events
throughout pregnancy and perinatal period.

Seven cases had SLE (two in the good outcome group and five
in the other), one in the good outcome group had Grave’s disease,
while one in poor outcome group had autoimmune hepatitis. As
patients with autoimmune diseases were found in both groups, we
propose that pregnancy outcome was not dependent on the type of
underlying autoimmune condition.

While optimal pharmacologic treatment is essential to achieve
a successful outcome in APS pregnancy, such treatment by itself
is not sufficient. Careful obstetric monitoring, proper delivery tim-
ing and skillful neonatal care are all necessary factors for a more
desirable outcome. Meticulous management by a cooperative team
constituting of rheumatologists, obstetricians, and neonatologists
is important in minimizing potential adverse consequences associ-
ated with premature delivery.

One limitation of this study was the small number of patients
enrolled. Despite that, our investigation suggested the importance
of aPL profile in accessing pregnancy outcome in APS patients.
Considering the low prevalence of severe cases, multi-center
large-scale studies should be designed to confirm the significance
of aPL profile in the obstetric APS.
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Letters to the Editors

Combination therapy with
anticoagulants, corticosteroids
and intravenous immunoglobulin
for women with severe obsteiric
antiphospholipid syndrome

Sirs,

Obstetric antiphospholipid syndrome (APS)
is characterised by recwrent early miscar-
riages, foetal loss in later pregnancy and
maternal morbidity by thrombosis (1). Al-
though the first-choice treatment regimen
for women with obstetric APS is anticoag-
ulation therapy with a combination of hepa-
rin and low dose aspirin (LDA) (2), 20-30%
of cases result in pregnancy failure despite
appropriate treatment (2, 3). In addition,
among such cases are women with a signifi-
cantly higher risk of developing recuirent
severe gestational complications such as ma-
ternal thrombosis, preeclampsia and HELLP
syndrome (4-5). Combination therapies with
standard antithrombotic therapy for severe
APS patients have been anticipated. Immu-
notherapies such as intravenous immuno-
globulin (IVIG) and/or corticosteroids may
be good candidates for severe obstetric APS
patients (6-8). Here, we describe our experi-
ences treating three severe obstetric APS pa-
tients with a combination of anticoagulants,
corticosteroids and IVIG.

Table I shows background characteristics
and pregnancy outicomes of the three pa-
tients. All patients were diagnosed based on
the revised Sidney criteria (1). We defined

women with “severe APS” as those with (1)
severe late gestational complications such
as preeclampsia or intrauterine foetal death,
or (2) any thrombotic event during or soon
after pregnancy despite anticoagulation
therapy. Based on recommended protocols,
continuous uniractionated heparin injec-
tions were initiated after a urine pregnancy
test (at around 4 gestational weeks) for all
three patients (2, 9, 10). LDA administered
before pregnancy was continued after con-
ception and warfarin medication was dis-
continued after initiating heparin injection.
The quantity of injected heparin was ad-
justed to maintain a plasma heparin concen-
tration above 0.2 U/ml, which is associated
with a decreased risk of thrombosis during
pregnancy (9, 10). Prednisolone (PSL; 10—
20 mg/day) was also initiated upon diagno-
sis of pregnancy. Further to this, a five-day
course of IVIG (400 mg/kg body weight)
was initiated soon after confirmation of a
foetal heartbeat (FHB) (at around 6-7 ges-
tational weeks), as the rate of early natural
pregnancy loss decreases after ultrasound
confirmation of FHB (10).

Case 1 suffered from severe preeclampsia
with thrombocytopenia and splenic infarc-
tion during the postpartum period despite an-
tithrombotic therapy with LDA and heparin.
Case 2 experienced intrauterine foetal
deaths (IUFDs) twice. In addition, she ex-
perienced a brain infarction during the
postpartum period of the first pregnancy.
She took no medications during the first
pregnancy, and took LDA and corticoster-

oids during the second pregnancy. Case 3
experienced a thrombotic event after early
pregnancy loss despite heparin injection.
All three patients were positive for anti-beta
2 glycoprotein I ($2GPI) antibody, anti-ca-
ridiolipin (CL) antibody and lupus antico-
agulant (LA). All patients had been taking
LDA and warfarin while not pregnant. All
three patients achieved live births. Case 2
ended in preterm delivery at 32 gestational
weeks; however, this was solely attributed
to an obstetric complication (i.e. placenta
previa with increased genital bleeding).
All three patients received anticoagulation
therapy with LDA and heparin during the
intrapartum period given worries of throm-
bosis rather than bleeding at delivery. No
thrombotic or bleeding complications were
observed in any of the patients.

Although results from several studies have
not supported the use of immunotherapies
such as corticosteroids and IVIG for treating
APS (2-3), proper management guidelines
for severe obstetric APS patients have yet to
be established. Once recent study suggested
that low dose corticosteroids given during
the first trimester in addition to anticoagula-
tion therapy improved pregnancy outcomes
in women with severe obstetric APS (8).
However, the live birth rate of the series
in that study was 61%. We believe that ad-
ditional IVIG can improve pregnancy out-
comes of severe obstetric APS patients. Fur-
ther studies will be needed to clarify the ef-
fectiveness of additional immunotherapies
in treating severe obstetric APS patients.

Table I. Background characteristics and pregnancy outcomes.

Case no. i 2 3
Age (years) 29 35 31
Height (cm), Body weight (kg) 148,40 162,46 162,52
Gravida, Para G1P1 G2P2 GIPO
Diagnosis APS APS APS
Age of onset (years) 17 24 19
Disorder DVT IUFD Pulmonary embolism
Past pregnancy history 1 1 2nd 1
Age (years) 27 24 29 27
Medication LDA (81 mg/day) None LDA (81 mg/day) Heparin (10,000 U/day)

Heparin (10,000 U/day)

Complication: Mother Preeclampsia Postpartum brain infarction None Early pregnancy loss, DVT

Complication: Infant Intact survival IUFD IUFD —

Gestational age at delivery (wks) 29 24 29 7

Birth weight (grams) 984 222 873 -
Titer of aPL antibodies at non-pregnancy

period (normal range)

anti-CL IgG (0-9 U/ml) 19 69 440

anti-32GPI 1gG (0-3.4 U/ml) 229 208 218

LA Positive Positive Positive
Pre-conception clinical symptoms None None None
Pre-conception medications LDA + warfarin LDA + warfarin LDA + warfarin
Method of conception Natural Natural Natural
Gestational age at delivery 37w0d 32w2d 37w3d

Previous cesarean section  Total placenta previa Increased genital bleeding

(Increased genital bleeding)

Indication of delivery

Mode of delivery Cesarean section Cesarean section Transvaginal
Birth weight (SD score) 2692 (-0.15D) 1484 (-1 48D) 2052 (-1.7SD)
Thrombotic cornplication None None None

APS: antiphospholipid syndrome; DVT: deep venous thrombosis; LDA: low-dose aspirin; [UFD: intrauterine foetal death; anti-p2GPT: anti-beta 2 glycoprotein T; anti-CL: anti-
cardiolipin; LA: lupus anticoagulant; SD: standard deviation.
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Regulatory (Treg) T cells play essential roles in the maintenance of allogeneic pregnancy
in mice and humans. Recent data show that Foxp3 expression occurs in both immuno-
suppressive Treg and -nonsuppressive effector T (Teff) cells upon activation in humans.
Samstein et al. (2012) reported that inducible Treg (iTreg) cells enforce maternal-fetal tol-
erance in placental mammals. Therefore, we should reanalyze which types of Treg cell play

Keywords: an important role in the maintenance of allogeneic pregnancy. In this study, we studied
E{‘Zﬁ;tsor Treg the frequencies of naive Treg cells, effector Treg cells, Foxp3* Teff cells, Helios* naturally
Human pregnancy occurring Treg (nTreg) cells, and Helios~ iTreg cells using flow cytometry. The frequencies
Miscarriage of effector Treg cells and Foxp3* Teff cells among CD4*Foxp3* cells in the decidua of miscar-

riage cases with anormal embryo karyotype (n = 8) were significantly lower (P=0.0105) and
significantly higher (P=0.0258) than those in normally progressing pregnancies {(n=11),
respectively. However, these frequencies in miscarriages with an abnormal embryo karyo-
type (n=15) were similar to those in normally progressing pregnancies. The frequencies
of these cell populations in the three groups were unchanged in peripheral blood; on the
other hand, most of the effector Treg cells in the decidua were Helios* nTreg cells and these
frequencies were significantly higher than those in peripheral blood, while those among
effector Treg and naive Treg cells in the decidua and peripheral blood were similar among
the three groups. These data suggest that decreased Helios* effector nTreg might play an
important role in the maintenance of pregnancy in humans.

© 2014 Elsevier Ireland Ltd. All rights reserved.

Naturally occurring Treg

1. Introduction

Regulatory T cells (Treg) play an important role in the
induction and maintenance of tolerance (Sakaguchi et al,
1895; Sakaguchi, 2005). In 2004, Aluvihare et al. and our
group first reported that Treg cells might mediate mater-
nal tolerance to the fetus in mice and humans (Aluvihare
et al., 2004; Sasaki et al, 2004). Since then, many lines of
evidence supporting the importance of Treg cells in the

* Corresponding author. Tel.: +81 76 434 7355; fax: +81 76 434 5036.
E-mail address: s30saito@med.u-toyama.ac,jp (S. Saito).

hetp://dx.dol.org/10.1016/1jri2014.09.053
0165-0378/© 2014 Elsevier Ireland Ltd. All rights reserved.

implantation period and the early pregnancy period have
been presented, with more detailed characterization of
Treg cells in mice (Zenclussen et al,, 2005, 2006; Darrasse-
Jéze et al., 2006; Kallikourdis et al,, 2007; Robertson et al,
2009; Shimaetal, 2010; Kahn and Baltimore, 2010; Guerin
etal, 2011; Rowe et al, 2011, 2012; Samstein et al,, 2012;
Yinetal, 2012) and in humans (Tilburgs et al., 2008, 20089;
Sasaki et al., 2007; Yang et al, 2008; Jin et al., 2009; Mei
et al, 2010; Wang et al, 2010, 2011; Winger and Reed,
2011; Lee et al, 2011; Steinborn et al, 2012).

For example, adoptive transfer of Treg cells puri-
fied from normal pregnant mice prevented fetal loss in
CBA/Je x DBA/2] ¢ mice (Zenclussen et al,, 2005; Yin et al,,
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2012), suggesting that fetal antigen-specific Treg cells
might play essential roles in the maintenance of allogeneic
pregnancy. Seminal plasma plays an important role in the
expansion of fetal antigen-specific Treg (Robertsan et al,
2008; Guerin et al, 2011). Memory Treg cells that recog-
nize paternal antigens also rapidly increase in a second
pregnancy with the same partner compared with the first
(Rowe et al, 2012). Adecreased Treg cell pool was observed
inrecurrent miscarriage cases in humans (Yang et al., 2008;
Jinet al, 2009; Mei et al, 2010; Wang et al, 2010, 20171,
Lee et al, 2011) and a low Treg cell level predicts the
risk of miscarriage in cases of unexplained recurrent preg-
nancy loss (Winger and Reed, 2011). Selective migration
of fetus-specific Treg cells from the peripheral blood to
the decidua in human pregnancy has also been reported
(Tifburgs et al, 2008). We have reported that the pop-
ulation of CD4*Foxp3* Treg cells at the decidua basalis
in miscarriage with a normal karyotype embryo was sig-
nificantly lower than in neormally progressing pregnancy
and in miscarriage with an abnormal embryo, suggest-
ing that dysregulation of maternal tolerance to the fetus
might be associated with unknown etiology of miscarriage
in humans (Inada et al, 2013). )

We considered that Foxp3 is the most reliable marker
for Treg cells (Hori et al, 2003), but recent data have
shown that Foxp3* expression in humans occurs in
both immunosuppressive Treg cells and non-suppressive
and cytokine-producing effector T cells (Walker et al,
2003; Gavin et al, 2006; Allan et al, 2007). Miyara
et al, (2009) reported that human CD4*Foxp3* cells
are classified into CD4*CD45RA*Foxp3'°W naive Treg
cells, CD4*CD45RA-Foxp3hish effector Treg cells, and
CD4*CD45RA-Foxp3!ow effector T (Teff) cells. Impor-
tantly, those Foxp3® Teff cells have no capacity for
immunoregulation. CD4*CD25b1ht T cells exhibit
regulatory function in humans (Beacher-Allan et al,
2001). Miyara et al. (2009) showed that CD4*CD25bright
cells are composed of CD4*CD45RA*Foxp3'°% naive
T cells, CD4*CD45RA-Foxp3®W Teff cells, and
CD4*CD45RA-Foxp3high effector Treg cells. CD4*CD25*
CD127- cells are believed to be a reliable marker for Treg
cells (Seddiki et al, 2006), but Kleinewietfeld et al. (2009)
pointed out that some of the CD4*CD25"CD127- cells
are Teff cells, which produce IFN-y, IL-2, and IL-17. These
findings suggest that we should re-evaluate which subsets
of Foxp3* cells play an important role in the maintenance
of pregnancy.

Treg cells are classified as naturally occurring Treg
(nTreg) generated in the thymus and inducible T (iTreg)
generated in the periphery (Sakaguchi, Z005). Samstein
ef al. (2012) reported that conserved noncoding sequence
1 (CNS1), which is essential for iTreg differentiation,
is conserved only in placental mammals, and CNS1-
deficient femnale mice showed increased fetal resorption
in allogeneic pregnancy. These findings suggest that iTreg
induction at the fetomaternal interface might be important
for a successful pregnancy in placental mammals.

However, it has still not been reported which subset of
Treg cells is important for the maintenance of human preg-
nancy: naive Treg cells, effector Treg cells, nTregs or iTregs.
As such, we have studied the populations of naive Treg

cells, effector Treg cells, Foxp3* Teff cells, Helios* nTreg
cells, and Helios™ iTreg cells in the decidua or peripheral
blood of miscarriage cases with abnormal or normal fetal
chromosomal content.

2. Materials and methods
2.1. Cases of normal pregnancy and miscarriage

This study was approved by the Ethics Committee of
the University of Toyama. We obtained written informed
consent from all the cases. We enrolled 11 subjects with
normally progressing pregnancy, 15 with miscarriage and
an abnormal embryo karyotype (trisomy [n=14] includ-
ing trisomy8 [n=2], trisomy13 [n=2], trisomy15 [n=1],
trisomy16 [n=3], trisomy21 [n=3], trisomy22 [n=3], and
translocation [n=1]), and 8 with miscarriage and a normal
embryo karyotype. Chorionic villi were sampled from mis-
carriage cells for cytogenetic analysis. Fetal chromosomal
karyotyping was performed by conventional G-band stain-
ing. Echo sonography was performed every two weeks, and
patients were advised to obtain an induced abortion if the
fetal heartbeat ceased or was never detected. In women
with a normally progressing pregnancy, fetal heartbeat was
identified before elective termination. None of the subjects
had any risk factors such as genetic abnormalities (neither
themselves nor their husband), uterine malformation, thy-
roid dysfunction or anti-phospholipid antibody syndrome.

The clinical background in these groups is shown in
Table 1. The numbers of previous miscarriages in women
miscarrying with an abnormal embryo and miscarrying
with a normal embryo were significantly higher than in the
normal pregnancy group. Gestational weeks at sampling,
body mass index (BMI), and frequency of smoking were
similar among the three groups.

2.2. Flow cytometry

Decidual mononuclear cells (leukocytes) were puri-
fied by the Ficoll Hypaque method after homogenization
and filtration through a 32-pm nylon mesh, as previously
reported (Saito et al., 1892).

The following monoclonal antibodies (mAbs) were used
in this study: anti-CD4 (Per CP-Cy5.5; BD Biosciences, NJ,
USA), anti-CD45RA (Biotin; BD Bioscience), and strepta-
vidin labeled with APC-Cy7 (BD Biosciences) as cell surface
markers, and anti-Foxp3 (FITC; eBioscience, San Diego,
CA, USA) and anti-Helios (Alexa Fluor 647; eBioscience)
as intracellular markers. Decidual and peripheral mono-
nuclear cells were first stained with anti-CD4 mAb and
anti-CD45RA mAb for 30 min on ice. Cells were washed
with phosphate-buffered saline (PBS) three times. Next,
APC-Cy7-labeled streptavidin was added and inoculated
for 15min on ice. After washing the cells with PBS three
times, they were fixed and permeabilized by incubation
for 30min with fixation/permeabilization buffer (eBio-
science), and then stained with anti-Foxp3 and anti-Helios
mAb. Flow cytometry analysis was performed on a BD FAC-
Scanll (BD Biosciences).

Lymphocytes were gated based on both forward
and side scatter parameters (Fig. 1, left). Monocytes,
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Table 1

Clinical background in normal pregnancy, miscarriage with an abnormal embryo and miscarriage with a normal embryo.

Normal pregnancy

Miscarriage with an abnormal

Miscarriage with a normal embryo

n=11 embryo n=8
n=15

Age (year)’ 27.5+0.7 (16-39) 37303 (29-44) 32.1+0.8 (22-42)
Gravidities™ 1.04£0.1(0-2) 2.2:+0.08 (0-4) 2.5+0.2 (0-5)
Nulliparity 6/11 (54.5%) 10/15 (66.7%) 4/8(50.0%)
No. of liveborn children’ 0.7 +0.08 (0-2) 0.3+003 (0-1) " 0.5+£0.07(0-1)
No. of miscarriages ™" 0(0-0) 2.5+0.08 (1-5)" 2.84+0.2 (1-5)"
Stillbirth” 0(0-0) 0.1+£0.02 (0-1) 0(0-0)
Gestational weeks 7.5+0.2(6-10) 7.2+0.09 (5-10) 6.1+0.2(5-9)
BMI 204:£02(17.7-23.1) 21.84+02(17.7-27.1) 20.6+£0.4(18.0-27.7)
Smoker 3/11(27.2%) 1/15 (6.7%) 0/8 (0%)
" MeanzSEM (range).

“ This pregnancy or miscarriage is not included in gravidities.
*** This miscarriage is included in no. of miscarriages.
t P<0.05 vs. normal pregnancy.
t P<0.001 vs. normal pregnancy.
tit P<0.0001 vs. normal pregnancy.

granulocytes, and decidual stromal cells were excluded
from the setting of a lymphocyte gate as in Fig. 1 (left).
After gating on CD4" cells (Fig. 1, center), the propor-
tions of CD4*CD45RA*Foxp3!°" naive Treg, CD4*CD45RA~
Foxp3high effector Treg, and CD4*CD45RA-Foxp3!oW Teff
cells were determined among CD4*Foxp3* cells (Fig. 1).
Isotype-matched fluorochrome-conjugated mice IgG were
used as a control. Foxp3!°" and Foxp3h&h were classified
as follows. In the peripheral blood, some of the CD4* cells
expressed Foxp3'°¥W (Fig. 1, upper column). The expres-
sion of Foxp3 in Foxp3high cells was brighter than those

PBMC

in CD4*Foxp3!°¥ cells. In the decidua, CD4*Foxp3high cells
formed a cluster, and we classified these as CD4*Foxp3high
cells and CD4*Foxp3!°V cells (Fig. 1, center and right).

2.3. Statistical analysis

Statistical analysis was performed using a statistical
software package (SASversion 9.1; SAS Institute, USA). Data
were analyzed using the Mann-Whitney U test. A value of
P<0.05 was considered statistically significant.

SSC

Effector
Treg
18.3%

FSC
decidua

Foxp3* Teff Foxp3

67.8%

SSC

FSC

CDASRA

Foxp3* Teff Foxp3
35.4%

Fig. 1. Gating strategy for the detection of CD4*CD45RA*Foxp3°¥ naive Treg cells, CD4*45RA-Foxp3hish effector Treg cells, and CD4*CD45RA-Foxp3low
effector T cells. Lymphocytes in the peripheral blood (upper column) and decidua (lower column) were gated on forward and side scatter parameters. CD4*
T cells in peripheral blood and decidua were classified into CD45RA*Foxp3!°% cells, CD45RA-Foxp3hish effector Treg cells, and CD45RA-Foxp3'¥ Teff cells.
The percentages of CD45RA*Foxp3™W cells, CD45RA-Foxp3high cells, and CD45RA~Foxp3'o% cells among CD4*Foxp3* T cells are displayed.
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3. Results

3.1. Frequencies of Foxp3* cells and Treg (naive
Treg +effector Treg) cells among CD4* cells in the decidua

The frequency of decidual Foxp3* cells among CD4* cells
in miscarriage cases with normal fetal chromosomal con-
tent was significantly lower (P=0.039) than that in normal
pregnancies (Fiz. 2A). However, this frequency in mis-
carriage cases with abnormal chromosomal content was
similar to that in normal pregnancies. Next, we measured
the frequency of Treg cells (naive Treg cells +effector Treg
cells) among CD4* T cells. The frequency of the true Treg
cell population excluding Foxp3* Teff cells in the decidua
was significantly lower in subjects with miscarriage and a
normal embryo karyotype than in those with normal preg-
nancies, and in subjects with miscarriage and an abnormal
embryo karyotype (P=0.0258 and P=0.0389 respectively;
Fig. 2B). We have reanalyzed the frequency of decidual
Foxp3* cells and true Treg cells in subjects with a first preg-
nancy (), subjects who have had a previous live birth (@),
and the subjects with miscarriage who have had previous
miscarriage(s) and no live births (A). There were no signif-
icant differences in Foxp3* cells and true Treg cells among
the three groups, although the sample size is small.

3.2. Frequencies of decidual naive Treg cells, effector Treg
cells and Foxp3* Teff cells among CD4*Foxp3™* cells

The frequency of decidual effector Treg cells in sub-

jects with miscarriage and a normal embryo karyotype
was significantly lower (P=0.0105) than that in subjects
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with normal pregnancies (Fig. 2B). On the other hand, the
frequency of decidual Foxp3* Teff cells in subjects with
miscarriage and a normal embryo karyotype was signifi-
cantly higher than that in subjects with normal pregnancies
and in subjects with miscarriage and an abnormal embryo
(P=0.0258 and P=0.0389 respectively; Fig. 3C). The ratio
of effector Treg cells to Foxp3* Teff cells in subjects with
miscarriage and a normal embryo was significantly lower
(P=0.0106) than that in subjects with normal pregnancies.

The frequencies of naive Treg cells were similar among
the three groups (Fiz. 3A).

3.3. Frequency of naive Treg cells, effector Treg cells and
Foxp3* Teff cells among CD4*Foxp3™ cells in the
peripheral blood

The frequencies of naive Treg cells, effector Treg cells
and Foxp3* Teff cells in the peripheral blood were simi-
lar among the three groups (Fig. 4A-C). The frequency of
effector Treg cells in the peripheral blood in subjects with
miscarriage and a normal karyotype embryo appeared to
be higher, but the difference did not reach significance
(Fig. 4B). Foxp3™ Teff cell population in peripheral blood
did not increase in subjects with miscarriage and a nor-
mal karyotype embryo. Furthermore, the ratio of effector
Treg cells to Foxp3™* Teff cells in subjects with miscarriage
and a normal embryo karyotype appeared to be higher,
but the difference did not reach significance (Fig. 4D). The
frequency of effector Treg cells and Foxp3* Teff cells was
different between decidua and peripheral blood. We have
calculated the ratio of the frequency of decidual naive Treg
cells to that of peripheral Treg cells (Fig. 5A), frequency of
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Fig. 2. Frequencies of Foxp3* cells (A) and true Treg (naive Treg and effector Treg) cells (B) among CD4* cells in the decidua of normal pregnancy, miscarriage
with abnormal karyotype embryo and miscarriage with normal karyotype embryo. Horizontal bar is the median value. n.s. means not significant. Open
circle shows subjects with their first pregnancy. Closed circle shows subjects who have had a previous live birth. Open triangle shows the subjects with

miscarriage who have had a previous miscarriage(s) and no live births.



14 K Inada et al. / Journal of Reproductive Immunology 107 (2015) 10-19

Naive Treg / CD4 * Foxp3* Effector Treg / CD4* Foxp3* Foxp3*Teff / CD4 * Foxp3* Effector Treg / Foxp3* Teff
A) in decidua B) in decidua ) in decidua D) in decidua
n.s. p=0.0105 p=0.0258 p=0.0106
ns. n.s. n.s. p=0.0933 n.s. p=0.0389 . n.s. p=0.0528
O e T I e TR
25+ @ 80— 80— -
15 &
3.0+
2] 60 W 60- e ° ’
666 . | . P
[ ® @
° -4 ¢ e® °
154 ° © H ® LR .
o ° e ° ° e 2.0 e
-]
e L]
40 e © 4 o 9 ° 8
e ° U0 oo ‘ | =28
10 @ -] © 0® 8 ®
8 . e
e © g,
e 1.0+ e® e g
20+ 20+ © ®
@
5— H °
— & (]
@
(=]
e L]
o} 0 0 0
Normal  Abnormal Normal Normal  Abnormal Normal Normal Abnormal Normal Normal Abnormal Normal
pregnancy embryo embryo pregnancy embryo embryoc pregnancy embryo embryo pregnancy embrye embryo
n=11 n=1% n=8 n=11 n=15 n=8 n=11 n=15 n=8 n=11 n=15 n=8

e —————— P .
miscarriage miscarriage

————— ————
miscarriage miscarriage
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cells/Foxp3* Teff cells (D) in normal pregnancy, miscarriage with abnormal karyotype embryo, and miscarriage with normal karyotype embryo. Horizontal

bar is the median value. n.s. means not significant.

decidual effector Treg cells to that of the peripheral blood
(Fig. 5B), and frequency of decidual Foxp3* Teff cells to that
of the peripheral blood (Fig. 5C). The ratio of effector Treg
cells of decidua to peripheral blood in subjects with mis-
carriage and a normal karyotype embryo was significantly
lower than that in subjects with normal pregnancies and
in subjects with miscarriage and an abnormal karyotype
embryo (P=0.0128 and P=0.0123 respectively; Fig. 5B).
The ratio of Foxp3* Teff cells of the decidua to those in
the peripheral blood was significantly higher (P=0.0265)
in subjects with miscarriage and a normal karyotype
embryo than the ratio in subjects with normal pregnan-
cies, and in subjects with miscarriage and an abnormal
karyotype embryo (P=0.0265 and P=0.0066 respectively;
Fig. 50).

3.4. Frequency of Helios™ effector Treg cells and naive
Treg cells in the decidua and peripheral blood of normal
pregnancies, miscarriages with an abnormal karyotype
embryo, and miscarriages with a normal karyotype
embryo

The frequency of Helios® Treg cells in the peripheral
blood was around 80% of normal pregnancies, miscarriages
with an abnormal karyotype embryo, and in miscar-
riages with a normal karyotype embryo, as previously

reported (Thornton et al, 2010; Fig. 6A). The frequencies of
Helios* naive Treg cells were similar between decidua and
peripheral blood in normal pregnancies, miscarriages with
abnormal karyotype embryo, and miscarriages with nor-
mal karyotype embryo (Fig. 6A). However, the frequency of
Helios* effector Treg cells in the decidua was over 90%, and
this frequency in the decidua was significantly higher than
in peripheral bloed in normal pregnancies (P=0.02), mis-
carriages with abnormal karyotype embryo (P=0.008), and
miscarriages with a normal karyotype embryo (P=0.02) in
contrast to the data for naive Treg cells (Fig. €B), suggest-
ing the selective migration of effector Treg cells info the
decidua from peripheral blood. However, the frequencies
of Helios™ cells among effector Treg cells in the decidua
and peripheral blood were similar among the three groups.
On the other hand, the frequencies of Helios*-naive Treg
cells were similar to those in decidua and peripheral blood
(Fig. BA).

Next, we studied the frequency of Helios-positive or
Helios-negative naive Treg cells and effector Treg cells in
the decidua (Table 2). The frequency of decidual Helios*
effector Treg cells among CD4*Foxp3*cells in subjects
with miscarriage and a normal embryo was significantly
lower compared with that in normal pregnancy subjects
(P=0.0258). These frequencies in the peripheral blood were
similar among the three groups (Table 3).
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Table 2
Frequencies of decidual Helios-positive or Helios-negative naive Treg cells and effector Treg cells in normal pregnancy, miscarriage with an abnormal

embryo and miscarriage with a normal embryo.

Normal pregnancy
n=11

Miscarriage with an
abnormal embryo
n=15

Miscarriage with a
normal embryo
n=8

Helios* naive Treg cells/CD4*Foxp3* cells (%)
Helios™ naive Treg cells/CD4*Foxp3* cells (%)
Helios* effector Treg cells/CD4*Foxp3* cells (%)
Helios~ effector Treg cells/CD4*Foxp3™ cells (%)’

4,03 & 0.20(0.81-9.08)
1.53 = 0.18 (0.49-7.33)
52.99 & 0.78 (37.84-64.03)

2.30 & 0.17 (0.58-6.81)

6.77 £ 0,37 (1.22-24.07)
1.13 & 0,054 (0.23-3.15)
51.69 + 0.90 (30.16-71.29)
2.12 & 0.18 (0.26-8.74)

5.48 & 035 (1.12-8.53)
1.14 + 0.088 (0.54-2.44)
42.83 £ 0.98 (30.11-54.54)

142 + 0.12 (0.31-3.47)

° Mean £ SEM (range).
t P<0.05 vs. normal pregnancy.

Table 3

Frequencies of peripheral blood Helios-positive or Helios-negative naive Treg cells and effector Treg cells in normal pregnancy, miscarriage with an abnormal

embryo and miscarriage with a normal embryo.

Normal pregnancy
n=11

Miscarriage with an
abnormal embryo
n=15

Miscarriage with a normal
embryo
n=8

Helios* naive Treg cells/CD4*Foxp3* cells (%)
Helios~ naive Treg cells/CD4*Foxp3* cells (%)’
Helios* effector Treg cells/CD4*Foxp3* cells (%)’
Helios~ effector Treg cells/CD4*Foxp3* cells (%)

10.41 + 0.96 (4.77-23.10)
421 % 0.40 (1.55-8.25)
7.25 + 037 (4.14-11.11)
1.28 + 0.13 (0.53-2.80)

8.09 & 0.21 (3.09-14.60)
2.53 & 0.15 (0-6.8)

7.41 + 0.34(2.40-20.8)
1.76  0.093 (0-5.08)

6.74 £ 0.39 (4.10-12.01)
2.49 + 0.19 (0-5.27)
5.78 & 0.41(1.91-10.30)
0.83 4 0.099 (0-2.11)

" Mean+ SEM (range).
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4. Discussion

Foxp3 is believed to be a specific marker for Treg cells
(Hori et al,, 2003), but recent data show that Foxp3 expres-
sion transiently occurs in IL-2- and IFN~y-producing Teff
cells in humans (Walker et al., 2003; Gavin et al, 2006;
Allan et al, 2007). It is possible that these activated Teff
cells might react to fetal antigens presented by antigen-
presenting cells (APCs) in'the decidua and create harmful
inflammation causing demise of the embryo. Many papers
have reported that Foxp3* cells increase in normal preg-
nancy, but decrease in miscarriage (Sasaki et al, 2004;
Yang et al, 2008; fin et al,, 2009; Mei et al, 2010; Wang
et al, 2010, 2011; Lee et al, 2011) and preeclampsia
(Sasaki et al, 2007; Santner-Nanan et al,, 2009). However,
there are no reports describing which types of Foxp3* cell
increase or decrease in miscarriage. Foxp3* cells are clas-
sified into effector Treg cells that contribute to immune
tolerance, naive Treg cells that show a weak capacity for
immunoregulation, and Teff cells that break immune tol-
erance. This is the first report that shows that decidual
effector Treg cells decreased in miscarriage with a normal
karyotype embryo, but not in miscarriage with an abnor-
mal karyotype embryo. Interestingly, Foxp3* Teff cells in
the decidua were increased in miscarriage with a nor-
mal karyotype embryo. The immunological environment

is controlled by the balance between immunoactivation
and immunoregulation. In the miscarriage cases with a
normal karyotype embryo, the balance seemed to shift to
animmunoactivation-dominant state, and dysregulation of
tolerance to the fetus might occur. We compared the per-
centage of effector Treg cells and Foxp3* Teff in CD4*Foxp3
cells in decidua and peripheral bload. Our findings suggest
that immunological abnormality might be limited in the
pregnant uterus in miscarriage with a normal karyotype
embryo. Unfortunately, we did not measure the weight of
decidual samples; therefore, we could not calculate the
numbers of these cells in milligrams of decidua. This is a
limitation of our study.

The etiology of recurrent pregnancy loss (RPL) is
unknown in 40-60% of cases (Clifford et al,, 1994). In a
murine model, decreased Treg cells could induce implan-
tation failure (Darrasse-[éze et al, 2006; Shima et al, 2010)
and early pregnancy loss by activation of T cells and NK cells
(Aluvihare et al, 2004; Zenclussen et al, 2005; Thaxton
ef al,, 2013), suggesting that immune dysregulation might
be one of the etiologies of fetal resorption. These find-
ings suggest that a proportion of sporadic miscarriage
cases or RPL cases with a normal fetal karyotype might
be associated with the immune etiology of miscarriage
in humans. However, further studies are needed to prove
this.
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cells.

Samstein et al. (2012) recently reported that a Foxp3
enhancer, CNS1, is essential for the induction of iTreg
cells and that iTreg cells play an essential role in the
maintenance of allogeneic pregnancy in placental animals.
Thornton et al. (2010} reported that Helios, an Ikaros tran-
scription factor family member, is a specific marker of
nTreg cells. Therefore, we analyzed Helios* nTreg cells
and Helios~ iTreg cells among effector Treg cells in the
decidua and peripheral blood. Our data first showed that
there were very few Helios™ iTreg cells in the decidua
of subjects with normal pregnancy and also in that of
human subjects with miscarriage, and that the frequency of
Helios™ iTreg did not change in miscarriage. Furthermore,
the frequency of Helios* functional nTreg in the decidua
was significantly higher than that in peripheral blood in
‘normal pregnancies, miscarriages with an abnormal kar-
yotype embryo and miscarriage with a normal karyotype
embryo, but the frequency of Helios™ naive nTreg cells in
the decidua was similar to that in peripheral blood. This
finding may be explained by the fact that Helios* func-
tional nTreg cells selectively accumulated in the pregnant
uterus from the periphery. Indeed, selective migration of
fetus-specific Treg cells from the peripheral blood to the
decidua was reported in human pregnancy (Tilburgs et al,,
2008) and murine pregnancy (Kallikourdis et al,, 2007). We
have already reported that there were decreased numbers
of Foxp3* cells at the decidua basalis were decreased, but
not at the decidua parietalis, in subjects with miscarriage
and a normal embryo karyotype, showing the failure of the

migration of Treg cells at the fetomaternal interface (Inada
et al,, 2013). The level of effector Treg cells in peripheral
blood was slightly elevated in subjects with miscarriages
and a normal karyotype embryo (Fig. 4B), which may indi-
rectly support this idea. Indeed, Chen et al. {2013) recently
showed that CD44high CDE211OW activated memory Treg
cells specific for self-antigen were rapidly recruited to the
uterus-draining lymph nodes and activated in the first days
after embryo implantation. Further studies are necessary to
discover whether self-specific memory Treg cells are nTreg
or iTreg cells. In summary, Helios* effector Treg cells were
decreased in the decidua of subjects with miscarriage and
a normal karyotype embryo. Effector nTreg may play an
importantrole in the maintenance of pregnancy in humans,
although Helios is not a strict marker for nTreg (Zabransky
etal, 2012).

It is well known that the Treg cell pool is decreased
in preeclampsia (Sasaki et al,, 2007; Santner-Nanan et al,,
2008) and recent data showed that Helios™ iTreg cells,
but not Helios* nTreg cells, were decreased in peripheral
blood in preeclampsia (Hsu et al,, 2012). iTreg cells may be
important for the maintenance of pregnancy at a late stage.
Indeed, Rowe et al. (2012} reported that the frequency of
Helios* fetal antigen-specific nTreg cells in mid-gestation
(11.5 days post-coitus) was 70%, and this frequency in
late gestation (18.5 days post-coitus) was reduced to 40%,
suggesting that Helios™ fetal antigen specific iTreg cells
expanded in late pregnancy. Neuropilin 1 is expressed on
nTreg cells (Weiss et al, 2012; Yadav et al,, 2012). We have
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tried to study the expression of neuropilin 1 on Treg cells,
but the immunostaining of neuropilin 1 was weak; thus,
we could not classify Treg cells into nTreg and iTreg cells
using neuropilin 1 staining.

Rowe et al. (2012) reported that memory Treg cells that
sustain anergy to fetal antigen play a role in the rapid
induction .of fetomaternal tolerance. Importantly, when
Treg cells from female mice were transferred into pregnant
mice soon after delivery, they quickly expanded after preg-
nancy, but when Foxp3~CD4* T cells were transferred into
pregnant mice, donor-derived fetal antigen-specific Treg
cells did not appear (Rowe et al, 2012). If iTreg cells play an
essential role in the maintenance of allogeneic pregnancy,
donor-derived fetal antigen-specific iTreg cells should be
increased, but Helios*-fetal antigen-specific nTreg cells
were the major population in mid-gestation (Rowe et al,
2012). Furthermore, when CNS1-deficient fermale mice
were mated with allogeneic male mice, the resorption rate
was only 10%(Samsteinet al, 2012). More than 50% resorp-
tion was observed when total Treg cells were depleted in
mice (Shima et al, 2010; Rowe et al, 2012). This finding
suggests that notonly iTreg cells, but also nTreg cells, might
play a role in a successful pregnancy. Further studies are
needed on the types of Treg cell that play an important
role in successful implantation and pregnancy in mice and
humans.

Inconclusion, we are, to our knowledge, the first to show
that Helios-positive functional Treg cells decreased and
Foxp3* Teff cells increased in the decidua of miscarriage
cases with normal fetal chromosomal content. These find-
ings suggest that dysregulation of fetomaternal tolerance
might be one of the etiologies of miscarriage in humans.
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ABSTRACT

During pregnancy, human placenta-associated microRNAs
(miRNAs) derived from the miRNA cluster in human chromo-
some 19 are expressed in villous trophoblasis and secreted inte
maternal circulation via exosomes; however, little is known
about whether circulating placenta-associated miRNAs are
transferred into maternal immune cells via exosomes, and
modulate expression of target genes in the recipient cells. We
employed an in vitro model of trophoblast-immune cell
communication using BeWo cells (2 human trophoblast cell
line) and Jurkat cells (@ human leukemic T-cell line) and
investigated whether BeWo exosomal placenta-associated miR-
NAs can suppress expression of target genes in the recipient
Jurkat cells. Using this system, we identified PRKGT as a target
gene of placenta-associated miRNA miR-517a-3p. Moreover, we
demonstrated that BeWo exosomal miR-577a-3p was internal-
ized into Jurkat cells and subsequently suppressed the expression
of PRKG1 in recipient Jurkat cells. Furthermore, using peripheral
blood natural killer (NK) cells in vive, we confirmed that
circulating miR-517a-3p was delivered into maternal NK cells as
it was into Jurkat cells in vitro. Placenta-associated miR-577a-3p
was incorporated into maternal NK cells in the third trimester,
and it was rapidly cleared after delivery. Expression levels of
miR-517a-3p and its target mRNA PRKGT were inversely
correlated in NK cells before and after delivery. These in vitro
and in vivo resulis suggest that exosome-mediated transfer of
placenta-associated miRNAs and subsequent modulation of their
target genes occur in maternal NK cells. The present study
provides novel insight into our understanding of placenta-
maternal communication.

BeWo, exosome, human placenta, Jurkat, microRNA, natural killer
cell, PRKG1, regulatory T cell, villous trophoblast
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INTRODUCTION

Exosomes are nanovesicles (30-100 nm) of multivesicular
body origin that can be released from the cell surface by

- exocytosis [1]. Most cell types are believed to be able to secrete

exosomes [2], which can reach bodily fluids, such as plasma
[3], urine [4], semen [5], milk [6], and saliva [7]. To date, it is
well known that exosomes contain RNAs, lipids, and many
kinds of proteins, which are all thought to transfer from the cell
of origin to adjacent or distant cells and influence biological
functions of the recipient cells [8, 9]. There has been a growing
interest in the role of exosomal microRNAs (miRNAs) in cell-
cell communication since Valadi et al. [10] demonstrated that
miRNAs exist in exosomes. MicroRNAs are small noncoding
RNAs approximately 22 nucleotides in length that play a
pivotal role in posttranscriptional gene regulation by repressing
target mRNA translation by base pairing to the 3’-untranslated
region (3’-UTR) [11, 12]. Recent studies have suggested that
exosomes have the capacity to shuttle genetic information from
cell to cell by transferring miRNAs [13].

MicroRNAs within the human imprinted chromosome 19
miRNA cluster (C19MC), a primate-specific miRNA cluster
encompassing 46 miRNAs in the human genome, are
expressed exclusively in the placenta (i.e., placenta-associated
miRNAs) [14-16]. Although C19MC-associated miRNAs are
not detected in other mormal adult tissues, they were also
identified in some cancer cells [17]. Recent studies have shown
that C19MC-associated miRNAs that are packaged within
trophoblast-derived exosomes confer viral resistance in recip-
ient cells by the induction of antophagy [18, 19]. However, the
biological functions of C19MC-associated miRNAs for the
placenta and pregnancy are still not fully understood. We
reported previously that placenta-associated miRNAs are
expressed in human villous trophoblasts and are secreted into
the maternal circulation via exosomes [20]. Exosomal miRNAs
are generally considered to be stable in the circulation [21].
This has raised the possibility that exosomal placenta-
associated miRNAs may be detected in the circulation during
pregnancy [22, 23] and may serve as novel predictive markers
[24]. However, there is little information on how exosomal
placenta-associated miRNAs participate in cell-cell communi-
cation and possibly confribute to the maintenance of pregnan-
cy.
Based on the aforementioned findings of exosomal
miRNAs, we hypothesized that circulating placenta-associated
miRNAs might be transferred via exosomes from placental
trophoblasts into maternal immune cells and repress expression
of target genes in the recipient cells. To test our hypothesis, we
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initially attempted to search target genes of placenta-associated
miRNAs in human peripheral blood immune cells using a
DNA microarray analysis. However, this in vivo evaluation
proved difficult because these immune cells already contain
various miRINAs derived not only from placental cells but also
many other cell types [25]. In this study, to avoid the
complexity of microarray experiments using circulating cells,
we have developed an in vitro model system of trophoblast-
immune cell communication using BeWo cells (a human
trophoblast cell line) [26] and Jurkat cells (a human leukemic
T-cell line) [27]. Using this system, we identified PRKGI as a
target gene of the placenta-associated miRNA miR-517a-3p,
via a combination of DNA microarray and in silico analyses.
We showed that exosomal miR-517a-3p can transfer from
BeWo cells into Jurkat cells and modulate the target gene
within the recipient cells. Furthermore, we evaluated the uptake
of circulating miR-517a-3p into immune cells using peripheral
blood samples from pregnant women.

MATERIALS AND METHODS

Cell Culture

Jurkat and BeWo cells were purchased from the RIKEN Bioresource
Center. JEG3 cells were obtained from the European Collection of Cell
Cultures. Jurkat cells were maintained in exosome-free RPMI 1640 medium
(Gibco) supplemented with 10% fetal bovine serum (FBS; Japan Bioserum;
37°C, 5% CQ,); BeWo cells were cultured in exosome-free Ham F-12 medium
(Invitrogen) supplemented with 15% FBS (37°C, 5% CO,); JEG-3 was cultured
in exosome-free E-MEM (Wako) supplemented with 10% FBS, 1%
nonessential amino acids, and 1 mM pymvate (37°C, 5% CO,). Exosome-
free medium was prepared by ultracentrifugation at 100 000 X g for 12 h at 4°C
according to the method of Thery et al. [28].

Isolation of Peripheral Blood Immune Cells from Pregnant
Women

Samples of peripheral blood were obtained from full-term pregnant women
who gave informed consent (n = 24; gestational age, 3638 wk). Protocols were
approved by the ethics committees of Nippon Medical School and Jichi
Medical University. Postdelivery maternal blood samples were also collected 4
days after delivery. Women with significant comorbid medical conditions or
concomitant medications that would substantially impact immunologic function
were excluded from the study. Peripheral blood mononuclear cells (MNCs)
were isolated from heparinized venous blood using Lymphoprep (Axis-Shield
PoC AS). Briefly, after the blood was centrifuged at 1490 X g for 15 min at
4°C, the pellet was resuspended in PBS containing 1% bovine serum albumin
(buffer A). The MNCs were isolated from the suspension according to the
manufacturer’s instructions, and then were resuspended in buffer A, Natural
killer (NK) cells and regulatory T (Treg) cells were isolated from the MINCs
using Dynabeads Untouched NK-cell and Dynabeads Regulatory CD4tCD25%
T-cell kits (Invitrogen), respectively, according to the manufacturer’s
instructions. Total RNA from the cells was extracted as described below.

Exosome Isolation from Culture Supernatants

Exosomes were isolated from the supernatant of trophoblast cell lines
according to the method of Thery et al. [28]. Briefly, culture supematants were
harvested and sequentially centrifuged at 4°C at 300 X g for 10 min, 2000 X g
for 10 min, and 10 000 X g for 30 min to eliminate cells, dead cells, and cell
debris. The supernatants were filtered through a 0.22-pum filter and then
ultracentrifuged at 100 000 X g for 70 min at 4°C to pellet exosomes. Exosomal
pellets were washed twice in PBS and then resuspended in 200 pl of PBS. The
protein content of purified exosomes was determined using a BCA protein
assay kit (Pierce). .

Exosomes were also prepared from culture supernatants of BeWo cells
transfected with Pre-miR-517a (mature miR-517a-3p mimic; Applied Biosys-
tems), Pre-miR-1, or Pre-miR Negative Confrol no. 1 (Pre-miR-NC) to
investigate the effect of these miRNAs in the recipient Jurkat cells. BeWo cells
were transfected with Pre-miR reagents (30 nM) using Lipofectamine 2000
(Invitrogen) for 4 h. After 48 h of transfection, culture supematants were
collected for exosome isolation. Exosomes from Pre-miR-517a-transfected,
Pre-miR-1-transfected, and Pre-miR-NC-transfected BeWo cells were desig-

nated miR-517a-3p-loaded, miR-1-loaded, and miR-NC-loaded exosomes,
respectively; exosomes from nontransfected cells were designated wild-type
eXosomes.

RNA Extraction and Purification

Total RNA within whole cells was extracted using RNAiso reagent
(Takara), followed by cleanup with RNeasy Mini Kits (Qiagen), according to
the manufacturer’s instructions. Total RNA within exosomes was extracted
using mirVana miRNA Isolation Kits (Applied Biosystems) according to the
manufacturer’s instructions.

Real-Time PCR Analysis

Real-time PCR for miRNAs was carried out using TagMan MicroRNA Assays
(Applied Biosystems) in a 7300 Real-Time PCR System (Applied Biosystems) or a
7900 FAST Real-Time PCR System (Applied Biosystems). Briefly, total RNA
was reverse transcribed with the High Capacity cDNA Reverse Transcription Kit
(Applied Biosystems). The RT products were subscquently subjected to a real-time
PCR reaction using TagMan 2X Universal PCR Master Mix (Applied
Biosystems). To quantify mRNA levels, SYBR Premix Ex Taq (Takara Bio)
was applied. Total RNA was reverse transcribed with PrimeScript RT reagent Kit
(Takara). To quantify mRNA levels, SYBR Premix Ex Taq was applied. To
normalize expression levels of miRNAs and mRNAs, SNORD44 and GAPDH
were used as endogenous intemal controls, respectively. Primers for miR-512-3p
(assay ID 001823), miR-517a-3p (assay ID 002402), miR-518b (assay ID 001156),
and miR-1 (assay ID 002222) were from Applied Biosystems. Primers for
mRNAs (Burofins Genomics) were as follows: ALDHIBI: forward,
CCTGGCTGCGGCTGTGTTCA; reverse, ATGGCGTGTGGCAGGTGACG;
ANP32E: forward, CCCCGGAGGAGGTGACAGAGT; reverse, AGCCGGGC
CAGCGAACTTAG; DHFR: forward, CTGCATCGTCGCTGTGTCCCA;
reverse, ATTCCTGAGCGGTGGCCAGG; FAT2: forward, TCCAGAGTGAG
GAAGAGGTA,; reverse, TGTGGAGAATTGGGGTATAG; IGSFS: forward,
CTGGACCCGGCTCCCGGATA; reverse, GAAGGTCGCTGGGCTCCGGA,;
PRKGI: forward, AGGAGCTGAGGCAGCGGGAT; reverse, CAAGGTGC
TCGCGCTCTIGCT; TWF1: forward, GGAGGACAAACAACCATGCTA,; re-
verse, GGGAAGATTGTGACAGCAAGT; and RSPO3: forward, TCGGCAGC
CAAAACGCCTCC; reverse, TGCACAGCCTCCTTGGCAGC.

Western Blot Analysis

Proteins derived from BeWo cells or Jurkat cells were obtained using M-
PER Mammalian Protein Extraction Reagent (Thermo Fisher Scientific)
containing Halt Protease Inhibitor Cocktail (Thermo Fisher Scientific). Proteins
were separated on 10% SDS-PAGE gels and were transferred onto Sequi-blot
PVDF membranes (Bio-Rad). Blots were incubated at 4°C overnight with
primary antibodies followed by incubation with horseradish peroxidase-
conjugated secondary antibodies. Antibodies used in Western blotting were
as follows: anti-CD63 monoclonal antibody (mAb; Sanquin), anti-CD8§1
polyclonal antibody (pAb; Santa Cruz Biotechnology), anti-TSG101 pAb
(Sigma-Aldrich), anti-ACTB mAb (Sigma-Aldrich), anti-PRKG1 mAb (Cell
Signaling Technologies), and horseradish peroxidase-conjugated secondary
antibodies (Pierce). Signals were detected using Immobilon reagent (Millipore)
and visualized using an LAS-4000 Lumino image analyzer (Fujifilm).

Immunoelectron Microscopy Analysis

For immunogold labeling of CD63; an mAb (HS5C6; provided by
Developmental Studies Hybridoma Bank, Department of Biological Sciences,
University of Iowa) was employed. Exosomes were fixed with 4%
paraformaldehyde (Merck) in PBS, and 20 pl of the suspension was placed
on 300-mesh nickel grids (Electron Microscopy Sciences) coated with Formvar
(Nisshin EM), for 20 min at 22°C. After blocking with 5% normal goat serum
(Sigma-Aldrich) in PBS, grids bearing exosomes were incubated with anti-
CD63 for 30 min at 37°C. The grids were then incubated with goat anti-inouse
immunoglobulin G (IgG) pAb conjugated to 10-nm colloidal gold particles
(Jackson Immunoresearch), for 30 min at 37°C. Immunolabeled exosomes on
grids were postfixed with 2% glutaraldehyde in PBS for 30 min at 22°C, and
then negatively stained with 4% uranyl acetate according to the method of
Sakai et al. [29]. Control grids received the same treatment except that the
primary antibody was replaced with nonimmune isotype-matched IgG (MOPC-
21; Sigma-Aldrich). Samples were observed under a Hitachi H-7650 electron
microscope system (Hitachi High-Technologies) operated at 80 kV.

Morphometric analysis of isolated vesicles in electron micrographs was
performed. The size of isolated vesicles was measured, and the number of the
vesicles labeled with and without colloidal gold particles indicating CD63 was
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counted on the micrographs printed at the same magnification (150 000X). A
total of 221 vesicles were analyzed.

Microarray Analysis in miR-517a-3p~Overexpressing Jurkat
Cells

Jurkat cells were transfected with Pre-miR-517a or Pre-miR NC at a final
concentration of 40 nM using Lipofectamine 2000. Pre-miR-transfected cells
were harvested 48 h after transfection and total RNA was extracted as described
above. The integrity of RNA for microarray analysis was determined using an
Agilent 2100 Bioanalyzer (Agilent Technologies); samples with RNA integrity
number greater than 7 were used. Of the total RNA obtained, 100 ng was used
in a labeling reaction using a Low-Input QuickAmp Labeling Kit, One-Color
(Agilent Technologies), and the quality and yield of labeled cRNA were
evaluated on an Agilent 2100 Bioanalyzer. Gene expression profiling was
conducted using an Agilent microarray (Human GE 4X44 K, v2). The resulting
signals were normalized to the 75th percentile signal intensity, and processed
data were filtered using a 2-fold change threshold with GeneSpring GX
software (v. 11.5; Agilent Technologies). The mRNA array data are publicly
available (Gene Expression Omnibus accession no. GSE50814; http://www.
ncbinlm.nih.gov/geo/; accessed September 12, 2013).

MicroRNA Target Prediction

We focused on downregulated mRNAs as potential direct targets of miR-
517a-3p in the above DNA microarray analysis. The online prediction software
MicroCosm Targets version S (http://www.ebi.ac.uk/enright-srv/microcosm/
htdocs/targets/v5/; accessed October 1, 2011) was used to search for predicted
target genes of miR-517a-3p.

Luciferase Assay

To construct a reporter plasmid, we first cloned the 3'-UTR of the human
PRKGI gene (GenBank accession no. NM_006258) into the pMIR-REPORT
vector, in which firefly luciferase expression reports miRNA activity (Applied
Biosystems). Genomic DNA from Jurkat cells was isolated using the FastPure
DNA Kit (Takara). The 3'-UTR of the PRKGI mRNA was then amplified from
isolated genomic DNA using the following primers: 5'-CAGGACTAGTTG-
TATTTCTCTTACCTGCTITCTGCCT-3' (Spel site underlined) and 5'-
GGCAAAGCTTGTTACTTATGACAGCTAATAATAGTCAACTGGC-3'
(HindIl site underlined). After sequence verification by cloning into a pCR-
Blunt TI-TOPO vector, the PRKGI 3’-UTR was cloned into pMIR-REPORT
via the Spel and HindIII restriction sites. This final construct was designated
pMIR-PRKG1. To construct a reporter plasmid with a mutated miR-517a-3p
recognition site of PRKGI 3'-UTR (see Fig. 3D), an inverse PCR method was
used. The primers used for the inverse PCR were PRKG! 3’-UTR mut forward,
5'-ACAGAagactgaaaaattagtacgtaaATTTGTTTGTITITTITGATAAATTGG
CATG-3'; and PRKGI 3'-UTR mut reverse, 5'-ACAAATtHtacgtactaatttit
cagtctTCTGTGAAAACTCATATATACCTACTATGAGAGGTCTC-3 (com-
plementary sequence shown in lowercase), and were designed to introduce the
mutation. The PCR amplification was carried out using the previously cloned
vector pCR-Blunt II-TOPO containing the PRKG1 3'-UTR. Plasmid DNA was
digested by Dpnl. The final construct was confirmed by sequencing using an
ABI PRISM 3130 Genetic Analyzer (Applied Biosystems). Amplified DNA
was transformed into Escherichia coli. After sequence verification, the mutated
3’-UTR sequence was cloned into pMIR-REPORT via Spel and HindII
restriction sites. The final construct was designated pMIR-PRKG1mt.

Jurkat cells were transfected with pMIR-PRKGI1, pMIR-PRKGImt, or
pMIR-cont (empty vector pMiR-REPORT), and the control vector pRL-TK
(Renilla luciferase expression plasmid), together with Pre-miR-517a or Pre-
miR-NC (30 nM), using Lipofectamine 2000 in 24-well plates. Twenty-four
hours after transfection, luciferase assays were performed using the Dual
Luciferase Reporter Assay System (Promega). Firefly Inciferase activity was
normalized to Renilla luciferase activity.

Transfer of BeWo Exosomes into Recipient Cells

Jurkat cells were incubated with exosomes isolated from trophoblast cell
lines (50 pg/ml) for 2448 h, and real-time PCR was performed for
quantification of miRNA and mRINA as described above. For luciferase assay,
Jurkat cells were transfected with pMIR-PRKGlor pMIR-cont, and the control
vector pRL-TK. After 24 h of transfection, cells were incubated with BeWo
exosomes for another 24 h, and then luciferase assays were performed. Some
cells were incubated with BeWo exosomes for 24 h, washed twice with PBS,
and then treated with TrypLE Express Enzyme solution (recombinant trypsin-
like serine protease [1X] in Dulbecco PBS/1 mM ethylene diamine tetraacetic

acid [EDTA]; Gibco) for 10 min at 37°C. The expression levels of miR-517a-3p
were assayed by real-time PCR.

Isolated peripheral blood immune cells were incubated with BeWo
exosomes (50 pg/ml) in exosome-free RPMI 1640 medium supplemented
with 10% FBS for 24 h, and the expression levels of miR-517a-3p were assayed
by real-time PCR.

Statistical Analysis

We conducted all analyses using the SPSS statistical software package
(Windows version 20; IBM-SPSS). The significance of between-group
differences was assessed using Student r~test, ANOVA followed by Tukey
test, or Kruskal-Wallis test, and P values <0.05 were considered to indicate
statistical significance.

RESULTS

Characterization of Exosomes Derived from BeWo Cells

We first investigated whether BeWo cells could release
exosomes info the extracellular space. Because exosomes are
known to express CD63, CD81, and TSG101 [3], we examined
expression of these molecules in the exosomal fraction isolated
from BeWo cell culture medium. As shown in Figure 1A,
Western blotting detected all of these molecules in the
exosomal fraction, indicating that BeWo cells secrete exo-
somes into the culture medium. We also confirmed the
secretion of exosomes from BeWo cells by immunoelectron
microscopy (Fig. 1B). Morphometric analysis of isolated
vesicles showed that approximately 80% of the vesicles were
positive for CD63. Most of the vesicles were in the 26- to 125-
nm range (diameter [mean * SDJ], 85 = 33 nm; Fig. 1C).
Moreover, we determined whether the placenta-associated
miRNA miR-517a-3p exists in exosomes derived from BeWo
cells by real-time PCR (Fig. 1D). As expected, miR-517a-3p
was identified in exosomes secreted from BeWo cells but was
not detectable in Jurkat cells.

In Vitro Model of Trophoblast-immune Cell
Communication

To investigate the possibility of functional miRNA transfer
from placenta trophoblasts to matemal peripheral blood
immune cells via exosomes, we employed an in vitro model
system using BeWo and Jurkat cells (Fig. 2A). To confirm
whether this system serves as an in vitro model of cell-to-cell
communication via exosomes, we first examined transfer of
placenta-associated miRNAs fo Jurkat cells. Because human
placenta expresses placenta-associated miRNAs, such as miR-
512-3p and miR-517a-3p, which are secreted into maternal
circulation via exosomes [20, 30], we evaluated the presence of
these miRNAs in Jurkat cells after incubation with exosomes
released from trophoblast cell lines (BeWo and JEG3 cells) by
real-time PCR. When Jurkat cells were incubated with BeWo
or JEG3 exosomes for 24 h, miR-512-3p and miR-517a-3p
were detected in the cells (Fig. 2B). In contrast, these miRNAs
were not detectable in Jurkat cells treated without exosomes
(vehicle). It is likely that miRNAs were transferred into Jurkat
cells via trophoblast cell line exosomes.

Target Identification of Placenta-Associated miRNA miR-
517a-3p in Jurkat Cells

As shown in Figure 2A, a BeWo exosomal miRNA would
be expected to bind to a partially complementary sequence
(seed sequence) in the 3’-UTR of its target mRNA and
suppress translation in recipient Jurkat cells. We next
investigated whether BeWo-derived placenta-associated miR-
NAs function as posttranscriptional gene regulators within
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FIG. 1.

Characterization of exosomes isolated from culture supernatants of BeWo cells. A) Western blots for exosome markers (CD63, CD81, and

TSG101) in BeWo cell lysates (Cell lysate) and exosomal pellets collected from culture supernatants (Exosome). B) Immunoelectron microscopy of BeWo
exosomal pellets. Negatively stained exosomes are labeled with 10-nm colloidal gold particles recognizing CD63. Bar = 100 um. C) Histogram of the
number of isolated BeWo vesicles’ diameters. The y axis shows the relative number of vesicles (%), and the x axis shows the vesicle diameter (nm). Vesicles
were sorted into 25-nm bins. D) Real-time PCR analysis of miR-517a-3p expression in BeWo cells, wild-type exosomes derived from the same cells, and
Jurkat cells. Data were normalized to SNORD44. Expression in BeWo cells was defined as 1. Data are means * SD of the results from three independent

experiments. Tukey test; **P < 0.01.

Jurkat cells after exosome-mediated miRNA transfer. For this
purpose, we initially identified candidate target mRINAs of the
placenta-associated miRINAs using DNA microarray analysis.
In this examination, we focused on miR-517a-3p as a
representative exosomal placenta-associated miRNA, because
this miRNA was detected at high levels in the plasma of
pregnant women [20] and in isolated human trophoblast cells
[30, 31]. Transfection of Jurkat cells with Pre-miR-517a
significantly downregulated 123 genes (Supplemental Table
S1, available online at www.biolreprod.org). Among the 123
genes identified, we searched for potential direct targets of
miR-517a-3p using the online software MicroCosm Targets.
Seven genes, ALDHIBI, ANP32E, DHFR, FAT2, IGSFS,
PRKGI, and RSPO3, had at least one potential miR-517a-3p-
binding site in their 3'-UTRs.

To confirm downregulated expression of these seven genes,
we performed real-time PCR. Among the seven mRNAs
selected, PRKGI was significantly downregulated in miR-
517a-3p-overexpressing Jurkat cells (Fig. 3A), whereas
expression of ALDHIBI, ANP32E, DHFR, FAT2, and RSPO3
was not significantly altered (data not shown). IGSFS
expression was undetectable (data not shown). As shown in
Figure 3B, PRKG1 protein expression was markedly decreased
in Pre-miR-517a-transfected cells compared with control cells.
Therefore, we focused on PRKGI for miR-517a-3p target
validation.

We used a luciferase assay to determine whether PRKG/ is
a direct target of miR-517a-3p. Overexpression of miR-517a-3p
significantly decreased luciferase activity in Jurkat cells
cotransfected with pMIR-PRKG1 (49% reduction compared
with the negative control), but not significantly in cells
cotransfected with pMIR-PRKG1mt (Fig. 3C), a reporter
plasmid in which the putative miR-517a-3p tecognition site
in the PRKG1 3'-UTR is mutated (Fig. 3D). Taken together,
these results suggest that PRKGI is a target of miR-517a-3p in
Jurkat cells.

Effect of BeWo Exosomal miR-517a-3p on PRKG1
Expression in Jurkat Cells

We further investigated whether BeWo exosomal miR-
517a-3p can modulate PRKGI! mRNA expression within
recipient Jurkat cells. In this examination, we also used miR-
517a-3p-loaded exosomes collected from culture supernatants
of BeWo cells transfected with Pre-miR-517a to enhance the
effect of this miRNA in the recipient Jurkat cells because we
could not generate C19MC mir-517a gene-knockout BeWo
cells. As shown in Figure 4A, levels of miR-517a-3p were
greatly increased in the exosome fraction of cell culture
supernatants from Pre-miR-517a-transfected BeWo cells (more
than 30-fold greater than that from nontransfected cells).

We quantified exosomal miR-517a-3p in Jurkat cells
incubated with BeWo exosomes. miR-517a-3p was not
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In vitro model system of trophoblast-immune cell communication. A) Scheme of the in vitro transfer system using BeWo cells as donors and

Jurkat cells as recipients. Exosomes were collected from culture supernatants of BeWo cells. BeWo exosomes carrying placenta-associated miRNAs (e.g.,
miR-517a-3p) were then added to Jurkat cell culture medium. BeWo exosomal miRNAs were then transferred into Jurkat cells, where they bind to the 3'-
UTRs of target genes. B) Detection of placenta-associated miRNAs in Jurkat cells treated with wild-type exosomes derived from trophoblast cell lines,
BeWo cells, and JEG3 cells. Jurkat cells were incubated in the presence or absence (Vehicle) of exosomes (50 pg/ml) for 24 h. Expression of placenta-
associated miRNAs (miR-512-3p and miR-517a-3p) was analyzed by real-time PCR. Data were normalized to SNORD44. Expression in Jurkat cells
incubated with BeWo exosomes was defined as 1. Data are means + SD of the results from three independent experiments. Tukey test; **P < 0.01.

detected in Jurkat cells incubated without BeWo cell exosomes
(vehicle), and miR-517a-3p levels were increased significantly
in Jurkat cells treated with BeWo wild-type exosomes (Fig.
4B). Moreover, when Jurkat cells were treated with BeWo
miR-517a-3p-loaded exosomes, markedly greater levels of
miR-517a-3p levels were transferred to recipient cells com-
pared with treatment with wild-type exosomes (Fig. 4B). We
then investigated whether transferred exosomal miR-517a-3p
represses endogenous PRKGI expression in Jurkat cells. As
expected, the expression levels of PRKGI were slightly but
significantly decreased in Jurkat cells incubated with wild-type
exosomes (42% reduction) compared with vehicle-treated cells
(Fig. 4C). Further, downregulation of PRKGI expression was
significantly enhanced by treatment with miR-517a-3p-loaded
exosomes (70% reduction) compared with vehicle-treated cells
(Fig. 4C). In addition, we measured exosomal miR-517a-3p in
Jurkat cells incubated with BeWo miR-NC-loaded exosomes.
No differences were found in the expression levels of miR-
517a-3p and PRKGI between cells treated with miR-NC-
loaded exosomes and wild-type exosomes (data not shown).
We also confirmed that exosomal miR-517a-3p bound to the
3’.UTR of PRKGI in recipient cells by luciferase assay. In
pMIR-PRKG1-transfected Jurkat cells, BeWo wild-type exo-
somes significantly reduced luciferase activity (31% reduction)
compared with pMIR-cont-transfected cells; downregulation of
PRKGI expression was enhanced by incubation with miR-
517a-3p-loaded exosomes (51% reduction) compared with
pMIR-cont-transfected cells (Fig. 4D). Furthermore, we
investigated whether remaining cell surface-bound BeWo

exosomes affect the expression levels of miR-517a-3p that
was transferred to Jurkat cells. Jurkat cells were incubated with
BeWo exosomes for 24 h, followed by TrypLE digestion
(recombinant trypsin-like serine protease-EDTA). These were
no differences in the miRNA expression levels between miR-
517a-3p recipient cells treated with and without TrypLE (Fig.
4E). These results show that BeWo exosomal miRNA miR-
517a-3p internalized into Jurkat cells and subsequently
repressed expression of the target gene PRKG/ therein.

We used miR-517a-3p-loaded exosomes for assessment of
the effect of BeWo exosomal miR-517a-3p on PRKGI in
Jurkat cells. An miR-I transfection and TWF1 detection system
[32] was also employed to demonstrate that BeWo exosomal
miRNAs can transfer to Jurkat cells and suppress target genes
in the recipient cells. TWFI mRNA is a validated target of miR-
1, and the repression occurs at the mRNA level [33]. When
BeWo miR-I-loaded exosomes were incubated with Jurkat
cells, miR-1 was significantly detected in the recipient cells
(Fig. 4F). In contrast, miR-I was undetectable in Jurkat cells
treated with BeWo miR-NC-loaded exosomes (Fig, 4F). As
expected, the miR-1 recipent cells displayed a 55% knockdown
of TWFI mRNA compared with the miR-NC recipient cells
(Fig. 4G). The inverse relationship between miR-I expression
and the expression level of TWFI mRNA provided additional
data supporting that BeWo exosomal miRNAs can transfer to
Jurkat cells and suppress target genes in the recipient cells.
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FIC. 3. Validation of PRKGT as a miR-517a-3p target. A) Real-time PCR analysis of candidate miR-577a-3p target mRNA PRKGT in Jurkat cells. Jurkat cells
were transfected with Pre-miR-517a (517a) or Pre-miR-NC (NC), each 40 nM, and cultured for 48 h. Expression of PRKG 7 was examined by real-time PCR. Data
were normalized to GAPDH. Expression in cells treated with Pre-miR-NC was defined as 1. B) Western blots for PRKG1 in Jurkat cells transfected with Pre-miR-
517a or Pre-miR-NC (30 pg of total protein per lane). ACTB served as the internal control. Analysis of band intensity is presented as the relative ratio of PRKG1 to
ACTB. The relative ratio of PRKGT1 in cells treated with Pre-miR-NC was defined as 1. C) PRKG T 3'-UTR luciferase reporter assay. Reporter vector (pMIR-RPKG1
or pMIR-PRKG Tmt) and Pre-miRNA (Pre-miR-517a or Pre-miR-NC [each 30 nM]) were cotransfected into Jurkat cells. Renilla luciferase vector pRL-TK was used
as the internal control. Luciferase expression levels in cells cotransfected with pMIR-RPKG1 and Pre-miR-NC were defined as 1. D) Sequences of mature miR-
517a-3p, its putative target site in the 3/-UTR of PRKG 1, and the mutation introduced into the miR-517a-3p recognition site of PRKG 1 3/-UTR in the reporter
plasmid. Data are means % SD of the results from three independent experiments. Student t-test (A and B) or Tukey test (C); *P < 0.05, **P < 0.01.

Detection of Placenta-Associated miRNA miR-517a-3p in 22, 23]. We next investigated whether these miRNAs in the
Maternal Immune Cells Isolated from Peripheral Blood of ma?ell?alal i)llmucliaumtix are de.shtve§edk 1tntou1rr_xmu‘1§ ‘3133115 hlln
3 W, peripheral blood as they are into Jurkat cells in vitro. For this
Full-Term Pregnant Women purpose, we examined whether miR-517a-3p and miR-518b are
As mentioned above, placenta-associated miRNAs are  present in immune cells isolated from maternal peripheral
detectable in the maternal circulation during pregnancy [20,  blood using real-time PCR. These placenta-associated miRNAs

>

FIG. 4. Transfer of miRNAs into Jurkat cells via BeWo exosomes. A) Real-time PCR analysis of miR-577a-3p in BeWo wild-type exosomes (Wt-Ex) and
miR-517a-3p-loaded exosomes (517a-Ex); expression in Wit-Ex was defined as 1. B) Detection of transferred miR-517a-3p in Jurkat cells cultured with
BeWo exosomes. Jurkat cells were treated with vehicle, Wt-Ex, or 517a-Ex (each 50 pg/ml) for 48 h at 37°C. Expression was analyzed by real-time PCR;
data were normalized to SNORD44. Expression in Jurkat cells incubated with Wt-Ex was defined as 1. C) PRKG1 silencing by exosomal miR-517a-3p
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