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Treatment of Inflammatory Diseases with Mesenchymal Stem Cells
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Abstract: Human mesenchymal stem cells (nMSCs) are rare progenitor cells present in adult bone marrow that have the
capacity to differentiate into a variety of tissue types, including bone, cartilage, tendon, fat, and muscle. In addition to
multilineage differentiation capacity, MSCs regulate immune and inflammatory responses, providing therapeutic potential
for treating diseases characterized by the presence of an inflammatory component. The availability of bone marrow and
the ability to isolate and expand hMSCs ex vivo make these cells an attractive candidate for drug development. The low
immunogenicity of these cells suggests that h(MSCs can be transplanted universally without matching between donors and
recipients. MSCs universality, along with the ability to manufacture and store these cells long-term, present a unique op-
portunity to produce an “off-the-shelf” cellular drug ready for treatment of diseases in acute settings. Accumulated animal
and human data support MSC therapeutic potential for inflammatory diseases. Several phase Il clinical trials for treat-
ment of acute Graft Versus Host Disease (GVHD) and Crohn’s disease are currently in progress. The current understand-
ing of cellular and molecular targets underlying the mechanisms of MSCs action in inflammatory settings as well as clini-
cal experience with hMSCs is summarized in this review.
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1. INTRODUCTION

Mesenchymal stem cells (MSCs) can be isolated, ex-
panded and utilized for a variety of therapeutic applications
including the treatment of inflammatory, cardiovascular, and
orthopedic diseases. MSCs can be isolated from many tis-
sues throughout the body. One of the richest and most read-
ily available sources of these cells is the bone marrow.
MSCs were first discovered in bone marrow by their adher-
ence to tissue culture plastic [1]. These cells can be isolated
from the bone marrow and separated from hematopoietic
stem cells through ex vivo expansion and serial passaging on
plastic. MSCs self-renew and differentiate and therefore are
identified as adult stem cells. These cells have been shown to
differentiate into cells of mesodermal lineage including
bone, fat, cartilage, tendon and muscle [2-4]. Evidence sug-
gests that these cells might also be able to differentiate along
the ectodermal [5, 6] and endodermal [7] lineages, but
whether full differentiation down these pathways is actually
achieved is still under investigation. While their ability to
differentiate is important, other significant functions of these
cells include regulating hematopoiesis, secreting factors that
aid wound healing by preventing apoptosis and stimulating
endogenous cellular repair, and controlling inflammatory
and immunological reactions.

MSCs are important immunoregulatory cells in the body
because they respond to inflammation by homing to affected
tissues and then controlling inflammation locally at the site.
An essential characteristic of MSCs is that they express a
variety of chemokine and cytokine receptors and can home
to sites of inflammation by migrating towards inflammatory
chemokines and cytokines [8-13]. The homing ability of
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MSCs is important therapeutically because it allows for ease
of administration. The cells can be delivered intravenously
and they will home to sites of inflammation, where they will
respond to the microenvironment and perform local im-
munoregulatory actions. MSCs carry out their immuno-
modulatory actions in several ways. MSCs have been shown
to regulate T-cell function both in vitro and in vivo [14].
MSCs can regulate an innate immune response by signaling
dendritic cells to direct an anti-inflammatory T-cell response
[15] and by directly suppressing natural Killer cell functions
[15]. MSCs also affect an adaptive immune response by ex-
erting their immunoregulative effects through direct interac-
tion with T-cells [15]. These immunoregulatory effects of
MSCs occur in a localized tissue environment [6, 16, 17] and
not systemic. This is unlike steroid therapy where systemic
suppression can lead to major clinical complications. MSCs
can also promote tissue regeneration by recruiting endoge-
nous stem cells to sites of injury as well as signal local stem
cell differentiation [18-20].

As a result of the unique MSC properties of specific
homing to damaged tissues, regulating immune and inflam-
matory responses at the target sites and facilitating repair of
damaged tissue, MSC infusions have therapeutic potential
for the treatment of inflammatory and immune-mediated
adverse reactions, such as organ transplant rejection, GVHD,
allergy and autoimmune diseases. MSCs are immune privi-
leged and as such can be delivered without Human Leuko-
cyte Antigen (HLA) matching and the need for immunosup-
pression. Under appropriate conditions, they also can be ex-
panded in culture to high numbers, and it is predicted that
one bone marrow donation can yield thousands of therapeu-
tic treatments.

The universality of MSCs, impact of manufacturing
methods, immunoregulatory capabilities, and clinical evi-
dence from early clinical studies of an allogeneic product
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manufactured under GMP conditions will be discussed in
this review.

I1. UNIVERSALITY OF MSCs

MSCs Low Immunogenic Profile is the Basis of Cell Uni-
versality

MSCs are naturally immune privileged cells. MSCs from
children have persisted in mothers for the mother’s entire life
span suggesting that these cells transferred from the fetus to
the mother through the placenta and were able to escape im-
mune surveillance for almost 40 years [21]. Their immune
privileged status is at least partly due to their low immuno-
genicity profile. Human MSCs express low levels of major
histocompatability complex (MHC) class | antigens, and are
negative for MHC class Il, and co-stimulatory molecules
CD40, CD80, and CD86 [22].

While lack of MHC class Il is necessary for escaping
immune surveillance, the presence of MHC class | may also
be important. Low levels of MHC class | protects cells from
natural Killer cell mediated cytotoxicity whereas cells that do
not express MHC class | are targeted and destroyed [23].
MSCs escape recognition by alloreactive natural killer cells
while K562 cells (a chronic myelogenous leukemia cell line)
are lysed by natural Killer cells due to their lack of MHC
class | expression [24]. Thus, low levels of expression of
MHC class | may be advantageous for MSC therapy and
transplant tolerance.

A recent study suggested that HLA-G, a non-classical
MHC class | antigen, is expressed by hMSCs and may be
responsible for inhibiting an immune response against MSCs
[25]. Blocking the expression of this molecule caused an
increase in human lymphocyte proliferation measured by
mixed lymphocyte reaction containing allogeneic hMSCs
[25]. The study also shows that HLA-G expression decreases
as the number of cell passages increases suggesting that cul-
ture conditions could impact the immunogenicity of MSCs
[25].

Immunogenicity of Animal-Derived MSCs

Even though these cells are immune privileged, there
have been a few reports in the literature suggesting that these
cells can elicit an immune response. For example, there have
been mouse studies showing that an immune response was
mounted against murine allogeneic MSCs [26, 27]. One of
these reports showed that primary and memory immune re-
sponses were mounted against allogeneic C57B1/6 mouse
MSCs delivered to immunocompetent Balb/c mice [26]. An-
other report showed that allogeneic MSCs induced a T-cell
response in naive mice following injection [27]. The immu-
nological responses in these models are not surprising be-
cause mouse MSCs have been shown to constitutively ex-
press MHC class 1l molecules and costimulatory molecule
(CD80) even without stimulation from interferon y (IFN-y)
[26]. The expression of MHC class Il antigens and co-
stimulatory molecules on mouse MSCs is the likely reason
for an immune response against donor mouse MSCs instead
of tolerance induction. While MHC class Il antigens are ex-
pressed on mouse MSCs, they are not expressed on rat or
species higher on the evolutionary scale such as canine,
swine, baboon, and human.
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A study recently conducted in pigs showed that swine
injected with allogeneic MSCs developed cellular and hu-
moral responses specifically against the donor MSCs with
antibody-complement-mediated cytotoxicity [28]. Although
the mechanisms of immune response against allogeneic
MSCs were not addressed by the authors, ex vivo cell culture
conditions, which are varied between different laboratories,
can make MSCs immunogenic if not appropriately con-
trolled. Several reports have suggested that culture condi-
tions can have a profound effect on MSC immunogenicity
[29-31]. While some animal studies have reported an im-
mune response against donor MSCs, an immune response
has not been seen in humans. Recent reports demonstrate the
absence of anti-allogeneic MSC antibody formation and ab-
sence of T-cell sensitization in patients exposed to allogeneic
human MSCs [31, 32].

Effects of Ex Vivo Culturing on MSC Immunogenicity

Ex vivo culture conditions utilized by different laborato-
ries may contribute to the varying reports of immune re-
sponses against MSCs. Of particular interest is the treatment
of animal-derived reagents often used in the cell culture
process, fetal bovine serum (FBS), which contains bovine
serum albumin (BSA), and porcine trypsin. Porcine trypsin is
used to cleave cell-to-cell and cell-to-surface matrix adher-
ence bonds, generating single cell suspensions. Both proteins
are known allergens, which can lead to potential adverse
reactions in patients susceptible to bovine and porcine prod-
ucts, and cause non-allergic patient sensitization leading to
allergic reactions upon multiple exposures at certain doses
[33-36].

In addition to BSA, another potent immunogen, bovine
apolipoprotein B-100 (apoB-100), has been identified in
FBS-cultured cells. A recent report showed that this xenoan-
tigen elicits an immune response in mice and humans. The
authors show that FVB/N mice will produce xenoantibodies
primarily against apoB-100 following administration of
BL6.9 mouse embryonic stem cells cultured in the presence
of FBS. The report also shows that humans will produce
xenoantibodies specific for apoB-100 against autologous T-
cells that have been cultured in FBS [29].

Another study in human subjects detected alloantibodies
against FBS proteins in patients who were administered do-
nor hMSCs cultured in FBS [31]. In contrast, no alloantibod-
ies against the donor allogeneic MSCs were found. In a third
report different culture methods were used to change the
amount of FBS contaminants in cellular products, and the
immune reaction in recipients was directly related to the
level of residual FBS proteins. These investigators replaced
FBS with species-specific serum for the last 48 hours of cul-
ture thereby removing up to 99.9% of FBS contaminants
[30]. MSCs grown under the resulting culture conditions
were tested for immunogenicity in a rat model. Syngeneic rat
MSCs were grown in the presence of FBS and infused into
Sprague-Dawley rats. In one experimental group, MSCs
were cultured in adult rat serum supplemented with epider-
mal and basic fibroblast growth factors for the last 48 hours.
This procedure eliminated xenoantibody formation against
FBS proteins, as shown by ELISA and immunoblot analysis.
The theory was that internalized FBS proteins were removed
from the cells during culture [30]. Thus, accumulated data
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Fig. (1). Cellular Targets of MSCs.

suggest that MSC immunogenicity could be affected by the
culture conditions during ex vivo cell manufacturing.

I11. IMMUNOREGULATION BY MSCs: CELLULAR
TARGETS AND MOLECULAR MECHANISMS

An important function of MSCs is their role as potent
immunomodulators. This was first observed when MSCs
were shown to inhibit T-cell proliferation both in vitro and in
vivo [14, 37]. Subsequently, further studies have demon-
strated that MSCs are able to regulate the immune system
through cells of both the innate and adaptive immune sys-
tems (Fig. 1).

MSC mechanisms of action involve both soluble factors
(Table 1) [22, 37] and direct intracellular contacts (Table 2)
[38]. Data presented below do not separately discuss results
obtained using human versus mouse MSCs, however due to
species-specific differences between immune cells and
MSCs in humans and mice it is expected that the same fac-
tors or receptors may play different roles. In some cases con-
tradictory results were reported by different research groups
for human MSCs. One possible explanation for such dis-
crepancies is the difference in experimental models used in
the studies (e.g., source, subsets and status of immune cells,
type of immune cell stimuli, ratios between MSCs and im-
mune cells, etc.) [39, 40] which actually point to the diver-
sity of MSC-mediated immunomodulative effects rather than
to contradictions.

Newman et al.
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MSCs and T-Cells: Subsets of T-Cells Targeted by MSCs

T lymphocytes are major players in the adaptive immune
system. Once activated by T-cell receptor engagement, T-
cells proliferate, release inflammatory cytokines and
chemokines and destroy allogeneic or pathogenic stimuli.
MSCs can regulate the immune response by modulating cy-
totoxic or helper T-cell (Thl or Th2) activity through modu-
lating the release of various cytokines from effector T-cells
and promoting an anti-inflammatory environment. As an
example, the addition of MSCs to differentiated effector T-
cells led to a decrease in the release of the pro-inflammatory
cytokine, IFN-y, from Thl cells with a concomitant increase
in the release of interleukin-4 (IL-4) from Th2 cells, which
has anti-inflammatory activities in Thl mediated diseases
[15]. However, in a murine model of ovalbumin-induced
asthma, a Th2-mediated inflammatory disease, an MSC infu-
sion attenuated airway hyper-responsiveness, reduced the
number of eosinophils in broncheoaveolar lavage fluids and
significantly decreased the release of Th2 cytokines [70].
These findings suggest that MSCs regulate T-cell immune
responses dynamically.

Another effector T-cell target of MSC immunomodula-
tion is cytotoxic T-cells (CTLs). Cells infected with viruses
as well as allogeneic cells are targets for cytolytic attack by
activated CD8+ T-cells. MSCs have been shown to inhibit
the activation of naive CTLs resulting in decreased lysis of
allogeneic cells. However, activated CTLs are not inhibited
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Tablel. MSC-Derived Immunoregulatory Soluble Factors
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MSC Effects MSC-Derived Soluble Factors References
TGF-B [37,41]
HGF [37]
PGE, [15, 40, 42-44]
IDO [43, 45-47]
HO-1 + NO [48]
Inhibition of T-cell proliferation, cytokine secretion and cytotoxicity LIF [49]
IL-6 [42, 50]
NO [44,51]
IL-1RA [52]
IGF [53]
HLA-G5/ other HLA-Gs [49, 54]
Stimulation of T-cell proliferation IL-6 [55]
Support of CD8+ CTL responses to viruses IFN-y [56]
Apoptosis of activated T-cells IDO [47]
HLA-G5 [54]
Generation of CD4+CD25+FOXP3+ Tregs CCL1 (1-309) [57]
LIF [49]
Support of 1gG secretion by B-cells IL-6 [58]
TGF-B [59]
Inhibition of NK cell proliferation, cytokine secretion and cytotoxicity Do [45. 01
PGE; [45, 59, 60]
HLA-G5 [54]
Inhibition of DC maturation -6 [42,50]
M-CSF [50, 61]
Neutrophil protection from apoptosis IL-6 [62]
Inhibition of TNF-c. release by activated macrophages IL-1RA [52]

TGF-B: Transforming growth factor B; HGF: Hepatocyte growth factor; PGE,. Prostoglandin E2; IDO: Indoleamine 2, 3 dioxygenase; HO-1: Heme oxygenase-1; NO: Nitric Oxide;
LIF: Leukemia inhibitory factor; IL-6: Interleukin-6; IL-1RA: Interleukin-1 receptor antagonist; IGF: Insulin-like growth factor; HLA: Human leukocyte antigen; M-CSF: Macro-

phage-Colony Stimulating Factor.

in the presence of MSCs and are able to lyse allogeneic cells.
Interestingly, allogeneic MSCs are not targets of CTL attack
[24]. MSCs may be protected from CTL attack due to the
fact that MSCs inhibit IFN-y and TNF-a (tumor necrosis
factor-o) production from CTLs [71].

Regulatory T-cells (Treg) are important players in modu-
lating immune response in that they are anti-inflammatory in
nature and function to prevent hyper-immune responses.
Accordingly, MSCs can exert immunoregulatory functions
by inducing the recruitment and generation of Tregs. Spe-
cifically, MSCs cultured with stimulated peripheral blood
mononuclear cells (PBMCs) result in generation of
CD4+CD25+highFoxP3+ Tregs [15, 72]. Upon IFN-y stimu-
lation, MSCs secrete the chemokine, CCL1 (1-309). It is the
interaction of CCL1 with its receptor, CCR8, on T-cells, that
has been shown to partially mediate MSC-induced Treg gen-
eration [57]. Another mediator of Treg generation produced
by MSCs is HLA-G5, a soluble form of non-classical HLA

class | molecules [54]. HLA-GS5 is secreted by MSCs upon
intercellular contacts between MSCs and activated allo-
stimulated T-cells and is required for Treg cell expansion in
lymphocyte-MSC co-cultures [25, 54]. Receptors that medi-
ate the intercellular contact between MSCs and T-cells re-
main to be identified, however adhesion receptors on MSCs
and membrane bound HLA-G are potential candidates. Fur-
thermore, Prevosto et al. demonstrated that MSCs contact T-
cells through CD58/CD2 and CD52/CD11a and generate a
FOXP3 negative CD4+ and CD8+ Treg population. These
Tregs can inhibit T-cell proliferation more potently (100-fold
stronger) than conventional CD4+CD25+highFOXP3 Tregs
[65]. Tregs play a key role in inducing immune tolerance,
and induction of immune tolerance is integral for successful
treatment of inflammatory immune diseases and allogeneic
cell, tissue and organ transplantation. Preliminary data ob-
served in animal models of autoimmune diseases support the
role of MSCs in immune tolerance [73, 74]. The ability of
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Table2. Immunoregulatory MSC Receptors
MSC Effects MSC Receptors Receptor-Partners on Immune Cells References
HLA-G ILT2 [54]
Inhibition of T- cell proliferation Jagged-1 Notch [63]
PD-1 pathway (PD-1, PD-L1 & PD-L2) PD-1, PD-L1, PD-L2 [64]
_ ) CD58 CD2 [65]
Induction of FOXP3-negative CD4+ and CD8+ Tregs
CD54 CD1la [65]
. _ MHC class 11 TCR, CD4 [66]
Antigen presentation to CD4 cells
VCAM-1 ad-integrin (CD49d) [67]
Antigen presentation to CD8 cells MHC class | TCR, CD8 [68]
Stimulation of T-cell proliferation MHC class Il TCR, CD4 [69]
Support of 1gG secretion by B-cells ICAM-1 CDl1la [58]

PD: Programmed death; PD-L: Programmed Death Ligand; ILT: Ig like transcript; TCR: T-cell Receptor; MHC: Major Histocompatibility Complex; VCAM: Vascular Cellular

Adhesion Molecule; ICAM: Intracellular Adhesion Molecule, CD54.

MSCs to generate Tregs supports their use for treatment of
inflammatory immune diseases.

MSCs have also been shown to inhibit the response of
naive and memory T-cells to their cognate antigens. The
inhibitory effect of MSCs on naive and memory T-cell re-
sponse was demonstrated in studies where MSCs cultured
with either naive or memory T-cells and stimulated with its
cognate antigen abrogated antigen-specific lymphocyte pro-
liferation, cytotoxic activity of CD8+ CTLs and generation
of IFN-y producing CD8+ T-cells [38]. It was further shown
that the mechanism underlying MSCs’ inhibitory effect de-
pended on the dose of MSCs and mediated by intercellular
contact.

Effects of MSCs on T-Cells

The effect of MSCs on T-cell proliferation has been ex-
tensively documented both in vitro [14, 15, 22, 37] and in
vivo [74, 75]. A number of studies have demonstrated that
MSC immunosuppressive activity is not mediated through
induction of cell apoptosis [22, 37], but rather by arresting T-
cells in the GO/G1 phase of the cell cycle [76]. Markers of
cell cycle Ki67 and cyclin D2 in T-cells is inhibited whereas
p27kipl expression is up-regulated in the presence of MSCs
[59, 70]. MSCs support survival of unstimulated T-cells [22,
77], however MSC-induced apoptosis of activated T-cells
has been reported [47]. Thus, depending on the cell status,
MSCs may protect quiescent T-cells from death, arrest T-
cells in GO/G1 phase of the cell cycle or promote apoptosis
of activated T-cells. It has been shown that protection of T-
cells from apoptosis by MSCs involves down-regulation of
FAS and FAS ligand expression and inhibition of endoge-
nous apoptotic proteases [77]. However, MSC-derived anti-
apoptotic factors and/or receptors remain unknown at the
present time. IFN-y induced secretion of IDO has been
linked to MSC-induced T-cell arrest and apoptosis [45, 47].

Although evidence is widely available describing the
inhibitory role of MSCs on T-cell function, MSCs have also
been shown to stimulate T-cells under varying experimental
conditions. In one study, at low MSC to immune cell ratios
(1:40-1:100), MSCs have been shown to increase prolifera-

tion of allo-stimulated T-cells by 40 to 190% as compared to
control cultures without MSCs [39]. Although the underlying
mechanism remains unknown, MSCs constitutively secrete
low levels of cytokines (IL-1, IL-6) and chemokines (RAN-
TES, MCP) [69] which may support the function of T and
other immune cells in certain conditions [78, 79]. MSCs do
not secrete IFN-y, however data suggest that viruses may
trigger IFN-y secretion in MSCs, which may shift balance
between stimulatory and inhibitory MSC-derived factors
toward immune stimulation. By secretion of IFN-y in re-
sponse to viral antigens, MSCs can support expansion and
cytotoxicity of CTLs [56]. In the presence of high concentra-
tions of TNF-a mouse MSCs can support allo-stimulated T-
cell proliferation by secretion of IL-6 [55], however a similar
effect has not been proven for human MSCs. Culture-
expanded MSCs normally do not express MHC class Il anti-
gens, they can be triggered to express MHC class Il antigens
by treatment with IFN-y. However, in one study MHC class
Il positive human MSCs were obtained without IFN-y stimu-
lation. Such MHC class Il expressing MSCs have been
shown to increase the proliferation of unstimulated PBMCs
against allogeneic MSCs and the PBMC response to recall
antigens Tetanus Toxoid, Bordetella Pertussis and Candida
Albicans [69]. Other studies have shown that IFN-y can trig-
ger expression of MHC class Il antigens on MSCs, however
in studies where MSCs are treated with IFN-y to express
MHC class Il antigens no response against allogeneic MSCs
was observed [32, 80]. This lack of immune cell prolifera-
tion in response to allogeneic MSCs may be explained by the
secretion of suppressive factors such as IDO (indoleamine 2,
3-dioxygenase) in concert with MHC class Il expression and
lack of co-stimulatory molecules. Thus, MHC class Il ex-
pression on MSCs without secretion of suppressive factors
and/or the presence of co-stimulatory molecules [26, 27]
may lead to a cell-contact-dependent increase in T-cell pro-
liferation.

Although with limited potential, MSCs can function as
antigen-presenting cells (APC) for memory immune cells.
The underlying mechanisms of antigen presentation by
MSCs involve membrane receptors expressed on MSCs and
T-cells. MSCs pulsed with tetanus toxoid can stimulate pro-
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liferation and cytokine production in a tetanus toxoid-
specific T-cell line [67]. Intracellular contacts and soluble
factors are essential for antigen presentation to naive T-cells,
and the minimum requirement for antigen presentation to
CD4+ T-cells is MHC class Il and accessory molecules.
IFN-y-treated MSCs express MHC class Il and at least two
accessory adhesion molecules, ICAM-2 (intracellular adhe-
sion molecule 2) and VCAM-1 (vascular cellular adhesion
molecule 1), and these signals are sufficient to promote anti-
gen presentation to memory T-cells, such as tetanus toxoid-
specific T-cells. Interaction between MSCs and activated
tetanus toxoid-specific T-cells is mediated by VCAM-1 on
MSCs and a4-integrin on T-cells. Pre-incubation of T-cells
with antibodies against a4-integrin resulted in 80% inhibi-
tion in T-cell binding to MSCs [67]. Antigen presentation of
recall antigens such as tetanus toxoid or candida albicans to
memory cells by MSCs may occur only during a narrow
window when concentrations of IFN-y are sufficient to trig-
ger MHC class Il expression, but not excessive, which will
have an opposite effect. Increases in IFN-y concentration
upon activation of immune cells correlates with decrease in
MHC class Il expression on MSCs and subsequent loss of its
antigen-presenting potential [66]. MSCs can also present
viral and tumor antigens to CD8+ MHC class I-restricted T-
cells, however MSCs have limited ability to function as anti-
gen presenting cells for CD8+ T-cells due to lack of LMP7,
LMP10 and ERp57 expression in their antigen-processing
machinery [68].

MSCs and B-Cells

B-cells are another major cell type of adaptive immunity
and integral to the humoral immune response. B-cells are
responsible for producing antibodies against antigens. Sev-
eral reports demonstrate that MSCs can regulate B-cell func-
tions including migration, proliferation and immunoglobulin
(1g) synthesis [58, 64, 81, 82]. In vitro studies have demon-
strated that MSCs inhibit the proliferation of B-cells through
arrest at GO/G1 phase of the cell cycle. MSCs also inhibit
production of IgM, IgA and 1gG by B-cells [81, 83]. How-
ever, other studies have demonstrated that MSCs can actu-
ally stimulate IgG secretion and induce proliferation of B-
cells [58, 84]. Clearly, further studies are needed to deter-
mine how MSCs affect B-cells. Interestingly, in a murine
model of experimental autoimmune encephalomyelitis, MSC
treatment improved clinical symptoms in the diseased mice
and, specifically, antigen-specific antibodies were signifi-
cantly depleted as compared to untreated mice [74]. MSC
effects on B-cell functions are mediated by both soluble fac-
tors and direct MSC-B-cell contacts [58, 64, 81]. In mice, the
programmed death pathway-1 (PD-1), which is activated by
the contact with PD-1L and PD-2L receptors expressed on
lymphocytes, is partially involved in suppression of B-cell
proliferation by MSCs [64]. IL-6 and the ICAM-1 receptor
are proposed as potential mediators of human MSC stimula-
tory effects on B-cells [58]. Although the same MSC soluble
factors that inhibit T-cell responses may play a role in sup-
pression of B-cells, the nature of these factors as well as sig-
naling molecules from mature B-cells, which trigger the se-
cretion of suppressive factors by MSCs remain to be investi-
gated.
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MSCs and Dendritic Cells

Dendritic cells (DCs) are derived from monocytes and
are potent antigen-presenting cells that act by internalizing,
shuttling and presenting antigens to naive T-cells, leading to
T-cell activation. MSCs inhibit differentiation of monocytes
to dendritic cells and down-regulate the expression of several
presentation molecules (HLA-DR, CDla), co-stimulatory
molecules (CD80 and CD86) and cytokine, 1L-12 [61].
MSCs affect phenotype, cytokine secretion and immu-
nostimulatory activity of both immature and mature CD34+
and monocyte-derived DCs [50, 61]. The initial steps of DC
differentiation from monocytes include down-regulation of
CD14 expression and up-regulation of CDla, CD83 and
CD80. In the presence of MSCs, DC maturation was
blocked, CD14 did not decrease and CD1a, CD83 and CD80
did not increase. Experiments using a trans-well system indi-
cate that suppression of DC maturation is mediated by MSC-
derived soluble factors. IL-6 and M-CSF (macrophage-
colony stimulating factor) are responsible for maintenance of
CD14 expression, however these factors are not involved in
suppression of CDla expression [50, 61]. Similar results
were reported in a murine model where inhibition of DC
maturation by MSCs was partially mediated by IL-6 [42].
Cytokines counteracting DC-specific GM-CSF (granulocyte
macrophage-colony stimulating factor)/IL-4-induced CD1la
expression remains unknown. Furthermore, MSCs have also
been shown to inhibit TNF-a expression as well as increase
IL-10 expression from stimulated dendritic cells [15]. These
results indicate that MSC can induce an immunological tol-
erance via inhibition of dendritic cell functions. This state-
ment is supported by Beyth et al who demonstrated that
MSCs generate regulatory APCs, which secrete high
amounts of IL-10 and suppress T-cells [85]. Recently, stud-
ies have demonstrated that MSCs induce mature dendritic
cells to “transform” into a novel cell population with a cell
surface marker profile similar to immature dendritic cells.
While mature DCs induce potent T-cell proliferation, this
novel cell population potently suppresses T-cell proliferation
[86]. These findings suggest that MSCs can promote their
immunoregulatory function through dendritic cells.

MSCs and Natural Killer Cells

Natural Killer (NK) cells are key players of the innate
immune system and are important in targeting virus-infected
cells and tumor cells. They act by releasing pro-
inflammatory cytokines and directly destroying target cells.
NK cells are activated by cytokines released by target cells
or by cell surface receptors that bind to ligands expressed by
target cells. Suppression of NK cell functions by MSCs in-
clude inhibition of proliferation, cytokine secretion and in
some cases cytotoxicity [15, 45, 60, 87]. Inhibition of allo-
activated NK proliferation in the presence of IL-2 is medi-
ated by MSC-derived IDO activity, which is induced by
IFN-y secreted by activated NK-cells [45, 60]. In addition to
IDO, HLA-G5, PGE; (prostaglandin E2) and TGF-p (trans-
forming growth factor B) were identified as MSC-derived
soluble factors, which suppress NK-cell proliferation and
cytokine secretion [54, 59, 60]. MSCs have also been shown
to inhibit lysis of target cells by NK cells through down-
regulating surface receptors NKp30, NKp44, and NKG2D,
all required for activation of NK cells. It should also be
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noted that NK cells can also lyse MSCs, both allogeneic and
autologous. IFN-y has been shown to partially protect MSCs
from NK cytolytic attack [87]. MSC effects on NK pheno-
type and cytotoxicity require direct intercellular contacts
[59]. The nature of MSC immunoregulatory receptors that
are involved in direct contacts between MSCs and NKs re-
mains to be investigated.

MSCs and Neutrophils and Macrophages

Although data are limited, recent studies suggest that
MSCs affect functions of neutrophils and macrophages [52,
62]. IL-6 was identified as a key MSC-derived factor pro-
tecting neutrophils from apoptosis [62], while IL-1RA (Inter-
leukin 1 receptor antagonist) released by a subset of MSCs
inhibits TNF-a production by activated macrophages [52].

Together these findings support the broad immunomodu-
latory roles of MSCs. Although most studies have been con-
ducted in vitro, some in vivo preclinical and better yet clini-
cal studies corroborate their potent immunoregulatory func-
tion. Clinical findings with MSCs will be discussed later in
the review.

IV. DYNAMIC REGULATION OF MSC ACTIVITY
BY CELLS AND FACTORS IN LOCAL MICROENVI-
RONMENT

In vitro, in vivo preclinical and clinical data indicate that
MSCs have the potential to treat inflammatory immune-
mediated diseases such as GVHD and Crohn’s disease due to
their unique cellular properties of specific homing to dam-
aged tissues, inhibition of immune and inflammatory re-
sponses at the target sites, and facilitation of damaged tissue
repair. Based on the accumulated data it is clear that MSC
mechanism of action is significantly different from drugs
that are currently used for GVHD and autoimmune disease
treatment. Table 3 summarizes the features of MSCs, and
then an overview of accumulated data supporting the dy-
namic regulation of MSC activity by cells and soluble fac-
tors at the sites of inflammation is presented. The findings
that MSC activity is regulated by factors and cells in the lo-
cal microenvironment support the potential benefits of MSC-
based therapies.

Secretion of Anti-Inflammatory Factors by MSCs is
Regulated by Pro-Inflammatory Cytokines

In a non-inflammatory environment, MSCs express low
levels of COX-2 (cyclooxygenase 2), PGE,, TGF-B, IDO
and other factors, however pro-inflammatory cytokines dra-
matically up-regulate secretion of anti-inflammatory factors
by MSCs. For example, IFN-y up-regulates secretion of
IDO, HGF (hepatocyte growth factor) and TGF-B; and TNF-
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a up-regulates secretion of PGE, by MSCs [15, 43, 45, 46,
88]. In Fig. (2), Aggarwal and Pittenger demonstrated that
MSCs in culture produce low levels of PGE,, however when
TNF-a is added to the culture, the level of PGE, secretion is
significantly upregulated [15]. Accumulated data support a
hypothesis of dynamic MSC response to inflammatory stim-
uli released from activated immune cells. Activated T-cells
release the pro-inflammatory cytokine TNF-o which inter-
acts with the TNF receptors on MSCs and triggers the re-
lease of PGE; from MSCs. PGE; acts back upon activated T-
cells and blocks the release of TNF-a (Fig. 3).
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Fig. (2). TNF-e induces PGE, secretion by MSCs in vitro. Ag-
garwal and Pittenger performed an experiment where hMSCs were
plated onto 6-well plates at 2.5 x 10° cells per well and incubated
with or without 1 ng/ml TNF-a overnight at 37°C with 5% CO.,.
Supernatants were collected and measured for PGE, by ELISA.
Data are the average +/- SD of three experiments presented in Fig.
(4b) in the Aggarwal and Pittenger paper [15].

MSCs Suppress Immune Response to Allo-Stimulation,
But Not to Infections

With any immunosuppressive agent, the question of
whether the therapy increases infection rate should be ad-
dressed. Accumulated data to date indicate that in contrast to
the strong immunosuppressive effect of MSCs on allo-
reactive and mitogen-induced responses, MSCs do not ap-
pear to inhibit immune cell functionality against infectious
agents. Experiments have shown that in EBV and CMV-
induced T-cell proliferation, IFN-y secretion and cytolytic
activity were only weakly affected by MSCs [89]. Viral in-
fection of MSCs trigger IFN-y secretion by MSCs, which is
a key factor supporting anti-viral CTL responses [56]. MSCs
also can stimulate 1gG secretion by B-cells in response to
bacterial LPS, CMV and VZV (Varicella zoster virus) vi-
ruses when sub-optimal levels of bacterial or viral antigens
were added to cell cultures [58]. In unpurified mononuclear
cell cultures, this MSC stimulatory effect on B-cells is medi-
ated by soluble factors, however direct intercellular contacts
are required for MSC-mediated stimulation of purified B-

Table 3. Therapeutic Features of h(MSCs
Feature hMSCs Steroids, Immunosuppressive Drugs and Biologics
Biodistribution Targeted homing to inflammation Systemic
Inhibition of immune and inflammatory responses Local Systemic
Prevention and repair of tissue damage Yes No
Regulation of extent of immunosuppressive activity by Yes No

microenvironment
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Fig. (3). Dynamic regulation of MSC activity by pro-inflammatory cytokines released from activated immune cells. Activated T-cells
release the pro-inflammatory cytokine TNF-a which interacts with TNF receptors on MSCs and trigger secretion of PGE, from MSCs. PGE,
acts back on activated T-cells and blocks the release of TNF-a from activated T-cells thereby inhibiting inflammatory responses.

cells. IL-6 and the ICAM-1 receptor are proposed as poten-
tial mediators of MSC stimulatory effects on B-cells [58].

In addition to MSC-derived IFN-y for anti-viral CTL
support [56], a mechanism leading to the temporary inactiva-
tion of MSC immunosuppression has been described [63].
Activation of TLR3 (Toll-like receptor 3) and TLR4 recep-
tors by viral and bacterial-derived antigens dramatically
down-regulate expression of Jagged-1 on MSCs, which has
been shown to mediate MSC immunosuppressive activity via
interaction with the Notch receptor on T-cells. Decreased
Jagged-1 expression results in reversible inhibition of MSC
immunosuppressive potential [63]. At the present time it is
clear that TLRs play an important role not only during bacte-
rial and viral infections, but also these receptors orchestrate
the activation of the innate immune response to protozoan
parasites [90]. This suggests that similar to viruses and bac-
teria, interaction of parasites with TLRs expressed on MSCs
will result in temporary inactivation of MSC immunosup-
pressive activity. MSCs express a variety of TLRs including
TLR2, 3 and 4 [63], which are activated by viral, bacterial
and parasitic antigens. Reversible inactivation of MSC im-
munosuppessive activity by viral, bacterial and parasitic an-
tigens via TLR receptors may represent a mechanism that
allows immune cells to fight infections in the body.

Immune Cell Status and Ratios Between MSCs and
Lymphocytes Affect MSC Immunomodulation

Investigations of molecular mechanisms underlying MSC
effects on T lymphocyte functions revealed that MSCs arrest
T-cells in the GO/G1 phase of the cell cycle rather than in-
duce apoptosis [76]. MSCs support survival of unstimulated
T-cells [77], however MSC-induced apoptosis of activated
T-cells has been reported [47]. Thus, depending on the cell
state, MSCs may protect quiescent T-cells from death, arrest
T-cell division at the early steps of activation and promote
apoptosis of already activated T-cells.

Numerous reports show that MSCs suppress T-cell pro-
liferation in vitro induced by either antigens, mitogens or
allogeneic cells [22, 37, 38]. This MSC-mediated inhibition
is observed at 1:40 and lower ratios between MSCs and lym-
phocytes [39]. However, at MSC:lymphocyte ratios 1:40-

1:100, MSC-mediated stimulation of lymphocyte prolifera-
tion was detected [39]. These results show that MSCs can
both inhibit and stimulate an immune response and suggest
that MSC immunomodulative activity is regulated by local
microenvironment.

MSC Biodistribution is Limited to Sites of Inflammation/
Injury in the Body

It is postulated that MSCs normally migrate to sites of
injury and participate in wound repair and tissue regenera-
tion. The ability of MSCs to home to sites of acute tissue
injury/inflammation has been shown in a variety of settings,
including cerebral ischemia [13], total body irradiation [17]
and myocardial infarction [6]. The underlying mechanism of
MSC homing is a strong migratory response to specific che-
motactic signals [9, 10]. The biodistribution pattern of MSCs
suggests that MSC activity is limited to inflammatory sites in
affected tissues.

The data presented above strongly support that MSCs
activity is localized at the sites of inflammation and regu-
lated by cells and factors present in local microenvironment.
An increase in the level of pro-inflammatory cytokines in
tissues will lead to an increase in secretion of anti-
inflammatory factors by MSCs, while a decrease in pro-
inflammatory cytokines in tissues will lead to a decrease in
secretion of anti-inflammatory factors by MSCs. Such regu-
lated tissue-specific biodistribution and activity of MSCs
will help to avoid high rates of infections and other treat-
ment-related toxicities commonly observed with the use of
steroids and other immunosuppressive drugs linked to the
systemic suppression of patient’s immune system.

V. AUTOLOGOUS VS ALLOGENEIC MSC THERAPY

Autologous MSCs may be useful for certain therapeutic
applications, however allogeneic MSC infusions have sev-
eral advantages over autologous MSC infusions including
their immediate “off-the-shelf” availability, and higher qual-
ity due to control of donor age and health of the bone mar-
row donors. Allogeneic cells can be manufactured ahead of
time meaning that they are an “off-the- shelf” product im-
mediately ready for use. The immediate availability of cells
is important because they can be delivered to the patient as
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soon as they are needed in acute settings. It takes several
weeks to months to manufacture autologous cells, and in
many cases patients cannot wait that long for treatment.

Another benefit of using allogeneic MSCs is that the age
of the donor is controlled, and cells can be selectively de-
rived from young donors. This is important because MSC
number and functionality decrease with age [91, 92]. It has
been shown using a colony forming unit-fibroblast assay
(CFU-f assay) that MSCs per marrow cells decline as a per-
son ages [91]. Stolzing et al. showed that not only did CFUs
decline, but overall cellular “fitness” declined with age as
determined by tests for oxidative damage, reactive oxygen
species (ROS) levels, and p21 and p53 [92]. These results
suggest that autologous cells from older patients will not be
as effective in treating the disease as those from younger
patients.

Another problem with using autologous MSCs to treat a
patient is that their MSCs might have contributed to their
underlying disease. For example, MSCs from patients with
multiple myeloma have been shown to be functionally defec-
tive and possibly contribute to the pathogenesis of the dis-
ease [93, 94]. In addition, patients with acute myeloid leu-
kemia have been shown to have a functional defect in their
stromal layers, and there is evidence that their stromal cells
may be malignant [95]. Therefore, it would not be advanta-
geous to treat a patient with an underlying disease such as
these with their own MSCs (for GVHD following a bone
marrow transplant, for example) for fear that an underlying
disease-causing factor might be reintroduced to these pa-
tients.

Defective MSCs may also play a role in autoimmune
diseases [96, 97]. It is possible that endogenous MSCs in
these patients are not completely functional. In addition,
MSCs from patients with autoimmune disease are difficult to
grow in culture and yield low cell numbers [96]. Using allo-
geneic MSCs as a therapeutic agent is a real prospect in that
they do not have to be HLA matched to the recipient. While
allogeneic MSCs have many advantages, there may be some
circumstances where autologous MSCs are useful.

There are some potential disadvantages to the allogeneic
MSCs for clinical use. Certain prospective recipients may
have a personal preference against treatment with non-self,
donor-derived cells. Another challenge of allogeneic MSCs
is the significant time and resources needed for development,
which slows their clinical availability. In comparison to
autologous MSCs, allogeneic MSCs require considerable
additional preclinical testing in the areas of toxicology and
pharmacokinetics before clinical trials can begin. In addition
to extensive preclinical testing, in-depth testing is required
on the donor-derived clinical product before it is released for
patient administration. Therapeutic allogeneic MSCs are
manufactured in accordance with FDA GMP (good manu-
facturing practice) and are subjected to a series of lot release
testing to ensure lot-to-lot comparability of manufactured
cellular products. These tests include screening for chromo-
somal aberrations, viral contamination, sterility, identity,
purity, and cell potency. While time and cost for product
development are disadvantages, the extensive testing re-
quired for generating donor derived cells for clinical use
contributes to the safety and efficacy profile of the cellular
therapy.
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VI. HUMAN MSC CLINICAL TRIALS FOR IN-
FLAMMATORY DISEASES

To date, there are over 60 MSC clinical trials registered
and ongoing according to the clinicaltrials.gov website in
areas including inflammatory disease, cardiovascular dis-
ease, orthopedics, and organ transplant. A majority of these
trials are phase 1 and phase 2 trials. The results from most of
these trials are not yet available. Available data from clinical
trials in the area of inflammatory disease will be the focus of
the discussion below.

MSCs possess general immunomodulatory capabilities
that may be used to treat a variety of disorders with inflam-
matory components. Osiris Therapeutics, Inc. conducted a
phase 1 trial examining whether hMSCs could be safely in-
fused and whether they could aid hematopoietic stem cell
(HSC) engraftment. The infusions were well tolerated and
there were no drug related serious adverse events. Over the
2-year study, a reduction in mortality from 45% to 22% was
observed [98]. In 2004, LeBlanc et al showed that third party
haploidentical MSCs successfully treated refractory severe
acute GVHD in a 9-year old boy who had received a blood
stem cell transplant from an HLA identical unrelated donor
[32]. These data suggested that hMSCs might reduce the
severe inflammation in GVHD by performing immunomodu-
latory functions.

In 2005, a report on a 46 patient open-label multicenter
trial was published in which culture-expanded MSCs were
co-administered with HLA-identical sibling matched HSCs
to hematological malignancy patients. Results showed a 2-
year survival rate of 53% [99]. In another clinical trial, 8
patients with steroid refractory acute GVHD grades IlI-1V
were treated with allogeneic MSCs. Complete response was
achieved in 6 out of 8 patients. Five patients were still alive
between 2 months and 3 years after MSC administration, a
significant improvement over the 16 control patients who
were not treated with MSCs during the same time period
(P = 0.03) [100]. Ancther clinical trial was conducted where
allogeneic MSCs were administered to 14 children who were
co-transplanted with HLA-disparate CD34(+) cells from a
relative. All patients showed durable hematopoietic engraft-
ment (an improvement over the historical graft failure rate of
15%) without any adverse reactions. The authors suggested
that MSCs had modulated alloreactive lymphocytes that had
escaped the preparative regimen thereby reducing the risk of
graft failure [101]. Results were recently reported from a
clinical trial where 55 patients with steroid-refractory acute
GVHD were treated with allogeneic MSCs. Of the 55 pa-
tients, 30 achieved a complete response. Of the responders,
the 2-year survival rate was 53% for complete responders
compared to 16% for patients with partial or no response
[102].

Osiris Therapeutics, Inc. has completed seven clinical
trials to date using Prochymal® (ex vivo cultured adult
hMSCs) to treat indications containing inflammatory com-
ponents (see Table 4). In an open-label trial studying treat-
ment of newly diagnosed GVHD, 94% (29 out of 31) of
evaluable patients responded to Prochymal™ with a reduction
in acute GVHD (partial and complete response) and 77% of
the patients had a complete response (complete resolution of
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Table4. Completed Osiris Therapeutics, Inc. Clinical Trials

Stage Indication Number of Patients
Phase 2 Newly Diagnosed Acute GvHD 32
Phase 2 Pediatric Treatment-Refractory Acute GvHD 12
Phase 2 Treatment-Refractory Crohn’s Disease 10

Phase 1/2 Osteoarthritis 55

Phase 1/2 Hematopoietic Stem Cell Engraftment 8
Phase 1 Hematopoietic Stem Cell Engraftment 46
Phase 1 Acute Myocardial Infarction 53

disease) by day 28 indicating a durable response to treatment
(interim results reported in Kebriaei et al, 2008"). At six
months, 61% of the patients treated with Prochymal® still
had a durable response requiring no additional immunosup-
pressive therapy, clinical intervention, or increased steroid
use. Previously published data indicate that less than 35% of
patients achieve this endpoint when treated with steroids
alone [103]. Another noteworthy result is that 95% of the
patients achieving a durable response at 28 days were alive
at six months. This compared favorably to patients receiving
additional immunosuppressive therapy where survival was
only 25%. There were no serious adverse events attributed to
Prochymal® through the six month evaluation period.

In an open-label pediatric study for treatment-refractory
acute GVHD, Osiris data showed that 12 out of 12 patients
responded to therapy with 7 achieving a complete response
and 5 achieving a partial response?. The 100 day survival
was 58% which correlated directly with the complete re-
sponse rate.

In an open-label phase 2 trial testing Prochymal® for
treatment-resistant Crohn’s disease, every patient treated had
a reduction in disease severity by day 28. In patients who
failed available drugs for Crohn’s disease, there was a statis-
tically significant reduction in the mean Crohn’s Disease
Activity Index (CDAI) score of 105 points by day 28. The
improvement was rapid with an average CDAI reduction of
62 points by day 7. There appeared to be a positive correla-
tion between dose and response, with patients receiving the
high dose achieving a greater response (average CDAI re-
duction of 137 vs 65). In this difficult to treat population that
had failed previous therapies, one-third of the patients
achieved clinical remission of their disease (summary in
Weiss et al., 2008 [70]). Results from the phase 2 clinical
trials for both Crohn’s disease and acute GVHD led to the
initiation of Phase 3 trials, which are currently ongoing.

! Kebriaei P, Isola L, Bahceci E, Holland EK, Rowley S, McGuirk J, De-
vetten M, Jansen J, Herzig R, Schuster M, Uberti J Phase Il Trial of Pro-
chymal™ (Ex-Vivo Cultured Adult Human Mesenchymal Cells) and Corti-
costeroids as Primary Treatment for Acute Graft-Vs-Host Disease
(aGVHD). Blood (ASH Annual Meeting Abstracts), 2006, 108(abstract
3231).

% Prasad V Lucas KG, Kleiner Gl, Talano JA, Jacobsohn D, Szaboles P,
Monroy R, Kurtzberg J Use of Mesenchymal Stem Cells To Treat Pediatric
Patients with Severe (Grades I11-1V) Acute Graft Versus Host Disease Re-
fractory to Steroid and Other Agents on a Compassionate Use Basis. Blood
(ASH Annual Meeting Abstracts), 2007, 110(abstract 2971).

In addition to acute GVHD and Crohn’s disease, a phase
1 trial to treat myocardial infarction and a phase 1/2 trial for
joint repair, in which hMSCs were injected directly into the
knee, have been conducted (Table 4). Both of these indica-
tions have inflammatory components that contribute to the
pathology and progression of the diseases. The phase 1 car-
diac trial was a 53-patient double-blind placebo-controlled
safety trial where no serious adverse events were attributed
to hMSCs, with trends towards improvement in function
such as left ventricular ejection fraction. The Phase 1/2 trial
for knee joint repair was also a double-blind placebo-
controlled trial where no serious adverse events were attrib-
uted to hMSCs. Patients receiving MSCs experienced a sta-
tistically significant reduction in pain.

VII. CONCLUSIONS

In vitro, in vivo animal and human clinical data show a
wide potential of MSCs for treatment of inflammatory dis-
eases. The therapeutic potential is attributed to unique MSC
properties of specific homing to damaged tissues, inhibiting
immune and inflammatory responses at the target sites, and
facilitating repair of the damaged tissues.

Data collected from clinical trials completed to date sup-
port the hypothesis that MSCs can perform immunomodula-
tory functions to suppress an adverse immunological re-
sponse. Even though MSCs possess immunosuppressive
capabilities, there are no evidence of immunosuppressive
toxicity on a global level, systemically throughout the body,
suggesting that MSCs restrict their immunomodulatory func-
tions to areas where inflammation is present. It is likely that
infused MSCs home along cytokine gradients in inflamed
areas where they suppress inflammation in local microenvi-
ronments. Localized immunosuppression is much more ad-
vantageous for a patient than global immunosuppression
because global immunosuppression has the severe side effect
of increasing the patient’s risk of infection. Therapeutic
hMSCs may significantly reduce that risk. If proven to be
efficacious, hMSC treatment may be highly advantageous
over current anti-inflammatory therapies that are globally
immunosuppressive.

Data from clinical trials suggest that hMSCs is univer-
sally well tolerated. In our experience, there have been no
infusional toxicities and no adverse immunological reactions
against hMSCs reported. If the results of these trials support
the use of hMSCs as a therapy, then it is possible that many
other severe inflammatory diseases could be treated as well.



120 Inflammation & Allergy - Drug Targets, 2009, Vol. 8, No. 2

ACKNOWLEDGEMENTS

The authors wish to thank Mr. Chris Alder and Dr. Rod-
ney Monroy for critical review of the manuscript.

CONFLICT OF INTEREST

R.N., D.Y., M.L. and A.D are currently employed at
Osiris Therapeutics, Inc. which is developing cellular thera-
peutics based on human mesenchymal stem cells.

REFERENCES

[1] Friedenstein, A.J.; Chailakhyan, R.K.; Latsinik, N.V.; Panasyuk,
A.F.; Keiliss-Borok, 1.V. Stromal cells responsible for transferring
the microenvironment of the hemopoietic tissues. Cloning in vitro
and retransplantation in vivo. Transplantation, 1974, 331-340.

[2] Bruder, S.P.; Jaiswal, N.; Haynesworth, S.E. Growth Kinetics, self-
renewal, and the osteogenic potential of purified human mesen-
chymal stem cells during extensive subcultivation and following
cryopreservation. J. Cell Biochem., 1997, 278-294.

[3] Haynesworth, S.E.; Goshima, J.; Goldberg, V.M.; Caplan, A.l.
Characterization of cells with osteogenic potential from human
marrow. Bone, 1992, 81-88.

[4] Pittenger, M.F.; Mackay, A.M.; Beck, S.C.; Jaiswal, R.K.; Doug-
las, R.; Mosca, J.D.; Moorman, M.A.; Simonetti, D.W.; Craig, S.;
Marshak, D.R. Multilineage potential of adult human mesenchymal
stem cells. Science, 1999, 284, 143-147.

[5] Kopen, G.C.; Prockop, D.J.; Phinney, D.G. Marrow stromal cells
migrate throughout forebrain and cerebellum, and they differentiate
into astrocytes after injection into neonatal mouse brains. Proc.
Natl. Acad. Sci., USA, 1999, 96, 10711-10716.

[6] Pittenger, M.F.; Martin, B.J. Mesenchymal stem cells and their
potential as cardiac therapeutics. Circ. Res., 2004, 95, 9-20.

[7] Petersen, B.E.; Bowen, W.C.; Patrene, K.D.; Mars, W.M.; Sullivan,
AK.; Murase, N.; Boggs, S.S.; Greenberger, J.S.; Goff, J.P. Bone
marrow as a potential source of hepatic oval cells. Science, 1999,
284,1168-1170.

[8] Honczarenko, M.; Le, Y.; Swierkowski, M.; Ghiran, I.; Glodek,
A.M.; Silberstein, L.E. Human bone marrow stromal cells express a
distinct set of biologically functional chemokine receptors. Stem
Cells, 2006, 24, 1030-1041.

[9] Ji, J.F.; He, B.P.; Dheen, S.T.; Tay, S.S. Interactions of chemokines
and chemokine receptors mediate the migration of mesenchymal
stem cells to the impaired site in the brain after hypoglossal nerve
injury. Stem Cells, 2004, 22, 415-427.

[10] Ponte, A.L.; Marais, E.; Gallay, N.; Langonne, A.; Delorme, B,;
Herault, O.; Charbord, P.; Domenech, J. The in vitro migration ca-
pacity of human bone marrow mesenchymal stem cells: compari-
son of chemokine and growth factor chemotactic activities. Stem
Cells, 2007, 25, 1737-1745.

[11] Ringe, J.; Strassburg, S.; Neumann, K.; Endres, M.; Notter, M.;
Burmester, G.R.; Kaps, C.; Sittinger, M. Towards in situ tissue re-
pair: human mesenchymal stem cells express chemokine receptors
CXCR1, CXCR2 and CCR2, and migrate upon stimulation with
CXCLS8 but not CCL2. J. Cell Biochem., 2007, 101, 135-146.

[12] Sordi, V.; Malosio, M.L.; Marchesi, F.; Mercalli, A.; Melzi, R.;
Giordano, T.; Belmonte, N.; Ferrari, G.; Leone, B.E.; Bertuzzi, F.;
Zerbini, G.; Allavena, P.; Bonifacio, E.; Piemonti, L. Bone marrow
mesenchymal stem cells express a restricted set of functionally ac-
tive chemokine receptors capable of promoting migration to pan-
creatic islets. Blood, 2005, 106, 419-427.

[13] Wang, L.; Li, Y.; Chen, J.; Gautam, S.C.; Zhang, Z.; Lu, M;
Chopp, M. Ischemic cerebral tissue and MCP-1 enhance rat bone
marrow stromal cell migration in interface culture. Exp. Hematol.,
2002, 30, 831-836.

[14] Bartholomew, A.; Sturgeon, C.; Siatskas, M.; Ferrer, K.; MclIntosh,
K.; Patil, S.; Hardy, W.; Devine, S.; Ucker, D.; Deans, R.; Mose-
ley, A.; Hoffman, R. Mesenchymal stem cells suppress lymphocyte
proliferation in vitro and prolong skin graft survival in vivo. Exp.
Hematol., 2002, 30, 42-48.

[15] Aggarwal, S.; Pittenger, M.F. Human mesenchymal stem cells
modulate allogeneic immune cell responses. Blood, 2005, 105,
1815-1822.

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

Newman et al.

Chapel, A.; Bertho, J.M.; Bensidhoum, M.; Fouillard, L.; Young,
R.G.; Frick, J.; Demarquay, C.; Cuvelier, F.; Mathieu, E,;
Trompier, F.; Dudoignon, N.; Germain, C.; Mazurier, C.; Ai-
gueperse, J.; Borneman, J.; Gorin, N.C.; Gourmelon, P.; Thierry, D.
Mesenchymal stem cells home to injured tissues when co-infused
with hematopoietic cells to treat a radiation-induced multi-organ
failure syndrome. J. Gene Med., 2003, 5, 1028-1038.

Devine, S.M.; Cobbs, C.; Jennings, M.; Bartholomew, A,
Hoffman, R. Mesenchymal stem cells distribute to a wide range of
tissues following systemic infusion into nonhuman primates.
Blood, 2003, 101, 2999-3001.

Munoz, J.R.; Stoutenger, B.R.; Robinson, A.P.; Spees, J.L,;
Prockop, D.J. Human stem/progenitor cells from bone marrow
promote neurogenesis of endogenous neural stem cells in the hip-
pocampus of mice. Proc. Natl. Acad. Sci. USA, 2005, 102, 18171-
18176.

Prockop, D.J.; Gregory, C.A.; Spees, J.L. One strategy for cell and
gene therapy: harnessing the power of adult stem cells to repair tis-
sues. Proc. Natl. Acad. Sci. USA, 2003, 100(Suppl 1), 11917-
11923.

Urbanek, K.; Rota, M.; Cascapera, S.; Bearzi, C.; Nascimbene, A,;
De Angelis, A.; Hosoda, T.; Chimenti, S.; Baker, M.; Limana, F.;
Nurzynska, D.; Torella, D.; Rotatori, F.; Rastaldo, R.; Musso, E.;
Quaini, F.; Leri, A.; Kajstura, J.; Anversa, P. Cardiac stem cells
possess growth factor-receptor systems that after activation regen-
erate the infarcted myocardium, improving ventricular function and
long-term survival. Circ. Res., 2005, 97, 663-673.

O'Donoghue, K.; Chan, J.; de la Fuente, J.; Kennea, N.; Sandison,
A.; Anderson, J.R.; Roberts, I.A.; Fisk, N.M. Microchimerism in
female bone marrow and bone decades after fetal mesenchymal
stem-cell trafficking in pregnancy. Lancet, 2004, 364, 179-182.
Tse, W.T.; Pendleton, J.D.; Beyer, W.M.; Egalka, M.C.; Guinan,
E.C. Suppression of allogeneic T-cell proliferation by human mar-
row stromal cells: implications in transplantation. Transplantation,
2003, 75, 389-397.

Moretta, A.; Bottino, C.; Vitale, M.; Pende, D.; Cantoni, C.; Min-
gari, M.C.; Biassoni, R.; Moretta, L.Activating receptors and core-
ceptors involved in human natural Killer cell-mediated cytolysis.
Annu. Rev. Immunol., 2001, 19 197-223.

Rasmusson, |.; Ringden, O.; Sundberg, B.; Le Blanc, K. Mesen-
chymal stem cells inhibit the formation of cytotoxic T lympho-
cytes, but not activated cytotoxic T lymphocytes or natural Killer
cells. Transplantation, 2003, 76, 1208-1213.

Nasef, A.; Mathieu, N.; Chapel, A.; Frick, J.; Francois, S.; Mazu-
rier, C.; Boutarfa, A.; Bouchet, S.; Gorin, N. C.; Thierry, D.; Fouil-
lard, L. Immunosuppressive effects of mesenchymal stem cells: in-
volvement of HLA-G. Transplantation, 2007, 84, 231-237.
Eliopoulos, N.; Stagg, J.; Lejeune, L.; Pommey, S.; Galipeau, J.
Allogeneic marrow stromal cells are immune rejected by MHC
class I- and class Il-mismatched recipient mice. Blood, 2005, 106,
4057-4065.

Nauta, A.J.; Westerhuis, G.; Kruisselbrink, A.B.; Lurvink, E.G.;
Willemze, R.; Fibbe, W.E. Donor-derived mesenchymal stem cells
are immunogenic in an allogeneic host and stimulate donor graft re-
jection in a nonmyeloablative setting. Blood, 2006, 108, 2114-
2120.

Poncelet, A.J.; Vercruysse, J.; Saliez, A.; Gianello, P. Although pig
allogeneic mesenchymal stem cells are not immunogenic in vitro,
intracardiac injection elicits an immune response in vivo. Trans-
plantation, 2007, 83, 783-790.

Sakamoto, N.; Tsuji, K.; Muul, L.M.; Lawler, A.M.; Petricoin,
E.F.; Candotti, F.; Metcalf, J.A.; Tavel, JA.; Lane, H.C.; Urba,
W.J.; Fox, B.A.; Varki, A.; Lunney, J.K.; Rosenberg, A.S. Bovine
apolipoprotein B-100 is a dominant immunogen in therapeutic cell
populations cultured in fetal calf serum in mice and humans. Blood,
2007, 110, 501-508.

Spees, J.L.; Gregory, C.A.; Singh, H.; Tucker, H.A.; Peister, A.;
Lynch, P.J.; Hsu, S.C.; Smith, J.; Prockop, D.J. Internalized anti-
gens must be removed to prepare hypoimmunogenic mesenchymal
stem cells for cell and gene therapy. Mol. Ther., 2004, 9, 747-756.
Sundin, M.; Ringden, O.; Sundberg, B.; Nava, S.; Gotherstrom, C.;
Le Blanc, K.No alloantibodies against mesenchymal stromal cells,
but presence of anti-fetal calf serum antibodies, after transplanta-
tion in allogeneic hematopoietic stem cell recipients. Haema-
tologica, 2007, 92, 1208-1215.



Treatment of Inflammatory Diseases with Mesenchymal Stem Cells

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

Le Blanc, K.; Rasmusson, |.; Sundberg, B.; Gotherstrom, C.; Has-
san, M.; Uzunel, M.; Ringden, O. Treatment of severe acute graft-
versus-host disease with third party haploidentical mesenchymal
stem cells. Lancet, 2004, 363, 1439-1441.

Moneret-Vautrin, A.; Wal, J.M.; Guillet-Rossof, F.; Gerard, H.;
Boulard, P. Bovine serum albumin immunization: a new risk of al-
lergy during protocols for in vitro fertilization. Allergy, 1991, 46,
228-234.

Colten, H.R.; Polakoff, P.L.; Weinstein, S.F.; Strieder, D.J. Imme-
diate hypersensitivity to hog trypsin resulting from industrial expo-
sure. N. Engl. J. Med., 1975, 292, 1050-1053.

Orta, M.; Ordoqui, E.; Aranzabal, A.; Fernandez, C.; Bartolome,
B.; Sanz, M.L. Anaphylactic reaction after artificial insemination.
Ann. Allergy Asthma Immunol., 2003, 90, 446-451.

de Benito, V.; de Barrio, M.; de Lopez-Saez, M.P.; Ordoqui, E.;
Prieto-Garcia, A.; Sainza, T.; Baeza, M.L. Anaphylactic shock
caused by impurities in orgotein preparations. Allergol. Immunopa-
thol. (Madr.), 2001, 29, 272-275.

Di Nicola, M.; Carlo-Stella, C.; Magni, M.; Milanesi, M.; Longoni,
P.D.; Matteucci, P.; Grisanti, S.; Gianni, A.M. Human bone mar-
row stromal cells suppress T-lymphocyte proliferation induced by
cellular or nonspecific mitogenic stimuli. Blood, 2002, 99, 3838-
3843.

Krampera, M.; Glennie, S.; Dyson, J.; Scott, D.; Laylor, R.; Simp-
son, E.; Dazzi, F. Bone marrow mesenchymal stem cells inhibit the
response of naive and memory antigen-specific T cells to their cog-
nate peptide. Blood, 2003, 101, 3722-3729.

Le Blanc, K. [Mesenchymal stem cells. Basic science and future
clinical use]. Lakartidningen, 2002, 99, 1318-1321, 1324.
Rasmusson, |.; Ringden, O.; Sundberg, B.; Le Blanc, K. Mesen-
chymal stem cells inhibit lymphocyte proliferation by mitogens and
alloantigens by different mechanisms. Exp. Cell Res., 2005, 305,
33-41.

Groh, M.E.; Maitra, B.; Szekely, E.; Koc, O.N. Human mesenchy-
mal stem cells require monocyte-mediated activation to suppress
alloreactive T cells. Exp. Hematol., 2005, 33, 928-934.

Djouad, F.; Charbonnier, L.M.; Bouffi, C.; Louis-Plence, P.; Bony,
C.; Apparailly, F.; Cantos, C.; Jorgensen, C.; Noel, D. Mesenchy-
mal stem cells inhibit the differentiation of dendritic cells through
an interleukin-6-dependent mechanism. Stem Cells, 2007, 25,
2025-2032.

Ryan, J.M.; Barry, F.; Murphy, J.M.; Mahon, B.P. Interferon-
gamma does not break, but promotes the immunosuppressive ca-
pacity of adult human mesenchymal stem cells. Clin. Exp. Immu-
nol., 2007, 149, 353-363.

Sato, K.; Ozaki, K.; Oh, I.; Meguro, A.; Hatanaka, K.; Nagai, T.;
Muroi, K.; Ozawa, K. Nitric oxide plays a critical role in suppres-
sion of T-cell proliferation by mesenchymal stem cells. Blood,
2007, 109, 228-234.

Krampera, M.; Cosmi, L.; Angeli, R.; Pasini, A.; Liotta, F.; An-
dreini, A.; Santarlasci, V.; Mazzinghi, B.; Pizzolo, G.; Vinante, F.;
Romagnani, P.; Maggi, E.; Romagnani, S.; Annunziato, F. Role for
interferon-gamma in the immunomodulatory activity of human bo-
ne marrow mesenchymal stem cells. Stem Cells, 2006, 24, 386-398.
Meisel, R.; Zibert, A.; Laryea, M.; Gobel, U.; Daubener, W.; Dil-
loo, D. Human bone marrow stromal cells inhibit allogeneic T-cell
responses by indoleamine 2, 3-dioxygenase-mediated tryptophan
degradation. Blood, 2004, 103, 4619-4621.

Plumas, J.; Chaperot, L.; Richard, M.J.; Molens, J.P.; Bensa, J.C.;
Favrot, M.C. Mesenchymal stem cells induce apoptosis of activated
T cells. Leukemia, 2005, 19, 1597-1604.

Chabannes, D.; Hill, M.; Merieau, E.; Rossignol, J.; Brion, R,;
Soulillou, J.P.; Anegon, I.; Cuturi, M.C. A role for heme oxy-
genase-1 in the immunosuppressive effect of adult rat and human
mesenchymal stem cells. Blood, 2007, 110, 3691-3694.

Nasef, A.; Mazurier, C.; Bouchet, S.; Francois, S.; Chapel, A.;
Thierry, D.; Gorin, N. C.; Fouillard, L. Leukemia inhibitory factor:
Role in human mesenchymal stem cells mediated immunosuppres-
sion. Cell Immunol., 2008, 253, 16-22.

Nauta, A.J.; Kruisselbrink, A.B.; Lurvink, E.; Willemze, R.; Fibbe,
W.E. Mesenchymal stem cells inhibit generation and function of
both CD34+-derived and monocyte-derived dendritic cells. J. Im-
munol., 2006, 177, 2080-2087.

Oh, I.; Ozaki, K.; Sato, K.; Meguro, A.; Tatara, R.; Hatanaka, K;
Nagai, T.; Muroi, K.; Ozawa, K. Interferon-gamma and NF-kappaB

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

Inflammation & Allergy - Drug Targets, 2009, Vol. 8, No. 2 121

mediate nitric oxide production by mesenchymal stromal cells.
Biochem. Biophys. Res. Commun., 2007, 355, 956-962.

Ortiz, L.A.; Dutreil, M.; Fattman, C.; Pandey, A.C.; Torres, G.; Go,
K.; Phinney, D.G. Interleukin 1 receptor antagonist mediates the
antiinflammatory and antifibrotic effect of mesenchymal stem cells
during lung injury. Proc. Natl. Acad. Sci. USA, 2007, 104, 11002-
11007.

Gieseke, F.; Schutt, B.; Viebahn, S.; Koscielniak, E.; Friedrich, W.;
Handgretinger, R.; Muller, 1. Human multipotent mesenchymal
stromal cells inhibit proliferation of PBMCs independently of
IFNgammaR1 signaling and IDO expression. Blood, 2007, 110,
2197-2200.

Selmani, Z.; Naji, A.; Zidi, |.; Favier, B.; Gaiffe, E.; Obert, L.;
Borg, C.; Saas, P.; Tiberghien, P.; Rouas-Freiss, N.; Carosella,
E.D.; Deschaseaux, F. Human leukocyte antigen-G5 secretion by
human mesenchymal stem cells is required to suppress T lympho-
cyte  and natural  killer function and to induce
CD4+CD25highFOXP3+ regulatory T cells. Stem Cells, 2008, 26,
212-222.

Djouad, F.; Fritz, V.; Apparailly, F.; Louis-Plence, P.; Bony, C;
Sany, J.; Jorgensen, C.; Noel, D. Reversal of the immunosuppres-
sive properties of mesenchymal stem cells by tumor necrosis factor
alpha in collagen-induced arthritis. Arthritis. Rheum., 2005, 52,
1595-1603.

Kang, H.S.; Habib, M.; Chan, J.; Abavana, C.; Potian, J.A.; Ponzio,
N.M.; Rameshwar, P.A paradoxical role for IFN-gamma in the
immune properties of mesenchymal stem cells during viral chal-
lenge. Exp. Hematol., 2005, 33, 796-803.

Batten, P.; Sarathchandra, P.; Antoniw, JW.; Tay, S.S.; Lowdell,
M.W.; Taylor, P.M.; Yacoub, M. H. Human mesenchymal stem
cells induce T cell anergy and downregulate T cell allo-responses
via the TH2 pathway: relevance to tissue engineering human heart
valves. Tissue Eng., 2006, 12, 2263-2273.

Rasmusson, I.; Le Blanc, K.; Sundberg, B.; Ringden, O. Mesen-
chymal stem cells stimulate antibody secretion in human B cells.
Scand. J. Immunol., 2007, 65, 336-343.

Sotiropoulou, P.A.; Perez, S.A.; Gritzapis, A.D.; Baxevanis, C.N.;
Papamichail, M. Interactions between human mesenchymal stem
cells and natural killer cells. Stem Cells, 2006, 24, 74-85.

Spaggiari, G.M.; Capobianco, A.; Abdelrazik, H.; Becchetti, F.;
Mingari, M.C.; Moretta, L. Mesenchymal stem cells inhibit natural
killer-cell proliferation, cytotoxicity, and cytokine production: role
of indoleamine 2, 3-dioxygenase and prostaglandin E2. Blood,
2008, 111, 1327-1333.

Jiang, X.X.; Zhang, Y.; Liu, B.; Zhang, S.X.; Wu, Y.; Yu, X.D.;
Mao, N. Human mesenchymal stem cells inhibit differentiation and
function of monocyte-derived dendritic cells. Blood, 2005, 105,
4120-4126.

Raffaghello, L.; Bianchi, G.; Bertolotto, M.; Montecucco, F,;
Busca, A.; Dallegri, F.; Ottonello, L.; Pistoia, V. Human mesen-
chymal stem cells inhibit neutrophil apoptosis: a model for neutro-
phil preservation in the bone marrow niche. Stem Cells, 2008, 26,
151-162.

Liotta, F.; Angeli, R.; Cosmi, L.; Fili, L.; Manuelli, C.; Frosali, F.;
Mazzinghi, B.; Maggi, L.; Pasini, A.; Lisi, V.; Santarlasci, V.; Con-
soloni, L.; Angelotti, M.L.; Romagnani, P.; Parronchi, P.;
Krampera, M.; Maggi, E.; Romagnani, S.; Annunziato, F. Toll-like
receptors 3 and 4 are expressed by human bone marrow-derived
mesenchymal stem cells and can inhibit their T-cell modulatory ac-
tivity by impairing Notch signaling. Stem Cells, 2008, 26, 279-289.
Augello, A.; Tasso, R.; Negrini, S.M.; Amateis, A.; Indiveri, F.;
Cancedda, R.; Pennesi, G. Bone marrow mesenchymal progenitor
cells inhibit lymphocyte proliferation by activation of the pro-
grammed death 1 pathway. Eur. J. Immunol., 2005, 35, 1482-1490.
Prevosto, C.; Zancolli, M.; Canevali, P.; Zocchi, M.R.; Poggi, A.
Generation of CD4+ or CD8+ regulatory T cells upon mesenchy-
mal stem cell-lymphocyte interaction. Haematologica, 2007, 92,
881-888.

Chan, J.L.; Tang, K.C.; Patel, A.P.; Bonilla, L.M.; Pierobon, N.;
Ponzio, N.M.; Rameshwar, P. Antigen-presenting property of mes-
enchymal stem cells occurs during a narrow window at low levels
of interferon-gamma. Blood, 2006, 107, 4817-4824.

Majumdar, M.K.; Keane-Moore, M.; Buyaner, D.; Hardy, W.B.;
Moorman, M.A.; Mclintosh, K.R.; Mosca, J.D. Characterization and
functionality of cell surface molecules on human mesenchymal
stem cells. J. Biomed. Sci., 2003, 10, 228-241.



122 Inflammation & Allergy - Drug Targets, 2009, Vol. 8, No. 2

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

Morandi, F.; Raffaghello, L.; Bianchi, G.; Meloni, F.; Salis, A;
Millo, E.; Ferrone, S.; Barnaba, V.; Pistoia, V. Immunogenicity of
human mesenchymal stem cells in HLA-class I-restricted T-cell re-
sponses against viral or tumor-associated antigens. Stem Cells,
2008, 26, 1275-1287.

Potian, J.A.; Aviv, H.; Ponzio, N.M.; Harrison, J.S.; Rameshwar, P.
Veto-like activity of mesenchymal stem cells: functional discrimi-
nation between cellular responses to alloantigens and recall anti-
gens. J. Immunol., 2003, 171, 3426-3434.

Weiss, D.J.; Kolls, J.K.; Ortiz, L.A.; Panoskaltsis-Mortari, A.;
Prockop, D.J. Stem cells and cell therapies in lung biology and lung
diseases. Proc. Am. Thorac. Soc., 2008, 5, 637-667.

Rasmusson, 1.; Uhlin, M.; Le Blanc, K.; Levitsky, V. Mesenchymal
stem cells fail to trigger effector functions of cytotoxic T lympho-
cytes. J. Leukoc. Biol., 2007, 82, 887-893.

Maccario, R.; Podesta, M.; Moretta, A.; Cometa, A.; Comoli, P.;
Montagna, D.; Daudt, L.; Ibatici, A.; Piaggio, G.; Pozzi, S.; Fras-
soni, F.; Locatelli, F. Interaction of human mesenchymal stem cells
with cells involved in alloantigen-specific immune response favors
the differentiation of CD4+ T-cell subsets expressing a regula-
tory/suppressive phenotype. Haematologica, 2005, 9, 516-525.
Zappia, E.; Casazza, S.; Pedemonte, E.; Benvenuto, F.; Bonanni, |.;
Gerdoni, E.; Giunti, D.; Ceravolo, A.; Cazzanti, F.; Frassoni, F.;
Mancardi, G.; Uccelli, A. Mesenchymal stem cells ameliorate e-
xperimental autoimmune encephalomyelitis inducing T-cell anergy.
Blood, 2005, 106, 1755-1761.

Gerdoni, E.; Gallo, B.; Casazza, S.; Musio, S.; Bonanni, I.; Pede-
monte, E.; Mantegazza, R.; Frassoni, F.; Mancardi, G.; Pedotti, R.;
Uccelli, A. Mesenchymal stem cells effectively modulate pathoge-
nic immune response in experimental autoimmune encephalomyeli-
tis. Ann. Neurol., 2007, 61, 219-227.

Kassis, I.; Grigoriadis, N.; Gowda-Kurkalli, B.; Mizrachi-Kol, R.;
Ben-Hur, T.; Slavin, S.; Abramsky, O.; Karussis, D. Neuroprotec-
tion and immunomodulation with mesenchymal stem cells in chro-
nic experimental autoimmune encephalomyelitis. Arch. Neurol.,
2008, 65, 753-761.

Glennie, S.; Soeiro, I.; Dyson, P.J.; Lam, E.W.; Dazzi, F. Bone
marrow mesenchymal stem cells induce division arrest anergy of
activated T cells. Blood, 2005, 105, 2821-2827.

Benvenuto, F.; Ferrari, S.; Gerdoni, E.; Gualandi, F.; Frassoni, F.;
Pistoia, V.; Mancardi, G.; Uccelli, A. Human mesenchymal stem
cells promote survival of T cells in a quiescent state. Stem Cells,
2007, 25, 1753-1760.

Aarden, L.A.; van Kooten, C. The action of interleukin 6 on lym-
phoid populations. Ciba. Found. Symp., 1992, 167, 68-74; discus-
sion 74-69.

Ward, S.G.; Westwick, J. Chemokines: understanding their role in
T-lymphocyte biology. Biochem. J., 1998, 333 457-470.
Klyushnenkova, E.; Mosca, J.D.; Zernetkina, V.; Majumdar, M.K.;
Beggs, K.J.; Simonetti, D.W.; Deans, R.J.; Mclintosh, K.R. T cell
responses to allogeneic human mesenchymal stem cells: immuno-
genicity, tolerance, and suppression. J. Biomed. Sci., 2005, 12, 47-
57.

Corcione, A.; Benvenuto, F.; Ferretti, E.; Giunti, D.; Cappiello, V.;
Cazzanti, F.; Risso, M.; Gualandi, F.; Mancardi, G.L.; Pistoia, V.;
Uccelli, A. Human mesenchymal stem cells modulate B-cell fun-
ctions. Blood, 2006, 107, 367-372.

Tabera, S.; Perez-Simon, J.A.; Diez-Campelo, M.; Sanchez-
Abarca, L.1.; Blanco, B.; Lopez, A.; Benito, A.; Ocio, E.; Sanchez-
Guijo, F.M.; Canizo, C.; San Miguel, J.F. The effect of mesen-
chymal stem cells on the viability, proliferation and differentiation
of B-lymphocytes. Haematologica, 2008, 93, 1301-1309.

Comoli, P.; Ginevri, F.; Maccario, R.; Avanzini, M.A.; Marconi,
M.; Groff, A.; Cometa, A.; Cioni, M.; Porretti, L.; Barberi, W.;
Frassoni, F.; Locatelli, F. Human mesenchymal stem cells inhibit
antibody production induced in vitro by allostimulation. Nephrol.
Dial. Transplant, 2008, 23, 1196-1202.

Traggiai, E.; Volpi, S.; Schena, F.; Gattorno, M.; Ferlito, F.;
Moretta, L.; Martini, A. Bone marrow-derived mesenchymal stem
cells induce both polyclonal expansion and differentiation of B
cells isolated from healthy donors and systemic lupus erythemato-
sus patients. Stem Cells, 2008, 26, 562-569.

Beyth, S.; Borovsky, Z.; Mevorach, D.; Liebergall, M.; Gazit, Z;
Aslan, H.; Galun, E.; Rachmilewitz, J. Human mesenchymal stem
cells alter antigen-presenting cell maturation and induce T-cell un-
responsiveness. Blood, 2005, 105, 2214-2219.

(86]

[87]

(88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

[99]

[100]

[101]

Newman et al.

Zhang, B.; Liu, R.; Shi, D.; Liu, X.; Chen, Y.; Dou, X.; Zhu, X.;
Lu, C.; Liang, W.; Liao, L.; Zenke, M.; Zhao, R.C. Mesenchymal
stem cells induce mature dendritic cells into a novel Jagged-2-
dependent regulatory dendritic cell population. Blood, 2009, 113,
46-57.

Spaggiari, G.M.; Capobianco, A.; Becchetti, S.; Mingari, M.C.;
Moretta, L. 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, 2006, 107, 1484-1490.

English, K.; Barry, F.P.; Field-Corbett, C.P.; Mahon, B.P. IFN-
gamma and TNF-alpha differentially regulate immunomodulation
by murine mesenchymal stem cells. Immunol. Lett., 2007, 110, 91-
100.

Karlsson, H.; Samarasinghe, S.; Ball, L.M.; Sundberg, B.; Lanke-
ster, A.C.; Dazzi, F.; Uzunel, M.; Rao, K.; Veys, P.; Le Blanc, K.;
Ringden, O.; Amrolia, P.J. Mesenchymal stem cells exert differen-
tial effects on alloantigen and virus-specific T-cell responses.
Blood, 2008, 112, 532-541.

Gazzinelli, R.T.; Ropert, C.; Campos, M.A. Role of the
Toll/interleukin-1 receptor signaling pathway in host resistance and
pathogenesis during infection with protozoan parasites. Immunol.
Rev., 2004, 201 9-25.

Caplan, A.l. Adult mesenchymal stem cells for tissue engineering
versus regenerative medicine. J. Cell Physiol., 2007, 213, 341-347.
Stolzing, A.; Jones, E.; McGonagle, D.; Scutt, A. Age-related
changes in human bone marrow-derived mesenchymal stem cells:
consequences for cell therapies. Mech. Ageing Dev., 2008, 129,
163-173.

Arnulf, B.; Lecourt, S.; Soulier, J.; Ternaux, B.; Lacassagne, M.N.;
Crinquette, A.; Dessoly, J.; Sciaini, A.K.; Benbunan, M.
Chomienne, C.; Fermand, J.P.; Marolleau, J.P.; Larghero, J. Pheno-
typic and functional characterization of bone marrow mesenchymal
stem cells derived from patients with multiple myeloma. Leukemia,
2007, 21, 158-163.

Corre, J.; Mahtouk, K.; Attal, M.; Gadelorge, M.; Huynh, A,
Fleury-Cappellesso, S.; Danho, C.; Laharrague, P.; Klein, B.;
Reme, T.; Bourin, P. Bone marrow mesenchymal stem cells are ab-
normal in multiple myeloma. Leukemia, 2007, 21, 1079-1088.
Giles, F.J.; Keating, A.; Goldstone, A.H.; Avivi, I.; Willman, C.L.;
Kantarjian, H.M. Acute myeloid leukemia. Hematol. Am. Soc. He-
matol. Educ. Program, 2002, 73-110.

Sun, L.Y.; Zhang, H.Y.; Feng, X.B.; Hou, Y.Y.; Lu, LW.; Fan,
L.M. Abnormality of bone marrow-derived mesenchymal stem
cells in patients with systemic lupus erythematosus. Lupus, 2007,
16, 121-128.

Cipriani, P.; Guiducci, S.; Miniati, I.; Cinelli, M.; Urbani, S.; Mar-
relli, A.; Dolo, V.; Pavan, A.; Saccardi, R.; Tyndall, A.; Gia-
comelli, R.; Cerinic, M.M. Impairment of endothelial cell differen-
tiation from bone marrow-derived mesenchymal stem cells: new
insight into the pathogenesis of systemic sclerosis. Arthritis
Rheum., 2007, 56, 1994-2004.

Macmillan, M.L.; Blazar, B.R.; Defor, T.E.; Wagner, J.E. Trans-
plantation of ex-vivo culture-expanded parental haploidentical
mesenchymal stem cells to promote engraftment in pediatric recipi-
ents of unrelated donor umbilical cord blood: results of a phase I-11
clinical trial. Bone Marrow Transplant, 2008, (Epub ahead of
print).

Lazarus, H.M.; Koc, O.N.; Devine, S.M.; Curtin, P.; Maziarz, R.T.;
Holland, H.K.; Shpall, E.J.; McCarthy, P.; Atkinson, K.; Cooper,
B.W.; Gerson, S.L.; Laughlin, M.J.; Loberiza, F.R., Jr.; Moseley,
A.B.; Bacigalupo, A. Cotransplantation of HLA-identical sibling
culture-expanded mesenchymal stem cells and hematopoietic stem
cells in hematologic malignancy patients. Biol. Blood Marrow
Transplant, 2005, 11, 389-398.

Ringden, O.; Uzunel, M.; Rasmusson, |.; Remberger, M.; Sund-
berg, B.; Lonnies, H.; Marschall, H.U.; Dlugosz, A.; Szakos, A.;
Hassan, Z.; Omazic, B.; Aschan, J.; Barkholt, L.; Le Blanc, K.
Mesenchymal stem cells for treatment of therapy-resistant graft-
versus-host disease. Transplantation, 2006, 81, 1390-1397.

Ball, L.M.; Bernardo, M.E.; Roelofs, H.; Lankester, A.; Cometa,
A.; Egeler, R.M.; Locatelli, F.; Fibbe, W.E. Cotransplantation of ex
vivo expanded mesenchymal stem cells accelerates lymphocyte re-
covery and may reduce the risk of graft failure in haploidentical
hematopoietic stem-cell transplantation. Blood, 2007, 110, 2764-
2767.



Treatment of Inflammatory Diseases with Mesenchymal Stem Cells

[102] Le Blanc, K.; Frassoni, F.; Ball, L.; Locatelli, F.; Roelofs, H.; [103]
Lewis, I.; Lanino, E.; Sundberg, B.; Bernardo, M.E.; Remberger,
M.; Dini, G.; Egeler, R.M.; Bacigalupo, A.; Fibbe, W.; Ringden, O.
Mesenchymal stem cells for treatment of steroid-resistant, severe,
acute graft-versus-host disease: a phase Il study. Lancet, 2008, 371,
1579-1586.

Inflammation & Allergy - Drug Targets, 2009, Vol. 8, No.2 123

MacMillan, M.L.; Weisdorf, D.J.; Wagner, J.E.; DeFor, T.E,;
Burns, L.J.; Ramsay, N.K.; Davies, S.M.; Blazar, B.R. Response of
443 patients to steroids as primary therapy for acute graft-versus-
host disease: comparison of grading systems. Biol. Blood Marrow
Transplant, 2002, 8, 387-394.

Received: October 23, 2008 Revised: November 17, 2008

Accepted: December 3, 2008



