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MESENCHYMAL STROMAL CELLS

Introduction

In addition to hematopoietic stem cells (HSCs), iome marrow (BM) also
contains mesenchymal stem cells (MSCs). These walle first recognized
more then 40 years ago by Friedenstiral. who described a population of
adherent cells from the BM which were non-phagagygkhibited a fibroblast-
like appearance and could differentiatevitro into bone, cartilage, adipose
tissue, tendon and muscléoreover, after transplantation under the kidney
capsule, these cells gave rise to the differenheciive tissue lineagés.

MSCs have been demonstrated to display chemotauitity, to migrate to sites

of inflammation and injury,as well as to secrete paracrine mediators able to
reverse acute organ failuténdeed, MSC infusions have been successfully used
in repairing tissue injury secondary to allogenbematopoietic stem cell
transplantation (HSCT).In view of their immunosuppressive properties, as
well as of their role in tissue repair and trophisvsCs represent a promising
tool in approaches of immunoregulatory and regdiveraell therapy:’

Recently, a standardized nomenclature for MSCsbieen proposed and the
term “multipotent mesenchymal stromal cells” (witte acronym MSCs) has
been introduced to refer to this population of ditiast-like plastic-adherent
cells®

In this study, we will refer to multipotent mesewgotal stromal cells with the

acronym MSCs.

Sources of MSCs

Human MSCs were first identified in postnatal Bihd later in a variety of
other human tissues, including periosteum, musctanective tissue,
perichondrium, adipose tissue and fetal tissuesh |15 lung, BM, liver and
spleer’™®® Amniotic fluid and placenta have been found toricl sources of
MSCs***® both fetal and maternal MSCs can be isolated frioaman
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placentd> MSCs have been also identified in umbical cordoBldUCB);
however, probably as a consequence of their loguiacy in UCB, conflicting
results in terms of success rate of MSC isolaticaveh been initially
reported:®’ It is now clear that selection of UCB units to pecessed by
specific quality criteria, such as volume and gjeréime, can be considered
critical parameters for the successful isolatioM&Cs from this sourck.

In general, MSCs represent a minor fraction in BM ather tissues; the exact
frequency is difficult to calculate because of tliferent methods of harvest
and separation. However, the frequency in humanhB§been estimated to be
in the order of 0.001-0.01% of the total nucleatetls, and therefore about 10
fold less abundant than HS&sFurthermore, the frequency of MSCs declines
with age, from 1/10 nucleated marrow cells in a newborn to about 102x1

nucleated marrow cells in a 80-year old per€on.

Multilineage potential of MSCs

One of the hallmark of MSCs is their multipotendgfined as the ability to
differentiate into several mesenchymal lineagesjuiting bone, cartilage,
tendon, muscle, marrow stroma and adipose tissli¢'f&° Usually trilineage
differentiation into bone, adipose tissue and lzayé is taken as a criterium for
multipotentiality.

To induce osteogenic differentiation, cells aretungld in the presence of
dexametasone, ascorbic acid gdgjlycerophosphate. To detect osteogenic
differentiation cells are stained for alkaline pploastase activity by substrate
solution and for calcium depositions with Alzarined®® Adipogenic
differentiation can be induced with dexametasonsylin, indomethacin and 1-
methyl-3-isobutylxantine. Cells containing lipidotles can be stained after 3
weeks with Oil red G° Chondrogenic differentiation is obtained aftertatihg
MSCs in pellets, in the absence of serum and irptheence of Transforming
growth Facto33 (TGF{3) and Bone Morphogenetic Protein-6 (BMP~6Y:
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Chondrocytes can be stained for extracellular matdomponents with
Toluidine Blue and/or by PCR for collagen typelX,and X.

Recently, it has been reported the existance ofpatent cells that have the
ability to differentiate into cells of the mesodedniineage, but also into
endodermal and neuroectodermal cell types, inctudeurons? hepatocyt&*
and endotheliur®® Such pluripotent stem cells have been identifre8M and
referred to as multipotent adult progenitor celAPCs)?” human BM-derived
multipotent stem cells (hBMSC$#), marrow-isolated adult multilineage
inducible (MIAMI) cells® or very small embryonic-like stem (VSEL) celfs.
Similar pluripotent cells have been reported by I€pgt al.in UCB, and have

been referred to as “Unrestricted Somatic StensC@USSCs)*

Immunomodulatory properties of MSCsin vitro

MSCs display unique immunological properties thatéhbeen demonstrated by
several independent groups bdathvitro andin vivo, in animal models and in

humans. In the beginning, most studies focusedattemtion on the effects of

MSCs on T-lymphocytes; however, it is now becomiglent that these cells

display their effects on other cells involved innitme responses, including B

lymphocytes, dendritic cells and Natural Killer (N&ells**** See Figure 1.
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Figure 1. Immunomodulatory effects of MSCs.

CTL indicates cytotoxic T cell; iDCs, immature deitid cells; mDCs, mature dendritic
cells; HGF, hepatocyte growth factor; IDO, indolami 2,3-dioxygenase; PGE2,
prostaglandin E2; IL, interleukin; IFN, interferamd TGF-beta, transforming growth
factor betalllustration by Paulette Dennis; modified from NawJ, Fibbe WE, Blood
2007. Copyright: permission.

MSCs were first demonstrated to suppriessgitro T lymphocyte proliferation
induced by alloantiger’, mitogens’® CD3 and CD28 agonist antibod&s?
MSCs have been reported to inhibit the cytotoxfea$ of cytotoxic T cells
(CTLs), probably due to suppression of CTL prokfésn>® This inhibition of
T-cell proliferation is not HLA-restricted; MSCseagble to induce a similar
degree of inhibition in the presence of both awgoles and allogeneic
responder cells, this supporting the concept th&Cll can be considered
universal suppressorfs® Since the separation of MSCs and PBMCs by
transwell experiments does not completely abrodfa¢e suppressive effect,
most human MSC-mediated immune suppression onaaetivT-lymphocyte
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has been attributed to the secretion of anti-griive soluble factors, such as
TGF{, hepatocyte growth factor (HGF), prostaglandin KERGE?2),
indoleamine 2,3-dioxygenase (IDO), nitric oxide anterleukin (IL)-10%>*
However, published data do not exclude that a gfatte immunosuppressive
effect exerted by human MSCs on alloantigen-induCezkll activation be
dependent on cell-to-cell contact mechanisms. @érast, the calcineurin
inhibitors, cyclosporine-A and tacrolimus, currgndmployed to prevent or
treat graft-versus-host disease (GvHD), enhance iriraune suppressive
effect of human MSCs, in particular for what comsethein vitro activation
of alloantigen-specific, T-cell mediated cytotoxactivity.*> Some authors
have shown that the unresponsiveness of T cellsdmpresence of MSCs is
transient and that T cell proliferation can be itgited after MSC
removal3*%%

Inhibition of lymphocyte proliferation by MSCs hast been associated with
the induction of apoptosis, but it is rather intetpd as due to inhibition of cell
division, thus preventing T-lymphocyte capacity tespond to antigenic
triggers, while maintaining these cells in a quéggcstaté>***°* MSCs have
been also reported to induce regulatory T celled),ras demonstrated by the
increase in the population of CD4+CD25+FoxR3#s in mixed lympocyte
cultures in the presence of MSCs.

MSCs have been reported to interfere with dendadilt (DC) differentiation,
maturation and function. Differentiation of both memytes and CD34+
progenitors into CDIaDCs is inhibited in the presence of MSCs and DCs
generated in this latter condition are impairedhigir function, in particular in
their ability to induce activation of T celt§*® Transwell experiments have
demonstrated that the suppressive effect of MSCB0Ondifferentiation is at
least partly mediated by soluble factaramely IL-6 and M-CSF, PGE2, IL-
10 Alternatively, MSCs might favor the induction of grdatory APCs,
through which they could indirectly suppress T pediliferation.

14



The ability of MSCs to inhibit B cell proliferatiowas first reported in murine
studies’® Thereafter, human MSCs have been demonstrated pjoress the
proliferation of B cells activated with anti-lg @mbdies, soluble CD40 ligand
and cytokines, as well as to interfere with differation, antibody production
and chemotactic behaviour of B lymphocyté&ramperaet al. have reported
that MSCs are able only to reduce the proliferatbB cells in the presence of
IFN-gamma, thanks to its ability to induce IDO aityi by MSCs>* In contrast
with these observations, Traggeti al. have recently reported that BM-derived
MSCs are able to promote proliferation and difféegion into immunoglobulin
secreting cells of transitional anthive B cells isolated from both healthy
donors and pediatric patients with systemic lupythematosus?

It has been reported that MSCs are able to suppliéssell proliferation after
stimulation with IL-2 or IL-15°4"°% Indeed, while MSCs do not inhibit the
lysis of freshly isolated NK celfthese latter cells cultured for 4 to 5 days with
IL-2 in the presence of MSCs display a reduced toyio potential against
K562 target cells' Transwell experiments have suggested that the esgipn
of IL-15 driven NK cell proliferation as well as dfeir cytokine production by
MSCs, is mediated by soluble factdts® On the contrary, the inihibitory effect
displayed by MSCs on NK cell cytotoxicity requireell-cell contact?

Altough MSCs were initially considered immunopreged and therefore
capable of escaping lysis by freshly isolated NHKIs¢& recent experiments
have demonstrated that IL-2-activated both autaleggnd allogeneic NK cells
are capable of effectively lysing MSE&S’ Although MSCs express normal
levels of MHC class | that should protect againgt-iNediated killing, they
display ligands that are recognized by activatirlg téceptors that, in turn,
trigger NK alloreactivity’® Moreover, it has been recently demonstrated that
MSCs can be lysed also by cytotoxic T-lymphocytesen infused into MHC-

mismatched mice, resulting in their rejectfon.
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In conclusion, several studies have demonstratadMISCs are capable of
modulating in vitro the function of different cells active in the imnau
response. Whether this effect is displayed throgih suppression of immune
responses or to a nonspecific antiproliferativeedffis still unclear. The
mechanisms by which MSCs display their immunosuggive effect are largely
restricted toin vitro studies. Then vivo biological relevance of the vitro
observations, therefore, represents an importaneighat is currently addressed

by several research groups.

Ex vivo isolation/expansion and characterization of MSCs

MSCs can be relatively easily isolated from BM antlder tissues and display a
remarkable capacity for extensiire vitro expansion to numbers that allaw
vivo testing in human®>%*

Most of the information available on MSC phenotyaiw functional properties
are derived from studies performed on cells cutturevitro. To date, MSC
isolation/identification has mainly relied on theiadherent properties,
immunephenotype by flow-cytometry and differentatpotential. In detailex
vivo expanded MSCs have been phenotypically charaetean the basis of the
expression of nonspecific markers, including CD{8B2 or endoglin), CD73
(SH3 or SH4), CD90 (Thy-1), CD166, CD44, and CH2¥(see Table 1). In
addition, culture-expanded cells lack the expressicsome haematopoietic and
endothelial markers, such as CD14, CD31, CD34 dnd~Cat least in case of
BM-derived cells, whereas a proportion of adipassue-(AT) derived MSCs
express CD34%%%%3

Little is known about the characteristics of therary precursor cellg; vivo,
since it has not yet been possible to isolate thst primitive mesenchymal cell
from bulk cultures. One of the hurdles has beenirhbility to prospectively
isolate MSCs because of their low frequency anddbk of specific markers.

Recently, the identification and prospective idolat of mesenchymal

16



progenitors, both in murine and human adult BM,ehbeen reported, based on
the expression of specific markets’”

One group has reported the identification, isotatamd characterization of a
novel multipotent cell population in murine BM, ledson the expression of the
stage-specific embryonic antigen-1 (SSEA-1). Thisnjpive subset, that is
found both directly in the BM and in mesenchymal celtures, can give rise to
SSEA-T MSCs and is proposed to be placed at the apekeohierarchical
organization of the mesenchymal compartniént.

In human cells, surface markers such as SSEA-4(BTRnd the low affinity
nerve growth factor receptor (CD27%f? which enrich for MSCs, have been
employed with the aim to prospectively isolate MSEsreover, Battulat al.
have recently isolated by flow cytometry MSCs frdmman BM using
antibodies directed against the surface antigen87CPmesenchymal stem cell
antigen-1 (MSCA-1) and CD56, and identified noveb® subsets with distinct
phenotypic and functional properti€sPlatelet derived growth factor receptor-
beta (PDGF-RB; CD140b) has been also identified sslective marker for the
isolation of clonogenic MSE%and other reports have demonstrated a 9.5-fold
enrichment of MSCs in human BM cells with promineatdehyde
dehydrogenase activify(see Table 1). The relevance and usefulness eéthe
markers for the prospective isolation and consegepansion of MSCs from
BM and/or other sources is being evaluated and paBsibly allow a more
precise definition of the cell products employedhbm the experimental and

clinical setting.
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Antigen Expanded/primary | Human/murine
MSCs MSCs

CD105 (endoglin, SHj*° Expanded Human, murine

CD73 (ecto-5' nucleotidase, Expanded Human

SH3, SH4¥%°

CD166 (ALCAM)"™ Expanded Human

CD29 @1-integriny>**%° Expanded Human, murine

CD44 (H-CAM)"®* Expanded Human, murine

CD90 (Thy-1§*1% Expanded Human

TRA-1-81 Expanded Human (placenta)

Sca-1 Expanded Murine

STRO-T° Primary Human (BM)

CD349 (frizzled-9}° Primary Human (BM,
placenta)

SSEA-4*% Primary Human +/- (BM,
placenta)

Oct-4% Primary Human +/- (BM,
placenta, fetal
tissues)

Nanog-3 Primary Human +/- (BM,
placenta)

SSEA-T%4% Primary Murine (BM)

CD271 (low-affinity nerve Primary Human

growth receptof)®

MSCA-1% Primary Human (BM)

CD140b (PDGF-RE} Primary Human

Table 1. Antigens expressed on culture-expanded and primfd§Cs
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MSCs can be expandédvitro to hundreds of millions of cells from a 10 to 20
ml BM aspirate”®* The cell yield after expansion varies with the agel
condition of the donor and with the harvesting teghe. Therefore, differences
in isolation methods, culture conditions, mediaitgek greatly affect cell yield
and possibly also the phenotype of the expandddpradiuct® "2 For these
reasons, efforts have been made within the Eurog&aop for Blood and
Marrow Transplantation (EBMT) MSC expansion cornisont for the
standardization of MSC isolation and expansion @ioces. This organization,
including European centers interested in the biplamigd clinical application of
MSCs, has defined common protocols, in order tdlifate comparisons
between cell products generated at different sitekto run large-scale clinical
studies.

In this regard, MSCs are currently expandfeditro, either under experimental
or clinical grade conditions, in the presence d¥1fetal calf serum (FC3)"
and serum batches are routinely pre-screened trampea both the optimal
growth of MSCs and the bio-safety of the cellulewduct. Despite this, the use
of FCS has raised some concerns when utilizedimical grade preparations,
because it might theoretically be responsible figr transmission of prions and
still unidentified zoonoses. It may also cause imeueactions in the host,
especially if repeated infusions are needed, withsequent rejection of the
transplanted cell€ In view of these considerations, serum-free media,
appropriate for extensive expansion and devoidefrisks connected with the
use of animal products, are under investigatione Possibility of using
autologous or allogeneic human serumifovitro expansion of MSCs has been
tested and autologous serum has proved to be supteriboth FCS and
allogeneic serum in terms proliferative capacitytif expanded MSC8.The
reduction of bovine antigens by a final 48-houruination with medium
supplemented with 20% human serum, to prepare hypanogenic MSCs, has

also been propos€d.Human platelet-lysate (PL), which consists of homa
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platelet growth factors (GFs) in a small volumeptdsma, has been recently
demonstrated to be a powerful substitute for FCBSC expansior®’’Indeed,
the high concentration of natural GFs containedpiatelets may offer a
significative advantage in terms of proliferativapecity of MSCs, providing
high numbers of cells in a short culture-peridd.However, further studies are
needed to better understand the behaviour of Phredgnl MSCs (MSCs-PL),
as compared to those cultured in FCS-based medinmparticular, a
comprehensive characterization of the biologicad &mctional properties of
MSCs-PL, in comparison with FCS-expanded MSCs, sidedbe performed
before introducing this culture supplement in thaetine preparation of cellular
products for clinical application. Moreover, clinlcdata on the safety and
efficacy of MSCs have been mainly obtained withlsceixpanded in the
presence of FCS, whereas relatively liftlevivo experience is available with
MSCs cultured in PL.

Another issue related to tlex vivoexpansion of MSCs is that the manipulation
may alter the functional and biological propert@sthe cells, leading to the
accumulation of genetic alterations, as alreadyvshioy few group$§>’®"°The
use of MSCs in clinical applications requires tiat bio-safety of these cells be
carefully investigated through appropriate and eastests. In particular, the
absence of transformation potential in culturedscébs to be documented
before infusion into patients, particularly into nmane-compromised subjects
where failure of immune surveillance mechanisms hinifurther favor the
development of tumors vivo. The possibility that karyotyping on expanded
cells be included in the release criteria for MSInanistration into patients is
currently being discussed. A precise charactedmatif the genetic profile of
MSCs could allow to identify phenomena of seneseegdeveloping in cells at
the end of their life-span, versus transformatibialls, due to the occurrence

of genetic alterations.
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In vivo animal models to test the properties of MSCs

The immunomodulatory and reparative/anti-inflammgatproperties of MSCs
have been tested in a variety of animal models Ta&ée 2).

Both in a sheep model and in non-human primatebast been shown that
MSCs can engraft and distribute to a number ofuéissafter systemic
infusion®®®* A number of studies have documented that marroowst remains
of host origin after allogeneic HSCT in the majpif the patient§?®° although
others have shown the contrdfy° Therefore, the transplantability of MSCs in
humans remains controversial.

Systemic infusion of allogeneic BM-derived MSCsnfrdbaboons has been
demonstrated to prolong the survival of allogerskin grafts, as compared to
animals not receiving MSC8 Moreover, human MSCs have been shown to
promote engraftment of UCB-derived HSCs in NOD-SQiiize and in fetal

f°9192 and this enhancing effect was particularly prominavhen

shee
relatively low doses of HSCs were transplanted.

For years, MSCs have been considered cells whichl ¢z potentially ignored
by the immune system. However, it has been reced#éisnonstrated that
allogeneic MSCs are not intrinsically immunoprigésl, as, under appropriate
conditions, they can induce an immune responseltirgs in their rejection
when infused into MHC-mismatched miteOn the contrary, the infusion of
syngeneic host-derived MSCs resulted, in the saneoelem in enhanced
engraftment of allogeneic stem ceflsSThese observations are interpreted to
indicate that MSCs may promote engraftment, praviteat they surviven
vivo and are not rejected as the result of an allo-imemgsponse.

Several animal studies have addressed the isstigeauppressive effect of
MSCs in the context of GVHD prevention/treatmerithihe aim of elucidating
whether it can be ascribed to a true ‘immune’ effesther than a nonspecific
antiproliferative function of the cells. Howevemrrdlicting results have been

published, in particular on the role of MSCs in ®vidrevention. In one study,
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AT-derived MSCs have been infused systemically imcemearly after
transplantation of haploidentical hematopoieticrsteells and were able to
rescue the animals from lethal GvHDSudreset al. have reported that a single
dose of BM-derived MSCs at time of allogeneic BMnsplantation did not
affect the incidence and severity of GvHD in mitayhereas UCB-derived
MSCs administered at weekly intervals were able pievent GvHD
development after allogeneic transplantation of &amperipheral blood
mononuclear cells in NOD/SCID miée.

Thanks to their capacity to modulate immunoresp®asel/or to promote tissue
repair, MSCs are considered a potential novel rmreat modality for
autoimmune diseasé$®*3*In this context, studies on the effects of MSCs in
animal models of autoimmunity have been recentpored. Murine MSCs
have been demonstrated to ameliorate experimentatoinamune
encephalomyelitis (EAE), a model of human multiglderosis, through the
induction of peripheral T-cell tolerance against fathogenic antigefi®’ In
contrast, infusion of MSCs had no beneficial eecdn collagen-induced
arthritis (CIA) when tested in a murine model ofumatoid arthritis® In
mouse models, MSCs have been used also for thengrt of diabetes and
their infusion led to an increase in the numbepafcreatic islets and insulin-
producingP cells?® In a murine model of systemic lupus erythematoMBCs
were able to inhibit autoreactive T and B cells Bonating the signs and
sympthoms of the disea¥®. Moreover, the infusion of rat MSCs in a rat
experimental model of glomerulonephritis was aldestimulate glomerular
healing, probably due to the secretion of soluldetdrs'® Besides EAE,
infusion of MSCs has been thought to play a rol¢hi protection of neurons
from damage occurring in other conditions, sucls@igal cord injury, stroke
and amyotrophic lateral sclerosié** Very recently, the topical implantation
of BM-derived MSCs has been demonstrated to befioi@alalso in the healing

process of experimental colitis in rats, confirmiing ability of these cells to
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modulate immune-responses and to promote tisswer rgpough their trophic
activity.® Other studies in animal models of organ injury (heang, kidney
and liver) have suggested similar results in tesfgSCs ability to promote an
anti-inflammatory effect and, thus, to protect agatissue injury:*°%'%°

In most of the reported studies, the therapeuftecebf MSCs does not seem to
be associated with their differentiation into tlesident cell-types, but appears
to be mostly related to their anti-proliferativedaanti-inflammatory effect, as
well as to their capacity to stimulate survival dadctional recovery in injured

organs, likely through paracrine mechanisms.
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Table 2.MSC therapy in experimental disease models

Animal, model Outcome Reference
no.

Baboon, skin graft Tx Prolonged skin graft survival 90

NOD-SCID mouse, HSCT| Promoted engraftment 91,92

Fetal sheep, HSCT Promoted engraftment 80

Mouse, graft rejection Decresed graft rejection (syngenejb5
MSCs)

Mouse, GVvHD Prevention of GvHD 93

Mouse, GvHD No effect on development of 94
GVHD

Mouse, GVvHD Prevention of GvHD, unefficacious 95
for GVHD treatment

Mouse, EAE Prevention of EAE development | 96,97

Mouse, CIA No effect 98

Mouse, STZ diabetes Ameliorated diabetes and kidney | 99
disease

Mouse, SLE Ameliorated signs and sympthoms 100
of SLE

Rat, glomerulonephritis Stimulated glomerular healing 101

Rat, experimental colitis | Stimulated intestinal mucosa 105
healing

Rat, heart transplantation | Migrated to the heart during chronid 06
rejection

Rat, myocardial infarction | Promoted an anti-inflammatory 107
effect

Mouse, lung injury Protected from bleomycin-induced 108
injury

Mouse, ischemia Protected against 109

[riperfusion kidney injury | ischemia/riperfusion injury

Mouse, acute hepatic Protected against hepatic injury | 4

failure

Tx, transplantation; HSCT, hematopoietic stem alsplantation; GvHD, graft-
versus-host-disease; EAE, experimental autoimmuaoephalomyelitis; CIA, collagen-
induced arthritis; STZ, streptozotocin; SLE, sydtelupus erythematosus.
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Clinical applications of MSCs

The immunesuppressive capacity and the regenerapazative potential of
MSCs have generated clinical interest in the fefléHSCT, in order to prevent
graft rejection and to prevent/control GvHD, as Iwes$ in the context of
Regenerative Medicine with the aim of facilitatitigsue repair (see Table 3).
The ability of MSCs to enhance the engraftment 804 after transplantation
has been demonstrated both in animal mdtéis?as previously mentioned,
and in clinical trials. The experimental dataviva together with the known
physiological role played by MSCs in sustainingrhatopoiesis, have provided
the rationale for testing the capacity of thesdsdal facilitate haematological
recovery after HSCT in humans. The first clinigélton the use of MSCs for
accelerating haematological recovery was perfornmed28 breast cancer
patients given autologous transplantation and fwsed with 1-2x10
MSCs/kg body weight. No MSC-related toxicity wagistered, whereas a
rapid haematopoietic recovery was not€dfter this study, a multicenter trial
aimed at evaluating the safety of MSC infusion wasducted in 46 patients
receiving allogeneic HSCT from an HLA-identical lgilgs." MSC co-infusion
was not associated with adverse events; haematmpoeeovery was prompt
for most patients and moderate to severe acute GveE®observed in 28% of
the patients.

The most impressive clinical effect of MS@svivo has been observed in the
treatment of acute GvHD developing after alloge¢8CT. The first striking
report of this effect was reported by Le Blagtcal. who described a pediatric
patient experiencing grade IV acute GvHD of thediand gut after allogeneic
HSCT from an unrelated volunteer and resistant tdtiphe lines of immune
suppressive therapy. The child was rescued by rnthesion of BM-derived
MSCs isolated from the moth&f.

In view of the promising experimental results om thise of MSCs for the

treatment of autoimmune diseaS&¥" their role in the clinical setting is now
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beginning to be explored. MSCs isolated from pasienth systemic sclerosis
have been reported to be functionally impaireditro;'*® while, other reports
have documented that these latter cells, as weM&€s from patients with
variuos autoimmune diseases, exhibit the same p@oal and functional
properties as their healthy counterpatts!®

Both in animal models and in patients, it has b&®own that BM-derived cells
play a role in the healing process following iniegt injury and in the
regeneration of various cellular components ofrtieosa’>*****®Recently, in
a phase-l clinical trial, autologous, AT-derived @Shave been successfully
employed for the treatment of 4 patients with figing Crohn’s Disease
(CD).*° Based on these encouraging results, a phasellbtri autologous AT-
derived MSC¥°and a phase-lll trial on third-party, BM-derived @$**?%in
CD patients refractory to conventional therapies,umderway.

Therapeutic infusion of MSCs has been employed he tontext of
Osteogenesis Imperfecta (O, ) genetic disease characterized by production of
defective type | collagen which is responsible tleg occurrence of fractures,
retarded bone growth with progressive bone defaomand premature death.
Horwitz et al first reported that transplantation of BM celterh an HLA-
identical sibling could, at least transiently, aimigte the clinical conditions of
patients withO.l., as donor-derived, mesenchymal progenitors cordaine
transplanted BM could migrate to the bones and gise to osteoblasts.
However, so far no clear demonstration that MSCsewesponsible for the
claimed improvement of bone structure and clinicandition has been
provided.'**** The same group has subsequently reported thanfinsion of
purified allogeneic MSCs might have been capablentiancing the therapeutic
benefits of allogeneic BM transplantationGnl. patients’

Since MSCs express high levels of arylsulfatasedalfa-L-iduronidase, MSC
treatment has been proposed also for patients taffeby metachromatic

leukodystrophy (MLD) and Hurler disease, 2 inhetitiseases caused by the
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deficiency of the above mentioned enzymes. In antdpom Kocet al., donor-
derived MSCs were infused in 11 patients with MUl &Hurler disease after
allogeneic HSCT. Although there was no major imeroent in the overall
health of the patients, in 4 of 5 children with MLldD improvement in nerve-
conduction velocity was observéd.

Although, little is known on the engraftment andvivo survival of MSCs, the
few clinical studies performed so far suggest their clinical use is feasible
and safe. To date, no severe adverse reactionshesrerecorded in humans
after MSC administration, both in terms of immedjanfusional toxicity and of
late effects. These observations might also betdudne limited survival of
MSCs in vivo or to short follow-up time of the patients treate&hother
important clinical safety concern is the possipilif ectopic tissue formation
after MSC treatment. Recently calcifications weresesbed in the infarcted
hearts of mice that received local MSC treatniéht.

The mechanisms by which MSCs exert their immunoraidry and reparative
effectsin vivo are still poorly understood and require extensiveitro andin
vivo testing. The possibility that allogeneic MSC mag tejected due to
recognition by the immune cells of non immune-adahosts, as already
suggested in an animal modelpr due to sensitization to bovine proteins
remaining in the cell product afteex vivo expansion, deserves further
investigation.

Moreover, concerns remain over the potential syistammunosuppression
mediated by MSCs aften vivo administration. In immunocompetent mice,
Djouad et al. demonstrated that local as well as systemic iofusf MSCs
suppressed the host antitumor immune responsefdtolng allogeneic tumor
formation*?’In humans, recent data suggest that the co-tramtsfien of MSCs
and HSCs may result in increased risk of relapskeimatologic malignancy

patients, as compared to patients receiving standsCT?®

27



Finally, ex vivoexpanded MSCs should be properly studied to detradagheir
genetic stability before administration into patgerto avoid any possible risk
related to the infusion of transformed cells, bagrigenetic alterations
developed duringn vitro culture.

In conclusion, while MSC treatment represents anmsimg and novel modality
for the treatment of many disorders, concerns reneafer the potential of
systemic immune suppression, ectopic tissue foomatand malignant
transformation of MSCs. These concerns apply, iriqudar, to the use of
autologous and expanded MSCs. Long term followtuglies are required to
address these issues.

To completely exploit the potentiality of this ndmatment modality mora
vivo work is required to increase our knowledge on W®Cs mediate their
suppressive effect and reduce inflammatory resgondoreover,in vivo
tracking studies to examine the survival, distidutand homing of MSCs after
infusion in humans are necessary. The identificatiba universal MSC marker
is warranted both to dissect the hierarchy of tifiereént MSC subsets and to
facilitate the generation of homogenous cell preslat different sights. Once
more largely defined, thes& vivo biological activities of MSCs could be
properly employed as a novel therapeutic strategstimulate tissue repair and
modulate immune responses in a variety of immundiabed and inflammatory

diseases.

AIMS OF THE PRESENT STUDY

In this thesis we will focus on the biological afuthctional characterization of
human MSCs and on the role of these cells in timéesd of hematopoietic stem
cell transplantation. The ability to differentiaitgo cell-types of mesodermal
origin, in partcular into the chondrogenic lineathes immune regulatory effect
of BM- and UCB-derived MSCs expanded in medium $ipented with either
FCS or PL and the potential susceptibility to ugdemalignant transformation
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after long-termin vitro culture are evaluated. Moreover, preliminary ressah
the use of BM-derived MSCs in different clinicalntext of HSCT, such as
haploidentical T-cell depleted HSCT from a paryiathatched family donor,
UCB transplantation and steroid-resistant, seveu¢eaGvHD are reported.

A lot of interest has recently emerged in technsqder cartilage tissue
engineering where mesenchymal progenitor cells lmardelivered within an
appropriate carrier system to repair and regenepathologically altered
cartilage®®°® In chapter 2 the ability to diffentiate into the chondrogenic
lineage of MSCs isolated from different fetal amtilatissue sources is studied
and compared. For this purpose, MSCs are isolatddeapanded from fetal
lung and BM, as well as from maternal placenta ashat BM, with the aim of
investigating which is the preferred MSC sourcéb¢oemployed for cartilage
repair. The influence of the cell passage on thiityabf MSCs to differentiate

into chondrocytes is also evaluated.
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Table 3. Clinical experience with MSCs (publishedarts)

Disease, setting MSC therapy N. of Outcome Reference
patients N.
Breast cancer, autologous | Autologous MSCs 28 Accelerated hematological recovery 110
HSCT
Hematological malignancy, | Allogeneic MSCs 46 Prompt haematopoietic recovery, GvHD 111
allogeneic HSCT prevention
Acute GVHD, allogeneic Haploidentical 1 Resolution of grade IV acute GVHD 112
HSCT MSCs
Fistulizing Crohn’s disease,| Autologous MSCs 4 Repair of fistulas 119
local infusion
O.l., allogeneic HSCT Allogeneic MSCs 6 Improvement of bone structure and 73
clinical condition (?)
Inborn errors of metabolism,| Allogeneic MSCs 11 No major improvement in overall health. 125
allogeneic HSCT (MLD:improvement in nerve-conduction
velocity)
Hematological malignancy, | Allogeneic MSCs 10 Increased risk of relapse 128
allogeneic HSCT
Complications after allogeneic Third party MSCs 10 Tissue repair (hemorrhagic cystitis, 5

HSCT

pneumomediastinum)

HSCT, hematopoietic stem cell transplantation; Gygiaft-versus-host-disease; O.l., Osteogenesisti@gta; MLD,
metachromatic leukodystrophy.



MSCs are mainly expanded vitro, either under experimental conditions or in
clinical grade preparations, in the presence of .PE€SHowever, the use of
FCS raises some concerns when utilized in thecelim;iettingf.1 For this reason,
the identification of a serum-free medium that \wHBoextensive expansion of
MSCs for clinical application, is warranted. @hapter 3, the use of PL as
alternative culture supplement for MS& vivo isolation and expansion is
tested. The aim of the study is to characterize M&%panded in the presence
of PL for their phenotype, differentiation and [iiedative capacity,
immunoregulatory effect on alloantigen-specific ioma responses, as well as

genetic stability, as compared to MSC cultured@gFbased medium.

Concerns that adult human MSCs may be prone tognaait transformation
have been recently raiséd® The absence of transformation potential in
cultured MSCs has to be documented particularly nwhensidering their
infusion into immune-compromised subjects wherelufai of immune
surveillance mechanisms might further favor theettgyment of tumor vivo.
Chapter 4 describes the analysis of the potential suscdiptiio malignant
transformation of human BM-derived MSCs at différenvitro culture time
points. The aim of this study was to ascertain wethe biological properties

of MSCs afteex vivoexpansion remain appropriate for their use intbeltapy.

For many children with life threatening hematolagidiseases stem cell
transplantation is the only curative option. Ingaahildren lacking a matched
related or unrelated donor, haplo-identical penipheblood stem cell
transplantation (PBSCT) from a healthy parent ifeasible alternative. To
reduce the risk of fatal GvHD, as a complicatiorirahsplantation across major
histocompatibility antigens, intense T cell depletis required. However, this
significantly increases the risk of either grafiltfee or early rejectioff®**°In

chapter 5 we describe the results of a phase I/ll pilot gtuof co-



transplantation of BM-derivedex vivo expanded MSCs of donor origin in
children undergoing transplantation of granulocgtdony stimulating factor
(G-CSF)-mobilized, CD34+ selected progenitor céitsn an HLA-disparate
relative. The study is intended to sustain hemaédigoengraftment and reduce
graft failure rate by means of the co-infusion ofS®k. Children with
hematological malignancies or non-malignant disdéacking an HLA-
matched donor were enrolled in the study in twdigigating centers (Leiden

University Medical Center and Fondazione IRCCSdhaico S. Matteo).

GVHD is a potentially life threatening complicatiohHSCT or the infusion of
donor lymphocytes (DLI**** The mainstay of treatment for established
GVHD is cortico-steroids with a response rate i dhder of 30-50%. In those
patients resistant to steroid treatment, seconcke litherapy remains
unsatisfactory and overall survival is pddrSeveral studies indicate that MSCs
have immunosuppressive and reparative propertieshése reasons these cells
are proposed as new terapeutic tool in GVHD manageifi**** In chapter 6
the results of anulticenter, phase Il study on the use of BM-detil¢SCs to
treat steroid-resistant, severe acute GvHD aftegaheic HSCT in 55 pediatric
and adult patients, affected by either malignamanr-malignant disorders, are
reported. This study addresses the issue of safetyefficacy of the infusion of
HLA-identical or disparatejn vitro expanded, BM-derived MSCs for the

treatment of severe, steroid-resistant acute GvHD.

CD is a chronic inflammatory enteropathy in whichdgsregulation of the
immune response towards intestinal bacteria in tigally susceptible
individuals plays a pathogenetic rofé»*® Despite the large number of
therapeutic options availabt® there is a growing number of CD patients with
refractory/recurrent disease and alternative giete are needed both to

increase the proportion of patients achieving reiois and to improve their
32



quality of life. Thanks to their capacity to mod@lammune response and
promote tissue repair, MSCs represent a potent@leln treatment for
autoimmune/inflammatory diseases, including GIhapter 7 describes the
phenotypical and functional characterizationirofvitro expanded MSCs from
CD patients, in view of their future clinical apgtion. The aim of the study
was to evaluate the feasibility of isolating ang&xdingex vivoMSCs from
BM of CD patients with active disease, and to camy a phenotypical and
functional characterization of these cells in corigmn with BM-MSCs isolated

from healthy donors.

The frequency of MSCs in UCB is very low and thegance of mesenchymal
progenitors in full-term UCB has been questioneceirent years. The attempts
of many groups to obtain MSC from this source, ayiplg FCS-based media,

7138 or yielded low number§:***In chapter 8 we test the

have either faile
ability of a PL-supplemented medium to support ¢iemeration anaéx vivo

expansion of MSCs from full-term UCB (UCB-MSCs), wsll as characterize
these latter cells for their biological and funoab properties, in comparison to
PL-expanded BM-MSCs. In particular, we focus onithestigation of both the
genetic stability and the immunoregulatory functi@xerted on alloantigen-

specific immune response, of UCB-MSCs.
In chapter 9 the results and conclusions of these studies arenswized and

the future clinical applications of MSCs in the tott of HSCT and

Reparative/Regenerative Medicine are discussed.
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CHAPTER 2

Human mesenchymal stem cells derived from bone
marrow display a better chondrogenic differentiatian

compared with other sources
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Summary

Mesenchymal stem cells are multipotent cells capabl differentiation into
several mesenchymal lineages. These cells have isekted from various
tissues such as adult bone marrow, placenta aatitigsues. Since a specific
phenotypical marker for MSCs is lacking, MSCs argently characterized on
the basis of phenotype and capacity to differeatiato multiple mesenchymal
lineages. However, how the potential of these celldifferentiate into the
chondrogenic lineage is influenced by the tissueodfin has not been
examined. The aim of this study was to investigdtether MSCs isolated from
different sources exhibit differential multilinead#éferentiation potential.
Design: MSCs from fetal and adult tissues werenptypically characterized
and examined for their differentiation capacityséa on morphological criteria
and expression of extracellular matrix components.

Results: Our results show that both fetal and addECs undergo
chondrogenesis under appropriate conditions. Neskss, MSCs of bone
marrow origin, either fetal or adult, exhibit a heg chondrogenic potential than
fetal lung and placenta derived MSCs, as demoesktrly the appearance of
typical morphological features of cartilage, theeimsity of Toluidine Blue
staining and the expression of collagen type Il,aXd X after culture under
chondrogenic conditions. In addition, the capaoftySCs to differentiate into
chondrocytes was reduced upon passaging of cells.

Conclusions: MSCs are an attractive source forilage tissue engineering
strategies. Hence, exploring the chondrogenic piadesf different sources is of
great interest for such a purpose. Our study inegcthat bone marrow is to be

considered as the preferred MSC source for caetitangineering.
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Introduction

Articular cartilage has a limited capacity of hagliafter injury. Traumatic
damage and degenerative diseases of the cartilage & osteoarthritis or
rheumatoid arthiritis are common health problemsddvade. Therefore a lot of
interest has recently emerged in techniques failage tissue engineering. The
current strategies of cartilage repair, based oe tise of autologous
chondrocytes, have some limitations including tmmeals number of cells
available with restricted proliferative capacitydatihe further damage at donor
site of harvest. For these reasons, new technigigesow focusing on the use
of mesenchymal progenitor cells to be deliverechiwitan appropriate carrier
system to repair and regenerate pathologicallyredtecartilage'? In fact,
mesenchymal stem cells (MSCs) play a role in bartkcartilage homeostasis
and it has been shown that the chondrogenic actifithese cells is reduced in
patients with advanced osteoarthritis (JADne of the mechanisms involved
in the repairof damaged articular cartilage may be tleenovochondrogenesis
from MSCs *°. Therefore, based on th&n vitro observation of the
differentiation into chondrocytes, on their expdnitiy and availability, MSCs
can be considered as an attractive candidate fopopas of cartilage
engineering"’.

MSCs are multipotent cells with the ability to eiféntiate into several
mesenchymal lineages, including osteoblasts, agyes@nd chondrocytés®.
Although MSCs were originally isolated from bonerroav ', they have also
been isolated from other tissue sources. MSCs bhaen identified in fetal
tissues such as lung, bone marrow, liver and spleefirst- and second-
trimester’* Placenta has been shown to be another rich sefirtSCs of
both fetal and maternal origif; and MSCs have been also isolated from
umbical cord blood, although in low frequency, attipose tissue. At present
no uniqgue phenotype has been identified for MSketefore the isolation and

characterization of MSCs relies on the expressfam rmumber of characteristic
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markers on culture expanded cells and on theirtyald differentiate into the
various mesenchymal differentiation lineages.

In the present study, we investigate the multilgesdifferentiation potential of
MSCs derived from 4 different sources and whethir ¢apacity is influenced

by the tissue of origin.

Materials and methods

Isolation and culture of human MSCs

Fetal tissues

Fetal lung (fL) and fetal bone marrow (fBM) weretaibed from the same fetus
from women undergoing elective termination of pragey between 15 and 22
weeks of gestation. The study was approved bydispital ethical committees
and informed consent was obtained. Single cellensipns of fetal lung were
made by mincing and flushing the organ through @ [1® nylon filter with
IMDM  medium (Cambrex, Verviers, Belgium) containingl%
penicillin/streptomycin (P/S; Cambrex, Verviers, Ifdem) and 2% heat-
inactivated fetal calf serum (FCS; Cambrex, VewjidBelgium), i.e. washing
medium. Single cell suspensions of fetal bone marmere obtained by
penetrating the long bones with a needle (23 gaaige ¥lushing the bones with
washing medium. After washing, the cell suspenswas depleted of red cells
by incubation for 10 minutes in NH4CI (8,4 g/L)/KI@3 (1/g) buffer at 4 °C.
The cells were subsequently plated at 160.000/cro@liure medium consisting
of M199 (Gibco, Paisley, Scotland) supplementedhwit0% FCS, P/S,
Endothelial Cell Growth Factor (ECGF) 2@/ml (Roche Diagnostics GmbH,
Mannheim, Germany) and heparin 8 U/ml in tissueucealflasks (Greiner Bio-
One GmbH, Mannheim, Germany) previously coated Whkh gelatin for 30

minutes at room temperature.
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Placenta

Placentas (PL) were derived from second- and thingester pregnancies after
informed consent and approval by the hospital ethtbmmittees. Tissue
specimens of placenta (maternal origin) were firashed with PBS; single cell
suspensions were made by mincing and flushingitiseid¢ through a 10Am
nylon filter with washing medium. The cells werebsaquently cultured as
described above. To confirm the maternal origitheke cells, molecular HLA-

typing was performed on the PL-MSCs cultures.

Adult bone marrow

Adult bone marrow (aBM) samples were obtained froealthy donors for
allogeneic stem cell transplantation under a patapproved by the Ethical
Review Board. Mononuclear cells were isolated bwysig gradient (Ficoll,
1.077 g/ml) and plated at 160.000/cm? in culturelion® consisting of DMEM-
Low Glucose (Gibco, Paisley, Scotland) supplemeniigd 10% FCS and P/S.
All cells were kept in a humidified atmosphere at°8€ with 5% CO2. Three to
five days after plating, non-adherent cells wemaaeed and the medium was
refreshed. When grown to confluency, adherent ce#se detached with
trypsin/EDTA (Cambrex, Verviers, Belgium) for 5 mies at 37 °C and

reseeded for expansion or differentiation.

Flow cytometric analysis

Culture expanded fL-, fBM-, aBM- and PL-MSCs werdepotypically
characterized by flow cytometry (FACSScan, BectdokiDson). Fluorescein
isothiocyanate (FITC) or phycoerythrin (PE) conjiggh antibodies against
CD166 (CLB, Amsterdam The Netherlands), CD105 (Ain€orporation,
Bayport, MN, USA), CD90 (Pharmingen, San Diego, C&8pP34, CD45 and
CD80 (Beckton Dickinson, San Jose, CA), CD31 (DAK&strup, Denmark),
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HLA-ABC (Instruchemie, Hilversum, The Netherland$jLA-DR (Beckton

Dickinson, San Jose, CA) were used, as well agpsatontrols.

Osteogenic and adipogenic differentiation

The adipogenic and osteogenic differentiation ciyaaf MSCs from the 4
different sources was determined as previouslyritest'®. In short, to induce
osteogenic differentiation, cells were culturedoirMEM supplemented with
10% FCS, P/S, dexametasone {1Bl) and ascorbic acid (5Qg/ml). B-
glycerophosphate (5 mM) was added from day 7 onsvafdr adipogenesis,
insulin (10 mg/ml), indomethacin (0,25 M) and 1-m#gt3-isobutylxantine
(IBMX, 50 mM) were added to this medium. Cells werecubated in
differentiation medium for 3 weeks, with medium leggement twice a week, at
37°C with 5% CQ. To detect the osteogenic differentiation cellsenstained
for alkaline phosphatase (AP) activity using FadueBand for calcium
depositions with Alzarin Red. The adipogenic difetiation was evaluated

through the morphological appearance of fat drgplet

Chondrogenic differentiation

For chondrocyte differentiation, 200,000 MSCs waleeed per well in 96-well
suspension culture plates, U-shape, (Greiner Bie-@mbH, Mannheim,
Germany) and centrifuged at 1200 rpm for 4 minitea pellet. Pellets were
cultured at 37 °C with 5% COn 200 pl of serum-free chondrogenic medium
consisting of DMEM-High Glucose (Gibco, Paisley, o8and), 40 ug/mi
proline (Sigma, USA), 10@ug/ml sodium pyruvate (Sigma, USA), 50 mg/ml
ITS+Premix (BD Biosciences, Bedford, MA), 1% Glu@m(Gibco, Paisley,
Scotland), P/S, 50upg/ml ascorbate-2-phosphate (Sigma, USA), 10-7
dexametasone (Sigma, USA), 10 ng/ml Transformirgyvtr Factor33 (TGF-
B3, R&D Systems, Minneapolis) and 500 ng/ml Boneaphogenetic Protein-6
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(BMP-6, kindly provided by dr. S. Vucikevic) The chiem was refreshed every
3 days for 21 days. We investigated at least tlseaples per source and 3

different passages per sample.

Reverse Transcription-Polymerase Chain ReactionRRIR)

Total RNA was extracted from 1 million undifferested MSCs and from
pellets at day 21 of the differentiation perioanfreach source, using RNAeasy
kit (Quiagen Gmbh, Hilden). RNA was reverse traitmat into cDNA using
First Strand cDNA Synthesis kit for RT-PCR (Rochéadghostics Gmbh,
Mannheim, Germany) according to the manifacturgrsructions. cDNA was
amplified using a GeneAmp PCR System 2400 (AppbBéusystems, Foster
City, CA). Expression of collagen type Il, IX andm™RNA was quantified by
real-time quantitative PCR using the Bio-Rad iCyeléth SYBR Green. Data
were corrected fop,-microglobulin expression. The following oligonucti&e
primers were used:

collagen type II: forward 5-CCCTCTCCCACACCTTCCTCédhd reverse 5'-
GGGTGAGGGATTCCAGGGAAA-3;

collagen type IX: forward 5-AGGACACAAGGGTGAAGAAGGTE' and
reverse 5'-TTTTCCCCTTTGTCCCCAACTATG-3';

collagen type X: forward 5-TTTTGCTGCTAGTATCCTTGAAU-3' and
reverse 5'-AGGAGTACCTTGCTCTCCTCTTACT-3};

Bo-microglobulin: forward 5-TGCTGTCTCCATGTTTGATGTATEG3' and
reverse 5'-TCTCTGCTCCCCACCTCTAAGT-3'.

All PCR reactions were performed with 5 ng cDNA aaccording to the
manufacturer's protocol of the gPCR Core Kit (Eerttgc, Southampton, UK)
in a final volume of 24ul.

The cDNA was amplified using the following thernwicling conditions: one
cycle at 50°C for 2 min and 938C for 10 min, followed by 40 cycles of 15 s at

95°C and 1 min at 60C. Each sample was assayed in triplicate and wasr
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used as a negative control. Fluorescence spectra wexorded and the
threshold cycle number (Ct) was read. For eachceomean Ct was calculated
and from this value the fold difference from exgies in the human growth
plate according to the equatiorf“2". For visualization, this value was log-

transformed and expressed in figure 2C.

Histological analysis

After 21 days of culture in chondrogenic mediumllgis were fixed in 10%
formalin, dehydrated by treatment with graded etl&rand incubated in
butanol overnight. Thereafter pellets were embeddgzhraffin and cut into 5
pm sections using a Reichert Jung 2055 microtomacdl eRijswijk, The
Netherlands). The sections were then mounted s glides and stained with
Toluidine Blue.

The immunohistochemical staining for collagen tydewas performed on
deparaffinized sections. To block non-specific\atgtj sections were pretreated
with hydrogen peroxidase. Sections were stainedh wibuse monoclonal
antibody against collagen type X (Quartett, BertBermany). The binding of
mouse IgG was detected by biotinylated rabbit-amdise IgG (DAKO,
Glostrup, Denmark), followed by incubation with bkeradish-peroxidase-
conjugated-streptavidine (Amersham Biosciences,. OKp peroxidase activity
was revealed using 3-amino-9-ethylcarbazole (AE@)ssate. After sections

were washed, they were counterstained with hembtoxy

Results

Morphology and immunophenotypic characterizatioM&Cs

MSCs isolated from all four different sources dig@d the characteristic MSC-
like spindle-shape, however subtle differences iorphology were present
(Figure 1A). fL- and PL-MSCs showed a more elondaéad thin shape

compared to the rounder and thicker shape of BMEBIS
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Figure 1A. Morphology of culture-expanded MSCs. MSftom the four different
sources display the characteristic spindle-shapearpinology, however subtle
differences are present. a, b: Morphology of fBMidaaBM-MSCs respectively,
showing a splindle-round shape. Magnification x5dc Morphology of fL- and PL-
MSCs respectively, displaying a spindle-thin shayagnification x10.

MSCs from all samples were immunophenotypicallylyared at passage 2 or 3.
The phenotypes of fL-, fBM-, aBM- and PL-MSCs wesgmilar and in

agreement with previous publicatién®** i.e. CD90, CD105, CD166, HLA-
ABC positive and CD34, CD45, CD31, CD80, HLA-DR at#ge (Figure 1B).

cDA CD45 cDa0 CD105 CD166
i &

Figure 1B. Immunophenotype of culture-expanded MS@simunophenotypic
characterization of MSCs from a representative $arigp each source of MSCs. MSCs
of all origin were positive for CD90, CD105, and O85 surface antigens and negative
for CD45 and CD31 molecules.
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Osteogenic and adipogenic differentiation

To examine the differentiation capacity of MSCsniréhe different sources,
cells were induced into osteoblasts and adipo@itesexamined by histological
stainings. fL-, fBM-, aBM-MSCs and PL-MSCs were able to differentiate

into osteoblasts as demonstrated by the histolatgtection of alkaline

phosphatase activity and calcium depositions, amul adipocytes as revealed
by the formation of lipid droplets (data not showmjowever, PL-MSCs

showed a lower ability to form both osteoblasts adigbocytes, while fL-MSCs

were less capable to differentiate into the adipegéneage, as compared to

bone marrow sources (Table 1).

Table 1. Differentiation potential of MSCs deriviedm different tissue sources

Adipocyte-  Alzarin Toluidine Chondrocyte- N. of positive

like Red Blue like pellets/total
morphology staining Intensity morphology N. of pellets
Intensity evaluated
fL- + ++ +/- +/- 0/4
MSC
fBM- ++ ++ ++ ++ 3/3
MSC
aBM- ++ ++ + ++ 4/4
MSC
PL- +/- +/- - - 0/4
MSC

The presence of adipocyte-like morphology, therisity of Alzarin Red and Toluidine
Blue staining and the chondrocyte-like morphologg acored as: -, +/-, +, ++. The
adipocyte-like morphology is defined by the apppeea of fat droplets. The
chondrocyte-like morphology is defined by the fallog features: decrease in cell
density with distance between cells, rounded mdauhyoof cells and nuclei, deposition
of extracellular matrix, presence of chondrocysicunae. Only pellets that are scored +
or ++ for both the Toluidine Blue staining and ttigondrocyte-like morphology are
considered positive for cartilage formation (lasiiuenn on the right).

The differentiation capacity into osteoblasts awiibacytes was maintained,

unmodified, untill passage 7 (P7).
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The chondrogenic differentiation capacity of MS€snfluenced by the tissue
of origin

Next, the chondrogenic differentiation capacitydCs of different origin was
examined and compared. FL- (n= 4 samples), fBM- Bnsamples, derived
from the same fetus), aBM- (n= 4 samples) and PICKI$n= 4 samples,
maternal origin) were centrifuged into micromassadiured as pellets and
differentiated in serum-free medium containing alkate-2-phosphate,
dexamethasone, TR and BMP-6.

MSCs from all sources formed a pellet after cemgdtion, although pellets
consisting of fL- and PL-MSCs were frequently letable and showed a more
irregular shape compared to the pellets from fBMd aBM-MSCs that were
firm and spherical. Pellets derived from fBM- ar8MxtMSCs were larger in
size after 21 days of culture compared to thoseeifrom fL- and PL-MSCs.
In particular, fBM- and aBM-MSCs showed an increaséoth the diameter
and the area of the pellets after 3 weeks of ailtnrchondrogenic medium
(data not shown). Furthermore, a 4.2- and a 2@®-fotrease in weight was
observed in pellets formed by fBM and aBM-MSCs eetpely at day 21 of
culture, whereas fL- and PL-MSCs exhibited a desgeia weight of pellets
over the culture period (Figure 2A). These obs@wmat suggest that cartilage
extracellular matrix has been syntesized and deggbsh pellets from bone
marrow cells, leading to the increase in size aajit.

To more specifically analyze the process of chogelnesis, the expression of
collagen type IlI, IX and X was measured by Q-PCRuadifferentiated cells
and on pellets 3 weeks after induction (Figure Z&)lets formed by fBM- and
aBM-MSCs showed a marked increase in the expresdioallagen type I, IX
and X after the induction period, compared to fhd #L-MSCs pellets. These
data were confirmed by the histological analysiBMf and aBM-MSCs
produced more proteoglycans, hence more extraaeltohtrix, and expressed

more chondrocyte-likéacunae as indicated by the intensity of the Toluidine
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Blue staining (Figure 2C). Moreover, the immunobistemical staining for
collagen type X was positive only in sections dedivfrom fBM and aBM
samples, suggesting that only these cells staot¢ertinally differentiate into
hypertrofic chondrocytes (Figure 2D). A scoringtgyn was used to compare
the different degrees of chondrogenic differertimtbetween the 4 sources;
evaluating the intensity of the Toluidine Blue stag and the appearance of the
typical chondrocyte-like morphology, both scorednfr— to ++. The stained
sections from both fBM- and aBM-MSCs obtained tighlst score with 100%
of the samples evaluated demonstrating differgatiab into chondrocytes; in
fact, fBM- and aBM- cells showed the most intenséuiine Blue staining and
the typical morphological features of differentiteartiage such as the
decrease in cell density with distance betweers cetle rounded morphology of
cells, the deposition of extracellular matrix s&drin purple and the presence of
chondrocytic lacunae, whereas samples from fL-RIndMSCs didn't (Tab. 1).
The chondrogenic differentiation capacity of MSGacreéases with passage
number.In order to examine whether the number of cell pgss has an
influence on the chondrogenic differentiation cafyaof MSCs, different
passages of fL-, fBM-, aBM- and PL-MSCs were eveddaWhen considering
fBM- and aBM-MSCs, a passage-dependent decreasetifage formation was
observed (Table 2). In particular, the early passg®2-3) displayed the most
intense Toluidine Blue staining and all the typiéahtures of differentiated
cartilage, whereas the later passages (P4-5 affj $tl&swed only a moderate or
mild staining with less evidence of cartilage diffietiation (data not shown).
Moreover, the capacity of BM-MSCs to differentiatéo chondrocytes declined
between passage 6 and 8. For fL- and PL-MSCs,ntheeihce of cell passage
was not evident since little or no differentiatitmwards the chondrogenic

lineage was observed overall.
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Figure 2. Chondrogenic differentiation of MSCs fradifferent sources. (A) Wet
weights of the pellets from the four different steg at day 1 and 21 of the induction
period 6 = 3). (B) Real-time RT-PCR analysis of collaggpet I, IX and X during
chondrogenic differentiation corrected for the hekeeping gengd2 microglobulin.
Values are fold difference compared to expressiomiman growth plate (GP) and
expressed as log (*“Y) (C) Toluidine Blue staining on paraffin embeddsettions
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after 3 weeks of differentiation. Representativetyries from each source at passage 3
are shown: a) fL-MSCs; b) fBM-MSCs; c) aBM-MSCs; E)L-MSCs; e) and f) are
enlargements of figure 2C b) and c) respectivety, dletailed morphology. (D)
Immunohistochemical staining for collagen type Xd®paraffinezed sections after the
induction period. Representative pictures at passh@re depicted: a) fL-MSCs; b)
fBM-MSCs; c) aBM-MSCs; d) PL-MSCs; e) and f) ardaggements of figure 2D b)
and c) respectively, for detailed morphology.

Table 2. Influence of cell passage on the chondhiegeapacity of MSCs from
different tissue sources.

P2-3 P45 P6-7
fL-MSC 0/4 0/4 0/4
fBM-MSC 313 3/3 1/3
aBM-MSC 4/4 44 2/4
PL-MSC 0/3 0/3 0/4

The differentiation capacity is expressed as nunadepositive samples on the total
number of samples evaluated per passage-group.mblsais scored positive when
satisfying the criteria described in Table 1.

Discussion

Skeletal defects resulting from disease, malforomadir injury are an interesting
area of application for stem cell therapy. The dbeutic effect of the
transplantation of MSCs in children witBsteogenesis Imperfegta genetic
disorder resulting in the abnormal production ofagen type 1" suggests
the potential of MSCs to ameliorate bone disorders.

MSCs are an ideal candidate for strategies of diggineering since they are
easily isolated and can be rapidly expanded to meusnthat are required for
clinical application®%*?

In this study we compared the chondrogenic difféa¢gion potential of culture
expanded MSCs derived from fetal BM and lung, pié@eand adult BM. In
comparison with fetal lung and placenta, fetal Bbtided MSCs exhibited a
significant enhanced capacity to differentiate intmndrocytes, as evidenced
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by the increase in weight, diameter and area défselormed by bone marrow
cells over the differentiation period, the increhsevels in the expression of
MRNA of extracellular matrix components, such atagen type I, IX and X
the positivity of the immunohistochemical stainifog collagen type X and the
marked intensity of the Toluidine Blue staining. Aimilar prefered
chondrogenic potential was observed for adult BMveel MSCs, showing that
BM as a source of MSCs was responsible for thiedihtiation potential,
rather that the fetal developmental stage of tlssu#. The chondrogenic
differentiation was reduced and ultimately losteafprolonged passages of the
cultures. Although in vivo experiments are requitedurther substantiate the
biological significance of these findings, our résusuggests BM as the
preferred source for cartilage tissue engineering.

MSCs have been shown to require specific culturaditions to induce
differentiation towards the chondrogenic lineageede requirements include a
high cell density facilitating cell-cell contactdthe use of serum-free medium
with the addition of bioactive factof& In particular BMP-6, a member of the
TGF{3 superfamily of growth factors, has been demoretrad enhance the
chondrogenic differentiation of human MSCs in dgietulture systerfi-*2 Our
results confirm these findings and add that noy a@M-MSCs but also MSCs
isolated from fetal tissues, namely lung and bonarrow, can undergo
chondrogenesis under the same conditions.

In a study fromin’t Anker and colleague¥’ it was shown that MSCs isolated
from second-trimester fetal bone marrow, lung, rlnad spleen exhibit a
different potential to differentiate into osteolilaand adipocytes, despite a
similar immunophenotype. Moreover, a recent studgmfIm et al
demonstrated that adipose tissue-derived MSCs gmsskower osteogenic and
chondrogenic potential than BM-derived MSCs. Also dur experiments,
despite MSCs derived from the four different soarsbowed a comparable

phenotypic characterization and morphology, theactdyp to form cartilage was
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more expressed in fBM- and aBM-MSCs. Moreover, aentl that PL-MSCs
were less capable to form both osteoblasts andoeylips, while fL-MSCs
showed to have a lower ability to differentiatecirthe adipogenic lineage
compared to bone marrow sources. These differencdbe differentiation
potential might reflect some intrinsic diversit@sMSCs residing in the various
tissues, suggesting that the relation between inopivenotype and function of
MSCs needs to be further investigated. Alternagivéhe frequency of cells
with lineage-specific differentiation capacity mdiffer between tissue sources.
Indeed, the identification of specific markers dimapto distinguish between
different populations of MSCs would be an importaral in the understanding
and employment of these cells in the clinical egtti

We found that the chondrogenic potential of MSCsrelgses with the increase
of the cell passage, as shown by the inferior dgnoimt size and the mild
intensity of the Toluidine Blue staining in pellétem the later passages (P6-7).
These findings are in agreement with the study fBekiya et af? in which a
decrease in the chondrogenic potential of aduleboarrow-derived MSCs was
seen after each consecutive passage under verjarsicoiture conditions. In
Sekiyaexperience, only a selected population of MSGs,sth called small and
rapidly self-renewing cells (RS cells), retaineé #ibility to form cartilage at
P5. This loss of chondrogenic potential may be tdude graduate elimination
of MSCs with chondrogenic potential and overgroviyp MSCs that lack
differentiation potential, or may be due to funoabalterations in chondrogenic
MSCs.

In conclusion, our results show that: I) MSCs othbéetal and adult origin
undergo chondrogenesis under appropriate culturgitons; 1) fBM- and
aBM-MSCs express a higher chondrogenic ability tfianand PL-MSCs,
based on morphological, molecular, histochemical anmunohistochemical
criteria; 1ll) an inverse correlation between pagsaumber and chondrogenic

differentiation capacity of MSCs is present. Basedthese observations and
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considering the attractive role that MSCs couldypla strategies of cartilage
tissue engineering, our data suggest that boneomanells are to be considered

as the preferred MSC source to be employed follagetrepair.

Ackowledgements

supported by grants from the European Communityé (PRogram, Allostem)

and CNR (Consiglio Nazionale delle Ricerche) to.ftesearch grant 03-3014
from the Dutch Cancer Society, the Netherlands, oEard Nederland

Foundation and the Netherlands Organization foer8ific Research (920-03-
358).

61



References

1.

2.

10.

11.

12.

13.

14,

62

Heng BC, Cao T, Lee EH. Directing stem celffeatiéntiation into the
chondrogenic lineage in vitro. Stem Cells 2004;232:1167.

Jorgensen C, Gordeladze J, Noel D. Tissue eegig through
autologous mesenchymal stem cells. Curr Opin Biwtet2004;15:406-
410.

Murphy JM, Dixon K, Beck S, Fabian D, FeldmanBarry F. Reduced
chondrogenic and adipogenic activity of mesenchystaim cells from
patients with advanced osteiarthritis. ArthritisdRim 2002;46:704-713.
Alsalameh S, Amin R, Gemba T, Lotz M. Identfion of mesenchymal
progenitor cells in normal and osteoarthritic hunaaticular cartilage.
Arthritis Rheum 2004;50:1522-1532.

Tallheden T, Dennis JE, Lennon DP, SjogrenstansE, Caplan Al,
Lindahl A. Phenotypic plasticity of human articutdrondrocytes. J Bone
Joint Surg Am 2003;85-A Suppl 2:93-100.

van der Kraan PM, Buma P, van Kuppevelt T, d&m Berg WB.
Interaction of chondrocytes, extracellular matrindagrowth factors:
relevance for articular cartilage tissue enginegrirOsteoarthritis
Cartilage 2002;10:631-637.

Risbud MV, Sittinger M. Tissue engineering: adees in in vitro
cartilage generation. Trends Biotechnol 2002;20:35@.

Caplan Al. The mesengenic process. Clin Plasi $994;21:429-435.
Pittenger MF, Mackay AM, Beck SC, Jaiswal RKguglas R, Mosca JD.
Multilineage potential of adult human mesenchyntahscells. Science
1999;284:143-147.

Deans RJ, Moseley AB. Mesenchymal stem ckitdogy and potential
clinical uses. Exp Hematol 2000;28:875-884.

Friedenstein A. Stromal mechanisms of boneramarcloningin vitro
and retransplantatioim vivo. In: Thienfelder S, Rodt H, Kolb HJ, eds.
Immunology of Bone Marrow Transplantation. BerlBpringer-Verlag;
1980:19-20.

Campagnoli C, Roberts IA, Kumar S, Bennet BBlJantuono I, Fisk
NM. Identification of mesenchymal stem/progenitefi€in human first-
trimester fetal blood, liver, and bone marrow. BI&901;98:2396-2402.
in 't Anker PS, Noort WA, Scherjon SA, Kleifgevan der Keur C,
Kruisselbrink AB, van Bezooijen RL. Mesenchymalnsteells in human
second-trimester bone marrow, liver, lung, and eplexhibit a similar
immunophenotype but a heterogeneous multilineagéerentiation
potential. Haematologica 2003;88:845-852.

in 't Anker PS, Scherjon SA, Kleijburg-van #erur C, de Groot-Swings
GM, Claas FH, Fibbe WE. Isolation of mesenchymairstells of fetal or
maternal origin from human placenta. Stem CellsA2221338-1345.



15.

16.

17.

18.

19.

20.

21.

22.

23.

Horwitz EM, Prockop DJ, Fitzpatrick LA, Koo WM&ordon PL, Neel M.
Transplantability and therapeutic effects of bonearnow-derived
mesenchymal cells in children with osteogenesisenfggta. Nat Med
1999;5:309-313.

Horwitz EM, Gordon PL, Koo WK, Marx JC, NeelDM McNall RY.
Isolated allogeneic bone marrow derived mesenchgiteah cells engraft
and stimulate growth in children with osteogenesmperfecta:
implications for cell therapy of bone. PNAS 2009; 8932-8937.

Le Blanc K, Gotherstrom C, Ringden O, Hassan NigMahon R,
Horwitz E. Fetal mesenchymal stem-cell engraftmeanbone after in
utero transplantation in a patient with severe aggtaesis imperfecta.
Transplantation 2005; 79:1607-1614.

Fibbe WE, Noort WA. Mesenchymal stem cells hathatopoietic stem
cell transplantation. Ann N Y Acad Sci 2003;996:238!.

Barry FP, Murphy JM. Mesenchymal stem celisical applications and
biological characterization. Int J Bioch & Cell B2004; 36: 568-584.
Yoo JU, Barthel TS, Nishimura K, Solchaga lapan Al, Goldberg VM.
The chondrogenic potential of human bone-marrovivddr
mesenchymal progenitor cells. J Bone Joint Surg ¥988; 80: 1745-
1757.

Indrawattana N, Chen G, Tadokoro M, ShannQhigushi H, Tateishi T.
Growth factor combination for chondrogenic induotiéfom human
mesenchymal stem cell. Biochem Biophys Res Comn@#:320:914-
919.

Sekiya |, Colter DC, Prockop DJ. BMP-6 enhancleondrogenesis in a
subpopulation of human marrow stromal cells. BioshBiophys Res
Commun 2001;284:411-418.

Im G-I, Shin Y-W, Lee K-B. Do adipose tissusritled mesenchymal
stem cells have the same osteogenic and chondoogeteéntial as bone
marrow-derived cells? Osteoarthritis Cartilage 2B 10): 845-853.

63






CHAPTER 3

Optimization of in vitro expansion of human multipotent
mesenchymal stromal cells for cell-therapy approadts:
further insights in the search for a fetal calf seam

substitute

Bernardo ME, Avanzini MA, Perotti C, Cometa AM, Mtta A, Lenta E, Del
Fante C, Novara F, de Silvestri A, Zuffardi O, Mago R, Locatelli F
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Summary

There is great interest in mesenchymal stromabk ¢@ISCs) for cell-therapy
and tissue engineering approaches. MSCs are dyrexqtandedn vitro in the
presence of fetal calf serum (FCS); however, F@&®saconcerns when used in
clinical grade preparations. The aim of this stwdys to evaluate whether
MSCs expanded in medium supplemented with platgdate (PL), already
shown to promote MSC growth, are endowed with lgjcial properties
appropriate for cell-therapy approaches. We confiraviously published data
showing that MSCs expanded in FCS/PL display coaigar morphology,
phenotype and differentiation capacity, while PL-G&Swere superior in terms
of clonogenic efficiency and proliferative capacitye further extended these
data by investigating the immune-regulatory efffdSCs on the alloantigen-
specific immune response in mixed lymphocyte celtfMLC). We found that
MSCs-PL are comparable to MSCs-FCS in their capattt i) decrease

alloantigen-induced cytotoxic activity; ii) favoifitrentiation of CD4 T-cell

subsets expressing a Treg phenotype; iii) increasky secretion of IL-10 in
MLC supernatant, as well as induce a striking augat®n of IL-6 production.
As compared with MSCs-PL, MSCs-FCS were more efficin suppressing
alloantigen-induced lymphocyte subset proliferatiomd reducing early IFN
secretion. Resistance to spontaneous transformatitm tumor cells of
expanded MSCs was demonstrated by molecular kariygfyand maintenance
of normal morphology/phenotype after prolongedvitro culture. Our data
support the proposed immunological functional ptitgtof MSCs and suggest
that MSCs-PL can be used as an alternative to MSLES-although these latter
cells might be more suitable for preventing/tregtialloreactivity-related

immune complications.
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Introduction

Mesenchymal stromal cells (MSCs) are multipoteogpnitors with the ability
to differentiate along multiple cell lineages, su#shosteoblasts, adipocytes and
chondrocytes® Bone marrow (BM) is the most common source of MSCs
however, MSCs have been isolated from various ottmurces, namely
placenta, amniotic fluid, cord blood, adipose tissnd fetal lung** Today
MSCs are considered a useful tool for cell therapg tissue engineering
approache$*in fact, these cells can be relatively easilyasef, mainly from
BM, and display a remarkable capacity for extengivétro expansion. Indeed,
MSCs have been already employed in clinical trial&t number of contexts,
such as the facilitation of hematopoietic and imeumeconstitution after
hematopoietic stem cell transplantation (HS&T§ prevention and treatment of
acute and chronic graft versus host disease (GvEDB)treatment of children

18-203nd metabolic disordefsas well as for

with Osteogenesis Imperfed@.l.)
regeneration of bone and cartilage in degeneratiig®rders using tissue
engineering techniqué§?*?3

MSCs are currently expanded vitro, either under experimental or clinical
grade conditions, in the presence of 10-20% fealfl serum (FCS), which is
considered crucial for thex-vivoexpansion of MSC&.?> FCS characteristics
are routinely pre-screened to guarantee both ttienapgrowth of MSCs and
the bio-safety of the cellular product. Despitestiihe use of FCS raises some
concerns when utilized in clinical grade cellularegarations, since the
administration of animal products to humans midintotetically cause the
transmission of prions andgtill unidentified zoonoses. Moreover, bovine
proteins or peptides might be incorporated by MS@sing culture
procedure€?’ and cause immune reactions in the host, espedfalpeated
infusions are needed, with consequent rejectiahetransplanted celt8 As a
results, several countries have legislated warniagd restrictions on the

clinical use of cell therapy products preparechim presence of FCS. In view of
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these considerations, the identification of a sefte® medium appropriate for
both the extensive expansion necessary to reachatbe numbers of MSCs
required for clinical application, and the exclusiof risks connected with the
use of animal products, is warranted.

Recently, platelet-derived products have gainediaadl interest due to their
efficacy in enhancing bone regeneration and sefiué healing®* Platelet-
lysate (PL) is a concentration of human platelawgh factors in a small
volume of plasma, obtained by lysing the plateladibs through temperature-
shock; therefore, PL contains all the fundamentaiwth factors that are
secreted by platelets to initiate wound healingluding platelet-derived growth
factors (PDGFs), basic fibroblast growth factorH®BF), vascular endothelial
growth factor (VEGF), insulin-like growth factor{1GF-1) and transforming
growth factorp (TGF).%%3!

As Doucet et af* have recently demonstrated, PL is a powerful stuibstfor
FCS in MSC expansion, thus we carried out a studyea at evaluating
whether human MSCs expandéd vitro in PL-supplemented medium are
endowed with biological properties appropriate fioeir use in cell therapy
approaches. In particular, we focused on the imgeasdbn of the immune
regulatory effect of MSCs on alloantigen-speciiamune response and the
evaluation of MSC resistance to spontaneous tramsftion into tumor cells, a

potential risk related to expansion procedures.

Materials and methods

Bone marrow donors

Bone marrow aspirates were harvested from eighthyehematopoietic stem
cell donors (median age 13.5 years), after obtgimritten informed consent.
Thirty ml of bone marrow (BM) from each donor weassigned to MSC
generation; heparin was added as anticoagulantinBtieutional Review Board

of Pediatric Hematology-Oncology approved the desifgthis study.
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PL preparation

Apheresis procedures were performed at the TraosfuService of our
Hospital, collecting platelets (PLTs) from ten Hhbwl volunteers, using the
Trima Cobe (Lakewood, Co, USA) cell separator devié/ritten informed
consent was always obtained. All apheresis procwitained 5x189 PLTs and
were qualified according to ltalian legislation. nradiately after collection,
PLT apheresis products were frozen at -80°C andexptently thawed at 37°C
to obtain the release of PLT-derived growth factéteparin (5000 Ul) was
added to PLT bags to avoid gel formation. Apheresise centrifuged at 900 g
for 30 minutes, three times to eliminate platetedibs. Finally, PL preparations
obtained through this procedure were pooled imglsiculture supplement to
be used for the generation and expansion of MS&s &l BM donors enrolled

in the study.

Isolation and culture of BM-derived MSCs

Mononuclear cells were isolated from BM aspirats fl) by density gradient
centrifugation (Ficoll 1.077 g/ml; Lymphoprep, Nyned Pharma, Oslo,
Norway) and plated in non-coated 75-1757cpolystyrene culture flasks
(Corning Costar, Celbio, Milan, Italy) at a density 160,000/cm2. Four
different culture conditions, based on the basaliom (Mesencult, StemCell
Technologies, Vancouver, Canada) supplemented 2witM L-glutamine and
50 pg/ml gentamycin (Gibco-BRL, Life TechnologidBaisely, UK) were
tested: 1) 10 % FCS (Mesenchymal Stem Cell StinomatSupplements,
StemCell Technologies); 1) 5% PL; 1ll) 2,5% PL;)\M% PL. Cultures were
maintained at 37°C in a humidified atmosphere doimg 5% CQ. After 48
hour adhesion, non-adherent cells were discarded caiture medium was
replaced twice a week. MSCs grown under the foffiergint culture conditions,
were harvested after reaching0% confluence, using Trypsin (Sigma-Aldrich,

Milano, Italy), and re-plated for expansion at 4Q@lls/ cm2 until passage (P)
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5. MSCs from four donors were cultured until P10eTsame approach was
employed for eight different BM donors from whom ®&$Swere generated and
cultured in parallel under the four conditions nheméd.

The colony-forming unit-fibroblast assay (CFU-F)sygerformed as described
previously*>** CFU-F formation was examined under the four celtur
conditions after incubation for 12 days in a hufiedi atmosphere (37°C, 5%
C0O,); the clonogenic efficiency was calculated as nbenber of colonies per
10° BM mononuclear cells seeded. According to therireonal Society for
Cellular Therapy on the nomenclature of mesenchypnadjenitors, the cells

cultured for this study were defined as multipognomal cells?

MSC Multilineage differentiation potential

The adipogenic and osteogenic differentiation ciépaof MSCs was
determined at P2-3 for all BM donors as previowkdgcribed (in't Anker et al,
2003), utilizing the respective supplement (10% F&% PL, 2.5% PL, 1% PL)
for each culture condition. To detect the osteagelifferentiation, cells were
stained for alkaline phosphatase (AP) activity gdtast Blue (Sigma-Aldrich)
and for calcium deposition with Alzarin Red (Sigwmrich). Adipogenic
differentiation was evaluated through the morphiglalg appearance of fat
droplets with Oil Red O (Sigma-Aldrich).

Flow cytometry

FITC, PE, PerCP, or PerCPCy5.5 monoclonal antisofi#®oAb) specific for
the following antigens were employed: 1) CD45, CPC&34, CD13, CD80,
CD31, HLA A-B-C, HLA-DR, CD90, CD73, CD62L, CD11&D11c, CD18,
CD49d, anti-human integri7 (BD PharMingen, San Diego, CA, USA),
CD105, CD166, CD44, CD29 (Serotec, Kidlington, OxfoUK) for the
assessment of MSC surface phenotype; 2) CD3, CIpB, @D56, CD25,

CD152 (CTLA4), CD27 (BD PharMingen), Foxp3 (eBiasuie, San Diego,
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CA, USA), for evaluation of lymphocyte subsets. Agmiate isotype-matched
controls (BD Bioscience, eBioscience) were includattacellular staining for
CD152 (CTLA4) and Foxp3 was performed following theanufacturer’s
instructions. In brief, cells were stained with Mmto surface antigens (CD4
and CD25), washed, fixed, permeabilized and stafoeéhtracellular antigens
with specific anti-CD152 or anti-Foxp3 MoAb. Twoloo or three-color direct
immune fluorescence cytometry, with FACScaliburwflacytometer (BD

Biosciences), was performed according to a prelyaiesscribed methot.

Mixed lymphocyte cultures (MLCs) and cytotoxicitysay

Peripheral blood mononuclear cells (PBMCs) wereaioled by Ficoll-Hypaque
density gradient from healthy volunteer's hepagdizPB samples and
employed on the same day of collection. Primary ML®ere performed
according to previously described methdd®; the only difference with
previously employed methodological approaches s use of 10% FCS
supplemented RPMI 1640, instead of RPMI 1640 supefged with 5%
pooled human serum in order to avoid any interfegenith human cytokines
measurement. Briefly, non-irradiated “third-party!SCs, allogeneic to both
responder (R) and stimulator (S) PBMCs, were adgddtie R to MSC ratio of
10:1. The immune regulatory effect of MSCs cultunsith either 5% PL
(MLC+MSC-PL) or 10% FCS (MLC+MSC-FCS) was comparading MLC
performed in the absence of MSC as a control KLE). T and NK-
lymphocyte subset expansion was evaluated by auun@D3CD4" or
CD3'CD8" T-cells and CD¥D56" NK-cells per ml of culture, recovered
after 10-days MLC and comparing those with thédhitumber of cells (day 0).
Differentiation of regulatory T cells (Treg) wasatwated by the detection of the
percentage of COED25 and CD4CD25""™ T lymphocytes, together with
the expression of CD152, CD27 and Foxp3 on CD4+GOgZmphocytes.
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Alloantigen-induced cell-mediated cytotoxic acywitas tested in a 5-hoiCr-
release assay as previously descriBéliResults are expressed as % of specific
lysis of target cells>’Cr-labeled target cells included PHA-activated SvREB
(S-PHA) and the same lots of MSC-PL or MSC-FCS dddeMLCs. The only
difference with previously employed methodologiagproached was that

adherent MSC3'Cr-labeled over-night were the target for the aytatity assay.

Measurement of growth factors and cytokines by BLIS

The concentration of PDGF-AB, TG, b-FGF, IGF-1, VEGF in PL and FCS
was evaluated using commercially available ELISAs k{R&D Systems,
Minneapolis, MN, USA), following the manufacturermstructions. The
concentration of IFNf, IL10, IL6, IL12, IL7, IL2, IL15 and TG in supernatant
of MLC after 12, 24, and 48 hours, was quantifigdghISA using monoclonal
antibody pairs (Pierce Endogen, Rockford, IL, USBjiefly, plates (Corning
Costar) were coated with purified antibodies at dbpropriate concentrations.
Standard curves were prepared with recombinant hueyokine (Pierce
Endogen). Biotin-labelled antibodies (Pierce Enaggeere added and HRP-
conjugated streptavidine (Pierce Endogen) was tsedkvelop the reactions.
Plates were read at 450 nm (Titertek Plus MS 212M).

Molecular karyotyping

Molecular karyotyping was performed through arraymparative genomic
hybridization (array-CGH) with the Agilent kit (Huan Genome CGH
Microarray, Agilent Technologies, Santa Clara, @A) on MSCs cultured
either in 10% FCS or 5% PL. Cultures from four BMndrs at different
passages (from P2 to P7) were analyzed. The ai@y-flatform is a 60-mer
oligonucleotide-based microarray that allows a gesmevide survey and
molecular profiling of genomic aberrations with eselution of ~35 kb (kit

44B). DNA was extracted with GenElute blood genorNA kit (Sigma-
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Aldrich) according to the manufacturer’s protodaNA (7ug) from MSCs and
controls of the same sex (control DNA, Promega, istad WI, USA) were
double-digested with RSAI and Alul (Promega) foh@urs at 37 °C. After
column purification, 2ug of each digested sample were labeled by random
priming (Invitrogen, Carlsbad, CA, USA) for two hguusing Cy5-dCTP
(Amersham, GE Healthcare, UKjor the MSCs DNA and Cy3-dCTP
(Amersham) for the control DNA. Labeled productsreveolumn purified
(CyScribe GFX Purification Kit, Amersham). Aftergiire denaturation and pre-
annealing with 5Qug of Cot-1 DNA (Invitrogen), hybridization was perfed
at 65 °C with shaking for 40 hours. After two washisteps, the array was
analyzed through the Agilent scanner and the Feakxtraction software
(v8.1). Graphical overview was obtained using th@HCanalytics software
(v3.2.32).

Statistical analysis

CFU-F numbers and cumulative cell counts obtainedeu the four different
culture conditions were compared through analyksissdance followed byost
hoc comparisons between each possible pair conditid(FCS, 5% PL, 2.5%
PL, 1% PL) applying the Bonferroni correction fowltiple tests. The non
parametric Kruskall-Wallis test was performed fdre tcomparison of the
expansion time from PO to PPppst hoccomparisons between each possible
condition pair applying the Bonferroni correctioor fmultiple tests were

performed.

Results

MSC CFU-F frequency and proliferative capacity

In order to compare the effect of FCS with thatle¢reasing PL concentrations
on the proliferative capacity of MSCs, BM-derivecbmonuclear cells from

eight different donors were plated in parallel arés utilizing the four different
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culture conditions (I, I, Ill, 1V, see “Materialand Methods” section). BM
samples were assayed for CFU-F frequency afteray2-dulture and the results
were as follows: condition | (10% FCS) showed a mealue of 15.75 + 2.06
CFU-Fs per 1D mononuclear cells plated, whereas the mean valUdSC
cultured in medium Il (5% PL), Il (2.5% PL) and X% PL) was 28.50 + 3.61
(P<0.00001), 17.33 + 6.21 (P=0.5), 2.25 * 1.22 (Pe001l) CFU-Fs,
respectively. As compared to MSCs cultured in thesence of 10% FCS, the
calculated cumulative cell counts (Figure 1) weignificantly higher when
MSCs were cultured in the presence of 5% PL (P<D0J comparable in the
presence of 2.5% PL (P=0.13) and significantly lowbhen MSCs were grown
in the presence of 1% PL (P<0.00001). Indeed, a clese-dependent effect of
PL on the proliferative capacity of MSC was preseanall cultures; this effect
was also noted in the capacity to form CFU-F ingihesence of 5% PL, as this
condition yielded the highest frequency of unitgttivere also the largest in size
(data not shown). Moreover, the median time to he@@% confluence was
shorter for all passages from 1 to 5 in the presei&% PL (5.5 days) than for
all other culture conditions. In fact, the requir@édian time to approach 80%
confluence was 7.5, 8, and 10 days for conditiorf215% PL), |1 (10% FCS),
and IV (1% PL) respectively. In particular, whedtored in the presence of 5%
PL, MSC reached P5 in 39.5 + 1.2 days (P<0.00008kgreas it took 50 + 2.5
and 66.5 = 2.3 days for conditions Il (P=0.23) aid (P<0.00001)
respectively. The time needed for MSCs to reacinRBe presence of FCS was
51.7 + 2.9 days. Therefore, condition Il was assed with an advantage in
terms of time, approximately 10 days for a compleyele of expansion,
yielding a number of cells that was more than lakdgm superior when
compared to condition I. Condition Il was the ordpe employed in the
comparison with FCS in the analysis of immune raguly effect and molecular

karyotyping (see below).
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Figure 1. Calculated cumulative cell counts of MSQ#&ured from passage (P) 0 to 5,
in the presence of 10 % FCS; 5 % PL; 2,5 % PL; 1%HMesults are expressed as the
mean calculated from data obtained from eight Biviats.

MSC Morphology, surface phenotype and differerdiatiapacity
MSCs isolated in the presence of either FCS or ohethe three PL
concentrations displayed the characteristic MS€-Bpindle-shape; however,
subtle differences in morphology were observed feg2A). In fact, MSCs
cultured in PL-containing media (condition Il, #nd 1IV) showed a thinner
shape compared to the thicker MSCs expanded inptesence of FCS;
moreover, PL-MSC frequently tended to grow in @dustrather than a uniform
distribution in the flask. MSCs cultured in the geace of each concentration of
PL required only 2-3 minutes incubation with trypsit room temperature to
obtain their complete detachment from the plastleereas 5-8 minutes at 37°C
were necessary to harvest MSCs supplemented with AOS. In this regard,
the expression of surface adhesion molecules aedrins (CD166, CD62L,
CD44, CD49d, CD29, CD11a, CD18, CD11c, anti-humategrin B7) was
comparable on MSCs expanded both in FCS and 5%i&hk 6ot shown).
The surface phenotype of MSCs cultured under the flifferent conditions
was analyzed by flow cytometry at P1, P3 and P& ptienotypes were similar
and in agreement with previous repdis? (data not shown). In particular, by
the third passage, contamination with hematopoiettls was no longer
detectable for all four culture conditions and ¢geeghan 98% of cells expressed
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the MSC-typical surface marker pattern. In det™iSCs were positive for
CD90, CD73, CD105 and CD13 surface antigens anditivegfor CD34,
CD45, CD14, CD80, CD31 molecules. The expressiodlok-DR was always
below 2% under all culture conditions, whereas Htlass | was uniformly
present on MSCs (>98% of positive cells).

MSCs expanded under the four culture conditionsvimiluced into osteoblasts
and adipocytes and examined for their differerdiattapacity by histological
staining. Results demonstrated that MSCs cultuneahédium I, II, Il and IV
were all comparably able to differentiate into ostasts (Figure 2B) and
adipocytes (Figure 2C). In accordance with previougported datd, no
macroscopic differences were detected in the cgptciform both osteoblasts
and adipocytes under the four culture conditiomghe eight donors studied.
MSC cultures expanded from four donors, in the gmes of either FCS or 5%
PL, were prolonged until P10 without observing aaleration in their

morphology and surface phenotype.

MSCs-FCS MSCs-PL

Figure 2. MSC morphology and differentiation capach) Representative photographs
of MSCs expanded in the presence of 10% FCS (MSTS)}and 5% PL (MSCs-PL)
from donor 5 are presented. The morphology of M&gsanded in the presence of
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2.5% and 1% PL was similar to cells cultured wit%h L. MSCs-PL display the
characteristic spindle-shaped morphology, howee#s tend to be thinner compared to
MSCs-FCS and to grow in clusters. Magnification xB) Osteogenic differention
capacity of MSCs-FCS and MSCs-PL (+5% PL). Theedéhtiation into osteoblasts is
demonstrated by the histological detection of ARvag (purple reaction) and calcium
deposition stained with Alzarin Red staining. Shoane representative photographs
from donor 2. Magnification x 20. C) Adipogenic feifentiaton capacity of MSCs-FCS
and MSCs-PL. The differentiation into adipocytesasgealed by the formation of lipid
droplets (stained with Oil Red O staining). Shaava representative photos from donor
2. Magnification x 20. For B) and C) results for @S expanded in 2.5% and 1% PL
were comparable.

Ex-vivo expanded MSC immune regulatory effect

As mentioned above, for this set of experimentsCsISultured in the presence
of FCS (MSCs-FCS) were compared with MSCs exparete presence of
5% PL (MSCs-PL).

The immune regulatory capacity ek-vivoexpanded MSCs was evaluated by
assessing th@ vitro interaction between MSCs and the alloantigen-§ipeci
immune response elicited in primary MLC in two ipdadent experiments. In
agreement with several previously reported studies, observed that the
addition of both MSCs-FCS and MSCs-PL were abléntobit alloantigen-
induced lymphocyte proliferation, even though M3&ZS apparently
displayed a stronger inhibitory effect than MSCs{Pigure 3A).

The stronger inhibitory effect of MSCs-FCS, as camapd to MSCs-PL, was
evident on total CD3cells (Figure 3B), on CD4Figure 3C) and CD8(Figure
3D) T lymphocytes, as well as on CI¥ED56 NK cells (Figure 3E). In
particular, the inhibitory effect of MSCs-PL on CD4T lymphocyte

proliferation was almost negligible in both expegints.
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initial number (white columns), was assessed aft@rdays primary culture (gray
columns). MLC was performed in the absence (Ctri@ilor presence of third-party
MSCs cultured in 10% FCS (MLC+MSCs-FCS) or 5% PLL@BAMSCs-PL). The
MSCs were added at a R-PBMC/MSC ratio of 10:1;ltesare expressed as number of
cells/ml of culture. Two independent experimentsp(E, Exp 2) are presented.

The percentage of CD@D25 T cells considerably increased after 10-days
primary ctrl-MLC in both experiments, as comparedday O (Figure 4A); a
comparable increase was observed in MLC supplemierita either MSC-FCS
or MSC-PL in experiment 1, while a higher perceatad this cell subset was
observed after addition of MSC-PL, as comparedneMlC, in experiment 2.

In an attempt to discriminate CD@D25 Tregs from conventional early
activated CDACD25 T lymphocytes, expression of the level of CD25
(CD4'CD25™"™ T cells, Figure 4B), as well as CD27, CTLA4 andxP3
molecules (Figure 4C) was evaluated within the GIRR5 T cell subset. We
found a higher percentage of CI25""™ and an augmented percentage of
FoxP3+ cells in the presence of either MSCs-FCBISCs-PL as compared to
ctrl-MLC, while CTLA4 and CD27 were variably expsesl in the two

experiments.
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Figure 4. Effect of MSCs on differentiation of CIZD25" T-lymphocyte subsets
induced by allogeneic stimulus. Percentages of 25" cells (A) and CD259" (on
gated CDA4+ cells) (B) were calculated on effectarsovered after 10 days (gray
columns) and compared to the initial cell countifev columns). Percentages of
CTLA4", CD27 and Foxp3 cells (C) were calculated on gated CDB®25" cells.
MLC was performed in the absence (Ctrl-MLC) or pres of third-party MSCs
cultured in 10% FCS (MLC+MSCs-FCS) or 5% PL (MLC+@SPL). The MSCs were
added at a R-PBMC/MSC ratio of 10:1; results angressed as percentage of positive
cells. Two independent experiments (Exp 1, Expr@)mesented.

Evaluation of the cytokine production kinetics, downted that: i) MSCs-FCS
are able to inhibit, while MSCs-PL increase eafj\y secretion in primary
MLC,; ii) both types of MSCs increase early secretd IL-10 in primary MLC;
iif) a remarkably high production of IL-6 can beselved in MLC grown in the
presence of both MSCs-FCS and MSCs-PL, as compaithdctrl-MLC or
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MSCs alone (see Table 1). IL-12, IL-7, IL-2 and1lb-were undetectable in all
culture conditions, while results of TGRKecretion were considered unreliable,
due to the high concentration of this cytokineha ECS supplemented medium
employed for MLC experiments.

Table 1. Kinetics of cytokine secretion in cultgigernatants

Expl Exp2
12h 24h 48h 12h 24h 48h
ctrl-MLC 14 43 506 <0.21| <0.21 12
IFNy | MLC+MSCs- 9 32 172 <0.21 | <0.21 2
FCS
MLC+MSCs-PL| 14 43 514 <0.21| 18 78
Ctrl-MLC 251 303 174 5 39 29
IL-10 | MLC+MSCs- 296 416 404 22 192 170
FCS
MLC+MSCs-PL| 338 391 417 13 237 222
Ctrl-MLC 3174 2870 1475 <1.9 624 <1.9
IL-6 MLC+MSCs- 53000 | 75000 | 64000 2093 1590 64400
FCS
MLC+MSCs-PL| 49000 | 55000| 77415 1107 12600 27370

Concentration of IFNs IL-10, IL-6 and TGPB was quantified in MLC-supernatants
collected after 12, 24, 48 hours culture in theeabe (ctrl-MLC) or the presence of
MSCs-FCS or MSCs-PL. IFN IL-10 and IL-6 were undetectable in the supematd
MSCs simultaneously cultured in the absence of PBMR&sults are reported as pg/ml.
Two independent experiments (Exp 1, Exp 2) aregntesl.

In order to assess the effect of MSCs on alloantigpecific cytotoxic
lymphocytes, effector cells recovered from MLC warsted for their cytotoxic
capacity towards allogeneic target cells (S-PHAstsla that were stimulator
cells in MLC. Results shown in Figure 5A demonstiiitat both MSC-FCS and
MSC-PL are endowed with the capacity to inhibitoalitigen-induced cell-
mediated cytotoxicity. Alloantigen-induced cytotoxtapacity was also tested
towards the same lot of “third-party” MSC-FCS or @¥L, added to MLC at
day 0. This part of the experiments was plannethvtestigate the ability of
lymphocytes activated by alloantigens, in the preseor absence of “third-
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party” MSCs, to mediate cell lysis of MSCs themsslvResults demonstrate a

low level of MSCs lysis in both ctrl-MLC experimantthe presence of either

MSC-FCS or MSC-PL only marginally affected this ¢ypf cytotoxic activity

(Figures 5B and 5C).
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Figure 5. Effect of third-party MSCs on cell-medidtcytotoxic activity induced by
allogeneic stimulus>'Cr-labeled target cells included S-PHA (A) and saene lots of

MSCs-FCS (B) or MSCs-PL (C) added to MLCs. Effedtmtarget (E:T) ratios ranged
between 20:1 to 0.15:1. Results are expressed age¥fic lysis of target cells. Two
independent experiments (Exp 1, Exp 2) are predente
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Molecular karyotyping

Also for this set of experiments, MSCs-FCS and M®&Cswere chosen and
tested for their genomic situation; in particulaurf of the eight BM donors
were studied at baseline (BM mononuclear cells) aindifferent passages in
culture by means of array-CGH. In order to avoitbdapositive results, we
performed the array-CGH on BM mononuclear cellsiregacontrol DNA and
by mixing MSCs-PL with MSCs-FCS. In the latter cadeplications/deletions
that could be found in MSC-FCS or MSC-PL againstta DNA but not in
MSC-FCS against MSC-PL could be safely consider@dynporphisms,
whereas duplications present in MSC-FCS againsttraonDNA that
corresponded to deletions in MSC-PL against MSC-FESiceversa were
considered indicative of a true imbalance.

The results of array-CGH demonstrated that MSCsuestedin vitro, both in
the presence of PL and FCS, do not show imbaland@@dmosomal
rearrangements; indeed we could not detect anwtidel or duplication of
material in the samples studied even at a subnuopis level. However, array-
CGH is not able to unravel balanced chromosomataegements; this has to

be properly excluded by an assessment with clagtigenetics.
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Figure 6. Representative array-CGH profiles of oamsome 1 of the same MSCs
donor. A) MSCs cultured in the presence of 5% PIP&f B) MSCs cultured in the

presence of 10% FCS at P7; C) The two experimaetsi@perimposed: blue and red
lines apply to MSCs cultured in 5% PL and in 10% SF@spectively; D,E,F)

Enlargements of the regions indicated by the blaeefs in every experiment shown
above. The array-CGH profiles of MSCs cultured% BL and 10% FCS are linear and
perfectly overlapped. This demonstrates timawitro expanded MSCs do not show
unbalanced chromosomal rearrangements.
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Discussion

Many insights in the MSC biology, as well as ofithenmune regulatory
properties and regenerative potential, have beémirgu in the last few years
and these have provided the support for consideM®Cs today as an
attractive and powerful tool for cell therapy-basapproache$® FCS is
currently utilized to supplement culture medium pnotocols designed to
generate and expaiil vitro MSCs to be employed for clinical uSeHowever,
for cell therapy-based approaches, MSCs should ¥pangled according to
Good Manufacturing Practice (GMP) procedures tlegfuire very stringent
quality criteria for sterility and the utilizatioof specific reagents, preferably
devoid of heterologous proteins (see European Cesiam-Health and
Consumer Protection Directorate-General. Techniaguirements for the
coding, processing, preservation, storage, andhiition of human tissues and
cells. Directive 2004/23/EC). Alternatives to theseuof FCS might be
autologous serum

PL preparations have already been demonstratee ta powerful source of
growth factors, useful in the treatment of a varief soft and hard-tissue
surgical conditions and in the management of naihg wounds?®* The
utilization of PL as a culture supplement for MSkpansion in cell therapy-
based protocols has been recently suggested asnisprg alternative to FC3.
In this study, we have tested three different cotre¢ions of PL, and compared
them with FCS, foiin vitro expansion of human MSCs, in particular focusing
on the immune regulatory activity of the differetypes of MSC and the
maintenance of their karyotype stability at the ehthe expansion procedure.
Our data demonstrate that 5% PL is superior to E@% in terms of clonogenic
efficiency and proliferative capacity, thereforeoyiding more efficient
expansion, together with significant a time saviithen lower concentrations
of PL were employed, the clonogenic efficiency weither comparable (2.5%

PL) or inferior (1% PL) to that of MSCs cultured the presence of FCS.
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Altogether these data suggest that PL prepara¢inert a dose-dependent effect
on MSC expansion. The expansion promoting effedikedy due to the high
concentration of natural growth factors containedPL. Indeed, we have
measured the concentrations of PDGF-AB, TRFb-FGF, IGF-1 and VEGF
in the pooled PL and all values resulted remarkablyperior to the
concentrations of the same growth factors presewur lot of FCS (data not
shown).

Our findings are in keeping with those published Bpucet et af*
demonstrating that growth factors contained in P& @ble to promote MSC
expansion in a dose-dependent manner. However, e wbibucet and
colleague¥ showed that 5% PL was able to increase the sigFbf-F but not
their number; we found that the clonogenic efficienf MSCs generated in the
presence of 5% PL was significantly superior (PQ00L) as compared to 10%
FCS. This discrepancy might be explained by difiees in the MSC isolation
procedure (spongious bone fragment supernatant/agpirates as a starting
material, plating concentrations) or in the assesgriime of CFU-F (10 vs 12
days).

Moreover, in contrast with the observations of Detust al*, we noted a subtly
different morphology in our MSCs cultured in theegence of each
concentration of PL, as compared to cells growd0f6 FCS. In fact, MSCs
expanded in PL, although maintaining a spindle-shagsulted finer/thinner in
width and tended to grow in clusters in the flad#sreover, MSCs cultured in
PL behaved differently from those grown in 10% F@Sthe trypsinization
phase, requiring a very short time for detachmesrnfthe plastic. In a recent
study from Shahdadfar et ¥.in which autologous serum (AS) was compared
to FCS for efficiency in supporting the expansioh MSCs, a similar
phenomenon was described, the use of AS providiveryarapid detachment of
MSCs from the flasks. In agreement with their resswdlso in our experiments,

the expression of some adhesion molecules andrinsegpsted on the surface
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of MSCs expanded both in 10% FCS and 5% PL coutdanoount for this
different behavior.

As compared to MSCs-FSC, the different concentnatiof PL altered neither
the purity nor the phenotype of the expanded MS@kthe expression of the
typical MSC markers was maintained unmodified uR#8lin all donors tested.
In keeping with Doucet et &, MSCs expanded in the presence of PL retained
their ability to differentiate into osteogenic anddipogenic lineages,
demonstrating that PL do not affect the multipoteofcthese cells.

Four MSC samples, expanded in the presence ofr &®8 or PL until P10 (in
a time-frame of around 14 weeks) demonstrated gressive decrease in the
expansion capacity together with the maintenanceheir original surface
phenotype and spindle shape morphology. Thesesdaigest that BM-derived
MSCs do not display an aptitude for spontaneousstoeamation, in contrast to
what has been recently described by Rubio & fr MSCs derived from
adipose tissue.

The bio-safety of BM-derived MSCs was further comiéd by karyotype
analysis performed by means of array-CGH; in fdabe results of these
experiments demonstrated that MSCs expamuettro both in the presence of
PL and FCS are devoid of genomic imbalances. Rgcentay-CGH has been
introduced as a rapid and high-resolution methadtiie detection of both
benign and disease-causing genomic copy-numbeaticars>® This technique
has been successfully used for analysis of tummpkss and cells liné$*, and
more recently also used to test cultured embrystém cells. The relevant
interest emerging regarding the utilization of MS@<clinical approaches in
several fields in medicine, requires that theiykéype be tested after prolonged
in vitro culture in order to guarantee their bio-safety.fdit, detection of
cytogenetic aberrations arising during the expangieriod in cells would
obviously represent a strong and clear contraitidicafor their clinical use.

Presently, array-CGH, thanks to its high genomsokion, may be considered
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the method of choice to test the genetic situatibiMSCs expandeth vitro,
although balanced chromosome rearrangements showuttemporarily be
excluded by traditional cytogenetics.

Our study demonstrates that the immune regulatopesties of MSC-PL are
comparable to those of MSCs-FCS in terms of thepacity to decrease
alloantigen-induced cytotoxic activity, favor théferentiation of CD4 T cell
subsets expressing the Treg phendpecrease the early secretion of IL-10 in
MLC supernatant, as well as induce a striking augat®n of IL-6 production.
On the contrary, the suppressive effect on allgentinduced lymphocyte
subset proliferation and early Iffdecretion was more evident with MSCs-
FCS, as compared to MSCs-PL. Both MSCs-FCS and M&Care susceptible
to partial lysis by cytotoxic cells emerging from_E. Taking into account that
both alloantigen-specific cytotoxic T lymphocytesdaalloreactive NK or NK-
like cells are able to mediate alloantigen-induamsdl-mediated cytotoxic
activity®****> these results are in keeping with two recentlplighed studies
documenting thain vitro activated NK cells are able to lyse either autoley
or allogeneic human MSE".

The immune regulatory function of human MSC has nbextensively
investigated’. While there is general agreement on the fact ihatan MSCs
are able to impair alloantigen-induced lymphocyteliferatior®>>, conflicting
results on other immune properties of MSCs haven lreported and these
discrepancies might perhaps be explained by thetibiral plasticity of these
cells. For instance, several studies have demdedtrthat the immune
suppressive activity of MSCs is related to theipamaty to alter dendritic cell

A>49°05 while

function and to impair antigen-presenting cell (ARfaturatio
even more recent reports documented antigen-piageptoperties of these
cells>**3*Taking into account that IL-6 is a pro-inflammatarytokine involved

in the regulation of several immune functions idahg the enhancement of

APC function and cytotoxic lymphocyte activity our observation reported
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here on the production of large quantities of IlIrGVILC supernatants, related
to the presence of MSCs, should be in line with Hrgigen-presenting
properties of these cells. On the other hand,ensdime MLC we also observed
MSC capacity to decrease alloantigen-specific oyiotactivity.

Altogether, our data support the hypothesis of mar&able immunological
functional plasticity of human MSCs and suggest tha use of MSCs-PL,
which seem to be endowed with a relatively low imsuppressive activity,
could be more appropriate in reparative/regeneratéll-therapy approaches or
in strategies aimed at improving hematopoietic/immuecovery after HSCT.
On the contrary, as MSCs-FCS seem to display a mpayeounced immune
suppressive function, they might be more suitablegreventing or treating
alloreactive-related immune complications, suclsegre GvHD in HSCT and
graft rejection in HSCT and solid organ transpltiota

In view of our results, we propose that 5% PL maplace FCS in the
generation and expansion of MSCs in some cell-gyemotocols. Indeed, in
the clinical setting where at least 13MSC/Kg are required, the use of 5% PL
appears to provide very efficient expansion in raetframe of 2-3 weeks,
instead of 4-5 weeks necessary with current prégodo this regard, further
studies are necessary to precisely characterizgriveth factor composition of
PL, considering its variability from donor to dontw optimize the preparation

procedure for PL and the MSC expansion protocdi its supplement.
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CHAPTER 4

Human bone marrow-derived mesenchymal stem cells do
not undergo transformation after long-termin vitro culture

and do not exhibit telomere maintenance mechanisms

Bernardo ME, Zaffaroni N, Novara F, Cometa AM, Arzam MA, Moretta A,
Montagna D, Maccario R, Villa R, Daidone MG, Zuffa®, Locatelli F

Cancer Res2007:;67:9142-9149
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Summary

Significant improvement in the understanding of emehiymal stem cell (MSC)
biology has opened the way to their clinical usewever, concerns regarding
the possibility that MSCs undergo malignant transgttion have been raised.
We investigated the susceptibility to transformatmf human bone marrow
(BM)-derived MSCs at differentn vitro culture time points. MSCs were
isolated from BM of 10 healthy donors and propagjatevitro until reaching
either senescence or passage (P) 25. MSCs intkecance phase were closely
monitored for 8-12 weeks before interrupting theltwes. The genetic
characterization of MSCs was investigated througyacomparative genomic
hybridization (array-CGH), conventional karyotypingnd subtelomeric
fluorescent in situ hybridization (FISH) analysis both before and mafte
prolonged culture. MSCs were tested for the exprassf telomerase activity,
hTERT transcripts and alternative lengthening twfitere (ALT) mechanism at
different passages. A huge variability in termspobliferative capacity and
MSCs life-span was noted between dondrs eight of ten donors, MSCs
displayed a progressive decrease in proliferatieg@acity until reaching
senescence. In the remaining two MSC samples,uleres were interrupted at
P25 to pursue data analysis. Array-CGH and cytagenaaalyses demonstrated
that MSCs expandeth vitro did not document chromosomal abnormalities.
Telomerase activity and hTERT transcripts were exiressed in any of the
examined cultures and telomeres shortened durmguhiure period. ALT was
not evidenced in the MSCs tested. BM-derived MS@slme safely expanded
vitro and are not susceptible to malignant transformatious rendering these

cells suitable for cell-therapy approaches.
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Introduction

In recent years, a significant improvement in tinelarstanding of multipotent
mesenchymal stromal cell (MSC) biolddyas opened the way to the clinical
use of these adult stem cells. MSCs have been gapio several approaches
for reparative/regenerative cell therapy, as wall ia the perspective of
modulating immune response against alloantigens.

MSCs have the ability to differentiate into mulépllineages, such as
osteoblasts, tenocytes, adipocytes and chondrd¢tesyd may be identified
by both their capacity to adhere to plastic andr thieenotypic characterization
through a panel of cell surface molecules includiigf0, CD105 and CD13.
However, a unique and specific MSC marker, whichuldoallow their
exclusive identification, has not yet been found.

The large interest in MSC applicability for cliniapproaches relies on the ease
of their isolation from several human tissues sashbone marrow (BM),
adipose tissue, placenta and amniotic fiifd on their extensive capacity fior
vitro expansion and on their functional plasticity.

Concerns that adult human MSCs may be prone tognaait transformation
have been recently raised. In fact, human adipssed-derived MSCs have
been shown to undergo spontaneous transformati@n Eing-termin vitro
culture® The same phenomenon was also noted in murine BMedeMSC$',
which, after numerous passages in culture, incleéslemerase activity and
proceeded to malignant transformation. A previogslplished study has also
documented that murine gastric epithelial cancegirates from BM-derived
cells, presumably MSCs, after recruitment of thesls to the chronically
injured mucosal site.

The use of MSCs for clinical approaches in manyd§ieof medicine first
requires that the bio-safety of these cells be folyeinvestigated through
appropriate and sensitive tests. Indeed, the absaintransformation potential

in cultured MSC has to be documented before coriegiénfusion of these
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cells into patients, particularly into immune-comymised subjects where
failure of immune surveillance mechanisms might tifer favor the
development of tumoris vivo.

The aim of this study was to investigate the paaemstusceptibility of human
BM-derived MSC to malignant transformation at diffietin vitro culture time
points and to ascertain whether the biological erogs of these cells aftex

Vivo expansion remain appropriate for cell therapy eagines.

Materials and methods

Bone marrow donors

BM cells were harvested, under local or generaktmesia, from 10 healthy
hematopoietic stem cell donors (median age 18 Yeafter obtaining written
informed consent. Twenty-thirty ml of heparinizeMBrom each donor were
employed for MSC generation and expansion. Thetliisinal Review Board

of Pediatric Hematology-Oncology approved the desifgthis study.

Isolation and long-term culture of BM-derived MSCs

Mononuclear cells were isolated from BM aspirates density gradient
centrifugation (Ficoll 1.077 g/ml; Lymphoprep, Nyoed Pharma, Oslo,
Norway) and plated in non-coated 75-175°cpolystyrene culture flasks
(Corning Costar, Celbio, Milan, Italy) at a densitfy160,000/cm? in complete
culture medium: Mesencult (StemCell Technologiesn&buver, Canada)
supplemented with 10 % FCS (Mesenchymal Stem Ceimuatory

Supplements, StemCell Technologies), 2 mM L-glutemiand 50 pg/ml
gentamycin (Gibco-BRL, Life Technologies, PaiselyK). Cultures were
maintained at 37°C in a humidified atmosphere doirtg 5% CQ. After 48

hour adhesion, non-adherent cells were removed catitre medium was
replaced twice a week. MSCs were harvested afsahieg> 80% confluence,

using Trypsin (Sigma-Aldrich, Milano, Italy), andgpagated at 4,000 cells/cm?
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continuously until reaching a senescence phase assage (P) 25. The
senescence phase was defined as a decrease in M€rative capacity,
finally leading to cell cycle arrest. MSCs in thenescence phase were closely
monitored for an additional 8-12 weeks before migeting the cultures, in order
to look for the appearance of a crisis phase defiae uncontrolled cell
proliferation. Post-senescence clones were isolatedimiting dilution: to
obtain single cell-derived clones, MSCs were seededcell/well in a 96-well
culture plate (Corning Costar) and cultured as rilesg above. The cells were

observed daily for 4-6 weeks to examine colony fatiom.

Flow cytometry

To phenotipically characterize MSCs and to defiheirt purity, fluorescein
isothiocyanate (FITC) or phycoerithrin (PE)-conjteghmonoclonal antibodies
specific for CD45, CD14, CD34, CD13, CD80, CD31,AA-B-C, HLA-DR,
CD90 (BD PharMingen, San Diego, CA), CD73, CD108br{ffec, Kidlington,
Oxford, UK), CD133 (Miltenyi Biotec S.r.l., Bolognétaly), VEGFR2 (Sigma-
Aldrich) were used. MSCs expanded from the 10 BNiais were analyzed
every three passages, starting from P3 (P3, P6,PR9, etc.) Appropriate,
isotype matched, non-reactive fluorocrome-conjutjatantibodies were
employed as controls. Analysis of cell populatieres performed by means of
direct immunofluorescence with a FACScalibur flowtaneter (BD BD

PharMingen) and data calculated using CellQuesivaoé (BD Pharmingen).

Multilineage differentiation potential of MSCs

To assess their differentiation capacity, MSCsuwell from all BM donors
were induced into adipocytes and osteoblasts atPB3and at later passages
whenever possible, employing a method previoussgdieed?®%*

To detect osteogenic differentiation, cells weesrstd for alkaline phosphatase

(AP) activity using Fast Blue (Sigma-Aldrich) anat ftalcium deposition with
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Alzarin Red (Sigma-Aldrich). The adipogenic diffetiation was evaluated
through the morphological staining of fat dropletgh Oil Red O (Sigma-
Aldrich).

Telomerase activity detection assay

Telomerase activity was measured by the polymechsén reaction (PCR)-
based telomeric-repeat amplification protocol (TRAPSamples containing
0.1, 0.5 and 1ug of protein were analyzed by the TRAPeze kit fipe
Company, Oxford, UK) according to the manufactweprotocol. After
extension of the substrate TS (5-AATCCGTCGAGCAGALY)
oligonucleotide by telomerase, the telomerase mtsdwere amplified by PCR
in the presence of a 8%P]-end-labeled TS primer for 28 cycles and resoived
10% polyacrylamide gels. Protein extract (Adg) from the telomerase-positive
tumor cell line (JR8) was used as a positive cosample in each TRAP assay.
Each reaction product was amplified in the preserice 36-bp internal TRAP
assay standard (ITAS). A sample was scored as éelme activity-positive
when positive TRAP results were obtained from ahasieone protein

concentration.

RNA extraction and reverse transcriptase (RT)-P@RBlyais of the human
telomerase reverse transcriptase (hTERT)

Total cellular RNA was extracted from frozen samplath RNeasy micro kit
(QUIAGEN GmbH, Hilden, Germany) according to the nugacturer's
protocol. Total RNA (0.5ug) from each sample was reverse-transcribed by
using the RT-PCR Core kit (Applied Biosystems, Bifgvurg, NJ) with random
hexamers, and the resultant cDNA was then amplifidéith the same Kkit.
Amplification of full length and alternatively spkd hTERT cDNA was
obtained using TERT-2164S (5-GCCTGAGCTGTACTTTGTCRA and

TERT-2620AS(5-CGCAAACAGCTTGTTCTCCATGTC-3") oligoraleotides
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with initial heating at 95°C for 3 min, followed 85 cycles aB5°C for 30 s,
62°C for 50 s, 72°C for 50 s, and 72°C for 5 mimeTamplification was
performed in a mixture containing O8Ci [a-32p]deoxycytidinetriphosphate
(300 Ci/mmol; Amersham Pharmacia Biotech, Cologmmkése, Milan, Italy).
Primers for the interngb-actin control were added during cycle 15 at 72°C.
Amplified products were electrophoresed on a 5% -cematuring
polyacrylamide gel in 1X Tris-borate EDTA bufferh@ gel was dried and

autoradiographed.

Detection of alternative lengthening of telomere L{A-associated
promyelocytic leukemia (PML) bodies (ABB

Cells were fixed in 1:1 methanol:acetone and preeggo detect APBs by
combined PML immunofluorescence and telomere FISebmaling to Henson
et al?® Images were captured on a Nikon Eclipse E600 élsmence microscope
using ACT-1 (Nikon, Tokyo, Japan) image analysiftveare and processed
using Adobe Photoshop Image Reader 7.0 softwarB. &tus was determined
according to previously defined criteria. The preseof an APB was defined
by the localization of a telomeric DNA focus withan nuclear PML body;
samples were scored as APB-positive if they coathiPBs in>0.5% of cells.
To avoid false positives, an APB was consideretiedgresent only when the
telomeric DNA fluorescence within a PML body wasrmintense than that of
telomeres, and a cell was not considered to co®tBBs if >25% of the co-
localizedfoci occurred outside the nucleus. To avoid false meggtat least
2,000 nuclei were examined, and the assay was tezb@a the presence of
negative results. Samples from ALT-positive (IICHHJras) or telomerase-
positive (JR8) tumor cell lines were used as pasitind negative controls for
the APB assay.
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Telomere length analysis

Total DNA was isolated using QuicKpicK genomic DN#t (BioNobile,
Medi Diagnostici, Milan, Italy), digested with théinfl restriction enzyme,
electrophoresed using CHEF-DR Il Pulsed Field sysBioRad, Hercules,
CA), transferred to a nylon membrane, and hybralizeith a 5-end
[y-*P]dATP-labeled telomeric oligonucleotide probe (TGBG), as
previously reported” Autoradiographs were scanned (ScanJdet Ilcx/T,
Hewlett Packard, Milan, Italy) and digitalized bypdge Quant (Molecular
Dynamics, Sunnyvale, CA). Each gel was standardigeidclusion of DNA
from GM847 (ALT-positive) and HeLa (telomerase-pios) cell lines. ALT
status was determined by calculating whether thanmeariance and semi-
interquartile range of the terminal restriction gireent (TRF) length
distribution was greater than 16 kb, 1,000 kb, @ndkb, respectively.
Samples were classified as ALT-positive when 2/3/& of these criteria
were met for unimodal or bimodal TRF length digitibns, respectivels’
Statistical analysis of TRF length distributions swperformed using the

Telometric softwaré®
Molecular karyotyping

Molecular karyotyping was performed through arraymparative genomic
hybridization (array-CGH) with the Agilent kit (Huan Genome CGH
Microarray, Agilent Technologies, Santa Clara, CRje array-CGH platform
is a 60-mer oligonucleotide-based microarray tHatva a genome-wide survey
and molecular profiling of genomic aberrations wathesolution of about 75 kb
(kit 44B). The genetic situation of the 10 BM domevas tested before culture
(defined as time 0 org), using either BM mononuclear cells (BMMNCSs) or
peripheral blood lymphocytes (PBLS), and aftevitro culture on MSCs at P3

(the passage at which MSCs are usually harvestedlifacal use or 7). Six
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MSCs samples were also evaluated at later pasdagfessen P11 and P15,fT
after prolongedn vitro culture. The method for array-CGH analysis of MSCs

has been reported in detail elsewtére.

Cytogenetic analysis (karyotyping and subtelomEtgH)

Prior to harvest, the cultures of all MSC BM donatsvarious passages (P2-
P11) were incubated at 37°C with colcemid (Irvine8tfic, Santa Ana, CA) at
1 pg/ml final concentration for 2 hours. The celgre fixed and spread
according to standard procedures. Metaphases & wa&re Q-banded and
karyotyped in accordance with the Internationalt&ysfor Human Cytogenetic
Nomenclature recommendations (ISCN, 1995). Fluersia situ hybridization
(FISH) with chromosome subtelomeric-specific prolf€eTelVysion, Vysis,
Downer’s Grove, IL) was performed on fixed metaghelsromosomes obtained
from three of the ten karyotyped MSC donors, adogrdo manufacturer’s
instructions and protocol. In total, the kit makepossible to analyze 36 short
and long arms subtelomeres and the 5 long armslsunires of the acrocentric

chromosomes.

Results

Characterization of human BM-derived MSCs duringgléerm in vitro culture
MSCs derived from BM of the 10 healthy donors wism#ated and propagated
in long termin vitro culture. MSCs from all donors were characterizgd b
morphology, differentiation capacity and immune mpitype at different culture
time points, namely P3, P6, P9, P12, P15 and lateenever possible, every 2-
3 passages (Figure 1A, 1B, 1C and 1D).
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Figure 1. Characterization of human BM-derived MSdiging long termin vitro
culture A) Morphological appearance of BM-derived MSCs fr@®NOR #7 at P3
(left) and P15right). MSCs at P15 are smaller in size as comparedeteame cells at
P3, although they maintained the typical spindl@apgh Magnification x10. B)
Osteogenic differentiation capacity of MSCs from BOR N. 5 at P3I1éft) and P15
(right). The differentiation into osteoblasts is demaatstl by the histological detection
of AP activity (purple reaction) and calcium depiosi stained with Alzarin Red.
Magnification x 20. C) Adipogenic differentiatiompgacity of MSCs from DONOR #5
at P3 [eft) and P15 right). The differentiation into adipocytes is revealeg the
formation of lipid droplets stained with Oil Red Magnification x 20. D)
Immunophenotypic characterization of MSCs from DAN®3 at P3 guperior row
and P15 iaferior row). E) Expression of CD133 and VEGFR2 moleculestlos
surface of MSC from DONOR #3 at P15.
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A wide variability between donors was noted in terof proliferative capacity
andin vitro life span of their cultured MSCs (see Figure 2jeTirst two donors
(donor #1 and #2) showed an early arrest of MSQvtrothese two samples
entered the senescence phase after 44- and 56edéyse at P4 and PS5,
respectively. Thereafter, MSCs from both donorsewaonitored, during their
senescence phase, daily for twelve weeks. A goisése did not occur in the
two samples, even after repeated cryopreservatidntlzawing procedures. In
fact, the MSCs progressively died during the sesmese period (characterized
by appearance of picnotic bodies within the cells)l detached spontaneously
from the flasks. In the case of donor #1, aftere®ks in the senescence phase,
we observed the appearance of a few spindle-shagksdgrowing in clones, at
a very low rate (post-senescence phase). These wete analyzed by flow-
cytometry and showed the typical MSC markers (CO®ID105, CD73, CD13:
>95% positive cells; HLA-DR: <5% positive cells)hereas they were negative
for hematopoietic markers (CD45, CD34) and for b6h133 and VEGFR2
(data not shown). Post-senescence MSCs could ndurbieer propagated;
repeated attempts to obtain single cell-derivededaby plating 1 cell/well in a

96-well plate failed.

Long term in vitro culture

o

N. MSC doner
= N @ R OO~ © ©

0 3 6 9 12 15 18 21 24 25

Passages in culture

Figure 2.In vitro life span of MSC cultures, defined as number ofspges before
observation of senescence, derived from 10 diffedenors (#1-10). A large variability
between the donors is observed.
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Three BM donors (donors #9, #10 and #4) showedntarmediate arrest in
MSC growth. These cells displayed a progressiveedse in their proliferative
capacity until they reached a senescence phasel@t P13 and P13,
respectively. MSCs from these three donors maiethitheir typical spindle-
shaped morphology, differentiation capacity to farsteoblasts and adipocytes,
and their surface markers throughout the culturge

Donors #8, #7 and #5 showed a late MSC growth tamrespectively at P18,
P22 and P24. Also in this group, MSCs were regulatharacterized by
morphology, differentiation potential and immunespbtypic analysis every 3
passages and did not display any relevant abndym@igure 1B and 1C,
pictures on the right; Figure 1D, lower panel). kaver, when exceeding P10,
MSCs were routinely screened for the expressiorCbfl33 and VEGFR2,;
these markers, which have been found to be exglassa transformed MSC
subpopulation derived from human BM resulted negative (Figure 1E).
However, MSCs from donor #7 and #5, when culturédraP13, became
smaller in size as compared to the same cells §Fig8re 1A, picture on the
right), although maintaining the typical spindleaph and a constant growth
rate. MSCs reached the senescence phase at 2@ ameleRs respectively for
donor #7 and #5, and required a rather uniform athai time to reach
confluence at 8 to 10 days at every passage. IrcdBe of donor #7, MSCs
spontaneously differentiated into adipocyte-likellscewhen approaching
senescence at P22 and could not be further pragghgat

MSCs expanded from donor #3 and #6 were trypsinaetireplated 25 times
continuously with a total culture period of 33 add weeks respectively;
thereafter, their long term cultures were interegpto allow data analysis. The
behavior of MSCs expanded from the last two dom@s very similar to that of
MSCs from the previous couple of donors. With thReeption of the acquisition
of a smaller cell size, all other phenotypic andctional characterization

parameters, including telomerase activity and hTE&Ppression, were in
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agreement with the definition @fi vitro expanded MSC%?° In particular, we

did not observe any acceleration in cell growtlesat

Lack of expression of telomere maintenance mechami;n human BM-
derived MSCs during long term in vitro culture

MSC cultures obtained from all 10 donors were tksie differentin vitro
passages (from 2 to 6 passages for each culturelht expression of
telomerase catalytic activity (Figure 3A) by TRABsay. Specifically, in all
cultures, an early passage (P1-P3) and later pesq&$-P24) were studied.
TRAP results failed to evidence the presence ofreezcatalytic activity in all
tested samples, including a post-senescence colbtaéed from donor #1.

To gain insights into the molecular mechanisms aasible for the repression
of telomerase activity in MSCs, we assessed theeszjpn of the hTERT gene,
which codes for the catalytic component of humdanteras&, in the same
cultures screened for telomerase activity. Sindeai been demonstrated that
alternative splicing of hTERT is involved in thegtation of telomerase
activity®’, we analyzed the expression of the different hTERAhscripts
(including not only the hTERT full-length transdriput also three additional
splice variantsa’, 3~ anda3) through the use of a specific primer set for the
reverse transcriptase domain of hTERT. RT-PCRItefailed to evidence the
expression of any hTERT transcript in all cultuessmined (Figure 3B), thus
indicating that the absence of telomerase actiyitycultured MSCs was

ascribable to a lack of hnTERT gene transcription.
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Figure 3. A) Telomerase activity of MSC culturesided from donors #1,2,5,6 at

different passages (P). Telomerase activity wagated by the TRAP assay using
different protein concentrations. PS, post-senast@nlture. The telomerase-positive
cell line JR8 was used as a positive control. Tuation of the internal amplification

standard (ITAS) is reported. B) Expression of h-TERRNA transcripts, including the

full length (FL) and alternative splicing variara§ 3°, anda3”, as detected by RT-

PCR in MSC cultures derived from donors #1,2,5,6 diferent passages (P).

Telomerase subunits were coamplified wphactin as the internal standard. The
telomerase-positive cell line JR8 was used as diywsontrol. The blank represents a
negative control to which no RNA was added.

Consistent with the lack of telomerase activity,ewhwe analyzed telomere
length in cultures obtained from 4 donors (#3-5y@¥ early (P1-P3) and late
(P14-P24) passages, we found evidence of telorheréesiing as indicated by a
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progressive reduction in the mean TRF length (fridznKb to 9.3 Kb in the
cultures obtained from donor #6) or appearancéoftsr TRFs (<4 Kb in late
cultures from donors #3-5-6-7) (Figure 4).

To address the possibility that alternative mecddrasiof telomere maintenance
referred to as ALY are operating in telomerase-negative MSCs, weeseg:
them for the expression of APBs, which are subrauctructures containing
telomeric DNA, telomere-specific binding proteinsdaproteins involved in
DNA recombination and replication, and represepeauliar characteristic of
ALT cells®® However, the results we obtained through a coetin
immunostaining/FISH approach in the same culturesayed for telomere
length failed to evidence the presence of APBsa(dat shown). The absence
of an ALT phenotype in these cultures was furttanficmed by the pattern of
TRF length distribution. In fact, ALT-type telomstavhich are extremely long

and heterogeneotiswere not observed in MSCs (Figure 4).
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Figure 4. Telomere length distribution of MSC cudtsi derived from donors #3,5,6,7 at
different passages (P). GM847 and HelLa cell linesewused as ALT-positive and
telomerase-positive controls, respectively. ND,-dayested DNA.
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Karyotype and subtelomeric FISH analysis

BMMNCs/PBLs (To) andMSCs at P3 () derived from all donors were tested
for their genetic situation; MSCs at P11-2%)(ffom six of the ten donors were
also studied. In all cases, molecular karyotypirgsvanalyzed by means of
array-CGH. The comparison of results from two aeéhexperiments for each
donor (T, T;, and T), allowed us to distinguish between large copy Ieim
variations (LCVsY’, constitutionally present in donor's genome, amdet
chromosomal imbalances. Results of the array-CGillyais demonstrated that,
even after long term culture, BM-derived MSCs exjmtin vitro did not show
unbalanced chromosomal abnormalities, as well admiwoscopic
rearrangements, considering that the resolutioouofapproach is about 75 kb
(Figure 5). In fact, the array-CGH profiles of ttepeated experiments from the
same donor were perfectly overlapping and no aglstior duplications were

present, besides the LCVs reported in the availddiabasés
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Figure 5. Representative MSC array-CGH profilestobmosome 1 from donor #6 at: A):T
PBLs); B) T: MSCs at P3; C) X MSCs at P14. D) Three overlapping experimentse hilve
applies to PBLs, red line to P3 and green line t6. Hhe array-CGH profiles of MSCs are linear
and perfectly overlapped, even when there are chins or deletions caused by LCVs. This
demonstrates that vitro expanded MSCs do not show unbalanced chromosoaradngements.

! http://projects.tcag.ca/variation/
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Since array-CGH is not able to unravel balancedrabsomal rearrangements,
classical cytogenetics with conventional QFQ bagdind FISH analysis with
chromosome subtelomeric-specific probes were paddr on chromosome
metaphases obtained from MSCs at variable passageglture (P2-11), in
order to detect reciprocal translocations. Karymigpwas performed in all
donors: only one out of the ten MSC samples wasackerized by a pericentric
inversion of chromosome 9, which represents a lwedlwn variant without any
phenotypic effect. Therefore, all MSC donors wenaracterized by a normal
karyotype (Figure 6A). FISH analysis with chromososubtelomeric-specific
probes was performed on chromosome methaphaseesf donors (two at T

and one at 4, Figure 6B) and resulted normal in all cases.

4V gy
an

Figure 6. A) Normal Q-banding karyotype (360-4Gh#}) of MSCs from donor #2 at
P2. B) FISH analysis with chromosome 16-subtelocagpiecific probes on a metaphase
from donor #5 at P18. Green signals represent keuhégic regions of the short arm of
chromosome 16; red signals those of the long arime Tocation of signals on
chromosome 16 only demonstrates that no transtotativolving this chromosome is
present.
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Discussion

In the present studyye have generated, propagated in long fermitro culture
and monitored human MSCs derived from 10 BM donérgortantly, BM
represents the source of MSCs most commonly useellitherapy approaches.
MSCs from all donors were characterized, at sevarélire time points, on the
basis of the typical parameters for MSC definitiBuch as morphology,
immune phenotype and differentiation capacity)nfra genetic point of view
and by the expression of telomerase activity andrrative mechanisms of
telomere maintenance.

Considering the wide interest in MSCs, in partictitet those derived from BM,
for clinical approaches, the bio-safety featurethebe cells need to be carefully
investigated, in order to exclude the occurrencefurfctional or genetic
alterations before releasing these cells for dihise.

Our results demonstrate that human BM-derived M8&s be cultured long
term in vitro, without loosing their peculiar morphological, plogypical and
functional characteristics. Moreover, MSCs propadah culture continuously
for up to 44 weeks maintained a normal karyotypé&haut showing expression
of telomere maintenance mechanisms. Consistent widse findings, a
progressive reduction in the mean MSC TRF lengthgppearance of shorter
TRFs, was observed.

In contrast to what has been recently describedRinyio et af® for human,
adipose tissue-derived MSCs, none of our MSC sanjgpassed the
senescence period by developing a crisis phasectkarzed by a cell cycle rate
accelerated compared to pre-senescence MSCs. @uorttrary, all BM-derived
MSCs demonstrated a progressive decline in thedifrative/expansion
capacity mainly resulting into the development obenescence phase after
variablein vitro culture times (6-44 weeks; Figure 2). These obsienvaon the
proliferative life-span of MSCs are in agreementhwpreviously published

studies on cultured MSC%?° Only in one case (donor #1), after 8 weeks in the
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senescence phase, the appearance of a few sphagiees cells growing in
clones at a very low rate was observed (post-senesphase). However, these
post-senescence MSCs could not be propagated ifatitenever developed a
crisis phase. Repeated attempts to obtain singlel@eved clones by plating 1
cell/well in a 96-well plate failed; this cell behar is very different from that

described by Wangt al®

on a subpopulation of human MSCs derived from
one single BM sample (named ‘huBM020") that showedy rapid population
doubling and could be easily cloned in a singlé-eskay. Post-senescence
MSCs were analyzed by flow-cytometry and showedtypecal MSC markers
at high levels (including CD90 and CD105), wherdasy were negative for
hematopoietic markers (CD45, CD34) and for CD138 ®iEGFR2. On the
contrary, the transformed cells described by Warnjalleague were shown
to express the endothelial markers CD133 and VEGRER2vell as low levels
of CD90, and they were CD105 negative. The samendegulation of the
MSC membrane markers CD90 and CD105 was notedeirpdist-crisis cells
described by Rubioet af’, which were derived from adipose tissue.
Furthermore, the TRAP assay performed on post-senes MSCs derived
from donor N.1 failed to exhibit the expression@bmerase catalytic activity.
All these findings demonstrate that our post-sesase cells are not different
from normal MSCs, since they display the same qadr MSC
characterization parameters.

Regarding morphology, we noticed that MSCs fromrfdonors (#3-5-6-7)
became smaller in size when cultured over P13-itbopigh they maintained
the typical spindle shape and a constant, grovith(Fegure 1A, right). On the
contrary, the cells described by both Wang and &tbl resulted in cells
morphologically distinct from typical MSCs; they meround or cuboidal, and,
in the paper published by Wang and colleaduesiso exhibited contact-
independent growth and forméaki with cells released into suspension. In our

study MSCs from all ten donors, tested both atyg@8, infusion passage) and
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late passages (P9-25) did not show immune phermotgpnormalities and
maintained a high level of purity throughout thdture period (Figure 1D).
Moreover, all cultures exceeding P10 were analyledthe expression of
CD133 and VEGFR2 and resulted negative. Also thigyto differentiate into
osteoblasts and adipocytes was preserved througheutulture period in all
MSC donors (Figure 1B and 1C).

In agreement with previous repdfisall our MSC samples lack expression of
telomerase activity both at early passages and lafitg termin vitro culture
(up to P24). This finding was confirmed by the ategeof hTERT transcript
expression and reflected by a progressive telonsti@tening in cultured
MSCs. On the contrary, the transformed mesenchgelld described by other

§O,35

author exhibited telomerase activity. This phenomenon ®alas observed

by Miuraet al?

in murine BM-derived MSCs that, after numerousspggs in
culture, gradually increased telomerase activitg proceeded to a malignant
state, resulting in fibrosarcoma formatiimnvivo. Some human tumors, mainly
those of mesenchymal origin including soft-tissnd asteogenic sarcomas and
glioblastoma®, maintain their telomeres by the ALT mechanishelomere
dynamics in ALT cells are consistent with a recamalion-based mechanism,
and characteristics of ALT cells include unusudiipng and heterogeneous
telomeres, as well as the presence of peculiar usldar structures termed
APBs. In all MSC samples tested, the presence &@sARiled to be evidenced.
Moreover, the pattern of TRF distribution that weserved in the cultures was
not consistent with the ALT phenotype.

The bio-safety of BM-derived MSCs was further inigested by molecular
karyotyping performed by array-CGH, classical cgogtics and subtelomeric
FISH analysis. Array-CGH is a rapid and high-redolutechnique useful for
the detection of both benign and disease-causingorgie copy-number
variations in tumors and genetic disorders, and dtw testing cultured

embryonic stem celf$:*"**For its high-resolution capacity and in view oéth
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difficulty in obtaining cultured MSC metaphases,ragrCGH may be
considered the method of choice for characterizhmg genomic situation of
MSCs expandedn vitro (Figure 5)** However, this technique is unable to
detect balanced chromosomal rearrangements, that ieen excluded in our
MSC samples by performing in parallel classicalykéype and subtelomeric
FISH analysis. Altogether, the karyotype analysipegiments, performed
before culture, as well as at early and late p&ssagemonstrated that
extensively in vitro expanded human BM-derived MSCs are devoid of
chromosomal abnormalities, as well as of unbalansdbmicroscopic
rearrangements. These findings are different fromatwis observed in
embryonic stem cells maintainéa vitro for a high number of passag@gf
course, we cannot completely exclude that pointatimts or other subtle
molecular events, affecting oncogenes or tumor |g30r genes, might have
occurred in cultured cells predisposing them tondfarmation. Likewise,
mechanisms of oncogenesis facilitated by infusito a immune compromised
host are not explored by our approach.

In conclusion, our data indicate that human BM«kti MSCs do not display
an aptitude for spontaneous transformation andoeasafely expanded vitro
without any sign of immortalization or developmenf chromosomal
abnormalities. The susceptibility to malignant sfammation described in
murine BM-derived MSCs by Miura and colleagiiemight be related to the
animal origin of the cells, which display a highgdee of chromosome
instability, characterized by the development ofhbstructural and numerical
aberrations even at early culture passages. Thes sauthors could not
demonstrate a similar behavior in human BM-derid&Cs which were
propagatedn vitro under similar culture conditions. Also in the casdhuman
adipose tissue-derived MS€sthe susceptibility to malignant transformation
might be strictly connected with the origin of tiesue; indeed, in comparison

with BM which is very rich in stem cells, fat tigsucontains mainly
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differentiated cells, and it generates MSCs that ianimune phenotypically
slightly different from those derived from BM. Fiha in the study by Wang
and colleagué$ it is very likely that theén vitro culture of BM-derived MSCs
caused the transformation of a subpopulation ofscehpable to express
endothelial markers. This is further demonstratgthle fact that the same cells,
thawed a few months later, propagated normallyltuce and did not give rise
to any transformed population.

Our results provide support to the concept that lilebogical properties of
human BM-derived MSCs aftarx vivoexpansion remain suitable for use in
cell-therapy approaches; however, considering #levant interest in the
utilization of MSCs in several fields of medicin@dathe potential risk of
developing alterations during the expansion peiitod, strongly recommended
that phenotype, functional and genetic charactesistf MSCs aftelin vitro

culture are tested, to further guarantee safetthimpatient.
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CHAPTER 5

Co-transplantation of ex-vivo expanded mesenchymaktem
cells accelerates lymphocyte recovery and may redeithe
risk of graft failure in haploidentical hematopoietic stem

cell transplantation

Bernardo ME,* Ball LM,* Roelofs H, Lankester A, Ceta A, Egeler RM,
Locatelli F, Fibbe WE
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Summary

Haploidentical hematopoietic stem cell transplaotatHSCT) is associated
with an increased risk of graft failure. Adult bonmarrow-derived

mesenchymal stromal cells (MSCs) have been showogportin vivo normal

hematopoiesis and to display potent immune suppeessffects. We co-
transplanted donor MSCs in 13 children undergonagdplantation of HLA-

disparate CD34+ cells from a relative. While waatved a graft failure rate of
20% in historical controls, all patients given MSGhowed sustained
hematopoietic engraftment, without any adverseti@acin particular, children
given MSCs did not experience more infections aspared to controls. These
data suggest that MSCs, possibly thanks to theierpammunosuppressive
effect on alloreactive host T lymphocytes escapimg preparative regimen,

reduce the risk of graft failure in haploidentietCT recipients.
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Introduction

T-cell-depleted hematopoietic stem-cell transpleona(HSCT) from an HLA-
haploidentical relative is a feasible option forldten needing an allograft and
lacking an HLA-compatible dondrHowever, both primary (defined as lack of
hematologic recovery or absence of donor chimer@ng) secondary (defined
as loss of donor chimerism after initial engrafttyegraft failure, mainly
mediated by host alloreactiveT cells escaping trepgrative regimen, have
been reported in up to 15% to 18% of children giveismatched HSC
transplants$,despite the infusion of large numbers of hemattimstem cell§.
Recipients of T-cell-depleted HSC transplants femmHLA-disparate relative
are also exposed to an increased risk of life-tereag infections, especially of
viral origin, due to the delay in reconstitutionaafaptive immunity?

Bone marrow (BM) contains pluripotent mesenchyniedrsal cells (MSCs),
which form cartilage, fat, bone, and mustl®1SCs have been shown to
modulate the function of T lymphocytescluding that of alloreactive T cells
involved in graft-versus-host disease (GvHD) palttysiology! In adult
patients undergoing transplantation from an HLAnimeal sibling,MSCinfusion
was shown to be safe and possibly to acceleratatopietic recovery, as well
as to reduce the incidence of both acute and oh@®wHD® However, it is still
unknown whether co-transplantation of MSCs in higglotical HSC transplant
recipients can reduce graft failure.

We carried out a phase 1/2 pilot study of co-tréargption of BM-derived, ex
vivo—expanded MSCs of donor origin in children uigieng transplantation of
granulocyte colony stimulating factor (G-CSF)-mideitl, CD34-selected
progenitor cells from an HLAdisparate relative. Titecedure was intended to

reduce graft failure rate compared with historiotcols.
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Patients, materials, and methods

Patients

Children with hematologic malignancies or nonmadigndisorders, including
primary immune deficiencies, lacking an HLA-matcldmhor were enrolled in
the study by the 2 participating centers (Leidenversity Medical Center and
Fondazione IRCCS Policlinico San Matteo). Instdanal Review Board
approval was provided by the 2 participating center

Parents or legal guardians of patients providedtewiinformed consent for
inclusion in the study. Written informed consent agcordance with the
Declaration of Helsinki was also obtained from denby an independent
physician trained to explain risks associated witlesenchymal and

hematopoietic stem cell donation.

Preparation of MSCs

Approximately 5 weeks before HSCT, mononuclearsosttre isolated from 50
to 70 mL donor BM by density gradient centrifugation Ficoll. These were
plated in noncoated 75- to 175-cm2 polystyreneucelflasks at a density of
160 000/cm2 in complete culture medium (LG-DMEM \jtrogen, Paisley,

United Kingdom] supplemented with penicillin andregtomycin [Lonza,

Logan, UT] and 10% fetal bovine serum [FBS; HyClowerviers, Belgium]).

We used characterized and defined FBS batcheslgctsst for their potential
to support MSC expansion. All procedures were edrout under strict Good
Manufacturing Practic (GMP) conditions. Flasks wareubated at 37°C in a
CO2 incubator and culture medium was replaced twieekly. After reaching

at least 70% confluence, MSCs were replated at 408is/cm2 using

trypsine/EDTA (Lonza). MSCs were infused, freshatier cryopreservation, at
passage 3 or less to reduce the risk of genetiakiisy. MSCs release criteria
for clinical use were as follows: spindle-shape phatogy, absence of

contamination by pathogens, viability, and an immyrthenotype proving the
126



expression of CD73, CD90, and CD105 surface mobscahd the absence of
CD34, CD45, and CD31. The target dose for infusi@s 1 x 16’kg to 5 x
10°/kg body weight. MSCs were infused at a final cariion of 1 x 10to 2

x 10 cells/mL.

Cotransplantation of MSCs and haploidentical penphblood stem cells at
day O, under monitoring of vital signs, patientgevgiven MSCs intravenously
via a central venous catheter and 4 hours lategived T-cell-depleted, G-
CSF+ mobilized CD34+ cells, positively selectedngsthe CliniMacs 1-step
procedure (Miltenyi Biotech, Bergisch Gladbach, i@any). The target number
of CD34+ cells to be infused was 20 ¥ D34+ cells/kg recipient weight.

Statistics
A Studentt test, Fisher exact test, and chi-square test walte¥ correction
were used to assess differences between studyistadidicontrol groups. R

value of less than .05 was considered to be sagmifi
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Table 1. Characteristics of patients and controls

Patients (n = 13) Controls (n = 52) p value
Transplant years (range) Oct. 2004 — Feb. 2007 March. 1998- Oct. 2004
Mean age (range) years 8 (1-16) 8(1-17) NS
Patient gender
Male 8 (61%) 31 (60%) NS
Female 5 (39%) 21 (40%) NS
Original diseases
Haematological malignancies 10 (77%) 40 (77%) (Distribution) 0.2)
ALL 4 (40%) 21 (52.5%)
CR1 0 2
CR2 8 1
>CR2 ! 8
6 (60%) 12 (30%)
AML o 5
CR1 3 5
CR2 o 5
>CR2 1 1
Secondary 2 2
Refractory
0 (0%) 5 (12.5%)
MDS 1
RC 1
RAEB 2
RAEBt 1
Aplastic MDS 0 (0%) 2 (5%)
CML Chronic phase
Immune deficiencies 2 (15%) 2 (4%)
Other non-malignant disorders 1 (8%) 10 (19%)
Fanconi anemia 1 4
Hemoglobinopathies - 1
HLH - 4
Other - 1
Donor gender
Male: Female 7:6 29:23 0.9
Conditioning regimen
TBI-based vs. Chemotherapy-based 8:5 (628%)3 30:22 (58 vs. 42%) 0.8
Graft characteristics
Number of CD34+ cells infused x IRy (median, range) 25.2(11.6 - 38.6) 23.0 (1247.5) NS
Number of CD3+ cells infused x ¥Rg (mean, SD) 0.3(0.3) 0.5(0.7) NS
Haematopoietic recovery
Number of days to PMN recovery (median, range) (1@-17) 14 (9-28) 0.1
Number of days to PLT recovery (median, range) (1m18) 13 (9-100) 0.15
Number of days to reticulocyte recovery (mediange) 11 (10-31) 23 (9-41) 0.02
Number of days to leucocyte recovery (median, range 11.6 (9-15) 16.5 (10-26) 0.005
Post-HSCT complications
Gratft failure 0 (0%) 11 (20%) 0.06
Primary - 7
Secondary - 4
Acute GVvHD 0.08
Grade I-Il 2 (15%) 12 (23%)
Grade III-IV 0 (0%) 2 (3%)
Chronic GVHD 1 (8%) 6 (12%) 0.2
Limited 1 4
Extensive 0 2

Table 1 Legend

ALL = acute lymphoblastic leukaemia; AML = acute efnid leukaemia; MDS = myelodysplastic syndrome; R@efractory cytopenia; RAEB = refractory anemiahwi
excess of blasts; RAEBt = refractory anemia witbess of blasts in transformation; CML = chronic micleukaemia; HLH = hemophagocytic lymphochisttosjs; CR =
complete remission; TBI = total body irradiatioyilR = polymorphonuclear neutrophils; PLT = plateje#SCT = hematopoietic stem cell transplantationHGv= graft-
versus-host disease; SD = standard deviation; N&h=significant.
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Results and discussion

Table 1 shows the characteristics of the 14 stuamtiepts compared with 47
historic controls that received transplants inaithne of the 2 centers and were
selected for an equivalent number of CD34+ celfsised and matched for
transplant indication.

There was no significant difference between padiemtd controls in terms of
age, sex, malignant versus nonmalignant diseas¢hooheof CD34+ cell
selection, and number of CD3+ cells infused. Indalhors, both expansion of
MSCs and mobilization of CD34+ cells were succdsg$Patients received a
mean of 1.6 x 10MSCs/kg (range, 1 x fMSCs/kg to 3.3 x T0MSCs/kg). No
MSC infusion—related toxicity was observed.

Either primary or secondary graft failure occuried of the 47 children of the
control group, whereas no rejection occurred inldcbh who received
cotransplants of haploidentical MSOB € .14). The number of CD34+ cells
infused was superimposable in the study patienea(m21.5 x 1%g; range,
11.6 x16/kg to 38.6 x 10kg), in controls with sustained engraftment (mean,
21.2 x 10kg; range, 12.1 x Ptkg to 47.5 x 10kg), and in those who
experienced either primary (mean, 21.7 %K@ range, 14.7 x fikg to 39.4 x
10°/kg) or secondary (mean, 21.1 x°A@; range, 12.4 x Pikg to 26.6 x
10°/kg) graft failure.

Neutrophil and platelet recovery was comparablstinly patients and controls
(see Table 1 for definitions and details).

However, patients given MSCs had faster recoverg tdtal leukocyte count
above 1.0 x 109/L in comparison to historic corgr@hean, 11.5 days [95%
confidence interval [CI] 9.0-14.8] versus 14.9 dd@5% CIl 10.1-26.0],
respectivelyP = .009).

Lymphocyte recovery accounted for this finding: thbsolute numbers of

natural killer (NK) cells 1 month after HSCT beid§7{L (95% CIl 347-646)

in the study group and 2%#/ (95% CI 173-330) in controls (P = .02).
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However, at 3 months, NK and T-cell recovery waamitatively no different

between study patients and controls.

Chimerism analysis of ex vivo—expanded MSCs deriveth recipient BM at

3-month intervals up to 1 year after HSCT usingyp@rase chain reaction
(PCR) for informative donor recipient polymorphignslid not show any
evidence of donor cells in the majority of patierits3 patients, minimal (1%-
2%) transient engraftment of donor MSCs was fourtd 3a months.

Hematopoietic chimerism is detailed in the follogifable 2.
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Table 2. Patient follow up data

UPN Sex Age at Donor Diagnosis Follow | Chimerism Time to last Time to last Outcome
HSCT up analysis BM chimerism | PB chimerism
Refractory Died Candida
1 M 15y Mother +7 100% donor +6 mo NE
AML sepsis - CR
6mo mot
2* Mm 2y Father X-LPD +28 mo | 100% donor +24 mo +26 mo Alive and well
95% donor
granulocyte
88% donor CD3
3* M 2y 4mo Father X-LPD +24 mo (BM) +20 mo +23 mo Alive and well
4 M 13y Mother Refractory +4 mo 100% donor +3 mo +3 mo
Died relapse
1mo AML
Fanconi Alive and well
5 F 8y 9mo Father anemia +16 mo | 100% donor +14 mo +11 mo Fransfusmn
independent
6 F +7 100% donor +3mo +3 mo
3y 8mo Father ALL 2CR mot Died relapse
7 F +4 100% donor +2 mo +2mo GVHD
13y monosomy 7 Died adenovirus
4mo Father refactory AML mot hepatitis — CR
8 F 7y 1mo Mother | AML CR 2 +12 mo 100% donor +7 mo +10 mo Alive and well CR
9 M Sy Father ALL-T CR4 +10 mo 100% donor +8mo +7mo Alive and well CR
10 M 5y4mo | Mother | ALL CR2 +8 mo 100% donor +7mo +8mo Alive and well CR
11 F 8y 5mo Sister ALL CR2 +7 mo 100% donor +5mo +6mo
Alive and well CR
95% donor BM
12 F 8y 2mo Mother | AML CR2 +6 mo 80% donor PB +5 mo +6mo Alive and well CR
Recipient %
CD4/CD8
positive
13 M 16y Father AML CR2 +3 mo 100% donor +3 mo +3mo Alive and well CR

Table 2 Legend

UPN = unique patient number; BM = bone marrow; PBeripheral blood; HSCT = hematopoietic stem celhsplantation; M = male; F =
female; y = years; mo = months; ALL= acute lymplastic leukaemia; AML= acute myeloid leukaemia; XELR X linked lymphoproliferative
disorder; NE = not evaluated; CR = complete remissitr = dead. * Patients UPN 2 and 3 are identical twiassplanted from the same
haploidentical father



Four study patients died (Table 2), 2 due to reagsd 2 due to infection,
compared with 11 controls (7 relapse, 2 infectich§vHD). Episodes of viral

reactivation were common in both patients and obsitroccurring in 50% of

patients belonging to the study group and in 35%istbric controls. However,

only 1 study patient died, as a result of dissetasheadenovirus infection

complicated by grade 2 acute GvHD requiring steti@dtment, compared with
2 historic controls. Since the follow-up of patieim the study group is shorter
(range, 3-28 months) than that of historic contfasige, 32-110 months), both
relapse rate and probability of overall survivaltive study cohort (18% and
72%, respectively) and in controls (26% and 63%speetively) are not

comparable.

Our results indicate that in patients given a T-ckdpleted, HLA-disparate—
related allograft from a relative, expansion of cloMSCs is feasible and their
clinical use is safe. Moreover, our data suggeat MSC co-transplantation
may modulate host alloreactivity and/or promotetdseengraftment of donor
hematopoiesis, reducing the risk of early gratufai.

A case-controlled study, with longer follow-up tactude the risk of late

rejections, can more precisely define the role gdiapy co-transplantation of
haploidentical donor MSCs on the outcome of patigiten haploidentical, T-

cell-depleted HSCT.
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Summary

Severe graft-versus-host disease (GVHD) is a hifedtening complication
after allogeneic transplantation with haemopoietiem cells. Mesenchymal
stem cells modulate immune responses in vitro andvb. We aimed to assess
whether mesenchymal stem cells could ameliorate G\dfter haemopoietic-
stem-cell transplantation.

Patients with steroid-resistant, severe, acute GVMBre treated with
mesenchymal stem cells, derived with the Europeaoui®s for Blood and
Marrow Transplantation ex-vivo expansion procedimey multicentre, phase |l
experimental study. We recorded response, transpian-related deaths, and
other adverse events for up to 60 months’ followfgm infusion of the cells.
Between October, 2001, and January, 2007, 55 patieere treated. The
median dose of bone-marrow derived mesenchymal sels was 1.4x10
(min—-max range 0.4-9 x{)0cells per kg bodyweight. 27 patients received one
dose, 22 received two doses, and six three todoses of cells obtained from
HLA-identical sibling donors (n=5), haploidenticdbnors (n=18), and third-
party HLA-mismatched donors (n=69). 30 patients hadmplete response and
nine showed improvement. No patients had side-sffdaring or immediately
after infusions of mesenchymal stem cells. Respoate was not related to
donor HLA-match. Three patients had recurrent malny disease and one
developed de-novo acute myeloid leukaemia of renipiorigin. Complete
responders had lower transplantation-related mtrthlyear after infusion than
did patients with partial or no response (11 [3786]30 vs 18 [72%)] of 25;
p=0.002) and higher overall survival 2 years afteemopoietic-stem-cell
transplantation (16 [53%)] of 3G four [16%] of 25; p=0.018).

Infusion of mesenchymal stem cells expanded imyitrespective of the donor,

might be an effective therapy for patients withraitd-resistant, acute GVHD.
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Introduction

Allogeneic haemopoietic-stem-cell transplantat®thie treatment of choice for
many malignant and non-malignant disordersSevere graft-versus-host
disease (GVHD) is a life-threatening complicaticftera this treatment and
donor lymphocyte infusion is used for treatmentpogvention of relapse of
leukaemia’* Steroids are still the first-line treatment for addished GVHD
with a response rate of 30—-50%; however, the outcfampatients with severe,
steroid-resistant, acute GVHD is poor, and ovesaivival is low**®
Mesenchymal stem cells are multipotent bone-maeNg able to differentiate
in vitro and in vivo into tissues of mesenchymagior.®’ Moreover, these cells
provide support for the growth and differentiatiohhaemopoietic progenitor
cells in bone-marrow microenvironments and, in airmodels, promote
engraftment of haemopoietic ceflsn co-culture experiments with allogeneic
lymphocytes, mesenchymal stem cells do not indyewhocyte proliferation,
interferon-gamma production, or up-regulation ctfi@ation markers:*
Mesenchymal stem cells suppress proliferation divaied lymphocytes in
vitro in a dose-dependent, non-HLA-restricted, nedft* In a baboon skin-
graft model, Bartholomew and co-workers11l showed thfusion of ex-vivo
expanded donor-derived or third-party cells prokmghe time to rejection of
histo-incompatible skin grafts. Furthermore, intgells improve the outcome
of acute renal, neural, and lung injury, possibly gromoting a shift from
production of pro-inflammatory cytokines to antflaimmatory cytokines at the
site of injury**

In phase | and Il trials, HLA-identical mesenchynséém cells expanded ex
vivo have been infused to promote haemopoieticwagoafter autologous and
allogeneic haemopoietic-stem-cell transplantatiol & treat patients with
osteogenesis imperfecta® So far, neither acute nor long-term adverse events

have been reported after infusion of mesenchyneah stells. Two reports on
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the use of in-vitro expanded cells for the treathwérsevere, acute GVHD have
recently been publishéd??

To facilitate large-scale, multicentre trials, tEaropean Group for Blood and
Marrow Transplantation Developmental Committee hdspted a common
protocol for expansion of mesenchymal stem cells. Mport the results of a
multicentre, phase Il study of the use of thesésarl55 patients with severe

and steroid-resistant, acute GVHD.

Methods

Patients

Between October, 2001, and January, 2007, patiérdal ages with grade 2—4
GVHD after haemopoietic-stem-cell transplantatiamo did not respond to
steroid treatment@ mg per kg per day) for at least 7 days, or withgpession
of at least one grade within 72 h were eligible tloe study. 55 patients were
treated (Table 1); 48 had developed GVHD after dpéantation of
haemopoietic stem cells and seven after donor lpayte infusion. Most
patients had grade 3 or 4 GVHD involving two oretrorgans, confirmed by
biopsy in 36 patients (43 biopsies; table 2).

23 patients were treated at Karolinska Universigspital, Huddinge, Sweden
(of whom, eight were previously report€d?), 14 at Leiden University Medical
Center, Leiden, the Netherlands, eight at Ospe&ale Martino or Gaslini
Institute, Genova, Italy, seven at IRCCS PoliclinBan Matteo, University of
Pavia, Pavia, Italy, and three patients were frooyaR Adelaide Hospital,
Adelaide, Australia.

This phase Il study was a prospective registrasinily to include all patients
consecutively treated with mesenchymal stem celihé participating centres
of the European Group for Blood and Bone Marrow n§mantation

mesenchymal stem cell consortium: the study wasoapp by the local ethics
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committees or institutional review boards of thertipgpating institutions.

Donors and patients, or their legal guardians, gaviéen informed consent.
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Table 1.Characteristics of patients and treatment

MEASURE
RECIPIENTS
Recipient age, years 22 (0-5-64)
Male,female 34,21
25,30
Child,adult
DIAGNOSIS
AML 8
ALL 12
CML 7
CLL 2
JMML 4
Multiple myeloma 2
Myeloproliferative disorder 1
Myelodysplastic syndrome 6
Lymphoma 1
Non malignant disorders 10
Solid tumor 2
Disease early , late* 21.24
DONOR and CELLS
Female donor to male recipient 10
Male donor to female recipient 9
HLA-identical sibling 19
Unrelated A, B, DRR1 identical 25
Mismatched donor 6
Unrelated CB (matched/mismatched) 3/2
HLA-identical sibling 19
Stem cell source ( BM/PBSC/BM+PBSC/CB) 19/30/1/5
GvHD PROPHYLAXIS
CsA 4
CsA + MTX 38
CsA + MMF 5
CsA + prednisolone 6
Other 2
ATG/ALG/Campath 30/1/5
DOSE
Nucleated cell dose x &g 5.9 (0-17-20-6)
CD34+ cell dose x fikg 8 (0-15-28)
CYTOMEGALOVIRUS SEROLOGY
Negative in donor and recipient 14
Positive in donor and recipient 20
Positive in donor or recipient 21

Abbreviations: ALG = Antilymphocyte globulin; ALL sAcute lymphoblastic leukaemia; AML = Acute

myeloid leukaemia; ATG = Antithymocyte globulin; BMBone Marrow; CB = Cord blood; CML = Chronic

myeloid leukaemia; CLL = chronic lymphocytic leukemnJMML = Juvenile myelomonocytic leukaemia;

CsA = Cyclosporine; HLA = Human leukocyte antigdiTX = Methotrexate; MMF = Mycophenolate

mofetil; PBSC = Peripheral blood stem cell.* Earhyon-malignant disease, 1st complete remissidh, 1
chronic phase; late: beyond these stages at tinrarafplant
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Table 2. GVHD grade and organ involvement

NUMBER OF PATIENTS

GvHD SEVERITY
GvHD I/1I/IV

ORGAN INVOLVEMENT

Only one organ S/G/L
Two: G+S/G+L/L+S
Three: G+ S+L

GvHD CONFIRMED ON BIOPSY
S/G/L

GvHD TREATMENT PRIOR TO MSC INFUSION
Cyclosporine or tacrolimus
Prednisolone 2 mg/kg
MMF
Daclizumab + Infliximab
Daclizumab alone
Etanercept and PUVA
Extra-corporeal photochemotherapy
Cyclophosphamide
ATGT
Rituximab

PREVIOUS FAILED THERAPY

First line
Second line
Third line
Fourth line
Fifth line

5/25/25

3/6/1
15/7/4
19

10/31/2

55 (53)*

55 (55)*

10 (10)*
4()

1 3)*
1()
10 (8)
3

2
L

Abbreviations:
G = Gut; L = Liver; S = Skin.;

ATG=antithymocyte globulin. MMF=mycophenolate mafediSC=mesenchymal

stem cell. PUVA=psoralen and ultraviolet-A irradat

*Numbers in brackets hadimmunosuppressive therafisna of MSC infusiontOne Thymoglobulin,

Genzyme, USA; one ATGAM, Upjohn, USA.
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Procedures and definitions

Before treatment with haemopoietic stem cells, grasi received either
myeloablative or reduced-intensity conditioningg(ie 1). Conditioning was
myeloablative in 37 patients, who were given cyblogphamide (120 mg per
kg) combined mainly with busulfan (16 mg per kgglphalan, or fractionated
whole-body irradiationX 12 Gy). 18 patients had low-intensity conditioning
regimens with fludarabine phosphate combined wéttious cytotoxic drugs or
2 Gy whole-body irradiation.

As GVHD prophylaxis, most patients received ciclwép combined with either
four doses of intravenous methotrexate or mycoplagémanofetil. In patients
receiving cord-blood transplantation, ciclosporinasw combined with
prednisolone. Recipients of haemopoietic stem ¢edla unrelated donors were
treated with antithymocyte globulin, anti-lymphoeylobulin, or alemtuzumab.
All patients had been treated with prednisolone dZkan per day or more as
first-line immunosuppressive GVHD therapy and waesistant to this
treatment.

33 patients (60%) had failed two or more linesmmunosuppressive therapy
before receiving mesenchymal stem cells (table A%l). patients continued
treatment with steroids and a calcineurin inhibifo=53) or mycophenolate
mofetil (n=2) at the time of infusion.

20 patients also continued additional treatmentdewteceiving stem cells
(table 2).

We defined resistance to treatment as no improvenmemverall grade of
GVHD or progression.

Acute GVHD was graded according to internationalycepted criteria by
physicians at individual centré§When possible, we confirmed diagnosis with
biopsy of the involved organs.

We used best response to define the responseatget: complete response

was loss of all symptoms of acute GVHD; partiapmsse was improvement of
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at least one grade; stable disease was no chandggVHD grade; and
progressive disease was worsening of GVHD.

Patients were judged to have responded if theydit@@r complete or partial
response. Transplantation-related mortality inotbdé deaths associated with
transplantation of haemopoietic stem cells exdepsd related to recurrence of

underlying disease.

Additienal GuHD treatments
Steroids
CwHD prophylaxis | ]

CONE

Conditioning

HSCT Acute GuHD kST Optienal MSC infusion

if no response

Figure 1: Scheme of mesenchymal stem-cell therapy

Laboratory methods

Table 3 shows the characteristics of the donorsgaafis. Mesenchymal stem
cells were derived from either HLA-identical steellcdonors, haploidentical
family donors, or unrelated HLA-mismatched donors.

Clinical-grade mesenchymal stem cells were gengratender good
manufacturing practice conditions according to mwmn protocol devised by
the European Group for Blood and Bone Marrow Triargption
developmental committee and approved by the mealiproduct agencies in
the respective countries. Bone-marrow mononucledls avere separated by

density gradient centrifugation as previously diest!
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Washed cells were re-suspended in Dulbecco’s neatiiagle’s medium-low
glucose (Life Technologies, Gaithersburg, MD, US#; Paisley, UK)
supplemented with 10% fetal bovine serum (Natioweterinary Institute,
Uppsala, Sweden, or HyClone, Logan, UT, USA) aradeul at a density of 160
000 cells per cm2. Cultures were maintained at 370Ca humidified
atmosphere containing 5% COn 175 cm2 fl asks (Falcon, Franklin Lakes,
New Jersey, USA, or Greiner Bio-One, Frickenhausgermany). When the
cultures were near confluence (>80%), the cellsewdmtached by treatment
with trypsin and EDTA (Invitrogen, Grand Island, NYJSA, or Lonza
Verviers, Verviers, Belgium) and re-plated at agignof 4000 cells per cm2.
When 2x16 cells or more were obtained, they were harvestedl aither
cryopreserved in 10% dimethyl sulphoxide (Rese#rdhstries, Salt Lake City,
UT, USA, or Leiden University Medical Centre PhaoyaNetherlands) or
washed repeatedly and re-suspended to a final ntratien of 2x16 cells per
ml in saline solution according to local guidelines

Criteria for release of mesenchymal stem cellshnmical use included absence
of visible clumps, spindle-shape morphology, absent contamination by
pathogens (as documented by aerobic and anaerolbices before release),
viability greater than 95%, and immune phenotyppigving expression of
CD73, CD90, and CD105 surface molecules (>90%) amsence of CD34,
CD45, CD14, and CD3.24

Cells were given as intravenous infusions. Celislfbinfusions were harvested
fresh from culture and given to the patients. Irotller cases, frozen cells were

thawed and infused.
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Table 3. Mesenchymal-stem-cell donor and graftattaristics

MEASURE

DONORS
No. of donors 45
Donor sex (male/female) 25/20
Donor age 36 (1-67)
NUMBER OF INFUSIONS BY DONOR TYPE

HLA-identical sibling 5

HLA-haploidentical donor 18

Unrelated HLA-mismatched donor 69

60 (32-220)
Volume of bone marrow harvested (ml)
Median MSC cell dose (x #fxg, range) 1.4 (0-4-9)
CULTURE PASSAGE AT MSC HARVEST
14

Passage 1

Passage 2/2+3 42/7

Passage 3/3+4 23/2

4

Passage 4
NUMBER OF MSC INFUSIONS

One 27

Two 22

Three 4

Four

Five

Data are number or median (min—-max range). MSC=nobyenal stem cell.
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Statistical analysis

Data were analysed as of last data collection inchla2007. We estimated the
probability of survival with the Kaplan-Meier metthcand significance of
differences with the log-rank test (Mantel-Cox). afisplantation-related
mortality was estimated non-parametrically. Pasemére censored at the time
of death or last follow-up. Because relapse and-retapse mortality are
competing events, we estimated their incidence witton-parametric estimator
of cumulative incidence curvés® All results were expressed as 2-year
probability of survival or 1-year cumulative incitee (%) of transplantation-
related mortality and 95% CIl. We used Fisher's exast to compare
distribution of categorical variables. Analyses evatone with the cmprsk
package (developed by Gray, June, 2001), Splusd@ivare, and Statistica

software.

Role of the funding source

The sponsors of this study had no role in studygdesiata collection, data
analysis, data interpretation, or writing of thpad. The corresponding author
had full access to all théata and had final responsibility for the deciston
submit for publication.

Results

92 infusions of mesenchymal stem cells were given;patients had one

infusion, while 28 had two or more (figure 1, taB)e Of the 28 patients treated
with multiple infusions, 15 received cells deriviegdm two or more donors. No

patients had acute side-effects either during ter &ifusion; and none have had
late side-effects so far. Median time from transfdtion of haemopoietic stem
cells to infusion of mesenchymal stem cells was d&a (min—max range 27—
533).
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Just over half the patients had a complete respars® about a fifth had a
partial response; most of the remainder had wangedisease (table 4). A
greater proportion of children responded than didlta (p=0.07). Median time
from first infusion of mesenchymal stem cells tanpbete response was 18
days (min—-max range 3-63). 30 patients achievingpbete response were
available for assessment at 6 weeks after infusbdrthese, four had died, 19
still had complete response, one had grade 1 arthdigrade 2 acute GVHD.
After one dose, 27 patients had complete respdngehad partial response,
and 26 did not respond. Of patients who respondedne dose, two were
treated with HLA-identical mesenchymal stem celfsee with haploidentical
cells, and 24 with third-party cells. The mediarsel@iven to patients who
responded to the fi rst dose was 1.4%ddlls per kg (min—-max range 0.8%tD
9x1C cells per kg), which was similar to that givennmn-responding patients
(1.4x10 cells per kg; 0.6x10t01.9x16 cells per kg). Six children and one
adult who responded to the first infusion were give second infusion to
prevent GVHD recurrence when immunosuppressive dregtment was
reduced.

17 of the patients who did not have sustained cetaeplesponse after the first
dose were treated with subsequent doses. Fivenpatiad complete response
but received several doses of mesenchymal sters beltause of GVHD
recurrence. Five patients had partial responsesaend given multiple doses.
One patient did not respond to 0.6XtRlls per kg but responded to a second
dose of 2x1®cells per kg. 12 patients did not respond des@iteral infusions.
22 of 30 patients with grade 2 or 3 acute GVHD oesied, compared with 17
of 25 with grade 4 disease (p=0.77). 28 (78%) opatents with involvement
of one or two organs had a response compared Witt68%) of 19 patients
with involvement of three organs (p=0.21).

The age or HLA-match of the mesenchymal-stem-cafiod had no effect on

response rate after infusion (data not shown). dtiepts receiving HLA-
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identical cells, two of five responded to first dpgompared with nine of 13
patients given haploidentical cells and 27 of 3¢eigng unrelated cells.
Median time from acute GVHD onset to treatment witisenchymal stem cells
was 25 days (min—max range 3—114) in complete refgyg, compared with 29
(3-116) days among all other patients (p=0.48). Wed variable responses
when cells expanded from one donor were given tersé recipients. There
was no relation between the treatment given befttesion of mesenchymal
stem cells and response.

21 patients were alive at the time of analysis @ar2007) with a median
follow-up of 16 months (min—max range 1.5-64 monthBier infusion of

mesenchymal stem cells (table 4).

Table 4. GvHD response and outcome

CHILDREN ADULTS ALL PATIENTS
n=25 n=30 n =55
RESPONSE
Complete 17 (64%) 13 (47%) 30 (55%)
Partial 4 5 9
Stable disease 2 1 3
Progressive disease 2 11 13
Overall response 21 (80%) 18 (60%) 39 (69%)
SURVIVAL * 13 8 21
CHRONIC GvHD
Limited 2 0 2
Extensive 4 2 6

*At last data collection, March, 2007.
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The estimated probability of survival 2 years afterematopoietic-stem-cell
transplantation for the entire cohort of patienesv@5% (95% Cl 22—-38%); in
adults, 2-year survival was 26% (10-42%) comparét ¥5% (23-67%) in
children (p=0.06). The 2-year probability of sumlivin complete responders
(52%, 34-70%) was significantly better than thathe patients with partial or
no response (16%, 0—-32%, p=0.018; figure 2).

—— Complete responder:
—— Partial rezponders and nan. respanders

Sucheal (1)

pe0013

Humber at risk
Complete responders 7 6 i n 13 1
Fartial- responders or 0 & ]

nen-rezpenders

Figure 2: Survival from time of haemopoietic-stem-cell tralagpation in patients
given mesenchymal stem cells

Survival at the end of follow-up was 52% (95% CI-30%) for the 30 complete
responders and 16% (0—-32%) for the 25 partial ned@ or non-responders.

The 100-day transplantation-related mortality framme of infusion of

mesenchymal stem cells was 13% (0-26%) for patigittscomplete response
compared with 60% (41-79%) in other patients (p&R)0 Transplantation-
related mortality 1 year after infusion was 37% -{8%%) in complete
responders and 72% (55-89%) in patients with gatiao response (p=0.002;
figure 3). Of the survivors, six with complete respe developed chronic
GVHD, which was limited (mild) in four and extensisevere or involving

several organs) in two patients. Two patients pi#itial or no response also
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developed extensive GVHD. At last follow-up (Mardh 2007), eight with
complete response had discontinued all immunosspwe drugs. Three
patients had recurrence of the original diseasewatiemultiple myeloma, one
with acute lymphoblastic leukaemia, and one witbt@anyeloid leukaemia.
One patient with Pearson’s disease developed atygtid leukaemia de novo
originating in endogenous haemopoietic cells. Alkde patients died. Acute
GVHD was the most common cause of death (18 pa)ientith or without
concomitant infection. One patient died from checo@GVHD with obstructive
bronchiolitis, and one patient died from multi-ongdiailure after severe
haemorrhagic cystitis. Infections in patients wileddo acute GVHD included
aspergillosis (five), cytomegalovirus (four), anapscaemia caused by
Enterococci (four), Klebsiella sp (one), Escherichia coli (one), and an
unidentified pathogen (one). Three patients haéctidn with Epstein-Barr
virus, one of whom developed post-transplantatyonphoproliferative disease
related to the virus. Of the patients who resportdemiesenchymal stem cells,
nine died from infections. Pathogens includédebsiella sp, E coli

Pseudomonasdenovirus, and varicella zoster virus cinfection
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Figure 3: 1l-year cumulative incidence of transtdtiaon related mortality from time of
infusion of mesenchymal stem cells

Transplantation related mortality was 37% (95% O©OF35%) among the complete
responders and 72% (55-89%) among the partial nelgps or non-responders.

Discussion
39 of 55 patients with steroid-resistant, sevejtea GVHD responded to
treatment with mesenchymal stem cells. Survivalthose with complete
response was significantly higher and transplamtatelated mortality after
infusion was significantly lower than in people lwjartial or no response. The
clinical course of the 13 patients with progresslisease despite treatment may
represent the natural progression of severe GVHiDItiag in death in most
patients. No major toxicities were observed, aedttnent with mesenchymal
stem cells seemed to be safe.
Although various immunosuppressive treatments Hsmen used, there is no
established therapy for steroid-resistant, se\arete GVHD"* The outcome
for patients who do not respond to corticoster@dberefore poor, and survival
at 2 years is about 10982 In this study, survival in people who responded to
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mesenchymal stem cells was higher (52%) than pusiyodescribed for
patients with a similar grade of acute GVHD.

The response in patients with grade 2 and 3 acutdlBwas similar to that in
patients with grade 4. More patients are needadvestigate responses to the
treatment in various subgroups. For example, tlfferdnce in response rate
between children and adults with acute GVHD of caraple severity was not
significant. Because of the low number of patietig, statistical power was
insufficient to detect significance for differencéise size of that between
response rates in adults and in children (estimptagler 0.58). At least 80
patients would be needed to detect such a differaiiih p equal to or less than
0.05.

At present, little is known about mechanisms of pgapsion of GVHD by
mesenchymal stem cells. In-vitro, these cells haamous effects on immune
cells, including T cells, antigen-presenting celtstural-killer cells, and B
cells?®**° The biological relevance of these in-vitro findinig unknown. These
cells might suppress donor-T-cell responses toprati alloantigen. This
suppression is probably induced by several mecimsigncluding release of
soluble factors, induction of regulatory T cellsdarepair of damaged target
organs>**Immunological studies specifically addressing ib@ie are needed
to improve our understanding the treatment of a@ueiD.

Our study was designed to assess safety and gffafanesenchymal stem cells
for refractory acute GVHD. It was not designed deritify the best dose of
mesenchymal stem cells. At present we can note thally on the one hand,
clinically meaningful responses were obtained aftéusing a dose as low as
0.8x10 cells per kg, whereas on the other, doses asasigh9x10cells per kg
were not successful in all cases. Thus any comiuas to relevant dose is
premature.

In more than half of patients, a single dose predu& response, whereas in a

few patients with partial response or with recuceeinf GVHD, several doses
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were needed to induce a lasting response. Thenespwmas not restricted to
single organs: skin, gastrointestinal tract, anerliGVHD showed similar
responses. How long mesenchymal stem cells sumfter injection and to
what extent they are able to target tissues araawk®” Thus, whether GVHD
multi-organ response to infusion occurs becauseehe reach the lymph nodes
and inhibit the immunological response that gives to GVHD is unclear; they
might alternatively or additionally target variowsgans associated with a
tissue-healing effect. Further tracking studieshvi@belled cells are needed to
address these issues. Third-party mesenchymal ctienwere as effective as
HLA-identical or haploidentical cells. This findinigas practical implications
and suggests that third-party cells can be prepamddstored frozen to be used
for GVHD therapy. Little is known about whether HLdisparity determines
the response to treatment and survival of celler afy/stemic administration.
Most data derived from animals indicate short stalvbf mesenchymal stem
cells after injection in vivo. Clinical benefit tight not require sustained
engraftment of many cells but could possibly refalin production of growth
factors or temporary immunosuppression. With therplealth of patients
receiving mesenchymal stem cells, some deaths evgrected, despite control
of GVHD. Infections are common in severe GVHD bessawof the state of
immunodeficiency that characterizes these patievwhether treatment can
further aggravate immune incompetence or not ideancTo properly answer
the question of whether treatment increases the dfisinfections requires a
controlled randomized study.

The survival rate for patients with complete reggmwas significantly better
than that for those with partial or no responseggssting that beneficial effects
of mesenchymal stem cells are not overridden byigh humber of severe
infections.

This study was a multicentre collaboration betweemntres adopting a common

protocol for the expansion of mesenchymal stenscBiécause we did not find
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significant differences in the response rate tatinent in patients in the
different participating centres, we conclude thae wf a common protocol
affords reproducibility of results. Mesenchymalnsteells derived from bone
marrow might be a safe and effective treatmentphdrents with severe, acute
GVHD who do not respond to corticosteroids and ioih@nunosuppressive
therapies. The number of infusions needed, the Blese of cells in each
infusion, and the possible interactions of cellthwather drugs for acute GVHD
require further investigation. Although the grintlook for patients who do not
respond to treatment suggests that improved surat@ is probably related to
infusions of mesenchymal stem cells, randomisedcdi studies are needed to
compare this treatment with more conventional apgines.

In summary, this study shows that more than hathefpatients with steroid-
refractory acute GVHD responded to treatment wigsemchymal stem cells.
Whether the cell donor was HLA matched or unmatctiel not affect the
success of treatment. Just over half of patients wicomplete response were

alive at 2 years.
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Summary

Thanks to their capacity to modulate immune resposisd promote tissue
repair, mesenchymal stromal cells (MSCs) represqudtential novel treatment
for autoimmune/inflammatory diseases, including lre disease (CD). The
aim of the study was th vitro characterization of MSCs from active CD
patients (CD-MSCs) for future clinical application.

MSCs from bone marrow (BM) of 7 CD-patients (medage 32 years) were
expandeckx vivoin the presence of 5% platelet lysate; cells viavestigated
for  clonogenic  efficiency, proliferative  capacity, morphology,
immunophenotype, differentiation potential, genestability and ability to
suppresén vitro proliferation of both autologous and allogeneimphocytes to
polyclonal mitogens. Results were compared withs¢hof BM-MSCs of 4
healthy donors (HD).

MSCs were successfully expanded from all patie@slony-forming unit-
fibroblast (CFU-F) frequency and proliferative ceipa were comparable in
CD- and HD-MSCs. CD-MSCs showed the typical spirsiiaped morphology
and differentiated into osteoblasts, adipocytes @&hdndrocytes. Surface
immunological markers did not differ between CDdaidD-MSCs, with the
only exception of sizeable levels of HLA-DR at gatlulture passages (12%-
84% at P1) in the former. CD-MSCs ceased their troat variable passages
(from P8 to P25) and entered senescence, withoyt emange in
morphology/proliferation rate. Array-Comparative r@enic Hybridization
demonstrated that CD-MSCs do not show imbalancedonubsomal
rearrangements. CD- and HD-MSCs similarly inhibiteditro proliferation of
lymphocytes to mitogens.

CD-MSCs show biological characteristics similar HD-MSCs and can be
considered for approaches of anti-inflammatory esqhrative cell therapy in

patients with refractory disease.
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Introduction

Within the bone marrow (BM) microenvironment, mptitent stromal cells,
also referred to as mesenchymal stromal cells (MS&& known to be the
precursor cells for stromal tissues that suppardtepoiesis:” For many years,
MSCs have been considered mainly a component ofomastroma, without
any special function, and endowed only with strradtsupport properties. It is
now clear that MSCs give a substantial contributionthe creation of the
hematopoietic stem cell (HS@)che and play a crucial role in the development
and differentiation of the lympho-hematopoieticteys by secreting a number
of growth factors and regulatory cytokines, and fmpmoting cell-to-cell
interactions.®

After the initial identification in post-natal BMMSCs have been isolated from
a variety of other human tissues, including muscienective tissue, adipose
tissue, foetal tissues, placeatsd umbilical cord blood (UCB)'°The isolation
and characterization of MSCs rely on their adhezetacplastic, the ability to
differentiate into the various mesenchymal difféiaion lineages and on the
expression or absence of a number of surface meka@n culture-expanded
cells™ MSCs possess unique immunological properties teatliaplayed on all
cells involved in the immune response, including anrd B-lymphocytes,
dendritic cells and Natural Killer (NK) cellgas demonstrated by several
independent groups both vitro andin vivo.***Based on these biological and
functional properties, MSCs have been already sstcly employed in the
clinical setting, either to enhance hematopoietenscell engraftment*® or to
treat the most severe form of acute graft versiss tisease (GvHD), refractory
to conventional treatment3?°

Moreover, MSCs have been demonstrated to displaynotactic ability, to
migrate to sites of inflammation and injuflyas well as to secrete paracrine
mediators able to reverse acute organ fafitiladeed, MSC infusions have

been successfully used in repairing tissue injuegoadary to allogeneic
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hematopoietic stem cell transplantation (HSET).

Based on these findings, MSCs can be consideredsast of novel treatment
for inflammatory diseases, where cell loss is aquamed by local and systemic
inflammatory response.

Crohn’s disease (CD) is a chronic inflammatory sygathy, whose prevalence
in Western countries has dramatically increasethén last decadé? and in
which a dysregulation of the immune response tosvamtestinal bacteria in
genetically susceptible individuals plays a patimedje role®® Despite the large
number of therapeutic options availableée. anti-inflammatory drugs,
antibiotics, immunosuppressant drugs, biologicalendg and surgical
strategie$® there is a growing number of CD patients withaefory/recurrent
disease. In view of this consideration and of teBosis side effects of more
aggressive therapies, alternative strategies aeslede both to increase the
proportion of patients achieving remission andhpriove their quality of life.
Very recently, the topical implantation of BM-deztv¥ MSCs has been
demonstrated to be beneficial in the healing pmafsexperimental colitis in
rats, confirming the ability of MSCs to modulatenmne-responses and to
promote tissue repair through their trophic acji%it Moreover, a phase |
clinical trial for the treatment of perianal fisasl in 4 CD patients with
autologous, adipose tissue derived-MSCs has bemorteel with promising
results?®

In this respect, we are currently investigating ploeential role of autologous
BM-derived MSCs as novel, anti-inflammatory celtutherapy to stimulate
tissue repair in CD patients. However, no experialedata have been obtained,
so far, on the biological and functional charaction of BM-derived MSCs
from these patients. The aim of this study, thesfavas to evaluate the
feasibility of isolating and expandingx vivoMSCs from BM of CD patients
with active disease, and to carry out a phenotypiaad functional

characterization of these cells in comparison vBt-MSCs isolated from
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healthy subjects. In a perspective of future clihigse, in order to avoid any
risk associated with the use of fetal calf seru@S}F; platelet lysate (PL, 5%)

was employed as culture supplement to stimulate I®@th?°

Materials and methods

CD Patients and Healthy Donors

Peripheral blood (PB) and BM cells were harvestethf7 patients with active
CD (5 males, 2 females, median age 32 years, rE§d) and 4 healthy HSCT
donors (2 males, 2 females, median age 33 yeange r86-47), after obtaining
written informed consent. The Institutional RevidBoard of Fondazione
IRCCS Policlinico San Matteo Foundation approverdbsign of this study.
Peripheral blood mononuclear cells (PBMCs) weréated from CD patients
and healthy donors (HDs) by means of density gradientrifugation (Ficoll
1.077 g/ml; Lymphoprep, Nycomed Pharma, Oslo, Ngjveand cryopreserved
for future experiments.

Patient characteristics at time of BM harvest aescdbed in Table 1.
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Pt. Sex Age BMI Disease duration Bebari Location CDAI Therapies Previous therapy

(n.) (years) (years)

1 F 45 31.0 8 B3 L2 323 MSZ, MTN, anti-TNFa MSZ, PDANZT, AB,
anti-TNFa , surg.

2 M 29 19.6 13 B3 L1 79 MSZ, anti-TNFa MSDR, AZT, AB,
anti-TNFa , surg.

3 M 18 27.0 2 B3 L2 73 MSZ, MTN MSEZDN, AB, surg.

4 F 59 28.0 1.2 B2/B3 L2 172 MSZ MSZ, PDN, AB, surg.

5 M 37 17.0 12 B2/B3 L3 231 MSZ, AZT, MTN MSZ,PDN,AZT,ABysg.

6 M 32 19.0 15 B3 L3 62 MSzZ MSZ, PDN, AB, surg.

7 M 32 22.0 8 B3 L3 242 MSZ MSZ, PDN, AB

Table 1. Patients’ clinical features at time of danarrow harvest
Pt: patient; F: female; M: male; BMI: body masserdCDAI: Crohn’s disease activity index; MSZ: mkezine; MTN: Metronidazole;
PDN: prednisone; AB: antibiotics; AZT: azathiopriseirg.: surgery.
Disease behaviour and localization are classifembaling to the Vienna classification (*). BehavwioB1 nonstricturing, nonpenetrating;
B2 stricturing; B3 penetrating; location: L1 termileum; L2 colon; L3 ileocolon; L4 upper gastrastinal.

A CDAI value= 150 indicates active disease

(*)Gauche C, Scholmerich J, Brynshowd, et al. Agenclassification of Crohn’s disease: report of thiorking party of the world
congresses of gastroenterology, Wien 1998. InflaBawel Dis 2000;6:8-15.




Isolation and Culture of BM-derived MSCs

Mononuclear cells were isolated from BM aspirat28 (nl) of CD patients
and HDs by density gradient centrifugation (FichD77 g/ml; Lymphoprep)
and plated in non-coated 75-175 “cpolystyrene culture flasks (Corning
Costar, Celbio, Milan, Italy) at a density of 16800cm? in complete culture
medium: LG-DMEM (Invitrogen, Paisley, PENN) supplemed with 5%
PL? and gentamycin 50 pg/ml (Gibco-BRL, Life Technaésy Paisely,
UK). PL was prepared as previously described aed as culture supplement
for the generation and expansion of MSCs from &ll 8amples?® Cultures
were maintained at 37°C in a humidified atmospheamtaining 5% C@
After 48-hour adhesion, non-adherent cells wereoked and culture medium
was replaced twice a week. MSCs were harvested edtching> 80%
confluence, using Trypsin (Sigma-Aldrich, Milanéaly), and propagated at
4,000 cells/cmz until passage (P) 5. MSCs from 5 fgzlients (CD-MSCs)
were maintained continuously in culture until réaghsenescence. Senescent
MSCs were monitored for up to 8 weeks, in ordereweal any change in

morphology and/or proliferation rat.

Characterization of ex vivo Expanded MSCs

The colony-forming unit-fibroblast assay (CFU-F) swgerformed as
described previousk:*! CFU-F formation was examined after incubation for
10 days; the clonogenic efficiency was calculatedh® number of colonies
per 16 BM mononuclear cells seeded.

CD-MSCs from all 7 patients and MSCs from the 4 HEI®-MSCs) were
phenotipically characterized by flow-cytometry; dhescein isothiocyanate
(FITC) or phycoerithrin (PE)-conjugated monoclomatibodies specific for
CD45, CD14, CD34, CD13, CD80, CD31, HLA A-B-C, HLBR, CD90 (BD
PharMingen, San Diego, CA), CD73, CD105 (Seroteidlilkgton, Oxford,

UK) were used. Appropriate, isotype-matched, nattige fluorocrome-



conjugated antibodies were employed as controlaly&rs of cell populations
was performed by means of direct immunofluorescesite a FACSCanto
flow cytometer (BD PharMingen) and data were catad using FlowJo
software (Tree Star, Inc. Ashland, OR).

The osteogenic, adipogenic and chondrogenic diftexgon capacity of
MSCs was determined at P2 or P3 in 4 CD patierds3aAdDs, as previously
described®®?** To detect osteogenic differentiation, cells wetained for

calcium deposition with Alzarin Red (Sigma-Aldrich)Adipogenic

differentiation was evaluated through the morphiglalgappearance of fat
droplets stained with Oil Red O (Sigma-Aldrich). Tetect chondrogenic
differentiation, cells were stained for proteoglysaroluidine Blue (Sigma-
Aldrich).

In vitro PBMC Proliferation Assay with PHA and OKT3

The proliferation of PBMCs from 6 CD patients andiBs, in response to
both phytohemagglutinin (PHA-L; Boehringer, ManmhgiGermany) and
anti-CD3 (OKT3; Ortho, Raritan, NJ), in the absecein the presence of
BM-derived MSCs was performed in triplicate in flaittom microwells
(Corning Costar, Celbio).

In detail, irradiated (30 Gy) autologous or allogenMSCs were seeded at
MSC:PBMC ratio 1:2, 1:10, 1:20 per well and allowiedattach overnight
before adding T0PBMCs per well. PBMCs, in RPMI 1640 medium (Gibco-
BRL, Life Technologies) supplemented with 10% FE&sirpclone, Celbio),
were then added with or without PHA |(g/ml) and OKT3 (5 ng/ml). After a
3-day incubation at 37°C in a humidified 5% Cfmosphere®H-thymidine
(*HTdR 0.5uCi/well; Amersham, Buckinghamshire, UK) incorpocatiwas
measured during the last 21 hours by standard guoee The experiments

were performed both in the autologous setting. CD-PBMCs/CD-MSCs;
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HD-PBMCs/HD-MSCs) and in the allogeneic setting.(CD-PBMCs/HD-
MSCs; HD-PBMCs/CD-MSCs).

Molecular Karyotyping

Molecular karyotyping was performed by array-comapiae genomic
hybridization (array-CGH) with the Agilent kit (Huan Genome CGH
Microarray, Agilent Technologies, Santa Clara, CAjnce the minimum
positive call was considered of three consecutligpmeres with a logratio
different from zero, the theoretical resolution aofie 105kb 60mer
oligonucleotide platform was of about 40kb. The afeén profile of 4 CD
patients was tested before culture (defined tiner @,) using PBMCs, and
afterin vitro culture on MSCs at P2 or P3,JTCD-MSCs of 2 patients (pt. n.
3 and 4) were also evaluated at later passagesdRd (P13, respectively),
after prolongedn vitro culture (T). DNA extracted from saliva of the 4 CD
patients was used as control DNA to tegtdlls. PBMC DNA of the analyzed
patient was used as control DNA in every experim@mtCD-MSCs. DNA
was extracted using QlAamp DNA Blood Mini Kit (Qeg Milan, Italy)
according to the manufacturer's protocol. Array-C@HAperiments were
performed according to the manufacturer’s protaession 5.0. and analyzed
through the Agilent scanner and the Feature Extmacsoftware (v9.1).
Graphical overview was obtained using the CGH Amedy software
(v3.4.27). Quality control parameters for every esxpents were valuated

using QC metric tool of CGH Analytics Agilent sofive.

Statistical Analysis
The non parametric Mann-Whitney test for indepehdamples was

performed for the comparison of CFU-F numbers, datiue cell
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counts, inhibition of PBMC proliferation to mitogernP values less than
0.05 were considered significant.

Results

Characterization of BM-derived MSCs

We have previously demonstrated that, as compar®S(Cs cultured in 10%
FCS, MSCs of HDs expanded in the presence of 5%lifitlay comparable
morphology, phenotype and differentiation capacitiiereas are superior in
terms of clonogenic efficiency and proliferativepaaity?® Based on these
findings, we have chosen 5% PL as culture supplenm@nthe ex vivo
isolation and expansion of MSCs from BM of all Cltients and HDs
evaluated in this study.

As compared to HD-MSCs, BM-derived MSCs from CDiguats showed a
similar spindle-shape morphology in culture (seguFé 1A). In addition,
when BM samples were assayed for CFU-F frequertey 20-day culture the
results were as follows: HD-MSCs (obtained from ubjscts) showed a
median value of 24.5 (range 18-31) CFU-Fs pémi6nonuclear cells plated,
whereas the median value for CD-MSCs (obtained fropatients) was 21.5
(range 16-29; P=NS) CFU-Fs.

Similar to HD-MSCs, CD-MSCs were able to differat#i into both
osteoblasts, adipocytes and chondrocytes, as dématmusby the histological
detection of calcium depositions positive for AlmaRed (Figure 1B), the
morphological appearance of lipid droplets staimgth Oil Red O (Figure
1C) and the histological detection of proteoglycasitive for Toluidine
Blue, respectively (Figure 1D), respectively.

No differences were observed in terms of prolifgeatapacity, calculated as
cumulative cell counts from PO to P5, between HBd &€D-MSCs (P=NS;
see Figure 1E).
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Figure 1. Characterization of Crohn’s disease (BCs, as compared to healthy
donor (HD)- MSCs, expanded in the presence of lgfatgsate (PL, 5%)-additioned
medium.

A) Morphology of CD-MSCs from patiemt. 2 at P3, as compared to HD-MSCs at P3.
B) Osteogenic differentiation capacity of CD-MSQsn patientn. 4 at P3, as
compared to HD-MSCs at P3. The differentiation iofteoblasts is demonstrated by
calcium deposition stained with Alzarin Red. Magdtion x 20. C) Adipogenic
differentiation capacity of CD-MSCs from patiemt 4 at P3, as compared to HD-
MSCs at P3. The differentiation into adipocyteseigealed by the formation of lipid
droplets stained with Oil Red O. Magnification x. ZL) Chondrogenic differentiation
capacity of CD-MSCs from patient 4 at P3, as compared to HD-MSCs at P3. The
differentiation into chondrocytes is demonstratgdibposition of extracellular matrix
stained with Toluidine Blue (proteoglycans). E) cddted cumulative cell counts
from PO to P5 of CD-MSCs and HD-MSCs cultured ia gnesence of 5% PL; results
are expressed as the mean calculated from datamedbthrom 7 CD patients and 4
healthy donors, respectively.
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Moreover, the median time to reach 80% confluencall passages from 1 to
5 was 6 days for both HD- and CD-MSCs.

MSCs from 5 CD patients (ph. 1, 2, 3, 4 and 6) were propagated for long
termin vitro culture. CD-MSCs from pn. 1, 2, 3, and 6 ceased their growth
at P11, 9, 11 and 8, and entered a senescencegtexses-, 19-, 20- and 16-
week culture, respectively. Patient 4 showed a late MSC growth arrest
(P25), when the cells entered senescence aftere28-wulture. Senescent
CD-MSCs were monitored in culture daily for up tav8eks, without showing
any change in morphology, immunophenotype andfliferation rate.
CD-MSCs from all 7 patients expressed high leveB5¢o positive cells) of
CD90, CD73, CD105, CD13 and HLA A-B-C surface amtig, whereas were
negative for CD34, CD45, CD14, CD80, CD31 molecijsse Figure 2), this
pattern being similar to that observed in HD-MSH8swever, while in HD-
MSCs HLA-DR expression was always below 2% evezaaly passages (data
not shown), CD-MSCs at P1-P3 expressed variablysaralle levels of this
marker (from 12 to 84% at P1; see Figure 2), whectued to decrease during

in vitro culture and completely disappeared after P4.

CD90 CD105 CcD73 HLA-A-B-C

CD34 CD45 HLA-DR CcD14

/'\‘ ;"

Figure 2. Immunophenotypic characterization of CI3G4 from patient. 1 at P1 by
flow cytometry. CD-MSCs stain positive for CD90, €5, and HLA A-B-C surface
antigens, whereas are negative for CD34 and CD4Baules. Sixty % of CD-MSCs
170



from patient n. 1 at P1 are positive for HLA-DR. Bypression of HLA-DR on CD-
MSCs from patienn. 1 at P5. Only 2 % of CD-MSCs are positive for HDR.

The expression of HLA-DR was monitored throughouliwe for all CD

patients (see Table 2 for details).

Pt (n.) P1 P2 P3 P4 P5 P6
1 60 45 22 9 2 0
2 30 30 4 2 ND 0
3 20 10 5 0 0
4 17 11 0 0 ND
5 84 44 7 1 0
6 12 0 0 ND ND
7 13 0 0 ND 0

Table 2. Percentages of HLA-DR expressionexavivo expanded Crohn’s
disease (CD)-MSCs by flow cytometry. CD-MSCs afyepassages (P1-P3)
express variable levels of HLA-DR which tend to m@se duringn vitro
culture and disappear after P4.

ND: not determined

Effect of MSCs on PBMC proliferation

The effect of CD- and HD-MSCs on the proliferatiohPBMCs stimulated
with PHA and OKT3 was evaluated in 6 CD patientd 4rHDs. Results are
reported in Figure 3.

As far as the autologous settinge( CD-PBMCs/CD-MSCs) is concerned,
PHA- and OKT3-stimulated proliferation of CD-PBM@ss reduced by up to
61% £ 9.6% (MSC:PBMC ratio 1:10) and 59% + 8.1% @BBMC ratio
1:20), respectively, by the addition of CD-MSCs. wéwer, a direct
correlation between the number of CD-MSCs added #med degree of
inhibition of CD-PBMC proliferation was not founddge Figure 3A and 3B

for the residual percentage of response). A conpardegree of inhibition
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was observed when PHA- and OKT3-stimulated HD-PBN\ese tested in
the presence of HD-MSCs: 44% * 12.3% at MSC:PBMi® r&10 for PHA

(P=NS); 57% % 11% at MSC:PBMC ratio 1:20 for OKTB=(NS, see also
Figure 3C and 3D for the residual percentage difpration).

When the allogeneic setting was examined. CD-PBMCs/HD-MSCs), we
found that HD-MSCs were comparable to CD-MSCs m dbility to reduce
PHA- and OKT3-stimulated proliferation of CD-PBMCg¢maximum

inhibition for PHA at MSC:PBMC ratio 1:10 = 52.5% 21.2%, P=NS;

maximum inhibition for OKT3 at MSC:PBMC ratio 1:20 45% = 17%,

P=NS). As already shown for the combination CD-PBNCD-MSCs, also in
this context a dose-dependent effect of MSC additvas not observed.

Figure 3E and 3F report the residual percentagespionse.
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Figure 3. Residual proliferation of CD patient PBMQCD-PBMCs) and healthy
donor PBMCs (HD-PBMCs), stimulated with PHA and G8Th the presence of CD
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patient MSCs (CD-MSCs) and healthy donor MSCs (HB@4). Each bar represents
the percentage of proliferation of 100.000 PBMCsthe presence of decreasing
numbers of MSCs (MSC:PBMC ratio 1:2; 1:10; 1:20heTcpm values at each cell
concentration were normalized to the cpm of PBMCishaut MSCs in each
experiment. Each bar represents the mean + SD Hhipheuexperiments (4 to 6 MSC
samples, each point being in triplicate). A) CD-P88/CD-MSCs, PHA stimulation;
B) CD-PBMCs/CD-MSCs, OKT3 stimulation; C) HD-PBME#)-MSCs, PHA
stimulation; D) HD-PBMCs/HD-MSCs, OKT3 stimulatiorE) CD-PBMCs/HD-
MSCs, PHA stimulation; F) CD-PBMCs/HD-MSCs, OKT&mtlation.

The condition HD-PBMCs/CD-MSCs was also tested: I@BEs induced a
reduction of HD-PBMC proliferation comparable t@tlobserved when HD-
MSCs were tested in the presence of HD-PBMCs (aaitahown).

Altogether, we did not find any significant differee between CD- and HD-
MSCs in the ability to reduce the proliferation bbéth autologous and
allogeneic PHA- and OKT3-stimulated PBMisvitro.

Molecular Karyotyping

To test the genetic profile of CD-MSCs, array-CGkpeariments were
performed on cells from 4 CD patients before celt(il), at early passages
(T,) and after prolongeth vitro culture (T; 2 patients). The comparison of
results from two or three experiments for eachegpat{T,, T; and T,), allowed
us to evidence the possible presence of chromosmmab-unbalances which
could be present only in CD-PBMCsfTor both in CD-PBMCs and ilex
vivo cultured CD-MSCs (fand T,). The use of DNA from saliva, as control
DNA to test T cells, permitted to exclude copy number variati¢@blVs)*
constitutionally present in the patients’ genomel,atmerefore, to evidence
only acquired chromosomal imbalances. Moreover, A from saliva
allowed to detect chromosomal deletions typical dymphocytes and, thus,
present only in PBMCs, but not in MSCs. Resultamhy-CGH experiments
demonstrated that,€ells were devoid of chromosomal imbalances, eximept

micro-deletions of different sizes Inci that undergo mitotic recombination
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specifically in T cells. These anomalies were no¢spnt in CD-MSCs
expanded in vitro, which did not show imbalanced chromosomal
rearrangements even after long term culture (sger&i4). In fact, the array-
CGH profiles of the repeated experiments from tlanes patient were
perfectly overlapping and no deletions or duplmasi were present,
considering the platform resolution of about 40kb.
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Figure 4. Representative array-CGH profiles of chreonoe 14 from patienta. 4: A) Tq:
PBMCs versus saliva; B);TMSCs at P3 versus PBMCs; C) The two overlapping éxgeits;
red line applies to PBMCs, blue line to MSCs at P3TR)MSCs at P13 versus PBMCs; E)
The three overlapping experiments; red line appliePBMCs, blue line to MSCs at P3 and
green line to MSCs at P13. The first experimentgdws the presence of a small deletions in
PBMCs in 14g11.2 which involves the TCA (T-cell rpta alpha chain C region) locus. This
gene is rearranged specifically in T cells anaitgnization is similar to an Ig gene, with V, D,
J, and C regions. The deletion is present in cellat@saic, because PBMCs contain all
peripheral blood mononuclear cells, a portion obwhis represented by T cellfhe somatic
deletion of PBMCs is also revealed in experiment8/&Cs, where it appears as a duplication,
because PBMCs are hybridizated as control DNA. Thaya€GH profile of CD-MSCs is
linear and no unbalanced chromosomal rearrangeraem{zresent.
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Discussion

Despite the large number of therapeutic optionseale control in CD
remains hard to achieve in many pati€énts such patients with refractory
disease and in whom progression into an exacerlbatadis associated with
severe gut fibrosis and formation of strictures /andfistulas, anti-
inflammatory and immunosuppressive therapies, dsasgebiological agents
and surgery, have limited succé%sn this context, adult stem cells and, in
particular, MSCs are under investigation as a no&l therapy-based
approach that could ameliorate the management gi@@ignts®*’

In the present study, we have isolated and propdgatculture MSCs derived
from the BM of 7 patients affected by active CD,ttwithe aim of
characterizing theiin vitro biological and functional properties in view of
their possible clinical use in patients refracttyconventional therapies. For
this purpose, CD-MSCs have been cultured in thegmee of a PL-additioned
medium and compared to PL-cultured, BM-derived, MSibtained from
HDs.

Our data demonstrate that both the isolation aeéxh/ivoexpansion of BM-
derived MSCs from CD patients are feasible and that cell population
exhibits similar morphology and differentiation ential into osteoblasts,
adipocytes and chondrocytes, as compared to HD-MB@sre 1A-D).
Moreover, CD-MSCs display similar CFU-F ability apcbliferative capacity
(Figure 1E), as compared to HD-MSCs, guaranteeh possibility of
expandingn vitro sufficient numbers of cells for clinical applicati

As regards the immunophenotype, CD-MSCs displajiedpanel of surface
markers characteristic of MSC, with the only exaaptof HLA-DR (Figure
2). The consistent expression of this latter antige CD-MSCs at early
passages (Table 2) might be related to the conditiactive disease found in
all patients when their BM was harvested, as detratesl by the activity

indexes (CDAI; see Table 1). In fact, the expressid HLA-DR is lost
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shortly afterin vitro culture, namely when cells are grown in a medi@viodd
of inflammatory signals/cytokines, which, by costraare potentially released
by the cells involved in the immune/inflammatorgpense and present in the
extracellular milieu of CD-BM. Support to this inpeetation is provided by
the observation that BM-derived MSCs from healtbjunteers, expanded in
the presence of PL, did not show any expressionHbA-DR,? this
suggesting that the increased expression of HLA-BRIlikely to be
attributable to the disease status of the patidinteas been previously shown
that in vitro exposure of MSCs to IFN-gamma, a cytokine knownbé&o
involved in inflammatory processes including tha$eCD,*® can induce the
expression of HLA-DR on MSC cell surfate®® Moreover, Le Blanet al*
have already demonstrated that HLA-DR positive M8iiSplay comparable
immunomodulatory properties as their counterpatt exmressing HLA-DR,
thus suggesting that this peculiarity of CD-MSCowt not affect their
function and does not preclude their possible ngbé clinical setting.

We also demonstrated that CD-MSCs are equally efeecas HD-MSCs, in
inhibiting in vitro polyclonally-induced proliferation of both autolmgs (.e.
derived from the patients themselves) and allogefnei derived from healthy
subjects) PBMCs (Figure 3). In particular, it igeworthy that CD-MSCs are
able to display the same magnitude of inhibitionGin-PBMCs proliferation,
as compared to the effect exerted by HD-MSCs onRBMCs. This finding
supports the use of patient-derived MSCs, instéadiliing third party cells.
The use of autologous MSCs offers significant athges in light of the
observations that MSCs can be lysed by both alleigem cell§' and NK
cells®® In the allogeneic setting, it is conceivable tlaat HLA-disparity
possibly resulting in NK alloreactivit§ could be a condition where NK cells
are particularly prone to kill mesenchymal progersit Finding an inhibitory

effect of MSCs even in the presence of a low MSGIRBatio suggests also
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that a meaningful favorable clinical effect could bbtained even after the
infusion of a low number of autologous mesenchypnagenitors.

BM-derived MSCs from CD patients could be cultutedg termin vitro,
without loosing their peculiar morphological andepbtypical characteristics
and maintaining a normal genetic asset, as denaedtrby array-CGH
experiments (Figure 4). In this study, we usedthar first time array-CGH
with a higher resolutiofl (about 40kb) to test MSCs, in order to have a deep
and more sophisticated evaluation of the genomivason of ex vivo
expanded cells, even if this approach is not ableunravel balanced
chromosomal rearrangements (detectable only byesdional karyotype) and
cell mosaicisms lower than 208%When studying the genetic stability e
vivo, extensively cultured BM-derived MSCs from HDs, Waund that a
normal array-CGH profile was associated with theealoe of any abnormality
in the conventional cytogenetic analy¥isOur present results obtained
through array-CGH indicate that CD-MSCs do not appe be susceptible to
malignant transformation even after long-term a@lfithus rendering these
cells suitable for cell-therapy approaches.

Both in animal models and in patients, it has bsleown that BM-derived
cells play a role in the healing process followingestinal injury and in the
regeneration of various cellular components ofthieosa’*** MSCs, through
the secretion of soluble factors (such as indoleam?,3-dioxygenase,
prostaglandin E2, hepatocyte growth factor, ets.wall as through a direct
cell-to-cell contact, have been demonstrated to abde to inhibit T-
lymphocyte proliferation to mitogens and allo-antig, to inhibit cytotoxic T-
lymphocytes generation, to influence the secretibaytokines favouring the
anti-inflammatory ones and to promote the diffeaditin of regulatory T
cells** Thus, in view of their immunosuppressive propertias well as of
their role in tissue repair and trophism, BM-dedv&ISCs represent a

promising tool in approaches of immunoregulatornyd aegenerative cell
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therapy’® Indeed, the potentiality of MSCs in the clinicatting has been
already shown both in prevention and in treatmérGeHD occurring after
allogeneic HSCT/'*?°In particular, a dramatic effect, in terms of cdete
resolution of the disease, has been observed iy patients suffering from
acute GvHD of the gut refractory to conventionar#py->*°The therapeutic
efficacy of BM-derived MSCs on this severe comglma of HSCT, as well
as the demonstration that MSCs colonize the sitdistblogical injury in
patients with gastrointestinal acute GVH&bhave suggested their potential
use in the treatment of other inflammatory and imeimediated diseases,
including CD. In this regard, recently, the resatsa phase-I clinical trial, in
which autologous, adipose tissue (AT)-derived M®&@ge been used for the
treatment of fistulizing CD in 4 patients, have tgriblished. Eight weeks
after MSC local infusion, 75% of the fistulas weensidered healed and no
adverse effect was obsen&dBased on these encouraging results, a phase-lI
trial on autologous AT-derived MS®sand a phase-lll trial on third-party,
BM-derived MSCs (Osiris Therapeutics, Inc. ColumbMA)***! in CD
patients refractory to conventional therapies,um@erway.

In this respect, it is worthy to note thext vivocultured human AT-derived
MSCs have been reported to be prone to undergdapewus transformation
characterized by significant chromosomal instapffitwhile, as mentioned
above, BM-derived MSCs do n&t The biological and functional
characterization of BM-derived CD-MSCs, which werdnalemonstrated to be
comparable to HD-MSCs, confirm the plasticity oéslk cells, together with
their immunomodulatory and differentiation propesti and provide the
experimental background to consider their use a®vative therapeutic
strategy in the management of CD patients withaafry disease. Moreover,
the bio-safety profile of these cells is sustaimest only by the genetic
stability of their chromosome asset, but also by fact that they were

generated in the presence of PL as culture supplerdmefact, the utilization
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of this reagent for thex vivoexpansion of MSCs allows to avoid the potential
risks associated with FCS, such as the possibtsrigsion of zoonoses and
the rejection of the transplanted cells due to imenteactions against animal
serum proteingwhile providing rapid and efficient expansion.

In summary, this study provides, to our knowledge the first time, a
comprehensive characterization of BM-derived MSf@snf CD patients; our
results support the potential use of autologous dvived MSCs as novel,
anti-inflammatory and reparative approach for irgatpatients with CD

refractory to or relapsing after conventional tipéza.
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CHAPTER 8

Generation of mesenchymal stromal cells in the presce
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comparison between umbilical cord blood- and bone

marrow-derived progenitors
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Summary

Mesenchymal stromal cells (MSCs) are employed werde clinical settings
in order to modulate immune response. Howevertivelg little is known
about the mechanisms responsible for their immurnhratory effects, which
could be influenced by both cell source and culaaeditions.

We tested the ability of a 5% platelet lysate (Bupplemented medium to
support isolation an@x-vivo expansion of MSCs from full-term umbilical-
cord blood (UCB). We also investigated the biolafffanctional properties of
UCB-MSCs, in comparison with PL-expanded bone maii®M)-MSCs.
Success rate of MSC isolation from UCB was in thdep of 20%. UCB-
MSCs exhibited the typical morphology, immunophgpet and
differentiation capacity. Although they have a laonogenic efficiency,
UCB-MSCs may possess high proliferative poteniile genetic stability of
UCB-MSCs was demonstrated by a normal moleculaydtgpe; in addition,
these cells do not express hTERT and telomeraseitpcexpress p18“?
protein and do not show anchorage-independent grellvth. Concerning
alloantigen-specific immune response, UCB-MSCs vwabie to: i) suppress
T- and NK-lymphocyte proliferation, ii) decreasetaigxic activity and iii)
only slightly increase IL-10, while decreasing N-Iecretion, in mixed
lymphocyte culture (MLC) supernatants. While an BS@ecific inhibitor did
not reverse MSC-induced suppressive effects, a PEpE@ific inhibitor
hindered the suppressive effect of both UCB- and-MBICs on alloantigen-
induced cytotoxic activity. Both UCB- and BM-MSCspeessed HLA-G.
UCB- and BM-MSCs may differ in terms of clonogengfficiency,
proliferative capacity and immunomodulatory projgs;t these differences

may be relevant for clinical application.
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Introduction

In addition to hematopoietic stem cells (HSCs), lth@e marrow (BM) also
contains mesenchymal stromal cells (MSEs)These latter cells exhibit
multilineage  differentiation  potential and are ewdd with
immunomodulatory properties that have been dematestrbothin vitro and
in vivo?* In the setting of hematopoietic stem cell transgalion (HSCT)ex
vivo expanded MSCs have been employed in view of bdtairt
immunomodulatory activity and their ability to sugp hematopoiesis. In
particular, in a phase I/ll multicenter study, MS@sved safe and effective
when administered to 55 patients with severe, gtesdractory acute graft-
versus-host disease (GvHD)Moreover, in another phase /Il study, co-
transplantation of MSCs, together with T-cell dégdeperipheral blood stem
cells (PBSCs), overcame the problem of graft failur 14 children given
HSCT from an HLA-haploidentical family donbr.Similarly, co-
transplantation of MSCs and umbilical cord bloodC@&) stem cells is under
investigation”® Recently, in view of their immunosuppressive prtips, as
well as their role in tissue repair and trophisn®infusion has also been
proposed as a novel approach for reparative/reggéwermedicine in the
treatment of autoimmune disordenrsd chronic inflammatory diseases.
Although BM represents the most commonly employegree of MSCs for
both experimental and clinical u&'*MSCs have been isolated from other
sources, including adipose tissue, placenta, amniltid, fetal tissues and
UCB.17—22

Notably, it has not always been possible to growndgiSrom UCB and in
many cases the yield was low. In particular, thespnce of mesenchymal
progenitors in full-term UCB has been questioneddoent years by many
groups, whose attempts to obtain MSC have eithtdfa®* or yielded low
numbers™?# In fact, the frequency of MSCs in UCB is very land, in fetal

blood, it has been reported to decline with gestali age from about 1/10
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mononuclear cells in first trimester fetal bloodt8/16 mononuclear cells in
term cord blood® Despite this limitation, Biebackt al. have demonstrated
that, when critical parameters for the selectiorigoibd quality’ term UCB
units are employed, MSCs can be successfully swlat more than 60% of
the processed cord blood urfts.

MSCs have been mainly expandadvitro in the presence of fetal calf serum
(FCS). Cells thus obtained, when infused into pégiemay potentially carry
the risks for both transmitting zoonoses and causmmune reactions
directed against residual animal proteins. For eéhaesasons, culture
supplements devoid of animal components, suchaslet lysate (PL), have
been tested in recent years for the isolation aquhresion of MSC&*? In
particular, our group previously demonstrated thab% PL-supplemented
medium can support large-scalex-vivo expansion of BM-derived MSCs
(BM-MSCs) and that this medium is superior to 10%SFin terms of both
clonogenic efficiency and proliferative capacityConversely, BM-MSCs
expanded in PL seem to be endowed with relativaly immunosuppressive
activity, as compared with BM-MSCs grown using FGS culture
supplement!

The aim of this study was to test the ability d?lasupplemented medium to
support the generation amc vivoexpansion of MSCs from full-term UCB
(UCB-MSCs), as well as to characterize these lattdls for their biological
and functional properties, in comparison with Plp@xded BM-MSCs. In
particular, we focused on the investigation of bibign genetic stability and the
immunoregulatory function, exerted on alloantigpedfic imnmune response,
by UCB-MSCs. Moreover, we have evaluated the pssitechanisms at the

basis of UCB-MSC immunosuppressive effect
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Design and methods

UCB unit collection and selection

UCB units were collected after full-term delivenydastored at the Cord Blood
Bank of our Hospital after obtaining signed writteriormed consent. The
Institutional Review Board of the Fondazione IRCE@&iclinico San Matteo
approved the study. Citrate Phosphate DextroseBAmE was employed as
anticoagulant in the collection bags. Whole UCBtsiniiere employed for
MSC generation. Ten fresh UCB units (median voluteml, range 40-60)
were selected according to the following critefiptotal nucleated cell (TNC)
count ranging from 500 to 750 %) manipulation performed within 24
hours from delivery; 3) overall cell viability grea than 75%, investigated by
7-amino-actinomycin D (7-AAD) and Aldefluor (ALDH)Samples obtained
from UCB units before and after mononuclear celN@®) separation were
analyzed by a Becton Dickinson FACSCanto instrun{&R BioSciences,
San Jose, CA, USA), FACSDiva software 5.0, accgrdim the EWGCCA
guidelines (European Working Group on Clinical CAtalysis)?**° Cell
viability was determined using the 7-AAD dye tedflo{ecular Probes,
Eugene, OR, USA) within the context of expressidnsorface markers
identified by fluorochrome-labeled antibodies. Tfalowing monoclonal
antibodies were used: anti-CD34 phycoerythrine (RE}-CD45 peridinin
chlorophyll protein (PerCP), anti-CD133 allophycanin (APC) (all from BD
BioSciences) and ALDH (StemCell Technologies, Vavew, Canada).
ALDH was detected using the green fluorescence redariollowing

manufacturer’s instructions

PL preparation
PL was prepared as previously describleth brief, aliquots of 50 ml
platelet-rich plasma, collected by apheresis, vabtained from ten healthy

volunteers at the Transfusion Service of our HaspiAll apheresis
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products contained a minimum of 5xXiOplatelets (PLTs). Written
informed consent from donors was always obtained alh apheresis
products were screened for infectious agents amuprdo National

regulations. Immediately after collection, PLT amss products were
frozen at -80°C and subsequently thawed at 37°@btain the release of
PLT-derived growth factors. Heparin (5000 Ul) waled to PLT bags to
avoid gel formation. Apheresis products were cémged three times at
900 g for 30 minutes to eliminate PLT bodies. HinaPL preparations
obtained through this procedure were pooled imglsiculture supplement

to be used for the generation and expansion of M3&s.

Isolation and culture of UCB- MSCs

MNCs were isolated from the 10 UCB units by densgsadient
centrifugation (Ficoll 1.077 g/ml; Lymphoprep, Nyned Pharma, Zurich,
Switzerland) after 1:1 dilution with Dulbecco’s Ephate buffered saline
(D-PBS; Euroclone, CelbjdMilan, Italy) and plated in non-coated 75-175
cnt polystyrene culture flasks (Corning Costar, Célib a density of
160,000/cm? in complete culture medium: MesencufteihCell
Technologies) supplemented with 2 mM L-glutamineQ Hug/ml
gentamycin (Gibco-BRL, Life Technologies, PaisdlK) and 5% PL.
This concentration of PL was chosen on the basisesilts previously
obtained with BM-MSC$’ Cultures were maintained at 37°C, in a 5%
CO, humidified atmosphere. After 48 hours, non-adheregits were
discarded; culture medium was replaced twice a wddgon the
appearance of MSC-like clones, cells were harvestsithg Trypsin
(Sigma-Aldrich, Milan, Italy), re-plated for expaos at a density of 4,000
cells/lcm? and propagated in culture until reachingenescence phase.
Senescent cells were monitored for up to eight week order to reveal

any change in morphology and/or proliferation rafell growth was
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analyzed by direct cell counts and cumulative pajoh doublings (PD)
were determined. Number of PD were calculated ugimg formula
logio(N)/l0g;0(2) where N=cells harvested/cells seeded and eesudire

expressed as cumulative BD.

UCB-MSC multilineage differentiation potential

The adipogenic and osteogenic differentiation ciapad¢ UCB-MSCs was
determined at passage (P) 2, as previously desdibdo detect
osteogenic differentiation, cells were staineddialine phosphatase (AP)
activity using Fast Blue (Sigma-Aldrich) and folatam deposition with
Alzarin Red (Sigma-Aldrich). Adipogenic differeniian was evaluated
through the morphological appearance of lipid detplstained with Qil
Red O (Sigma-Aldrich).

Immunophenotypic characterization of UCB-MSCs

FITC, PE, PerCP-Cy5.5 monoclonal antibodies spe&ifi the following
antigens were employed: 1) CD45 (clone HI30), CQdkbne MDPI),
CD34 (clone 581), CD13 (clone L138), CD80 (clon®L3t), CD31 (clone
L133.1), HLA A-B-C (clone G46-2.6), HLA-DR (clone 48-6[L243]),
CD90 (clone 5E10), CD73(clone AD2) (all from BD Baences), CD105
(clone SNG6; Serotec, Kidlington, Oxford, UK), HLA-@lone MEM-G/9;
Exbio, Praha, CZ) for the assessment of MSC sunihemotype; 2) CD3
(clone SK7), CD4 (clone SK3), CD8 (clone SK1), CD%6lone
NCAM16.2), CD25 (clone 2A3), CD152 (CTLA4; clone BY, Foxp3
(clone PCH101; eBioscience, San Diego, CA, USA) dealuation of
lymphocyte subsets. Appropriate isotype-matched trotsn (BD
Bioscience, eBioscience) were included. Intracatldtaining for CD152
(CTLA4), Foxp3 and HLA-G was performed as previguséscribed’*

Two-color or three-color direct immune fluorescencgtometry was
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performed with FACScalibur flow cytometer (BD Biasieces) and data

calculated using CellQuest software (BD Biosciehces

Telomerase activity detection assay and reversesdrgption (RT)-PCR
analysis of the human telomerase reverse tranasaghTERT)
Telomerase activity was measured by the polymerds®n reaction
(PCR)-based telomeric-repeat amplification proto€BRAP) using the
TRAPeze kit (Intergen Company, FLA, USA) on sampestaining 0.6
and 6.0ug of protein. Protein extract from a telomeraseitp@s human
cell line (JR8) was used as a positive corittdh sample was scored as
telomerase activity-positive when positive TRAP utes were obtained
from at least one protein concentration.

For hTERT assessment, total cellular RNA vextracted from frozen
samples with the RNeasy micro kit (QiagembH). A 0.5 pg aliquot from
each sample was reverse-transcriligd using the RT-PCR Core kit
(Applied Biosystems, Foster City, CA, USA) with random hegasn and
the resultant cDNA wathen amplified with the same kit. Amplification of

hTERT cDNA was obtained as previously descriffed.

Western immunoblotting

MSCs were lysed on ice in lysis buffer. Total cliulysates were

separated on 15% SDS-polyacrylamide gel and wexesfierred onto

Hybond ECL nitrocellulose membranes (GE Healthdaueope GmbH,

Cologno Monzese, Italy). Nitrocellulose membraneseablocked in PBS-

Tween 20 with 5% skim milk, first incubated overmigvith the primary

antibody specific for p1%*® (Abcam Inc., Cambridge, MA, USA) and then
with the secondary peroxidase-linked whole antibd@®E Healthcare

Europe). Bound antibody was detected using the redth chemi-

luminescence Western blotting detection system Kg&&lthcare Europe).
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DU145 human prostate cancer and U20S human osteoggicoma cell
lines were used as positive and negative contml16™** expression,

respectively.

Clonogenic assay

Single-cell suspensions of 100,000-1,000 cellsimdamplete medium and
0.3%(w/v) agarose were plated in triplicate in 3& rculture dishes, over
chilled 0.6% agarose feeder layers. Cultures werehated at 37°C in 5%
CO, humidified atmospherand examined at 14 days after plating under an

inverted microscope.

Molecular karyotyping

Molecular karyotyping of UCB-MSCs at early (P3) atate (P8-9)
passages was performed through array-comparativengie hybridization
(array-CGH) with the Agilent kit 44B (Human Geno@&H Microarray,
Agilent Technologies, Santa Clara, CA, USA), as/janesly described!**

A pool of characterized genomic DNA (Human GenomiNA Male,

Promega, Madison, WI, USA) was used as control Dok all

experiments. Quality control parameters for evempeeiment were

evaluated using the CGH Analytics Agilent softw&€-tool.

Mixed lymphocyte cultures (MLCs) and cytotoxicitysay

Peripheral blood mononuclear cells (PBMCs) wereaioled by Ficoll-
Hypaque density gradient from heparinized PB sasnfitem healthy
volunteers. Primary MLCs were set up according revipusly described
methods’**%  Briefly, non-irradiated, “third-party” UCB-MSCs,
allogeneic to both responder (R) and irradiatechidtitor (S) PBMCs,
were added at a R to MSC ratio of 10:1. Control Mc€@I-MLC) was set-
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up in the absence of UCB-MSCs. UCB-MSCs employed MhC
experiments had been harvested and cryopresenR®l dthe total number
of PBMCs recovered after 10-day MLC was countedviiiality with
Trypan Blue (Sigma-Aldrich). Then, recovered celire analyzed by flow
cytometry and percentage of lymphocyte subsets {CD& and
CD3'CDS8" T-cells, as well as CO3CD56 NK-cells) was determined.
Number of lymphocyte subsets per ml culture waseretfore, calculated
and compared with the initial number of cells (dgy Differentiation of
regulatory T cells (Treg) was evaluated by meagutire percentage of
CD4'CD25 and CD4CD25™"™ T lymphocytes, together with the
expression of Foxp3 and CTLA4 on CID25 Iymphocytes.
Alloantigen-induced cell-mediated cytotoxic activas tested in a 5-hour
*ICr-release assay, as previously descrihéd® Results are expressed as
percent specific lysis of target cell$Cr-labeled target cells included
PHA-activated S-PBMCs (S-PHA) and the same lot&)6B-MSCs that
had been added to MLCs.

To evaluate the possible involvement of indoleami©)8-dioxygenase
(IDO) and/or prostaglandin E2 (PGE2) in the immuwpgsessive effect of
PL-expanded UCB-MSCs, we set up MLCs in which, ams wells,
specific inhibitors of IDO activity (1-Methyl-Trypphan, 1-M-Trp, Sigma-
Aldrich), or of PGE2 (NS-398, Cayman Chemicals,iniey CA) were
added to MSCs/MLC co-culture at a concentratiorl ahM and 5uM,
respectively’® In this set of experiments, BM-MSCs, expandedd BL-
supplemented mediufiwere employed as a control for UCB-MSCs. Cell
counts per ml of culture recovered after 10-day MisGcompared to day 0O,
and alloantigen-induced cell-mediated cytotoxicivityt (using *'Cr-
labeled S-PHA as target cells) were evaluated &oheculture condition.
After 72-hour culture, supernatants were colledmdthe evaluation of

IDO activity and PGE2 quantification.
194



Detection of IDO activity

IDO activity was evaluated by quantifying tryptophatryp) and
kynurenine (kyn) concentrations in 72-hour cultsu@ernatants with high-
performance liquid chromatography (HPLC), by usthg HPLC pump,
model SCL-10vP (Shimadzu, Kyoto, Japan). For separation, prerapu
(cartridge holder and guard cartridge) from Phenwwre(Torrance, CA,
USA) and reverse-phase C18 (octyl) columns (250 lemgth, 460 mm
internal diameter, 5 micron grain size) from Beckn@oulter (Milan,
Italy), were used. The incorporated UV/VIS detectardel UV-SPD-M10
VP (Shimadzu) was employed for detection of both &y nitrotyrosine
at a wavelength of 360 nm. Tryp was detected bly@dscence detector
(Shimadzu, Model RF-535) at 285-nm excitation wamgth and an
emission wavelength of 365-nm. Samples were prepase previously
reported®” L-tryp, L-kyn, 3-nitro-L-tyrosine, trichloroacetic acid,
potassium phosphate and acetonitrile for the HPL@oa buffer were
obtained from Sigma-Aldrich. All chemicals used &ef analytical grade.
Peak area counts were used to calculate concensaiEZStart software,
version 7.3). Tryp and kyn were referred to nitrogine. The
reproducibility of the system was controlled byroiyrosine counts and

variations less than 5% were tolerated.

Measurement of cytokines and HLA-G by ELISA

The concentrations of interferon-gamma (lfENinterleukins (IL)10, IL6,
IL12, IL7, IL2, IL15 and transforming growth factbeta (TGIB) in MLC

supernatants after 12, 24, and 48 hours, were ifjednby ELISA using
monoclonal antibody pairs (Pierce Endogen, Rockftrli as previously
described’ PGE2 levels were evaluated using a commerciallylabhla

ELISA (R&D System, Minneapolis, MN), according toanufacturer’s
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instructions. The concentration of soluble HLA-GHI(#\-G) in culture
supernatants was quantified by ELISA (sHLA-G ELISBxbio); clone
MEM-G/9 was employed as anti-HLA-G capture antibody

Statistical analysis

The non-parametric Kolmogorov-Smirnov test for ipeledent samples
was performed for the comparison of cumulative celints at PO and P5
of UCB- and BM-MSCs. Due to the small size of theups, the maximum

significance value obtained was P = 0.1.

Results

Characterization of UCB-MSCs

Ten UCB units obtained at full-term delivery werdested according to
the ‘quality’ criteria described in the Design akiéthods section. MNCs
were separated, plated as PO and cultured in mediupplemented with
5% PL. The cultures at PO were monitored for upotor weeks to allow
identification of MSC clones in the flasks. Two aftthe ten UCB units
(20%; UCB3 and UCBG6) gave rise to three and foulCMiBe clones after
15- and 14-day culture, respectively. In the remng® UCB units, we did
not obtain MSCs, despite the long observation imeulture. MSC clones
from UCB3 (UCB3-MSCs) and UCB6 (UCB6-MSCs) were axgedex
vivo and characterized for their morphology, differatin potential,
immunophenotype, proliferative  capacity, biosafetgrofile and
immunoregulatory properties.

UCB-MSCs displayed the typical spindle-shaped molgdy, similar to
that of BM-MSCs expanded in the same culture medisee
Supplementary data, Figure 1s A)As already observed for BM-MSCs
expanded in the presence of BLLCB-MSCs required only 2-3 minutes

incubation with trypsin at room temperature to obtéhe complete
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detachment of cells from the flasks, whereas 548 ani37°C are usually
necessary to harvest MSCs grown in the present@%fFCS.

UCB-MSCs were induced to differentiate into ostestd and adipocytes
and examined for this capacity by histologicalretag. The cells were able
to differentiate into osteoblasts, as demonstrabgdthe histological
detection of AP activity (purple reaction) and oafe deposition stained
with Alzarin Red (Figure 1A), and into adipocytess revealed by the
formation of lipid droplets, stained with Oil Réd(Figure 1B).

The surface phenotype of UCB-MSCs was analyzedldy Etytometry
every two passages (at P1, P3, P5 and so on) ameedhthe typical panel
of MSC markers, in agreement with previous repott§:?*%’In particular,
by the second passage, contamination with hemattipaiells was no
longer detectable and more than 98% UCB-MSCs weséipe for CD90,
CD73, CD105 and CD13 surface antigens and negfiiv€D34, CD45,
CD14, CD80, CD31 molecules. The expression of HLR-Ras always
less than 2%, whereas HLA-class | was uniformlyspré on UCB-MSCs
(more than 98% of positive cells). See Supplemgrdata, Figure 1s B.
Calculated cumulative cell counts from PO to P5W&@B3- and UCBG6-
MSCs, together with counts for BM-MSCs culturedhe presence of 5%
PL,?" for comparison are shown in Figure 1C. UCB-MSGadgd similar
numbers at P5 (1.62 x 1®SCs for UCB3 and 2.02 x 10MSCs for
UCBS6), as compared with BM-MSCs (321.02 x 18 MSCs as meatt
SD of 8 BM donors; P>0.%),even when starting with low cell numbers. In
fact, the number of UCB-MSCs collected after trpjmation at PO was 0.2
x 10° for both units, whereas the mean of MSCs fromteBM donors at
the same passage was 2.6.58 x 16 cells (P<0.1). UCB-MSC growth
was also evaluated in terms of PD; cumulative RInfP1 to P5 were as
follows: 12.9 for UCB3-MSCs, 13.3 for UCB6-MSCs,.90or BM-MSCs

(mean of 8 BM donors). Moreover, because of thereextly low
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frequency of clones in case of UCB-MSCs, a comparisf the colony-
forming unit-fibroblast (CFU-F) assay with BM-MSGsould not be
performed. The median time to reach 80% confludoicell passages from
P1 to P5 was 6.5 days for both UCB3- and UCB6-M@Gs;ompared with
5.5 days in case of BM-MSCs expanded in the presehB% PL2’ Taken
together, these results suggest that UCB-MSCspuwdth displaying a
rather low clonogenic efficiency, possess highifedtive potential.
UCB-MSCswere cultured continuousiy vitro until reaching senescence
and monitored daily for up to eight weeks, in ordierinvestigate their
propensity to undergo spontaneous transformatiovitro. UCB3-MSCs
and UCB6-MSCs displayed a progressive decreaséein proliferative
capacity until they reached a senescence phase #8teand 81-days
culture at P9 and P10, respectively. The cells tamiad their typical
spindle-shaped morphology, differentiation capaeitd surface markers

throughout the culture period.
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Figure 1. A) Osteogenic differention capacity of BMMISCs, as compared with
BM-MSCs (right panel). Shown are representativetgii@phs from UCB3-MSCs
at P3 and BM-MSCs from donor 2. Magnification x 20. B) Adipogenic
differentiaton capacity of UCB-MSCs, as comparethvidM-MSCs (right panel).

Shown are representative photos from UCB3-MSCs3aafd BM-MSCs from

donor 24" Magnification x 20. C) Calculated cumulative cedlunts from PO to P5
of UCB3- and UCB6-MSCs, as compared with BM-MSCkurad in the presence
of 5% PL-additioned medium (mean of 8 BM-donors] afready reported!.

Biosafety profile of UCB-MSCs - Lack of telomerasepression in UCB-

MSCs during long-term in vitro culture

MSC cultures from both UCB3 and UCB6 were testetivat differentin

vitro passages (P4 and P8) for the expression of telmmecatalytic

activity by the TRAP assay. TRAP results failedetadence the presence
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of enzyme catalytic activity in all tested samp(€&gure 2A). To gain
insights into the molecular mechanisms respondiriehe repression of
telomerase activity in UCB-MSCs, we assessed th@ession of the
hTERT gene, which codes for the catalytic componeht human
telomerasé® in the same cultures screened for telomeraseitgictRT-
PCR failed to evidence the expression of hTERT mRNg#ee
Supplementary data, Figure 2s), thus indicatingt time absence of
telomerase activity in cultured UCB-MSCs was aslb to lack of
hTERT gene transcription.

MSC cultures from both UCB3 and UCB6 were foundexpress p18“
protein, as detected by Western immunoblotting alattestedin vitro
passages (Figure 2B). In addition, UCB3-MSCs (P@ Bf) and UCB6-
MSCs (P4 and P11) did not show anchorage-indep¢rdémrowth, since
they failed to generate colonies when plated inbilayer agarose (data
not shown).

UCB-MSCs were also tested for their genomic assetparticular
UCB3- and UCB6-MSCs were investigated at early agss (P3)
and at later passages in culture (P8 and P9, riagglgk by means of
array-CGH (see Figure 2C for UCB6-MSCs at P3 anil F8e
results of array-CGH experiments revealed that WIBCs
expanded in vitro do not show unbalanced chromosomal
rearrangements; in fact, deletions or duplicatiarfs genomic
material, excluding Copy Number Variations (CNVS)

constitutionally present, were absent in the UCB&dStudied.
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Figure 2. (A) Telomerase activity of UCB3- and UCB&W®I cultures at P4 and P8.
Telomerase activity was detected by the TRAP assiguwo protein concentrations.
The telomerase-positive cell line JR8 was used gmsitive control. The blank
represents a negative control to which no protetraekwas added. The lane labelled
+RNAse represents an additional negative controlaioimyg 0.6ug cell extract of JR8
pretreated with RNAse. The location of the internapbiication standard (ITAS) is
reported. (B) P18“* expression in UCB3- and UCB6-MSC cultures at diffiéria
vitro passages as evaluated by Western immunoblottime.pL&***positive DU145
cell line and the p1%*:negative U20S cell line were used as positive andtiey
controls, respectively. (C) Representative array-C@bfiles of chromosomes 1 of
UCB6-MSCs at P3 (left, red profile) and P9 (midddye profile). The array-CGH
profiles are linear and perfectly overlappeingHt)g thus demonstrating that vitro
expanded UCB- MSCs do not show unbalanced chromosesiaangements.
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Immune regulatory properties of UCB-MSCs

In a first set of experiments, the immune regulatcapacity of UCB-
MSCs was evaluated by assessing UCB-MSC interaetitinalloantigen-
specific immune response, elicitedvitro in primary MLC. In agreement
with previously reported studiésye observed that UCB-MSCs were able
to strongly inhibit alloantigen-induced lymphocypeoliferation (Figure
3A). A strong inhibitory effect was evident on whdl' lymphocytes and
their subsets (CO3Figure 3B; CD3CD4', Figure 3C; CD3CDS', Figure
3D), as well as on NK lymphocytes (CB®D56, Figure 3E). The
percentage of COED25 T cells considerably increased, as compared
with day 0, after 10-day primary MLC, both in theegence and absence of
UCB-MSCs, even though the percentage of this suiasthigher in UCB-
MSC/MLC as compared with ctrl-MLC (Figure 3F). Im attempt to
discriminate CDACD25 Tregs from conventional, recently activated
CD4'CD25 T lymphocytes, the degree of expression of CD25
(CD4'CD25™"™ T cells, Figure 3G), as well as of CTLA4 and FoxP3
molecules was evaluated within the COBD25T cell subset (Figure 3H).
We found a higher percentage of COD25""™ and CTLA4 cells in
UCB-MSC/MLCs as compared with ctrl-MLCs, while tipercentage of
FoxP3+ was lower in the presence than in the alesefdJCB-MSCs
(Figure 3H).
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Figure 3. Immune modulatory effect of UCB-MSCs on #wpansion of T and NK-
lymphocyte subsets, induced by allogeneic stimulRgcovery of total number of
lymphocytes (A), CD3(B), CD3CD4" (C), CD3CD8" (D), CDI*CD56+ NK cells (E),
CD4'CD25' (F), CD4CD25"" (G) T-lymphocytes subsets and with respect toirthil
number (white columns), was assessed after 10-gaysary culture (gray columns).
Percentages of CTLA4and Foxp3 cells were calculated on gated CDD25 T cells (H).
MLC was performed in the absence (Ctrl-MLC) or preseotthird-party MSCs derived
from UCB3 (MLC+UCB3-MSCs) or UCB6 (MLC+UCB6-MSCs). Results axpressed as
the number of cells/ml in panels A-E and as peroépositive cells in panels F-H.
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The cytokine production kinetics inducadvitro by allogeneic stimulus
documented that addition of UCB-MSC#$) ihhibits IFNy secretion; i{)
strongly increases IL-6 secretion in MLC superntsigsee Supplementary
data, Table 1s). Differently from what shown inrayious study where the
addition of BM-MSCs grown in 5%PL to the MLC subtially increased
IL-10 secretiorf, UCB-MSCs only slightly enhanced IL-10 secretion in
24-hour MLC supernatantsii{ IL-2, IL-7, IL-12, IL-15 were undetectable
in all experimental conditions.

In order to assess the effect of UCB-MSCs on atlgan-induced
cytotoxic activity, effector cells recovered afidl-day MLC were tested in
a cytotoxicity assay, employing as targets eitherChtimulator PHA—
blasts (Figure 4A) or third-party UCB-MSCs from thame lots added to
the MLC at day O (Figure 4B, Figure 4C). Resultsaoted in all
experiments showed a striking inhibitory effect ma¢ed by both lots of
UCB-MSCs (UCB3- and UCB6-MSCs) on alloantigen-ineldiccytotoxic

activity.
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Figure 4. Immune modulatory effect of third-partCB-MSCs on cell-mediated
cytotoxic activity induced by an allogeneic stimall(MLC). >!Cr-labeled target
cells included PHA-activated S-PBMCs (S-PHA) (Adahe same UCB3-MSCs
(B) and UCB6-MSCs (C) added to MLCs. Effector toget (E:T) ratios ranged
between 20:1 and 0.6:1. Results are expressedresnpespecific lysis of target

cells.

With the aim of better understanding the biologicalechanisms
responsible for the immunosuppressive effect edebte UCB-MSCs on
alloantigen-induced immune response, in a secomndofs@xperiments,
MLCs were carried out in the presence of IDO- or E2Gpecific
inhibitors. As control, the same experimental ctiods were also tested

either in the presence or in the absence of BM-M8@#ured in PL-
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supplemented mediufi. Moreover, the constitutive expression of
intracellular, membrane and soluble HLA-G (iHLA-&HLA-G, sHLA-
G, respectively) was evaluated in UCB-MSCs, as wsllin BM-MSCs
harvested at P3.

In terms of alloantigen-induced lymphocyte prokféon, neither IDO-
specific inhibitor, nor PGE2-specific inhibitor veerable to reverse the
MSC-induced suppressive effect (data not shown).cBgtrast, when
alloantigen-induced cytotoxic activity was evaluhta clear-cut effect of
the PGE2-specific inhibitor was observed; indeeddition of PGE2-
specific inhibitor to MLC was able to reverse tihuppressive effect exerted
by both UCB-MSCs and BM-MSCs on alloantigen-specifiytotoxic
activity, even though this reagent was apparentyeneffective when BM-
MSCs were employed (see Figure 5). On the contrip@-specific
inhibitor was not able to reverse the suppressifectexerted by both
UCB-MSCs and BM-MSCs on alloantigen-specific cykito activity
(Figure 5).

M LC+EM -M SC+PGEZ inhib
W LC+BM -M SCHDC inhib
M LC+BM -M 5C

M LCHCEB-M SC+HPGE?D inhib
M LC+CE-M SCHDO inhib

M LCHCE-M SC

ctrl-M LT

o] 5 10 15 20 25 30
% of lysis

Figure 5. Involvement of IDO and PGE2 in UCB- andlBISC mediated
suppression of cell-mediated cytotoxic activity usdd by an allogeneic stimulus
(MLC). *'Cr-labeled target cells were PHA-activated S-PBNI&$HA). Effector
to target (E:T) ratio ranged between 10:1 and iekults are expressed as %
206



specific lysis of target cells. BM-derived MSCs (RMASCs and BM2-MSCs)
expanded in PL-supplemented medium were employedcasitrof’ IDO or PGE
inhibitors (inhib) were added to the MLC as desedibin the “Design and
Methods” section. Results obtained at the E:T a&ffbr Exp. 1 (broken bar) and
10:1 for Exp. 2 (full bar) are shown, UCB3-MSCs &1d1-MSCs were employed
in Exp. 1 whereas UCB6-MSCs and BM2-MSCs were testdxp 2.

As shown in Table 1, PGE2 concentrations were denably higher in
supernatants of MLCs carried out in the presend@\MSCs than in the
presence of UCB-MSCs. These data might explairsthiking effect of a
PGE2-specific inhibitor observed in MLCs performesing BM-MSCs
(Figure 5). The presence of PGE2-specific inhibitomsiderably decreased
PGE2 secretion in MLC experiments carried out wither BM-MSCs or
UCB-MSCs (Table 1). Interestingly, a striking inase in PGE2 secretion
was observed in the presence of the IDO-specifitbitor (Table 1).

This observation may explain why IDO-specific intor was unable to
reverse the suppressive effect exerntedsitro by MSCs on alloantigen-
specific cytotoxic activity (see Figure 5). In fathe striking increase in
PGE2 secretion, induced by the presence of IDOHspeachibitor, could
exert an effective suppressor function on alloamtigpecific cytotoxic
activity, thus masking the effect of the IDO-spiciinhibitor on IDO-

mediated suppressive activity.
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Exp 1l Exp 2

PGE2 | Tryp kyn PGE2 | tryp Kyn
Control-MLC 117 | 232415 _#.01 45 | 193+11 _e&.01
MLC+BM- 1440 | 164+£10 1.54+0.4 700 95+4 1.6+0.21
MSCs
MLC+BM- 7500 | 215+15 _@Q.01 1500 220+20 _&01
MSCs+IDO
inhib
MLC+BM- 234 *NA <0.01 35 *NA <0.01
MSCs+PGE2
inhib
MLC+UCB- 180 54+1 | 4.53%0.1 60| 184+12 3.06%0.76
MSCs
MLC+UCB- 270 | 200+14| _8.01 156 | 240+21 _&O01
MSCs+IDO
inhib
MLC+UCB- 60 *NA <0.01 20 *NA <0.01
MSCs+PGE2
inhib

Table 1. Concentration of PGE2, Tryptophan (trypyl &ynurenine (kyn) in MLC-
supernatants Concentrations of PGE2, tryptophankgindrenine were quantified in
MLC-supernatants collected after 72-hours culturethe absence (ctrl-MLC) or
presence of BM-MSCs (MLC+BM-MSCs) or UCB-MSCs (MLG€B-MSCs) and
in the absence or presence of IDO inhibitor (MLC+84%$IDO inhib) or PGE2
inhibitor (MLC+MSCs+PGE?2 inhib). PGE2 levels ar@oged as pg/ml. Tryptophan
and kynurenine levels are reported in pM as medh afthree repeated runs for the
same samples. Two independent experiments arenpeeisen which UCB3-MSCs
and BM1-MSCs from donor?2 (Exp 1) and UCB6 MSCs and BM2-MSCs from
donor 3’ (Exp 2) were tested.*NA = not assessable. Thetapipan value could not
be evaluated in the experimental condition as iisoréscence signal was
superimposed by the fluorescence signal of the PiGifRitor.

208



IDO activity was evaluated in MLCs supernatantsing&ect evidence of
IDO-mediated tryp degradation. Results reportedable 1 demonstrate
the presence of detectable levels of kyn only iftucel supernatants
recovered from MLCs carried-out in the presenceittfer UCB- or BM-
MSCs. This finding indicates that IDO-activity isemendent on the
interaction between MSCs and cells active in MLCynKwas more
abundant in the presence of UCB-MSCs, as compaithdBM-MSCs. As
expected, kyn was undetectable in culture supantgteollected from
MSC/MLCs carried out in the presence of IDO-spedifihibitor; however,
kyn was also undetectable in culture supernatargected from
MSC/MLCs carried-out in the presence of PGEZ2-inibitThe Ilatter
observation is in accordance with recently publiskdata demonstrating
that PGE2 is able to up-regulate IDO activity imdetic cells®***° The
inter-relationship among PGE2 secretion and IDQvatibn could also
hypothetically explain why, even though PGE2 levalstected in
MLC+BM-MSC+PGE2 inhibitor culture condition of Expeient 1 is
comparable to that detected in Ctr-MLC (see Tabje alloantigen—
induced cytotoxic activity is strikingly higher ithe former than in the
latter culture condition (see Figure 5).

Evaluation of constitutive HLA-G-expression in MS€lsowed that UCB-
MSCs displayed a higher percentage of mHLAgBIls as compared with
BM-MSCs, while more than 95% of both UCB-MSCs and-BISCs were
iIHLA-G*. UCB-MSCs and BM-MSCs secreted similar amount-ifA-G

in culture supernatants (see Supplementary dakde Ps).

Discussion

In this study, we have demonstrated that MSCs g¢eerfrom full-term

UCB in a culture medium containing 5% PL are simtta BM-MSCs in

terms of morphology, differentiation potential, imnophenotype and
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proliferative ability. On the contrary, they difféar clonogenic efficiency.
In spite of their high proliferative potential, UGBSCs do not show any
signs of in vitro transformation. Moreover, in view of our findings,
although obtained in a limited number of UCB-MS@ngtes, UCB-MSCs
are apparently as effficient as BM-MSCs when testeig@rms of capacity
of suppressing an alloantigen-specific immune respdqsee Figure 3s and
Figure 4s).

Biebacket al. have demonstrated that MSCs can be isolated fotirtefm
UCB with a success rate greater than 60%, wheicalrftarameters for the
selection of ‘good quality’ units are employ&dThese critical parameters
included: a storage time shorter than 15 hourgtdJEB volume greater
than 33 ml; a MNC count greater than 1 X 48d absence of clots or signs
of hemolysis. The quality criteria adopted in otudy were less stringent
in terms of storage time and UCB cellularity, batluded a viability test
on the manipulated cells. Despite this, the 5% @hptemented culture
medium, which we had documented to be superiof® ECS in terms of
clonogenic efficiency and proliferative capacity eshemployed for BM-
MSCs?’ did not provide higher efficiency of isolation BICB-MSCs, as
compared to a FCS-based meditinm fact, only 20% of UCB units we
tested gave rise to MSCs, whereas in the remala®g units MSCs could
not be obtained, despite the extended culture tilfeecannot exclude that
either the relatively long storage time of the U@lts employed or their
inferior cellularity might have influenced our imifer isolation rate, despite
the use of a PL-supplemented medium.

Once obtained, UCB-MSCs expanded in the presens&d?PL display the
typical MSC morphology, immune phenotype and défaiation capacity
(see Figure 1s and Figure 1A and 1B). UCB-MSCs gussshigh

proliferative potential, yielding numbers compagatid BM-MSCs cultured
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with the same mediuthat P5, although starting from lower cell counts at
PO (Figure 1C).

Given the high proliferative capacity and the psiiofid reports om vitro
transformation of MSC$;*?we monitored UCB-MSCs during their whole
culture period and, particularly, during their sscence phase, which
occurred after 9 and 10 passages for UCB3- and U@BGs,
respectively. Neither phenotypical, nor functiomdterations of the cells
were observed; the favorable bio-safety profild&J&fB-MSCs was further
demonstrated by the absence of telomerase acintyhTERT expression,
the expression of pI§? protein, the absence of anchorage-independent
cell growth and by a normal molecular karyotypeoessed by array-CGH
analysis (Figure 2).

These data suggest that UCB-MSCs, expanded inuttuwre system in the
presence of 5% PL, do not display a tendency foontgmeous
transformation, in accordance with data publishealumating BM-MSCs
cultured with both PL- and FCS-supplemented m&dtaThis is, to our
knowledge, the first report to include a thorougiveistigation of the
genetic stability of MSCs derived from UCB. Thipéyof evaluation, also
in view of the high proliferative potential of UCRSCs, is mandatory, in
our opinion, for any clinical application of thesells.

When tested for their capacity to influence thealkigen-specific immune
response, in comparison to BM-MSCs grown in 5% §de(also Figure 3s
and 4s for details on BM-MSC8),UCB-MSCs have similar suppressive
effect on T- and NK-lymphocyte subset proliferatiasnd on alloantigen-
induced cytotoxic activity, while only slightly inease IL-10 in MLC
supernatants. The results obtained in our studgesighat UCB-MSCs are
able to exert an immunosuppressive effect on diigam-specific immune
response by means of several mechanisms, incluBi@gactivation and

production of kyn, PGE2 secretion and HLA-G expiass'3*4*All
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these biological mechanisms have been previoudgrited to be active in
MSCs derived from other sources, such as BM-MSE&®*4° |n
particular, it is noteworthy that our data confiand extend previously
reported results, underlying the inter-relationshipong PGE2 secretion
and IDO activation, two well-known mechanisms imwedl in anti-
inflammatory immune respond&’® Indeed, the presence of PGE2-specific
inhibitor, besides reducing PGE2 levels in cultagpernatants, was also
able to inhibit IDO activity. Moreover, in the pmwe of IDO-specific
inhibitor, we observed a striking increase in PGE@retion.

A distinctive feature of UCB-MSCs seems to be tbestitutive surface
expression of HLA-G on the majority of cells, whitehas been reported
that BM-MSCs mainly express only the soluble ispfoof HLA-G.*°
However, it is worth considering that MEM-G/9 molmwl antibody,
which is specific for both membrane-bound (HLA-Gh)d soluble (HLA-
Gb5) HLA-G isoforms was employed to evaluate HLAepression in flow
cytometry. Therefore, we were unable to formallgver that soluble HLA-
G5 isoform is the only one expressed by UCB-MSGsgd@cumented by
Selmani et af> for BM-MSCs. Further experiments are warranted to
clarify this point.

Membrane HLA-G expression, as well as sHLA-G isoferhave been
demonstrated to exert a strong suppressive effecproliferation and
activation of effector functions of both T and NKmphocytes. For
instance, it is well known that HLA-G expression the feto-maternal
interface is one of the most potent mechanismseptiog the fetus from
maternal immune attaék Moreover, surface HLA-G expression is one of
the systems employed by tumor cells to evade ttatayic activity of both
tumor-specific T lymphocytes and NK cells, and @shbeen recently
suggested that transfer of membrane patches congditb A-G molecules

from mHLA-G* cells to activated T and NK lymphocytes (“trogansit”)
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might be a mechanism of immune suppression prag¢iLA-G™ tumor
cells®® It may, thus, be speculated that UCB-MSCs expngssiHLA-G
may be more protected than BM-MSCs from attack atedi by the host
immune system. However, it has been recently detraied in a murine
model that while local implantation of MSCs resuits ectopic bone
formation in syngeneic recipients, it leads to s$gant rejection in
allogeneic micé’ This is in line with previously published data thaSCs
can be lysed by cytotoxic T-lymphocytes, when ieflisinto MHC-
mismatched mice, resulting in their rejecttdnThese observations
supports the use of MSCs, in hard tissue repaitesjies, preferably in an
autologous or tolerant hot.Further studies specifically addressing this
issue are underway.

In conclusion, while the ability of BM-MNCs to genate MSCs reaches
100% under appropriate culture conditions, the essgaate of isolating
MSCs from UCB ranges, according to different repditom 20 to 63%"
245254 |n particular, Reinisclet al. have recently shown that MSCs can be
obtained from full-term UCB in the presence of hani®L, yielding cell
numbers suitable for clinical application. The samghors report an
isolation efficiency of 46%, considering both FC&anded and PL-
expanded MSCs. However, their PL preparation praedpercentage of
PL employed in the culture medium (10%), as well MSC plating
density, differ from our approach. These differeneeight explain the
different results obtained, in particular in terofsisolation efficiency, as
compared with our data. Despite this, also ineyrerience, UCB-MSCs
display a high proliferative capacity, which allothe expansion of
sufficient cell numbers for clinical applicatiom, & reasonable time-frame.
Given their high proliferative capacity, immunostggsive properties and
potential for avoiding attack by immune cells, UGESCs, also in view of

their easy collection, could be considered to klus clinical practice for
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prevention and treatment of alloreactive-relateanime complications,
namely severe GvHD and graft rejection, followinG®Il. However, as
note of caution, recent data, obtained in a xenicgaodel of NOD/SCID
mice, showed that human UCB-MSCs, when administeénedhultiple
doses, are effective in the prevention, but ndhatreatment of GVHD:
This discrepancy with the clinical efficacy disptayby MSCs on acute
GVHD® in human HSCT might be explained by the animal ehod
employed and also by the unfavorable ratio betwhemumber of UCB-
MSCs and the huge number of effector cells medjatie tissue damage at
time of acute GVHD onset.

UCB-MSCs could also serve as a tool in strategief o
reparative/regenerative medicine, where the contibima of the
immunosuppressive and tissue repair propertiesdcauheliorate the
management of autoimmune and chronic inflammatisgases™

Our results, although obtained in a limited numbEMSC samples tested,
suggest that the differences between BM- and UQB«el® MSCs and
between cells expanded in the presence of PL ai&Iriz&y be relevant for the

clinical application of MSCs.
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9.1 Introduction

To completely exploit the potential of MSCs as rtesatment modality, more
in vitro andin vivowork is required. These studies will aim to incea@ur
knowledge on how MSCs mediate their suppressiveceffind reduce
inflammatory responses.

Once more precisely defined, threvivo biological activities of MSCs could
be applied in novel therapeutic strategies to dtiteutissue repair, and to

modulate immune response against allo- and autpargi

9.2 Characterization of MSCs

9.2.1 The lack of markers and functional assays

In most laboratories, MSC isolation still relies their adherence to plastic,
resulting in a heterogeneous population of celeferred to as MSCs.
Immunephenotyping by flow cytometry is applied thamacterizeex vivo
expanded MSCs and to define their purity. Howeagrpresent, no specific
marker or combination of markers has been identthedl specifically defines
true MSCs anex vivoexpanded cells are currently stained with a nunober
positive markers (CD105, CD73, CD90, CD166, CD44D2@) in
combination with negative markers (CD14, CD31, CDBDA45). Although
recently many research groups have reported thifidation of new MSC
markers.* none of the available has demonstrated to be ksirlgiwapable to
identify the true mesenchymal progenitors. Différeell subsets might be
responsible for specific functions and might berabterized by different cell
surface markers. Therefore, research should incheleentification of MSC-
specific markers. This will allow to dissect the elepmental hierarchy of

MSCs and will facilitate the generation of homogescell populations.

Novel techniques, such as proteomic approacheditrbig useful to define

new MSC surface antigens that can be used to fgentbstes. To this aim, in
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collaboration with Fondazione Istiuto Nazionale @enetica Molecolare

INGM, Milano and PRIMM s.r.l. Milano, we have desef an approach to
identify cell subsets based on the use of a libmfrypolyclonal antisera

specific for human membrane proteins with unknowncfion. We have

selected, cloned and expressed in bacteria the rejaeling frames coding for
all proteins that are predicted to be either traamabrane or secreted. With the
recombinant proteins we have generated a library,300 mouse antisera
that, in principle, can be used to discover newsstlgefining proteins on

every cell population of interest. We are currerdlyreening the antisera
library by flow cytometry orex-vivo expanded BM-MSCs, with the aim of
possibly identifying and functionally characterigew proteins expressed by
subsets of MSCs.

Microarray analysis is another useful instrument ctoaracterize MSCs.
Microarray analyses have being employed to compggee expression
profiles of MSCs and fibroblast$or MSCs and differentiated celt§ but no

definitive conclusions have been drawn. MSCs ddrivem different donors
using the same culture conditions might yield cstesit and reproducible
gene expression profiles, whereas several gene$tniig differentially

expressed in MSCs derived from different sourcesubiure conditions.In

order to develop novel markers able to identify M8@sets with specific
functions, microarray analysis should focus on:cgmparison of gene
expression profiles in different MSC populationg.(MSCs from different
tissue sources, cultured in different conditiorisdiferentin vitro passages;

i) changes induced in the courseiitro differentiation.

9.2.2 The effect of tissue source
Altough similar MSCs can be cultured from varioataf and adult tissué$™*

clinical experience has been mainly gained witlvivoexpanded BM-derived
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cells; only few studies have employed differentrses, such as adipose
tissue™® The frequency of mesenchymal progenitors, the ifprative
capacities and differentiation potential, as web @henotypical and
immunomodulatory properties have been shown to vary different
sources™****Whether one source might be more useful in a défilinical
setting needs to be investigated.

Recently, Sacchettet al. have shown that stromal progenitors expressing
MCAM/CD146 in human BM are capable of transferrittgg hematopoietic
microenvironment to heterotopic sites, giving rise identical bone and
stromal’ These authors believe that the functional progertif ‘MSC-like’
cells isolated from tissues other than BM and esging CD146+CD34-
CD45- phenotype, are different and not linked wiite ability to establish the
hematopoietic  microenvironmentin vivo (Bianco P., personal
communicatioh

To gain more insights into tissue-dependent funetiaifferences, we have
compared the chondrogenic differentiation potentwl culture-expanded
MSCs derived from fetal and adult tissues (chapjee demonstrated that
fetal BM- and adult BM-derived MSCs exhibit a supercapacity to
differentiate into chondrocytes, than fetal lungl glacenta-derived MSCs.
We speculate that the cell source, rather tham fatl origin, could account
for this higher differentiation capacity, since differences could be found in
chondrogenic potential between fetal and adult BER@4. Intrinsic
diversities of MSCs residing in the tissue, as wasltheir physiological role in
a specific tissue, might explain the propertiesadpecific tissue source, as
compared to other sources. Alternatively, the fezmy of cells with lineage-
specific differentiation capacity may differ betwedissue sources and
therefore chondrogenic MSCs might be present imdrigrequency in BM

rather than in fetal lung or placenta. Also theiundl conditions employed for
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the expansion of the cells might influence theffedentiation ability, leading
to the committment of the cells towards a spedifieage.

In chapter 8 we focused on UCB as a potential newelrce of MSCs for
clinical application. To this aim, the biologicalcifunctional properties a@x
vivo expanded UCB-derived MSCs were investigated, imparison with
BM-MSCs. We found that differences exist vitro in terms of clonogenic
efficiency, proliferative capacity and immunomoduoly properties between
UCB- and BM-MSCs. These differences should be také&m account when
considering the clinical application of MSCs in tharious clinical settings.
For example, given their high proliferative capgcitmmunosuppressive
properties and potential for avoiding attack of iuma cells, UCB-MSCs
might be employed in the clinics for the preventiand treatment of
alloreactive-related immune responses after HS@mety severe GvHD and
graft rejection. UCB-MSCs might also be useful agenerative medicine,
where the combination of immunosuppressive andigisepair properties
could ameliorate symptoms of autoimmune and chronigammatory
diseases. Thesa vitro findings need to be confirmed in the clinical iseft
altough UCB-MSCs might be as suppressive as BM-M&&m interaction
with alloantigen-specific immune respornisevitro, this might not happeim
vivo. Moreover, while it is possible to isolate MSCanfr BM with a success
rate of 100%, the isolation efficiency of MSCs fra@B varies from 20 (in
our hands) to 63%:'*% This could represent a limitation for the clinical
application of UCB-MSCs, despite the fact that tlsisurce offers the

advantage of easy collection.

9.3 In vivo use of MSCs in experimental animal models
9.3.1 MSC homing and survival
Data on the fate of transplanted MS@wivo are scarce. Whether they home

to specific sites and engraft or they dye soonraféeasing the mediators
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responsible for their effect is still largely uratfe It might be possible that
therapeutic benefit is obtained by local paracgmawth factors produced by
the cells and/or by the local microenvironment dhat survival it is not
necessary for their clinical effect. In rats, rdaleling experiments showed
localization of MSCs after intraarterial and inteaous infusion mostly in the
lungs and secondarily in the liver and other orgastudies in baboons using
a green fluorescent retroviral construct suggesfraftment in the gastro-
intestinal tract and in various tissues in the aargf 0.1-2.7 %, with
comparable results for autologous and allogendis.@eOther authors have
shown that active homing of MSCs to BM dependstoonzal-derived factor-
1 (SDF-1) which interacts with CXCR4 on the MSC face? Similar
mechanisms have been shown for migration to paticiskets$® and ischemic
tissues® MSC mobilization and homing might depend on cytekin
chemokines and growth factors released during systeand/or local
inflammatory conditions and might be mediated bg ftnteraction with
integrins and selectins expressed on the surfabsals. Homing of MSCs to
inflamed and ischemic tissues would increase thsilbdity of cellular therapy
in the setting of autoimmune diseases (AID) argligsrepair.

A possible strategy to facilitate homing of MSGs;alves the modification of
surface structures that play a role in migratiosgecific tissues, as suggested

by Sacksteinat al.?’

These authors converted the native CD44 glycoform
expressed on MSCs into E-selectin/L-selectin ligd@ELL) (expressed on
hematopoietic cells) using fucosyltransferase. aintal microscopy in
NOD/SCID mice showed BM infiltration by HCELL(+) M within several
hours after intravenous infusion.

In vivo labelling of MSCs will allow to investigat® vivo ‘trafficking’ and
biodistribution of MSCs  both in animal models and humans.
Supermagnetic iron-oxide nanoparticles can be eyedido label MSCs and

to trace thenin vivo by magnetic resonance (MR) imaging, hopefully with
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interfering with MSC biological functions and witlitbinducing toxic effects
in the recipient$®?°

One potential limitation of this technique is inyes of iron particles by
macrophages that prevents specific labelling of BlIS&lrther efforts should
focus on the development of new tracers; the attourisof information on

survival of MSCsdin vivo, on their ability to engraft in host tissues amdtloe

mechanisms that regulate their interaction with ageal tissues.

9.3.2 Disease models in experimental animals

The implementation of experimental disease modelsssential for a better
understanding of MSC biology and for producing glieical data that could
be useful for therapeutic in humans. Several animaldels of tissue
protection and autoimmunity have been recently kbpesl and tested. Similar
results have been obtained by the infusion of MBCQsvo different murine
models of acute lung injury and hepatic fibrd$i%. In both models a
protective effect of MSCs was noted despite limigagraftment in the target
organs. In a rat model, MSC-derived conditioned iomadproved effective in
reversing fulminant hepatic failufé.In addition, MSCs displayed tissue-
protective effects in animal models of kidney, matiand central nervous
system injury***® These effects do not seem to be mediated by MSC
transdifferentiation; bystander mechanisms inclgdimhibition of pro-
inflammatory cytokines and anti-apoptotic effectstarget cells seem to be

involved.

9.4 In vivo use of MSCs in patients

The role of MSCs in the clinical setting has beepla@ted mainly in
allogeneic stem cell transplantation, where MSGseHzeen infused either to
facilitate engraftment (chapter 5) or to treat @itbresistant acute GvHD

(chapter 6). Many potential clinical applicationeabeing discussed, in
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particular those relating to the repair of damagsslies and/or requiring an
anti-inflammatory effect. An international registof patients treated with
MSCs has been recently launched under the ausmtethe EBMT
Developmental Committe€. This allows to collect data on patients treated
with MSCs for any disorder, as well as to analymsrtclinical characteristics
and outcome. Besides retrospective data analysegsegistry represents the

basis for future multicenter clinical trials.

9.4.1 Hematopoietic stem cell transplantation

In chapter 5 the role of MSCs in sustaining hemaitetit engraftment and
reducing the risk of graft failure after haploideat T-cell depleted HSCT
from a HLA-partially matched family donor was exmd in a phase I/l
study. Feasibility of expansion of comparable BM®S$roducts in 2
different sites (Pavia and Leiden) was demonstraedvell as safety of MSC
clinical use. The data obtained also suggest tainfasion of ex vivo
expanded BM-MSCs might help to overcome graft teyec since none of the
25 study patients experienced graft failure as @meghto 20% (11 out of 52
children) graft failure rate in the historical caols. One possible explanation
for this finding is that MSCs might display an immosuppressive/anti-
proliferative effect on alloreactive host T Ilymplgtes escaping the
preparative regimen, resulting in an engraftmenbnpting effect.
Alternatively, MSCs might favor the engraftmentdainor HSCs through non-
immunological mechanisms; for instance, by contiiiuto the hematopoietic
stem cell niche or by stimulating the functional recovery of the BM
microenvironment through the secretion of paracrmediators. Chimerism
analysis ofex vivoexpanded MSCs derived from recipient BM after HSCT
did not show evidence of donor cells in the mayoait patients. This finding
suggests that sustained engraftment of MSCs mighbe necessary to induce

therapeutic benefit.
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The use of MSCs for the treatment of steroid-rasistsevere acute GvHD
was evaluated in a phase Il multicenter clinical tconducted within the
EBMT Developmental Committee (chapter. @he 5 participating centers
adopted a common MSC expansion protocol that atiothke generation of
similar products at the different sites.

The safety of the infusion of HLA-identical or despte,in vitro expanded,
BM-MSCs was demonstrated. A complete responsewaseobserved in 55%
of the patients and the overall response rate W&s Ghe 2-year probability
of survival of complete responders was significabtttter that that of patients
with partial or no response; whereas transplamtattated mortality (TRM)
was significantly lower in complete responders. rfEh@as a non-statistically
significant trend for a better response rate ifdcbn, as compared with adult
patients. We concluded that the infusion of BM-MS@ight be a safe and
effective treatment for patients with severe, acsiiD who do not respond

to steroids and/or other immunosuppressive thesapie

Based on the experience of the co-transplantatioM8Cs and CD34+
peripheral blood stem cells (chapter 5), we hawsgied and conducted a
similar phase I/ll study on the co-transplantatidrMSCs and UCB-derived
HSCs in 3 centers (Pavia, Leiden and Stockholmiytdén pediatric patients
with haematological malignancies received co-irdnsof UCB cells and
parental-derived BM-MSCs, and were compared withhiB®orical controls.
The feasibility and safety of the approach was icod also in this setting,
since no MSC-related toxicities were registeredcdntrast with pre-clinical
result$® and our own experience in the haploidentical pkargs (chapter 5),
there was no difference in haematological recousiween the 2 groups,
although less G-CSF was administered in the stadiemts as compared to
the controls [§<0.05). This difference may reflect that graft disftion in

UCB transplantation is more pronounced also intiglato the low numbers
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of HSCs infused. Moreover, the relatively variablember of CD34+ cells
administered and the use of G-CSF in historicakrotsy might have masked
any effect of MSCs in this setting. The overalleraf acute GvHD did not
significantly differ between MSC patients and coldy but severe grade llI-
IV acute GvHD did (0% vs 26%). Although overall @ual was not
significantly improved by the addition of MSCs, lgaTRM showed a
reduction, related to the decrease in death dgevwere GvHD. This suggests
that co-infusion of MSCs at the time of transpléiota might allow to
sufficiently reduce donor T cell alloreactivity @brogate the most severe
manifestations of acute GvHD, thus reducing TRMUGB transplantation

(manuscript in preparation

9.4.2 Crohn’s Disease

MSCs are currently investigated as a novel celltharapy for patients with
refractory CD*** In chapter 7, we investigated the potential rofe o
autologous BM-derived MSCs as immunomodulatory/erfilammatory
treatment to stimulate tissue repair in CD and destrated that both isolation
and ex vivo expansion of BM-MSCs from these patients are basi
Moreover, CD-MSCs proved effective in inhibiting vitro polyclonally-
induced proliferation of both autologous and allogje peripheral blood
lymphocytes.These findings, although limited taramitro observation, might
suggest that patient-derived MSCs, rather thard tharty cells, could be
employed for the treatment of refractory CD pasefithe use of autologous
MSCs might offer significant advantages over allage cells, in light of the
observations that MSCs can be lysed by both alleigef cell§' and NK
cells® In non-profoundly immunodepressed subjects, sushmast CD
patients, allogeneic MSCs might be rejected aftrsion without having the

chance to display their beneficial tissue-healiffigot.
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9.4.3 The concept for treating autoimmune diseases

On the basis of their immunomodulatory propertesti-inflammatory and
tissue-protective effects, MSCs may be used inttéatment of refractory
AID. Several reports on experimental models of mutaunity have shown a
beneficial effect of MSCs on various AlD'® Despite this, few clinical data
on the use of MSCs in human AID are available. Téve published reports
include a feasibility study of 10 patiefft§® with multiple sclerosis (MS) and
phase I/litrials in CD patients refractory to conventionaéaiment>49°
Discussion is underway also concerning other AlBhsas type 1 diabetes
mellitus, systemic sclerosis (SS) and Systemicdignythematosus (SLE).
Contradictory results have been published on thepeties ofex vivo
expanded MSCs from AID patiets>? Whether these “diseased” cells are
functionally impaired or whether they display sianicharacteristics as those
of healthy donorsneeds further investigation. Although most studies,
including our own experience (chapter 7), suppuetuse of autologous cells
for transplantation purposes. Whereas in many aclitécal situations the
time necessary for MSC expansion (3-4 weeks) pdesluthe use of
autologous cells, in AID it is feasible to isoleaad culture the cells from
patient tissues. Moreover, the immune privilegeeolesd in heavily immune
suppressed patients, such as patients with stezbigkctory acute GvHD,
might not be guaranteed in immunocompetent hoststaerefore, allogeneic
MSCs might be rejected. On the other hand, thishtnigpt be important if
MSCs are capable to home to target organs andrtaveuong enough to

exert a therapeutic effect.

9.4.4 Efficacy of MSC treatment and future clinical presfs
Thus far, MSCs have been employed in phase Ifiadl trials, addressing
the issues of feasibility and safety of infusion. date no adverse effects have

been registered after MSC administration, althoaglonger follow-up is
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necessary to draw definitive conclusions on poa¢tdite adverse events. No
demonstration of efficacy of MSC therapy has bdetaioed; this requires the
execution of large multicenter randomized clinicalals specifically
addressing response to MSC therapy, in comparistnmore conventional

treatment modalities.

In the setting of haploidentical T-cell depleted®1Sin children, preliminary
data of the phase I/ll study suggest that MSCs tiglp to overcome graft
rejection. This finding should be confirmed in adulundergoing
transplantation from disparate donors; in this grotipatients, where a lower
number of CD34+ cells is infused per kilogram dofipgent body wieght, co-
infusion of MSCs might provide useful data on thgraftment promoting
effect of these cells. The execution of a randodhizénical trial in this
context is difficult to implement. Calculations ealed that at least 100
patients per arm should be enrolled in the triattgistically prove efficacy of
this approach. The use of haploidentical transptsont is relatively limited by
the number of patients undergoing this procedudetgrthe center experience

in this type of transplant.

Regarding GVHD treatment, recently the first phiisdouble blind, placebo
controlled, randomized clinical trial has been khaed within the EBMT
Developmental Committee. The primary objectivelo$ study is to establish
efficacy of infusions of allogeneic MSCs on stermedistant grade I[I-1V
acute GvHD, as compared to second line treatme@\afiD. Patients are
randomized to receive either MSCs (2 intravenofissions at a dosage of 2 x
10°kg recipient weight) or equal volume of salineusibns, in combination
with second line treatment. Besides efficacy, éofelup of 2 years will also
document any long-term side effect of MSC infusisuch as increased TRM,

relapse and infection.
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In the setting of refractory AID and tissue repainase I/l studies of MSC
therapy are underwdy:**° Although promising, preliminary results need to
be confirmed in larger cohorts of patients and linical studies aimed at
evaluating efficacy. Open issues also include paiselection, disease stage
and activity, MSC source and expansion conditiofibe possibility of
obtaining functional MSCs and in sufficient numiber clinical applications
from patient’s material needs to be confirmed mdifferent diseases.

We are currently conducting, in collaboration witle Department of Internal
Medicine and Gastroenterology of Fondazione IRCGE&hico San Matteo,

a phase I/ll study aimed at assessing the fedgildalnd safety of local
intrafistolous infusion of autologous BM-MSCs intigats with refractory CD
and perianal fistulas. Preliminary results in 8igr@s demonstrate the
feasibility/safety of this approach and suggestotemt reparative effect of
MSCs on the damaged intestinal mucosa, charaaiebiyecomplete healing
of the fistulas in the majority of the patients amdritical decrease in their

disease activity indicesn@nuscript in preparation

9.5 Safety issues

The utilization ofex vivoexpanded MSCs for clinical application is ass@tat
with potential risks i.e. the immunogenicity of tleells or the medium
componentsin vitro transformation of the cells during expansion, aotbpic

tissue formation.

9.5.1Culture conditions

At present, MSCs are extensively expandrdivobefore used in the clinical
setting. The adoption of different isolation methaahd culture conditions
may lead to multiple MSC populations with slightifferent biological and
functional characteristics. For instance, diffeesdn culture medium or

supplements (FCS, human serum, PL, addition of G#ading density, level
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of confluency at cell detachment may influence rtppliferative capacity,
expression of surface markers or differentiatiopacaty, leading to the
committment towards a specific phenotype or tidgeage. This supports the
need for the definition and validation of commowlasion and expansion
protocols for the preparation of MSCs both for expental and clinical
purposes. The use of a uniform expansion methdtitéées the comparisons
between cell-products generated at different sitekallows to perform large
multicenter collaborative studies.

To avoid the potential risks associated with the w§ FCS as culture
supplement for MSCs (transmission of infectiongnfation of antibodies
against bovine proteins), alternative expansion hoeg have been
investigated. The possibility of using autologowsatbogeneic human serum
for in vitro expansion of MSCs has been testethe reduction of bovine
antigens by a final 48-hour incubation with medisupplemented with 20%
human serum has also been propo8dtiatelet-rich plasma (PRP) or PL,
containing high levels of PLT-derived GFs, haverbéssted in the clinical
setting>>***" In chapter 3 we have employed PL as alternativibureu
supplement forin vitro expansion of human BM-MSCs and compared PL-
expanded MSCs with those cultured in the preseh&€8. We were able to
demonstrate the superiority of a culture mediunpimented with 5% PL, as
compared with 10% FCS, in terms of clonogenic adficy and proliferative
capacity. Moreover, we showed that PL-expanded M®&@sntain their
immunoregulatory propertiesn vitro. Despite the fact that expansion
procedures using PL have demonstrated their irteaesl have been
implemented in different laboratories, definitivarsdards to produce clinical-
grade PL-MSCs are lacking. It remains to be studidgebther the clinical
safety and efficacy profile of PL-expanded MSCsimilar to FCS-expanded
MSCs.
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9.5.2 Genetic stability and risk of malignant transforioat

Given the reports of potential transformation otiladhuman MSCs afteex
vivo culture?®®? genetic stability of MSCs should be routinely assel prior
to infusion In chapter we investigated the potential susceptibility of fum
BM-MSCs, expanded in the presence of FCS, to undiemsformation after
in vitro culture. We found that these cells can be cultudmedlong term
without loosing their phenotypical and functionahacacteristics. Using
genetic studies, performed through conventional motecular karyotyping,
the absence of chromosomal abnormalities was obderSimilar findings
have been obtained in 18 BM-MSC cultures for chhigpplication prepared
in the last 2 years in our Center, that showedigiassof cell transformation.
These latter cells were prepared following the camrexpansion protocol
developed within the EBMT Developmental Committeel éheir expansions
were interrupted at passage 3 in order to minirthizerisk of transformation.
The genetic profile of MSCs expanded in the presarid®L and isolated both
from BM (chapter 3) and UCB (chapter 8) was alstete and these cultures
revealed no signs of transformation. In particutath MSC sources displayed
a normal molecular karyotpype by array-Compara@®emomic Hybridization
(array-CGH); moreover, in case of UCB-MSCs, B1% was normally
expressed and anchorage growth independence in ag@ft was never
observed.

Recently, French researchers have reported themresf aneuploidy in a
number of MSC preparations for clinical applicatiafter cultivation both in
the presence of FCS+ Fibroblast Growth factor-2 RRXp and PL® To
further characterize the genetic abnormalitiesntjteive analysis of genes
related to transformation and senescence was pertbrNormal and stable
expression of c-myc, p53 and p21 was demonstratdtereas human
telomerase reverse transcriptase (hTERT) was nexgressed. Moreover,

MSCs normally expressed p1& and anchorage growth independence in soft
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agar was never obtained. These data suggest ttradugh aneuploidy can

occur during MSC expansion, it does not refleck ttehsformation, but rather
senescence of the celBased on these results, the French MSC clinicbtr

which were temporary interrupted due to the po#tmisk of transformation

of the cells, have been recently re-opened.

In light of these observations, phenotypic, funadibo and genetic assays,
although of limited sensitivity, should be routipglerformed on MSCs before
in vivo use to demonstrate whether their biological priggr afterex vivo

expansion, remain suitable for clinical application

9.6.1 Risks associated with MSC-mediated immunemodulatiod
ectopic tissue formation

Whether MSC treatment can further aggravate immincempetence and
increase the risk of developing infections in patsewith severe acute GvHD,
as well as favor relapse in patients with maligndisbrders, needs to be
further investigated. Karlssaet al. performed specific analysis of subsequent
Epstein-Barr virus and Cytomegalovirus reactivity?i patients included in the
phase Il GvHD study and demonstrated that effe@ioctions of virus-
specific T-cells were retained after MSC infusféiRecent data in 10 patients
suggest that co-transplantation of MSCs and HSCg masult in increased
risk of relapse in patients with hematologic madigoies, as compared to
patients receiving standard HS&TData obtained so far in the phase /Il trials
performed within the Developmental Committee do slbdw an incerased
risk of developing both infection and relapse, asgared with historical
controls. Large collaborative randomized studiescoentering long-term
follow-up, are necessary to define whether MSCshimiigduce suppression of
the host antitumor immune response, abrogate orkemeayraft-versus-
leukemia (GvL) activity and reduce the ability t&sspond to infectious agents

in various groups of patients.
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Recently, calcifications were observed in the intdchearts of mice that
received local infusion of MSCS. This study reveals the potential risk of
ectopic tissue formation in patients treated witt5@4 for myocardial
infarction and other diseases. So far clinicahdatve shown the safety of
MSC infusion without any occurrence of ectopicus®r tumor formatiom
vivo; however, factors governing post-infusion fate ofG4and the influence
of the local environment on MSC behaviour are Igrgenknown and need
further investigation. Given the paucity of avaitablinical data and the rather
short follow-up, it is reasonable to advise stead long-term follow-up for

patients treated with MSCs.

9.6 Open clinical and experimental issues

9.6.1 Clinical issues

- Autologous versus allogeneic MSCs —

Whether autologous or allogeneic MSCs should béepesd will depend on
the clinical setting in which the cells are empldyand on the desidered
therapeutic effect. In clinical situations of ‘urgeMSC treatment, such as in
patients suffering from severe acute GvHD, allogett@rd-party, ‘ready off
the shelf’ MSCs should be preferred. In disordars/ihich sufficient time for
MSC harvest an@éx vivoexpansion is available, such as in refarctory AID
patients, autologous cells can be employed, providat they are functionally
active. The potential rejection of infused MSCsudtde carefully considered
in the different clinical contexts. This might bether unfavourable or
profitable, when only a temporary effect of MSCsieeded. In some cases a
‘hit and run’ effect of MSCs might be sufficient itaduce a clinical response
and might be useful to protect the patient from tisks of MSC-mediated
immunosuppression. The rejection of MSCs would asoid the risk of
ectopic tissue formation and of the potential efigrant of a transformed

MSC population in the host. The repetitive infusiohMSCs might cause
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sensitization in the patient, characterized by fthrenation of alloantibodies
directed against MSCs and responsible for theectgn. Alternatively, the
manipulationin vitro of MSCs might be sufficient to alter their biologl
properties and to cause the development of angisaayainst components of
the culture medium incorporated in the cells duemgansion, finally leading
to cell rejection. In contrast to this hypotesi® tave recently reported the
outcome of 2 children undergoing unrelated UCBThwiarental BM-MSCs
co-transplantation who initially rejected the grafhey were later succesfully
re-transplanted using the father as the donor tf baploidentical PBSCs and
MSCs. Despite previous exposure to paternal MSCesy tdid not
subsequently reject the paternal stem cell grdiis dbservation suggests that,
in heavily immunodepressed patients, such as thiedergoing myeloablative
HSCT, multiple infusions of allogeneic MSCs miglot he immunogenic and

might not induce rejectiom{anuscript submittgd

- Dose and schedule -

Optimal timimg of MSC administration, cell dose anddditional
immunosuppressive therapy need also to be defiDede and schedule of
administration will probably depend on the clinicantext. For facilitating
engraftment one MSC infusion might be sufficienptevent graft failure, in
case of severe acute GvHD several MSC administratight be necessary to
control the disease. In chronic inflammatory antbimemune diseases, MSCs
might not be a ‘once-in-a-life treatment’, but aukpresent a helpful tool
during the active and severe phases of the dis#dsether the simultaneous
administration of other immunosuppressive treatsesduld potentiate or
abolish MSC therapeutic benefit needs also to bdremded in future

experimental and clinical studies.

238



9.6.2 Experimental issues

Most of the available data on MSC immunomodulaforyperties have been
obtainedin vitro on ex vivoexpanded cells. The mechanisms by which MSCs
display their effectsn vivo are still largely unknown and need to be further
investigated. Several mechanisms of action, incfyudell-cell contact as well
as the release of soluble mediators by MSCs or ugeraction with immune
cells***"®®have been proposed, but no definitive conclusimrs be drawn.
The high variability of the reported results migie partly explained by
employing different culture conditions, different 9@ and Ilymphocyte
populations, as well as different MSC:lymphocyt¢iosa Defined animal
models,in vitro andin vivo studies are necessary to more precisely unragel th
mechanisms underlying the anti-proliferative/anflamatory effect of MSCs.

In light of the observations made in chapter 8 ddBJ and BM-MSCs, we
plan to more precisely investigate the role of tiiéerent biological
mechanisms employed by MSCs. For instance, PGEg&tgmet and IDO
activation, two well known mechanisms involved imtianflammatory

responses vitro,** ™

might be crucial in attenuating the inflammatoigts in
AID. We therefore aim to investigate the relevantéhese 2 mechanisms in
the context of refractory CD to test whether theg functionally active in
patient-derived cells. Expression of HLA-G, is knoto be one of the most
potent mechanisms protecting from immune attackthat feto-maternal
interface’" This will be investigated in UCB-derived MSCs W is likely
to be functionally relevant, as well as in the isgttof HSCT and organ
transplantion where MSCs are infused with the arprevent rejection. The
ability of MSCs to favor in vitro the differentiation of
CD4'CD25'FoxP3Tregs’® will be testedn vivo by analyzing the percentage
of this lymphocyte population in peripheral blodteaMSC treatment in both
severe acute GvHD and AID patients. We also planintestigate the

interaction between MSCs and B lymphocyitesitro andin vivo, in light of
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the recent experimental observation that MSCs masnpte proliferation and
differentiation of transitional and naive B celilated from healthy donors
and patients with SLE.If confirmedin vivo, MSC therapy in the context of
AID might be detrimental and could lead to worsgniof signs and

symphtoms of autoimmunity.

9.7 Conclusions

Over the past years MSCs have been broadly appliedvariety of clinical
settings. Areas of clinical application include mtaion of alloimmune
responses in the setting of allogeneic stem cellagan transplantation and
AID, as well as direct promotion of tissue repdiprfe, cartilage and heart
repair). MSC therapy appears to be relatively aafiencouraging therapeutic
results have been obtained in several pilot studiesvever, MSC therapy is
still experimental and no standard treatment haerged. In the coming years
randomized studies will be completed to establigrapeutic efficacy. At the
same timein vitro andin vivo studies will help to understand mechanisms

underlying efficacy and will identify specific sudds that mediate repair.
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LIST OF ABBREVIATIONS

AID
Array-CGH
AT

BM

CD
CIA
DC
DLI
EAE
EBMT
FCS
G-CSF
GFs
GvHD
GvL
HGF
HSCs
HSCT
IDO
MAPCs
MLD
MR
MS
MSCs
NK
O.l

autoimmune diseases

array-Comparative Genomic Hybridization
adipose tissue

bone marrow

Crohn’s Disease

collagen-induced arthritis

dendritic cell
donor lymphocytes

experimental autoimmune encephalomyelitis
European Group for Blood and Marrow Transfdgion
fetal calf serum

granulocyte colony stimulating factor
growth factors

graft-versus-host disease
graft-versus-leukemia

hepatocyte growth factor

hematopoietic stem cells

hematopoietic stem cell transplantation
indoleamine 2,3-dioxygenase

multipotent adult progenitor cells
metachromatic leukodystrophy

magnetic resonance

multiple sclerosis

mesenchymal stem cells

Natural Killer

Osteogenesis Imperfecta

PBSCT peripheral blood stem cell transplantation

PGE2
PL
PRP
SDF-1
SLE
SS
SSEA-1
TGF{33
Treg
TRM
ucB
USSCs

prostaglandin E2

platelet-lysate

Platelet-rich plasma
stromal-derived factor-1
Systemic lupus erythematosus
systemic sclerosis

stage-specific embryonic antigen-1
Transforming growth Factdd3
regulatory T cells
transplantation-related mortality
umbical cord blood

Unrestricted Somatic Stem Cells
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Nederlandse samenvatting

Dit proefschrift richt zich op de karakteriseringarv de biologische en
functionele eigenschappen van humane Mesenchymtalem&e Cellen
(MSC’s). Hierbij is een vergelijking gemaakt tussktSC’'s afkomstig uit
foetale weefsels, waaronder placenta en naveldtlead welke zijn
vergeleken met MSC'’s afkomstig uit het beenmergwawassen individuen.
Navelstrengbloed (Umbilical Cord Blood, UCB) is enzbcht als een
potentieel nieuwe bron van MSC'’s voor Klinischepagsing. Om deze reden
Zijn de immunomodulatoire eigenschappen van MSCflsorastig van
navelstrengbloed vergeleken met die van MSC’s afitgmuit beenmerg.
Daarnaast zijn de experimentele condities waaronM8C’'s in het
laboratorium  kunnen worden geéxpandeerd onderzoeht verder
geoptimaliseerd. Hierbij zijn ook alternatieve kkmeethoden onderzocht,
waarbij geen gebruik gemaakt wordt van dierlijkeiten die aanwezig zijn
in “fetal calf serum”. Als alternatief hiervoor wkreen expansiemethode
onderzocht gebaseerd op het gebruik van tromboclytsamt waarin zich

groeistimulerende factoren bevinden.

Eén van de belangrijkste potentiéle risico’s van QM&xpansie is de
mogelijkheid van maligne transformatie. Dit risiteedt met name op bij het
langdurig ex-vivo kweken van MSC'’s. Daarnaast zeurtsico verder kunnen
worden vergroot door de toepassing van deze celbgn immuun
gecompromitteerde patiénten. Er werden geen steletuof numerieke
chromosomale afwijkingen gevonden bij MSC's die we&kt werden onder
serumbevattende dan wel onder serumvrije kweektieadAndere potenti€le
risico’'s van MSC therapie omvatte immunogenicitgjt het toedienen van
allogene cellen en het risico van ectopische wHefsaatie na systemische of

lokale toediening.
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Eén van de problemen bij het karakteriseren van B&Cthet ontbreken van
specifieke oppervlaktemarkers waarmee MSC'’s uitfsede kunnen worden
geisoleerd. Als gevolgd hiervan zijn de klinisch&® producten heterogeen
wat betreft hun immuun fenotype en ook wat betrefin functionele
eigenschappen. Nieuwe technieken waaronder gem®sipprofielen en

eiwitprofielen worden voorgesteld om MSC’s nauwkger te karakteriseren.

De in-vivo biodistributie en “trafficking” van exivo geéxpandeerde MSC'’s
is nog weinig onderzocht. Het belang van de ontelikig van geschikte
labelings technieken om MSC'’s in-vivo te kunnengeol na inspuiting wordt

besproken.

De belangrijkste toepassing van MSC therapie ligtde context van
hematopoietische stamceltransplantatie. Dit betreftdermeer de co-
transplantatie van MSC’s en Hematopoietische Sthemc¢HSC’'s) om het
aanslaan van het transplantaat (“engraftment”)eteoftieren. Daarnaast zijn
MSC'’s vooral toegepast ter behandeling van steresdtente ernstige acute
graft-versus-host ziekte. Een relatief nieuwe iatlec voor MSC therapie
omvat de behandeling van “Inflammatory Bowel Disoel, waaronder de
ziekte van Crohn. Bij een kleine groep patiéntemdwge rol van autologe
MSC’s afkomstig uit beenmerg onderzocht met beirekktot hun
immunomodulatoire en ontstekingsremmende eigenpeimapBehandeling
met MSC’s vindt nu reeds plaats bij een groot daatmdoeningen die
gekenmerkt worden door inflammatie en weefselschidde is te verwachten
dat in de nabije toekomst MSC therapie als eenweetherapeutische
modaliteit kan worden toegepast bij een groot danterschillende
immunologische-, en ontstekingsgemedieerde ziektaat het doel om

afweerresponsen te moduleren en weefselschadesteltes.
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Summary in English

This thesis focuses on the characterization ofhbiioéogical and functional
properties of human mesenchymal stromal cells (MS@wlated from
different tissue sources. The differentiation céyaaf MSCs from fetal and
adult tissues has been tested and compared. Ualliticd blood (UCB) has
been investigated as a potential novel source oE8M8r clinical application
and the immunomodulatory properties of UCB-derivd@Cs have been
characterized in comparison with those of MSCsasfebomarrow (BM) origin.
Moreover, it has been attempted to optimize theegwpental conditions for
MSC ex vivo expansion. Alternative culture methods, devoid apimal
proteins, have been applied by introducing expangimcedures based on
platelet-derived growth factors. The potential smibility of MSCs to
undergo malignant transformation after long-teémvitro culture has been
investigated and discussed in view of their clihigpplication, especially in
immunocompromised hosts. The immunogenicity of teis and/or their
medium components, the risk of ectopic tissue foionaand that of MSC-
mediated immunosuppression have been also discussegbtential risks
associated with the clinical useef vivoexpanded MSCs.

The lack of surface markers and functional assayspecifically identify
MSCs and to facilitate the generation of homogernmlsproducts has been
analyzed and efforts for future MSC developmentehaeen discussed. Novel
techniques, such as proteomic approaches and mrayoanalysis, have been
proposed with the aim to improve the knowledge o80Mbiological and
functional properties; imaging studies, based anubke of suitable labeling
techniqgues and able to investigaie vivo MSC ‘trafficking’ and
biodistribution, have been discussed.

The role of MSC therapy in the context of hematefioi stem cell

transplantation (HSCT) has been explored, focugingarticular on the co-
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transplantation of MSCs to promote engraftmenteshatopoietic progenitors,
and on the administration of MSCs for the treatmehtsteroid-resistant,
severe acute graft-versus-host disease (GvHD). rolee of MSCs in the
treatment of inflammatory bowel diseases refractorgonventional therapies,
as well as the concept for treating refractory mommoune diseases has been
discussed. In particular, the potential role obéagous BM-derived MSCs as
immunomodulatory/anti-inflammatory treatment toratlate tissue repair in
Crohn’s Disease (CD) patients has been investigaBased on these
experimental and clinical findings and by broadgrime knowledge on MSC
biological activities, these cells could be empbbye the near future as a
novel therapeutic strategy to stimulate tissue irepad modulate immune

responses in a variety of immune-mediated andrinfiatory diseases.
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Riassunto in Italiano

Questa tesi verte sulla caratterizzazione dellpreta biologiche e funzionali
delle cellule stromali mesenchimali (MSC) umandaoda differenti tessuti.
In questo lavoro sono state testate e confrontateapacita differenziative
delle MSC umane derivate da tessuti fetali e dy agulto. Quale potenziale
sorgente di MSC per l'applicazione clinica e stattudiato il sangue
placentare; le proprieta immunomodulatorie delleQMi& sangue placentare
sono state confrontate con quelle delle MSC divdeione midollare. Sono
state, poi, ottimizzate le condizioni di colturar pespansioneex vivodelle
MSC. Un terreno basato sull'impiego di fattori diescita derivati dalle
piastrine e stato preparato ed impiegato qualerstdi coltura alternativo in
quanto privo di proteine di origine animale. E afainoltre, valutata la
potenziale suscettibilita delle MSC alla trasforinag in senso neoplastico
dopo colturan vitro a lungo termine; cio risulta particolarmente intsante
in funzione del loro impiego clinico, in particokar in  soggetti
iImmunocompromessi. Sono stati valutati quali patnzischi associati
all'uso clinico delle MSC i seguenti fattori: I'immmogenicita delle cellule e/o
dei componenti del terreno di coltura, il rischio fdrmazionein vivo di
tessuto ectopico e I'eventuale immunosoppressianerita dalle MSC stesse

in vivo.

In questo lavoro sono stati altresi discussi eddappditi eventuali sviluppi
futuri riguardanti l'identificazione di marcatorii dsuperficie e di test
funzionali atti tanto all'identificazione specificdelle MSC, quanto alla
generazione di prodotti per terapia cellulare omegelnoltre, al fine di
migliorare la conoscenza delle proprieta biologieh&inzionali delle MSC,
sono state esplorate tecnologie innovative, qualnithe di proteomica e

analisi conmicroarray. Sono stati, quindi, proposti studi di immaginesdta
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sullimpiego di appropriati sistemi di marcatura capaci di studiare il

trafficking e la biodistribuzione delle MSi@ vivo.

E’ stato, inoltre, testato il ruolo delle terapiellalari con MSC nel contesto
del trapianto allogenico di cellule staminali emigpiche. In particolare, sono
stati condotti studi clinici di fase /Il basatiassul co-trapianto di MSC allo
scopo di facilitare I'attecchimento dei progenit@mopoietici sia sulla
somministrazione di MSC per il trattamento delldattea del trapianto contro
I'ospite steroido-resistente di grado severo. Sstadi discussi tanto il ruolo
della terapia con MSC nel trattamento delle maatifiammatorie croniche
intestinali non responsive alle terapie convendiprguanto il potenziale
utilizzo delle stesse nel trattamento delle maadtitoimmuni refrattarie. In
particolare, & stato quindi valutato I'impiego diSK autologhe di origine
midollare quale approccio immunomodulante/antianfimatorio con lo scopo
di stimolare la riparazione tessutale in paziendh cmalattia di Crohn

refrattaria.

Sulla base di quanto emerso da questo studioaaitso I'ampliamento della
conoscenza biologica delle MSC, queste cellulegpoi, in un prossimo
futuro, essere impiegate, quali strumenti innovatiper facilitare la

rigenerazione dei tessuti e modulare la rispostaune in numerose affezioni

a patogenesi immuno-mediata ed infiammatoria.
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