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Abstract

Background

Mesenchymal stem cells (MSCs) have a therapeutengal in tissue repair because of capacity
for multipotent differentiation and their abilitp imodulate the immune response. In this study,
we examined the ability of human placental MSCs §@d) to modify the differentiation of
human monocytes into macrophages and assessedhftience of pMSCs on important

macrophage functions.
Methods

We used GM-CSF to stimulate the differentiation mbnocytes into the M1 macrophage
pathway and then co-cultured these cells with pM$Cgshe early stages of macrophage
differentiation. We then evaluated the effect offiedéntiation by microscopic examination and
by quantification of molecules important in the feiEntiation and immune functions of
macrophages using flow cytometry and ELISA. The ma@ism by which pMSCs could mediate

their effects on macrophage differentiation was atsidied.

Results

The co-culture of pMSCs with monocytes stimulated follow the inflammatory M1

macrophage differentiation pathway resulted ini#t &hanti-inflammatory M2-like macrophage
differentiation. This transition was characterizeg morphological of changes typical of M2
macrophages, and by changes in cell surface margeession including CD14, CD36, CD163,
CD204, CD206, B7-H4 and CD11b, which are distiretof M2 macrophages. Co-culture with
pMSCs reduced the expression of the costimulatooiecules (CD40, CD80 and CD86) and

increased the expression of co-inhibitory molec@s273, CD274 and B7-H4) as well as the



surface expression of major histocompatibility céemp(MHC-II) molecules. Furthermore, the
secretion of IL-10 was increased while the secneti IL-1p, IL-12 (p70) and MIP-d& was

decreased; a profile typical of M2 macrophagesalinpMSCs induced the phagocytic activity
and the phagocytosis of apoptotic cells associaftd M2- like macrophages; again a profile
typical of M2 macrophages. We found that the immmagalatory effect of pMSCs on
macrophage differentiation was mediated by solulbi®lecules acting partially via

glucocorticoid and progesterone receptors.

Conclusions

We have shown that pMSCs can transition macrophigesan inflammatory M1 into an anti-
inflammatory M2 phenotype. Our findings suggest ewnimmunosuppressive property of
pMSCs that may be employed in the resolution damfmation associated with inflammatory

diseases and in tissue repair.
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Introduction

Mesenchymal stem cells (MSCs) are the main sulisetudt stem cells that can be isolated from
different human tissues’>. MSCs are described as multipotent cells thatdifiarentiate into
cells of multiple organs and systems such as bdai, cartilage, muscle, neurons and

hepatocytes'.

We have successfully isolated MSCs from the huream placenta, a tissue which is accessible,
abundant and commonly discarded after normal dgliveapable of self-renewal, capable of
differentiation into lineages of mesenchymal tissaed with immunoregulation propertied
These properties of placental MSCs (pMSCs) makenthe attractive alternative source of
MSCs for cell-based therapy. The mechanisms underithe immunoregulatory functions of

MSCs are complex and not fully understood.

MSCs have immunomodulatory effects, particularly Brand B lymphocytes® However,
relatively little attention has been paid to thegmtial interaction of MSCs with macrophages. A
few studies reported that MSCs can induce ant&infhatory phenotypes in macrophages
vitro andin vivo >**. However, studies of the immunomodulatory effeatspMSCs on the

functions of macrophages have not been undertaken.

Macrophages comprise a heterogeneous populatigelisf that are widely distributed in many
different tissues and are potent immune regulatordacrophages play a crucial role in the
resolution of tissue injury and promotion of tisstepair in various human diseas¥s In

response to chemotactic signals, monocytes mignédetissues and subsequently differentiate

into macrophages to replace aged ones or to gaatein the initial phases of tissue defense in



response to harmful insultd Macrophages also play an essential role in lah@ses of tissue
homeostasis and repair, such as phagocytosis gftatfcells*?. Functionally, macrophages
can be polarized into distinct subpopulations disgceach with specific functions related to the
initiation and recovery phases of tissue injtftyThe origin and activation state of macrophages
and their microenvironment are critical determisanf their response to injury. Typically,
macrophages are classified into two main groupsssitally-activated macrophages (M1) and

alternatively-activated macrophages (M2)

M1 macrophages are pro-inflammatory cells with ppbtnti-microbial activities and promote T
helper 1 (Th1) cell responses and have also beplicated in many inflammatory diseasgs
Conversely, M2 macrophages are immunosuppressile tbat can support helper 2 (Th2)-
associated effector functions. M2 macrophages bagacterized based on their low production
of proinflammatory cytokines, such as IL-1R and1®.- high production of anti-inflammatory
cytokines such as IL-10 and have high phagocytiivisies 2 M2 macrophages play a major
role in the resolution of inflammation, tissue ratating and in wound repair by releasing IL-10,

secreting trophic factors and enhancing the clearaf apoptotic cell&.

Macrophage heterogeneity is likely to reflect thaspcity and versatility of these cells in
response to microenvironmental signals. The difféation of macrophages and dendritic cells
from monocytes is reversible and this is determidgd the microenvironments and the
differentiation signald®. Various signals induce the differentiation of MtLM2 macrophages.

The differentiation pathway of M1 macrophage isivated by different molecules, such as

interferon gamma (IFN) or granulocyte macrophage colony stimulating dadiGM-CSF)



while the differentiation of M2 macrophages is poted by different molecules, such as IL1
receptor antagonist, IL-4, IL-6, IL-10, IL-13, glorticoids, macrophage colony stimulating
factors (M-CSF)yvascular endothelial growth factor (VEGEgnsforming growth factor beta- 1

(TGF-B1), leukemia inhibitory factor (LIF) and prostaglandi@ (PGE2)**8

Several studies have demonstrated the protectike ab macrophages in cell therapy. The
beneficial therapeutical effects of macrophagesewsrown in various tissue injury, such as
central nervous system (CNS), heart and Itfids*%?° For example, the immune system is
activated following injury to the CNS. This affedfise ability of neurons to survive and to
regenerate damaged axons. However, the role afrtheine system in the CNS is determined
by the type and duration of the immune response thadbalance between destructive and
protective factors that ultimately define the reguit of the neuro-immune interacti®hn Injury

in the CNS rapidly induces the response of M1 npatages and then this response is shifted
into M2 macrophage%’. The response of M1 macrophages induces neuramahge, whereas
M2 macrophage response promotes neuronal regesrefatiTherefore, switching macrophages
from M1 into M2 phenotype can promote the repaiCdS. Accordingly, modulating immune
response seems to be a promising strategy for ssftteissue repair. This reversibility in
macrophage functions will be one of the usefuldpeutic targets for the design of an efficient
cellular therapy utilizing macrophages to remodwa eepair tissue injury. Several recent studies
showed that macrophages can be switched from infliory into anti-inflammatory phenotypes
following their interaction with MSCs; this intettamn resulted in the resolution of inflammation
and tissue repair of heart, lung and skif. These studies used MSCs from bone marrow,
adipose tissues, gingiva and cord blood, but theraction between pMSCs and macrophages

has not been examined. pMSCs used in regeneratiaparative therapies are likely to interact



with macrophages and their immunoregulatory aegittould potentially influence macrophage
differentiation and/or function. Therefore, we exaed whether human pMSCs can induce anti-
inflammatory phenotypes in human macrophages asal studied the mechanism by which

pMSCs can shift macrophage differentiation.

Previous studies demonstrated that molecules withirgflammatory properties can mediate
MSC induction of M2 macrophage differentiatithr®?> and therefore we examined the role of
glucocorticoid receptor (GR) and progesterone rexg(PR) in mediating the anti-inflammatory
effects of pMSCs on macrophages. These two recepter involved in the production of anti-
inflammatory proteins, promotion of phagocytosisagioptotic cells and the differentiation of
anti-inflammatory M2 macrophagé&®® We found that human pMSCs can induce an anti-
inflammatory phenotype in macrophages by shiftimgdifferentiation of macrophages from M1
into M2 macrophages and also by down-regulatingetkgression of costimulatory molecules
(CD40, CD80 and CD86) with induced expression cinbibitory proteins (CD273, CD274 and
B7H4). In addition, we found the immunoregulatoffeets of pMSCs on human macrophages

are mediated partially via GR and PR.



Materials and Methods

Ethics of Experimentation
This study was approved by the institutional resledboard at King Abdulla International
Medical Research Centre/ King Abdulaziz MedicalyCRiyadh, Saudi Arabia. All placentae

were obtained with informed patient consent.

Placentae

Human placentae were obtained from uncomplicatesyr@ncies following normal vaginal
delivery (38-40 weeks of gestation). The gestational age arad ¥bility of all pregnancies
were confirmed by early ultrasound examination b0 weeks gestation. The placentae were

used within 2 h of delivery.

Isolation of mesenchymal stem cells from placeexglants in vitro

pPMSCs were isolated from chorionic villi of humagrm placenta as described previously
Briefly, placental tissues were dissected and tiwashed thoroughly with sterile phosphate
buffered saline (PBS), pH 7.4. After removing thatemnal decidua, the chorionic villi from the
fetal portion were cut into pieces of approximat#él/mg wet weight and washed with PBS and
then incubated with 2.5% trypsin (Invitrogen, Sadédabia) diluted in DMEM-F12 medium
(Invitrogen, Saudi Arabia) containing (271 unit/nD)Nase (Invitrogen, Saudi Arabia), 100
png/ml streptomycin and 100 U/l penicillin with gemttotation overnight at 4°C. Tissues were
then washed thoroughly with PBS and allowed to eelbe the plastic in 6 well plates for 1 h at
37°C in a humidified atmosphere containing 5%,G@d 95% air (a cell culture incubator).

Then, DMEM-F12 medium containing 10% MesenchymanstCell Certified fetal bovine



serum (MSCFBS) (Invitrogen, Saudi Arabia), 1Q@/ml of L-glutamate, 100ug/mi
streptomycin and 100 U/l penicillin was gently adde the tissues and cultured at 37°C in a cell
culture incubator. Every two days, the medium wemoved and replaced with fresh medium.
On day 14, the tissues were removed and cells teigiaut from the cut ends of the tissues were
then harvested with TrypLE™ Express detachmenttisolu(Invitrogen, Saudi Arabia) and
characterized by flow cytometry using MSC positimarkers (CD44, CD90, CD146, CD166 and
CD105) and hematopoietic negative markers (CD1H%%;BILA-DR, CD80, CD86, and CD40)
as described previousfy Cells at a density of 1 x 1@ells in 75 cm? flask (BD, Saudi Arabia)
were re-cultured until they reached 75% confluesnoy then used in subsequent experiments.
Before any further experimental uses, pMSCs atgues2 were assessed for differentiation into
adipocytes, chondrocytes and osteocytes as desquileeiously®. Adipogenic, osteogenic and
chondrogenic differentiations were performed byulreting pMSCs in adipogenic (#390415),
osteogenic (#390416) and chondrogenic (#390417)anexbpectively. All differentiation media
were purchased from R & D Systems (Saudi ArabiggchE differentiation medium was
supplemented with 10% MSCFBS, 108/ml of L-glutamate, 10Qg/ml streptomycin and 100
U/l penicillin. Adipocytes, osteoblasts and chommytes were identified using LipidTOX™
Green, Alizarin Red S and Alcian Blue dyes, respebt as described previoudly All

antibodies were from Beckman Coulter (Saudi Arabiiajrty placentae were used in this study.

Isolation of human monocytes

Peripheral blood mononuclear cells (PBMCs) weraioled from venous blood drawn from 30
normal healthy volunteers. PBMCs were isolated m®ntdfugation on a Ficoll-Paque
Leucosep™density gradien{Greiner Bio-One, Saudi Arabia) and suspended in RF®40

medium. Monocytes were obtained using a magnetlt sgparation system as described
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previously®*. PBMCs were incubated with anti-CD14 monoclonaitaniy-coated microbeads,
and monocytes were then isolated by passing the@Btkrough a column placed in a magnetic
cell separator according to the manufacturer'srimsions. The purity of monocytes was
assessed by flow cytometry using an anti-CD14 miomat antibody. Samples with purity

greater than 98% were used for experiments.

Culture of monocyte derived macrophages with déffértreatments of pMSCs (direct contact,
supernatant and conditioned medium)

Monocytes were differentiated into M1 macrophagesiescribed previousf. Monocytes at a
density of 1 x 1®were seeded in 6-well culture plates in M1 diffei@ion medium consisting
of RPMI 1640 medium supplemented with 10% FBS, 2 mijlutamine, 50 ng/mL GM-CSF (R
and D Systems, Saudi Arabia), 50 U/mL penicillinda®0 pg/mL streptomycin and then
incubated for 6 days at 37°C in a cell culture bator. For intercellular direct contact
experiments (ICpMSC), the 0.4um pore size transwhmber membrane culture system
(Greiner Bio-One, Saudi Arabia) was used as desgniiseviously’®. pMSCs were seeded on the
reverse side of the membrane of the chamber umgilcells were fully adhered and monocytes
were seeded on the upper side of the membranesdtable factor experiments (SFpMSC),
pMSCs were physically separated from monocytesutyiigng them on the upper compartments
while monocytes were cultured in the lower comparitn Both culture systems prevent the
contamination of monocyte-derived macrophages witiSCs and facilitate harvesting
macrophages without pMSC contamination. In bothtesgs, cells were cultured in M1
macrophage differentiation medium for six days ascdbed previously>. For conditioned
medium experiments (CMpMSC), supernatant from unddated pMSCs were added to

monocytes cultured in M1 differentiation medium. Peoduce conditioned medium, 1X10
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pMSCs were cultured in 75 cm? flasks containing INWE12 medium with 10% MSCFBS, 100
pg/ml of L-glutamate, 10Qug/ml streptomycin and 100 U/l penicillin. Every twiays, the
medium was removed and replaced with fresh mediimen cells reached 75% confluency,
cells were cultured in fresh medium for two daysd apnnditioned medium was then harvested,
centrifuged at 500 x g for 10 min and stored aP@aQntil use. On day 7, macrophages and
pMSCs were harvested with TrypLE™ Express detachrselution and characterized by flow
cytometry technique. Macrophages were charactefiaedhe expression of M2 macrophage
markers (CD14, CD11b, CD36, CD163, CD204, CD206 Brtl4), costimulatory molecules
(CD40, CD80, CD86, CD273 and CD274) and MHC clagadlecule, HLA-DR while pMSCs
were characterized for the expression of the iethalar proteins including IL1-3, IL-6, IL-8, IL-
10, IL-12, tumor necrosis factor- alpha (TNJ-monocyte chemoattractant protein-1 (MCP-1),
indoleamine 2,3-dioxygenase (IDO) and B7H4). In soexperiments ICpMSC, SFpMSC,
CMpMSC were added to M1 macrophage culture on eitlay 3 or day 7 and incubated for
further three days and then characterized as dhescabove. Before the addition of pMSCs to
the coculture experiments (ICPMSC and SFpMSC), pMIS&re treated with 25ug/mi
Mitomycin C for 1 h at 37°C to inhibit their prodifation and then followed by five extensive
washes with RPMI-1640 medium containing FBS as ritest previously’’. To assess whether
pMSCs effects on macrophage differentiation wergensgble, ICpMSC or SFpMSC or
CMpMSC were removed after three days of co-culturirith monocytes and macrophages were
washed thoroughly and then cultured again in M1 romtage differentiation medium
containing GM-CSF for another three days. Each exm@t was performed in duplicate and
repeated with 30 independent preparations of mdeedgrived macrophages and pMSCs.

Monocyte-derived macrophages cultured in a GM-C®iom without pMSCs were included
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as a negative control for all monocyte-derived ropbages cultured with pMSCs (ICpMSC,

SFpMSC and CMpMSC).

pMSC induction of M2 macrophage differentiation

CMpMSC experiments were performed in which 500nM/Mifepristone (Tocris Bioscience,
Saudi Arabia) in M1 macrophage differentiation nuedicontaining 20% CMpMSC was added
to monocyte culture on day zero. The dose of 500mMMifepristone was used because this
dose was shown by others to result in a complatekbbe of binding receptofé. Positive
control was macrophages cultured in M1 macrophéégrehtiation medium containing 100uM/
mL dexamethasone in the presence and absence epridibne. After six days in culture,
macrophages were then harvested as described abiowenean number of differentiated cells
was quantified by counting the number of cells thrandom high-power fields (40x) on the
culture plates. Monocytes cultured with CMpMSC with Mifepristone were included as a
negative control. Each experiment was performediiplicate and repeated with 10 independent

preparations of monocytes- derived macrophagep®8Cs.

Phagocytic function of monocyte derived macrophages

To study the phagocytic function of macrophages,GlitoSelect™ Phagocytosis kit was used (#
CBA-224, Cell Biolabs, Saudi Arabia) according to the mantueer’'s instructions. Briefly,
monocyte-derived macrophages were cultured for @s daith ICPMSC or SFpMSC or
CMpMSC in 24-well flat-bottom culture plates comiaig M1 differentiation medium,
consisting of RPMI 1640 medium supplemented witko1PBS, 2 mM L-glutamine, 50 ng/mL

GM-CSF, 50 U/mL penicillin and 50 pg/mL streptomyciOn day 7, pre-labelled- Zymosan
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suspension was added to each well and then inaibatt@ h at 37°C in a cell culture incubator.
Negative controls of macrophages without ICOMSGBpMSC or CMpMSC and cells without
Zymosan particles were also included. Following aeah of the culture medium, cells were
washed, fixed and incubated with a blocking sohutior 1 h at room temperature. Cells were
then washed, permeabilized and incubated with ectlet reagent for 1 h at room temperature.
Following washing, cells were incubated with a datea buffer for 10 min at room temperature
and then incubated with a substrate to initiate rimction for 20 min at 37°C. Finally, the
reaction was stopped and the optical density wasl r@ 405 nm. Each experiment was
performed in duplicate. 10 individual preparatiasfsmonocyte-derived macrophages and 10

pMSCs were used in this study.

Phagocytosis of apoptotic cells by macrophages

Following six days of coculture of monocyte- dedvemacrophages with CMpMSC,
macrophages were labelled with HM green fluorescent cell tracker stain (5-
chloromethylfluorescin diacetate; CMFDA; Molecul®robes, Invitrogen, Saudi Arabia) in
DMEM/F12 Medium for 4 h. Apoptotic pMSCs were geated by freezing and thawing method
as described previousfy and labelled with ;1M red fluorescent cell tracker stain 5-(and-6)-
carboxy SNARF®-1, acetoxymethyl ester, acetate (BNAMolecular Probes, Invitrogen, Saudi
Arabia) for 4 h and then added to macrophage aulatra ratio of 1 (Apoptotic pMSCs): 10
(macrophages) for 24 h in the presence or absehd® ag/mL cytochalasin B (Invitrogen,
Saudi Arabia). Apoptotic pMSCs from each placen&aeradded to macrophages isolated from
an individual (independent) donor. Remaining apoptcells were removed by extensive

washing with PBS, and macrophages were fixed with(#/v) paraformaldehyde and visualized
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on an inverted fluorescent microscopdikon ECLIPSE Ti U)and photomicrographs recorded
using a NikonDS-Qil camera andoftware. The percentage of macrophages containing
apoptotic cells was reported as the phagocyticxinding the following formula:

Phagocytic index (PI) = Apoptotic cells associateith macrophages/Total number of

macrophages X 100

Comparison between the effects of pMSCs and boneromaderived MSCs on the
differentiation of macrophages

To compare between the effects of pMSCs and BMMB8&snacrophage differentiation, we
used BMMSCs (Catalogue # C-12974, Promocell, SAuabia). BMMSCs (1 x 10cells) were
cultured in in 75 cm? flask containingEM supplemented with 10% FBS, 10@/ml of L-
glutamate, 100ug/ml streptomycin and 100 U/l penicillin. Cells wethen harvested and
characterized by flow cytometry and used for cdwrel studies. BMMSCs were positive for
MSC markers (CD44, CD90 and CD105) and negativehémnatopoietic markers (CD45) (data
not shown). Intracellular contact (IC) and solufdetor (SF) experiments were performed as
described above. Macrophage-like cells were chamaed for the expression of M2 macrophage
markers (CD163 and CD206) by flow cytometry. Satufzlctors [IL-10 and IL12 (p70)], which
are secreted by macrophages, were measured by EHS#h experiment was performed in

duplicate. Three independent experiments were paéd in this study.

Quantification of human cytokines
ELISA Kits (R & D Systems or MyBiosource, Saudi Ara@ were used according to the

manufacturer’s instructions to quantify 113;11L10, IL-12 (p70), MIP-& and MCP-1 in the
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supernatants obtained from macrophage culture swMCSF, TGFR-1, VEGF, LIF, B7-H4,
and PEGE2 were quantified in the CM of unstimulapdSCs or pMSC stimulated with
macrophages. Both unstimulated and stimulated pM8&® cultured at confluency for two
days. To produce CM of stimulated pMSCs, solubletdia experiments (SFpMSC) were
performed as described above. On day 7, the trdhsasted pMSCs were washed thoroughly
with PBS and then cultured in DMEM-F12 medium canitay 10% MSCFBS, 10@g/ml of L-
glutamate, 10Gug/ml streptomycin and 100 U/l penicillin for two yda Complete RPM-1640

and DMEM-F12 were included as a negative control.

Flow Cytometry

Cells were harvested using TrypLE™ Express detaohs®ution. For analysis, 1 x 16f cells
were stained with antibodies (Table 1) for 30 mid ahen washed twice with cold PBS by
centrifugation at 150 x g for 5 min at 8°C. To asal intracellular expression of IL1-3, IL-6, IL-
8, IL-10, IL-12, TNFea, MCP-1, IDO and B7H4, cells were fixed with 4% gfarmaldehyde in
sterile PBS, pH 7.4 for 10 min at room temperatumd then permeabilized using a sterile PBS,
pH 7.4 containing 0.1% saponin for 5 min at roommperature. The expression of the
corresponding intracellular and cell surface prgeivas assayed by an FC500 (Beckman
Coulter, Saudi Arabia) flow cytometer. As a negatbontrol for analysis, cells in a separate tube

were treated with FITC or PE-labeled mouse IgGgdt kntibody
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Statistical analysis
Data were analyzed using the Mann-Witney U and kalisNVallis tests for non-parametric data.
These analyses were performed using GraphPad PFgisiResults were considered to be

statistically significant i < 0.05.
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Results

Isolation and characterization of pMSCs from hurpketental chorionic villi

All pMSCs derived from normal healthy placenta asgage 2 were more than 95% positive for
MSC markers (CD44, CD90, CD146, CD166 and CD105%) amgative for hematopoietic
markers (CD19, CD45, HLA-DR, CD80, CD86, and CDA4f)is was consistent with our
published stud§. pMSCs derived from the placenta in this studyensrccessfully differentiated
into bone, fat and cartilage vitro using appropriate growth factors and methods veeritzed
recently (data not showrf) Based on the above criteria, we used pMSCs aagas? in the

subsequent experiments.

Human pMSCs secrete molecules inducing immunoitorpiM2 macrophage differentiation

Molecules, such as M-CSF, VEGF, TGFR-1, LIF, B74t4l PGE2, induce the differentiation of
M2 macrophages or are present in the M2 macropbagieonment'’. Therefore, we screened
conditioned medium obtained from pMSCs stimulatéith wacrophages (as described above) or
unstimulated pMSCs, for the secretion of these oudss. ELISA assays detected M-CSF (1217
pg/ml +80), VEGF (100 pg/ml +15), TGFR-1 (40 pg/t8), LIF (300 pg/ml +10), B7-H4
(100ng/ml £7) and PGE2 (200 pg/ml +21) in the CMuoktimulated pMSC while we detected
M-CSF (2640 pg/ml +60), VEGF (180 pg/ml +20), TGER120 pg/ml +15), LIF (450 pg/ml
+25), B7-H4 (210ng/ml £14) and PGE2 (350 pg/ml +80the CM of pMSC stimulated with
macrophages for six days. There were 2.16, 1.8,.8, 2.1 and 1.75 fold increases in the

concentration of M-CSF, VEGF, TGFR-1, LIF, B7-HAdMGE?2, respectively in the conditioned
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medium of stimulated pMSCs suggesting that thesgireulation of pMSCs with macrophages

induced the secretion of these molecules by pMSCs.

Monocytes cultured in direct or indirect contacthwhhuman pMSCs or with pMSC conditioned
medium, shifted the initial differentiation of humaonocytes from M1 inflammatory into M2-

like anti-inflammatory macrophages.

CD14" monocytes isolated from normal human peripherabdblwere induced to differentiate
into M1 macrophages through culture with GM-CSFdiordays. On day 7, monocytes gave rise
to “fried egg-shaped” morphology; a typical featofeV1-like macrophage¥ (Fig. 1A). These
M1-like macrophages expressed the monocytic ma@®@i4 in the absence of the typical
dendritic cell marker CD1a (data not shown). Tomeixee the ability of pMSCs in inducing anti-
inflammatory phenotype in macrophages, we examitmed effects of pMSCs on the initial
differentiation of macrophages. Monocytes wereedéhtiated with GM-CSF in the presence or
absence of pMSCs (ICpMSC, SFpMSC and CMpMSC). FOpMSC and SFpMSC
experiments, dose-response experiments were cadlirctriplicate, using ratios of 1:1, 1:5 or
1:10 pMSCs: macrophages. The data indicated ththt wcreasing amounts of pMSCs, there
was increasing responsiveness of the monocyteeterimacrophages (Table 2), but
morphologically, monocytes did not change into M1M2 like macrophages and remained
loosely adhered to the surface of the culture pdateatios 1: 1 and 1: 5. Therefore, we used a
ratio of 1:10 pMSCs: macrophages for all ICPMSC &kghMSC experiments conducted in this
study. In addition, dose-response experiments udiffgrent concentrations of conditioned
medium, 1%, 5%, 10%, 20%, 40%, 60%, were performWd. found that the concentration

which gives a maximum response of macrophages v@2% 2and therefore we used a
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concentration of 20% in this study (Table 3). Compato untreated monocytes, pMSCs
(ICpMSC or SFpMSC or CMpMSC) strongly inhibited thdferentiation of monocytes into
M1-like macrophages as cells displayed an elongaddle-like morphology, a typical feature
of M2 macrophage¥ (Fig. 1B) and continued to express CD14 in theenbs of CD1a (data not
shown). In addition, we evaluated whether monogyddterentiated in the presence of ICPMSC
or SFpMSC or CMpMSC, expressed molecules charatiteiof M2 macrophages including
CD14%*, CcD36%, CD163"% CD204%, CD206° B7-H4* and CD115*. These functional
markers were studied by flow cytometry and expmssf CD14, CD36, CD163, CD204,
CD206 and CD11b was recorded as median fluoresdntasesity (MFI) while the expression of
B7-H4 was recorded as median percentage of posiile. After six days culture with pMSCs
(ICpPMSC or SFpMSC or CMpMSC), the expression by IM2-macrophages of CD14, CD36,
CD163, CD204 and CD206 and B7-H4, was significamityeased (P<0.0001 with ICPMSC or
SFpMSC but P<0.01 with CMpMSC) compared to untrdatd-like macrophages (Fig. 1C- H).
In contrast, the expression of CD1lb was signifigadlecreased (p<0.0001) on M2-like

macrophages following culturing with pMSCs (ICpMS8CSFpMSC or CMpMSC) (Fig. 11).

The data of SFpMSC experiments provided evidenaedbluble factors secreted from pMSCs
were capable of shifting monocyte differentiatioonh M1 into M2 macrophages while the data
with CMpMSC experiments suggested that the prodnatf inhibitory soluble factors produced
by pMSCs does not require paracrine signals fromauogte/macrophage cells. Compared with
ICPMSC, SFpMSC showed less profound suppressioectsffon macrophage differentiation
(Fig. 1), but when the results of CMpMSC were corapawith ICpMSC or SFpMSC, the

CMpMSC showed less profound suppression effectmacrophage differentiation (Fig. 1).
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In some experiments, the effects of pMSCs (ICPMSEPMSC and CMpMSC) on macrophage
differentiation was examined after adding pMSCsntinocyte culture in the middle or after the
end of the culture (on day 3 or day 7) and thetuced for another three days. Similar to the
results described above, pMSCs (ICpMSC, SFpMSC aMpMSC) induced M2-like
macrophage differentiation (data not shown). Thedata suggest that pMSCs can affect
macrophage differentiation at various times duricgture. Similarly, pMSCs (ICpMSC,
SFpMSC and CMpMSC) induced M2-like macrophage difféiation after coculture with
monocytes in the absence of GM-CSF for seven diats (hot shown). Thus, these data suggest
that pMSCs can induce M2 macrophage differentiafrmm monocytes whether monocytes
cultured in M1 macrophage differentiation mediumfldmmatory environment) or cultured in
RPM1640 culture medium without GMCSF (Normal enmirent). Thustheseexperimental
conditions demonstrate that pMSCs can induce M2Zrophage differentiation from monocytes

regardless to the environment of monocytes.

pMSC conversion of M1 macrophage to M2-like maceg#s is reversible

Next, we investigated whether the inhibitory efeaif pMSCs (ICpMSC, SFpMSC and
CMpMSC) on the initial differentiation of macroplesywas persistent or reversible. The aim of
this study is to investigate whether pMSCs cant shé initial differentiation of monocytes from
M1 macrophages into M2 macrophages. Therefore, xeamimed the effects of pMSCs on
macrophage differentiation using the three- daycutuyres experiment of pMSCs and
monocytes rather than a six-day co-culture experinf@VSCs were harvested from monocyte
culture on day 3 and then monocyte- derived maages were washed and cultured alone in

fresh M1-like macrophage differentiation medium &orother 3 days. The differentiation of M1-
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like macrophages under these conditions occurrext snacrophages displayed fried egg-shaped
morphology (M1-like macrophages) on day seven (datashown). In addition, these M1-like
macrophages expressed reduced levels of CD14, CXIBX04, B7-H4 and CD206 (Fig. 1A- D
and F) and displayed increased levels of CD11b.1Ejgas compared to M2-like macrophages
cocultured with pMSCs. These data indicated thatitimibitory effect of pMSCs on monocyte

differentiation was reversible.

pMSCs significantly modulated the expression of M2-macrophage markers CD40, CD80,
CD86, CD273, CD274 and MHC class Il complex

To evaluate whether the coculture of pMSCs (ICPMSEpMSC and CMpMSC) with
monocyte-derived macrophages would alter the fonstiof M2-like macrophages, a variety of
immune functional markers were studied by flow oystry and expression recorded as median
fluorescence intensity. After six days culture wthlSCs, M2-like macrophage expression of
CD40, CD80 and CD86 was significantly reduced (Pip.compared to untreated M1-like
macrophages (Fig. 3A- C). In contrast, the expoessif CD273, CD274 and HLA-DR was
significantly increased (p<0.01) on M2-like macragks after incubation with the indicated

treatments (Fig. 3D- F).
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Modulation of IL-10, ILB, IL-12 (p70), MIP-I and MCP-1 secretion by M2-like macrophages

following culturing macrophages with pMSCs

To further confirm that pMSCs induced anti-inflamtorg phenotypes in M2-like macrophages,
the secretion of cytokines by M2-like macrophageas wdetermined following culturing
monocyte- derived macrophages with SFpMSC for aysdThe level of IL-10 secreted by M2-
like macrophages was significantly increased (P3@L) following culturing with SFpMSC
(Fig. 4A). In contrast, SFpMSC significantly decsed the secretions of ILB1IL-12 (p70) and
MIP-1a (P<0.0001) (Fig. 4B-D), while the secretion of MCB®y M2-like macrophages was not

significant (P= 0.06) as compared to untreated ed fnacrophages (Fig. 4E).

M2-like macrophages cocultured with pMSCs showedeased phagocytic activity

As described above, pMSCs can shift the initialfedéntiation of monocytes from M1
inflammatory into M2 anti-inflammatory macrophages addition, pMSCs significantly
modified the functions of M2-like macrophages byeahg the expression of various
immunological markers including CD40, CD80, CD86P2Z73, CD274 and HLA-DR.
Therefore, we determined whether the immunoinhipiteffects of pMSCs on M2-like
macrophage function would affect the phagocyticcfiom of M2-like macrophages. For this
purpose, the difference in the phagocytic functimetween M2-like macrophages initially
cultured with different pMSC treatments (ICPMSC,p8f/SC and CMpMSC) for 6 days and
untreated M1-like macrophages was measured usmg@hoSelect™ phagocytosis functional
assay. Untreated and treated macrophages wereateculvith or without Zymosan patrticles,
and a colorimetric reaction was then performeddtect the engulfed particles by reading the

optical density at 405nm. Assays performed at 3®WQllow phagocytosis showed higher
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activity in M2-like macrophages cultured with diéat pMSC treatments compared to untreated
M1-like macrophages (Fig. 5A and B). Fold increasésphagocytic functions of M2-like
macrophages treated with ICPMSC, SFpMSC, CMpMSQ awreated M1-like macrophages,
as determined by optical density, were 3.5+£0.58 (P0002), 2.75+0.49 (P = 0.002) and 2.0 (P =
0.0002), respectively. pMSCs in direct contact wittonocytes (ICPMSC) showed more
profound effects on the phagocytic activity of MRel macrophages than soluble factors
(SFpMSC) and CMpMSC (Fig. 5A and B). The phagociiections of untreated and treated
macrophages were achieved by the incubation with @ytochalasin D (phagocytosis inhibitor;

Invitrogen, Saudi Arabia) for 1 h at 37°C beforditidn of Zymosan particles (data not shown).

pMSCs stimulate phagocytosis of apoptotic celldf2ylike macrophages

Similar to other immune cells such as dendritidscahd T cells, macrophages can differentiate
into different profiles when suitable microenviroants and differentiation signals are provided
3435 As discussed above, the expression of functiomalecules, and the profile of cytokines
secreted by M2-like macrophages cultured in thegree of pMSCs, suggest that macrophages
differentiated into anti-inflammatory M2-like magioages with the ability to resolve
inflammation by secreting anti-inflammatory cytokgand also by stimulating the phagocytosis
of apoptotic cell$>*¢ Therefore, we evaluated whether pMSCs stimulttedability of M2-like
macrophages to phagocytose apoptotic cells. Expatsrwere performed by generating M2-like
macrophages in the presence of pMSCs in directacomtith pMSCs (ICMSC) for six days, as
discussed above. Then, apoptotic cells (apoptdIS@s) were added to M2-like macrophage
culture (M: apoptotic cells ratio = 10:1) for 24 &t 37°C. Phagocytosis was evaluated by
fluorescence microscopy using apoptotic cells kdbelith the red fluorescent dye CMFDA and
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M2-like macrophages were labelled with the greanriéscent dye SNARF. Results in Figure 5D
showed that pMSC stimulated phagocytosis of apmptetls by M2-like macrophages and the
phagocytic index was calculated to be 87% (+3.H) §-ig. 5C). Phagocytosis of apoptotic cells
was reduced (phagocytic index 13% +2.85 S.E) byinthibitor of phagocytosis, cytochalasin B
confirming that the apoptotic cells had been phgtgsed and was not just adherent to the
surface of the M2-like macrophages (Fig. 5C). Ganm2-like macrophages not exposed to
apoptotic cells did not exhibit any red fluoresaenthese results further confirm the phagocytic
activity of M2-like macrophages generated in thespnce of pMSCs as discussed above. The
phagocytosis results confirm our results discussdedgure 1 which demonstrated the increased
expression of receptors involved in the cleararfcapoptotic cells®’ including the scavenger
receptor CD36 and the glycosylphosphatidylinositethored LPS receptor CD1#3
Interestingly, a similar enhancing effect was fowrsing conditioned medium collected from
unstimulated pMSC (CMpMSC) (data not shown), supipgrthe notion that stimulation of
phagocytosis of apoptotic cells is mediated byr#dease of factors constitutively secreted by

pMSC.

Mechanism of pMSC shifting macrophage differentiatirom M1 into M2 macrophages

To gain further insight into the mechanism undedythe immunoinhibitory effects of pMSCs
on macrophage differentiation, we tested the hyxith that conditioned medium from
unstimulated pMSCs contains soluble factors thatroadiate the immunoinhibitory effects of
pMSCs on macrophages via the glucocorticoid recef@®) and progesterone receptor (PR).
For this purpose, we cultured monocytes in mediwntaining GM-CSF and conditioned
medium of unstimulated pMSCs in the presence cerad®sof Mifepristone, a potent GR and PR

antagonist for 6 days. Positive control was moneeytultured in medium containing GM-CSF
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and 100pM/ml dexamethasone in the presence or edseh Mifepristone. Compared to
untreated M2-like macrophages, Mifepristone pdytinlocked the immunoinhibitory effects of
pMSC conditioned medium on macrophage differemtiatsince the culture contained a
heterogonous population of cells including M1-likmacrophages (6%) and M2-like
macrophages (40%) as well as non-adherent cell$)f8ig. 6C). In addition, the expression of
CD163, CD204, CD206 and B7-H4 by monocytes-dervts (M1-like, M2-like macrophages
and non-adherent cells,) was also examined. Afteddays incubation with Mifepristone, the
expression by monocytes-derived cells of CD163 @Bb204 was significantly decreased (P =
0.0002) compared to M2-like macrophage-treated pNtSC conditioned medium, but was not
changed significantly (P>0.05) as compared to ateek M1-like macrophages (Fig. 6E and G).
In addition, the expression of B7-H4 was signifitarmdecreased (P= 0.0002) on monocytes-
derived cells after incubation with Mifepristone @ampared with M2-like macrophage treated
with pMSC conditioned medium, but was significanihigreased (P= 0.0002) as compared to
untreated M1- like macrophages (Fig. 6D). In castirthe expression of CD206 was increased
but not significantly (P> 0.05) on monocyte-deriveells after incubation with Mifepristone
compared to M2-like macrophages treated with pM®@ditioned medium (CMpMSC) but

significantly increased (P= 0.0002) as comparaghtoeated M1-like macrophages (Fig. 6F).

We also measured the concentrations of cytokinglsersupernatant of monocytes-derived cells
-treated with pMSC conditioned medium in the presesind absence of Mifepristone. The levels
of IL-10 secreted by monocytes- derived cells wgrificantly decreased (P<0.0001) following

culturing with Mifepristone as compared to M2- likeacrophages treated with conditioned
medium of pMSCs (Fig. 6H). In contrast, Mifepristosignificantly increased the secretion of

IL-1B, IL-12 (p70) and MIP-d& (P<0.0001) by monocyte-derived cells as compaoeld 2-like
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macrophages treated with conditioned medium of pMSKpMSC) (Fig. 61- L). The levels of
IL-10, IL12 (p70), MIP-L and IL-13 were not changed in the presence of pMigtone when

compared to untreated M1-like macrophages (Fig.l9H-

Macrophages up-regulated the expression of inflatmmaand anti-inflammatory proteins in

pMSCs

Macrophages and MSCs are highly plastic cells thadergo changes in their phenotypes
according to the types of signals received fromrteighbouring cells in the local environments
% These two cell types contribute significantly ttte components of inflammation. Most
importantly, they may interact during the coursendfammation. Therefore, we determined the
effects of macrophages on pMSC phenotypes by igargi changes in the expression of
intracellular proteins in pMSCs following their @mtaiction with macrophages in the ICOPMSC and
SFpMSC. pMSCs showed increased protein expressitioative of a inflammatory phenotype
(IL-8, IL-12 and MCP-1) and of an anti-inflammatgopenotype (IL-6, IL-10, IDO and B7H4)

as shown in Fig 7.

pMSCs influence macrophage differentiation to aatgedegree than BMMSCs

We compared the effects of pMSCs on macrophagerdiifiation, with a well-characterized
type of MSCs; the BMMSC. We compared the effecttiidse MSC types on macrophage
differentiation in the intercellular contact (ICksay and the soluble factor (SF) assay as
described above. Monocytes were cultured with pM@CBMSCs and SFpMSCs) or BMMSCs

(ICBMMSCs and SFBMMSCs). Compared with BMMSCs, gd43nduced significantly more
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expression of CD163 and CD206 (Fig. 8 A and B retpely) in monocytes-derived cells (i.e.

M2-like macrophages) after six days in culture. \Wlso measured the concentrations of
cytokines in the supernatant of monocytes-derials etreated with pMSCs and BMMSCs. The
level of IL-10 secreted by monocytes- derived celés significantly increased (P=0.02) while
the level of IL-12 (p70) was not significantly clggd (p>0.05) following culture of monocytes

with pMSCs as compared to culturing with BMMSCsy(RBC and D).
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Discussion

In this study, we evaluated the effects of humacghtal MSCs on the initial differentiation of
macrophages. This was accomplished by co-cultysM@Cs with macrophages, which were
derived from normal human peripheral blood moncegewn in medium containing GM-CSF;
an inducer of M1 macrophage differentiatith After 6 days culture, monocytes in GM-CSF
medium differentiated into “fried egg-shaped” cefjpical of M1-like macrophages (Fig. 1A).
These M1-like macrophages expressed the monocyikenCD14 but lacked the expression of
the characteristic dendritic cell marker CDfaAfter adding pMSCs to the initial culture of
monocytes in GM-CSF supplemented medium, monodjtéssentiated into elongated, spindle-
like cells; a distinctive feature of M2-like mactames (Fig. 1B). We also observed that the
expression of cell surface markers CD14, CD36, G TH204, CD206 and B7-H4 by M2-like
macrophages was significantly increased (Fig. 1CIHese markers are usually upregulated in
M2-like macrophage$®3°*2% |n addition, the expression of CD11b by M2-likaerophages
was significantly decreased (Fig. 11). This furtlebiaracterizes M2 macrophages; thus further
supporting the notion that the differentiation obmocytes into M2-like macrophages occurs in
the presence of MSCE’ These results demonstrated that pMSCs can shéft initial
differentiation of monocytes from M1 into M2 machgges. Kinetic experiments with
monocyte-derived macrophages revealed that thdiaadif pMSCs to monocytes cultured in
GM-CSF medium on day 3, shifted macrophage diffimdon from M1 into M2-like
macrophages and this was similar to the effecpMBCs when added to the culture on day zero.
Importantly, experiments with monocytes in GM-CSkpglemented medium treated with
pMSCs from day zero, with subsequent removal of @8I8n day three, revealed that pMSC

effects on monocyte differentiation were reversdethe fried egg-shaped morphology (M1-like
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macrophages) appeared at the end of the cultureddition, these M1-like macrophages
expressed reduced levels of CD14, CD163, CD204,08hd B7-H4 and displayed increased
levels of CD11b (Fig. 2A- F). This further confirnisat the effects of pMSCs on monocyte

differentiation were reversible.

Further evidence that pMSCs can induce an angimfhatory/suppressive phenotype in M2-
like macrophages was our finding that pMSCs sigaiftly down-regulated the expression of
CD40, CD80 and CD86 by M2-like macrophages and thiat was associated with increased
expression of B7-H4 (Fig. 1H and 3A- C). The redarctin expression of CD40, CD80 and
CD86 is important because vivo, the blockade of CD28-B7 and CD40-CD40 ligand
interactions prolongs graft survival and suppressgsimmunity*’. The increased expression of
B7-H4 is an important immunosuppressive featureM@& macrophages and it reflects the
immunosuppressive properties of pMSCs. B7-H4 isnaibitory co-regulatory molecule which
belongs to the B7 family of proteins. It is expegb®n antigen-presenting cells and non-immune
cells, and interacts with program death recept{f2-1) on T cells leading to the inhibition of
T-cell proliferation*’. Several studies have shown the significance efittmunosuppressive
properties of B7-H4. Blocking B7-H4 action in axperimental autoimmune encephalomyelitis
(EAE) mouse model promoted T-cell responses anccezmated diseasé®. Conversely,
adenoviral-mediated transduction of islets with B#-protected them from rejection when

transplanted into allogeneic mitk

We also found that pMSCs significantly increasesl ¢lpression of CD273 and CD274 by M2-
like macrophages (Fig. 3D and E). The CD273 and @Dstgnaling pathways play an important

role in maintaining immune tolerance to allograftéssue and blockade of the CD273 and
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CD274 signaling pathway can accelerate allograction *°. Our results suggest that the
changes induced in the expression of macrophag®lgig molecules following culture with
pMSCs suggest that pMSCs may play an important irolhe resolution of inflammation in
patients affected by inflammatory diseases by cimgnthe environment from inflammatory into
anti-inflammatory as a result of shifting macropbadifferentiation from M1 into M2

macrophages.

We further confirmed the immunosuppressive propertif pMSCs on M2-like macrophages by
determining the levels of cytokines in the supentiof M2-like macrophages culture. The
results confirmed that pMSCs can modulate the mdiffeéation of monocytes with increased
secretion of anti-inflammatory cytokine IL-10 andduced secretion of pro-inflammatory
cytokines IL-B, IL-12p70 and MIP-& by M2-like macrophages (Fig. 4A- D). Importantiiie
ability of pMSCs to inhibit the secretion of ILB1IL-12p70 and MIP-& suggests that pMSCs
may be able to reduce inflammation not only by litiig the secretion of pro-inflammatory
cytokines during the early step of the inflammatprgcess, but also by inhibiting the activation
of Thi functions, which depend on Ipland IL-12 (p70)*“*’. Our results also suggest that
pMSCs induce an anti-inflammatory profile in M2diknacrophages not only by inhibiting the
secretion of pro-inflammatory cytokines and inciegsthe secretion of anti-inflammatory
cytokines, but also by inducing both the expressibecell surface MHC/HLA class Il molecules
(Fig. 3F) and the phagocytic function of M2-like enaphages (Fig. 5). Placental MSCs were
able to increase the uptake of Zymosan particleMBylike macrophages. In addition, pMSCs
induced the phagocytosis of apoptotic cells by gssional phagocytes as demonstrated in this

study (Fig. 5C- E). The clearance of apoptoticscellays a critical role in the resolution of
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inflammation ***% Generally, inflammation induces the recruitmefitao huge number of
leukocytes, which undergo apoptosis at the inflatomyasite. If apoptotic cells are not
efficiently removed, they will release intracelluleomponents that are able to further increase

the development of inflammatidh>8

Interestingly, all these effects of pMSCs on Mzliknacrophages were induced by pMSCs in
direct or indirect contact with monocytes and by @bm unstimulated pMSCs. Many studies
support our findings that soluble factors secrdtech MSCs mediate the immunomodulatory
effects on immune cells since the separation of M&ad immune cells by a semi-permeable
membrane (Transwell), does not prevent the immumltadory effects that MSCs exert on
immune cells®*° Importantly, our results also demonstrate thatithmunosuppressive effects
of pMSCs on macrophages are mediated by solublerfasecreted by unstimulated pMSCs
suggesting that a crosstalk between pMSCs and iraralts is unnecessary. This is in contrast
with previous studies which reported the necessitfy activating MSCs for their
immunomodulatory effects on immune celf&®°2 However, our results showed that pre-
stimulation of pMSCs with monocytes/ macrophagesioduce the secretion of soluble factors
by pMSCs. Interestingly, monocyte- derived macrg@sainduced the expression of intracellular
inflammatory proteins IL8, IL-12 MCP-1 and antidafnmatory proteins IL-10, IDO and B7H4
in pMSC cocultured with monocyte- derived macrogsafpr six days. These data suggest that
macrophages can induce phenotype changes in pMBf@sincreased expression of IL-8 and
MCP-1 (Fig. 7 B and E) in pMSCs by macrophagescatgis that the migration of pMSCs
towards macrophages is possible in inflammatoryirenment. Interestingly, macrophages
induced a significant expression of IL-12 in pMSEsg 7 C). This is an important finding

which may indicate that pMSCs can deliver an amtidur activity via the expression of IL-12
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upon interaction with macrophages in local tumonvi®nment®:. In addition, these pMSCs

expressed high levels of immunosuppressive protéi@ 1L-10, IDO and B7H4 (Fig. 7F-I).

These proteins can modulate the inflammatory effeftT cells. Thus, these data provide a
framework for understanding the impact of macrogisagn MSC phenotypes. However, other
types of immune cells, such as dendritic and Tsamthy have differential effects on the biology
of pMSCs. Therefore, further investigation of thé&eraction between immune cells and pMSCs
in different microenvironments may lead to a mooenplete understanding of the mechanisms
of MSC response during processes, such as tispa@.r8uch study may provide the framework

for tissue repair.

As we discussed above, our results show that pMS@sinduce many alterations in M2-like
macrophage functions. Remarkably, each of theseasiltns may involve different mechanisms
that all can resolve inflammation. One of the maddras that may be implicated in the
resolution of inflammation is the phagocytosis pbptotic cells. Our pMSCs upregulated the
expression of receptors involved in the cleararicgpoptotic cells including scavenger receptor
A (CD204), scavenger receptor B (CD36) and CE1% in M2-like macrophages. pMSCs also
stimulated the ability of M2-like macrophages tcaghcytose apoptotic cells. In addition, our
study showed that pMSCs could upregulate the egmmesof hemoglobin (Hb) scavenger

molecule (CD163), a receptor that resolves inflationaby limiting free Hb associated damage

57 58,59

and induce the secretion of anti-inflammatory &iies , in M2-like macrophages.
Moreover, our pMSCs upregulated the expression h&f macrophage mannose receptor
(CD206), which is involved in the resolution of laxhmation during the course of an innate
immune responsé&, in M2-like macrophages. In this study, we attezdpto elucidate the

mechanism underlying the immunomodulatory effectspmMSCs on the differentiation of
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macrophages. As is the case with MSCs from a waoétsources, placental MSCs produce
several molecules, such as IL1R antagonist, I1L-614, M-CSF, LIF, VEGF, TGFR-1, PEGE2

and B7-H4. These molecules can induce the diffextoin of M2 macrophage¥ 8%

or can
provide immunosuppressive environment as in the c&87-H4%. However, the role of B7-
H4 in M2-like macrophage differentiation is unkngwput based on its anti-inflammatory
properties, we propose that B7-H4 may induce M@-fikacrophage differentiation; further study
is required to confirm this. In addition, pMSCs eegs a broad spectrum of molecti¢kat can
induce an immunosuppressive environment as denatedtin this study. Thus, pMSCs share
similarity with glucocorticoids and progesterondghmiespect to the resolution of inflammation.
This assumption was supported by the experimentsrpged with Mifepristone, an antagonist
to PR and GR. Interestingly, the addition of Mifispsne to monocytes cultured in GM-CSF and
CM of unstimulated pMSCs on day zero of culturetiplly inhibited the effects of pMSCs on
macrophage (Fig. 5). However, we were surprisedesimeither pMSCs, nor other sources of
MSCs secrete glucocorticoids/progesterone. Thuggesiing that pMSCs secrete molecules that
can modulate the functions of GR or PR as was pusly reported that the functions of GR in
human cells can be modulated by cytokines such_ds dnd TGF betd*%® Therefore, we
propose that pMSCs secrete molecules with a thatmpé value that can induce anti-
inflammatory environment via a mechanism that plytiinvolves GR or PR. However, these
factors and the mechanisms of their action neebetaletermined for the development of an
efficient treatment that benefits patients witHanfmatory diseases. Interestingly, we also found
that placental pMSCs have more significant immundutatory effects through shifting the
differentiation of monocytes from M1 into M2-like aorophages than bone marrow derived

MSCS (Fig. 8). These results suggest that the tigdaoental pMSCs would be advantageous
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where the resolution of inflammation is importantahis may further assist in promoting tissue
remodeling and wound repair. However, more extensiemparisons, involving additional
markers, are required with other MSC sources, sischmbilical cord MSCs and adipose tissue

MSCs, to validate these findings.

Conclusion

This is the first study to show that human pMSCs italuce the differentiation of human M2
macrophages by direct or indirect contact mechasism soluble factors secreted from
unstimulated pMSCs (Fig. 9). We showed for thet ftime that pMSC soluble factors can
partially act on GR or PR to induce an immunosupgite phenotype in macrophages. We also
showed that this effect of pMSCs on macrophageewdfitiation is reversible. In view of this
study, human pMSCs are good candidates for thelamwent of a cell-based therapy that can
target macrophages in the resolution of inflamnmatidowever, further studies are required to
fully elucidate the mechanisms by which pMSCs iretlis effect on macrophages and also to

determine the molecules that mediate pMSC effaettsmacrophages.
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Fig. 1: Morphological effects of human pMSCs on the GM-C8Hfrulated human monocyte to
macrophage differentiation analysed by microscapiamination (Panels A and B) and flow
cytometric analysis of cell surface molecules (CD@B36, CD163, CD204, CD206, B7-H4 and
CD11b). Representative phase contrast microscamgés revealing (A) M1-like macrophages
(fried egg-shaped morphology, scale bar 10um) miffeated from monocytes cultured for six
days in medium containing GM-CSF and (B) elongaspihdle-like morphology (M2-like anti-
inflammatory macrophages, scale bar 100pm) difteated from monocytes cultured for six
days in medium containing GM-CSF and pMSCs. Theaesgion profiles of thirty individual
experiments demonstrating that pMSCs [ICpPMSC (behalar Direct Contact), SFpMSC
(Soluble Factor), CMpMSC (Conditioned Medium)] asnpared to untreated (GM-CSF treated
monocytes without pMSCs) induced changes in mengbexpression of (C- 1) CD14, CD36,
CD163, CD204, CD206, B7-H4 and CD11b on macrophageslay 7 of the culture of
monocytes with GM-CSF. ICpMSC experiments were cotetl using 0.4pum pore size
transwell chamber membrane culture system in wpMBCs were seeded on the reverse side of
the membrane of the chamber and monocytes weredesdthe upper side of the membrane.
For SFpMSC experiments, pMSCs were cultured orugEer compartments while monocytes
were cultured in the lower compartment. For CMpM&@eriments, supernatant from pMSCs
were added to monocytes cultured in M1 differemdiatmedium. pMSCs were added to the
monocyte cultures on day 1. The levels of expressie presented as median fluorescent
intensity (MFI) or median percentage of B7-H4 pesitcells as determined by flow cytometry.
Experiments were conducted in triplicate using ihdicated pMSC treatments. Thirty

independent placentae were used to prepare pMS€snanocytes were from the peripheral
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blood of thirty individual healthy donors. *P, **Bnd ***P<0.0.0001. Bars represent 5-95

percentiles.
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Fig. 22 Flow cytometric analysis of cell surface molecu{€>14, CD163, CD204, CD206,
CD11b and B7-H4). The expression profiles of 10iial experiments demonstrating that
pMSCs [ICpMSC (Intracellular Direct Contact), SFp®IS(Soluble Factor), CMpMSC
(Conditioned Medium)] have reversible effects oa thembrane expression of (A- F) CD14,
CD163, CD204, CD206, CD11b and B7-H4 on macrophag&SCs were removed after three
days of co-culturing with monocytes and macrophagesshed thoroughly and then cultured
again in M1 macrophage differentiation medium conitey GM-CSF for another three days. On
day seven, M1-like macrophages expressed reducedslef (A- D and F) CD14, CD163,
CD204, CD206 and B7-H4 and displayed increasedldeokt (E) CD11b cocultured without
pMSCs (-ICpMSC, -SFpMSC and —CMpMSC) as compardd2dike macrophages cocultured
with pMSCs. The levels of expression are preseatednedian fluorescent intensity (MFI) or
median percentage of B7-H4 positive cells as detexdhby flow cytometry. Experiments were
conducted in triplicate using the indicated pMS&€atments. 10 independent placentae were used
to prepare pMSCs and monocytes were from the pemgptblood of 10 individual healthy

donors. *P<0.01. Bars represent standard errors.
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Fig. 3: Phenotypic analysis of GM-CSF—driven human moretgtmacrophage differentiation
following six days culture in medium containing GBBF alone (Untreated) and with different
treatment of pMSCs (ICPMSC, SFpMSC and CMpMSC) yswd by flow cytometry. The
expression profiles of thirty individual experimentdemonstrating that GM-CSF alone
(Untreated) gave an M1 phenotype. Addition of pMS@CpMSC, SFpMSC) or pMSC
conditioned medium (CMpMSC) significantly decreaslee expression of (A- C) CD40, CD80
and CD86 whilst increasing the expression of (D-CB273, CD274 and HLA-DR to give an
M2-like macrophage phenotype. The levels of expoesare presented as median fluorescent
intensity (MFI) as determined by flow cytometry.deximents were conducted in triplicate using
indicated pMSC treatments. Thirty independent pitae were used to prepare pMSCs and
monocytes were from the peripheral blood of thirgividual healthy donors. *P, **P and

***P<(0.0.0001. Bars represent 5-95 percentiles.
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Fig. 4. Effects of pMSCs on the GM-CSF-stimulated human oogte to macrophage
differentiation analysed by the secretion of IL-10:1R8, IL-12 (p70), MIP-& and MCP-1 by
sandwich ELISA. The secretion profiles of cytokingsowed soluble factors secreted from
pMSCs (SFpMSC) significantly increased the secmeta (A) IL-10 (*P< 0.0001) and
significantly decreased the secretions of (B- DI}, IL-12 (p70) and MIP-d (*P< 0.0001).
Secretion of (E) MCP-1 was not significantly incsed (P= 0.06) by macrophages on day 7 of
culture of GM-CSF treated monocytes with pMSC sleulactors (SFpMSC) as compared to
GM-CSF alone (Untreated) macrophages. Experimergse weonducted in triplicate using
pMSCs prepared from 30 independent placentae ambeytes were from the peripheral blood

of 30 individual healthy donors. Bars represenb58rcentiles.
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Fig. 5. Functional assay for the effects of human pMSCstlom phagocytic activity of
macrophages differentiated from GM-CSF—-stimulatach&én monocytes. The assay measured
phagocytosed Zymosan particles by reading the apdiensity at 405nm. The samples were also
examined microscopically for evidence of phagoadyigpsapoptotic cells. The optical density
demonstrating (A and B) the phagocytosis of Zymogmiticles by macrophages was
significantly increased by pMSC treatments compated GM-CSF alone (Untreated)
macrophages. (C) The phagocytic index of phagotg/to$ apoptotic cells by M2- like
macrophages was 87% while it was reduced to 13%they inhibitor of phagocytosis,
cytochalasin B. Representative fluorescence phatagiaphs demonstrating (D) phagocytosis
of red fluorescent apoptotic cells by green fluoesd-labelled macrophages, and (E) the
inhibition of phagocytosis of apoptotic cells bytayhalasin B. Experiments were conducted in
triplicate and 10 independent experiments wereieghiout. Bar = 2Qum.*P, **P and ***P =

0.0002. Bars represent standard errors.
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Fig. 6: The effects of mifepristone on the GM-CSF-stimulatedhhn monocyte to macrophage
differentiation in the presence of pMSC conditionegdium (CMpMSC). Outcomes were
analysed by 1) morphological examination, 2) thpregsion of cell surface molecules (CD163,
CD204, CD206 and B7-H4) assessed by flow cytometid/ 3) the secretion of IL-10, IL-18, IL-
12 (p70) and MIP-d measured by sandwich ELISA. Representative phasgast microscopic
images revealing (A) M1-like macrophages (fried -eggped morphology, scale bar 10pm)
differentiated from monocytes cultured for six days medium containing GM-CSF, (B)
elongated, spindle-like morphology (M2-like antflaimmatory macrophages, scale bar 100um)
differentiated from monocytes cultured for six daaysnedium containing GM-CSF and pMSCs
and (C) non-adherent cells (arrow head), fried gugped cells (dashed arrow) and elongated,
spindle-like cells (arrow), scale bar 10um, différated from monocytes cultured for six days in
medium containing GM-CSF, CMpMSC and mifepristoiidie expression profiles of cell
surface molecules demonstrated mifepristone siifly inhibited the effects of CMpMSC on
the expression of (D, E and G) CD163, CD204 andH&7*P= 0.0002) while not significantly
stimulated the effects of CMpMSC on the expressibfF) CD206 on macrophages on day 7
compared to monocyte cultured with GM-CSF and @8E. Mifepristone significantly
inhibited the effects of dexamethasone (Dex; pasitontrol) on the expression of (D- G)
CD163, CD204, CD206 and B7-H4 (*P<= 0.0002) on rophages on day 7 compared to
monocyte cultured with GM-CSF and dexamethasori® $ecretion profiles of cytokines
demonstrating mifepristone inhibiting the effecté dexamethasone and CMpMSC on the
secretion of (H- L) IL-10, IL-1R3, IL-12 (p70) andIRt1a by macrophages on day 7 compared to
monocyte cultured with GM-CSF and CMpMSC , *P<@@0. The levels of expression are

presented as median fluorescent intensity (MFl)m@dian percentage of positive cells as
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determined by flow cytometry. Experiments were aaidd in triplicate using CM prepared
from 10 independent placentae and monocytes were fhe peripheral blood of 10 individual

healthy donors. Bars represent 5-95 percentiles.
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Fig. 7: Flow cytometric analysis of intracellular molecul@s-183, IL-8, IL-12, TNFe, MCP-1,
IL-6, IL-10, IDO and B7-H4). The expression profileof 10 individual experiments
demonstrating that macrophages significantly ineedathe expression of IL-8, MCP-1, IL-12,
IL-6, IL-10, IDO and B7H4 in pMSCs while the expsé&ms of IL-18 and TNk were not
changed significantly in pMSCs as compared to atée pMSCs. The levels of expression are
presented as median fluorescent intensity (MFiQletermined by flow cytometry. Experiments
were conducted in triplicate using the indicatedS®treatments. 10 independent placentae
were used to prepare pMSCs and monocytes were thienperipheral blood of 10 individual

healthy donors. *P<0.01 and **P< 0.05. Bars repnestandard errors.
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Fig. 8 The comparison between the effects of pMSCs and B@ on the GM-CSF-
stimulated human monocyte to macrophage differeatia Outcomes were analysed by the
expression of cell surface molecules (CD163 and @2 and B respectively) as assessed by
flow cytometry and for the secretion of IL-10 anid12 (p70) (C and D respectively) as
measured by sandwich ELISA. pMSCs (ICPMSC and SFpMBad a greater effect than
BMMSCs (ICBMMSC and SFBMMSC) on the expression @163 and CD206 (*P<0.05 and
**P=0.005) on macrophages. The secretion profilesytokines showed that pMSCs (ICpMSC
and SFpMSC) had a greater effect than BMMSCs (ICE3@Vand SFBMMSC) on the secretion
of IL-10 by macrophages, *P< 0.05. The levels gpression in A and B are presented as
median fluorescent intensity (MFI). Experiments &econducted in triplicate and three

independent experiments were carried out. Baresemt standard errors.
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Fig. 9: lllustration showing the effects of placental medgymal stem cells (pMSCs) on
modulating the differentiation and functions of m@zhages. pMSCs induce a shift in the
differentiation of human monocyte-derived macrogsadrom inflammatory M1 into anti-
inflammatory macrophages as demonstrated by thegelthexpression of M2 like- macrophages
markers (CD14, CD36, CD163, CD204, CD206, B7-H4 @mil1b) by physical contact (cell-
cell contact) or by soluble factors via a mechanigrat partially involving glucocorticoid
receptor (GR) and progesterone receptor (PR). pM&8§s upregulated the expression of co-
inhibitory proteins (CD273, CD274 and B7-H4) andwmderegulated the expression of CD40,
CD80 and CD86 by M2 like-macrophages. In additithg secretion of IL-10 was increased
while the secretion of I3, IL12 (p70) and MIP-& was decreased by M2 like-macrophages

under the influence of pMSCs.
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Table 1 Antibodies used in this study to characterize suwtated placental mesenchymal stem

cells (pMSCs) and monocyte derived macrophages.

Antibody | Conjugate | Dilution | Clone Manufacturer | Antibody | Conjugate | Dilution | Clone Manufacturer
CD45 FITC 1:10 133 Beckman CD273 PC7 1:10 PD-L2 Beckman
Coulter Coulter
CD19 FITC 1:10 J3-119 Beckman CD274 PC7 1:10 PDL1.3.1 | Beckman
Coulter Coulter
CD90 FITC 1:10 F15-42- | Beckman IL1B PE 1:10 8516 R&D
1-5 Systems
Coulter
CcD44 FITC 1:10 J.173 Beckman IL-6 PE 1:10 1936 R&D
Systems
Coulter
HLA-ABC | FITC 1:10 B9.12.1 | Beckman IL-8 PE 1:10 6217 R&D
Systems
Coulter
CD105 PE 1:10 1G2 Beckman IL-12 PE 1:10 27537 R&D
Systems
Coulter
CD146 PE 1:10 TEA Beckman IL-10 PE 1:10 127107 |R&D
1/34 Coulter Systems
CD166 PE 1:10 3A6 Beckman MCP-1 PE 1:10 2H5 Abacm
Coulter
CD14 PE 1:10 RMO52 Beckman TNF-a PE 1:10 6402 R&D
Systems
Coulter
CD11B PE 1:10 M1/70 R&D IDO PE 1:10 700838 R&D
Systems Systems
CD163 PE 1:10 215927 R&D IgG/IgM | FITC/ PE 1:10 Beckman
Systems
Coulter
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CD204 PE 1:10 351615 |R&D
Systems
CD206 PE 1:10 685641 | R& D
Systems
B7H4 PE 1:10 MIH43 Abcam
CD80 PE 1:10 MAB104 | Beckman
Coulter
CD86 PE 1:10 HA5.2B7 | Beckman
Coulter
CD40 PE 1:10 MAB89 | Beckman
Coulter
HLA-DR FITC 1:10 B8.12.2 | Beckman
Coulter

65




Table 2 The expression profiles of dose- response expeatsnasing ratios of 1:1, 1:5 or 1:10
pMSCs ((ICPMSC (Intracellular Direct Contact) anBpMSC (Soluble Factor)): macrophages
demonstrating that pMSCs as compared to untrea®d-CSF treated monocytes without
pMSCs) induced changes in membrane expression d4C0BD163, CD206, and CD11b on
macrophages on day 7 of the culture of monocytéis @M-CSF. The mean of expression are
presented as median fluorescent intensity (MFI) desermined by flow cytometry 10

independent placentae were used to prepare pMS€snanocytes were from the peripheral

blood of 10 individual healthy donors.

Untreated | ICPMSC | SFpMSC | ICPMSC | SFpMSC | SFpMSC | SFpMSC

Treatment
1.1 1.5 1. 10 1.1 1.5 1. 10

Marker

CDhi14 20.74+ 93.20+ | 75.40+ 54.40+ | 77.80% 62.50+ | 42.90+

1.236 5.876 4.031 3.550 2.715 2.197 4473

CD163 8.320% 100.8+ | 78.04+% 53.87+ | 87.80% 62.31+ | 45.56+

1.694 7.222 5.598 7.449 4.657 4811 7.133

CD206 17.63+ 117.0+ | 93.00% 50.90+ |102.0+ 69.71+ 33.84+

5.170 6.333 6.333 6.627 7.272 7.090 4,188

CD11b 90.37+ 82.00+ | 63.50+ 22.83+ | 68.50+ 51.00+ 35.79%

4.540 5.011 5.167 2.611 4.658 4.876 3.757
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Table 3 The expression profiles of dose- response expetsnasing different concentrations
(1%, 5%, 10%, 20%, 40% and 60) of conditioned medai pMSCs (CMpMSC) demonstrating
that pMSCs as compared to untreated (GM-CSF tremi@ubcytes without pMSCs) induced
changes in membrane expression of CD14, CD163, 6D&fd CD11b on macrophages on day
7 of the culture of monocytes with GM-CSF. The me&mxpression are presented as median
fluorescent intensity (MFI) as determined by floyjtametry 10 independent placentae were used

to prepare pMSCs and monocytes were from the pemgptblood of 10 individual healthy

donors.

Untreate | CMpMS | CMpMS | CMpMS | CMpMS | CMpMS | CMpMS
Tkeatme d C C C C C C
n 1% 5% 10% 20% 40% 60%
Mar ker

CDhi14 20.74+ 19.60+ 22.70% 24.60+ 29.70+ 23.90+ 20.70+
1.236 1.614 1.106 1.118 0.9894 0.6904 0.8172

CD163 8.320+ 9.800+ 14.20+ 16.20+ 22.06% 17.70+ 10.50+
1.694 1.731 1.632 1.459 1.832 1.044 1.003

CD206 17.63+ 19.50+ 22.00+ 24.50+ 29.80+ 19.00+ 9.540+
5.170 4.965 4.814 4,902 1.867 1.350 1.214

CD11b 90.37+ 83.40+ 78.30% 73.00x 55.70% 60.80+ 67.20%
4.540 4.230 3.742 3.350 1.915 2.118 2.507
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