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Increasing global birth rate, coupled with the aging population surviving into their eighth decade has lead
to increased incidence diseases, hitherto designated as rare. Brain related ischemia, at birth, or later in
life, during, for example stroke, is increasing in global prevalence. Reactive microglia can contribute to
neuronal damage as well as compromising transplantion. One potential treatment strategy is cellular
therapy, using mesenchymal stem cells (hMSCs), which possess immunomodulatory and cell repair prop-
erties. For effective clinical therapy, mechanisms of action must be understood better. Here multicentre
international laboratories assessed this question together investigating application of hMSCs neural
involvement, with interest in the role of reactive microglia. Modulation by hMSCs in our in vivo and in
vitro study shows they decrease markers of microglial activation (lower ED1 and Iba) and astrogliosis
(lower GFAP) following transplantation in an ouabain-induced brain ischemia rat model and in organo-
typic hippocampal cultures. The anti-inflammatory effect in vitro was demonstrated to be CD200 ligand
dependent with ligand expression shown to be increased by IL-4 stimulation. hMSC transplant reduced
rat microglial STAT3 gene expression and reduced activation of Y705 phosphorylated STAT3, but STAT3 in
the hMSCs themselves was elevated upon grafting. Surprisingly, activity was dependent on heterodimer-
isation with STAT1 activated by IL-4 and Oncostatin M. Our study paves the way to preclinical stages of a
clinical trial with hMSC, and suggests a non-canonical JAK-STAT signaling of unphosphorylated STAT3 in
immunomodulatory effects of hMSCs.

� 2013 Published by Elsevier Inc.
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1 Abbreviations used: CNS, central nervous system; CD200R, CD200 receptor;
hMSCs, Human umbilical cord-derived mesenchymal stem cells; DMEM, Dulbecco’s
Introduction

Immune responses in brain tissue may be triggered by ischemia,
trauma or inflammation. It has been shown that certain inflamma-
tory conditions may have a positive effect on brain repair and neu-
rogenesis [1, 1b, 1c]. However, it is accepted that severe bouts of
acute or prolonged inflammation can reduce neuronal viability
and impinge on brain regenerative processes [2–4]. Microglia cells
are the key mediators of immune response in the brain and upon
stimulation release pro-inflammatory cytokines such as IL-6,
TNF-a and IL-1b which significantly reduce neurogenesis in vitro
and in vivo [5,6]. Activated microglia cells are also responsible for
the immediate eradication of intracranially transplanted stem cells
[7,8].
Elsevier Inc.

McGuckin).

n et al., Arch. Biochem. Biophy
The extent of the immune response effect following brain trau-
ma depends on a discrete balance between the pro-neurogenic and
pro-inflammatory activities of microglia in the injured central ner-
vous system (CNS)1 [9,1,4]. Microglial activation can be modulated
by their interaction with T cells (Th2) which infiltrate the brain
parenchyma [9,1], as well as interaction with resident neurons
and endothelial cells [10,11]. Unfortunately, innate CNS immuno-
modulatory mechanisms do not prove effective in preventing neu-
ronal damage following injury. Several pharmacotherapies have
been developed in animal models with the aim of reducing brain
modified Eagle medium; FBS, fetal bovine serum; OHC, Organotypic hippocampal
slice cultures; OGD, oxygen-glucose deprivation; RT, room temperature; IHC,
immunohistochemistry; LSM, laser scanning microscope; HOC, hippocampal organo-
typic cultures; U-STAT3, unphosphorylated STAT3.

s. (2013), http://dx.doi.org/10.1016/j.abb.2013.02.005
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inflammation but as yet have failed to translate effectively in a
clinical setting [12,13].

MSCs are very promising candidates for CNS therapy, having
shown strong immunomodulatory capacity following CNS trans-
plantation [14–18]. Human MSCs have already been used in sev-
eral clinical trials to treat ischemic stroke [19,20], spinal cord
injury [21,22], Parkinson’s disease [23] and graft versus host dis-
ease [24,25] with varying degrees of success. However, the mech-
anism by which MSCs modulate the immune profile of the brain as
well as their cross-talk with microglia still needs explanation in or-
der to improve the clinical outcome of CNS cell therapy and reduce
negative effects.

It has been shown that microglial activation can be modulated
by neuronal cells which express a number of ligands which inhibit
inflammation [26]. Neurons and endothelial cells have been shown
to decrease LPS-induced microglial activation in a CD200 ligand
dependent manner, because it results in activation of CD200 recep-
tor (CD200R) which is present on microglia and contributes to
maintenance of microglia in a quiescent state [10,11]. Expression
of CD200 ligand by neurons can be modulated by IL-4 and IL-10
[27]. CD200 protein expression is known in different types of MSCs
[28], so, it is possible that MSCs, in a manner similar to neurons
and endothelial cells, could modulate microglial responses via
the interaction between CD200 and CD200R.

An important aspect of brain cell therapy is undestanding
molecular interactions between graft and recipient ischemic tissue
as well as effects of pro- and anti-inflammatory cytokines on trans-
planted stem cell activity. STAT3 signaling is involved in microglial
mediated inflammatory processes and JAK kinase-dependent phos-
phorylation of STAT3 is stimulated by pro-inflammatory cytokines
secreted in injured brain [29–32]. Besides classical STAT3 signal-
ing, which is dependent on tyrosine Y705 phosphorylation,
unphosphorylated STAT3 has recently been implicated in the con-
trol of inflammation [33]. Our findings describe different mecha-
nisms responsible for STAT3 signaling activation, with data
correlating with the pro-inflammatory role ascribed to microglia
as well as the anti-inflammatory activity of human MSCs when
transplanted into animal models of ischemic brain.
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Materials and methods

A supplementary file has been provided to reviewers as eviden-
tiary and may be supplied online.
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Biological material

Human umbilical cord-derived mesenchymal stem cells (hMSCs
dervived from cord): Umbilical cords were collected from: (1) The
Departement de Gynecologie Obstetrique at the Centre Hospitalier
St. Jospeh – St. Luc., Lyon, France and (2) The Hospital Privé Nate-
cia, Lyon, France. Samples were collected with written parental
consent with knowledge of destination for a research study. Umbil-
ical cords were collected both from normal deliveries or caesarean
sections and placed into an isothermal CTI-LYON-designed collec-
tion kit for research and anonymised. Sections of umbilical cord
(approximately 5 cm long) were placed in a sterile 50 mL tube
(Corning, France) filled with 20 mL of sterile PBS (Lonza, France)
with antibiotics (Penicillin, Streptomycin, Amphotericin B) (Lonza,
France). Tissue was processed within 48 h of collection, but in
majority within 12 h. The umbilical cord section was washed in
sterile PBS containing antibiotics and the Wharton’s jelly removed
using surgical scalpel or biopsy tool (Punch KAI, France). Pieces of
Wharton’s jelly (1–5 pieces) were placed in the wells of standard 6-
well plates (Nunclon; NUNC, France) for isolation of plastic-adher-
ent hMSCs.
Please cite this article in press as: C.P. McGuckin et al., Arch. Biochem. Biophy
Primary mixed glia culture experiments

Primary mixed glia were isolated and prepared from 1-d-old
Wistar rats. Dissected tissue was roughly chopped and added to
pre-warmed Dulbecco’s modified Eagle medium (DMEM; Invitro-
gen, Ireland) containing fetal bovine serum (FBS; Gibco, Ireland),
penicillin and streptomycin (100 U/mL; Gibco, US). Tissue was trit-
urated, the suspension was filtered through a sterile mesh filter
(40 lm; BD Bioscience, Ireland), centrifuged at 2000g for 3 min at
20 �C and the pellet re-suspended in warmed DMEM. Cells were
grown at 37 �C in a humidified 5% CO2 and 95% air environment
and media was changed every 3d as described previously [34].
Cells were grown in culture for up to 10–12d before treatment.

In one series of experiments, hMSCs were added in suspension
to mixed glia in DMEM for 24 h at ratios ranging from 10:1–1:2
glia:hMSCs. The supernatants were removed for measurement of
cytokine concentrations by ELISA. In a second series of experi-
ments, hMSCs were treated for 24 h with IL-4 (50–400 ng/mL;
R&D Systems, US) and cell lysates were prepared for analysis of
protein expression by Western Blotting and immunohistochemical
analysis using confocal microscopy. In another sequence of exper-
iments, hMSCs were treated with IL-4 (400 ng; R&D Systems, Ire-
land) for 24 h in the presence or absence of anti-IL-4 antibody
(10 lg/ml; R&D Systems, Ireland) and cultured mixed glia, pre-
pared from 1-d-old Wistar rats, were treated for 24 h with anti-
CD200 antibody (10 lg/ml; R&D Systems, Ireland). HMSCs were
then added to the mixed glia in a 10:1 ratio (cell counts averaged
1.2–2 � 104 glia/well and 0.12–0.2 � 104 hMSCs/well) and, after
1 h, LPS (100 ng/mL; Alexis Biochemical, UK) was added. Incuba-
tion continued for 24 h. The supernatants were removed for mea-
surement of cytokine concentrations by ELISA and cell lysates
were prepared for analysis of mRNA expression by qPCR. For FACS
analysis, information is appended in supplementary data available
from the authors.

Animal model of brain ischemia

The experiments were performed on adult male Wistar rats of
weight 250 g. All procedures complied with EU guidelines for the
use of animals in research and were approved by the First Warsaw
Local Ethics Committee. The rats were anesthetized with ketamine
(90 mg/kg b.w.)/xylazine (2%) injected i.p. and immobilized in a
stereotactic apparatus (Stoelting, US). A small burr hole was drilled
in the cranium over the right hemisphere. The needle (length
15 mm, gauge 33) connected with a 10 lL syringe (Hamilton, Swit-
zerland) was lowered into the right striatum (coordinates: A 0.0, L
3.0, D 5.0 mm) for ouabain (OUA) injection (1 lL of 5 mmol). Three
days later the gelatin macroporus scaffolds described elsewhere
[35], with or without hMSCs were placed into cortex above lesion
site with ophthalmic tweezers. After transplantation the skin of the
scalp was repositioned and resealed. 7 days after transplantation
rats were deeply anaesthetized with pentobarbital (65 mg/kg i.p.).

Organotypic hippocampal model of ischemia

Organotypic hippocampal slice cultures (OHC) were prepared
according to the interface method of Stoppini et al. [36]. Slices
were prepared from postnatal days 7–9 Wister rats. Pups were sac-
rificed by decapitation, and the hippocampi were dissected and
transversely sliced (350 lm) on a McIlwain tissue chopper (The
Mickle Laboratory Engineering Co., UK). The slices were transferred
onto humidified porous Millicell membrane inserts (0.4 lm; Milli-
pore, France) and placed in 6-well plates. After 7 days of culturing
oxygen-glucose deprivation (OGD) injury was performed. The cul-
tures were transferred to 6-well plates with 1 ml of Ringer solution
containing 10 mM mannitol saturated with a mixture of 95% N2/5%
s. (2013), http://dx.doi.org/10.1016/j.abb.2013.02.005
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Table 2
List of the primers used for qPCR analysis.

Gene name Primers

Human STAT3 F: 50-GGGTGGAGAAGGACATCAGCGGTAA-30

R: 50- GCCGACAATACTTTCCGAATGC-30

Rat STAT3 F: 50-GCGGAGGAGCATCGTGAGCG-30

R: 50-GACTAAGGGCCGGTCCGGGT-30

Rat IL-6 Applied Biosystems, Germany, Rn00561420_m1
Rat IL-1b Applied Biosystems, Germany, Rn00580432_m1
Rat MHCII Applied Biosystems, Germany, RN01768597_m1
Rat CD40 Applied Biosystems, Germany, RN01423583_m1
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CO2 then placed into an anaerobic chamber for 40 min, that was
equilibrated to 37 �C and exposed for of 95% N2/5% CO2 gas flow
10 min. The experiments carried out were approved by the local
government commission for animal health. All possible efforts
were made to minimize animal suffering and the numbers of ani-
mals used.

Real-time PCR analysis of MHCII, CD40, IL-1b, IL-6 and STAT3 mRNA
expression

Total RNA was extracted from harvested mixed glial cells using
a NucleoSpin� RNAII isolation kit (Macherey–Nagel Inc., Germany)
as per manufacturer’s instructions. Real-time PCR was performed
using Taqman Gene Expression Assays (Applied Biosystems, Ger-
many) which contain forward and reverse primers, and a FAM-la-
belled MGB Taqman probe for each gene of interest or SYBR green
method (primer details outlined in Table 2 supplementary files).
Real-time PCR was conducted using an ABI Prism 7300 instrument
(Applied Biosystems, Germany). A 20 mL volume was added to
each well (9 ml of diluted cDNA, 1 mL of primer and 10 mL of Taq-
man1 Universal PCR Master Mix). Samples were assayed in one run
(40 cycles), which consisted of three stages, 95 �C for 10 min, 95 �C
for 15 s for each cycle (denaturation) and finally the transcription
step at 60 �C for 1 min.

Immunocytochemisty and immunohistochemistry

Cells immunocytochemistry (ICC): HMSCs were washed with
PBS and fixed with Accustain (Sigma, UK) at room temperature
(RT) (20 min). Nonspecific binding epitopes were blocked with
5% albumin (Sigma, France) and 5% goat serum (Sigma, France) in
PBS (1 h at RT). Cell membranes were treated with 1% triton X
100 solution in PBS (Sigma, UK) (1 h at RT). The primary antibodies
indicated in Table 1 (supplementary files) were diluted in PBS and
added to the cells for over-night incubation at 4 �C. Subsequently,
after washing, the appropriate secondary antibodies were used
against primary antibodies host’s isotype: Alexa Fluor 488 (green),
dilution 1:1000 (Invitrogen, France) or Alexa Fluor 546 (red), dilu-
tion 1:1000 (Invitrogen, France) and incubated in the dark for 1 h
at RT.

Brain tissue preparation, fixation and immunohistochemistry
(IHC): The rats were anaesthetized with pentobarbital and decap-
itated 7 days after transplantation. The brains were then quickly
removed, immediately frozen in powdered dry ice, and stored at
Table 1
List of the antibodies used for immunocytochemistry (ICC), immunohistochemistry (IHC),

Antibody name Application Company

STAT3 (H-190) ICC Santa Cruz
P-STAT3 (S727) ICC Abcam
P-STAT3 (Y705) ICC Abcam
STAT5 (C-17) ICC Santa Cruz
STAT6 (S-20) ICC Santa Cruz
CD200 FACS eBioscience
STAT1 EMSA BD Biosciences
STAT3 (C-20) EMSA Santa Cruz
gp130 (B-R3) FACS Diaclone
IL-6R (B-R6) FACS Diaclone
OSMRb (AN-A2) FACS Santa Cruz
ED1 IHC Serotec
NuMa IHC Oncogene
GFAP IHC Cappel
Iba1 IHC Abcam
CD200 ICC & WB R&D Systems
Anti-hCD200 CC R&D Systems
Anti-hIL-4 CC R&D Systems

a Human (H), Rat (R), Rabbit (Rb), Goat (G), Mouse (M).

Please cite this article in press as: C.P. McGuckin et al., Arch. Biochem. Biophy
�70 �C. Primary antibodies were applied overnight at 4 �C (Table
1 supplementary files). After rinsing in PBS, rat brain sections were
exposed to secondary antibodies for 60 min at RT in the dark. The
adjacent sections were used as negative controls. All the proce-
dures for negative controls were processed in the same manner ex-
cept the primary antibodies were omitted.
Image acquisition and statistics

To obtain detailed images of the transplanted hMSCs, and
images of CD200 ligand expression, a confocal laser scanning
microscope (LSM 510, Zeiss) was used. Expression of STAT proteins
in hMSCs was analyzed by Eclipse Ti–S (Nikon, France) epifluores-
cent microscope equipped with cooled digital camera DS-Ri1 (Ni-
kon, France). All experiments were at least triplicates (n P 3).
The data was analyzed using non parametric, one-way ANOVA
Kruskal–Wallis test with Dunns post-test comparison. The results
are presented as mean ± SD with stars indicating decimal place of
significance. A one-way ANOVA was performed to determine
whether there were significant differences between conditions in
expression of MHCII, CD40, IL-1b, IL-6 mRNA, and in production
of IL-1b, IL-6 and CD200 proteins. The post hoc Student–New-
mann–Keuls test was used to determine which conditions were
significantly different from each other. In some circumstances, Stu-
dent’s t test for independent means of IL-1b and IL-6 proteins mea-
surements were used.

Real-time data of STAT3 mRNA expression were analyzed with
one-tailed Mann–Whitney test comparison of result groups. The
results are presented as mean ± SEM with stars indicating decimal
place of significance. Experiments were at least doubled and anal-
ysis was performed in triplicate each time.
fluorescent cell sorting (FACS), western blot (WB) and cell co-culture (CC).

Catalogue no Dilution Isotype/specificitya

sc-7179 1:50 Rb IgG against H/R
ab32143 1:100 Rb IgG against H/R
ab76315 1:200 Rb IgG against H/R
sc-835 1:50 Rb IgG against H/R
sc-621 1:50 Rb IgG against H/R
25–9200 0.125 g/test M IgG1 (PE-Cy7) H
BD 610115 1:20 M IgG1 against H/R
sc-482 1:20 Rb IgG against H/R
852 063 020 1:10 M IgG2a against H
852 033 020 1:10 M IgG1 against H
sc-9992 1:20 M IgG1 against H
MCA341R 1:100 M IgG1 against H/R
NA09L 1: 50 M IgG2B against H
10,555 1: 200 R IgG against H/R
Ab5076 1: 500 G IgG against H/R
AF2724 1:50 G IgG against H
MAB27243 10 lg/ml M IgG1 against H
AB-204-NA 10 lg/ml G IgG against H

s. (2013), http://dx.doi.org/10.1016/j.abb.2013.02.005
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Statistical analysis was carried out using Prism 4 (GraphPad, US)
software. For all experiments, if not specify differently, a p value
<0.05 was considered to be statistically significant.
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Results

hMSCs interact with glial cells in a dose-dependent manner

In vitro analysis utilizing co-culture techniques revealed a cell
number-dependent effect of hMSCs, with respect to their immuno-
modulatory effects on glia. We have shown that hMSCs mixed at
low concentrations with rat mixed glia (less than 1 hMSCs–5 glia
cells) did not induce secretion of the inflammatory cytokines IL-6
and IL-1b as measured by ELISA (Fig. 1A and B, respectively). How-
ever, we could observe that high numbers of hMSCs mixed with
glia (2:1–1:2 ratio of glia to hMSCs) resulted in significant induc-
tion of IL-6 release (Fig. 1B). Mean supernatant IL-6 concentration
in quiescent unstimulated glial cells was 41.8 ± 14.8 pg/ml of IL-6
and this value increased to 236.5 ± 71.8 pg/ml after co-incubating
with hMSCs in 1:2 ratio (Fig. 1B).

hMSCs reduce inflammation in rat focal brain-injured tissue

In order to confirm overall ability of the hMSC’s to reduce
inflammation we transplanted, ex vivo, a low number (104) of
encapsulated naïve hMSCs [asterisks] into OGD-induced OHC
ischemic brain and into an in vivo ischemic rat brain model in-
duced by focal OUA injection (Fig. 2A–F and G–L, respectively;
dashed line indicate graft border). Note this was a qualitative
study, allowing more sophisticated analysis of CD200, IL-4 and re-
lated to be investigated.

The OHC model does not have systemic immune components
and its immune reaction is limited to microglial cells. We observed
good survival of encapsulated cells 7 days after transplantation on
OHC and in rat striatum. We detected a significant reduction in
microglial and astroglial activation 7 days after hMSCs transplanta-
tion in ischemic OHC dentate gyrus, when compared with control
hippocampal slices (Fig. 2D–F vs. A–C (control)). This was shown
by confocal analysis of immunolabeled ED1 marker (Fig. 2A and
D; arrow) and Iba1 marker (Fig. 2B and E; arrow) of reactive
microglia cells and GFAP marker of astrocytes (Fig. 2C and F;
arrow).

A similar immunosuppressive effect was observed in vivo 7 days
following hMSCs transplantation when compared with ischemic
control brain tissue (Fig. 2J–L vs. G–I (control)). The in vivo immu-
nosuppressive effect of hMSCs was revealed by reduced numbers
of ED1+ and Iba1+ microglial cells and a significantly smaller GFAP+

macroglia scar in the ischemic striatum region (Fig. 2J–L, respec-
tively; arrows) in comparison to control stroke tissue without
hMSCs (Fig. 2G–I, respectively).
Fig. 1. Dose-dependent stimulation of microglia activity by hMSCs. Effect of increasing do
hMSCs added to primary rat mixed glia cells did not elicit significant release of the pro-infl
but at higher ratios hMSCs induced IL-6 production (B). The control group here is glia, s

Please cite this article in press as: C.P. McGuckin et al., Arch. Biochem. Biophy
Immunomodulatory effects of hMSCs are dependent on CD200/CD200-
receptor interaction and can be super-induced by IL-4 stimulation

FACS analysis has shown expression of CD200 protein in naïve
hMSCs (Fig. 3A). We observed an increase in CD200 protein expres-
sion on hMSCs following treatment with IL-4 at concentrations
ranging from 50 to 400 ng/ml as indicated by immunohistochem-
istry and confirmed by western blotting techniques (⁄⁄p < 0.001;
⁄p < 0.05; Student’s t-test; Fig. 3B and C, respectively). It could be
argued however, that the increase is modest and might require a
strategy for subsequent elevation.

To establish whether naïve hMSCs or IL-4 treated hMSCs alter
glial activation we measured pro-inflammatory IL-1b and IL-6
cytokine production by LPS-treated mixed glia (Fig. 3D and E,
respectively). Results showed that LPS significantly increased glial
IL-1b and IL-6 production and that addition of naïve hMSCs did not
abrogate the LPS-induced immune response as measured by ELISA
(Control glia 2.9 ± 3.7 pg/ml IL-1b; LPS-treated 110.9 ± 90.7 pg/ml
IL-1b; MSC + LPS 125.3 ± 83.8 pg/ml IL-1b; Control 75.09 ±
29.3 pg/ml IL-6; LPS-treated 2992 ± 1327 pg/ml IL-6; MSC + LPS
3002 ± 1694 pg/ml IL-6; ⁄⁄⁄p < 0.001; ANOVA; Fig. 3D and E). The
addition of IL-4 treated hMSCs to LPS-treated glia significantly re-
duced IL-1b and IL-6 secretion (37.28 ± 26.14 pg/ml IL-1b;
1314 ± 959.3 pg/ml IL-6; +p < 0.05; ++p < 0.01; ANOVA; Fig. 3D
and E, respectively). Real-time PCR analysis also revealed signifi-
cant decreases in other markers of glial activation, MHCII and
CD40 gene expression (IL-1b and IL-6 gene expression changes
were not significant) in glial cells co-cultured with IL-4-treated
hMSCs in the presence of LPS (Control glia 1.4 ± 0.9 MHCII; LPS-
treated 2.2 ± 0.6 MHCII; IL-4-treated MSC + LPS 1.5 ± 0.5 MHCII;
Control glia 0.6 ± 0.3 CD40; LPS-treated 14.53 ± 6.7 CD40; IL-
4MSC ± LPS 6.8 ± 4.6 CD40; ⁄⁄⁄p < 0.001; ++p < 0.01; ANOVA;
+p < 0.05; student’s t-test; Fig. 3F and G, respectively).

To confirm the immunomodulatory role of CD200 ligand ex-
pressed on hMSCs, and the influence of Il-4, we used monoclonal
antibody to inhibit CD200 activity and/or IL-4. Co-cultures contain-
ing LPS-treated mixed glia and IL-4-treated hMSCs produced sig-
nificant levels of the pro-inflammatory cytokine IL-1b in the
presence of anti-CD200 antibody (82.3 ± 73.6 pg/ml IL-1b;
dp < 0.05; student’s t-test; Fig. 4). Inhibition of immunomodulatory
properties of hMSCs was also observed when hMSCs were treated
with anti-IL-4 antibody (81.08 ± 66.5 pg/ml IL-1b; #p < 0.05; stu-
dent’s t-test; Fig. 4).
Analysis of STAT3 signaling activity in grafted hMSCs and in focal brain
injured tissue

Encapsulated hMSCs [asterisks] were transplanted into injured
and intact (control) brains and onto hippocampal organotypic cul-
tures (HOC) (Fig. 5G–L dashed line indicate graft border, A–F graft
se of hMSC’s with modelled glia cells were investigated for Il-1b and Il-6 production.
ammatory cytokines IL-1b (A) and IL-6 (B) when mixed with mixed glia at low ratio,
ince in vivo transplant would be hMSC’s into the neural environment.

s. (2013), http://dx.doi.org/10.1016/j.abb.2013.02.005
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is beyond image site). Empty scaffolds were transplanted into in-
jured and intact brains and onto HOC as controls. We found that
transplanted hMSCs modulated the activity of STAT3 signaling
pathways in OGD hippocampal tissue in vitro and in oubain-in-
duced (OUA) ischemic brain in vivo. As shown by immunohisto-
chemical analysis and confocal scanning, the expression of total
STAT3 and the activated phosphorylated form of P(Y705)-STAT3
were significantly increased in injured ischemic brains (Fig. 5H
and K, respectively; arrows) and in ODG-treated organotypic cul-
tures in vitro (Fig. 5B and E, respectively; arrows) when compared
with normal brain tissue (Fig. 5G, J and A, D, respectively; arrows).
Expression of STAT3 and its phosphorylation at tyrosine site
(Y705), was reduced following transplantation with encapsulated
naïve hMSCs into ischemic OHC when compared with control in-
jured tissues in vitro where empty scaffolds were grafted (Fig. 5C,
F vs. B, E, respectively; arrows). Similar decreases in STAT3 expres-
sion and P(Y705)-STAT3 activity were also observed in vivo follow-
ing transplantation with encapsulated naïve hMSCs when
compared to control ischemic brains which where grafted with
empty scaffolds (Fig. 5I, L vs. H, K, respectively; arrows).

We used qPCR technique and species-specific primers to distin-
guish the expression level of STAT3 genes in host rat brain tissue
(rSTAT3) and in transplanted human umbilical cordhMSCs
(hSTAT3) (Fig. 6). The following brain regions were microdissected
Please cite this article in press as: C.P. McGuckin et al., Arch. Biochem. Biophy
from injured and intact brains: 1) graft region (scaffold); 2) area of
injury (only injured brains) and 3) control contralateral region. The
in vivo data showed significantly higher expression of rSTAT3 in
the injured hemisphere (at scaffold and injury area) when com-
pared with the contralateral hemisphere and intact brain
(⁄p 6 0.05; one-tailed Mann–Whitney test; Fig. 6A). We observed
no difference in rSTAT3 expression in the contralateral hemisphere
in injured or control intact brain (Fig. 6A). There was an increase in
rSTAT3 expression in the intact contralateral hemisphere following
hMSCs transplantation when comparisons were made with control
animals grafted with empty scaffolds (⁄⁄⁄p 6 0.0001; Fig. 6A).

Analysis of STAT3 expression with human primers (hSTAT3) re-
vealed the inverse expression pattern when compared to rSTAT3
(Fig. 6B). We have observed hSTAT3 expression at low level in in-
tact and injured brain regions both at scaffold and contralateral
sites (Fig. 6B). Significant increased hSTAT3 gene expression was
observed exclusively at the site of injury in comparison to contra-
lateral and scaffold transplant areas in injured brains (⁄⁄p 6 0.001)
and intact brains (⁄p 6 0.05) (one-tailed Mann–Whitney test;
Fig. 6B).

A similar pattern of hSTAT3 expression was observed in the
ex vivo organotypic model. The hSTAT3 mRNA level was signifi-
cantly increased in injured OHC (⁄⁄p 6 0.001) in comparison to nor-
mal tissue (one-tailed Mann–Whitney test; Fig. 6C). In contrast to
s. (2013), http://dx.doi.org/10.1016/j.abb.2013.02.005
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Fig. 4. Blocking IL-4 induced hMSC CD200 expression or CD200-CD200R interaction
reverses LPS-induced glial cell activation. To know what state the hMSC must be
into be useful, the role of the CD200/CD200R was investigated in tandem with IL-4
and inflammatory state using IL-1 expression as a model. Il-b was measured in
response to added components indicated. Immunomodulatory properties of IL-4-
treated hMSCs when co-cultured with LPS-treated mixed glia could be effectively
blocked by addition of monoclonal antibodies against IL-4 and CD200 ligand,
indicating that hMSC’s are a potential agent for positive influence in damaged
environment, but dependent on state.
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the in vivo experiments we did not observe a significant increase in
rSTAT3 mRNA expression in response to injury (Fig. 6C).
Please cite this article in press as: C.P. McGuckin et al., Arch. Biochem. Biophy
Activity of unphosphorylated STAT3 in hMSCs in vitro

We have shown that STAT3 expression and phosphorylation in
naive hMSCs can be modulated by dexamethasone and cytokine
(OSM or IL-4) treatment in vitro (Fig. 7). hMSCs cultured in basal
medium containing serum expressed STAT3 in 56.87% ± 12.46% of
total cells (Fig. 7A) and in 91.71% ± 10.79% of total hMSCs cultured
in serum-free medium containing dexamethasone (⁄⁄⁄p 6 0.0001;
one-way ANOVA; Fig. 7A). Expression changes of STAT3 mRNA
were confirmed by qPCR analysis (⁄⁄⁄p 6 0.0001; one-way ANOVA;
Fig. 7B). Total STAT3 and phosphorylated STAT3 at serine site
(S727) was immunodetected in hMSCs nuclei suggesting a trigger-
ing of the STAT3a isoform (Fig. 7C and D, respectively). Immunocy-
tochemical analysis did not detect phosphorylated STAT3 at
tyrosine site (Y705) neither in cytoplasm nor in the nuclei of naïve
hMSCs, regardless of the culture condition (Fig. 7E).

We used EMSA to reveal how cytokine ligands stimulate STAT3
activity in hMSCs. We focused on the different pro- and anti-
inflammatory cytokines secreted by inflamed brain tissue: OSM,
CNTF, LIF, IL-6 and IL-4. We found that STAT3 signaling was in-
duced in naïve hMSCs in response to OSM, which belongs to the
pro-inflammatory IL-6 family, but not by IL-6 itself (Fig. 7F). Sur-
prisingly, DNA binding activity of STAT3 was also significantly in-
duced in response to the anti-inflammatory IL-4 cytokine
s. (2013), http://dx.doi.org/10.1016/j.abb.2013.02.005
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(Fig. 7F), but weaker than the OSM-induced STAT3-DNA binding
complex. IL-4 is known to activate STAT6 and in line, we found
strong STAT6 DNA binding activity upon IL-4 treatment (Supple-
mental data Fig. 2).

We used FACS technique to confirm the expression of cytokine
receptors responsible for STAT signal transduction in hMSCs. The
results showed expression of gp130 co-receptor of JAK/STAT path-
way and OSMR on naïve hMSCs (Fig. 7H). We did not observe
significant expression of IL-6R on hMSCs (Fig. 7H).

Further, we have investigated the mechanism of STAT3 binding
to DNA in hMSCs nuclei. As shown before, the immunocytochem-
ical analysis did not reveal nuclear localization of STAT5 and
STAT6, therefore we have focused on STAT1 as a possible heterodi-
merisation partner for STAT3 molecule. EMSA analysis did indeed
show strong STAT1 activation upon OSM stimulation (Fig. 7G).
Importantly, STAT1 could heterodimerize with STAT3 and bind to
DNA after nuclear translocation what is shown by our EMSA super-
shift results (Fig. 7G). Last but not least, with surprise we observed
also STAT1 activation upon IL-4 treatment, which overall contrib-
utes to the immunomodulatory activities of cytokines in hMSCs,
an area which awaits further exploration.
Please cite this article in press as: C.P. McGuckin et al., Arch. Biochem. Biophy
Discussion

Regenerative medicine holds great promise, but only if new
drugs, stem cells, biomaterials and surgical techniques can be
brought together efficiently. A key factor in determining treatment
efficacy is the environment in the damaged tissue, which can sig-
nificantly reduce the effectiveness of a therapy. hMSCs are one of
the most interesting potential cell types to be considered not only
due to ease of availability, but also due to the immunomodulatory
properties [15–19].

In this consortium based study we transplanted hMSCs from an
umbilical cord source (hMSCs), encapsulated in new 3D bioscaf-
folds [35], into models of brain stroke both in vivo and ex vivo. How-
ever, we first evaluated the effect of hMSC’s on microglial activation
in vitro. The data indicated that naïve hMSCs when co-cultured
with primary rat mixed glia elicited a dose-dependent immuno-
modulatory effect. We found that hMSCs delivered at high doses
could have proinflammatory effects on brain tissue. This adverse
effect could in part be due to the contribution of naïve MSCs to
the co-culture system as they have been shown to release both
anti- and proinflammatory cytokines in unstimulated experimental
s. (2013), http://dx.doi.org/10.1016/j.abb.2013.02.005
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settings [37]. Secretion of proinflammatory cytokines by MSCs un-
der certain experimental conditions has also previously been
shown by other groups [38,39], but one of our aims was to establish
an appropriate cell dosage to efficiently modulate these deleterious
inflammatory effects in injured brain models using hMSCs.

If cell–cell contact is to have any influence in the damaged
microenvironment it must also overcome the inherent in vivo neg-
ative regulation which has evolved in the damaged tissue. It was
shown previously that MSCs induced immunomodulatory effects
when in direct contact with antigen presenting cells [40], but the
exact mechanism by which they did so remained unknown. Fur-
ther, in the specific case of the neural microenvironment, Neurons,
which express CD200 ligand, have been shown, in vivo and in vitro,
to inhibit the activity of CD200R-expressing microglia [10,41]. In
our work presented here we have shown for the first time the
immunomodulatory effect of CD200 glycoprotein expressed on
hMSCs. IL-4-treated hMSCs, which express CD200 ligand, when
co-cultured with LPS-activated mixed glia, significantly reduced
glial secretion of IL-6 and IL-1b. This immunomodulatory effect
was observed in co-cultures where hMSCs had direct cell–cell con-
tact with rat mixed glia. Such experiments were designed to mim-
ick the in vivo damaged environment.

We have shown that expression of CD200 in hMSCs is signifi-
cantly increased by the anti-inflammatory cytokine IL-4, and that
this increase in CD200 expression was sufficient to exert anti-
inflammatory effects on LPS-treated hMSCs in vitro. The immuno-
modulatory effect of hMSC CD200 expression was effectively
inhibited by anti-IL-4 or anti-CD200 antibodies. These results are
consistent with previous findings that describe spontaneous
microglial activation in CD200 knockout mice [41]. It is key to
know what state both transplanted cells and inherent damaged
cells are in, to be able to understand the useful role of transplanted
hMSC’s. The observed anti-inflammatory effects of IL-4-treated
hMSCs in vitro could also explain the activation of the inherent
immunomodulatory properties of naïve hMSCs in in vivo models
of stroke as T cells have been shown to release anti-inflammatory
cytokines at stroke injury sites [42].

CNS ischemia and trauma induce expression and release of pro-
inflammatory cytokines by microglia, while anti-inflammatory
cytokines are produced by T cells infiltrating damaged brain paren-
Please cite this article in press as: C.P. McGuckin et al., Arch. Biochem. Biophy
chyma [9,42]. Inflammation in the CNS is associated with activa-
tion of the STAT3 signaling pathway in microglia cells [44,30,31].
In this study we have shown that STAT3 signaling activity had an
opposite effect on microglia when compared with hMSCs. STAT3
activation in microglia cells followed an inflammatory phenotype,
whereas STAT3 expression in hMSCs correlated with an anti-
inflammatory phenotype in injured brain tissue.

Immunohistochemical analysis of phosphorylated STAT3 (P-
STAT3) expression following brain injury induced in rat brain by
in vivo and in vitro OHC methods, revealed significant increases
in STAT3 tyrosine (Y705) phosphorylation. STAT3 phosphorylation
at tyrosine Y705 residue has been shown to be necessary for
microglia activation in inflamed brains and inhibition of JAK kinase
by small molecule AG490 has been shown to reduce microglia
activity and neuronal damage [30,45]. We have shown that expres-
sion of P-STAT3 (Y705) and rat rSTAT3 mRNA decreased following
transplantation of encapsulated naïve hMSCs into injured brain tis-
sue in vitro and in vivo. This correlated with significantly lower
expression of Iba1 and ED1 markers of reactive microglia, when
compared with control ischemic brain tissue. It is worth stressing
that the increased expression of rSTAT3 mRNA was paralleled by
significantly increased levels of human hSTAT3 mRNA in hMSCs
transplanted into injured neural tissue but not control brains. This
suggests that STAT3 signaling could be involved in governing the
immunomodulatory effects of hMSCs.

Other studies have described increased expression of STAT3 in
MSCs co-cultured with antigen presenting cells [40]. In our exper-
iments in vitro analysis of naïve hMSCs revealed expression of
STAT3 at protein and mRNA level which was consistent with those
reports describing constitutive expression of STAT3 in MSCs [40].
Detailed analysis of STAT3 activity in naïve hMSCs revealed phos-
phorylation at serine site (S727) but not at tyrosine site (Y705)
suggesting a triggering of the STAT3a isoform. Serine phosphoryla-
tion of STAT3 was recently also linked to an important role for
mitochondrial ATP generation. Mitochondrial STAT3 modulates
the respiratory chain and contributes to RAS transformation
[46,47]. We found that expression of STAT3 mRNA and protein
could be stimulated in hMSCs by serum-free medium containing
dexamethasone which is a strong modulator of JAK-STAT signaling,
however phosphorylation at Y705 remained negative. It could be
s. (2013), http://dx.doi.org/10.1016/j.abb.2013.02.005
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that the non tyrosine, but serine phosphorylated STAT3 is recruited
to inflammatory genes by NFjb which was elegantly demonstrated
by the George Stark laboratory [33].

A recent growing body of evidence suggests an important role
for unphosphorylated STAT3 (U-STAT3) in signal transduction
and gene expression [33]. Contrasting transcriptional activity in
P-STAT3 and U-STAT3 has already been shown in several immuno-
modulation studies [48,49]. Liu and colleagues (2005) explain the
nuclear localization of U-STAT3 in hMSCs as being related to the
mechanism of nuclear localization of importin-a3, which is inde-
pendent of Y705 phosphorylation. Our STAT3 DNA binding results,
as shown by EMSA, may suggest an alternative mechanism by
which STAT3 governs the immunomodulation of injured brain tis-
sue in a tyrosine phosphorylation independent manner.

EMSA analysis of STAT3 activity revealed that naïve hMSCs did
not respond to IL-6 stimulation, the well-known inflammatory li-
gand of the gp130 receptor. FACS analysis confirmed high surface
expression of gp130 but no significant expression of the IL-6Ra
chain on naïve hMSCs. We have found however, that hMSCs
strongly express the receptors for OSM, which heterodimerizes
Please cite this article in press as: C.P. McGuckin et al., Arch. Biochem. Biophy
with gp130. OSM belongs to the IL-6 family of pro-inflammatory
cytokines, and it has been shown that OSM can be secreted by
microglial cells [43]. However, we have also observed STAT3 acti-
vation by IL-4 in association with STAT1 and strong STAT6 activa-
tion. This result represents a unique feature of hMSCs with respect
to IL-4 signaling, they differ greatly with respect to the genes em-
ployed when compared to other cell types such as fibroblasts,
which when stimulated with IL-4, only activate STAT6. Our EMSA
analysis of naïve hMSCs confirmed that stimulation of STAT3 is
possible by pro-inflammatory OSM and anti-inflammatory IL-4.
Conclusions

Certainly moves towards cellular clinical therapy has been
hampered by the negative environmental influences found due to
trauma and indeed also after cell transplant. The potential for a cell
component such as hMSCs to aide in the roadblock that negative
inflammation causes is great, but only if the secondary effects of
hMSC implant do not cross over into negative effects themselves.
s. (2013), http://dx.doi.org/10.1016/j.abb.2013.02.005

http://dx.doi.org/10.1016/j.abb.2013.02.005


583

584

585

586

587

588

589

590

591

592

593

594

595

596

597

598

599

600

601

602

603

604

605

606

607

608

609

610
611
612
613
614
615
616
617
618
619
620
621
622
623
624
625
626
627

628
629
630
631
632
633
634
635
636
637
638
639
640
641
642
643
644
645
646
647
648
649
650
651
652
653
654
655
656
657
658
659
660
661
662
663
664
665
666
667
668
669
670
671
672
673
674
675
676
677
678
679
680
681
682
683
684

685

10 C.P. McGuckin et al. / Archives of Biochemistry and Biophysics xxx (2013) xxx–xxx

YABBI 6389 No. of Pages 10, Model 5G

8 March 2013
Therefore, our results are important in the move towards clinical
trials in this area, showing that immunomodulatory effects of
hMSCs (in this case sourced from umbilical cord, a readily available
source) is dependent on CD200–CD200R interaction with microglia
and the effect can be further significantly increased by stimulation
with IL-4. In this case, a balance has to be struck between which
types of neural cells must be suppressed and which must be stim-
ulated towards differentiaton. We found an essential role of the
JAK-STAT pathway in immunomodulation of hMSCs on microglia
cells in brain injury models suggesting also a non-canonical JAK-
STAT signaling of unphosphorylated STAT3. We must conclude,
therefore, that not only the correct dose of hMSC is important,
but the form in which they are implanted and the environment
into which they are received.
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