Chapter 7
Immunomodulatory Properties of MSCs

Maria Ester Bernardo, Lynne M. Ball, Franco Locatelli,
and Willem E. Fibbe

Abstract Mesenchymal stromal cells (MSCs) are multipotent cells that can be
isolated from several human tissues and expanded ex vivo for clinical use. They com-
prise a heterogeneous population of cells, which, through production of growth fac-
tors, cell-to-cell interactions and secretion of matrix proteins, play a key role in the
regulation of haematopoiesis. In recent years, several experimental studies have
shown that MSCs are endowed with potent immunomodulatory properties directed
in vitro at all cells involved in immune responses. Due to their immunomodulatory
and engraftment-promoting properties, MSCs have been tested in the clinical setting
both to facilitate haematopoietic engraftment and to treat steroid-resistant acute
graft-versus-host disease (GvHD). More recently, experimental findings and clinical
trials have focused on the ability of MSCs to home to injured tissues and to produce
paracrine factors with anti-inflammatory properties, resulting in functional recovery
of damaged tissues. The mechanisms through which MSCs exert this pleomorphic
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therapeutic potential rely on some key properties of these cells: the capacity to home
to sites of injury, the ability to blunt exaggerated immune responses and the ability to
secrete soluble factors capable of stimulating both the survival and recovery of
injured cells. This chapter focuses on recent advances in MSC biology and sum-
marises the clinical studies on their immunomodulatory and anti-inflammatory prop-
erties, particularly in the setting of allo- and autoimmune disorders.

Introduction

In addition to haematopoietic stem cells (HSCs), the bone marrow (BM) also con-
tains mesenchymal stromal cells (MSCs). These cells were first recognised more
than 40 years ago by Friedenstein et al. who described a population of adherent cells
from the BM which were non-phagocytic, exhibited a fibroblast-like appearance
and could differentiate in vitro into bone, cartilage, adipose tissue, tendon and mus-
cle [1]. Moreover, after transplantation under the kidney capsule, these cells gave
rise to the different connective tissue lineages [2]. Human MSCs were first identified
in postnatal BM and later in a variety of other human tissues, including periosteum,
muscle connective tissue, perichondrium, adipose tissue (AT), umbilical cord blood
(UCB) and fetal tissues, amniotic fluid and placenta [1, 3—8]. One of the hallmarks
of MSCs is their multipotency, defined as the ability to differentiate into several
mesenchymal lineages [9]; usually trilineage differentiation into bone, adipose tis-
sue and cartilage is taken as a criterion for multipotentiality. Recently, the existence
of pluripotent cells has been reported that have the ability to differentiate into cells
of the mesodermal lineage but also into endodermal and neuroectodermal cell types,
including neurons, hepatocyte and endothelium [10-12]. MSCs have been also
demonstrated to display chemotactic ability, to migrate to sites of inflammation and
injury [13], as well as to secrete paracrine mediators able to reverse acute organ
failure [14]. MSCs have been successfully used in repairing tissue injury, occurring
after allogeneic haematopoietic stem cell transplantation (HSCT) [15]. In view of
their immunosuppressive properties, as well as of their role in sustaining tissue
repair and trophism, MSCs represent a promising tool in immunoregulatory and
regenerative cell therapies [16, 17].

MSC Ex Vivo Expansion

Due to the low frequency of mesenchymal progenitors in human tissues, in vivo use
of MSCs requires that the cells be extensively ex vivo manipulated to achieve the
numbers that are necessary for their clinical application [18-20]. Standard condi-
tions for ex vivo expansion of MSCs are based on the presence of 10% fetal bovine
serum (FBS), and serum batches are routinely prescreened in order to guarantee
both the optimal growth of MSCs and the biosafety of the cellular product [18-20].
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However, the use of FBS raises concerns when utilised in clinical grade preparations,
because it might theoretically be responsible for the transmission of zoonoses as
well as cause immune reactions in the host, especially if repeated infusions are
needed. This may lead to the risk of rejection of the transplanted cells [21, 22].
In view of these considerations, serum-free media, appropriate for extensive expan-
sion and devoid of the risks connected with the use of animal products, are being
developed.

Both autologous and allogeneic human serums have been tested for in vitro
expansion of MSCs [23]; several serum-free media, based on the use of cytokines
and growth factors, such as basic fibroblast growth factor (b-FGF) and transforming
growth factor B (TGF-B), have been proposed in experimental conditions [24, 25].
Platelet lysate (PL) has been demonstrated to be a powerful substitute for FBS in
MSC expansion, especially in terms of cell growth due to its high concentration of
natural growth factors [26-28]. Doucet et al. first demonstrated that the growth fac-
tors contained in PL are able to promote MSC expansion in a dose-dependent man-
ner [26]. This was further substantiated by data published by other groups, showing
that culture medium with 5% PL added is superior to 10% FBS in terms of clono-
genic efficiency and proliferative capacity of MSCs, while preserving MSC immu-
nomodulatory functions [27, 28]. It has, however, to be emphasised that clinical
data on the safety and efficacy of MSCs have been obtained, so far, mainly with
cells expanded in the presence of FBS, whereas relatively little in vivo experience is
available with MSCs cultured in alternative medium supplements. Therefore, cells
expanded in the presence of alternative expansion media require extensive experi-
mental and clinical testing before being safely and effectively employed to substitute
cells generated in the presence of FBS-based media.

MSC Surface Markers and Prospective Isolation

Little is known about the characteristics of the primary mesenchymal precursors
in vivo; this has been mainly due to the inability to prospectively isolate the most
primitive mesenchymal cells from bulk cultures because of their low frequency
and the lack of specific markers. To date, MSC isolation/identification has relied
mainly on morphology and adherence to plastic; immunophenotyping by flow
cytometry has been applied to identify ex vivo-expanded MSCs and to define
purity. No specific marker has been shown to identify true MSCs, and ex vivo-
expanded cells are characterised by a combination of both positive (CD105,
CD73, CD90, HLA class I) and negative (CD34, CD45, CD14, CD31) markers
[9, 29], at least in case of BM-derived cells (indeed, a proportion of AT-derived
MSCs express CD34) [5, 9, 29].

Recently, the identification and prospective isolation of mesenchymal progeni-
tors, both in murine and human adult BM, have been reported, based on the expres-
sion of specific markers [30—40]. Anjos-zfonso et al. have reported the identification,
isolation and characterisation of a population of multipotent mesenchymal cells in
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murine BM, based on the expression of the stage-specific embryonic antigen-1
(SSEA-1) [30]. In human cells, with the aim to prospectively isolate MSCs, surface
markers such as SSEA-4, STRO-1, the low affinity nerve growth factor receptor
(CD271) and MCAM/CD146 (melanoma cell adhesion molecule) [31-38] have
been employed. Battula et al. have recently isolated by flow cytometry MSCs from
human BM, using antibodies directed against the surface antigens CD271, mesen-
chymal stem cell antigen-1 (MSCA-1), CD56 and SSEA-3, and identified novel
MSC subsets with distinct phenotypic and functional properties [38, 39]. In particu-
lar, CD271, which has been employed for prospective isolation of MSCs from BM,
has been reported to define a subset of MSCs with immunosuppressive and lympho-
haematopoietic engraftment-promoting properties in vivo [35]. Moreover, it has
been shown that only CD271% but not CD271%™, cells give rise to clonogenic
MSC:s and these populations differ considerably in their morphological appearance
[34, 35, 39]. Similarly, a 100-fold enrichment in fibroblast colony-forming cells
(CFU-F) was found in the STRO-1* population in the bone marrow [33]. MCAM/
CD146 molecule, which has been shown to allow for CFU-F enrichment, was
expressed on both MSCs and pericytes [37]. A STRO-4 monoclonal antibody has
been demonstrated to be specific for mesenchymal precursors cells from human and
ovine tissues, being capable of providing enrichment in CFU-F when employed for
MSC isolation from BM [40].

Despite the identification of these new MSC markers [30-40], none presently
available has demonstrated to be, by itself, capable of identifying the true mesen-
chymal stem cell. Whether culture-expanded MSCs differ from their progenitors
in vivo is uncertain, as proliferation on plastic surfaces and culture conditions may
induce both phenotypic and functional changes. Future research should focus on the
identification of MSC-specific markers which will hopefully allow to dissect the
developmental hierarchy of MSCs and facilitate the generation of homogenous cel-
lular products.

MSC Tissue Sources for Clinical Use

As previously mentioned, MSCs, after their first identification in BM [1], have been
isolated from a variety of other human tissues. Although similar MSCs can be cul-
tured from different fetal and adult tissues [3—8], clinical experience has been mainly
gained with ex vivo-expanded BM-derived cells; only few studies have employed
different sources, such as AT [41]. The frequency of mesenchymal progenitors,
their proliferative capacities and differentiation potential, as well as their immuno-
phenotype and immunomodulatory properties have been shown to vary in different
sources [42, 43]. Intrinsic diversities of MSCs residing in a tissue, as well as their
physiological role in that tissue, might influence the properties of a specific source,
as compared to other MSC sources. The frequency of cells with lineage-specific
differentiation capacity may differ between tissue sources, and therefore, MSCs
with the ability to differentiate into bone-forming cells might be present with higher
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frequency in BM rather than in fetal lung or placenta. Also the culture conditions
employed for MSC ex vivo expansion might influence their biological properties,
leading to the commitment of MSCs towards a specific function or cell lineage.

These differences should be taken into account when considering the clinical
application of MSCs in the various clinical settings, together with the method of
collection from a specific tissue (invasive procedure for BM and AT vs. noninvasive
collection of UCB) and their isolation efficiency (100% success rate when isolating
MSCs from BM and AT vs. 20-63% success rate when culturing MSCs from UCB)
[44-47]. Whether one specific source might be more useful in a defined clinical
setting depending on its biological and functional properties needs to be further
investigated.

Safety Data on Malignant Transformation

It has been suggested that ex vivo manipulation of both human and murine MSCs
may alter the functional and biological properties of the cells, leading to the accu-
mulation of genetic alterations [48—52]. A high susceptibility to malignant transfor-
mation was also reported in murine BM-derived MSCs by different groups [50, 52].
Other researchers, using human MSC, did not confirm a propensity to develop
morphological and genetic changes [27, 53-55]. In particular, both BM- and
UCB-derived human MSCs, expanded in the presence of FBS or PL, could be
safely cultured for long term without losing their phenotypical and functional
characteristics and without showing the presence of chromosomal abnormalities
[27, 53, 54]. French researchers have reported the presence of aneuploidy in a
number of MSC preparations for clinical use; by further characterising these
genetic abnormalities, they found that these alterations were not related to cell
transformation, but rather to senescence of the cells [55]. While earlier reports
indicated that human AT- and BM-derived MSCs are prone to undergo malignant
transformation after long-term ex vivo expansion [48, 51], recently, it was shown
that the tumour cells that they had described were unrelated to the original MSCs
and were derived from contaminating tumour cell lines in these laboratories [56,
57]. Human bone marrow-derived MSCs have been long term expanded until
senescence or until independent clones emerged. These cultures represented 8—15
passages and 33-55 population doublings, and no independent clones emerged.
The likelihood of malignant transformations was estimated to be <10~. Altogether
these data indicate that under the commonly used culture conditions, tumorigen-
esis is likely to be an extremely uncommon event [58]. This incident highlights
the risk of cross-contamination and emphasises on the importance of cell line
verification with DNA fingerprinting.

In light of these observations, phenotypic, functional and genetic assays,
although known to have limited sensitivity, should be routinely performed on
MSCs before in vivo use to verify whether the clinical application of ex vivo-
expanded MSC:s is safe.
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Fig. 7.1 Possible mechanisms of interaction between MSCs and cells of the immune system.
(1) Mesenchymal stromal cells (MSCs) can inhibit the proliferation and cytotoxicity of resting
natural killer (NK) cells; these effects are mediated by indolamine 2,3-dioxygenase (/DQ), prosta-
glandin E2 (PGE?2) and soluble HLA-G5 (sHLA-G5) released by MSCs. Killing of MSCs by
cytokine-activated NK cells involves the engagement of activating receptors expressed by NK cells
and of their ligands expressed by MSCs. (2) MSCs inhibit the differentiation of monocytes into
immature myeloid dendritic cells (DCs), skew mature DCs to an immature DC state, inhibit tumour
necrosis factor (TNF) production by DCs and increase /L-10 production by plasmacytoid DCs.
MSC-derived PGE2 is involved in all these effects. MSCs dampen the respiratory burst and delay
the spontaneous apoptosis of neutrophils by constitutively releasing /L-6. (3) Direct inhibition of
CD4* T-cell function depends on the release by MSCs of soluble molecules (IDO, PGE2, trans-
forming growth factor-bl (TGFb1), hepatocyte growth factor (HGF), inducible nitric oxide syn-
thase (iNOS), heme oxygenase-1 (HO-1) and IL-10). MSCs inhibit CD8* T-cell cytotoxicity and
stimulate the differentiation of regulatory T cells a.o. through the production of sHLA-G5. MSC-
mediated inhibition of B-cell function involves both cell-to-cell contact and soluble mediators. —
indicates a stimulatory effect; | indicates an inhibitory effect (Adapted from Uccelli et al. [62])

Immunomodulatory Properties of MSCs In Vitro

MSCs display broad and potent immunomodulatory properties that have been first
demonstrated in vitro and, subsequently, in vivo both in animal models and in
humans. Initially, most studies focused on the effects of MSCs on T lymphocytes;
however, it is now evident that these cells display their effects on other cells involved
in immune response, including B lymphocytes, dendritic cells (DCs) and natural
killer (NK) cells [59-61]. See Fig. 7.1.
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MSCs and T Cells

MSCs were first demonstrated to suppress in vitro T lymphocyte proliferation
induced by alloantigens [63], mitogens [64], CD3 and CD28 agonist antibod-
ies [65, 66]. MSCs have been reported to inhibit the effects of cytotoxic T
cells (CTLs), probably due to suppression of CTL proliferation [67]. The inhi-
bition of T-cell proliferation and cytotoxicity mediated by MSCs is not HLA
restricted; in fact, MSCs are able to induce a similar degree of inhibition in the
presence of both autologous and allogeneic responder cells [63, 66]. This
observation supports the concept that MSCs can be considered universal sup-
pressors. Since the separation of MSCs and PBMCs by transwell experiments
does not completely abrogate the suppressive effect, most human MSC-
mediated immunosuppression on activated T lymphocyte has been attributed
to the secretion of antiproliferative soluble factors, such as TGF-f, hepatocyte
growth factor (HGF), prostaglandin E2 (PGE2), indoleamine 2,3-dioxygenase
(IDO, an enzyme causing depletion of tryptophan, an essential factor for
lymphocyte proliferation), nitric oxide (NO), heme oxygenase-1 (HO-1) and
interleukin (IL)-10 [59-61, 68]. In particular, more recently, the stress-induc-
ible enzyme HO-1 which is able to exert potent anti-inflammatory, anti-oxida-
tive and anti-apoptotic activities has been found to be expressed in rat and
human MSCs and to be involved in MSC-mediated immunosuppression [69].
However, published data do not exclude that a part of the immunosuppressive
effect exerted by human MSCs on alloantigen-induced T-cell activation be
dependent on cell-to-cell contact mechanisms. Of interest, the calcineurin
inhibitors, cyclosporine-A and tacrolimus, employed to both prevent and treat
graft-versus-host disease (GVHD), enhance the immunosuppressive effect of
human MSCs, in particular the in vitro activation of alloantigen-specific and
the T-cell-mediated cytotoxicity [70]. Some authors have shown that the unre-
sponsiveness of T cells in the presence of MSCs is transient and that T-cell
proliferation can be reinitiated after MSC removal [59, 64, 66]. Inhibition of
lymphocyte proliferation by MSCs has not been associated with the induction
of apoptosis, but is rather interpreted as due to inhibition of cell division, thus
preventing T lymphocyte capacity to respond to antigenic triggers while main-
taining these cells in a quiescent state [64, 66, 71]. Indeed, T cells in the pres-
ence of MSCs remain in the GO/G1 phase of the cell cycle, and this, at a
molecular level, translates into the inhibition of cyclin D2 expression [71].

MSC:s are also capable of inducing in vitro regulatory T cells (Treg), as demon-
strated by the increase in the population of CD4*CD25*FoxP3* cells in mixed lym-
phocyte reactions (MLRs) in the presence of MSCs [72, 73]. Very recently, the
cytoprotective enzyme HO-1, produced by MSCs, has been shown to promote dif-
ferentiation of IL-10* Tr1 and TGF-B* Th3 Treg subsets in a MLR system, as well
as to produce IL-10, a suppressive cytokine produced by regulatory cells [74]. It is
conceivable that suppression of T-cell proliferation and induction of Tregs are
related events.
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MSCs and DCs

MSCs have been reported to interfere in vitro with DC differentiation, maturation
and function. Differentiation of both monocytes and CD34+ progenitors into CD1a*-
DC:s is inhibited in the presence of MSCs, and DCs generated in this latter condition
are impaired in their function, in particular in their ability to induce activation of T
cells [75, 76]. Transwell experiments have demonstrated that the suppressive effect
of MSCs on DC differentiation is at least partly mediated by soluble factors, namely,
IL-6, macrophage-colony stimulating factor (M-CSF), PGE2 and IL-10 [76].

Incubation of MSCs with mature DCs reduces the latter’s expression of HLA
class II and co-stimulatory molecules, inhibits TNF production and impairs anti-
gen presentation, therefore favouring the induction of regulatory APCs through
which they could indirectly suppress T-cell proliferation [75, 77]. Moreover,
MSCs could act as non-professional antigen-presenting cells early in immune
responses, in the presence of low levels of interferon y (IFN-y). However, the
increase in the levels of INF- y leads MSCs to later switch to their immune sup-
pressive function [77, 78].

MSCs and B Cells

The ability of MSCs to inhibit B cell proliferation was first reported in murine
studies [71]. Thereafter, human MSCs have been demonstrated to suppress
in vitro the proliferation of B cells activated with anti-Ig antibodies, soluble
CD40 ligand and cytokines, as well as to interfere with differentiation, antibody
production and chemotactic behaviour of B lymphocytes [79]. Corcione et al.
also demonstrated that MSCs do not induce apoptosis, but determine a block of
B cells in the GO/G1 phases of the cell cycle, as already shown for T cells [79].
Krampera et al. have reported that MSCs are able to reduce the proliferation of
B cells in vitro in the presence of IFN-y, thanks to its ability to induce IDO activ-
ity by MSCs [80]. In contrast with these observations, Traggiai et al. have
reported that BM-derived MSCs are able to promote proliferation and differen-
tiation into immunoglobulin-secreting cells of transitional and naive B cells iso-
lated from both healthy donors and paediatric patients with systemic lupus
erythematosus (SLE) [81].

These conflicting in vitro results on MSC effect on B lymphocyte function/
proliferation may partly reflect the differences in experimental conditions
employed by the different authors, although, overall, the majority of reports sug-
gest that in vivo B cell proliferation, as well as differentiation and expression of
cytokines are inhibited by MSCs [79, 80]. Moreover, as T cells orchestrate B
cell function, whatever be the ultimate effects of MSCs on B cell functions are,
B cells are likely to be significantly influenced by the MSCs-mediated T-cell
inhibition.



7 Immunomodulatory Properties of MSCs 115
MSCs and NK Cells

It has been reported that MSCs are able to suppress NK-cell proliferation after stim-
ulation with IL-2 or IL-15 [67, 82]. Indeed, while MSCs do not inhibit the lysis of
freshly isolated NK cells [67], these latter cells when cultured for 4-5 days with
IL-2 in the presence of MSCs display a reduced cytotoxic potential against K562
target cells [80]. Transwell experiments have suggested that the suppression of
IL-15-driven NK-cell proliferation as well as of their cytokine production by MSCs
is mediated by soluble factors [80, 82]. On the contrary, the inhibitory effect dis-
played by MSCs on NK-cell cytotoxicity required cell-cell contact [82].

Although MSCs were initially considered immunoprivileged and therefore capa-
ble of escaping lysis by freshly isolated NK cells [67], recent experiments have
demonstrated that IL-2 activated both autologous and allogeneic NK cells are capa-
ble of effectively lysing MSCs [83]. Although MSCs express normal levels of MHC
class I that should protect against NK-mediated killing, they display ligands that are
recognised by activating NK receptors that, in turn, trigger NK alloreactivity [83].
Moreover, it has been recently demonstrated that MSCs can be lysed also by cyto-
toxic T lymphocytes or antibodies, when infused into MHC-mismatched mice,
resulting in their rejection [84].

MSC Mechanisms of Action In Vitro

Several studies have demonstrated that MSCs, in vitro, are capable of modulating
the function of different cells active in the immune response, although a clear view
of MSC mechanisms of action has yet to be obtained. Cell-cell contact and soluble
factors are thought to be required for the induction of MSC-mediated immunosup-
pression [62]. Primary contact between MSCs and the target cell is initiated by
adhesion molecules [85]. Most studies demonstrate that soluble factors are involved,
as the separation of MSCs and peripheral blood mononuclear cells (PBMCs) by a
transwell permeable membrane does not prevent the inhibition of proliferation [64].
It has been demonstrated that MSCs release several soluble molecules either consti-
tutively or following crosstalk with other cells [62]; these include TGF-B, PGE2,
IDO, IL-10, NO and HO-1 [59-61, 68, 69]. Release of IFN-y by target cells induces
the release of IDO by MSCs, which, in turn, depletes tryptophan, an essential amino
acid for lymphocyte proliferation [80, 86]. IDO is necessary to inhibit proliferation
of Th1 cells and, together with PGE2, inhibits NK-cell function [68, 80]. IFN-y can,
in amurine model where pro-inflammatory cytokines are added, stimulate chemokine
production by MSCs, resulting in T-cell attraction and increased inducible NO syn-
thase (iNOS) [87]. T cells are inhibited by the subsequent production of NO [88].
Moreover, cytokines produced by target cells can increase the release of some of
these MSC-derived soluble factors [62]. Soluble HLA-G5 (sHLA-GS) released by
MSCs suppresses T-cell proliferation, as well as CD8* T cell and NK-cell cytotoxicity
[88]. Conversely, MSCs through the release of sHLA-GS initiate the up-regulation
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of CD4+*CD25*FoxP3* cells [88, 89], although their depletion has no effect on the
inhibition of T-cell proliferation by MSCs [90].

The complexity and mechanisms whereby MSCs interact with cells of both the
adaptive and innate immune system are schematically represented in Fig. 7.1.
Whether these effects are displayed through real suppression of immune responses
or through a nonspecific antiproliferative effect is still unclear. The mechanisms by
which MSCs display their immunosuppressive effect are largely restricted to in vitro
studies. The in vivo biological relevance of the in vitro observations needs to be
addressed in appropriate in vivo models.

The Importance of Host Factors: Pro-inflammatory
Environment

The clinical potential of MSCs might be also influenced by host factors; it has been
suggested that MSCs need to be activated in the host environment in order to medi-
ate their immunomodulatory effect [91]. In this sense, MSCs are not constitutively
inhibitory, but they acquire their immunosuppressive functions after being exposed
to an inflammatory environment [91]. This became clear after the observation that
anti-IFN-y receptor antibodies can block the suppressive effect of MSCs. The vari-
ous techniques employed to activate an immune response in vitro may involve the
release of IFN-y which, in turn, activates the immunosuppressive activity of MSCs
[80, 92]. Moreover, the level of IFN-y and the contemporary presence of other
inflammatory cytokines, such as TNF-a and IL-18, can influence the immunosup-
pressive effect of MSCs, as well as induce changes in their immunophenotype [93].
Indeed, IFN-y, TNF-a or IL-18 are able to induce the up-regulation of HLA class 1.
How about HLA-II? ICAM-1 and VCAM-1 on MSC surface, while IFN-y alone can
induce the activity of IDO [93]. Different cytokine combinations, and consequently
the heterogeneity in the host environment, can produce different effects on MSC
function; this may explain the variability of response that is observed in patients
enrolled in clinical trials and treated with MSCs.

MSC:s also express a large number of toll-like receptors (TLRs), and their stimu-
lation has been shown to affect MSC immunomodulatory properties [94]. TLRs are
non-catalytic receptors that recognise molecules derived from microbes and medi-
ate the activation of immune responses of both innate and adaptive immunity [95].
In analogy with the functional status of monocytes/macrophages, Waterman et al.,
by using a short-term TLR-priming protocol, identified two functionally different
MSC populations: the TLR4-primed MSC population which exhibits a pro-
inflammatory profile (MSC1) and the TLR3-primed MSC population which deliv-
ers immunosuppressive signals (MSC2). In accordance with this theory, T-cell
inhibition is achieved only in case of co-culture with MSC2, whereas T-lymphocyte
activation takes place following MSC1 co-culture [96].

MSCs may exert direct antiproliferative effects on T cells, NK cells and B cells
and in this way direct suppress effector immune mechanisms. At the same time,
they may exert indirect modulatory activities by inducing tolerogenic immune



7 Immunomodulatory Properties of MSCs 117

responses though the induction of regulatory T cell and tolerogenic dendritic cells.
A pro-inflammatory environment may lead to the activation of MSC and may be
critical for the induction of suppressive mediators.

Based on these findings which underline the importance of host factors, it has been
proposed to mimic the in vivo pro-inflammatory environment by activating MSCs
in vitro with the addition of cytokines and to use these activated cells for the treatment
of allo- and autoimmune disorders, as well as in the repair of tissue damage.

Immunomodulatory Properties of MSCs In Vivo in Animal
Models

The immunomodulatory and reparative/anti-inflammatory properties of MSCs have
been tested in a variety of animal models (see Table 7.1).

Animal Models of HSC Engraftment

MSCs have been reported to secrete cytokines important for haematopoiesis and to
promote engraftment of haematopoietic stem cells (HSCs) in experimental animal
models, especially when the dose of transplanted HSCs was low [97, 98]. Systemic
infusion of allogeneic BM-derived MSCs from baboons has been demonstrated to
suppress lymphocyte proliferation and prolong the survival of allogeneic skin grafts,
as compared to animals not receiving MSCs [122]. Almeida-Porada et al. observed
that co-transplantation of human MSCs into pre-immune fetal sheep resulted in
enhanced long-term engraftment of human cells in the BM and in higher levels of
donor cells in the circulation [97]. Another study performed in NOD/SCID mice
demonstrated that co-infusion of fetal lung-derived MSCs and cord blood-derived
CD34* cells is associated with enhancement of engraftment of human HSCs in the
BM of the animals, the effect being particularly evident when relatively low doses
of HSCs were transplanted [98]. In NOD/SCID mice, co-transplantation of pla-
centa-derived MSCs resulted in both enhanced engraftment of double umbilical
cord blood transplantation (UCBT) and reduced single cord predominance [99].
In non-human primates, co-transplantation of MSCs improved HSC engraftment
after autologous intra-BM transplantation, and this was associated with increased
chimerism in the peripheral blood [100]. Kuci et al. demonstrated that CD271-
positive MSCs were capable of promoting significantly greater lymphoid engraft-
ment, as compared to an unselected population of plastic-adherent MSCs, when
co-transplanted with CD133+ HSCs in NOD/SCID mice [35].

It has been demonstrated that allogeneic MSCs are not intrinsically immunoprivi-
leged, since, under appropriate conditions, they can induce an immune response,
resulting in their rejection when infused into MHC-mismatched mice [84].
In contrast, infusion of syngeneic host-derived MSCs resulted, in the same model, in
enhanced engraftment of allogeneic haematopoietic cells [84]. These observations
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Table 7.1 Immunomodulatory properties of MSCs in vivo in animal models

Animal model Outcome Ref. no

Part A: HSC engraftment

Pre-immune fetal sheep Enhancement of human HSC engraftment [97]

NOD-SCID mouse Enhancement of human HSC engraftment [98]

NOD-SCID mouse Enhanced engraftment of double UCBT, reduced [99]

single-donor predominance

Non-human primate Enhancement of autologous HSC engraftment [100]

NOD-SCID mouse Promoted lymphoid engraftment [35]

MHC mismatched mouse Promotion of graft rejection [84]

MHC mismatched mouse Promotion of engraftment [84]

Part B: GvHD

NOD-SCID mouse (MSC at Prevention of GvHD; mice increased survival [101]
weekly intervals)

NOD-SCID mouse (1 MSC No effect on GvHD prevention [102]
dose, d+0 after Tx)

NOD-SCID mouse (MSC at Prevention of GvHD [103]
weekly intervals)

NOD-SCID mouse (1 MSC Prevention of GvHD; mice increased survival [104]
dose, d+2 or d+20)

Part C: AID and regenerative medicine

Mouse, EAE Prevention of EAE development [105, 106]

Mouse, SLE Ameliorated signs and symptoms of SLE [107]

Mouse, STZ diabetes Ameliorated diabetes and kidney disease [108-110]

Rat, glomerulonephritis Stimulated glomerular healing [111]

Mouse, AKI Ameliorated renal function and tubular cell injury [112, 113]

Rat, experimental colitis Stimulated intestinal mucosa healing [114-116]

Rat, acute hepatic failure Protected against hepatic injury [14, 117]

Mouse, rat, pig, myocardial Improved cardiac function [118-120]
infarction

Mouse, CIA No beneficial effect; accentuation of Thl response [121]

HSC haematopoietic stem cells, MSC mesenchymal stromal cells, NOD-SCID nonobese diabetic
severe combined immunodeficient mice, UCBT umbilical cord blood transplantation, GvHD graft-
versus-host disease, Tx transplantation, A/D autoimmune diseases, EAE experimental autoimmune
encephalomyelitis, SLE systemic lupus erythematosus, STZ streptozotocin, AKI acute kidney
injury, CIA collagen-induced arthritis, Ref. n. reference number

suggest that MSCs may promote engraftment, provided that they survive in vivo and
are not rejected as the result of an alloimmune response. See also Table 7.1, part A.

Animal Models of Graft-Versus-Host Disease (GVHD)

Several animal studies have addressed the issue of the suppressive effect of MSCs
in the context of GVHD prevention/treatment; however, conflicting results have
been published, in particular on the role of MSCs in GVHD prevention.
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In one study, AT-derived MSCs have been infused systemically in mice early
after transplantation of haploidentical HSCs and were able to rescue the animals
from lethal GVHD [101]. Sudres et al. have reported that a single dose of BM-derived
MSC:s at time of allogeneic BM transplantation did not affect the incidence and
severity of GVHD in mice [102], whereas UCB-derived MSCs administered at
weekly intervals were able to prevent GVHD development after allogeneic trans-
plantation of human PBMCs in NOD/SCID mice [103]. The same cells were not
effective when administered prophylactically right after PBMC infusion, as well as
when infused late in the course of GVHD development [103]. Polchert et al. tested
the ability of MSCs to prevent GVHD by administering a single dose of the cells at
different time points: only when MSCs were infused at day +2 or +20 after the
allograft they were able to significantly increase the survival of the recipient mice.
At these time points, the levels of IFN-y were found to be particularly high in the
animals, this corroborating the observation that MSCs need to be activated by
inflammatory cytokines present in the host microenvironment to deliver their immu-
nosuppressive effect [104]. See also Table 7.2, part B. The studies suggest that
MSCs may prevent GVHD following allogeneic stem cell transplantation, but are
not effective in the treatment of acute GVHD. These results are in contrast with
preliminary results of clinical studies, where MSCs have been used to treat acute
GVHD (see section “Clinical Trials of MSC Infusion to Treat GVHD”).

Animal Models of Autoimmune Diseases
and Regenerative Medicine

Due to their ability to home to inflamed sites and to repair injured tissues, together
with their immunomodulatory and anti-inflammatory properties, MSCs have been
also tested in animal models of tissue injury and autoimmune disorders (see
Table 7.1, part C) [14, 105-121].

Murine MSCs have been demonstrated to ameliorate experimental autoimmune
encephalomyelitis (EAE), a model of post-vaccinal encephalitis with many aspects
resembling those of human multiple sclerosis (MS), through the induction of periph-
eral T-cell tolerance against the central nervous system (CNS)-restricted antigens
[105, 106]. In a murine model of SLE, MSCs were able to inhibit autoreactive T and
B cells, thus ameliorating the signs and symptoms of the disease [107]. MSCs have
been also employed for the experimental treatment of diabetes in a mouse model,
and their infusion was associated with an increase in the number of pancreatic islets
and insulin-producing B cells, as well as with the repair of renal glomeruli [108].
Moreover, the administration of congeneic MSCs in a murine model of type 1 dia-
betes was shown to suppress both diabetogenic T-cell proliferation and generation
of myeloid/inflammatory DCs, resulting in long-term reversal of hyperglycemia
[109, 110]. The infusion of rat MSCs in an experimental model of glomerulonephri-
tis was able to stimulate glomerular healing, resulting in the repair of the damaged
renal tissue [111]. Intravenous infusion of MSCs in immunodeficient mice with
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Table 7.2 Clinical applications of MSCs in phase I-1II studies

Clinical context Outcome Ref. no.

Part A: HSC engraftment

Breast cancer; autologous HSCT No tox. Rapid haematopoietic recovery [123]
Haematological malignancy; No tox. Prompt haematopoietic recovery — [124]
allogeneic HSCT
Haematological disorders; haploiden- ~ No tox. Graft rejection prevention. [18]
tical T-cell-depleted HSCT Accelerated leukocyte recovery
Haematological disorder (1 pt); double Alleviated single-donor predominance [125]
UCBT
Haematological disorders; UCBT No tox. Prompt haematopoietic recovery  [126]
Haematological disorders; UCBT No tox. No effect on engraftment and [19]
haematopoietic recovery. GvHD
prevention
Haematological disorders; UCBT+3" No tox. No effect on kinetics of [127]
PD HSC engraftment and GvHD
Part B: aGvHD
Grade IV aGvHD after allogeneic Complete resolution of grade IV [128]
HSCT (1 pt) acute GVHD
Grade II-1V aGvHD after allogeneic ~ Overall response rate: 69%; improved [20]
HSCT/DLI (55 pt) OS in responders
Grade III-1V aGvHD after allogeneic  CR 59%; improved OS if early a
HSCT/DLI (37 peds) treatment
Part C: AID and regenerative medicine
MS and ALS Demonstration of safety +increase in Treg [129, 130]
Fistulizing refractory CD (intrafistular Demonstration of safety + fistula [41,131]
injection) healing +increase in Treg
Refractory CD (intravenous injection)  Safety + some clinical response +increase [132]
in Treg
Cirrhosis Safety +improved clinical conditions [133]
Myocardial infarction (intravenous Improvement in overall health+increase  [134]
infusion) of LVEF
Myocardial infarction (intracoronary ~ Improvement of LVEF not maintained [135]
infusion) over time

HSC haematopoietic stem cells, HSCT haematopoietic cell transplantation, tox. toxicity, pt patient,
UCBT umbilical cord blood transplantation, PD party donor, aGvHD acute graft-versus-host dis-
ease, DLI donor lymphocyte infusion, peds paediatric patients, CR complete response, OS overall
survival, MS multiple sclerosis, ALS amyotrophic lateral sclerosis, Treg, regulatory T cells, CD
Crohn’s disease, LVEF increase of the left ventricular ejection fraction

*Accepted as oral presentation at the Annual Meeting of the European Bone Marrow Transplantation
Group, EBMT 2011

cisplatin-induced acute kidney injury ameliorated both renal function and tubular
cell injury and prolonged survival due to the inhibition of oxidative damage [112, 113].
Topical implantation of BM-derived MSCs has been shown to be beneficial in pro-
moting the healing process of experimental colitis in rats, confirming the ability of
these cells to induce tissue repair [114]. In similar models of experimental colitis,
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MSC:s of different tissue origin alleviated the signs and symptoms of the disease by
displaying immunomodulatory functions and ameliorating inflammation-related
tissue destruction [115, 116]. In a rat model, MSC-derived conditioned medium
proved to be effective in reversing fulminant hepatic failure, this suggesting that
MSC-derived molecules are able to promote regeneration of hepatocytes [14, 117].
Recent preclinical studies have suggested that MSCs could be employed to mediate
cardiac repair after myocardial infarction, as well as after chronic progressive car-
diac failure. In particular, human MSCs have been shown to differentiate into cells
with a cardiomyocyte phenotype in the adult murine heart [118] and to improve
cardiac function after transplantation in porcine and rat models [119, 120].

While the vast majority of reports indicate a favourable role of MSCs in the pro-
motion of tissue repair, infusion of MSCs had no beneficial effects on collagen-
induced arthritis (CIA), a murine model of rheumatoid arthritis. In particular, in this
context, MSC treatment was associated with an enhanced Thl response, although
MSCs could not be detected in the articular environment [121].

Potential MSC Mechanisms of Action In Vivo

The mechanisms through which MSCs exert their therapeutic potential, although
not fully established, might rely on some key properties of the cells: (i) the ability
to secrete soluble factors capable of stimulating both survival and functional recov-
ery of injured cells; (ii) the ability to home to sites of damage; and (iii) the ability to
modulate immune responses. In most of the reported studies, the therapeutic effect
of MSCs was not associated with their differentiation into the resident cell types,
but, rather appeared to be mostly related to antiproliferative and anti-inflammatory
effects, as well as to the capacity to stimulate survival and functional recovery in
injured organs, likely through paracrine mechanisms [14, 111-113, 117]. It is con-
ceivable that the therapeutic benefit is due to the release of soluble factors (such as
HGEF, insulin-like growth factor, PGE2, NO, IDO) produced by the cells and/or by
the local microenvironment and that MSC survival is not strictly necessary for the
clinical effect [14, 117]. Also the engraftment-promoting effect might be obtained
through the secretion of paracrine factors produced by MSCs, which might promote
the creation of a favourable microenvironment for the survival, proliferation and
engraftment of HSCs.

Experimental and clinical data obtained so far indicate that sustained engraft-
ment of MSCs does not occur or it is limited to a small number of cells. In this
regard, studies in baboons using a green fluorescent retroviral construct suggest
engraftment of MSCs in the gastrointestinal tract and in various tissues in the range
of 0.1-2.7%, with comparable results for both autologous and allogeneic cells [136].
Although little is known about MSC homing to target tissues after infusion, it might
be largely regulated by chemokines and growth factors released during systemic
and/or local inflammatory conditions and be mediated by the interaction with inte-
grins and selectins expressed on the surface of MSCs. In this respect, Wynn et al.
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showed that homing of MSCs to BM depends on stromal-derived factor-1 (SDF-1)
which interacts with CXCR4 on the MSC surface, thus promoting their migration [137].
Similar mechanisms have been shown to regulate migration of MSCs to pancreatic
islets [138] and ischemic tissues [139]. In view of these experimental data, a possi-
ble strategy to facilitate homing of MSCs involves the modification of surface struc-
tures that play a role in migration to specific tissues, as suggested by Sackstein et al.
[140]. These authors converted the native CD44 glycoform expressed on MSCs into
E-selectin/L-selectin ligand (HCELL) (expressed on HSCs) using fucosyltrans-
ferase. Intravital microscopy in NOD/SCID mice showed BM infiltration by
HCELL(+) MSCs within several hours after intravenous infusion [140].

The inhibition of inflammatory and immune responses by MSCs might also be due
to the generation of regulatory T cells, as shown in an experimental murine model of
Crohn’s disease, in which MSC infusion was efficacious in both preventing and cur-
ing colitis, probably through the induction of FoxP3* regulatory T cells [116].

Clinical Applications of MSCs

Clinical Trials of MSC Infusion to Promote Engraftment

The first clinical trial on the use of MSCs for accelerating haematological recovery
was performed in 28 patients with breast cancer given autologous transplantation of
peripheral blood HSCs and co-infused with 1-2x 10°® MSCs/kg body weight. No
MSC-related toxicity was recorded, and rapid haematopoietic recovery was noted
[123]. After this study, a multicenter phase I/II trial aimed at evaluating the safety
of MSC infusion was conducted in 46 patients affected by haematological malig-
nancies and receiving allogeneic HSCT from an HLA-identical sibling [124]. MSC
co-infusion was not associated with adverse events, and haematopoietic recovery
was prompt for most patients; moderate to severe acute GVHD was observed in
28% of the patients. In a phase I/II, multicenter clinical trial, infusion of MSCs
proved to be safe in children given a T-cell-depleted allograft from an HLA-disparate
relative [18]. All patients given MSCs showed sustained haematopoietic engraft-
ment without any adverse reaction, this finding comparing favourably with 20%
graft failure rate observed in the historical controls. Leukocyte recovery was faster
in children given MSCs, as compared to the historical controls. In the setting of
UCBT, MSCs were first employed in a single patient transplanted with UCB-derived
cells with the aim of improving the outcome of double-unit UCBT [125]. In this
patient, MSCs were administered without clinical adverse effects, and the single
unit predominance described after multiple UCBT was not observed. In a paediat-
ric, phase I-II clinical trial, including eight children given co-transplantation of
unrelated donor UCB cells and ex vivo-expanded third-party MSCs, infusion of
MSCs proved to be safe and patients had neutrophil recovery a median time of
19 days after the allograft [126]. In another paediatric, phase I/II clinical study,
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the safety of co-transplantation of parental MSCs was confirmed in 13 paediatric
patients given UCB-derived HSCs [19]. In contrast with preclinical results [98] and
the experience reported in the haploidentical transplants [18], no difference was
found in engraftment rate and speed of haematological recovery between study
patients and controls receiving UCBT alone, although much less study patients
were given granulocyte-colony stimulating factor (G-CSF) as compared to controls.
Interestingly, MSC co-infusion significantly prevented the incidence of life-threat-
ening acute GVHD and GVHD-associated transplantation-related mortality (TRM),
as compared to controls [19]. In adult patients receiving UCBT with co-infusion of
third-party donor mobilised HSCs, MSC administration at time of transplantation
had no effect on the kinetics of UCB cell engraftment, as well as on GVHD preven-
tion [127]. See Table 7.2, part A.

Altogether these data indicate that co-transplantation of HSCs and MSCs is safe,
whereas the efficacy of MSCs on promoting engraftment of donor cells and accel-
erating the speed of haematological recovery remains to be demonstrated. In some
contexts (such as T-cell-depleted allograft from an HLA-disparate relative), MSCs
may modulate host alloreactivity and/or promote a better engraftment of donor hae-
matopoiesis, reducing the risk of graft failure. The difference between the haploi-
dentical and UCBT settings may be related to the mechanisms underlying graft
failure in UCBT, which might be inherent to the low numbers of HSCs infused in
UCBT and/or to altered homing mechanisms.

Despite reports indicating engraftment of MSCs after systemic infusion in ani-
mal models [97, 141], the transplantability and sustained engraftment of MSCs in
humans has not been demonstrated. A number of studies have documented that mar-
row stroma remains of host origin after allogeneic HSCT in the majority of patients
[142—144], whereas others have shown limited engraftment capacity of MSCs fol-
lowing HSCT in both adult and paediatric patients [18, 19, 22, 145, 146].

Clinical Trials of MSC Infusion to Treat GVHD

The most impressive clinical effect of MSCs in vivo has been observed in the treat-
ment of acute GVHD (aGvHD) developing after allogeneic HSCT or donor lympho-
cyte infusion (DLI). The first striking report of this effect was reported by Le Blanc
et al. who described a paediatric patient experiencing grade IV aGvHD of the liver
and gut after allogeneic HSCT from an unrelated volunteer, resistant to multiple
lines of immunosuppressive therapy. The child was rescued by the infusion of
BM-derived MSCs isolated from the mother [128]. More recently, the benefit deriv-
ing from the infusion of MSCs in patients with steroid-resistant aGvHD has been
confirmed in a study reporting 55 adult and paediatric patients, treated in six differ-
ent institutions. Infusion of MSCs appeared to be safe, and no major toxicities were
observed. Treatment with MSCs resulted in a response in the majority of patients,
this resulting into a significant difference in survival between complete responders
and partially responding/nonresponding patients [20]. When compared to adults,
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children seemed to have a better response rate and a greater probability of overall
survival [20].

The outcome of 37 children receiving MSCs for grade III-IV acute GVHD
refractory to steroids have been recently reported [147]. A median of two infusions
were administered, with a median cell dose of 2x 10%kg; MSCs were from third
party HLA-mismatched donors in the majority of the patients. Complete response
(CR) was observed in 22 children (59% of the overall population), transplantation-
related mortality (TRM) being 14%. Fifteen children had either no (n=6) or partial
(n=9) response to MSCs, TRM in this group being 60% (p=0.005). With a median
follow-up of 2.3 years, overall survival (OS) was 62%, the values for patients who
did or did not achieve CR after MSCs being 87 and 27%, respectively (p<0.001).
Children treated after 2009 had received less second-line treatment and had received
MSC:s earlier after onset of steroid treatment (mean day 8 vs. day 24 for children
treated before 2009). This translated into a significantly better OS for children
enrolled in the study after 2009 (93% vs. 65% for those treated before 2009;
p<0.05). These data indicate that MSCs are a safe and valuable therapy for children
with severe, refractory aGVHD, better results being obtained when treatment is
employed early in the disease course. See Table 7.2, part B.

The real efficacy of MSC infusion in the management of patients with GVHD
will be tested in a randomised controlled trial being conducted in Europe.

Clinical Trials of MSC Infusion in Autoimmune Disorders
and Tissue Repair

Following the numerous reports showing a beneficial effect of MSC treatment in
experimental models of autoimmunity and acute tissue injury [14, 105-120], clini-
cal data on the use of MSCs in regenerative medicine have become available (see
Table 7.2, part C) [129-135, 148-150].

A phase I clinical study including ten patients with multiple sclerosis and treated
with autologous MSC infusion has shown the feasibility and the safety of the
approach [130]. In 15 patients with MS and 19 patients with amyotrophic lateral
sclerosis treated with intrathecal and/or intravenous MSC infusion, the procedure
was found to be safe and was associated with an increased proportion of CD4*CD25*
regulatory T cells in the peripheral blood of the patients [131], suggesting that the
possible effects of MSCs involve the induction of regulatory T cells.

In a phase I clinical trial, autologous, AT-derived MSCs have been successfully
employed to treat complex perianal fistulas of cryptoglandular origin or associated
with Crohn’s disease with promising results [41]. Sustained closure of fistula tracks,
together with a parallel reduction of Crohn’s disease and perianal disease activity
indexes, has been obtained in patients with refractory fistulizing Crohn’s disease
through local injections of autologous BM-derived MSCs [132]. In another phase I/II
study, intravenous infusion of autologous MSCs proved to be feasible and safe in
nine patients with Crohn’s disease refractory to conventional treatments, three
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of them showing clinical response [133]. In these latter two studies, an increase in
regulatory CD4*CD25*FoxP3* T cells in mucosal biopsies was found after MSC
treatment, as compared with what observed before treatment initiation [132, 133].

MSCs have been also employed to treat liver cirrhosis in a limited number of
patients. Kharaziha et al. reported a phase I-II clinical trial in which eight patients
with end-stage liver cirrhosis were treated with autologous injection of MSCs via
either a peripheral vein or the portal vein; preliminary results confirm the safety of
the approach and suggest some improvement in the clinical conditions of the patients
[148]. Similar findings were obtained by Mohamadnejad et al. who also showed that
MSCs are superior to HSCs in treating liver cirrhosis [134, 149].

A randomised placebo-controlled clinical trial has been conducted in patients
within 10 days following acute myocardial infarction [135]. As compared to patients
treated with placebo, patients receiving MSC intravenous infusion of MSCs experi-
enced an improvement in overall health, coupled with an increase of left ventricular
ejection fraction (LVEF) 1 year after treatment. However, patients treated with
intracoronary administration of MSCs after MI did not maintain a significant
improvement in LVEF over controls at the 18 months follow-up evaluation [150].
The heterogeneity in the route of administration, timing of MSC infusion after myo-
cardial infarction and number of cells administered render definitive conclusions
difficult to draw on the efficacy of this approach.

Additional studies have been initiated in other autoimmune and inflammatory
disorders, such as type 1 diabetes mellitus, systemic sclerosis and SLE, acute kidney
injury, gastrointestinal (autoimmune enteropathy) and pulmonary (chronic obstructive
pulmonary disease) disorders [151-155]. The results of these studies will become
available in the near future.

Conclusions

In addition to their regenerative properties, MSCs have been shown to exert immu-
nomodulatory effects. Extensive ex vivo studies have indicated that they affect a
broad range of immune functions, including those of T cells, B cells, DCs and NK
cells, mainly through the secretion of soluble mediators. These mediators may act
directly on immune cells, to inhibit their proliferation or to inhibit apoptosis. They
may also act indirectly through intermediate cells, including monocytes, to induce
regulatory responses that result in the induction of regulatory T cells or tolero-
genic DCs.

Further investigations aimed at better defining the role played in vivo by human
MSCs in developing peripheral immune tolerance are desirable. Relatively little
is known about the functional differences between MSCs derived from different
tissue sources, i.e. BM-derived versus AT-derived MSCs. It is reasonable to
hypothesise that different MSC subsets may be responsible for specific functional
activities in vivo. Few surface markers are nowadays available for the prospective
identification of MSC subsets, and it is still uncertain to what extent functional
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properties are preserved/modified following ex vivo expansion. The importance
of the host tissue microenvironment has recently become apparent as being a pos-
sible determinant of in vivo function of MSCs. It is conceivable that host factors
play a crucial role in activating or priming MSCs to exert their immunomodula-
tory properties. Identification of such factors may lead to novel strategies to func-
tionally activate MSCs prior to infusion in order to enhance/optimise their
therapeutic effects.

Acknowledgements This work has been partly supported by grants from Istituto Superiore di
Sanita (National Program on Stem Cells), MIUR (Ministero dell’Istruzione, dell’Universita e della
Ricerca, Progetti di Rilevante Interesse Nazionale, PRIN), from Associazione Italiana per la
Ricerca sul Cancro (AIRC) special grant “5 x 1000” to FL and from AIRC I1G9062 to MEB and by
grants 11.600.1016/17 from ZON-MW (Zorg Onderzoek Nederland, Medische Wetenschappen).

References

1. Friedenstein AJ, Petrakova KV, Kurolesova Al, Frolova GP (1968) Heterotopic of bone marrow.
Analysis of precursor cells for osteogenic and hematopoietic tissues. Transplantation
6:230-247

2. Friedenstein AJ, Deriglasova UF, Kulagina NN et al (1974) Precursors for fibroblast in
different populations of hematopoietic cells as detected by the in vitro colony assay method.
Exp Hematol 2:83-92

3. Arai F, Ohneda O, Miyamoto T, Zhang XQ, Suda T (2002) Mesenchymal stem cells in per-
ichondrium express activated leukocyte cell adhesion molecule and participate in bone mar-
row formation. J Exp Med 195:1549-1563

4. Young HE, Steele TA, Bray RA et al (2001) Human reserve pluripotent mesenchymal stem
cells are present in the connective tissues of selecta muscle and dermis derived from fetal,
adult and geriatric donors. Anat Rec 264:51-62

5. Im G-I, Shin Y-W, Lee K-B (2005) Do adipose tissue-derived mesenchymal stem cells have
the same osteogenic and chondrogenic potential as bone marrow-derived cells? Osteoarthritis
Cartilage 13:845-853

6. Campagnoli C, Roberts IA, Kumar S, Bennet PR, Bellantuono I, Fisk NM (2001) Identification
of mesenchymal stem/progenitor cells in human first-trimester fetal blood, liver, and bone
marrow. Blood 98:2396-2402

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

8. In’t Anker PS, Scherjon SA, Kleijburg-van der Keur C et al (2003) Amniotic fluid as a novel
source of mesenchymal stem cells for therapeutic transplantation. Blood 102:1548-1549

9. Pittenger MF, Mackay AM, Beck SC, Jaiswal RK, Douglas R, Mosca JD (1999) Multilineage
potential of adult human mesenchymal stem cells. Science 284:143-147

10. Sanchez-Ramos J, Song S, Cardozo-Pelaez F et al (2000) Adult bone marrow stromal cells
differentiate into neural cells in vitro. Exp Neurol 164:247-256

11. Schwartz RE, Reyes M, Koodie L et al (2002) Multipotent adult progenitor cells from bone
marrow differentiate into functional hepatocyte-like cells. J Clin Invest 109:1291-1302

12. Jiang Y, Jahagirdar BN, Reinhardt RL et al (2002) Pluripotency of mesenchymal stem cells
derived from adult marrow. Nature 418:41-49

13. Wang L, Li Y, Chen X et al (2002) MCP-1, MIP-1, IL-8 and ischemic cerebral tissue enhance
human bone marrow stromal cell migration in interface culture. Hematology 7:113-117



7 Immunomodulatory Properties of MSCs 127

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

Parekkadan B, van Poll D, Suganuma K et al (2007) Mesenchymal stem cell-derived
molecules reverse fulminant hepatic failure. PLoS One 2:e941

Ringden O, Uzunel M, Sundberg B et al (2007) Tissue repair using mesenchymal stem cells
for hemorrhagic cystitis, pneunomediastinum and perforated colon. Leukemia
21:2271-2276

Caplan AI (2007) Adult mesenchymal stem cells for tissue engineering versus regenerative
medicine. J Cell Physiol 213:341-347

Le Blanc K, Ringden O (2007) Immunomodulation by mesenchymal stem cells and clinical
experience. J Intern Med 262:509-525

Ball LM, Bernardo ME, Roelofs H et al (2007) Co-transplantation of ex-vivo expanded mes-
enchymal stem cells accelerates lymphocyte recovery and may reduce the risk of graft failure
in haploidentical hematopoietic stem cell transplantation. Blood 110:2764-2767

Bernardo ME, Ball LM, Cometa AM et al (2011) Co-infusion of ex vivo expanded, parental
mesenchymal stromal cells prevents life-threatening acute GvHD, but does not reduce the
risk of graft failure in pediatric patients undergoing allogeneic umbilical cord blood trans-
plantation. Bone Marrow Transplant 46:200-207

Le Blanc K, Frassoni F, Ball L et al (2008) Mesenchymal stem cells for treatment of steroid-
resistant, severe, acute graft-versus-host disease: a phase II study. Lancet 371:1579-1586
Spees JL, Gregory CA, Singh H et al (2004) Internalized antigens must be removed to pre-
pare hypoimmunogenic mesenchymal stem cells for cell and gene therapy. Mol Ther
9:747-756

Horwitz EM, Prockop DJ, Fitzpatrick LA et al (1999) Transplantability and therapeutic
effects of bone marrow-derived mesenchymal cells in children with osteogenesis imperfecta.
Nat Med 5:309-313

Shahdadfar A, Fronsdal K, Haug T, Reinholt FP, Brinchmann JE (2005) In vitro expansion of
human mesenchymal stem cells: choice of serum is a determinant of cell proliferation, dif-
ferentiation, gene expression, and transcriptosome stability. Stem Cells 23:1357-1366

Jung S, Sen A, Rosenberg L, Behie LA (2010) Identification of growth and attachment fac-
tors for the serum-free isolation and expansion of human mesenchymal stromal cells.
Cytotherapy 12:637-657

Chase LG, Lakshmipathy U, Solchaga LA, Rao MS, Vemuri MC (2010) A novel serum-free
medium for the expansion of human mesenchymal stem cells. Stem Cell Res Ther 1:8-11
Doucet C, Ernou I, Zhang Y, Llense JR, Begot L, Holy X, Lataillade JJ (2005) Platelet lysates
promote mesenchymal stem cell expansion: a safety substitute for animal serum in cell-based
therapy applications. J Cell Physiol 205:228-236

Bernardo ME, Avanzini MA, Perotti C et al (2007) Optimization of in vitro expansion of
human multipotent mesenchymal stromal cells for cell-therapy approaches: further insights
in the search for a fetal calf serum substitute. J Cell Physiol 211:121-130

Schallmoser K, Bartmann C, Rohde E et al (2007) Human platelet lysate can replace fetal
bovine serum for clinical-scale expansion of functional mesenchymal stromal cells.
Transfusion 47:1436-1446

Horwitz EM, Le Blanc K, Dominici M et al (2005) Clarification of the nomenclature for
MSC: The International Society for Cellular Therapy position statement. Cytotherapy
7:393-395

Anjos-Afonso F, Bonnet D (2007) Nonhematopoietic/endothelial SSEA-1* cells define the
most primitive progenitors in the adult murine bone marrow mesenchymal compartment.
Blood 109:1298-1306

Gang EJ, Bosnakovski D, Figueiredo CA et al (2007) SSEA-4 identifies mesenchymal stem
cells from bone marrow. Blood 109:1743-1751

Battula VL, Treml S, Abele H, Biihring HJ (2008) Prospective isolation and characterization
of mesenchymal stem cells from human placenta using a frizzled-9-specific monoclonal anti-
body. Differentiation 76:326-336

Simmons PJ, Torok-Storb B (1991) Identification of stromal cell precursors in human bone
marrow by a novel monoclonal antibody, STRO-1. Blood 78:55-62



128

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

S1.

52.

53.

M.E. Bernardo et al.

Quirici N, Soligo D, Bossolasco P et al (2002) Isolation of bone marrow mesenchymal stem
cells by anti-nerve growth factor receptor antibodies. Exp Hematol 30:783-791

Kuci S, Kuci Z, Kreyenberg H et al (2010) CD271 antigen defines a subset of multipotent
stromal cells with immunosuppressive and lymphohematopoietic engraftment-promoting
properties. Haematologica 95:651-659

Shih IM (1999) The role of CD146 (Mel-CAM) in biology and pathology. J Pathol
189:4-11

Covas DT, Panepucci RA, Fontes AM et al (2008) Multipotent mesenchymal stromal cells
obtained from diverse human tissues share functional properties and gene-expression profile
with CD146+ perivascular cells and fibroblasts. Exp Hematol 36:642-654

Battula VL, Treml S, Bareiss PM et al (2009) Isolation of functionally distinct mesenchymal
stem cells subsets using antibodies against CD56, CD271, and mesenchymal stem cell anti-
gen-1 (MSCA-1). Haematologica 94:173—-184

Harichandan A, Buhring HJ (2011) Prospective isolation of human MSC. Best Pract Res Clin
Haematol 24:25-36

Gronthos S, McCarty R, Mrozik K et al (2009) Heat shock protein-90 beta is expressed at the
surface of multipotential mesenchymal precursor cells: generation of a novel monoclonal
antibody, STRO-4, with specificity for mesenchymal precursor cells from human an ovine
tissues. Stem Cells Dev 18:1253-1262

Garcia-Olmo D, Garcia-Arranz M, Herreros D et al (2005) A phase I clinical trial of the treat-
ment of Crohn’s fistula by adipose mesenchymal stem cell transplantation. Dis Colon Rectum
48:1416-1423

Bernardo ME, Emons JAM, Nauta AJ et al (2007) Human mesenchymal stem cells derived
from bone marrow display a better chondrogenic differentiation compared with other sources.
Connect Tissue Res 48:132-140

Avanzini MA, Bernardo ME, Cometa AM et al (2009) Generation of mesenchymal stromal
cells in the presence of platelet lysate: a phenotypical and functional comparison of umbilical
cord blood- and bone marrow-derived progenitors. Haematologica 94:1649-1660

Bieback K, Kern S, Kluter H, Eichler H (2004) Critical parameters for the isolation of mes-
enchymal stem cells from umbilical cord blood. Stem Cells 22:625-634

Mareschi K, Biasin E, Piacibello W, Aglietta M, Madon E, Fagioli F (2001) Isolation of
human mesenchymal stem cells: bone marrow versus umbilical cord blood. Haematologica
86:1099-1100

Wexler SA, Donaldson C, Denning-Kendall P, Rice C, Bradley B, Hows JM (2003) Adult
bone marrow is a rich source of human mesenchymal “stem” cells but umbilical cord blood
and mobilized adult blood are not. Br J Haematol 121:368-374

Reinisch A, Bartmann C, Rohde E, Schallmoser K, Bjelic-Radisic V, Lanzer G, Linkesch W,
Strunk D (2007) Humanized system to propagate cord blood-derived multipotent mesenchy-
mal stromal cells for clinical application. Regen Med 2:371-382

Rubio D, Garcia-Castro J, Martin MC et al (2005) Spontaneous human adult stem cell trans-
formation. Cancer Res 65:3035-3039

Wang Y, Huso DL, Harrington J et al (2005) Outgrowth of a transformed cell population
derived from normal human BM mesenchymal stem cell culture. Cytotherapy 7:509-519
Miura M, Miura Y, Padilla-Nash HM et al (2006) Accumulated chromosomal instability in
murine bone marrow mesenchymal stem cells leads to malignant transformation. Stem Cells
24:1095-1103

Rgsland GV, Svendsen A, Torsvik A et al (2009) Long-term cultures of bone marrow-derived
human mesenchymal stem cells frequently undergo spontaneous malignant transformation.
Cancer Res 69:5331-5339

Tolar J, Nauta AJ, Osborn MJ et al (2007) Sarcoma derived from cultured mesenchymal stem
cells. Stem Cells 25:371-379

Bernardo ME, Avanzini MA, Ciccocioppo R et al (2009) Phenotypical/functional character-
ization of in vitro expanded mesenchymal stromal cells from Crohn’s disease patients.
Cytotherapy 11:825-836



7 Immunomodulatory Properties of MSCs 129

54.

55

56.
57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Bernardo ME, Zaffaroni N, Novara F et al (2007) Human bone marrow-derived mesenchymal
stem cells do not undergo transformation after long-term in vitro culture and do not exhibit
telomere maintenance mechanisms. Cancer Res 67:9142-9149

. Tarte K, Gaillard J, Lataillade J et al (2010) Clinical-grade production of human mesenchymal

stromal cells: occurrence of aneuploidy without transformation. Blood 115:1549-1553
Vogel G (2010) To scientists’” dismay, mixed-up cell lines strike again. Science 329:1004
Torsvik A, Rgsland GV, Svendsen A et al (2010) Spontaneous malignant transformation of
human mesenchymal stem cells reflects cross-contamination: putting the research field on
track - letter. Cancer Res 70:6393-6396

Prockop DJ, Brenner M, Fibbe WE et al (2010) Defining the risks of mesenchymal stromal
cell therapy. Cytotherapy 2:576-578

Nauta AJ, Fibbe WE (2007) Immunomodulatory properties of mesenchymal stromal cells.
Blood 110:3499-3506

Locatelli F, Maccario R, Frassoni F (2007) Mesenchymal stromal cells, from indifferent
spectators to principal actors. Are we going to witness a revolution in the scenario of allograft
and immune-mediated disorders? Haematologica 92:872-877

Uccelli A, Pistoia V, Moretta L (2007) Mesenchymal stem cells: a new strategy for immune-
suppression? Trends Immunol 28:219-226

Uccelli A, Moretta L, Pistoia V (2008) Mesenchymal stem cells in health and disease. Nat
Rev 8:726-7236

Le Blanc K, Tammik L, Sundberg B, Haynesworth SE, Ringden O (2003) Mesenchymal stem
cells inhibit and stimulate mixed lymphocyte cultures and mitogenic responses independently
of the major histocompatibility complex. Scand J Immunol 57:11-20

Di Nicola M, Carlo-Stella C, Magni M et al (2002) Human bone marrow stromal cells sup-
press T-lymphocyte proliferation induced by cellular or non specific mitogenic stimuli. Blood
99:3838-3843

Tse WT, Pendleton JD, Beyer WM, Egalka MC, Guinan EC (2003) Suppression of allogeneic
T-cell proliferation by human marrow stromal cells: implications in transplantation.
Transplantation 75:389-397

Krampera M, Glennie S, Dyson J et al (2003) Bone marrow mesenchymal stem cells inhibit
the response of naive and memory antigen-specific T cells to their cognate peptide. Blood
101:3722-3729

Rasmusson I, Ringden O, Sundberg B, Le Blanc K (2003) Mesenchymal stem cells inhibit
the formation of cytotoxic T lymphocytes, but not activated cytotoxic T lymphocytes or natu-
ral killer cells. Transplantation 76:1208-1213

Meisel R, Zibert A, Laryea M et al (2004) Human bone marrow stromal cells inhibit alloge-
neic T-cell responses by indolamine 2,3-dioxygenase-mediated tryptophan degradation.
Blood 103:4619-4621

Chabannes D, Hill M, Merieau E et al (2007) A role for heme oxygenase-1 in the immuno-
suppressive effect of adult rat and human mesenchymal stem cells. Blood 110:3691-3694
Maccario R, Moretta A, Cometa A et al (2005) Human mesenchymal stem cells and
cyclosporin-a exert a synergistic suppressive effect on in vitro activation of alloantigen-
specific cytotoxic lymphocytes. Biol Blood Marrow Transplant 11:1031-1032

Glennie S, Soeiro I, Dyson PJ, Lam EW, Dazzi F (2005) Bone marrow mesenchymal stem
cells induce division arrest anergy of activated T cells. Blood 105:2821-2827

Maccario R, Podesta M, Moretta A et al (2005) Interaction of human mesenchymal stem cells
with cells involved in alloantigen-specific immune response favours the differentiation of
CD4+ T-cell subsets expressing regulatory/suppressive phenotype. Haematologica
90:516-525

Di Ianni M, Del Papa B, De Ioanni M et al (2008) Mesenchymal cells recruit and regulate
T regulatory cells. Exp Hematol 36:309-318

Mougiakakos D, Jitschin R, Johansson CC, Okita R, Kiessling R, Le Blanc K (2011) The
impact of inflammatory licensing on heme oxygenase-1-mediated induction of regulatory
T cells by human mesenchymal stem cells. Blood 117(18):4826—4835



130

75

76.

71.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

M.E. Bernardo et al.

. Jiang XX, Zhang Y, Liu B et al (2005) Human mesenchymal stem cells inhibit differentiation
and function of monocyte-derived dendritic cells. Blood 105:4120—4126

Nauta AJ, Kruisselbrink AB, Lurvink E, Willemze R, Fibbe WE (2006) Mesenchymal stem
cells inhibit generation and function of both CD34 +—derived and monocyte-derived den-
dritic cells. J Immunol 177:2080-2087

Li YP, Paczesny S, Lauret E et al (2008) Human mesenchymal stem cells license adult CD34+
hemopoietic progenitor cells to differentiate into regulatory dendritic cells through activation
of the Notch pathway. J Immunol 180:1598-1608

Stagg J, Pommey S, Eliopoulos N, Galipeau J (2006) Interferon-y-stimulated marrow stromal
cells: a new type of nonhematopoietic antigen-presenting cell. Blood 107:2570-2577
Corcione A, Benvenuto F, Ferretti E et al (2006) Human mesenchymal stem cells modulate B
cell functions. Blood 107:367-372

Krampera M, Cosmi L, Angeli R et al (2006) Role of interferon-gamma in the immunomodu-
latory activity of human bone marrow mesenchymal stem cells. Stem Cells 24:386-398
Traggiai E, Volpi S, Schena F et al (2008) Bone marrow-derived mesenchymal stem cells
induce both polyclonal expansion and differentiation of B cells isolated from healthy donors
and systemic lupus erythematosus patients. Stem Cells 26:562-569

Sotiropoulou PA, Perez SA, Gritzapis AD, Baxevanis CN, Papamichail M (2006) Interactions
between human mesenchymal stem cells and natural killer cells. Stem Cells 24:74-85
Spaggiari GM, Capobianco A, Becchetti S, Mingari MC, Moretta L (2006) Mesenchymal stem
cell-natural killer cell interactions: evidence that activated NK cells are capable of killing
MSCs, whereas MSCs can inhibit IL-2-induced NK-cell proliferation. Blood 107:1484—-1490
Nauta AJ, Westerhuis G, Kruisselbrink AB, Lurvink EG, Willemze R, Fibbe WE (2006)
Donor-derived mesenchymal stem cells are immunogenic in an allogeneic host and stimulate
donor graft rejection in a non-myeloablative setting. Blood 108:2114-2120

Augello A, Tasso R, Negrini SM et al (2005) Bone marrow mesenchymal progenitor cells
inhibit lymphocyte proliferation by activation of the programmed death 1 pathway. Eur J
Immunol 35:1482-1486

Ryan JM, Barry F, Murphy JM, Mahon BP (2007) Interferon-y does not break, but promotes
the immunosuppressive capacity of adult human mesenchymal stem cells. Clin Exp Immunol
149:353-363

Ren G, Zhang L, Zhao X, Xu G, Zhang Y, Roberts Al et al (2008) Mesenchymal stem-cell-
mediated immunosuppression occurs via concerted action of chemokines and nitric oxide.
Cell Stem Cell 2:141-150

Selmani Z, Naji A, Zidi I et al (2008) Human leukocyte antigen-G5 secretion by human mes-
enchymal stem cells is required to suppress T lymphocyte and natural killer function and to
induce CD4 + CD25highFOXP3+ regulatory T cells. Stem Cells 26:212-222

Morandi F, Raffaghello L, Bianchi G et al (2008) Immunogenicity of human mesenchymal
stem cells in HLA-class-I-restricted T-cell responses against viral or tumor-associated anti-
gens. Stem Cells 26(5):1275-1287

Aggarwal S, Pittenger MF (2005) Human mesenchymal stem cells modulate allogeneic
immune cell responses. Blood 105:1815-1822

Dazzi F, Krampera M (2011) Mesenchymal stem cells and autoimmune diseases. Best Pract
Res Clin Haematol 24:49-57

Dazzi F, Marelli-Berg FM (2008) Mesenchymal stem cells for graft-versus-host disease:
close encounters with T cells. Eur J Immunol 38:1479-1482

Ren G, Zhang L, Zhaon X et al (2008) Mesenchymal stem cell-mediated immunosuppression
occurs via concerted action of chemokines and nitric oxide. Cell Stem Cell 2:141-150
DelaRosa O, Lombardo E (2010) Modulation of adult mesenchymal stem cells activity by
toll-like receptors: implications on therapeutic potential. Mediators Inflamm 2010:865601
Nemeth K, Mayer B, Mezey E (2010) Modulation of bone marrow stromal cell functions in
infectious diseases by toll-like receptor ligands. J Mol Med 88:5-10

Waterman RS, Tomchuck SL, Henkle SL, Betancourt AM (2010) A new mesenchymal stem
cell (MSC) paradigm: polarization into a pro-inflammatory MSC1 or an Immunosuppressive
MSC?2 phenotype. PLoS One 5:¢10088



7 Immunomodulatory Properties of MSCs 131

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

Almeida-Porada G, Porada CD, Tran N, Zanjani ED (2000) Co-transplantation of human
stromal cell progenitors into pre-immune fetal sheep results in early appearance of human
donor cells in circulation and boosts cell levels in bone marrow at later time points after
transplantation. Blood 95:3620-3627

Noort WA, Kruisselbrink AB, In’t Anker PS et al (2002) Mesenchymal stem cells promote
engraftment of human umbilical cord blood-derived CD34+ cells in NOD/SCID mice. Exp
Hematol 30:870-878

Hiwase SD, Dyson PG, To LB, Lewis ID (2009) Cotransplantation of placental mesenchymal
stromal cells enhances single and double cord engraftment in nonobese diabetic/severe
immune deficient mice. Stem Cells 27:2293-2300

Masuda S, Ageyama N, Shibata H et al (2009) Cotransplantation with MSCs improves
engraftment of HSCs after autologous intra-bone marrow transplantation in nonhuman pri-
mates. Exp Hematol 37:1250-1257

Yanez R, Lamana ML, Garcia-Castro J et al (2006) Adipose tissue-derived mesenchymal
stem cells (AD-MSCs) have in vivo immunosuppressive properties applicable for the control
of graft-versus-host-disease (GVHD). Stem Cells 24:2582-2591

Sudres M, Norol F, Trenado A et al (2006) Bone marrow mesenchymal stem cells suppress
lymphocyte proliferation in vitro but fail to prevent graft-versus-host-disease in mice. J
Immunol 176:7761-7767

Tisato V, Naresh K, Girdlestone J, Navarrete C, Dazzi F (2007) Mesenchymal stem cells of
cord blood origin are effective at preventing but not treating graft-versus-host disease.
Leukemia 21:1992-1999

Polchert D, Sobinsky J, Douglas G et al (2008) IFN-gamma activation of mesenchymal stem
cells for treatment and prevention of graft versus host disease. Eur J] Immunol 38:1745-1755
Zappia E, Casazza S, Pedemonte E et al (2005) Mesenchymal stem cells ameliorate experi-
mental autoimmune encephalomyelitis inducing T-cell anergy. Blood 106:1755-1761

Zhang J, Li Y, Chen J et al (2005) Human bone marrow stromal cell treatment improves
neurological functional recovery in EAE mice. Exp Neurol 195:16-26

Deng W, Han Q, Liao L, You S, Deng H, Zhao RC (2005) Effect of allogeneic bone marrow-
derived mesenchymal stem cells on T and B lymphocytes from BXSB mice. DNA Cell Biol
24:458-463

Lee RH, Seo MJ, Pulin AA, Gregory CA, Ylostalo J, Prockop DJ (2006) Multipotent stromal
cells from human marrow home to and promote repair of pancreatic islets and renal glomeruli
in diabetic NOD/SCID mice. Proc Natl Acad Sci U S A 103:17438-17443

Jurewicz M, Yang S, Augello A et al (2010) Congenic mesenchymal stem cell therapy
reverses hyperglycemia in experimental type 1 diabetes. Diabetes 59:3139-3147

Fiorina P, Jurewicz M, Augello A et al (2009) Immunomodulatory function of bone marrow-
derived mesenchymal stem cells in experimental autoimmune type 1 diabetes. J Immunol
183:993-1004

Kunter U, Rong S, Djuric Z et al (2006) Transplanted mesenchymal stem cells accelerate
glomerular healing in experimental glomerulonephritis. J] Am Soc Nephrol 17:2202-2212
Morigi M, Introna M, Imberti B et al (2008) Human bone marrow mesenchymal stem cells
accelerate recovery of acute renal injury and prolong survival in mice. Stem Cells
26:2075-2082

Morigi M, Rota C, Montemurro T et al (2010) Life-sparing effect of human cord blood-
mesenchymal stem cells in experimental acute kidney injury. Stem Cells 28:513-522
Hayashi Y, Tsuji S, Tsujii M et al (2008) Topical implantation of mesenchymal stem cells has
beneficial effects on healing of experimental colitis in rats. J Pharmacol Exp Ther
326:523-531

Zhang Q, Shi S, Liu Y et al (2009) Mesenchymal stem cells derived from human gingiva are
capable of immunomodulatory functions and ameliorate inflammation-related tissue destruc-
tion in experimental colitis. J Immunol 183:7787-7798

Gonzélez MA, Gonzalez-Rey E, Rico L, Biischer D, Delgado M (2009) Adipose-derived
mesenchymal stem cells alleviate experimental colitis by inhibiting inflammatory and
autoimmune responses. Gastroenterology 136:978-989



132

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

M.E. Bernardo et al.

van Poll D, Parekkadan B, Cho CH et al (2008) Mesenchymal stem cell-derived molecules
directly modulate hepatocellular death and regeneration in vitro and in vivo. Hepatology
47:1634-1643

Toma C, Pittenger MF, Cahill KS, Byrne BJ, Kessler PD (2002) Human mesenchymal stem
cells differentiate to a cardiomyocyte phenotype in the adult murine heart. Circulation
105:93-98

Tomita S, Mickle DA, Weisel RD et al (2002) Improved heart function with myogenesis and
angiogenesis after autologous porcine bone marrow stromal cell transplantation. J Thorac
Cardiovasc Surg 123:1132-1140

Jiang W, Ma A, Wang T et al (2006) Intravenous transplantation of mesenchymal stem cells
improves cardiac performance after acute myocardial ischemia in female rats. Transpl Int
19:570-580

Djouad F, Fritz V, Apparailly F et al (2005) Reversal of the immunesuppressive properties of
mesenchymal stem cells by tumor necrosis factor alpha in collagen-induced arthritis. Arthritis
Rheum 52:1595-1603

Bartholomew A, Sturgeon C, Siatskas M et al (2002) Mesenchymal stem cells suppress lym-
phocyte proliferation in vitro and prolong skin graft survival in vivo. Exp Hematol
30:42-48

Koc ON, Gerson SL, Cooper BW et al (2000) Rapid hematopoietic recovery after co-infusion
of autologous-blood stem cells and culture-expanded marrow mesenchymal stem cells in
advanced breast cancer patients receiving high-dose chemotherapy. J Clin Oncol
18:307-316

Lazarus HM, Koc ON, Devine SM et al (2005) Cotransplantation of HLA-identical sibling
culture-expanded mesenchymal stem cells and hematopoietic stem cells in hematologic
malignancy patients. Biol Blood Marrow Transplant 11:389-398

Kim DW, Chung YJ, Kim TG, Kim YL, Oh IH (2004) Cotransplantation of third-party mes-
enchymal stromal cells can alleviate single-donor predominance and increase engraftment
from double cord transplantation. Blood 103:1941-1948

MacMillan ML, Blazar BR, DeFor TE, Wagner JE (2008) Transplantation of culture-
expanded haploidentical mesenchymal stem cells to promote engraftment in pediatric recipi-
ents of unrelated donor umbilical cord blood: results of a phase I-II clinical trial. Bone
Marrow Transplant 43:1-8

Gonzalo-Daganzo R, Regidor C, Martin-Donaire T et al (2009) Results of a pilot study on the
use of third-party mesenchymal stromal cells in cord blood transplantation in adults.
Cytotherapy 11:278-288

Le Blanc K, Rasmusson I, Sundberg B et al (2004) Treatment of severe graft-versus-host
disease with third party haploidentical mesenchymal stem cells. Lancet 363:1439-1441

Koc ON, Day J, Nieder M, Gerson SL, Lazarus HM, Krivit W (2002) Allogeneic mesenchy-
mal stem cell infusion for treatment of metachromatic leukodystrophy (MLD) and hurler
syndrome (MPS-IH). Bone Marrow Transplant 30:215-222

Mohyeddin Bonab M, Yazdanbakhsh S, Lotfi J et al (2007) Does mesenchymal stem cell
therapy help multiple sclerosis patients? report of a pilot study. Iran J Immunol 4:50-57
Karussis D, Karageorgiou C, Vaknin-Dembinsky A et al (2010) Safety and immunological
effect of mesenchymal stem cell transplantation in patients with multiple sclerosis and amyo-
trophic lateral sclerosis. Arch Neurol 67:1187-1194

Ciccocioppo R, Bernardo ME, Sgarella A et al (2011) Autologous bone marrow-derived
mesenchymal stromal cells in the treatment of fistulising Crohn’s disease. Gut
60(6):788-798

Duijvenstein M, Vos AC, Roelofs H et al (2010) Autologous bone marrow-derived mesen-
chymal stromal cell treatment for refractory luminal Crohn’s disease: results of a phase
I study. Gut 59:1662-1669

Mohamadnejad M, Alimoghaddam K, Mohyeddin-Bonab M et al (2007) Phase 1 trial of
autologous bone marrow mesenchymal stem cell transplantation in patients with decompen-
sated liver cirrhosis. Arch Iran Med 10:459-466



7 Immunomodulatory Properties of MSCs 133

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

Hare JM, Traverse JH, Henry TD et al (2009) A randomized, double-blind, placebo-controlled,
dose-escalation study of intravenous adult human mesenchymal stem cells (prochymal) after
acute myocardial infarction. J] Am Coll Cardiol 54:2277-2286

Devine SM, Cobbs C, Jennings M, Bartholomew A, Hoffman R (2003) Mesenchymal stem
cells distribute to a wide range of tissues following systemic infusion into nonhuman pri-
mates. Blood 101:2999-3001

Wynn RF, Hart CA, Corradi-Perini C et al (2004) A small proportion of mesenchymal stem
cells strongly expresses functionally active CXCR4 receptor capable of promoting migration
to bone marrow. Blood 104:2643-2645

Sordi V, Malosio ML, Marchesi F et al (2005) Bone marrow mesenchymal stem cells express
arestricted set of functionally active Chemokine receptors capable of promoting migration to
pancreatic islets. Blood 106:419-427

Fox JM, Chamberlain G, Ashton BA, Middleton J (2007) Recent advances into the under-
standing of mesenchymal stem cell trafficking. Br J Haematol 137:491-502

Sackstein R, Merzaban JS, Cain DW et al (2008) Ex vivo glycan engineering of CD44 pro-
grams human multipotent mesenchymal stromal cell trafficking to bone. Nat Med
14:181-187

Devine SM, Bartholomew AM, Mahmud N et al (2001) Mesenchymal stem cells are capable
of homing to the bone marrow of non-human primates following systemic infusion. Exp
Hematol 29:244-255

Awaya N, Rupert K, Bryant E, Torok-Storb B (2002) Failure of adult marrow-derived stem
cells to generate marrow stroma after successful hematopoietic stem cell transplantation. Exp
Hematol 30:937-942

Rieger K, Marinets O, Fietz T et al (2005) Mesenchymal stem cells remain of host origin
even a long time after allogeneic peripheral blood stem cell or bone marrow transplantation.
Exp Hematol 33:605-611

Koc ON, Peters C, Aubourg P et al (1999) Bone marrow-derived mesenchymal stem cells
remain host-derived despite successful hematopoietic engraftment after allogeneic transplan-
tation in patients with lysosomal and peroxisomal storage diseases. Exp Hematol
27:1675-1681

Cilloni D, Carlo-Stella C, Falzetti F et al (2000) Limited engraftment capacity of bone mar-
row-derived mesenchymal cells following T-cell-depleted hematopoietic stem cell transplan-
tation. Blood 96:3637-3643

Pozzi S, Lisini D, Podesta M et al (2006) Donor multipotent mesenchymal stromal cells may
engraft in pediatric patients given either cord blood or bone marrow transplantation. Exp
Hematol 34:934-942

Ball LM, Bernardo ME, van Tol MJD et al (2011) Mesenchymal stromal cells are highly
effective in steroid-refractory, grade III-IV acute graft-versus-host disease in children. Bone
Marrow Transplant 46:S6

Kharaziha P, Hellstrom PM, Noorinayer B et al (2009) Improvement of liver function in liver
cirrhosis patients after autologous mesenchymal stem cell injection: a phase I-1I clinical trial.
Eur J Gastroenterol Hepatol 21:1199-1205

Mohamadnejad M, Namiri M, Bagheri M et al (2007) Phase 1 human trial of autologous bone
marrow-hematopoietic stem cell transplantation in patients with decompensated cirrhosis.
World J Gastroenterol 13:3359-3363

Meyer GP, Wollert KC, Lotz J et al (2006) Intracoronary bone marrow cell transfer after
myocardial infarction: eighteen months’ follow-up data from the randomized, controlled
BOOST (BOne marrOw transfer to enhance ST-elevation infarct regeneration) trial.
Circulation 113:1287-1294

Porada CD, Almeida-Porada G (2010) Mesenchymal stem cells as therapeutics and vehicles
for gene and drug delivery. Adv Drug Deliv Rev 62:1156-1166

Liang J, Zhang H, Hua B et al (2010) Allogenic mesenchymal stem cells transplantation in
refractory systemic lupus erythematosus: a pilot clinical study. Ann Rheum Dis
69:1423-1429



134

153.

154.

155.

M.E. Bernardo et al.

Reinders MEJ, Fibbe WE, Rabelink TJ (2010) Multipotent mesenchymal stromal cell therapy
in renal disease and kidney transplantation. Nephrol Dial Transplant 25:17-24

Matthay MA, Thompson BT, Read EJ et al (2010) Therapeutic potential of mesenchymal
stem cells for severe acute lung injury. Chest 138:965-972

Dash NR, Dash SN, Routray P, Mohapatra S, Mohapatra PC (2009) Targeting nonhealing
ulcers of lower extremity in human through autologous bone marrow-derived mesenchymal
stem cells. Rejuvenation Res 12:359-366



	Chapter 7: Immunomodulatory Properties of MSCs
	Introduction
	MSC Ex Vivo Expansion
	MSC Surface Markers and Prospective Isolation
	MSC Tissue Sources for Clinical Use
	Safety Data on Malignant Transformation
	Immunomodulatory Properties of MSCs In Vitro
	MSCs and T Cells
	MSCs and DCs
	MSCs and B Cells
	MSCs and NK Cells

	MSC Mechanisms of Action In Vitro
	The Importance of Host Factors: Pro-in ﬂ ammatory Environment
	Immunomodulatory Properties of MSCs In Vivo in Animal Models
	Animal Models of HSC Engraftment
	Animal Models of Graft-Versus-Host Disease (GVHD)
	Animal Models of Autoimmune Diseases and Regenerative Medicine
	Potential MSC Mechanisms of Action In Vivo

	Clinical Applications of MSCs
	Clinical Trials of MSC Infusion to Promote Engraftment
	Clinical Trials of MSC Infusion to Treat GVHD
	Clinical Trials of MSC Infusion in Autoimmune Disorders and Tissue Repair

	Conclusions
	References


