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was at least one fetus with oliguric oligohydramnios and at least
one fetus with polyuric polyhydramnios. FLP was offered
between 16 and 25 weeks. Preoperative ultrasound evaluation
including fetal biometry and amniotic fluid volume estimation
was performed, followed by a color and pulsed Doppler
examination. In the Doppler studies, the occurrence of absent
or reversed end-diastolic velocity in the umbilical artery, reverse
flow in the ductus venosus, and pulsatile flow in the umbilical
vein was recorded. The presence of fetal hydropic signs and
placental location were also noted. This allowed to stage
patients according to the Quintero staging system.'?

Fetoscopic laser photocoagulation was performed on the
basis of previously described methods for twin gestations.'®
Under regional or local anesthesia, a 3.8-mm trocar was
percutaneously inserted into the recipient sac. A 3.5-mm
diagnostic fetoscope and a 3-mm operating fetoscope (Richard
Wolf, Knittlingen, Germany) or a 2-mm fetoscope with a 3-mm
cannula (Karl Storz, Tuttlingen, Germany) were passed
through a trocar. All vascular anastomoses between the fetuses
were interrupted selectively using a Nd: YAG laser. In cases of
MT triplets, identifying and coagulating all placental vascular
anastomoses was attempted. Additional interventions were
carried out at the discretion of the attending surgeon. When
complete ablation of all placental vascular equators between
the three triplets was technically difficult, only the vascular
equator between the fetus identified as the donor and the
one identified as the recipient was interrupted by laser. The
amniotic fluid was subsequently drained through the cannula
until the MVP reached <8cm. All patients gave written
informed consent to undergo FLP. Perioperative tocolysis as
well as prophylactic antibiotics were provided. Postoperative
care with weekly ultrasound evaluation, including pulsed
Doppler assessment and delivery and neonatal management
was provided by the referring perinatal centers. Delivery was
determined according to obstetrical indications by the
attending physician. Neonates were routinely examined by
cerebral ultrasonography. Magnetic resonance imaging was
performed when clinical examination or ultrasonography was
suggestive of an abnormality. All infants were examined by
neonatologists at 28 days of age. A color dye injection test of
the placenta was prospectively planned to investigate the
presence or absence of residual vascular anastomoses for the
cases of surviving triplets that were involved in FFTS.

The outcome measurements were the rate of surviving
triplets, the survival of at least one triplet, and the rate of major
neurological complications in survivors at 28 days of age. Major
neurological complications were defined as severe
intraventricular hemorrhage (grade 3 or 4) and/or cystic
periventricular leukomalacia.

RESULTS
Sixteen cases of triplet gestations, including nine DT and seven
MT triplets, underwent FLP during the study period.
Perioperative information is presented in Table 1. The placenta
was anterior in six cases (three DT and three MT triplet
gestations). Ten cases were classified as Quintero stage ITl or IV."?
For all 16 cases, FLP was completed without major maternal
complications. The median gestational age at surgery was
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Table 1 Perioperative data in cases of triplet gestations with feto-
fetal transfusion syndrome that underwent fetoscopic laser
photocoagulation

Age, median [range] 32 [20-40] 130 [29-38]

Nulliparous, n (%) 7177.8) 4(57.1)
ART, n (%) 3(33.3) 01{0.0
Quintero slage, n

| 2 0

Il ] 3

It 6 3

[\ 0 1
Anterior placenta, n (%) 3(33.3) 3142.9)
Gestational age of FLP (weeks), 21 [16-25] 20[17-22]

median [range]
Operation time (minutes), median [range] 35 [25-75] 73 [58-125]

ART, assisted reproductive technology; FLP, fetoscopic laser photocoagulation.

21 weeks (range: 16-25weeks) for DT cases and 20weeks
(range: 17-22weeks) for MT cases. The median surgical time
was 35min (range: 25-75min) for DT and 73min (range:
58-125 min) for MT cases. For MT triplets, various measures
were applied to complete the surgical procedure. Trocar
assistance to displace the fetus was essential for the
identification of vascular anastomoses obscured by the donor
fetus in two cases of MT.? In another MT case, an intentional
septostomy of the dividing membrane was performed to
facilitate inspection of the entire vascular equator. Double
uterine entry with trocars was used; one trocar was inserted
into the sac of the recipient fetus, and the other was inserted
into the sac of the nonaffected fetus with normal amniotic fluid
volume. In this case, the two umbilical cords of the recipient
fetus and the umbilical cord of the nonaffected fetus arose in
close proximity to each other and were bound together within
the dividing membrane. All vessels between the cords were
shared ones, hence not truly defining a vascular equator.
Therefore, only two vascular equators between the recipient
fetus and the donor fetus, as well as between the nonaffected
fetus and the donor fetus were ablated at surgery. In another
case of MT triplets, comprising two donor fetuses and one
recipient, the vascular equator between the donor fetus A
and the donor fetus B was hidden beneath the donor fetus A;
therefore, the vascular communications between the recipient
fetus and the donor fetus A as well as the communications
between the recipient fetus and the donor fetus B were
interrupted.

Perinatal outcomes are presented in Table 2 on the basis of
chorionicity. The detailed data of MT cases are presented in
Table 3. There were no cases with persistence or recurrence
of FFTS following FLP. However, in one DT case, twin
anemia-polycythemia sequence developed after the
procedure.** Chorioamniotic membrane separation after FLP
was noted in one DT and one MT case. Among 27 fetuses
involved in the DT, fetal demises occurred in six triplets
(22%), who were all involved in FFTS. However, just one (5%)
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Table 2 Pregnancy and perinatal outcome at 28 days of age

, Di=9) M7
GA of delivery [weeks), 32 [27-34] :

median [range]
Preferm birth
<28 weeks, 'n (%) 1{11.1) 1(14.3)
<32 weeks, n (%) 4 (44 4) 5(71.4)
Fetal demise, n (%) 6/27 (22.2) 1/211(4.8)
One fetal demise, n (%) 21(22.2) 1(14.3)
Two fetal demise, n (%) 2{22.2) 0(0.0)
Three fetal demise, n (%) 01{0.0) 01(0.0)
ELBW infants, n (%) 2/21(9.5%) 8/20 {40.0%)
Neonatal death, n(%) 1/27(22.2) 0/21(0.0)
Grade It or IV IVH, n(%) 010.0) 2/21(9.5)
Cystic PVL, n (%) 010.0) 010.0)
Over all perinatal 20/27 (74.1) 20/21 (95.2)
survival, n (%)
Three survival, n (%) 4 (44.4) 61(85.7)
Two survival, n (%) 3(33.3) 1(14.3)
One survival, n (%) 2(22.2) 0{0.0)
Zero survival, n (%) 010.0) 01(0.0)
At least one survival, n (%) Q(100.0) 7 (100.0)
Over all intact survival, n (%) 20/27 (74.1) 18/211(85.7)

GA, gestational age; ELBW, extremely low birth weight less than 1000g; IVH,
intraventricular hemorrthage; PVL, periventricular leukomalasia.

of 21 MT triplets died in utero (case 2; Table 3). Double fetal
demise occurred in two DT cases. The cause of death of one
fetus appeared to be related to iatrogenic twin anemia-
polycythemia sequence. However, the other demise could not
be explained. The median gestational age at delivery was
32weeks (range: 27-34weeks) for DT cases and 29weeks
(range: 23-34weeks) for MT cases. The incidence of preterm
delivery <28 weeks was 11% (1/9) in DT and 14% (1/7) in MT;
the incidence of preterm delivery <32 weeks was 44%(n=4) of
nine in DT and 71% (5/7) in MT. The number of extremely
low birth weight infants (<1000g) was two (10%) of 21 live-
born DT triplets and eight (40%) of 20 live-born MT triplets.
All but one case of double fetal demise was delivered by
cesarean section. One DT infant died in the neonatal period
because of prematurity. Overall, perinatal survival at 28 days
for DT cases was 74%, whereas it was 95% for MT triplets. At
least one fetus survived in all 16 cases; however, all three
survived till 28 days of age in 44% of DT cases and 86% of MT
cases. Two MT neonates, born with extremely low birth weight,
suffered severe intraventricular hemorrhages (cases 5 and 7;
Table 3). The survival rates without neurological complications
at 28 days of age were 74% for DT cases and 86% of MT triplet
cases. One neonate required surgical treatment for a pseudo-
amniotic band syndrome around an ankle due to the
entrapment of the dividing membrane subsequent to
intentional septostomy during FLP (case 1; Table 3).2? A color
dye injection test of the chorionic vessels was performed for
four DT cases and six MT cases, in which all triplets involved

Prenatal Diagnosis 2014, 34, 1-5

— 155~

Table 3 Detailed data on cases of monochorionic triamniotic triplets
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in FFTS resulted in live-birth. No patent placental vascular
communication could be detected.

DISCUSSION
We describe our experience using FLP for FFTS in triplet
gestations. The procedure could be completed in all cases
without major maternal complications. As a consequence, all
pregnancies ended with at least one survivor. In DT cases,
the overall 28days survival rate was 74%, and the intact
survival rate was 74%. In MT triplets, the overall 28days
survival rate was 95%, and the intact survival rate was 86%.

Compared with trichorionic triamniotic triplet gestations,
DT and MT triplet gestations have a higher perinatal mortality
and morbidity.’” Especially for MT, the perinatal mortality risk
is 2.6 times higher than trichorionic triamniotic gestations.® In
addition to a high incidence of premature birth, the specific
cause of poor perinatal outcome of monochorionic triplets is
thought to be chorionic vascular communications that can
cause FFTS or other complications.*”” The actual incidence of
FFTS in DT or MT triplet gestations' is not well known;
however, it is estimated to be up to 10%, which is similar to
that in monochorionic twins.*® FFTS in triplet gestations share
adverse perinatal outcomes such as perinatal death and the
neurological morbidity of typical twin-twin transfusion
syndrome.”” Survival rate with expectant management for
FFTS in triplets was 36% according to review of the literature.’
Because of the poor prognosis, selective feticide by umbilical
cord coagulation has been applied to multiple pregnancies
with FFTS.>"'** In MT triplets, the third fetus can either act
as the donor or recipient; it also can be apparently normal in
terms of amniotic fluid volume. Currently, FLP can produce a
favorable perinatal outcome, a high survival rate, and a lower
neurological complication rate than what is reported for serial
amnioreduction.®*° However, because reports of FLP in triplet
gestations are limited, more data are welcomed %3518

In six reports, the perinatal outcome in DT triplets that
underwent FLP was similar to that of twins.5'*1571® A meta-
analysis® found that the survival rate among 237 DT triplets
after FLP was 78% and that this was better than the rate
reported from selective feticide or amniodrainage. According
to the six studies, including ours, which reported to the
prevalence of neurological complications among the surviving
triplets up to at least 28 days of observation, the intact survival
rate was 72.0% (range: 61.9-79.2%).51315-18

However, the outcomes for MT triplets after FLP reported in
earlier studies were less favorable. This may be due to technical
limitations preventing achievement of complete obliteration of
the vascular anastomoses.>'®!%!61® Some authors raised
questions about the feasibility and efficacy of FLP for MT
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triplets from their experiences and a literature review.®!%16

However, our results, in line with another study from the
United States, demonstrated that FLP for MT triplets was
feasible and as effective as it was for DT.!” The survival rate
at 28 days of 21 MT triplets in our study was 95%, higher than
the 54% rate found with a literature review of 48 cases of MT
triplets.’ Because there can be vascular anastomoses between
all fetuses in MT triplet gestations, the surgical technical issues
can be more challenging. To complete coagulation of all
communications among all triplets, we employed a variety of
surgical techniques performed at the discretion of the surgeon;
these included the use of the trocar to displace a donor fetus
(cases 2 and 3; Table 3),?° double uterine entry (case 7; Table 3),
and intentional septostomy of the dividing membrane to enter
the other sac (case 1; Table 3). We felt that these techniques
facilitated identification of the vascular equator. Another
reported technique that can ensure a complete procedure
was to use amnioinfusion to create polyhydramnios in a sac
for another uterine entry and amnioreduction to collapse a
sac for a transmembranous identification of vascular
communications from another sac.!” However, these invasive
maneuvers may increase the risk of premature delivery. In fact,
the gestational age at delivery tended to be earlier for MT
triplets compared with DT triplets.!” A major limitation of our
study may be the lack of the data on the long-term outcome
of triplets. The long-term outcome of twins after laser
surgery for twin-twin transfusion syndrome seems to be worse
than that of those with short-term follow-up.?® The long-term
neurological status among twins after laser surgery could
be affected by lower gestational age at birth and lower
birth weight.?*

CONCLUSION

In our hands, FLP was feasible and effective both in DT and
MT triplets.

 WHAT'S AIREADY KNOWN ABOUT THIS TOPIC?

® The feasibility and efficacy of laser therapy for fetofetal tronsfusxon
syndrome in dichorionic triplets has been recognized; however,
because of technical difficulty, its qualifies remain undetermined
for monochorionic triplefs.

| WHAT DOES THiS STUDY. ADD?

* laser 1heropy for felofetal ’rransFu5|on syndrome in both
monochorionic and dichorionic triplets might be successful.

* We describe additional technical maneuvers that can fully evaluate
the vascular equator between the triplefs.

3. Kawaguchi H, Ishii K, Yamamoto R, et al. Perinatal death of triplet
pregnancies by chorionicity. Am J Obstet Gynecol 2013;209(1):36.e1-€7.
4. Lewi L, Jani J, Blickstein I, et al. The outcome of monochorionic
diamniotic twin gestations in the era of invasive fetal therapy:
a prospective cohort study. Am J Obstet Gynecol
2008;199:514 el-8.
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Fetal anemia is caused by Rhesus (RhD) sensitization as a result of RhD incompatibility during pregnancy. The
severe form of this disease can cause hydrops fetalis leading to intrauterine death. We experienced a highly sen-
sitized 39-year-old woman with B Rh-negative blood. She had a history of three induced abortions and experi-
enced perinatal death associated with hydrops fetalis. During the pregnancy prior to her most recent one, she
was treated with double-filtration plasmapheresis (DFPP), high dose y-globulin and intrauterine fetal blood trans-
fusion (IUT). For her most recent pregnancy, we performed only weekly or fortnightly DFPP from 13 weeks
until delivery. Anti-D antibody titer was maintained between 32 and 256 without any signs of fetal anemia. [UT
was not required at any stage of the pregnancy. No adverse events were observed. She successfully delivered a
healthy male infant weighing 2,289 g by Cesarean section at 35 weeks. Repeated DFPP may be an effective and
safe strategy to reduce antibody titers in highly sensitized women with RhD-incompatible pregnancy, avoiding
the need for IUT. J. Clin. Apheresis 00:000-000, 2014.  © 2014 Wiley Periodicals, Inc.

Key words: rhesus D-incompatible pregnancy; double-filtration plasmapheresis; anti-D antibody; fetal

anemia; intrauterine fetal blood transfusion

INTRODUCTION

Fetal anemia is a complication of maternal-fetal blood
group incompatibility. The most common cause of such
incompatibility is Rhesus D (RhD) sensitization. The
severe form of this disease may result in hydrops fetalis
and intrauterine death [1, 2]. RhD immunoglobulin pro-
phylaxis can dramatically decrease the incidence of
hemolytic disease of the fetus. However, this condition
has been known to persist despite treatment [1, 2].

We previously reported a case of a highly sensitized
female with RhD-incompatible pregnancy who received
double-filtration plasmapheresis (DFPP), high-dose +-
globulin and intrauterine fetal blood transfusion (IUT).
She delivered an infant at 34 weeks by Caesarean sec-
tion [3]. Here, we report on this patient again. For her
most recent pregnancy, she did not require IUT at any
stage due to the use of repeated DFPP.

CASE REPORT

The patient was a 39-year-old female with B Rh-
negative blood. She had induced abortion at 19, 21,
and 26 years of age, and a Caesarian section at 23

© 2014 Wiley Periodicals, Inc.

years old for intrauterine fetal death associated with
hydrops fetalis (1,090 g) at 28 weeks’ gestation. No
RhD immunoglobulin prophylaxis was administered
during these episodes. At the pregnancy prior to her
most recent one, as her anti-D antibody titer was 128
at 6 weeks of gestation, we performed double-filtration
plasmapheresis (DFPP) and administered high dose +y-
globulin at 15 weeks of gestation. However, anti-D
antibody titer started to increase at 25 weeks and
reached 1,024 at 27 weeks. Despite additional DFPP
being performed five times from 27 weeks, fetal ane-
mia progressed and intrauterine fetal blood transfusion
(IUT) was eventually required. At delivery (34 weeks),
anti-D antibody titer rose to 4,096.

*Correspondence to: Koichi Kamei; Department of Nephrology and
Rheumatology, National Center for Child Health and Development,
2-10-1, Okura, Setagaya-ku, Tokyo 157-8535, Japan.

E-mail: kamei-k@ncchd.go.jp.

Received 22 June 2014; Accepted 31 October 2014

Published online 00 Month 2014 in Wiley Online Library
(wileyonlinelibrary.com).

DOI: 10.1002/jca.21372

— 168 -



2 Kamei et al.

A B
1200
gwoo »
_ DFPP X15 T 200
a A O A Ry £ s
o 1024 1 Delivery g’ 400 \ E
2 512 ', 5 oo
-? 256 1 0 Pre Post
2 1281 c
g 644 gy
-EL 324 z 460 E;s\
I 16 > 2 300 \
10 15 20 25 30 35 “;:, \
Weeks of gestation § e y
£ 1o =
P e Post

Fig. 1.

Clinical course (A) Changes of anti-D antibody titers during treatment with DFPP. (B) Changes of serum immunoglobulin G (IgG)

levels before and after DFPP. (C) Changes of serum fibrinogen levels before and after DFPP. (B) and (C) Boxes represent median and
interquartile values and whiskers represent maximum and minimum values.

The patient visited our center during her last preg-
nancy at 10 weeks of gestation at the age of 39, 6
years after the prior pregnancy. At that stage, her
anti-D antibody titer was 512. As high dose +-
globulin could not be administered due to its high
cost and off-label use, DFPP was initiated from 13
weeks. We used the KM-9000 DFPP system (Kawa-
sumi, Tokyo, Japan), Plasmaflo OP-05W (Asahi Kasei
Medical, Tokyo, Japan) plasma-separating filter, and
Cascadeflo EC-20W (Asahi Kasei Medical, Tokyo,
Japan) as a second filter. Nafamostat was used for
anticoagulant. The treated plasma volume was set to
4.0 L (1.3 plasma volumes) and the substitution fluid
was 800 mL of 7.5% albumin. Blood was drawn from
the left antecubital vein and infused into the right
antecubital vein. Up until 29 weeks of gestation,
DFPP was performed fortnightly with the titer main-
tained between 32 and 128 (Fig. la). At 29 weeks,
the schedule was changed to once a week because the
titer rose to 256. We evaluated fetal anemia using
middle cerebral artery peak systolic velocity by Dopp-
ler ultrasonography. Fetal anemia was not detected
during the pregnancy. No adverse events were
observed and serum immunoglobulin G and fibrinogen
were acceptable throughout the treatment period (Figs.
1b and 1c).

The patient delivered a healthy male infant (weight
2,289 g, Apgar score 8/9) by Cesarean section at 35
weeks. The infant showed 11.2 g/dL. of hemoglobin,
36.0% of hematocrit, 6.4 mg/dL of total bilirubin, and
RhD-positive blood type O. Direct Coombs test was
positive. After a single course of blood exchange and
phototherapy, the newborn was discharged at 17 days
without any neurological problems.

Journal of Clinical Apheresis DOI 10.1002/jca

DISCUSSION

We presented a case of a highly sensitized woman
with RhD-incompatible pregnancy who achieved a suc-
cessful delivery with no fetal anemia due to a treat-
ment with repeated DFPP. Compared with simple
plasma exchange, DFPP has a merit of less albumin
substitution [4, 5]. As the half-life of nafamostat is 5-8
min, which is much shorter than heparin (1-1.5 h), it
has a lower risk of bleeding. In view of that, we think
that nafamostat is suitable for use as an anticoagulant
in apheresis for pregnant women. During the pregnancy
prior to her most recent one, after we performed DFPP
and administered high dose +y-globulin at 15 weeks of
gestation, we did not perform DFPP repeatedly until 27
weeks, resulting in the drastic rise of the antibody titer.
We believe that we could control the anti-D antibody
titer at acceptable levels throughout the course of the
pregnancy by performing DFPP repeatedly from 13
weeks at the most recent pregnancy, although the pres-
ence of new maternal anti-anti leukocyte antigen
antibodies from the same partner might have a block-
ing effect against severe hemolysis in the fetus [6]. No
adverse events such as infection or bleeding tendency
related to DFPP were observed.

The American Society of Apheresis proposed in
2013 that therapeutic plasma exchange should be con-
sidered for fetal hemolytic anemia until approximately
20 weeks of gestation, and subsequent to that, TUT
should be the first-line treatment [7]. Although IUT is
now deemed as a relatively safe option, adverse events
such as fetal bradycardia, rapture of membranes, hem-
orrhage, and intrauterine infection can occur, with 2%
fetal loss being reported [1, 8]. Repeated IUT may also
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induce alloimmunization [2]. Furthermore, technical
competence in [UT may vary among institutions. Con-
sidering all these factors, we propose the use of
repeated DFPP to minimize the need for IUT.

In conclusion, DFPP may be an effective and sound
strategy to lower antibody titers in highly sensitized
women with RhD-incompatible pregnancy. By per-
forming DFPP repeatedly, we could potentially avoid
IUT. To further evaluate our findings, more cages are
needed.
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Established Facts

differences without inter-twin amniotic fluid discordance.

» Twin anemia-polycythemia sequence (TAPS) is characterized by large inter-twin hemoglobin value

« There is limited data on the maternal and fetal prognosis of TAPS.

Novel Insights

o DPost-laser TAPS in a higher stage can cause severe maternal complications.
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transfusion syndrome - Fetoscopic laser photocoagulation

Abstract

Twin anemia-polycythemia sequence (TAPS) is character-
ized by large inter-twin hemoglobin value differences with-
out inter-twin amniotic fluid discordance. The management
of post-laser TAPS remains controversial. Hence, more stud-
ies on TAPS, together with the associated maternal compli-

cations and outcome of the fetuses and infants are needed.
Between 2003 and 2012, we performed 287 cases of feto-
scopic laser photocoagulation for twin-twin transfusion syn-
drome. Among the 114 who were placed under our care un-
til delivery, three cases of TAPS occurred. In one case, we
conducted intrauterine intravenous transfusion, while in the
other two cases, we adopted expectant management. We
performed an emergency caesarean section at 27-30 weeks
of gestation in all cases due to a severe condition of anemia
in the TAPS donor. Two cases with antenatal TAPS stage 4
had severe maternal complications; one had minute pulmo-
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nary embolism, while the other had Mirror syndrome. All
three pairs of infants survived. One TAPS donor and one
TAPS recipient had neurodevelopmental impairment; bilat-
eral deafness at 9.5 years old and spastic paralysis at 2 years
old, respectively. In conclusion, post-laser TAPS in a higher
stage can cause severe maternal complications. Close obser-
vations for both fetuses and mothers are required for such
cases. © 2015 S. Karger AG, Basel

Introduction

Twin anemia-polycythemia sequence (TAPS) is a novel
form of feto-fetal transfusion in monochorionic twins first
reported by Lopriore et al. [1]. It was characterized by large
inter-twin hemoglobin value differences without inter-
twin amniotic fluid discordance. The etiology of TAPS is
postulated to be slow feto-fetal transfusion through minus-
cule anastomoses [2]. TAPS can occur not only spontane-
ously but also iatrogenically after fetoscopic laser photoco-
agulation (FLP) for twin-twin transfusion syndrome
(TTTS). TAPS is estimated antenatally by fetal middle ce-
rebral artery peak systolic velocity (MCA-PSV) measure-
ments by Doppler ultrasonography [2]. As the manage-
ment of antenatal TAPS remains undetermined, more
studies of TAPS and the associated maternal complications,
as well as outcome of the fetuses and infants, are needed.

Between 2003 and 2012, we performed 287 cases of
ELP for TTTS of which 114 cases were placed under our
care until delivery. Prenatal care with weekly ultrasound
examination, including pulsed Doppler assessment, was
provided for all the mothers. Subsequently, three cases of
TAPS were discovered. The diagnosis of TAPS was based
on MCA-PSV >1.5 Multiples of the Median (MoM) in the
donor fetus that coincided with a decreased MCA-PSV
<1.0 MoM in the recipient, in the absence of twin oligo-
polyhydramnios sequence. We adopted antenatal and
postnatal diagnostic criteria and stage classification of
TAPS as per the report by Slaghekke et al. [2]. In this
study, we described the three cases of TAPS with the as-
sociated maternal and fetal complications.

Case Presentation

Case 1

A 28-year-old Gravida 2, Para 1 Japanese woman with Quin-
tero Stage II TTTS [3] underwent FLP with selective coagulation
[4] at 18 + 4 weeks of gestation. On the ninth day after FLP, MCA-
PSV of the TTTS donor increased gradually. On the 18th day after

2 Fetal Diagn Ther
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FLP (21 + 2 weeks of gestation), the TTTS donor had a high MCA-
PSV (1.81 MoM), while the TTTS recipient had a low MCA-PSV
(0.65 MoM). TAPS was suspected as the TTTS donor became
TAPS donor and the TTTS recipient became TAPS recipient. The
anemic state of the TTTS donor gradually worsened and eventu-
ally developed into hydrops fetalis with ascites and skin edema
(antenatal TAPS stage 4). An emergency cesarean section was per-
formed at 30 + 2 weeks (80 days after FLP).

Just after delivering the firstborn through a caesarean section,
the patient complained of strong respiratory discomfort. In spite
of oxygen supply, her PaO; level decreased. Auscultation of gallop
rhythm was carried out. Computed tomography showed massive
thrombosis (diameter, 1 cm; length, 10 cm) located on the left
ovarian venous and inferior vena cava with no visible pulmonary
embolism. Anticoagulant therapy was initiated (started with hepa-
rin, which was later replaced by warfarin) and a temporary infe-
rior vena cava filter catheter was inserted because minute pulmo-
nary embolism was suspected. She was discharged 24 days after the
caesarean section.

A placental study performed with colored dye showed one mi-
nuscule residual arterio-venous anastomosis from the TTTS do-
nor to the TTTS recipient (less than 1 mm and located center of
the placenta) (fig. 1a, b). Tables 1 and 2 show the clinical course
as well as neonatal and long-term outcomes. Postnatal TAPS
stage had the value 5. Both twins required intensive care at the
neonatal intensive care unit (NICU). At nine months old, mag-
netic resonance imaging (MRI) revealed slight ventriculomegaly
with brain atrophy and a reduction in volume of white matter
(fig. 2a). No auditory brainstem response was exhibited in the
TAPS donor (TTTS donor). Home oxygen therapy for chronic
lung disease was needed until five years old. At three years of age,
Tsumori’s Mental Development Test [5] showed that the TAPS
donor experienced retardation in motor and cognitive adapta-
tion, as well as social behavior section. At seven years of age
WISC-IV revealed comprehensive retardation (FSIQ point was
56). The TAPS donor still requires hearing aids for both ears. On
the other hand, at three years of age, the TAPS recipient showed
no neurodevelopmental impairment when assessed by Tsumori’s
Mental Development Test.

Case 2

A 31-year-old Gravida 2, Para 1 Japanese woman was referred
to our institution at 17 weeks of gestation due to TTTS, and sub-
sequently diagnosed with Quintero stage III TTTS. FLP was per-
formed at 17 + 4 weeks of gestation. The TTTS donor had a high
MCA-PSV (2.07 MoM), while the TTTS recipient had alow MCA-
PSV (0.87 MoM) on the 7th day after FLP (18 + 4 weeks of gesta-
tion). The TTTS donor became a TAPS donor and the TTTS re-
cipient became a TAPS recipient. The TAPS donor (TTTS donor)
had hydropic symptom on the 62th day after FLP (26 + 2 weeks of
gestation). Mirror syndrome was suspected due to increasing pla-
cental thickness, excess maternal body weight gain and significant
edema. The mother exhibited anemia, as well as evaluated uric acid
and severe hypoproteinemia without proteinuria. Fetal heart rate
pattern of the TAPS donor (TTTS donor) indicated a sinusoidal
pattern in cardiotocogram. Intrauterine intravenous transfusion
(IUT) was eventually performed on the 66th day after FLP (26 +
6 weeks of gestation) to improve anemia in the TAPS donor. How-
ever, the MCA-PSV in the TAPS donor (TTTS donor) did not de-
clined adequately and the hydropic conditions worsened (antena-
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Fig. 1. Placenta pathological studies. a Case
1; Colored dye showed one minuscule re-
sidual arterio-venous anastomosis from
the TTTS donor to the TTTS recipient (less
than 1 mm and located center of the pla-
centa) (white square). b Case 1; Close up of
minuscule residual arterio-venous anasto-
mosis. (white arrow). ¢ Case 2; Resin injec-
tion showed no residual anastomoses.
d Case 3; Colored dye showed no residual
anastomoses. We routinely use darker col-
ors (blue or green) for arteries and lighter
colors (red or yellow) for veins.

Table 1. Baseline characteristics and perinatal managements and outcomes

Maternal age (G and P) 28 (G2P1) 31 (G2P1) 40 (G10P4)

Quintero stage of TTTS I 111 I

GA at FLP 18 weeks 4 day 17 weeks 4 day 17 weeks 4 day

GA and POD to FLP at 21 weeks 18 weeks 22 weeks

diagnosing TAPS (18th day after FLP) (7th day after FLP) (31th day after FLP)

Antenatal treatment no (expectant management) IuT no (expectant management)

GA and POD to FLP at CS 30 weeks 2 day 27 weeks 2 day 28 weeks 1 day
(80th day after FLP) (69th day after FLP) (55th day after FLP)

Fetal condition hydrops fetails of TAPS donor hydrops fetails of TAPS donor ~ no hydrops fetail

Maternal complication deep vein thrombosis Mirror syndrome pre-renal no complication
minute pulmonary embolism acute kidney disorder

Antenatal TAPS classification stage 4 stage 4 stage 2

Residual placental anastomoses  one arterio-venous anastomoses  not detected not detected

G = Gravida; P = parity; TTTS = twin-twin transfusion syndrome; GA = gestational age; FLP = fetoscopic laser photocoagulation;
TAPS = twin anemia polythcemia sequence; POD = post-operative day; IUT = intrauterine transfusion; CS = caesarean section.

Post-Laser TAPS and Severe Maternal Fetal Diagn Ther 3
Morbidity DOI: 10.1159/000365812
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Fig. 2. MRI imaging. a Case 1; TAPS donor
(TTTS donor) at nine months old. A slight
ventriculomegaly and brain atropy, togeth-
er with a volume reduction of white matter
were observed. b Case 2; TAPS donor
(TTTS donor) at four months old. A small
right cerebellum hemorrhage trace (white
arrow) were observed. ¢ Case 3; TAPS re-
cipient (TTTS donor) at three months old.
Cortical dysplasia (deformity of the left
perisylvian: white arrow), volume reduc-
tion of white matter and slight ventriculo-
megaly were observed.

Table 2. Neonatal and long-term outcomes

Case 1 Case 2

donor ~ recipient donor - recipient donor

donor i recipient donor recipient recipient
GA at birth 30 weeks 2 day 27 weeks 2 day 28 weeks 1 day
Birth weight, g 990 1,330 934 958 928 808
Apgar score (1 min/5 min) 2/2 6/7 1/1 5/7 5/8 5/8
Neonatal Hb, g/dl 3.2 23.4 28 154 20.4 34
Absolute reticulocyte count (10 exp9/l) 14.4 38 15 7 53 355
Postnatal TAPS classification stage 5 stage 5 stage 2 stage 2 stage 3 stage 3
Neonatal hematological treatments blood transfusion no blood transfusion no no blood transfusion
Day at discharge 11th month 80th day 104th day 90th day 88th day 88th day
MRI findings brain atrophy, normal cerebellum normal cortical dysplasia, normal

volume reduction hemorrhage trace, volume reduction of

of white matter subependymal white matter,

ventriculomegaly hemorrhage ventriculomegaly
Neurodevelopmental bilateral deaf normal normal normal spastic paralysis normal
impairment (9.5 years old) (9.5 years old) (2.8 years old) (2.8 years old) (2 years old) (2 years old)
Cognitive assessment delayt normal® normal* normal delay? normalt

TTTS = Twin-twin transfusion syndrome; TAPS = twin anemia polycythemia sequence; GA = gestational age; MRI = magnetic resonance imaging; T As-
sessed by Tsumori’s Mental Development Test. ¥ assessed by Kyoto Scale of Psychological Development.

tal TAPS stage 4). An emergency cesarean section was performed
at 27 + 2 weeks of gestation. The postoperative course was eventful
with massive hematoma at the incision of the uterus due to coagu-
lopathy, together with pre-renal acute kidney disorder arising
from intravascular dehydration. The mother was hospitalized for
26 days after the caesarean section.

A placental study performed with resin injection showed no
residual anastomoses (fig. 1c). The postnatal TAPS stage had the

4 Fetal Diagn Ther
DOI: 10.1159/000365812

value 2. The twins were placed in the NICU. While MRI (fig. 2b)
on the 81st day revealed a small right cerebellum hemorrhage trace
and old bilateral subependymal hemorrhage in the TAPS donor
(TTTS donor), no neurodevelopmental impairment was found at
2.8 years old. Atthe same age, the TAPS recipient (TTTS recipient)
had no neurodevelopmental impairment. Both twins were as-
sessed by the Kyoto Scale of Psychological Development 2001 [6]
and DENVERII [7].
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Case 3

A 40-year-old Gravida 10, Para 4 Japanese woman diagnosed
with Quintero stage II TTTS underwent FLP at 17 + 4 weeks of
gestation. MCA-PSV of the TTTS recipient increased transiently
after surgery, but was normalized seven days after FLP. Although
the postoperative course was uneventful, the TTTS recipient expe-
rienced a sudden increase in MCA-PSV (1.55 MoM), while the
TTTS donor had low MCA-PSV (0.6 MoM). Subsequently, TAPS
was suspected on the 31st day after FLP (22 + 0 weeks of gestation).
The TTTS donor became a TAPS recipient and TTTS recipient
became a TAPS donor. Pericardial effusion emerged in the TAPS
donor (TTTS recipient) on the 48th day after FLP (27 + 1 weeks of
gestation) and the value of MCA-PSV gradually increased, reach-
ing 2.3 MoM eventually. Fetal cardiac failure due to severe anemia
(antenatal TAPS stage 2) was suspected. As the gestation period
was over 28 weeks, a decision for cesarean section was made. It was
performed on the 55th day after FLP (28 + 1 weeks).

A placental study performed with a colored dye showed no re-
sidual anastomoses (fig. 1d). Postnatal TAPS stage had the value 3.
The twins were placed in the NICU. At three months old, MRI
(fig. 2¢) revealed that the TAPS recipient (TTTS donor) had cortical
dysplasia (deformity of light perisylvian and hippocampus laterali-
ty) and a reduction in volume of white matter with slight ventricu-
lomegaly, which led to spastic paralysis of right upper and lower
limb at two years of age. The TAPS recipient (TTTS donor) had
moderately delayed cognitive adaptation and sociolinguistics, while
the TAPS donor (TTTS recipient) did not display any developmen-
tal delay when assessed by Tsumori’s Mental Development Test.

Discussion

We experienced three TAPS cases (2.6%) in 114 cases
of FLP for TTTS that were under our care until delivery.
All three cases resulted in preterm delivery, with fetal
treatment of IUT in one case. All six infants survived, but
two infants had neurological problems. In two cases, ma-
ternal complications (minute pulmonary embolism and
Mirror syndrome) occurred.

This study showed that severe post-laser TAPS can be
associated with critical maternal morbidity. To date, there
are no such reports. Multiple pregnancy and long-term
bed rest for potential premature labor tend to lead to the
development of maternal deep vein thrombosis (DVT)
[8, 9], which in turn results in pulmonary embolism, as
demonstrated in Case 1. Mirror syndrome has been re-
ported in severe TTTS after FLP [10]; as was the clinical
course displayed in Case 2. Both Cases 1 and 2 were an-
tenatal TAPS stage 4, and experienced a long period be-
tween the occurrence of TAPS and delivery. A higher
stage of TAPS and a longer period after the occurrence of
TAPS may influence severe maternal complications. As
such, close monitoring for both fetuses and mothers is
required in TAPS cases.

Post-Laser TAPS and Severe Maternal
Morbidity

The treatment options for antenatal TAPS include
IUT in the donor, with or without partial exchange trans-
fusion to the recipient, and FLP [11, 12]. Since Case 1 was
arelatively older case, antenatal treatment was not an op-
tion at that time. We could not perform FLP for Cases 2
or 3 mainly due to an absence of amniotic fluid discor-
dance, which was likely to cause technical difficulties.
IUT was performed in Case 2 because of severe prematu-
rity for delivery at 26 weeks of gestation. The MCA-PSV
in the anemic donor did not decline adequately and the
hydropic state remained after IUT. However, the out-
come of both infants was favorable. A poor prognosis for
post-laser TAPS donor despite IUT was recently reported
[13]. We did not perform IUT in Case 3 since the gesta-
tional age was already over 28 weeks. While FLP is the
causative treatment and can be effective for TAPS [11], it
can be technically challenging to perform. As such, de-
spite its effectiveness not being fully determined yet, we
decided to perform IUT instead.

Several reports have suggested that there were more
minuscule anastomoses than normal monochorionic di-
amniotic twin in TAPS cases [14, 15]. Although there was
one minuscule arterio-venous residual anastomosis from
donor to recipient in Case 1, we could not detect residual
anastomoses by injection studies in the other two cases.
In Case 2, as we could not observe any residual anastomo-
sis on the placental surface, we performed resin injection
in an attempt to detect deeper arterio-venous anastomo-
sis [16]. However, we did not detect any anastomosis. In
Case 3, we were unable to carry out a detailed search as
the succenturiate placenta hampered the injection of a
color dye into peripheral small anastomoses. In view of
these situations, we are aware that there may be some
technical flaws on our part in Cases 2 and 3.

A recent cohort study showed neurodevelopmental
problems in post-laser TAPS [13]. The authors reported
a survival rate of 80% but neurodevelopmental impair-
ment and cognitive delay was found in nearly one in five
post-laser TAPS infants who survived. In our case, all
infants survived, but one (a TAPS donor, Case 1) was di-
agnosed with hypoacusis at nine months of age, while
another (a TAPS recipient, Case 3) developed spastic pa-
ralysis. These children also experienced cognitive delay;
particularly, the delay was severe in Case 1. On the other
hand, antenatal TAPS staging was high in Case 2, but re-
sulted in no neurodevelopmental impairment with ab-
normal findings on MRI in TAPS donor. While it is dif-
ficult to attribute the positive outcome of Case 2 to IUT,
neurological impairments are known to be significantly
present in post-laser TAPS with expectant managements.
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In conclusion, post-laser TAPS in a higher stage can

cause severe maternal complications. The neurological

prognosis of post-laser TAPS may be poor in expectant
managements. Close observations for both fetuses and
mothers are required when in cases of TAPS.
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Introduction

Mesenchymal stem cells (MSCs) residing within various tissues,
including bone marrow [1] and adipose tissue [2], are reported to
differentiate into” various types of cells including osteoblasts,
chondrocytes, and adipocytes. This multipotency renders MSCs
an attractive therapeutic source for regenerative medicine.
However, because an invasive procedure is required to obtain
autologous bone marrow or adipose tissue-derived MSCs, an
alternative source of MSCs that can be obtained non-invasively is
desirable.

Appendages of the fetus, which consist of the placenta, umbilical
cord, and fetal membrane (FM), are normally discarded after
delivery as medical waste. A large quantity of MSCs could be
obtained without harm from the human FM because of its size (>
40x40 cm), which represents an advantageous characteristic as a
source of cell therapy. We have previously reported the
therapeutic potential of rat FM-derived MSCs using various rat
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models including hindlimb ischemia, autoimmune myocarditis,
glomerulonephritis, renal ischemia-reperfusion injury, and myo-
cardial infarction [3-8]. Although the FM is composed of the
amnion and chorion, and both layers contain MSCs [9], it is
technically difficult to separate these membranes as well as their
MSGCs in rat.

Thus, the purposes of this study were: 1) to isolate and
characterize MSCs from human amnion and chorion; 2) to
examine their differences in the expression profile of growth
factors and cytokines; and 3) to investigate the therapeutic
potential and difference of these MSCs using murine hindlimb
ischemia and acute graft-versus-host disease (GVHD) models.

Materials and Methods

Ethics Statement
The study protocol and informed consent procedure were
approved by the ethics committee of the National Cerebral and
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Figure 1. Characterization of human amnion- and chorion-derived MSCs. (A) Representative photographs of human amnion and chorion.
(B) Photographs of cultured MSCs obtained from human amnion and chorion at passage 3. Scale bars=500 um. (C) Relative cell number of amnion-
and chorion-derived MSCs at each passage. (D) FACS analysis of amnion and chorion MSCs. (E, F) Differentiation of amnion and chorion MSCs into

adipocytes (E) and osteocytes (F). Scale bars=100 (E) and 50 (F) pm.
doi:10.1371/journal.pone.0088319.g001

Cardiovascular Center (Permit Number: M18-042-4). Animal
protocols were approved by the Animal Care Committee of the
National Cerebral and Cardiovascular Center Research Institute
(Permit Number: 13052). Animal studies were conducted in strict
accordance with the recommendations in the Guide for the Care
and Use of Laboratory Animals of the National Institutes of
Health. All animal surgery was performed under sodium
pentobarbital anesthesia and all efforts were made to minimize
suffering.

Isolation and Expansion of Amnion- and Chorion-derived
MSCs from Human FMs

After obtaining written informed consent, FMs were obtained
following cesarean section of healthy donor mothers. Amnion and
chorion were separated by mechanical peeling of the FM, and
digested with type-II collagenase solution (5 ml/g tissue and
300 U collagenase/mL, Worthington Biochemicals, Lakewood,
NJ) for 1 h at 37°C in a waterbath shaker. After filtration with a
mesh filter, cells were suspended in ¢-minimal essential medium
(«-MEM, Invitrogen, Carlsbad, CA) supplemented with 10% fetal
calf serum (FCS, Hyclone, Logan, UT), 100 U/mL penicillin and
100 pg/mL streptomycin (Invitrogen), and incubated at 37°C with
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5% COgq after plating on a dish. The adherent, spindle-shaped
MSCs developed visible symmetric colonies by days 1 to 2.

Characterization of Human Amnion and Chorion MSCs

For defining FM-MSCs, we referred to the criteria proposed by
the Mesenchymal and Tissue Stem Cell Committee of the
International Society for Cellular Therapy [10].

Cultured MSCs were analyzed by FACSCalibur (BD Biosci-
ences). Cells were incubated with fluorescein isothiocyanate
(FITC) or phycoerythrin (PE)-conjugated monoclonal against
human CD14 (clone M5E2), CD19 (clone HIB19), CD34 (clone
581), CD45 (clone HI30), CD73 (clone AD2), CD90 (clone 5E10),
CD105 (clone 266), or HLA-DR (clone G46-6 (L243)), all
purchased from BD Biosciences. Isotype identical antibodies
served as controls.

To induce differentiation into osteocytes, MSCs were cultured
in o-MEM with MSC osteogenesis supplements (Dainippon
Sumitomo Pharma, Osaka, Japan) according to the manufactur-
er’s instructions. After 14—17 days of differentiation, cells were
fixed and stained with Alizarin Red S (Sigma-Aldrich, St. Louis,
MO).

To induce adipocyte differentiation, MSCs were cultured with
adipocyte differentiation medium: 0.5 mM 3-isobutyl-1-methyl-

February 2014 | Volume 9 | Issue 2 | e88319

- 168 -



Regenerative Effects of Amnion and Chorion MSCs

E G
> 0.3 20.20f M= Y © 150
= —_ > @ ©
_— - 01000 [3]
g g0.15 < < 1
502 o S 15,100
? % 0.10 2 &
© S w 500 w
0.1 @ o O 50
So0.05 T 5
0.0 r—— i | 0 o - =
Serum Amnion Chorion Serum Amnion Chorion Serum Amnion Chorion Serum Amnion Chorion
free free free free
0.4 B Cardiomyocytes 0.12 D Cardiomyocytes 300 F 100 H
* * ) .
2 7 )
20.09 * o= 375
> ° o 200F L
=03 g S =]
2 by —_
I = - 50
_g 80'06 g g
e [+ —
% 2 < 100} W
Co.2 §0.03 % i 25
0.0 I 0.00

Serum Amnion Chorion
free

Serum Amnion Chorion
free

Serum Amnion Chorion
free

Serum Amnion Chorion
free
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concentration of HGF (E), IGF-1 (F), bFGF (G), and VEGF (H) in serum free
doi:10.1371/journal.pone.0088319.g002

xanthine (Wako Pure Chemical Industries, Osaka, Japan), 1 uM
dexamethasone (Wako), 50 pM indomethacin (Wako), and 10 pg/
mL insulin (Sigma-Aldrich) in «-MEM supplemented with 10%
FCS. After 21 days of differentiation, adipocytes were stained with
Oil Red O (Sigma-Aldrich).

Conditioned Medium Analysis of FM-MSC-associated

Cytoprotective Function

Human umbilical vascular endothelial cells (HUVECs; Lonza,
Basel, Switzerland) were seeded onto a collagen-coated plate and
incubated in medium 199 (Invitrogen) supplemented with 20%
FCS for 24 h. Neonatal rat cardiomyocytes were isolated from
Lewis rats on postnatal day I, as described previously [11], and
seeded onto a laminin-coated plate followed by incubation in o-
MEM supplemented with 10% FCS for 24 h. Cells were then
subjected to serum deprivation with/without hypoxia (1% Os) by
culturing with serum-free medium or serum-free conditioned
medium obtained from FM-MSCs cultured for 24 h. The cellular
level of 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-
2-(4-sulfophenyl)-2H-tetrazo-lium (MTS), indicative of cell viabil-
ity, as well as caspase-3 activity, was measured with a CellTiter96
AQueous One Solution Kit (Promega, Madison, WI) and a
CaspACE™ Assay System Kit (Promega), according to the
manufacturer’s instructions.

Analysis of FM-MSC Production of Growth Factors and

Prostaglandin E2
Conditioned media were collected from MSCs cultured in o~
MEM with/without 10% FCS for 24 h (n=4-6). The concentra-
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conditioned medium was measured by ELISA. ¥p<<0.05 and ***p<0.001.

tions of the following growth factors were measured using ELISA
kits: hepatocyte growth factor (HGF), insulin-like growth factor-1
(IGF-1), basic fibroblast growth factor (bFGF), vascular endothelial
growth factor (VEGF), and prostaglandin E2 (PGEZ2), according to
the manufacturer’s instructions (R&D Systems, Minneapolis, MN).

FM-MSC Transplantation in the Hindlimb Ischemia Model

Six-week-old male KSN nude mice were anesthetized with
pentobarbital, and the right common iliac artery was resected.
After surgery, amnion MSCs (1x10° cells/50 uL PBS), chorion
MSCs (1 x10° cells/50 UL PBS), or PBS (50 uL PBS) was injected
into the ischemic muscle with a 30-gauge needle at five different
sites (n=15 in each group). A laser Doppler perfusion image
(LDPI) analyzer (Moor Instruments, Devon, UK) was used to
measure serial hindlimb blood flow for 7 days, as previously
described [12].

Five and seven days after MSC transplantation, ischemic
hindlimb tissues were obtained and snap-frozen. Frozen tissue
sections were stained with anti-mouse CD31 antibody (BD
Biosciences) to detect capillary endothelial cells. Ten fields were
randomly selected to count the number of capillaries. The adjusted
capillary number per muscle fiber was used to compare the
differences in capillary density between the three groups.

In vitro CD4+ T cell Proliferation Assay

Peripheral blood mononuclear cells were prepared from buffy
coats obtained from healthy donors by centrifugation through
Ficoll-Paque (GE healthcare, Uppsala, Sweden). CD4+ T cells
were isolated by magnetic bead depletion of CD8, CDI14+,

February 2014 | Volume 9 | Issue 2 | e88319

- 169 —



Control

Amnion

Chorion

B 12 ¢ =O= Control
-@- Amnion
=&~ Chorion

LDPI Index

Regenerative Effects of Amnion and Chorion MSCs

1 2 3 4 5 6 7

Days

2 20
© A koK %k
2 15}
S
2 Amapaana
@ 1.0}
-
£
E 0.5
o
3
Control Amnion Chorion

Figure 3. Angiogenic potential of amnion and chorion MSCs against hindlimb ischemia. (A) Representative images of serial hindlimb
blood perfusion. Blood perfusion of ischemic hindlimb increased in the amnion and chorion MSC groups at day 5. (B) Quantitative analysis of
hindlimb blood perfusion with the LDPI index, the ratio of ischemic to non-ischemic hindlimb blood perfusion. (C) Representative photographs of
immunohistochemistry with anti-CD31 antibody. Scale bars =100 um. (D) Quantitative analysis of capillary density in ischemic hindlimb muscle at day
5 among the control, amnion, and chorion MSC groups. Capillary density is shown as the capillary-to-muscle-fiber ratio. Data are mean ® SEM. ¥*p<

0.01 and ***p<0.001 vs. control.
doi:10.1371/journal.pone.0088319.g003

CD15+, CDI16+, CDI19+, CD36+, CD56+, CDI23+, T cell
receptor-gamma/delta, and glycophorin A~positive cells (CD4+ T
Cell Isolation Kit) on an AutoMACS istrument (Miltenyi Biotec).
CD4+ T cells (5x10° cells/well) were cultured with X-VIVO
medium (Lonza, Walkersville, MD) containing 2% FBS and 5 pg/
ml anti-CD28 antibody (clone CD28.2, BioLegend, San Diego,
CA) in anti-CD3-precoated 24-well culture plates (clone OKT3,
BioLegend). During in vitro proliferation of CD4+ T cells, human
amnion-, chorion-, or bone marrow-derived (Lonza) MSCs were
co-cultured at 5x10" cells/well. After 5 days of co-culturing, T
cells were separated from the monolayer MSCs and counted with
an automated cell counter (Countess, Invitrogen).

FM-MSC Transplantation into the Acute GVHD Model
Seven- to eight-week-old female B6C3F1 (recipient; C57BL/
6 xC3H/He; H-2"% and BDF1 (donor; C57BL/6xDBA/2; H-
2°/%y mice were purchased from Japan SLC (Shizuoka, Japan).
Recipient mice were lethally irradiated with 15 Gy total body
irradiation (TBI; X-ray) split into two doses separated by 2 h. On
the following day, donor-derived cells (I x10” bone marrow cells
and 3x107 spleen cells) were suspended in 0.2 mI, RPMI-1640
medium (Invitrogen) and transplanted via the tail vein into the
post-irradiation recipient mice. On days 14, 17, 21, and 25 after
hematopoietic stem cell transplantation, 1x10° amnion or chorion
MSCs in 0.1 mL RPMI medium were transplanted via the tail
vein. In the control group, the same amount of RPMI was infused
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via the tail vein. The severity of GVHD was evaluated by
measuring the body weight of mice.

Statistical Analysis

All values are expressed as mean * standard error of the mean
(S.E.M). Comparisons of parameters for more than three groups
were made by one-way analysis of variance (ANOVA) followed by
the Newman-Keuls’ test. Gomparisons of the time-course of the
LDPI index were made by two-way ANOVA for repeated
measures, followed by Bonferroni tests. A p value <0.05 was
considered statistically significant.

Results

Characterization of Amnion and Chorion MSCs

From each human FM, 23.5%+3.7 g amnion and 37.6%£25 g
chorion could be separated (n=5 and n=3, respectively)
(Figure 1A). By enzymatic digestion, over one million cells per
gram of the amnion (1.9%02x10%/g, n=35) or chorion
(1.3£0.3x10"/g, n=3) were obtained. At passage 3, cultured
cells from both layers were fibroblast-like, spindle-shaped cells, and
there was no difference in morphology according to the origin of
layers (Figure 1B). Cell-doubling time of amnion MSCs
(32.2%1.13 h) was equal to that of chorion MSCs (34.1£1.94 h)
(Figure 1C).

Both amnion- and chorion-derived MSCs expressed CD73,
CDY0, and CD105, but not CD14, GD19, CD34, CD45, or HLA-
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DR (Figure 1D), which satisfied the criteria for identifying MSCs
[10]. In addition, amnion and chorion MSCs could differentiate
into adipocytes and osteocytes, as demonstrated by positive Oil
Red O and Alizarin Red S staining, respectively (Figure 1E and

IF).

Cytoprotective Effects of Amnion and Chorion MSCs on
Endothelial Cells and Cardiomyocytes

To evaluate the cytoprotective effect of amnion and chorion
MSCs, we examined cell viability and apoptosis of HUVECs and
neonatal rat cardiomyocytes cultured under serum deprivation. In
the MTS assay, cell viability of cardiomyocytes was significantly
increased when cultured with conditioned medium obtained from
amnion and chorion MSCs (absorbance value: serum-free control
0.331£0.002, amnion MSCs 0.359%0.006; p<<0.001, and chorion
MSCs 0.355%0.004; p<0.01 vs. control) (Figure 2B). Cell viability
of HUVECGs also increased when cultured with chorion MSC-
derived conditioned medium (serum-free control 0.263*0.013,
amnion MSCs 0.247%0.014, and chorion MSCs 0.313%0.012;
p<<0.05 vs. control) (Figure 2A). Similarly, conditioned medium
obtained from chorion MSCis significantly decreased the caspase-3
activity of HUVEGs (absorbance value: serum-free control
0.201%0.006 vs. chorion MSCs 0.159%0.004; p<<0.001) and
cardiomyocytes (control 0.1060.007 vs. chorion MSCs
0.079=0.004; p<<0.05) (Figure 2C, D). Amnion MSC-derived
conditioned medium also showed a tendency to decrease the
caspase-3 activity of these cells, but without statistical significance.

PLOS ONE | www.plosone.org

Secretion of Growth Factors from Cultured Amnion- and
Chorion-derived MSCs

To investigate the secretion of major growth factors from
MSGs, we performed ELISA of HGF, IGF-1, bFGF, and VEGF.
The differences in the cellular expression profile of the growth
factors were observed in these FM-derived MSGCs (Figure 2E-H).
Among these growth factors, amnion MSCs secreted significant
amounts of HGF (1217.2+80.2 pg/lO6 cells; p<<0.001 ws.
chorion-MSC) and bFGF (137.2%18.5 pg/10° cells; p<<0.05 vs.
chorion-MSC)  compared with  chorion MSCs (HGF:
932.5+85.3 pg/10° cells, bFGF: 93.6+8.1 pg/10° cells)
(Figure 2E, G). There was no significant difference between
amnion and chorion MSCs in the level of secreted IGF-1
(88.8%53.4 pg/10° cells and 205+77.0 pg/10° cells, respectively)
and VEGF (46.1+12.3 pg/10° cells and 60.7=5.3 pg/10° cells,
respectively) (Figure 2F, H).

Augmentation of Angiogenesis in the Ischemic Hindlimb
after Human FM-MSC Transplantation

Analysis of LDPI revealed that accelerated limb perfusion was
observed in the amnion and chorion MSC-transplanted groups
(Figure 3A). The LDPI index was significantly higher in the
amnion and chorion MSC groups (amnion MSCs: 0.85£0.07; p<
0.01, chorion MSCs: 0.83%+0.05; p<<0.0l) than in the control
group (0.56%0.07) 5 days after transplantation (Figure 3B). At 7
days after transplantation, there was no difference between the
treated and control groups.

Immunostaining with the endothelial marker CD31 showed
significant augmentation of capillaries in the amnion and chorion
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MSC-treated groups compared with the control group (Figure 3E).
The capillaries-to-muscle-fiber ratio of ischemic muscle at day 5
after transplantation was significantly increased in the amnion and
chorion MSC groups (amnion MSCs: 1.530.03/muscle fiber;
p<<0.001, chorion MSCs: 1.51%0.04/muscle fiber; p<<0.001)
compared with the control group (1.05%0.06/muscle fiber;
Figure 3F). At day7, the capillaries-to-muscle-fiber ratio of
ischemic muscle was also increased in the amnion or chorion
MSC-transplanted mice (amnion MSCs: 1.67£0.17/muscle fiber,
chorion MSCis: 1.43%0.09/muscle fiber) compared to the control
mice (1.36%0.11/muscle fiber).

Immunosuppressive Property of Human FM-MSCs

Although the number of T cells was markedly increased under
proliferating conditions of human CD4+ T cells stimulated with
anti-CD3 and -CD28 antibodlies, the increase was significantly
suppressed when co-cultured with amnion-, chorion-, or bone
marrow-derived MSCs (61.1%£1.8%, 54.6%£3.0%, 74.0=2.1%,
respectively. p<0.001 vs. control) (Figure 4A).

PGE2 is a well-known immune modulator in bone marrow
MSCs [13] and we. confirmed that amnion MSCs in culture
secreted a significant amount of PGE2 (29.7%7.8 ng/10° cells),
particularly when co-cultured with human CD4+ T cells
(613.1%£139.9 ng/10° cells; p<0.01 vs. amnion MSCy)
(Figure 4B). In chorion MSCs, however, the concentration of
PGE2 was relatively low (0.77+0.13 ng/10° cells) but significantly
increased in co-culture with CD4+ T cells (4.7620.47 ng/10°
cells; p<0.001 vs. chorion MSCs). The experiments were repeated
with two or three independent MSC/CD4+ T cell donor pairs and
the data are presented as the measured mean levels.

In addition, to evaluate the potential of FM-MSCs to suppress
acute GVHD, mice underwent allogeneic hematopoietic stem cell
transplantation and treatment with human FM-MSCs. As shown
in Figure 4C, the loss in body weight of recipient mice after
allogeneic hematopoietic stem cell transplantation was significantly
reduced with concomitant transplantation of human amnion-
derived MSCs. In human chorion MSC-transplanted group,
however, no significant changes in body weight was observed
during the observation period (Figure 4D).

Discussion

Human MSCs derived from bone marrow or adipose tissue
exert a regenerative effect in animal models and human patients
[14]. In addition, several reports have described the therapeutic
potential of transplanted cells derived from the appendages of the
fetus, including amniotic epithelium cells [15], and amniotic fluid-
[16], amnion-, and chorion-derived MSCs [17,18]. We have
previously demonstrated the therapeutic potential of rat FM-
MSCs using various rat models including hindlimb ischemia,
autoimmune myocarditis, glomerulonephritis, renal ischemia-
reperfusion injury, and myocardial infarction [3-8]. Recent
studies including ours also revealed the angiogenic and immuno-
suppressive property of human fetal appendage-derived MSCs
[14,18-20], but comparative studies of the therapeutic effects
among these MSCs are lacking. Therefore, in this study, we
examined the differences in the cellular function and therapeutic
properties between human FM-derived ammnion and chorion
MSCs.
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It is known that MSCs exert their regenerative effects through
differentiation into specific cell types, but recent studies suggest
that their ability to stimulate regenerative effects is mainly induced
via paracrine effects [3,4,8,21]. This theory is substantiated by
several reports that MSCs secrete various growth factors and
cytokines including VEGF, IGF-1, HGF, adrenomedullin (AM),
and PGE2 [3-5,8,21,22]. In this study, we first confirmed that
chorion MSCs as well as amnion MSCs secreted significant
amount of these soluble factors, which would contribute to
accelerating regenerative effects. Compared with chorion MSCs,
amnion MSCs secreted significantly larger amounts of HGF and
bFGF. However, amnion MSCs secreted less IGF-1 compared to
chorion MSCs. We assume that these differences in the cytokine
expression profile might reflect the angiogenic and cytoprotective
properties of ammnion and chorion MSCs, as we observed
difference in the effect on endothelial cells and cardiomyocytes
in our conditioned-medium analysis. However, the actual function
of ammnion or chorion MSC-derived cytokines should be further
investigated in vivo because both human amnion and chorion MSG
transplantation similarly induced angiogenesis in the hindlimb
ischemia model.

Previous reports have shown that PGE2 is a major modulator of
the MSC-induced anti-inflammatory response [13]. In this study, a
noteworthy finding was a distinctly high concentration of PGE2 in
amnion MSCs in comparison with chorion MSCs, particularly
when co-cultured with CD4+ T cells. Because of their high PGE2
production, human amnion MSCs might be a better cell source
from an immunosuppressive point of view. In fact, we proved for
the first time that human amnion MSCis, but not chorion MSCs,
improved the pathological situation of an acute GVHD model.
Because our previous study demonstrated that human amnion
MSCs markedly inhibited differentiation as well as proliferation of
Th1/Th17 cells [6], human amnion MSCs could effectively
suppress Th1/Thl7 immunity and improve outcome in GVHD.

The merit of using FMs lies in that they are free form ethical
concern and that a large number of MSCs can be obtained
considering the size of FM. As more than one or ten million MSCs
per gram of the amnion or chorion could be obtained, more than
107 or 10" MSCs could theoretically be obtained at passage 3
within one month, respectively. Now we are planning to initiate
clinical studies with human amnion MSCs in acute GVHD and
Crohn’s disease, and we need more than 10'® MSCs for the
treatment of one patient. We are convinced that human FM-
MSCs are an attractive source for cell therapy because of their
easy availability compared with other somatic, embryonic stem,
and iPS cells.

In conclusion, both amnion and chorion MSCs have angio-
genic, cytoprotective, and immunomodulatory effects. Because of
high PGE2 production and immunosuppressive properties, human
amnion MSCs have the advantage for the treatment of immune-
related diseases. In addition, since a large number of MSCs could
be obtained from FMs, human amnion and chorion MSCs would
be a useful cell source for regenerative medicine.
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