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Abstract

Although stem cell therapy is not a new field, the field was limited to transplantation of hematopoietic stem cells. Such transplanta-
tion has provided invaluable information for the emerging field with new stem cells. Mesenchymal stem cells (MSCs) are an attractive
source for therapy; reduced ethical concern, ease in expansion, as off-the-shelf stem cells. MSCs exert immune suppressive properties,
providing them with the potential for immune suppressive therapy such as autoimmunity, asthma, allergic rhinitis and graft versus host
disease. In addition, MSCs, as well as other stem cells, can be applied for bone and cartilage repair, cardiovascular disease, and neural
repair/protection. The data thus far with MSCs are mixed. This review discusses the immune-enhancing properties of MSCs to explain
the possible confounds of inflammatory microenvironment in the MSCs therapy. Although this review focuses on MSCs, the information
can be extrapolated to other stem cells. The review summarizes the biology of MSCs, including multilineage differentiation potential,
transdifferentiation capability, and immunological effects. We emphasize the key concepts that may predict the use of these cells in
medicine, namely, the application of these cells from the bench to the bedside. Prospects on immunotherapy, neuroregeneration, and

cardiovascular repair are used as examples of tissue repair. Clin Trans Sci 2011; Volume 4: 380-386
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Mesenchymal Stem Cells (MSCs)

MSCs appear to comprise of heterogeneous cell subsets, as
indicated by the varied functional outcome. A major advantage
of studying MSCs is that they appear to be similar by phenotype
and exhibit multilineage differentiation. The question is whether
MSCs are indeed heterogeneous, or if the differences in functions
are attributed to the source and/or the method of culture.

MSCs are ubiquitously present and can be isolated in both
adult and fetal tissues.'” MSCs are also found in the amniotic
fluid with the highest frequency during the first trimester.* Stem
cells from the placenta, although not designated as MSCs, seem
to be comparable with the functions and phenotype of MSCs.?
The frequency of MSCs in umbilical cord blood is low.¢ However,
the Wharton jelly of umbilical cord appears to be a more “rich”
source of MSCs.*

In adults, bone marrow and adipose tissues are major sources
of MSCs. In bone marrow, MSCs surround blood vessels, are in
contact with the trabeculae and might be also located close to
the endosteum.?” The adipose tissue is a major source of MSCs,*
making adipose tissues as a significant source of MSCs in future
treatment. While some laboratories use MSCs from bone marrow,
in other laboratories, investigations are reported with adipose-
derived MSCs. It is unclear if the source of tissues for propagating
MSCs is linked to social issues of the country and/or other issues,
such as the lack of collaborations with clinical personnel to obtain
the bone marrow aspirates or adipose tissues. Regardless, the data
from each source of MSCs will require careful consideration to
determine if the source of MSCs can influence the cells’ functions.
These types of analyses will be relevant for the effective translation
of MSCs to patients. The discussed concern is underscored by
a report showing differences in chondrogenesis between MSCs
from the bone marrow and from adipose tissue.” However, there
are reports that describe little differences in the functions of MSCs
from bone marrow and adipose tissues.'® We propose that robust
studies are required to compare MSCs from bone marrow and
adipose tissues. Answers to the functions of different sources of

MSCs might not be limited to different tissues, but within areas
of an organ. MSCs have been reported at regions close to the
endosteum, in addition to regions surrounding blood vessels.
Therefore, studies might be required to compare adipose-derived
MSCs with those from different regions of the bone marrow.

MSCs differentiate along distinct lineages to generate stroma,
adipocytes, chondrocytes, osteogenic cells, and cartilage, among
other lineages'! (Figure 1A). Currently, expanded MSCs suggest
that there are multiple subsets and each subset might be primed
to form a distinct specialized cell. This premise is mostly based on
the expression of specific differentiation genes.'? These studies are
relevant because it would be possible to select particular subsets
of MSC:s for specific cell therapy. For example, a population of
CD146-expressing subendothelial cells can form osteogenic and
stromal cells, suggesting that they could be osteoprogenitors.'?
Since both osteoblast and stroma are hematopoietic-supporting
cells, the information on CD146-expressing MSCs would be
significant in clinical intervention for hematopoietic regulation,
such as bone marrow transplantation.

Morphologically, MSCs are symmetrical cells with
fibroblastoid appearance.’ Among the markers found on MSCs
are, CD44, CD29, CD105, CD73, CD90, and CD166. MSCs do
not express markers of hematopoietic cells such as CD45."* The
embryonic origin of MSCs is unclear. Reports suggest that MSCs
may be of mesodermal and neuroepithelial origins.'"'* MSCs
show structures comparable to smooth muscle and are generally
referred as stem cells of mesodermal origin. The designation,
neuroepithelial versus mesodermal, is fundamental to appreciate
the limit of MSCs with regard to their ability to generate specialized
cells. If the MSCs are indeed mesodermal, the ability to form
neurons is significant because this underscores the cells’ plasticity
to traverse germ layer: mesoderm to ectoderm; generally referred
as transdifferentiation. On the other hand, if the source of MSCs
is indeed neuroepithelial, this would explain the ease by which
they form functional neurons and other neuronal cells.’->
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the microenvironment. MSCs express several
receptors for cytokines, such as interferon y and
TGF-B and chemokines.?’~** Their placement
within a milieu of inflammatory mediators could
result in predicted outcomes since MSCs are
known suppressors of immune cell functions:
dendritic, natural killer and T and B cells.*
However, the activation of cytokine receptors
is likely to activate MSCs for immune responses,
such as antigen presentation and autoimmune
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responses.”*"*2 Together, these findings suggest
that MSCs and generated specialized cells might
establish communications with inflammatory
mediators within the areas of tissue damage
through a network that encompasses cytokines
and their receptors, in addition to the recruitment
of other immune cells.

Immune Biology of MSCs

MSCs show functional plasticity with regard
to their immune properties by exerting both
immune suppressor and enhancer functions.”
In addition, MSCs might be instructive cells
to macrophages as a mechanism of tissue
repair.** MSCs produce varied cytokines
that can mediate autocrine and/or paracrine
stimulation.? Dominci et al.>* suggested major
histocompatibility complex-II (MHC-II)
expression to be included among the minimal
requirements for cells designated as MSCs.

Figure 1. (A) MSCs show lineage differentiation to smooth muscle type cells, in the presence of distinct growth
factors. (B) Shown is the maintenance of stemness by Oct4 and REST, regulating the expression of each other.
Stemness can be challenged by cytokines, which could alter the expressions of REST and Oct4.

However, there are several reports of cells that
show phenotype similar to MSCs that exhibit
plastic adherence, with multilineage capabilities,

A major concern for the clinical application of MSCs is their
safety with regard to tumor formation and immune rejection.
Since MSCs are already in the clinic,”?* the limited data suggest
that these stem cells could be safe, and more importantly can
be delivered across allogeneic barriers.” If MSCs can be used as
off-the-shelf sources, this makes them particularly attractive for
clinical application. In addition, MSCs can easily form other cell
types, making them attractive for application to treat multiple
disorders, to repair and protect tissues.

The potential use of MSCs in clinical application is linked
to their immune properties. Although mostly considered
as immunosuppressors,'** MSCs can also exert immune-
enhancing properties. These two broad functions are expected
to be at the forefront when MSCs are considered for any type of
clinical application. Therefore, the next section has an expanded
discussion on the biological properties of MSCs, with a focus on
the cells; immune functions.

The results of early clinical trials for graft versus host
disease with MSCs are mixed. The contradictory outcome of
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but with undetectable MHC-II. It is possible that
a population of MSCs expresses MHC-II and its
expression does not require prior stimulation with inflammatory
mediators.'**? The expression of MHC-II provides the cells with
the ability to act as antigen presenting cells (APCs).**

Despite the functional similarities between MSCs and other
APCs, they differ with regard to MHC-II expression.” Although
there are no direct studies that link MHC-II with immune
functions, the APC functions of MSCs and, subsequent decrease
in MHC-II at high interferon gamma (IFNYy) level indirectly link
MHC-II with immune functions. The differences in MHC-II
expression are significant to an understanding of the responses by
stem cells at sites of tissue injury with immune cells. In a milieu
of inflammatory mediators, MSCs show a bimodal expression of
MHC-II with high densities at low levels of IFNy, and decrease
at high IFNYy levels.*” This contrasts macrophages where MHC-
IT expression is proportional to IFNy levels.’® Based on these
differences, it is apparent that the levels of IFNy and perhaps
other cytokines that are involved in the regulation of MHC-II
could be fundamental in determining the responses of MSCs.
To be specific, MHC-II expression would determine if the MSCs
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will respond as immune suppressor or enhancer. The immune
suppressor functions would prevent the host from responding
to MSCs as allogeneic cells.

The molecular mechanisms in MHC-II expression in MSCs
appear to be regulated at the level of the transcription factor
CIITA.* In vitro studies showed MHC-II decrease on MSC-
derived neurons, but reversion in the presence of IFNy.” This
finding is highly significant since future therapies with MSCs need
to address the possibility that there could be immune rejection of
the implanted cells by the host immune system. Reexpression of
MHC-II could occur at times long after implantation. At that time,
their tolerance to the host’s cells might be nonexistent since MHC-
II was not expressed. Differentiated MSCs will need to be studied,
in vivo, to determine if, and how, MHC-II could be reexpressed. If
MHC-II is reexpressed, then future therapies will need to consider
methods that induce tolerance to the implanted cells.

Pro- and Antiinflammatory Mediators and MSCs

Sites of tissue injuries are complex with the presence of multiple
soluble and insoluble mediators as well as varied immune cell
subsets. This complexity is compounded by timeline and regional
changes of mediators at sites of tissue insult. For example, the
levels of particular cytokines would be different, depending on the
time after injury. In addition, at a specific time, the levels could be
different, depending on the distance from the focus of injury.

This review briefly discusses two cytokines, interleukin-la
(IL-1a) and transforming growth factor-beta (TGF-P). IL-1 is
selected because it could regulate other cytokines with positive
and negative effects.”” TGF-p is discussed due to its role as a
pro- and antiinflammatory mediator.*” Another reason to discuss
TGF-P is due to its association with oncogenesis. The oncogenic
role of TGF-p is significant if MSCs and other stem cells are
introduced directly for therapy.** The placement of stem cells
within a milieu of inflammatory mediators will establish crosstalk
between the cells and the microenvironment, which would alter
the functions and also the biology of the implanted stem cells. The
efficiency of MSCs or other stem cells in clinical application would
be achieved with detailed studies on the effects of cytokines on
genes associated with pluripotency because most of those genes
are linked to oncogenesis and tumor suppression.

IL-1a belongs to the family of IL-1 cytokines.* This family
is central to inflammation and host defense. IL-1a and IL-1f
appear to exhibit similar effects through the type I IL-1 receptor.
IL-1 could be considered significant in an understanding of stem
cell responses to tissue factors because of its ability to induce
the expression of other inflammatory mediators. Since IL-1
can be induced by tissue insults such as infectious agents or
hypoxia, it is likely that this cytokine can regulate the expression
of inflammatory mediators at the sites of tissue injury.* In this
regard, IL-1 can exert its effects on stem cells could be direct or
indirect through other cytokines.*>* In addition, IL-1 could cause
indirect effects on neurons by inducing other cytokines in the
surrounding cells, which in turn can bind to neurons.*>#-4¢

TGEF-B1 belongs to a superfamily of proteins that include
the activins, inhibins, and bone morphogenic proteins.” TGF-
receptors are ubiquitously expressed by various cell types,
including malignant cells.*** TGF-p1 interacts with receptor
subtypes I and IL.* Type I signaling involves four members of
the Smad transcription factors.”'~> The type II receptor activates
the type I form.* The family of TGF-p proteins has been
linked to developmental processes such as embryogenesis and
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neurogenesis.””* TGF-B1 is an immune modulator, inhibits cell
proliferation and affects differentiation and apoptosis.”®> TGF-f1
has been determined to exhibit both tumor-suppressor and
oncogenic properties and can therefore inhibit cell proliferation
and promote malignancy.” TGF-B1 has been reported to activate
the differentiation of MSCs to myoblasts, which can support
tumor growth.” This property of TGF-p on MSC is significant
to future therapy if the recipient has an underlying/undiagnosed
tumor.

Microenvironment of Tissue Injury in MSC Therapy

The advent of stem cell therapy, other than the well-established
therapy with hematopoietic stem cells, brings us the question of
how the cells should be applied: as pluripotent cells versus partially
or fully differentiated cells. These questions are difficult to answer,
in the absence of adequate experimental studies. Most important,
regardless of the maturational stage of the cells, they are expected
to be delivered within tissues of complex microenvironment.
Going forward, the answers to these questions are critical for
successful treatment of human disease.

MSCs offer the potential to treat complex disease for which no
definitive solution has been obtained. These include neurological
diseases such as Parkinson’s disease, insulin-dependent diabetes,
traumatic brain injury, Huntington’s disease, and multiple
sclerosis.®* Unlike in vitro conditions of the investigative
laboratorys; sites of injury and trauma present a vast number of
proinflammatory mediators and cytokines. For example, IL-1 if
produced in an inflammatory microenvironment would be able
to interact with MSC-derived neurons.® Genes associated with
stem cell pluripotency and tumorogenicity such as Repressor
Element-1 Silencing Transcription factor (REST) and Oct4 may
be influenced by the presence of these microenvironmental
molecules, as well as regulating the expression of each other, based
on our bioinformatics analyses (Figure 1B). We focus on Oct4 and
REST, although there are other stem cell-associated genes that are
involved. Oct4 and REST represent prototypical stem cell genes
that can be influenced by microenvironmental factors to change
the functions and perhaps the maturation of stem cells.

REST, also known as Neuron Restrictive Silencing Factor, is
a DNA-binding protein that exerts both tumor-suppressor and
oncogenic properties.®® REST assembles a repressor complex
to modify histone acetylation, chromosomal methylation,
and DNA phosphorylation in promoter regions of a wide
array of genes.®*”* Since REST is a tumor-suppressor gene’
its discussion might explain the risks of cytokines, at sites of
tissue injuries, in predisposing stem cells to transformation.
Consider that REST is involved in maintaining pluripotency
as well as suppressing tumor formation. We will discuss the
possible changes triggered by alterations in REST expression,
in response to varied cytokine levels. Similar discussion could
occur with Oct4, which is linked to both oncogenesis and
pluripotency”™ (Figure 1B).

Oct4, also referred as octamer-binding transcription factor
(also Pou5F1), is expressed in adult and embryonic stem cells.
However, the expression of Oct4 comes with controversies since
others have argued against its expression in somatic cells and its
involvement in the pluripotency of adult stem cells. Recent studies
have identified different isoforms of Oct4 that might account for
the seeming differences in the literature.” Regardless, as cells
differentiate, Oct4 expression is decreased, underscoring its link
to pluripotency.”®
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MSC Regarding predisposition to
(Inflammatory Microenvironment transformation, we refer to the derivation
MSC of inducible pluripotent stem cells in which
Ll iy Oct4 is among the four genes that can convert
adult fibroblasts to cells to embryonic-
like cells.”” In addition, Oct4 expression is
increased in various tumors,***! in addition
to its presence in cancer-initiating cells.* The
latter finding is highly significant because if
Oct4 is involved in transforming implanted
cells to cancer-initiating cells, this will be
difficult to identify. We propose that this
role of Oct4 should not be trivialized since
this could be fundamental to safety of stem
cell therapy.

The future of stem cell therapy would
require in-depth investigation on the
role of cytokines and other inflammatory
mediators in Oct4 expression, in addition
A to other pluripotent genes. If cytokines can
regulate Oct4 expression, this would lead to
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Figure 2. Shown are comparisons of MSC responses, with regard to neurotransmitter genes, in the presence of . ©, h he behavi £ 1Is th h
noninflammatory region and with a milieu of inflammatory microenvironment. Left: REST represses the expres-  1nSights on the behavior ot stem cells throug
sion of neurotransmitter genes; Right: IL-1a decreases the expression of REST to de-repress neurotransmitter changes in genes regu]ated by Oct4, as well

expression, and also enhanced neurogenesis. as those that regulate Oct4 expression. This
information would not be important only for

stem cells, but also during the maturation to

IL-1 could be a master regulator of other cytokines. TGF-f1 specialized cells. Overall, REST and Oct4, as discussed, are among
could negatively affect inflammatory responses. IL-1a has been  the genes that could provide insights on the complex interactions
shown to cause a rapid decrease in REST expression in MSCs."”  that might occur in vivo. We propose that the crosstalk that could
While this increase could be an advantage to tissue repair, the ~ begin with stem cells and the differentiated cells with tissue

rapid decrease in REST expression could predispose the cell microenvironment could be an advantage for tissue repair. It is
to transformation. This assumption is based on other studies possible to develop effective therapies by taking advantage of the
showing a tumor-suppressor role of REST.”>” tissue microenvironment. Currently, these studies are fragmented,

To explain the possible crosstalk between stem cells and ~ but are fundamental for effective therapy.
microenvironmental factors, we incorporate two neurotransmitter
genes with the role of REST in their expressions as MSCs develop Application: Cardiac Repair as an Example

into mature neurons (Figure 2). Stem cells are nonneural cells Currently, cardiovascular disease ranks as the leading cause
and are therefore expected to repress neural genes. However,  of death in the United States, accounting for greater mortality
when stem cells mature to neurons, the neural genes are de-  than cancer, accidents, and pulmonary disease. It is also a
repressed while nonneuronal genes should be repressed. REST  significant cause of morbidity worldwide.® The incidence of
expression is critical in the expression of neural and nonneural myocardial ischemia increases with age and declining health, as
genes. Indeed, the regulatory regions of the neurotransmitter  cardiomyocytes become susceptible to ischemia-induced death,
TACI gene and tyrosine hydroxylase gene have binding sites leading to scar formation and diminished contractile function.
for REST."””* As expected, REST acts as a repressor for TACI Myocardial repair and regeneration has been a topic of interest

transcription in nonneuronal cells.”” During the development of  ij the field of stem cell biology, as MSCs have been shown to
MSCs to neurons, REST expression is gradually decreased, leading  differentiate into functional myocytes when subject to the proper

to TACI expression.” Stimulation of MSCs or the early neuronal  mijcroenvironment or chemical induction cocktail.*** There
differentiated MSCs with IL-1 led to rapid decrease in REST with are reviews on MSCs in Cardiac repair.sé MSCs are attractive
concomitant increase in TACI expression.'” This increase in the  stem cells in cardiac repair showing differentiation to cardiac,

neurotransmitter gene is consistent with a repressor function of  vascular muscle, and endothelial cells.” This section presents few

REST. These findings, if placed in the context of MSCs at sites  examples of MSC differentiation into cardiac myocytes that will
of tissue injuries, could explain why the response of implanted be highlighted in this section.

cells could be unpredictable. First, it is unclear what cytokines Induction of MSCs into various lineages requires specific
will be at the region of tissue injury. Second, the differences in growth factors, such as B-glycerophosphate/ascorbic acid for
receptors at varied maturational stage of MSCs. Regardless, it is osteogenesis, hydrocortisone for stroma, TGE-B family members

expec.ted tha.t crosstalk wlou!d b‘? establishediwith the MSC} and for chondrogenesis, and indomethacin for adipogenesis (Figure 1A).
cytokines (Figure 2). At this time it would be difficult to predict the Cardiogenic induction has been demonstrated by treating MSCs
physiological responses unless there are further investigations that  with 5-azacytidine, which is a DNA-demethylating agent that
provide insights on the role of inflammatory mediators such as  resulted in demethylation of the glycogen synthase kinase-3p
cytokines in the molecular changes leading to altered expressions  promoter.** Cocultures of MSCs with cardiac myocytes resulted
of neuronal genes. in the expression of cardiomyocyte-specific genes.* Although this
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effect was enhanced by hepatocyte growth factor and insulin like
growth factor-1,% other studies show a role for notch 1 in bone
marrow-derived MSCs in cardiac repair.”

As discussed above, prior to the administration of MSCs for
cardiac repair, the hurdle of delivery as well as other confounds
must be overcome. Intravenous delivery of MSCs has been used in
clinical trials thus far.” Intravenous administration is an attractive
strategy because it is not invasive and also allows for repeated
administration.” The migratory ability of MSCs to cardiac tissue
is one of the reasons why these cells may be efficient for cardiac
repair. However, a significant obstacle posed by MSC therapy
is the low percentage of MSCs that ultimately migrates to the
injured heart.”’ Coadministration of MSCs and granulocyte
colony-stimulating factor in rats with myocardial infarction
resulted in improved efliciency.” The mechanism governing
this effect may involve the stromal cell-derived factor-1 (SDF-
1)/CXCR4 axis on MSCs, which normally functions in homing
and mobilization.”’ Research into the optimization of SDF-1/
CXCR4 interaction may lead to facilitation of MSC delivery to
ischemic cardiac tissue.”*?

Another significant drawback to stem cell therapy using MSCs
for cardiovascular disease is that MSCs have fastidious growth
conditions, leading to cell death if the stem cells are not properly
maintained. The phosphatidylinositol® kinase pathway has been
shown to play an essential role in the survival of MSCs. MSCs
that were transduced with Akt, or protein kinase B, resulted in
improved ventricular remodeling and establishment of functional
cardiac improvement within a few days.”> The transduced cells
appear to have a growth/trophic factor signature that may play a
role in maintaining MSC survival; these include fibroblast growth
factor-2, HGEF, vascular endothelial growth factor (VEGF), and
insulin growth factor (IGF-1).”> VEGF and IGF-1 can protect
cardiac myocytes from apoptosis while enhancing endothelial
cell function. Studies have identified the trophic factor-mediated
JAK-STAT signaling pathway to be relevant to the protection
of MSCs during cardiac repair.”> MSCs could be engineered to
express chemokines to improve the cells’ functions in cardiac
repair.”** Together, the discussed literature indicates that contact-
independent factors play important roles in maintaining MSC
viability in the context of stem cell therapy for cardiovascular
disease.

Upon homing to target tissues, MSCs can secrete a variety
of cytokines, such as TGF-{, which has been shown to recruit
immunosuppressive T-cell subsets.”® Through the secretion of
TGF-B, MSCs may be able to enhance cardiac repair through
recruitment of regulatory T lymphocytes (T, ).***” Inany case, it is
critical to further explore the effects of cytokines and MSCs within
the cardiac tissue microenvironment in order to understand the
benefits and limitations of stem cell therapy. The recruitment of
T, could be important for long-term engraftment of MSCs since
studies have shown immunogenic responses to differentiated
MSCs in cardiac repair.”®

In summary, scientists have demonstrated that by placing
MSCs in a microenvironment containing the appropriate cues,
MSCs can give rise to functional myocardial tissue, allowing
them to serve as a valuable source in regenerative medicine.
MSCs can exert paracrine effects through secretion of various
cytokines that lead to suppression of inflammation. Despite these
in vitro findings, the clinical significance in terms of treatment of
patients remains to be tested. Further complicating the picture is
the idea that there is no clear consensus regarding the myocardial
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regenerative capacity of MSCs. As research in this area progresses,
the future may see broader applications for MSCs for treatment
of cardiac injury.

Conclusion

This review summarizes the complex network that could develop
with stem cells if placed within a milieu of tissue injury. Although
we selected MSCs to discuss the complex issues, it should be
stressed that similar mechanism could occur by any stem cell.
The review attempted to bring attention to the potential that
undetermined responses could occur when stem cells are
placed in vivo. We suggest that in-depth experimental systems
are required for defined animal models. The plastic properties
of MSCs provide these cells with the ability to interact with
mediators at different microenvironment. These properties, in
addition to the wide application of MSCs indicate that effective
translation of MSCs will require global standardizations.”
Together, these studies will enable efficient clinical trials with
any stem cells since it might be better to predict outcomes. It is
paramount to consider the cytokines, other proinflammatory
and antiinflammatory mediators as well as resident cells that
could establish a crosstalk with the implanted stem cells or their
differentiated cells. Crosstalk between the cells and mediators in
a microenvironment can change rapidly, depending on the rate
of differentiation. Furthermore, if the stem cells are dispersed
this would indicate that each stem cell would be in its own
microenvironment. This would indicate that within the site of
tissue injury, there could be a lack of synchrony in the types of
receptors on each cell. Although not discussed in this review, a
major issues with MSC treatment is their role in supporting and/
or protecting tumors.”” The fast-growing field of cancer stem cells
brings to the surface, the safety of treating patients with MSCs.
The presence of cancer stem cells might not correlate with clinical
detection of the cancer, leaving the treatment with MSCs in a
subject with cancer stem cells.'®
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