J Mol Neurosci
DOI 10.1007/s12031-012-9805-6

Transplantation of Placenta-Derived Mesenchymal Stem
Cells in the EAE Mouse Model of MS

Yonit Fisher-Shoval - Yael Barhum - Ofer Sadan -
Shlomit Yust-Katz - Tali Ben-Zur - Nirit Lev «
Chen Benkler - Moshe Hod - Eldad Melamed -
Daniel Offen

Received: 5 April 2012 / Accepted: 3 May 2012
© Springer Science+Business Media, LLC 2012

Abstract Stem cell-based regenerative medicine raises
great hope for the treatment of multiple sclerosis (MS).
Bone marrow-derived mesenchymal stem cells (BM-MSCs)
are being tested in clinical trials. Bone marrow is the tradi-
tional source of human MSCs, but human term placenta
appears to be an excellent alternative because of its avail-
ability, without ethical issues. In this study, the therapeutic
effect of human placental MSCs (PL-MSCs) was evaluated
in experimental autoimmune encephalomyelitis (EAE), the
mice model of MS. EAE mice were transplanted intra-
cerebrally with PL-MSCs or with the vehicle saline 5 or
10 days after first MOG injection. The mice were monitored
for a month after therapy. A daily EAE score revealed a
decrease in disease severity in the transplanted animals
when compared to saline. Survival was significantly higher
in the transplanted animals. In vitro experiments demon-
strated that conditioned media from LPS-activated astro-
cytes stimulated PL-MSCs to express the gene TNF-o-
stimulated gene/protein 6 (TSG-6). The same mRNA ex-
pression was obtained when PL-MSCs were exposed to
TNF-o or IL1-f3. These results demonstrate that PL-MSCs
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have a therapeutic effect in the EAE mice model. We as-
sume that this effect is caused by reduction of the anti-
inflammatory protein, TSG-6, of the inflammatory damage.
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Introduction

Multiple sclerosis (MS) is an inflammatory, demyelinating,
and neurodegenerative disease of the central nervous sys-
tem. It is a chronic, relapsing remitting disease characterized
by patchy perivenular inflammatory infiltrates in areas of
demyelination and axonal loss (Noseworthy et al. 2000).

MS is one of the most common causes of neurological
disability affecting young adults. The common treatment for
MS is based on immunomodulation, mostly interferon-3 or
glatiramer acetate (Hemmer et al. 2006). Although partially
effective in symptomatic alleviation, the current immuno-
modulating drugs and any other available treatments do not
halt the ongoing progression of neurodegeneration.

Experimental autoimmune encephalomyelitis (EAE) is
the most common animal model for MS, via T cell-
mediated inflammation-induced demyelination and axonal
damage. The disease is generally induced by immunization
with myelin antigens such as myelin oligodendrocyte gly-
coprotein (MOG) or myelin basic protein (MBP) and adju-
vant, resulting in a CD4+ T helper-1 cell response that
attacks the myelinated areas of the CNS (Whitha et al.
1991).

Previous reports have shown the potential of cell-based
therapy for EAE through transplantation of oligodendrocytes
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or neural stem cells (Pluchino et al. 2003; Einstein et al. 2007,
Pluchino et al. 2005; Archer et al. 1997). These in vivo
experiments demonstrated an improvement in disease symp-
toms following intravenous (i.v.), intraperitoneal, or intrace-
rebral administration of these cells in the EAE mice (Kassis et
al. 2008; Zhang et al. 2005; Lianhua et al. 2009; Gordon et al.
2008; Barhum et al. 2010).

Most of the studies focused on mesenchymal stem cells
which represent a relatively rare cell population that resides
primarily in the bone marrow but can be isolated also from
other adult and fetal tissues including adipose tissue, umbil-
ical cord blood, fetal lung, and placenta (Pittenger et al.
1999; Deans and Moseley 2000; Gronthos et al. 2001; In
’t Anker et al. 2004; Erices et al. 2000; Lu et al. 2006; Zheng
et al. 2009). These cells can self-renew and differentiate into
multilineage cells and can secrete several cytokines, growth
factors, and extracellular matrix molecules (Lu et al. 2006;
Chen et al. 2010; Wang et al. 2010; Liao et al. 2009; Zhao et
al. 2009; Wu et al. 2009).

Human placenta has been considered as one ideal source
for MSCs due to its accessibility, lack of ethical conflicts,
painless procedures endured by donors, and abundant ma-
ternal and fetal mesenchymal stem cells (MSCs) it contains
(Brooke et al. 2009). In accordance to all the aforemen-
tioned, we tested the therapeutic efficiency of human pla-
cental MSC (PL-MSC) transplantation to the cerebral
ventricles of EAE mice and we investigated for the possible
mechanism by which PL-MSCs influence disease severity.

Materials and Methods
Isolation and Culture of Human Placental MSCs

Placental MSCs were extracted from the placenta as previ-
ously described (Yust-Katz et al. 2012). The placentas of
five healthy women after Caesarean section were collected
and processed following their written informed consent.
Several pieces of tissue closest to the umbilical cord were
dissected and placed in a Petri dish. The minced tissue was
transferred to a 50-ml centrifuge tube containing Hank’s
balanced salt solution (HBSS) (Biological Industries, Beit
Haemek, Israel)+0.1 % bovine serum albumin (BSA) (Sig-
ma-Aldrich, St. Louis, MO, USA) and digested for 45 min
at 37°C with a combination of 0.1 % collagenase type IV
(Sigma-Aldrich, St. Louis, MO, USA), 200 ng/ml DNAse I
(Worthington, Lakewood, NJ, USA), and 0.1 % dispase
(Invitrogen Carlsbad, CA, USA). The tissue was triturated
every 10 min using 10-ml plastic serological pipettes. The
slurry was successively filtered through a 100-um Nytex
mesh (BD Falcon, MD, USA) placed in a standard labora-
tory funnel, and the volume was adjusted to 35 ml HBSS
(Biological Industries, Beit Haemek, Israel). Thereafter,
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15 ml of Histopaque (Sigma-Aldrich, St. Louis, MO,
USA) was added to the centrifuge tube and layered with
the mixture using a 9-in. glass Pasteur pipette. The tube was
centrifuged for 20 min at 800g. The cell layer was recovered
and diluted with HBSS (Biological Industries, Beit Haemek,
Israel) containing 0.1 % BSA (Sigma-Aldrich, St. Louis,
MO, USA) to a final volume of 50 ml, and recentrifuged at
200 xg. The cell pellet was then resuspended twice. The cell
suspension was plated on dishes coated with human placen-
tal fibronectin (100 ng/ml; Sigma-Aldrich, St. Louis, MO,
USA) at a density of 1x10° cells/80 cm? (i.e., 1x10-cm
dish) in Knockout DMEM (Invitrogen, Carlsbad, CA, USA)
containing 10 % fetal bovine serum (FBS) (Biological In-
dustries, Beit Haemek, Israel), 1:100 nonessential amino
acids (Biological Industries, Beit Haemek, Israel), 55 uM
beta-mercaptoethanol (Sigma-Aldrich, St. Louis, MO,
USA), 10 pug/ml ciprofloxacin (Bayer, Leverkusen, Ger-
many), and 10 pg/ml amphotericin B (Invitrogen, Carlsbad,
CA, USA).

Animals

Six- to eight-week-old C3H.SW or C57bl female mice
weighing 20 g were housed in standard conditions: constant
temperature (22+1°C), humidity (relative, 40 %), and a 12-
h light/dark cycle, and were allowed free access to food and
water. The animals and protocol procedures were approved
and supervised by the Animal Care Committee at the Tel
Aviv University.

Induction of Chronic EAE and PL-MSC Transplantation

Chronic EAE was induced according to previously de-
scribed procedures (Hunter et al. 1985). In brief, female
C3H.SW or C57bl mice (68 weeks old) were immunized
twice, at day 1 and day 8, by subcutaneous injection with an
emulsion-containing MOG (pMOG35-55 3.7 mg/kg or
15 mg/kg respectively) in complete Freund’s adjuvant
(CFA) containing 200 pg heat-activated Mycobacterium
tuberculosis in a total volume of 0.2 ml. The C57bl female
mice were also injected with pertusis toxin (15 pg/kg) at day
0 and day 2. Five or 14 days post-EAE induction, mice
received bilateral intracerebroventricular (ICV) injections
of 2x10° MSCs or phosphate-buffered saline (PBS) in a
volume of 2 pl using a Hamilton 10-ul syringe with a 26-
gauge needle. The coordinates of the injections were as
follows: AP +0.6 mm, ML +0.7 mm, and V —3 mm, from
bregma based on the mouse stereotaxic atlas (Paxinos and
Watson).

Mice were examined daily for clinical disease severity
daily by using a score scale: 0, no disease signs; 1, loss of
tail tonicity; 2, mild hindlimb weakness; 3, complete hin-
dlimb paralysis; 4, paralysis of four limbs; 5, moribund; and



J Mol Neurosci

6, death. Mild disease severity was defined as a clinical
score of 2; moderate disease severity was defined as a
clinical score of 3; and severe disease was defined as a score
of 4.

Three controls and three MOG-induced EAE mice were
sacrificed on day 10 and their spleens were removed in order
to prepare splenocyte primary cultures. Brain and spinal
cords were excised on day 30 and were stored in parafor-
maldeyhde for 24 h followed by 30 % sucrose for 24 h and
then frozen in isomethylbutane and were kept in —70°C for
histology.

Splenocyte Viability and Proliferation Assay

The proliferation response of spleen cells was tested 10 days
after the first MOG injection and 5 days post-cell transplan-
tation or sham operation. Three animals from each group
were sacrificed by cervical dislocation; the spleens were
removed and mechanically dissociated. Splenocytes were
washed twice with PBS and placed for 1 h in RPMI 1640
medium supplemented with 2 mM glutamine, 50 uM 2-
mercaptoethanol, antibiotics (100 U/ml penicillin G,
100 pg/ml streptomycin), and 10 % heat-inactivated fetal
calf serum (all from Biological Industries) in 37°C. Spleno-
cytes were then counted and plated in a concentration of 3 x
10> cells/well in the PL-MSCs’ conditioned medium
(DMEM incubated for 24 h with the placenta cells) or in
fresh DMEM. Subsequently, MOG peptide (2 pg/well) was
added in quadruplicate wells. The cells were incubated for
72 h at 37°C in humidified air containing 5 % CO,. *H
thymidine (1 pCi/well) was added for the last 16 h of
incubation, and the cultures were then harvested and
counted using a Matrix 96 Direct beta counter (Packard
Instr., Meriden, CT, USA). The proliferative response was
measured using *H thymidine incorporation expressed as
mean counts per minute recorded in quadruplicate wells.

Astrocyte Cell Culture

Astrocyte primary culture was extracted from the cortex of
newborn mice as previously described (Pehar et al. 2006)
with small changes. Briefly, the cortex tissue was dissected
from newborn mice brains (p1-p3) and was transferred to a
Petri dish. All the meninges were pulled off. Pure tissue was
transferred to a tube containing cold PBS. The brain me-
chanically dissociated and digested by incubation with 1/
5 V/V trypsin for 10 min at 37°C. The reaction was stopped
by the addition of complete medium (DMEM, 10 % serum,
SPN, and glutamine) and 50 pul DNAse. The tissue was then
mechanically digested by pipetation few more times until
full dissociation into single cells was accomplished. The
cells were washed with complete medium once and centri-
fuged at 1,100 rpm for 7 min. Supernatant was removed and

the pellet was resuspended in a complete medium. Cells (1 x
10°) were plated in T75 flask in 10-ml complete medium.
The flasks were incubated at 37°C in 5 % CO,. The medium
was first changed after 24 h and then every 3 days until
confluence is achieved (after approximately 8—10 days).
Once the primary culture was confluent, it was placed on a
shaker platform horizontally with medium covering the
cells, sharked at 250 rpm for 18 h, and the medium that
contained microglia was removed. After a few hours, the
cells were trypsinized and replated to two new flasks. The
astrocyte cells, from passage one, were exposed to 1 pg/ml
LPS in serum-free medium (DMEM +SPN+glutamine) for
48 h; this conditioned medium was collected and were used
to treat PL-MSC:s.

RNA Isolation and Real-Time Polymerase Chain Reaction
(RT-PCR)

Total RNA was extracted from the placenta MSCs that were
exposed to 1,000 pg/ml TNF-« or 100 pg/ml IL-13 or
conditioned media of astrocytes, which were exposed pre-
viously to 1 pg/ml LPS (48 h), using the TRI reagent
(Sigma-Aldrich, St. Louis, MO, USA) according to the
manufacturer’s instructions. RNA was quantified by a spec-
trophotometer. RT-PCR was carried out on 0.5 pug RNA
samples using the 10 U enzyme RT-superscript II (Invitro-
gen, Carlsbad, CA, USA) in a mixture containing 1.3 pM
oligo-dT12-18 (Sigma-Aldrich, St. Louis, MO, USA), 1x
buffer supplied by the manufacturer, 10 mM dithiothreitol,
20 uM deoxynucleotide triphosphates, and RNase inhibitor
(RNAout, Invitrogen, Carlsbad, CA USA). Reverse tran-
scription was performed at 42°C for 2 h. RT-PCR was
performed on cDNA using the ABI Prism 7700 sequence
detector (Applied Biosystems, Carlsbad, CA, USA) with
SYBR Green) Invitrogen, Carlsbad, CA, USA). The follow-
ing primers were used: IL-10—interlukin 10: 5'-GAGAAG-
CATGGCCCAGAAATC-3' (forward) and 5'-
CGCATCCTGAGGGTCTTCA-3" (reverse); IL-17—inter-
lukin 17: 5'-TCATCTGTGTCTCTGATGCTGTTG-3' (for-
ward) and 5'-TCGCTGCCTTCACTGT-3' (reverse); TSG-6
—tumor necrosis factor-stimulated gene 5'-GGTGTGTAC-
CACAGAGAAGCA-3' (forward) and 5'-GGGTTGTAG-
CAATAGGCATCC-3" (reverse); TNF-a—tumor necrosis
factor alpha: 5'-GACCCTCACACTCAGATCATCTTCT-3'
(forward) and 5'-CCACTTGGTGGTTTGCTACGA-3' (re-
verse); GAPDH—glyceraldehyde-3-phosphate dehydroge-
nase: 5-CGACAGTCAGCCGCATCTT-3' (forward) and
5'-CCAATACGACCAAATCCGTTG-3' (reverse).

Data was calculated as the ratio of mean threshold-
targeted gene expression to GAPDH. For each gene, the
specificity of the PCR product was assessed by verifying a
single peak on melting curve analysis. Findings were com-
pared to MSC growing medium without insult.
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Statistical Analysis

Results are presented as means+standard errors of the mean
(SEM); p values were calculated using two-tailed unpaired
Student’s ¢ test and ANOVA. Survival curves were analyzed
using Kaplan—Meier analysis. In all tests, significance was
assigned when p<0.05.

Results

Placental MSCs were isolated from the placenta tissue clos-
est to the umbilical cord. This culture probably contains
fetal and maternal cells. The seeded cells created a carpet
of fibroblastlike cells. After three passages, most of the cells
stained positive for the mesenchymal surface membrane
markers: CD29, CD73, CD105 (>95 %), and CD90
(55 %). The cells were negatively stained for CD14,
CD34, and CD45 (<1 %) to hematopoietic markers. Adher-
ent cells also differentiated into adipocytes and osteoblasts,
indicating their mesenchymal identity (Yust-Katz, 2012).

To test the possible protective effect of these placental-
derived MSC in MS, we examined their effect in a MOG-
induced chronic EAE model. We induced EAE in two mice
strains, C3H.SW and C57bl. In both models, we transplanted
PL-MSC ICV 5 days after the first MOG injection. We found
that PL-MSC transplantation significantly reduced the disease
severity score and prolonged survival without delay in symp-
toms onset. Both mice strains developed clinical symptoms on
day 12. However, the maximal score in EAE mice trans-
planted with PL-MSCs reached 3 in C57bl and 4 in
C3H.SW as compared to score 5 in saline-injected mice
(Fig. 1a; Fig. 2a). To further examine whether cell transplan-
tation after the appearance of symptoms reduces the disease
severity, we transplanted the PL-MSCs in MOG-induced EAE
in C57bl on day 14. We found that late transplantation resulted
in similar suppression of the disease severity as when PL-
MSCs were transplanted on day 5 (presymptoms) and on day
14 (at the beginning of the disease) (Fig. 2a). Moreover, we
observed that cell injection significantly prolonged mice sur-
vival (Fig. 1b). While saline-injected mice showed a 30 %
survival rate on day 30 after MOG injection in the cell-treated
group, 70 %—80 % of the mice survived at that time point. The
extended survival was evident even when transplantation was
on day 14 after symptom onset (Figs. 1b, 2b).

In the histology study on day 30, we monitored the
transplanted PL-MSCs, stained with PKH-26 marker prior
to transplantation. We found significant amounts of trans-
planted cells in the brain lateral ventricles, the injection
location (Fig. 3a). Moreover, few PKH-26-positive cells
were also found in the spinal cord sections (Fig. 3b).

To test the possibility that PL-MSCs induce an immuno-
suppressive function mediated by released soluble factors, we
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Fig. 1 PL-MSC ICV transplantation into C3H.SW-induced EAE ani-
mal model. a Clinical score of MOG-induced EAE mice following
unilateral ICV transplantation of PL-MSCs (n=10) and saline (n=11).
b Survival curve of MOG-induced EAE mice following unilateral ICV
transplantation of PL-MSCs (n=10) and saline(n=11). Saline-injected
mice developed severe clinical symptoms, while PL-MSC-treated mice
showed a significant reduction in the severity of clinical signs (p<0.05)
(a). A similar pattern was observed evaluating the effect of cells’
injection on survival 23 days after MOG injection (saline 9 % survival;
PL-MSCs 80 % survival, p<0.01)

applied PL-MSC-conditioned medium on EAE-derived sple-
nocytes. When MOG was added to the splenocytes, we dem-
onstrated an increase in *H-thymidine incorporation of up to
150 %. Proliferation in the presence of PL-MSC-conditioned
medium was slightly, not significantly, lower (Fig. 4a).

Next, after isolating spleen cells from mice that were
transplanted ICV with PL-MSCs or saline 5 days after the
first MOG injection, we measured cell proliferation. We
found that the transplantation of PL-MSCs into the brain
did not decrease splenocyte proliferation in response to
MOG (Fig. 4b).

Furthermore, RT-PCR analysis for interleukins 10 and 17
on mRNA isolated from splenocytes of EAE-induced mice
5 days post-transplantation demonstrated comparable levels in
transplanted and control mice group (Fig. 4c, d). These un-
changed mRNA expression level of inflammatory cytokines
show lack of peripheral immune response to the transplanted
PL-MSCs.
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Fig. 2 ICV transplantation of PL-MSCs into C57bl-induced EAE
animal model. a Clinical score of MOG-induced EAE mice following
unilateral ICV transplantation of PL-MSCs on day 5 (n=10), on day 14
(n=10) and saline (n=1) (»p<0.05). b Survival curve of MOG-induced
EAE mice following unilateral ICV transplantation of PL-MSCs (n=
10) and saline (n=11) (Kaplan—Meier analysis p<0.05). p values are
presented in relation to saline-injected group)

To further study the protective effect of PL-MSC, we
tested their possible antiinflammatory effect. To challenge
these cells, we isolated astrocytes and exposed them to LPS
for 48 h. TNF-oc mRNA expression was induced tenfold by
exposure to LPS (data not shown). We then added the LPS-
activated astrocyte-conditioned medium to cultured PL-
MSC. We found, using real-time PCR analysis, that in
response to this conditioned medium, PL-MSCs expressed
the antiinflammatory protein TSG-6 mRNA sevenfold more
than saline. Additionally, in response to the inflammatory
cytokines TNF-o or IL1-f3, PL-MSCs highly expressed
TNG-6 mRNA fivefold or 35-fold, respectively, as com-
pared to saline (Fig. 5).

Discussion

In this study, we describe the therapeutic advantage of intra-
cerebral ventricle transplantation of PL-MSCs in a chronic

Spinal cord

Fig. 3 Histology of transplanted brain and spinal cord. Five days
postinjection, PKH26-stained PL-MSCs were found in the lateral ven-
tricle (the injection site) in the brain. Few positive cells were found
attached to the spinal cord white matter in transplanted EAE-induced
mice. (Scale bars are brain 25 pm, spinal cord 50 pm)

EAE mouse model for MS. Intraventricular transplanta-
tion of PL-MSCs 5 days after MOG injection resulted
in significant amelioration of disease symptoms in
C3H.SW and C57bl mice. Moreover, mice developed
less severe disease symptoms when PL-MSCs were
transplanted 14 days after the first MOG administration.
PL-MSC transplantation inhibited disease progression
and significantly increased mice survival, as compared
to controls. The latter treatment mimics the complexity
of the clinical situation and might indicate the potential
of such transplantation to reverse the disease signs.

To establish cell-based therapy as a new strategy for MS,
it is necessary to identify the best cell source in terms of
ethical considerations and risks-to-benefit ratio. Although
bone marrow remains the main source of MSC for clinical
trials, the human placenta is considered an ideal source due
to accessibility, it presents a painless procedure for donors,
without ethical conflicts (Brooke et al. 2009; Tran et al.
2011; Fukuchi et al. 2004; Hwang et al. 2009; Parolini et
al. 2008; Dzierzak and Robin 2010). Moreover, placental
tissue contains abundant maternal and fetal MSCs. A huge
amount of cells can be isolated from each placenta. Further-
more, the placenta cells have immunosuppressive features
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Fig. 4 A °H tymidine
incorporation in MOG-induced
splenocytes. PL-MSC condi-
tioned medium slightly reduced
the *H tymidine incorporation
in MOG-induced splenocytes.
B Splenocytes ex vivo, post-
PL-MSC transplantation, pro-
liferate the same after MOG and
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and regulatory effects (e.g., T-cell suppression) on various
immune cells, and PL-MSCs have the potential to directly or
indirectly inhibit disease-associated Thl, Th2, and Th17
cells as well as cytotoxic T lymphocytes. PL-MSC cells
express major histocompatibility complex (MHC) class I
but not MHC class II antigens (In 't Anker et al. 2004),
giving them an advantage for transplantation as they can, at
least partially, bypass rejection responses.

A histology study indicated that the prelabeled transplanted
PL-MSCs survived in the EAE mice brain at the transplanta-
tion location. Moreover, a few of the transplanted PL-MSCs
were also found in the host spinal cord. The capacity to migrate
towards injured tissue of MSC, even for a long distance, has
already been reported by our laboratory and other groups
(Sadan et al. 2008, 2009; Bahat-Stroomza et al. 2009;
Hellmann et al. 2006). Our current observation demonstrates
that PL-MSCs were spread in the CNS of EAE-induced mice.

Several mechanisms might explain the therapeutic effect
of the PL-MSC transplantation in the EAE model, the ob-
vious ones being neuroprotection and immunomodulation.
An earlier study in our laboratory showed that ICV injection
of bone marrow MSCs improved the clinical course of EAE.
The bone marrow derived MSCs, undifferentiated or differ-
entiated to secrete neurotrophic factors (NTFs), efficiently
protected a neuronal cell line from oxidative stress, demon-
strating a marked neuroprotective effect. We have also dem-
onstrated that the bone marrow-derived mesenchymal stem
cells (BM-MSCs) are capable of suppressing immune cell
reaction to MOG (Barhum et al. 2010).

Over recent years, emerging evidence has revealed that
NTFs play an important role in MS and its animal model,
EAE. We have previously shown that PL-MSCs express IGF-
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1 in vitro as well as a small amount of GDNF and BDNF (Yust-
Katz et al. 2012). Thus, we assume that transplanted PL-MSCs
provide protection for EAE mice by exposing them to NTF.

Another suggested mechanism by which MSCs affect
EAE is immunomodulation. Several studies have reported
that i.v. infusion of BM-MSC improved the clinical course
of EAE (Kassis et al. 2008; Gerdoni et al. 2007; Zappia et al.
2005). Inducing peripheral T cell tolerance to myelin proteins
reduced the migration of pathogenic T cells to the CNS, on
one hand, while on the other hand, homing to the CNS where
they preserved axons and reduced demyelination.

Several studies showed that BM-MSCs can modulate the
functions of both T and B lymphocytes. MSCs can inhibit
the production of TNF-« and IFN-y by CD4+ (helper T
cells) and CD8+ cytotoxic T cells, while they can upregulate
the expression of IL-10 and restore the secretion of IL-4 by
CD4+ and CD8+ T cells [review (Abumaree et al. 2011)].

TSG-6 mRNA expression {AU)

Astrocytes CM

5 {

0| m— [
Saline IL-113 TNF-a

Fig. 5 PL-MSCs overexpress GST-6 mRNA in response to inflamma-

tory cytokines, TNF-« and IL1- or conditioned media of astrocytes
that were exposed to LPS
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In accordance with these findings, we measured PL-
MSCs’ immunomodulatory ability and found that although
PL-MSC conditioned medium slightly reduces MOG-
induced immune cells’ proliferation, the PL-MSCs that were
transplanted ICV 5 days after MOG injection had no effect
on the spleen cell proliferation ex vivo.

Moreover, RT-PCR expression analysis of IL-10 and IL-
17 in splenocytes of EAE-induced mice 5 days post-cell or
saline transplantation revealed that the PL-MSC transplan-
tation has no peripheral influence on T cell response to
MOG. These results demonstrate that PL-MSC transplanta-
tion into the brain has only a restricted effect on the periph-
eral immune system.

We further studied the mechanisms that might explain the
marked MSC-based therapeutic effects in EAE. We focused
on the local immunomodulation in the CNS mediated by the
transplanted PL-MSC. MSCs modulate their antiinflamma-
tory effects in multiple ways that appear to be responsive to
the different microenvironments created by different tissue
injuries (Prockop and Oh 2012). It is known that microglia
and astrocyte cells in the CNS of EAE express and release
inflammatory cytokines such as TNF-« and IL1-3. We iso-
lated astrocyte cells and found that exposure to LPS was
followed by high expression of TNF-oc mRNA. We measured
the antiinflammatory response of PL-MSCs caused by expo-
sure to condition media of LPS-activated astrocytes.

Prockop et al. have shown that BM-MSCs secrete the
multifunctional TSG-6 in vivo in response to inflammatory
conditions including lung injury, MI, and in the cornea fol-
lowing chemical and mechanical injury (Danchuk et al. 2011;
Oh et al. 2010; Roddy et al. 2011; Lee et al. 2009). The same
mechanism might be involved in EAE. We found that placen-
tal MSCs highly express TSG-6 mRNA in response to TNF-
«, IL1-B, and conditioned medium collected from astrocytes
that were exposed to LPS. Real-time PCR analysis of TSG-6
mRNA levels showed high response of PL-MSCs to TNF-«,
IL1-3, and more importantly, to conditioned media from
activated astrocytes.

TSG-6 is a 35 kDa secreted protein composed mainly of
contiguous hyaluronan-binding link and CUB modules
(Kohda et al. 1996; Nentwich et al. 2002). The protein is not
expressed in normal cells or tissues, but is expressed in many
cells after exposure to TNF-o and other proinflammatory
cytokines. The antiinflammatory activity of TSG-6 was large-
ly attributed to its ability to bind to the fragments of hyalur-
onan to inhibit components in the inflammatory network of
proteases and to suppress neutrophil migration into the site of
inflammation (Milner et al. 2006; Getting et al. 2002). The
negative feedback loop created by PL-MSCs and TSG-6 can
attenuate the inflammatory cascade that was initiated by res-
ident microglia and activated astrocytes.

Our results indicate the therapeutic potential of PL-MSCs in
the EAE mice model. A combination between neuroprotection

and immunomodulation in EAE brain and spinal cord after PL-
MSC transplantation might account for the therapeutic effects
of these cells. The antiinflammatory effect could be explained
by the possible effect of TSG-6 produced by brain-transplanted
PL-MSCs on the CNS inflammatory state. We believe that PL-
MSCs can reduce inflammation at the site of injury and may
have important implications for treating MS, a disease charac-
terized by inflammation.

References

Abumaree M, Al Jumah M, Pace R, Kalionis B (2011) Immunosup-
pressive properties of mesenchymal stem cells. Stem Cell Rev
[Epub ahead of print]

Archer D, Cuddon P, Lipsitz D, Duncan I (1997) Myelination of
the canine central nervous system by glial cell transplanta-
tion: a model for repair of human myelin disease. Nat Med
3:54-59

Bahat-Stroomza M, Barhum Y, Levy Y, Karpov O, Bulvik S, Melamed
E, Offen D (2009) Induction of adult human bone marrow mes-
enchymal stromal cells into functional astrocyte-like cells: poten-
tial for restorative treatment in Parkinson’s disease. J] Mol Neuro
39:199-210

Barhum Y, Gai-Castro S, Bahat-Stromza M, Barzilay R, Melamed E,
Offen D (2010) Intracerebroventricular transplantation of human
mesenchmal stem cells induced to secrete neurotrophic factors
attenuates clinical symptoms in mouse model of multiple sclero-
sis. J Mol Neurosci 41:129-137

Brooke G, Rossetti T, Pelekanos R, Ilic N, Murray P, Hancock S,
AntonenasV HG, Gottlieb D, Bradstock K, Atkinson K (2009)
Manufacturing of human placenta-derived mesenchymal stem
cells for clinical trials. Br J Haematol 144(4):571-579

Chen K, Wang D, Du WT, Han ZB, Ren H, Chi Y, Yang SG, Zhu D,
Bayard F, Han ZC (2010) Human umbilical cord mesenchymal
stem cells hUC-MSCs exert immunosuppressive activities
through a PGE2-dependent mechanism. Clin Immunol 135
(3):448-458

Danchuk S, Ylostalo JH, Hossain F, Sorge R, Ramsey A, Bonvillain RW,
Lasky JA, Bunnell BA, Welsh DA, Prockop DJ, Sullivan DE (2011)
Human multipotent stromal cells attenuate lipopolysaccharide-
induced acute lung injury in mice via secretion of tumor necrosis
factor-a-induced protein 6. Stem Cell Res Ther 2(3):27-42

Deans RJ, Moseley AB (2000) Mesenchymal stem cells: biology and
potential clinical uses. Exp Hematol 28(8):875-884

Dzierzak E, Robin C (2010) Placenta as a source of hematopoietic stem
cells. Trends Mol Med 16(8):361-367

Einstein O, Fainstein N, Vaknin I, Mizrachi-Kol R, Reihartz E,
Grigoriadis N, Lavon I, Baniyash M, Lassmann A, Ben-Hur
T (2007) Neural precursors attenuate autoimmune encephalo-
myelitis by peripheral immunosuppression. Ann Neurol 61
(3):209-218

Erices A, Conget P, Minguell JJ (2000) Mesenchymal progenitor cells
in human umbilical cord blood. Br J Haematol 109(1):235-242

Fukuchi Y, Nakajima H, SugiyamaD HI, Kitamura T, Tsuji K (2004)
Human placenta-derived cells have mesenchymal stem/progenitor
cell potential. Stem Cells 22(5):649-658

Gerdoni E, Gallo B, Casazz S, Casazza S, Musio S, Bonannil PE,
Mantegazza R, Frassoni F, Mancardi G, PedottiR UA (2007)
Mesenchymal stem cells effectively modulate pathogenic immune
response in experimental autoimmune encephalomyelitis. Ann
Neurol 61(3):219-227

@ Springer



J Mol Neurosci

Getting SJ, Mahoney DJ, Cao T, Rugg MS, Fries E, Milner CM,
Perretti M, Day AJ (2002) The link module from human TSG-6
inhibits neutrophil migration in a hyaluronan- and inter-alpha-
inhibitor-independent manner. J Biol Chem 277:51068-51076

Gordon D, Pavloyska G, Glover C, Uney J, Wraith D, Scolding N
(2008) Human mesenchymal stem cells abrogate experimental
allergic encephalomyelitis after intraperitoneal injection, and with
sparse CNS infiltration. Neurosci Lett 448:71-73

Gronthos S, Franklin DM, Leddy HA, Robey PG, Storms RW, Gimble
IJM (2001) Surface protein characterization of human adipose
tissue-derived stromal cells. J Cell Physiol 189(1):54-63

Hellmann M, Panet H, Barhum Y, Melamed E, Offen D (2006) In-
creased survival and migration of engrafted mesenchymal bone
marrow stem cells in 6-hydroxydopamine-lesioned rodents. 395
(2):124-128

Hemmer B, Nessler S, Zhou D, Kieseier B, Hartung H (2006) Immu-
nopathogenesis and immunotherapy of multiple sclerosis. Nat
Clin Pract Neurol 2:201-211

Hunter M, Nledmadin S, Davidson D (1985) Lipid peroxidation
produces and antioxidants proteins in plasma and cerebrospi-
nal fluid from multiple sclerosis patients. Neurochem Res
10:1645-1652

Hwang JH, ShimSS SOS, Lee HY, Woo SK, Kim BH, Song HR, Lee
JK, Park YK (2009) Comparison of cytokine expression in mes-
enchymal stem cells from human placenta, cord blood, and bone
marrow. J] Korean Med Sci 24(4):547-554

In ’t Anker PS, Scherjon SA, Kleijburg-van der Keur C, de Groot-
Swings GM, Claas FH, Fibbe WE, Kanhai HH (2004) Isolation of
mesenchymal stem cells of fetal or maternal origin from human
placenta. Stem Cells 22(7):1338-1345

Kassis I, Grigoriadis N, Gowda-Kurkalli B, Mizrachi-Kol R, Ben-Hur
T, Slavin S, Abramsky O, Karussis D (2008) Neuroprotection and
immunomodulation with mesenchymal stem cells in chronic ex-
perimental autoimmune encephalomyelitis. Arch Neurol 65:753—
761

Kohda D, Morton C, Parkar A, Hatanaka H, Inagaki F, Campbell I,
Day A (1996) Solution structure of the link module: a hyaluronan-
binding domain involved in extracellular matrix stability and cell
migration. Cell 86:767-775

Lee RH, Pulin AA, Seo MJ, Kota DJ, Ylostalo J, Larson BL, Semprun-
Prieto L, Delafontaine P, Prockop DJ (2009) Intravenous hMSCs
improve myocardial infarction in mice because cells embolized in
lung are activated to secrete the anti-inflammatory protein TSG-6.
Cell Stem Cell 5(1):54-63

Lianhua B, Lennon D, Eaton V, Maier K, Caplan A, Miller S,
Miller R (2009) Human bone marrow-derived mesenchymal
stem cells induce Th2-polarized immune response and pro-
mote endogenous repair in animal models of multiple sclero-
sis. Glia 57:1192-1203

Liao WB, Xie J, Zhong J, Liu YJ, Du L, Zhou B, Xu J, Liu PX, Yang
SG, Wang JM, Han ZB, Han ZC (2009) Therapeutic effect of
human umbilical cord multipotent mesenchymal stromal cells in a
rat model of stroke. Transplantation 87(3):350-359

LuLL, Liu YJ, Yang SG, Zhao QJ, Wang X, Gong W, Han ZB, Xu ZS,
Lu YX, Liu D, Chen ZZ, Han ZC (2006) Isolation and character-
ization of human umbilical cord mesenchymal stem cells with
hematopoiesis-supportive function and other potentials. Haema-
tologica 91(8):1017-1026

Milner C, Higman V, Day A (2006) TSG-6: a pluripotent inflammatory
mediator? Biochem Soc Trans 34:446-450

Nentwich HA, Mustafa Z, Rugg MS, Marsden BD, Cordell MR,
Mahoney DJ, Jenkins SC, Dowling B, Fries E, Milner CM,
Loughlin J, Day AJ (2002) A novel allelic variant of the human
TSG-6 gene encoding an amino acid difference in the CUB
module. Chromosomal localization, frequency analysis, model-
ing, and expression. J Biol Chem 277:15354-15362

@ Springer

Noseworthy J, Lucchinetti C, Rodriguez M, Weinshenker B (2000)
Multiple sclerosis. N Engl J Med 343(13):938-952

Oh J, Roddy G, Choi H, Lee R, Ylostalo J, Rosa RHJ, Prockop D
(2010) Anti-inflammatory protein TSG-6 reduces inflammatory
damage to the cornea following chemical and mechanical injury.
Proc Natl Acad Sci USA 107(39):16875-16880

Parolini O, Alviano F, Bagnara GP, Bilic G, Biihring HJ, Evangelista
M, Hennerbichler (2008) Concise review: isolation and caracteri-
zation of cells from human term placenta: outcome of first inter-
nationl workshop of Placenta Derived Stem Cells. Stem Cells 26
(2):300-311

Pehar M, Vargas MR, Robinson KM, Cassina P, England P, Beckman
JS, Alzari PM, Barbeito L (2006) Peroxynitrite transforms nerve
growth factor into an apoptotic factor for motor neurons. Free
Radic Biol Med 41(11):1632-1644

Pittenger MF, Mackay AM, Beck SC, Jaiswal RK, Douglas R, Mosca
JD, Moorman MA, Simonetti DW, Craig S, Marshak DR (1999)
Multilineage potential of adult human mesenchymal stem cells.
Science 284(5411):143—-147

Pluchino S, Quattrini A, Brambilla E, Gritti A, Salani G, Dina G, Galli
R, Del Carro U, Amadio S, Bergami A, Furlan R, Comi G,
Vescovi AL, Martino G (2003) Injection of adult neurospheres
induces recovery in a chronic model of multiple sclerosis. Nature
422(6933):688-694

Pluchino S, Zanotti L, Rossi B, Brambilla E, Ottoboni L, Salani G,
Martinello M, Cattalini A, Bergami A, Furlan R, Comi G,
Constantin G, Martino G (2005) Neurosphere-derived multipotent
precursors promote neuroprotection by an immunomodulatory
mechanism. Nature 436(7048):266-271

Prockop DJ, Oh JY (2012) Mesenchymal stem/stromal cells
(MSCs): role as guardians of inflammation. Mol Ther 20
(1):14-20

Roddy GW, Oh JY, Lee RH, Bartosh TJ, Ylostalo J, Coble K, Rosa RH
Jr, Prockop DJ (2011) Action at a distance: systemically admin-
istered adult stem/progenitor cells (MSCs) reduce inflammatory
damage to the cornea without engraftment and primarily by se-
cretion of TNF-« stimulated gene/protein 6. Stem Cells 29
(10):1572-1579

Sadan O, Shemesh N, Barzilay R, Bahat-Stromza M, Melamed E,
Cohen Y, Offen D (2008) Migration of neurotrophic factorssecret-
ing mesenchymal stem cells towards a quinolinic acid lesion as
viewed by MRI. Stem Cells 26:2542-2551

Sadan O, Bahat-Stroomza M, Barhum Y, Levy YS, Pisneysky A,
Peretz H, Bar Ilan A, Bulvik S, Shemesh N, Krepel D, Cohen
Y, Melamed E, Offen E (2009) Protective effects of neurotrophic
factor-secreting cells in a 6-OHDA rat model of Parkinson dis-
ease. Stem Cells Dev 18(8):1179-1190

Tran TC, Kimura K, Nagano M, Yamashita T, Ohneda K, Sugimori H,
Sato F, Sakakibara Y, Hamada H, Yoshikawa H, Hoang SN,
Ohneda O (2011) Identification of human placenta-derived mes-
enchymal stem cells involved in re endothelialization. J Cell
Physiol 226(1):224-235

Wang D, Chen K, Du WT, Han ZB, Ren H, Chi Y, Yang SG, Bayard F,
Zhu D, Han ZC (2010) CD14+ monocytes promote the immuno-
suppressive effect of human umbilical cord matrix stem cells. Exp
Cell Res 316(15):2414-2423

Whitha R, Bourdette D, Hashim G, Herndon R, Ilg R, Vandenbark A,
Offner H (1991) Lymphocytes from SJL/J mice immunized with
spinal cord respond selectively to a peptide of proteolipid protein
and transfer relapsing demyelinating experimental autoimmune
encephalomyelitis. J Immunol 146(1):101-107

Wu KH, Mo XM, Zhou B, Lu SH, Yang SG, Liu YL, Han ZC (2009)
Cardiac potential of stem cells from whole human umbilical cord
tissue. J Cell Biochem 107(5):926-932

Yust-Katz S, Fisher-Shoval Y, Barhum Y, Ben-Zur T, Barzilay R, Lev
N, od M, Melamed E, Offen D (2012) Placental mesenchymal



J Mol Neurosci

stromal cells induced into neurotrophic factor-producing cells
protect neuronal cells from hypoxia and oxidative stress. Cyto-
therapy 14(1):45-55

Zappia E, Casazza S, Pedemonte E, Pedemonte E, Benvenuto F,
Bonanni I, Gerdoni E, Giunti D, Ceravolo A, Cazzanti F, Frassoni
F, Mancardi G, Uccelli A (2005) Mesenchymal stem cells ame-
liorate experimental autoimmune encephalomyelitis inducing T
cell anergy. Blood 106(5):1755-1761

Zhang J, LiY, Chen J, Cui Y, Lu M, Elias SB, Mitchell JB, Hammill L,
Vanguri P, Chopp M (2005) Human bone marrow stromal cell

treatment improves neurological functional recovery in EAE
mice. Exp Neurol 195:16-26

Zhao QJ, Ren HY, Li XY, Chen Z, Zhang XY, Gong W, Liu YJ, Pang
TX, Han ZC (2009) Differentiation of human umbilical cord
mesenchymal stem cells into low immunogenic hepatocyte-like
cells. Cytotherapy 11(4):414-426

Zheng CL, Yang SG, Guo ZX, Liao W, Zhang L, Yang R, Han ZC
(2009) Human multipotent mesenchymal stromal cells from fetal
lung expressing pluripotent markers and differentiating into cell
types of three germ layers. Cell Transplant 18(10):1093-1109

@ Springer



	Transplantation of Placenta-Derived Mesenchymal Stem Cells in the EAE Mouse Model of MS
	Abstract
	Introduction
	Materials and Methods
	Isolation and Culture of Human Placental MSCs
	Animals
	Induction of Chronic EAE and PL-MSC Transplantation
	Splenocyte Viability and Proliferation Assay
	Astrocyte Cell Culture
	RNA Isolation and Real-Time Polymerase Chain Reaction (RT-PCR)
	Statistical Analysis

	Results
	Discussion
	References




