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ABSTRACT

BACKGROUND Adult bone marrow derived MSCs had been explored to treat
myocardial infarction (MI) and heart failure, for which various beneficial paracrine
effects had been suggested. Since MSCs in vitro express anti-inflammatory cytokines, we
tested the hypothesis that changes in the pro-/anti-inflammatory cytokine ratio in the
infarct microenvironment may provide such a paracrine mechanism to improve early
cardiac function following acute coronary occlusion.

Methods Rats (n=88) underwent acute left coronary artery ligations and were randomized
into groups M and C and then injected with culture media or MSCs, respectively. These
rats underwent blinded echocardiography to evaluate left ventricular ejection fractions
(LVEF). Real Time PCR was used to compare cytokine gene expression for IL-1p, IL-6,
IL-8 (pro-inflammatory) and IL-10 (anti-inflammatory) at various times. Extra-cellular
matrix (ECM) deposition and inflammatory cell infiltration were also analyzed.

Results As early as 12 hours, the ratio of pro-/anti-inflammatory cytokine gene
expression in group C was significantly lower than group M. Similar results were found
at 24 hours,1 and 2 weeks, respectively. LVEF improved significantly in group C
(M=62% vs C=68% at 12 hours*, M=66% vs C=75% at 24 hours*, M=57% vs C=75% at
1 week*, and M=52% vs C=70% at 2 weeks*, *p<0.01). The ratio of MMP-2/TIMP1
levels was lower in the Group C at all time frames, reaching significance at 12 and 24
hours and 2 weeks. In group C, histopathological analysis revealed significantly less
ECM deposition (M=1.95% vs C=0.75% at 24 hours*, M=19.30% vs C=9.36% at 1
week*, M=24.46% vs C=7.57% at 2 weeks*, *p<0.01). This was associated with
significantly decreased inflammatory cell infiltration after 24 hours.

Conclusions The current data suggests that MSCs therapy decreases the pro-/anti-
inflammatory cytokine ratio in the infarct microenvironment. This is associated with
improved cardiac function, reduced ECM deposition, and decreased inflammatory cell
infiltration. This paracrine mechanism of MSCs therapy may explain the early functional

improvement after MI before cell transdifferentiation or other mechanisms takes place.



Résumeé

INTRODUCTION Les cellules souches mésenchymales (MSC) dérivées de la moelle
osseuse adulte ont été étudiées pour traiter les infarctus myocardiques et les arréts
cardiaques, pour lesquels divers effets paracrines bénéfiques ont été suggérés. Puisque les
MSC in vitro expriment des cytokines anti-inflammatoires, nous avons testé 1’hypothése
comme quoi des changements au niveau du ratio de cytokines pro-/anti-inflammatoires
dans le microenvironnement de I’infarctus pourraient mettre en marche le mécanisme
paracrine qui améliorerait la fonction cardiaque immédiate (& court terme) suivant une
occlusion coronaire aigué

Méthodes Des rats (n=88) ont subi des ligations aigué&s de I’artére coronaire gauche et
ont été placés au hasard dans les groupes identifiés M et C. Ceux du premier groupe ont
regu une injection de milieu de culture, alors que ceux du second en ont eu une de MSC.
Ces rats ont subi une échocardiographie pour évacuer les fractions d'éjection ventriculaire
gauche (FEVGQG). Le test de PCR en temps réel a été utilisé pour comparer 1I’expression des
geénes pour IL-1B, IL-6, IL-8 (pro-inflammatoires) et [L-10 (anti-inflammatoire) sur des
laps de temps différents. Les dépots de matrice extra-cellulaire (MEC) et P’infiltration des
cellules inflammatoires ont aussi été analysés.

Résultats Aprés seulement 12 heures, le ratio d’expression du géne des cytokines pro-
/anti-inflammatoires du groupe C était beaucoup plus bas que celui du groupe M. Des
résultats similaires furent notés apres 24 heures, 1 semaine et 2 semaines. Les FEVG se
sont améliorées grandement dans le groupe C (M=62% vs C=68% aprés 12 heures*,
M=66% vs C=75% aprés 24 heures*, M=57% vs C=75% aprés 1 semaine* et M=52% vs
C=70% aprés 2 semaines*, *p<0.01). Le ratio des niveaux de MMP-2/TIMP1I était moins
élevé dans le groupe C a chaque laps de temps, le résultat devenant significatifapres 12 et
24 heures, ainsi qu’aprés 2 semaines. Dans le groupe C, une analyse histopathologique a
révélé des dépdts beaucoup moins importants (M=1.95% vs C=0.75% aprés 24 heures*,
M=19.30% vs C=9.36% aprés 1 semaine*, M=24.46% vs C=7.57% aprés 2 semaines*,
*p<0.01). Ce phénoméne était associé & une infiltration des cellules inflammatoires

beaucoup moins grande apres 24 heures.
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Conclusions Les données présentées ici laissent paraitre que la thérapie aux cellules
souches mésenchymales (MSC) diminue le ratio de cytokines pro-/anti-inflammatoires
dans le microenvironnement de I’infarctus. Ce phénoméne est associé a une amélioration
de la fonction cardiaque, une diminution du dépdt de matrice extra-cellulaire et une
réduction de linfiltration des cellules inflammatoires. Ce mécanisme paracrine de
thérapie par cellules souches mésenchymales pourrait expliquer I’amélioration rapide de
la fonction cardiaque aprés un infarctus myocardique avant qu’une transdifférenciation

cellulaire ou que tout autre mécanisme ait lieu.
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Chapter 1

INTRODUCTION AND BACKGROUND
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With the advances in diagnostic techniques and pharmacological, interventional and
surgical therapies, the survival rates in patients with cardiovascular diseases have
improved. As a result, congestive heart failure (CHF) becomes the only cardiovascular
disorder that is increasing in incidence over time in North America. Heart failure is now
the most common cause of hospitalization in persons over 65 years old and has increased
by 155% during the past 20 years [1]. Heart failure constitutes a public health problem as
an emerging epidemic. Approximately 5 million patients were diagnosed to have CHF in
United States alone and 550,000 new cases are diagnosed yearly [2,3]. At least a tenth of
this prevalence is expected to exist in Canada. This represents a chronic and progressive
disease characterized by frequent hospitalization and high annual mortality rates (20-
40%)[4]. In addition, patients with CHF have demonstrated a much poorer quality of life
compared to patients with other chronic diseases, scoring poorly on various physical
function, emotional well-being and overall social scales [5, 6]. Current therapies for CHF
are associated with limited success, inherent complications and significant cost without
addressing the fundamental pathophysiological problem related to the loss of functioning
contractile cardiomyocytes. Therefore, there is a need to look for new therapies.

A novel approach currently under intensive investigation is cellular transplantation, which
is directly aimed to overcome the problem of myocardial cell loss. We first introduced the
term ‘cellular cardiomyoplasty in 1995 to indicate this new therapeutic strategy consisting
of replacing dead cardiomyocytes with newly functional contracting cells [7]. This
method consists of transplanting cells into the infracted area of the myocardium to 1)
increase or preserve the number of cardiomyocytes, 2) to improve vascular supply, and 3)
to augment the contractile function of the injured myocardium. Since its introduction,
animal studies and human clinical trials have shown that bone marrow derived marrow
stromal cells (MSCs) implantations have significant clinical benefits in patients with
myocardial infarction (MI) and CHF [8-10]. However, despite its promising initial results,
this technology is perceived with skepticism. This is mostly because of its still early stage
- of development, controversial mechanistic insight, contradiction to dogmatic principles
etc.

In this introduction, we will focus on the role of marrow stromal cells in the process of

inflammatory response during the heart repairing and myocardial regeneration, their
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effects in various experimental models of myocardial injury and we will review the most
updated information regarding the cellular and molecular signaling mechanisms through
paracrine effects of these MSCs administrated into the injury site and then undergo
‘milieu-dependent’ or in situ differentiation. Furthermore, we will introduce the recent
concept of MSCs immunomodulation and explore the evidence of different mechanisms

proposed for property.

1. Background of infarct healing in the myocardial infarction (MI)
Inflammation is an essential component in the pathogenesis of much common
cardiovascular disease, including myocardial infarction (MI), congestive heart failure, and
generalized atherosclerosis. The involvement of the inflammatory mechanism in heart
disease is still poorly understood and continues to challenge scientists and clinicians. The
role of inflammation is a natural evolutionary response to injury, and a mechanism for
healing and tissue repair. However, the inflammatory response can often be inadequate,
or overwhelming, leading to direct accelerated injury and even death of the host [11]. A
greater understanding of the delicate control system of the inflammatory cascade in heart
disease would be important for identifying key mechanisms in the disease process, and
aid in the development of new therapeutic approaches.

During acute myocardial infarction and other acute coronary disease, there are presently
several inflammatory proteins, cytokines, chemokines, and other intercellular adhesion
molecules, that have been identified and studied as potential markers for development of
various cardiovascular disease such as myocardial infarction and heart failure. MI is
associated with an intense inflammatory response and activation of the host innate
immune program for inflammatory cell mobilization and cardiac repair and remodeling.
The repair process post-MI begins with an acute inflammatory response beginning ar 12-
16 hours after the onset of ischemia. Neutrophilic granylocytes involving in removing
dead myocytes migrate into the infarcted region first and then peak at 24 to 48 hours post-
infarct [12). Then macrophages and lymphocytes follow and help clear up the cellular
debris. Subsequently the granulation tissue forms the border zone of the infarct
region.The remodeling and repair of the infarct area take place 2-3 weeks to a year after

MI. For the whole remodeling process, the inflammatory response causes self-repair and
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protection. However if there is an excessive autoimmune inflammatory response, due to
extreme cytokine and chemokine productions, a large number of immune cells will be
mobilized to the infarcted heart and this will lead to faster remodeling and hypertrophy
[13].

1.1 Repair process in healing infarcts

Sudden induction of ischemia by coronary artery occlusion triggers a series of events that
culminates in the death of ischemic cardiomyocytes [14]. Cardiomyocyte necrosis trigger
an inflammatory cascade that serves to clear the infarct of dead cells and matrix debris,
but also results in healing and replacement of the damaged tissue with scar. Thus, cardiac
repair after myocardial infarction is closely intertwined with the inflammatory response.
The myocardial healing process can be schematically divided into four distinct phases
[15,16]. (i) Necrotic phase: acute cell death secondary to necrosis and apoptosis
(immediately after M1). (ii) Acute inflammatory phase: inflammatory response in order to
absorb necrotic tissue (1-7 days). During the inflammatory phase, activation of
chemokine and cytokine cascades results in recruitment of leukocytes into the infarcted
area. Neutrophils and macrophages clear the wound of dead cells and matrix debris. (iii)
Sub-acute granulation phase: Activated macrophages release cytokines and growth
factors, leading to the formation of granulation tissue. At this stage, expression of
inflammatory mediators is suppressed, whereas fibroblasts and endothelial cells
proliferate. Granulation tissue formation consisting of proliferating myofibroblasts, which
increase the myocardial tensile strength and promote blood vessel proliferation thereby
improving tissue perfusion and cell survival (1-3 weeks). (iv) Chronic scar phase:
fibroblasts formation and micro-vessel regression generating the final collagen- rich scar
tissue (>1 month). Fibroblasts and vascular cells undergo apoptosis, and a collagen-based
scar is formed

Infarct healing results in profound changes in ventricular architecture and geometry also
referred to as ‘“ventricular remodeling”. The molecular and cellular changes associated
with ventricular remodeling affect both the cardiomyocytes and interstitial cells and
manifest clinically as increased ventricular size, altered shape of the ventricle, and

worsened cardiac function. Remodeling is linked to heart-failure progression and is
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associated with poor prognosis after myocardial infarction. Ventricular dilation after
myocardial infarction is an important predictor of mortality [17]and adverse cardiac
events (35), including the development of heart failure and ventricular arrhythmias
[18,19].

Although the pathways involved in remodeling remain poorly understood, it is clear that
the pathologic and structural changes associated with infarct healing directly influence
remodeling and affect prognosis in patients with myocardial infarction. Afier
cardiomyocytes die in the infarcted myocardium, granulation tissue cells and the
extracellular matrix network provide mechanical stability to the injured tissue. Thus,
preservation of the collagenous matrix is important to minimize infarct expansion. In
addition, defects in the healing process may be directly involved in the development of
lethal complications, such as cardiac rupture and ventricular aneurysm formation. Cardiac
rupture involves tearing of acutely infarcted tissue and results from mechanical

weakening that occurs in the necrotic and inflamed myocardium.

1.2 Cytokine release during MI and heart failure |

MI triggers a series of cellular and molecular mechanisms that regulate inflammation.
Rapid induction of innate immune response leads to local intense release of cytokines like
tumor necrosis factor (TNF-a) [20], IL-18 et al. Research has shown that cytokines such
as TNF-o is elaborated intrinsically within the myocytes within minutes of ischemia or
structural injury. One major pathway that may coordinate the host injury response
following injury such as infarction is the innate immunity-inflammaory cytokine and
chemokine activation pathways, which have been reviewed recently. These stress
cytokines include paracrine factors such as angiotensin, aldosterone, endothelin, and
TNF-o, IL-1B, and IL-6 et al. These inflammatory cytokines secreted post-MI in turn
promote signal transduction pathways leading to growth factor and chemokine production
such as stem cell factor (SCF), Flt-3/Flk-2 Ligand (FL), Stromal cell-derived factor-1
(SDF1) and matrix metalloproteinase (e.g. MMP9), which permits cell migration, shape
change and phenotypic alterations, along with deposition of abnormal collagen scar

elaboration remodeling factors [21,22].
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The cytokine inflammatory response post-MI can have two opposing activities, one as a
chemoattractant in order to mobilize innate immune cells to the myocardium that protect
against infection or the spread of cellular apoptosis and damaged tissue. However,
cytokine activity can inversely influence the outcome by causing to more cardiovascular
injury by altering myocyte contraction and inducing alteration of beta-adrenergic receptor
signaling leading to apoptosis and myocyte hypertrophy.

Also, these inflammatory cytokines secreted post-MlI, in turn, promote signal transduction
pathways leading to growth factor and chemokine production such as SCF, FL, SDF1 and
matrix metaloproteinases(e.g MMP9) [23], which permits cell migration, shape change
and phenotypic alterations, along with deposition of abnormal collagen scar elaboration
remodling factors. Therefore early cytokines mediated mechanisms are involved and are
detrimental for cardiac repair post-MI by mediating intracellular signaling, inflammatory
cell mobilization, as well as activation of growth factors and chemokine activity, setting a
vicious cycle of cell loss-wall stress and structural and functional deterioration.

Ischemia acts as a part of the host stress response, leading to cytokine induction through
various signalling pathways [24]. These pathways are up-regulated in response to diverse
stimuli such as free radical excess, hypoxia, osmotic dysregulation, and early membrane
injury. Peroxisome proliferator-activated receptor-g (PPAR-g) is another stress induced
inflammatory regulator. Some PPAR-g agonists such as pioglitazone and rosiglitazone
were associated with significant reductions in inflammatory cytokine levels in the
myocardium and were found to improve myocardial function and remodelling [25].
Pro-inflammatory cytokines, such as TNF-a, IL-18, and IL-6, are produced as a stress
response against myocardial injury [27]. These cytokines are not constitutively expressed
in the normal heart [27, 28]. However within the first hours of ischemic injury,
intramyocardial cytokines are up-regulated. The triggers of cytokine release during MI
include ischemic stimulus, mechanical stretch, reactive oxygen species (ROS), and
cytokine self-amplification pathways. If the infarction is large, or if host inflammatory
response is exuberant, there can be either sustained cytokine up-regulation or a second
wave of cytokine up-regulation, which may last for several weeks, corresponding to
chronic remodelling phase. Cécile et al reported that in the infarcted region, TNF-a, IL-

1B, and IL-6 gene expression had been found peaked at 1 week after infarction and
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decreased rapidly thereafter. In contrast, at 20 weeks after infarction, the gene expression
levels of these cytokines remained significantly higher in the noninfarcted than in the
infarcted zone [29]. Furthermore, the levels of these cytokines in the noninfarcted region
correlated with the left ventricular end-diastolic diameter measured at 8 and 20 weeks

after infarction (G1).

1.3 The cytokine cascade

Numerous studies have demonstrated activation of cytokine cascades in the infarcted
myocardium. Induction and release of the proinflammatory cytokines TNF-a, IL-18, and
IL-6, IL-8 are consistently found in experimental models of myocardial infarction
[30,31,32]. Complement activation, free radical generation, and NF-KB activation are
capable of stimulating cytokine mRNA synthesis in both resident and blood-derived cells,
resulting in marked cytokine upregulation in the infarcted area. One of the characteristic
features of cytokines is their functional pleiotropy and redundancy: one cytokine exhibits
a wide range of biologic effects on various cell types, and similar cytokines exert similar
and overlapping actions on the same cell type [33]. The multifunctional, overlapping, and
often contradictory effects of the cytokines have hampered understanding of their
functional role in infarct healing. Although the exact roleand interaction of these
cytokines in mediation of the injury is not clear, extensive charactization of their

physiological role has been described in the literature.

1.3.1 Interleukin-1 (IL-1)
The IL-1 gene family consists of three members: IL-1a, IL-18, and IL-1 receptor
antagonist (IL-1Ra). IL-1a and IL-18 are agonists, whereas IL-1Ra is a specific receptor
antagonist [34]. Both IL-1a and IL-18 are capable of inducing the expression of other
cytokines, chemokines, growth factors, and adhesion molecules. Marked IL-18
upregulation has been reported in experimental models as well as patients with
myocardial infarction [35, 36, and 37].

In the infarcted region, IL-1B gene expression had been found peaked at 1 week after
infarction and decreased rapidly thereafter. In contrast, at 20 weeks after infarction, the

gene expression levels of these cytokines remained significantly higher in the
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noninfarcted than in the infarcted zone [38].Another study showed that the peak of IL-1J
gene expression was 24 h later after ligation.

Another investigation suggested a protective role for IL-18 demonstrating that IL-18
neutralization in the acute phase of myocardial infarction resulted in increased occurrence
of cardiac rupture and enhanced adverse remodeling [38]. Much like TNF-o, IL-18 also
modulates fibroblast phenotype inducing AT-1 receptor expression [39] and upregulating
matrix metalloproteinase synthesis [40]. As a highly pleiotropic and multifunctional
mediator, IL-1 is likely to have a wide range of actions on various cell types involved in

the healing response.

1.3.2 Interleukin-6 (IL-6)

IL-6 is a member of a larger family of structurally related cytokines with overlapping
biologic effects. Extensive experimental evidence demonstrated induction of members of
the IL-6 family in healing infarcts [41]. IL-6 synthesis is rapidly induced in mononuclear
cells and cardiomyocytes of the ischemic myocardium [42,43,44]. Cardiac myocytes are
also reported to produce IL-6 under hypoxic stress [45]. IL-6 has profound effects on
cardiac myocytes by promoting cardiac hypertrophy, but also by protecting them from
apoptosis [46].

IL-6 is capable of modulating the phenotypic characteristics and gene expression of many
cell types involved in infarct healing. An increasing number of experimental observations
suggest that IL-6 is also capable of modulating cardiovascular function, exerting a
negative inotropic effects. Mice with overexpression of both IL-6 and IL-6 receptors
have been reported to show constitutive tyrosine phosphorylation of gp130 and to develop
cardiac hypertrophy [47]. IL-6—null mice demonstrated significantly delayed cutaneous
wound healing, suggesting a significant role for IL-6 in tissue repair [11].

However, Fuchs and co-workers [48] found that the absence of IL-6 did not affect infarct
size, left ventricular function, and postinfarction remodeling in nonreperfused infarcts.
Although these findings do not preclude biologically significant actions of IL-6 in healing
infarcts, it appears that in mice lacking IL-6, other mediators may act in a compensatory
manner to activate the JAK/STAT pathway, thereby maintaining STAT3

phosphorylation, which is crucial for the cellular effects of IL-6-related cytokines.
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IL-6 is an acute reactant cytokine with very early expression of the infracted myocardium.
Serum [evel of IL-6 is elevated after MI, and the myocardium is the major site of IL-6
production during myocardial ischemia. IL-6 delays the apoptosis process in neutrophils
with greater capacity for oxidant production. 1I-6 also has a regulatory role in the
generation of other cytokines such as IL-8, IL-18. The effects of IL-6 on neutrophils are
postulated to play a role in the mechanisms whereby IL-6 contributes to multiple organ
dysfunctions.

Both mRNA and protein levels of TNF-o and IL-6 are increased within 15-50 min of left
anterior descending artery (LAD) occlusion in the heart homogenates, and these elevated
level are generally sustained for 3 hours, then cytokine mRNA’s levels all returned to
baseline levels at 24 h, while IL-18, TNF-a and TGF-bl mRNA levels again rose
significantly at 7 days in animals with LAD occlusion [49]. In another study, IL-6 gene
expression peaked at 6 h and its expression remained higher at 2 days post-MI after

permanent ligation {S0].

1.3.3 Interleukin-8 (IL-8)

1L-8 is a chemokine produced by macrophages and other cell types such as epithelial cells
and endothelial cells.

IL-8 is a potent chemoattractant for neutrophil. It can activate neutrophils as well as T
lymphocytes, and control their trafficking. IL-8 is induced by the ischemic myocardium
in animal models [51, 52]. A considerable body of clinical evidence has also documented
that the myocardium is a major source of IL-8 during reperfusion after long duration of
ischemia 53], or after acute myocardial infarction (AMI) [53,54], and IL-8 peaked with
29.6-fold difference ligation and gradually declined thereafter to control levels at 7 days
post-MI [64]. The release of both superoxide and IL-8 were higher in patients with
complicated AMI than in those with uncomplicated AMI, indicating IL-8 is a major
contributor to the priming of neutrophils and may subsequently enhance the extent of
injury [55]. Correlated with the reduced expression of IL-8, neutrophil influx into the
infarcted area was decreased in Cé6-deficient rabbits subjected to regional ischemia and

reperfusion [56].
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In as much as neutrophil activation is a critical initial step in ischemia-reperfusion injury,
it has become evident that administration of anti-IL8 antibodies in rabbits prevents
cardiopulmonary injury [57, 58, and 59]. Indeed, a strong correlation between [L-8
production and postoperative cardiac troponin-I levels has been observed [60]. It should
be noted that, in addition to IL-8, other pathways exist for the recruitment of neutrophils
to the inflammatory site. For instance, circulating neutrophils from patients undergoing
aortic aneurysmectomy show delayed expression of constitutive apoptosis and such a
prolonged neutrophil survival may contribute to the inflammatory injury [61].
Nevertheless, IL-8 blockade has no direct effect on neutrophil apoptosis [62].
Interestingly, IL-8 also has a function of angiogenesis, which is protective for the

diseased heart [63].

1.3.4 Interleukin-10 (IL-10)

IL-10, a cytokine predominantly expressed by activated Th2 lymphocytes and stimulated
monocytes, possesses potent antiinflammatory properties [65,66]. Among the different
cell types affected by IL-10, monocyte-macrophages appear to be particularly modified
in regard to their function, morphology, and phenotype.

The potential role of IL-10 in experimental myocardial infarction has recently been
explored (Fig. 1) [67, 68]. IL-10 inhibits the production of IL-1a, IL-18, TNF-a, IL-6, and
IL-8 by lipopolysaccharide activated monocytes, suppressing the inflammatory response.
Furthermore, IL-10 may play a significant role in extracellular matrix remodeling by
promoting tissue inhibitor of metalloproteinases (TIMP)-1 synthesis, leading to
stabilization of the matrix [69]. This effect was inhibited when the incubation contained a
neutralizing anti-IL-10 antibody. IL-10_/_ mice showed an enhanced inflammatory
response after myocardial infarction demonstrated by increased neutrophil recruitment,
elevated plasma levels of TNF-o [66]. These studies underscore the importance of IL-10
in the healing process, suggesting that IL-10 may be involved in inhibition of the

postinfarction inflammatory response and in extracellular matrix remodeling
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Figure 1 IL-10 may play an important role in infarct healing by suppressing expression of
monocyte-derived inflammatory cytokines and by promoting extracellular matrix
accumulation through enhanced TIMP synthesis. In addition, IL-10 enhances M-CSF—
mediated monocyte (Mo)-tomacrophage (Ma) differentiation. F, fibroblast [190].

IL-10 mRNA and protein upregulation was demonstrated in the reperfused infarcted
myocardium by using a canine model of myocardial infarction. IL-10 expression was first
detected at 5 hours and peaked after 96—-120 hours of reperfusion, while it has also been
reported that IL- 10 expression peaked at 7 days instead of 2 days post-MI and was back
at control level at 28 days post-MI [67].

It is noteworthy that cytokines act both individually and within a network of interrelated
and interacting signals. IL-10 production is often proportional to the release of IL-8
during clinical CPB. For instance, the release of IL-10 during off-pump CABG is lower
than in conventional procedure, which could have been related to the reduced production
of IL-8 [70]. In combination with the reduction of IL-6 and IL-8, reduced production of
IL-10 has also been associated with the use of heparin-coated CPB circuits in patients
undergoing heart and heart-lung transplantation {71]. Furthermore, this was associated
with reduced postoperative myocardial injury as reflected by a lower release of cardiac
troponin-I 12 and 24 hours after reperfusion [72]. Thus, keeping a balance between pro-
and anti-inflammatory reactions, instead of blocking some individual mediators, may be
more crucial in determining the extent of the inflammatory response and the clinical

outcome.
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However, recently an in vitro experiment showed that IL-10 did not alter pro-
inflammatory chemokine synthesis by cardiac fibroblasts. This suggested that IL-10
signaling plays a non-critical role in suppression of inflammatory mediators, resolution of
the inflammatory response, and fibrous tissue deposition following myocardial infarction.
This study examining the effects of several cytokines in tandem and comparing the pro-
inflammatory ones, namely IFN-gama and TNF-q, to anti-inflammatory ones, namely IL-
10, has shown that patients with acute MI or unstable angina demonstrate increased level
of anti-inflammatory mediators in blood and cell cultures, and a reduced level of pro-
inflammatory IL-10. This demonstrates the cytokines imbalance that occurs due to acute

coronary syndromes.

1.4 Pro-inflammatory/anti-inflammatory cytokine imbalance in acute

coronary syndromes

Collectively, studies over the past year have strengthened the association between
inflammation and acute coronary syndromes disease. Tissue destruction acute coronary
syndromes are associated with the presence of pro-inflammatory cytokines, such as TNF-
a, IL-1B, IL-6 and IL-8 [73, 74]. However, it has also been suggested that pro-
inflammatory cytokines can activate homeostatic mechanisms to suppress inflaimmation
[75]. This dual activity of many key cytokines involved in acute coronary syndromes has
been a key topic recently, and understanding these mechanisms will be necessary to
understand the different inflammatory cytokines expression profile.

The inflammatory process is mediated through a complex cytokine network. The clinical
expressions and outcome of the disease can vary among different ethnic groups, possibly
depending upon the differential expressions of MHC and cytokine genes. Cytokines are
protein messengers that convey information between and within cells via specific cell
surface receptor molecules. The release of specific cytokines into the systemic circulation
has been observed in a variety of inflammatory disease including MI. Their concentration
levels usually reflect disease severity and prognosis.

However, most cytokines are expressed transiently, moreever different cytokines

expression have their own peak time. These cytokines can be induced or inhibited by
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other cytokines, so it has been suggested that a “cytokine network” may exist in which
cytokines regulate each other [76].

In MI, the balance between pro-inflammatory and anti-inflammatory cytokines
determines the degree and extent of inflammation, and thus can lead to different clinical
effects. Anti-inflammatory cytokines or cytokine antagonists counteract the effects of
pro-inflammatory cytokines and therefore the relative concentration of a cytokine to its
inhibitor or antagonist will determine its final effect.

Proinflammatory to anti-inflammatory cytokine ratios can signal the balance between
proinflammatory and anti-inflammatory forces. Previous studies [50] have demonstrated
early induction of IL-6 mRNA (peaking at 3 hours of reperfusion, Ref. 24), which was
markedly enhanced during the first 6 hours by reperfusion of the previously ischemic
myocardium; however, by 24 hours, IL-6 induction was also observed in nonreperfused
infarcts. Some current experiments suggested that IL-6 mRNA expression, which is
maximal at 3 hours of reperfusion, is down-regulated after 24 hours of reperfusion in the
same ischemic segments in which IL-10 mRNA induction is found. In contrast, animals
with permanent occlusion showed minimal IL-10 mRNA up-regulation and high IL-6
mRNA expression, which persisted for 96 h [77]. IL-10 expression was first detected at 5
hours and peaked after 96—120 hours of reperfusion. These findings showed the temporal
discrepancies for the cytokines expression. Thus, considering the balance between pro-
and anti-inflammatory reactions may be more crucial in determining the extent of the

inflammatory response and the clinical outcome.

1.5 Innate immune cells Mobilization Post-Myocardial Infarction

The body’s immune system is a complex network of specialized cells and organs that
define the body against foreign particles such as bacteria, viruses, and parasites. It has the
ability to distinguish between self and non-self antigens as well as build up memory and
become immune responsive to future exposure. By the process of hematopoiesis, which is
dependent on growth and mobilization receptors such as c-Kit, Fit3 and CXCR4, the
immune system produces and stores a great number of different cell types, including
lymphocytes(white blood cells; B and T-cells), Natural Killer(NK) cells, Dendritic

cells(DC) and macrophages. B-cells normally work by interacting with antigen presenting
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cells as macrophages and DC, to produce and secret antibodies tagging specific substance
to be destroyed by T-cells.

There are two types of T-cells, cytotoxic T-cells, which can identify foreign substance
and work without B-cell antibodies to destroy them, and B-cell dependent T-cells, which
required an antibody for tagging the foreign substance. Macrophages are versatile cells
that can act as antigen presenters for T-cells to initiate immune respbnse and
inflammation or can act as scavengers by secreting powerful monokines and destroying
old useless cells and debris. DCs are similar to macrophages in that they are antigen
presenters; however they can also cross talk with NK and T-cells to signal destruction.
The branch of the immune system that identifies foreigners and tissue or organ damage, is
referred to as the innate immune system, whereas the branch that requires previous
exposure and development of memory cells is referred to as acquired immune system.
Macrophages, NK cells, and DCs are the body’s most powerful innate immunity cells and
are the first line of defense in the bone marrow, spleen, and the circulation. The innate
immunity players are always ready to stress caused by either infection or injury. NK cell,
DCs, and macrophages not only response to a wide variety of host stresses quickly, but
they process the antigen to be recognized by B-cells and prepare for the acquired

immunity.

1.5.1 Cell-mediated inflammatory response

Myocardial inflammation is histological characterized by tissular accumulation of
circulating leukocytes. Once stimulated by the vascular endothelium, they migrate
through the vessel wall into the ischemic myocardial region. The adhesion of leukocytes
to the damaged vascular endothelium results in a massive migration of these
inflammatory cells (e.g. neutrophils, monocytes, mast cells) into the ischemic
myocardium, thus increasing myocardial tissue inflammation. This endothelial adhesion
and trans-vascular migration process may be favored by spontaneous or percutaneous

coronary intervention (PCI) -induced coronary plaque rupture [78].

1.5.2 Neutrophils
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Neutrophils’ infiltration into the myocardial ischemic regions may increase the infarction
size by promoting tissue inflammation and by their direct entrapment in the capillary
micro-vessels, both leading to a reduced myocardial local perfusion [78,79]. Furthermore,
local neutrophils’ accumulation may also increase thromboxan B2 (TxB2) or other toxic
substances production, which may lead to local vasoconstriction and platelet aggregation
[80]. These phenomena are frequently present after PCI and may be co-responsible for the

‘no reflow’ syndrome observed in the AMI setting.

1.5.3 Monocytes/macrophages

After migration of monocytes into the myocardial tissue, they become active
macrophages, which may release a variety of inflammatory substances, cytokines, and
growth factors [81,82]. Intravascular circulating monocytes as well as macrophages
contained in atheromatous plaques actively participate in the post-ACS or post-PCI

inflammatory healing process.

1.5.4 Mast cells

Mast cells are stimulated by the complement 5a (C5a) adenosine-reactive oxygen
complex, which is a necessary element for the development of the myocardial stunning
process often observed in a post-ischemic setting. Mast cells are therefore actively
implicated also in the post-MI inflammatory response. In fact, by degradation, they may
release vascular endothelium growing factors, fibroblast growing factors, and histamine,
all promoting elements of myocardial fibrosis and neoangiogenesis. During this fibrotic
angiogenetic process, myofibroblasts contribute to the extra-cellular matrix and the neo-

vessel formation aiming to constitute the final myocardial scar tissue [80,84].

1.6 Repression of inflammatory gene expression and resolution of the

inflammatory infiltrate

Chemokine induction, cytokine release, and leukocyte infiltration are prominent events in
the inflammatory phase of myocardial infarction and play a crucial role in phagocytotic
removal of dead cells and debris. However, this acute localized inflammatory response is

transient and is followed by resolution of the inflammatory infiltrate and fibrous tissue
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deposition [85]. A crucial commitment is made during the late stages of the inflammatory
phase to convert the response from phagocytosis and clearance of dead cells and debris to
a mode that promotes tissue repair and scar formation [86]. Inhibition of chemokine and
cytokine synthesis after a dramatic early peak is crucial for the repair process, preventing
prolonged expression of inflammatory mediators in the healing infarct and suppressing
continuous leukocyte recruitment and injury. Thus, optimal healing requires mechanisms
inhibiting chemokine and cytokine synthesis, resulting in resolution of the inflammatory
infiltrate and transition to fibrous tissue deposition. These mechanisms involve (a)
clearance of the neutrophilic infiltrate, (b) inhibition of cytokine and chemokine
synthesis, (c) removal of the fibrin-based provisional matrix, and (d) activation of
fibroblasts and collagen deposition. Although very few studies have dealt with the
process of resolution of inflammation in the healing infarct, understanding these concepts

is crucial for planning strategies targeting the postinfarction inflammatory response.

1.6.1 Clearance of apoptotic neutrophils

Clearance of the granulocytic infiltrate by professional phagocytes is a prerequisite for
resolution of the inflammatory process. Apoptosis is the predominant mechanism that
determines the functional longevity of neutrophils in inflamed and infarcted tissues [87].
Apoptotic neutrophils are recognized and phagocytosed by macrophages in a process that
involves macrophage CD44 ligation [88, 89]. Ingestion of apoptotic cells by macrophages
results in synthesis and release of TGF-b, a mediator crucial for resolution of
inflammation [90]. In contrast, phagocytosis of necrotic cells leads to release of
proinflammatory mediators, resulting in persistent inflammation [91]. The relevance of
these concepts in myocardial infarct healing remains unknown. However, timely
clearance of the leukocytic infiltrate may play a crucial role in suppression of the

postinfarction inflammatory response.

1.7 Extracellular matrix remodeling in the healing infarct: the role of the

MMP?2 and TIMP1

Extracellular matrix remodeling in the healing infarct is orchestrated by a family of zinc-

containing endoproteinases, termed MMPs [92]. The growing list of MMPs includes
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more than 20 human members with common functional features [93]. Gelatinases (MMP-
2 and -9) digest gelatin and various other matrix proteins, such as collagens type IV (an
important component of basement membranes, V, and XI, and laminin). MMPs are
secreted in a latent proform and require activation for proteolytic activity.

Most MMPs are expressed in normal adult tissues. In the normal heart, latent MMPs are
expressed in fibroblasts and cardiomyocytes and are distributed throughout the cardiac
interstitium [94]. Early upregulation of MMP expression and activity is found in healing
myocardial infarcts [95]. Changes in the cytokine milieu are likely to play a key role in
regulating MMP synthesis by inflammatory cells and fibroblasts infiltrating the infarcted
myocardium. IL-18 and TNF-a increase MMP-2 and MMP-9 activity [96], whereas I1L-10
and TGF-a enhance TIMP synthesis, promoting extracellular matrix accumulation
[97,98]. MMP expression may play a role in regulating many cellular processes involved
in infarct healing, including leukocyte migration, angiogenesis, degradation of the
extracellular matrix, and remodeling. MMP processing also regulates the activity of
cytokines and growth factors [99] and may inhibit chemokine-mediated effects by
generating CC chemokine sreceptor antagonists with antiinflammatory properties [100].
Studies using MMP inhibitors and genetically targeted animals have demonstrated the
importance of MMP-mediated matrix degradation in infarct healing and in the
pathogenesis of left ventricular remodeling. Treatment with a broadspectrum MMP
inhibitor significantly attenuated left ventricular dilation after myocardial infarction
[101]. Inhibition of the MMP system is currently explored by several laboratories as a
strategy with potential therapeutic implications in myocardial infarction [101,102,103].
Investigations using mice with targeted gene disruptions of specific members of the MMP
family have significantly contributed to our understanding of the role of MMPs in infarct
healing. MMP-9 / mice exhibited delayed healing after myocardial infarction,
associated with reduced leukocyte influx into the infarct, and were protected from
myocardial rupture [105]. In another independent study, mice with targeted deletion of
the MMP-9 gene had attenuated postinfarction remodeling and decreased collagen
accumulation in the myocardium [106]. Two studies demonstrated that MMP- 2_/_

animals were protected from early rupture and showed decreased adverse outcome
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[107,108]. These effects were associated with reduced macrophage infiltration and
delayed clearance of dead cardiomyocytes from the infarcted area [108].

MMP activity is controlled at three distinct levels: (a) transcription, (b) activation of
proMMPs, and (c) inhibition by the TIMPs MMP degrade matrix components and are
inhibited by specific inhibitors, termed tissue inhibitors of metalloproteinases (TIMPs).
The balance between MMPs and TIMPs is critical for remodeling of the extracellular
matrix [109]. TIMPs also may play an important role in regulating extracellular matrix
remodeling after myocardial infarction. In the absence of injury, TIMP-1 / mice have
increased left ventricular end-diastolic volume in association with a decrease in
myocardial collagen content, suggesting a role for TIMP-1 in maintaining normal left
ventricular structure and geometry [110]. After myocardial infarction, TIMP-1 / mice
exhibited accelerated left ventricular remodeling [111] that was pharmacologically
“rescued” by MMP inhibition [112]. In contrast, TIMP-1 overexpression in the infracted
heart resulted in complete prevention of cardiac rupture [113]. These findings suggest a

protective role of TIMP-1 in infarct healing and left ventricular remodeling.

2. Myocardial Regeneration and Paracrine Action

Despite significant advances in medical and surgical management of heart failure, mostly
of ischemic origin, the mortality and morbidity associated with it continue to be high.
Pluripotent stem cells are being evaluated for treatment of heart failure. Emerging
evidence suggests that locally delivered mesenchymal stem cells (MSCs) can lead to an
improvement in ventricular function, but the cellular and molecular mechanisms involved
remain unclear. A lot of investigations and clinical trials are presently underway to
define the exact role of cell therapy in the management of heart failure. Emerging
evidence suggests that bone marrow stem cells can lead to a reduction in the size of the
myocardial scar, but the exact mechanism by which they act in the ischemic heart remains
unknown [114,115]. There are plenty of questions that remain unanswered. Which cell
type will be the most appropriate? Will it be more beneficial to inject a specific
subpopulation of bone marrow cells rather than injecting unfractionated bone marrow?
When to inject after myocardial infarction and where to inject into the scar tissue? The

ultimate fate of these injected stem cells is also not known. Do they really form new
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myocardial fibers or is the improvement in ventricular function cytokine mediated? [115]
Even if they lead to regeneration of myocardial tissues, there is no consensus on whether
the newly formed tissues integrate with the host tissues and contract synchronously.

A world of the literature suggests that attempts have been made to answer these
questions. A variety of cell types like bone marrow cells [118,119,120], skeletal
myoblasts [121,122], embryonic stem cells [120,125,117], cultured cardiomyocytes
[123,124], have been used.

2.1 MSCs Regeneration Property

Bone marrow-derived mesenchymal stem cells (MSCs) have been extensively studied.
Bone marrow contains stem cells of nonhaematopoietic tissues, currently referred to as
mesenchymal stem cells (MSCs) because of their ability to produce cells of mesenchymal
origin [125]. They have also been called marrow stromal cells as they appear to arise
from a complex array of supporting structures found in the marrow [125]. MSCs were
first characterized by Friedenstein and Petrokova [126]. Haynesworth et al. [127] were
able to isolate and culture MSCs in therapeutic quantities. MSCs have been isolated from
other sources like adipose tissue, skeletal muscle, human deciduous teeth and trabecular
bone [128].

Bone marrow is the most common source of MSCs and has been well characterized in
terms of surface markers and differentiation pathways [128]. MSCs represent only
0.001% of the nucleated cells in the bone marrow [129]. They do not express CD34 or
CD45 and have been characterized phenotypically as nonhaematopoietic cells [130]. In
fact, there are no specific cell surface markers, though they stain positive for CD29,
CD44, CD105 and CD106 [131]. They are spindle-shaped and look like fibroblasts in
their undifferentiated state [126,132,133,134,135]. They can differentiate into tissues of
mesenchymal origin [126,133,136]. They can be expanded in cultures and have unique
immunologic properties [135]. The primary goal of therapy for patients with acute
myocardial infarction is rapid revascularization of ischemic tissues. Some clinical and
animal studies have shown that bone marrow cells have the potential to produce tissue
revascularization and regeneration, but the cellular and molecular mechanisms involved

are still unknown [116,117].

-30-



Bone marrow contains several primitive pluripotent cells. At present it is difficult to point
out which cell type will be most suitable to produce nonhaematopoietic tissues. Orlic et
al. [141] injected Lin-ckit+ cells in myocardial infarcts produced in experimental rats.
These are bone marrow cells that express early cardiac lineage markers. Equivalent cells
in humans are CD34+/AC133+ cells found in bone marrow mononuclear cell fraction.
This experimental study showed positive results in terms of cardiomyocyte regeneration.
Improvement in ventricular function was seen, but the mechanism of it remains
unanswered as they could not show integration with the host tissues, communication with
the host tissues (formation of gap junctions and intercalated discs) or synchronous
contraction. There was no electron microscopic study involved. Sakai et al. [142]
compared three cell types (fetal cardiomyocytes, smooth muscle cells and fibroblasts) in
an attempt to elucidate the mechanism by which the fetal cardiomyocytes, when
implanted in myocardial scar, lead to an improvement in myocardial function. They
showed an improvement in ventricular function in those injected with fetal
cardiomyocytes only, but failed to answer questions like how the cells survived in scar
tissue. Where did the blood supply come from?

Findings from experimental studies suggesting that bone marrow cells delivered locally
can generate de-novo myocardium gained interest for their potential therapeutic role in
coronary artery disease [140,153,154,155]. Researchers have also raised questions over
whether stem cells actually differentiate into functioning myocytes and whether the
number of engrafted cells could account for the improved function. The small number of
engrafted cells rules out increased myocardial mass as a mechanism for improved cardiac
function [162). In a rodent model of acute renal failure suffered from ischemia-
reperfusion injury, significant renal function has recovered within 3 days after MSCs
therapy. During this period, none of the administered MSCs had differentiated into any
kidney tubular or endothelial cell phenotype. However, in the cell treated group, the
inflammatory cytokines expression had significant changes, suggesting that the beneficial
effects of MSCs are primarily mediated via complex paracrine actions [163]. However,
stem cells prevent cardiac remodeling by some paracrine actions and some as yet
undefined mechanisms [162].Tang et al. [156] raised serious doubts over myocardial

regeneration leading to functional recovery. Very few engrafted MSCs express specific
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cardiac markers, like connexin-43 and cardiac troponin 1. Besides only limited gap
junctions are formed between grafted and native cells. They have attributed the beneficial
effects to the secretion of a number of angiogenic factors by the injected stem cells and
the resulting paracrine effects [157,158]. Engrafted MSCs secrete chemokines like
vascular endothelial growth factor (VEGF) and basic fibroblast growth factor (bFGF),
which promote angiogenesis, attenuate apoptotic pathway, reduce left ventricular
remodeling and improve cardiac performance [158]. Several other authors have favored
the paracrine action theory rather than myocardial regeneration [159,160]. Nishida et al.
[161] have shown that improved cardiac performance seen after bone marrow cell
injection therapy is mainly due to increased blood flow. Angiopoietin-1 and VEGF are the
two most potent growth factors for inducing angiogenesis. They concluded that even if
some cardiomyocyte differentiation occurred from these pluripotent cells, it would be
insufficient to cause any improvement in cardiac performance [161].

Stamm et al. [143] and Galinanes et al. [144] demonstrated improvement in ventricular
function following delivery of unpurified bone marrow into the scarred myocardium.
Most of these studies have been carried out in conjunction with surgical revascularization,
making interpretation of results difficuit. Besides, unpurified bone marrow mononuclear
cell suspension contains large numbers of leucocytes and their progenitors, which can
induce local inflammation and cytokine mediated actions, rendering actual stem cell
effects insignificant [145].

Studies have suggested that vascular trauma causes release of chemokines that causes
selective recruitment of bone marrow-derived cells to the injured site, leading to organ
revascularization and regeneration [146]. A number of chemokines/cytokines have been
proposed to be involved in this mechanism [140,147,148,149]. Using daily injections of
colony stimulating factor, Orlic et al. [141] showed improvement in animal myocardial
infarction model. This finding was substantiated by other researchers [147,150], but

several other studies could not reproduce the results [151,152].

2.2 MSCs Immunomodulation Property
Studies have shown that unrelated (allogeneic) MSCs are not immunogenic but rather

immunosuppressive, which has huge clinical implications. These features of MSCs have
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prompted researchers to investigate their role in cellular therapy [135,136]. They have a
potential role in the repair of damaged tissues and in immunomodulation as well
[135,136,137,138]. The full potential of ‘regenerative medicine’ can be realized only if
we are able to use allogeneic cells. The ability of MSCs to avoid allogeneic rejection
makes them ideal cells for this purpose [139].

Orlic et al. [140] transplanted bone marrow obtained from male mice into female mice
and were able to show that newly formed cardiomyocytes were derived from injected
bone marrow cells. Presence of Y chromosomes in the newly formed cardiomyocytes
confirmed their origin from donor bone marrow cells. Failure to reconstitute infarcts was
attributed to the difficulty of transplanting cells into tissues contracting at 600 bpm. They
have acknowledged that an immunological reaction to the histocompatibility antigen on
the Y chromosome or an unknown mechanism causing cell destruction cannot be ruled
out.

When injected into damaged hearts MSCs will be exposed to inflammatory cytokines as
we mentioned above and the host immune response. It is therefore important to also study
human leukocyte antigen (HLA) expression and immunogenicity of MSCs [164]. A lot
has been written about host immune response to embryonic stem cells and consequent
need for systemic immunosupppression [165]. Not enough work has been done on
immune interactions involving allogeneic bone marrow cells. Mclntosh and Bartholomew
[163] were the first to suggest that MSCs have immunomodulatory properties.

The critical question of host response to implanted MSCs is receiving increasing attention
in recent times [128,133]. Important aspects of implanted cell-host interaction include the
host immune response, the homing mechanisms and the differentiation of implanted cells
under the influence of local signals. Studies have shown that MSCs are capable of
suppressing T-lymphocyte proliferation in a mixed lymphocyte reaction (MLR) involving
autologous or allogeneic T cells or dendritic cells (DCs) [166,167,168]. Di Nicola et al.
[167] have shown that human T-cell proliferation, stimulated by the addition of
allogeneic peripheral blood lymphocytes, DCs or phytohaemagglutinin, was suppressed
by addition of MSCs in the cultures. The inhibitory effect is not restricted by major

histocompatibility complex (MHC) because it occurs irrespective of the species of MSCs

-33-



or T cells [169]. This suggests that MSCs can be transplanted between MHC-
incompatible individuals [139].

Emerging evidence suggests that human MSCs, because of their distinct
immunophenotypic profile associated with absence of HLA class II expression and low
expression of costimulatory molecules, may be nonimmunogenic or hypoimmunogenic
[138]. This property may eventually allow use of allogeneic MSCs in the acute setting,
e.g. following acute myocardial infarction. One potential disadvantage, as with any
allogeneic approach, is the risk of disease transmission from donor to recipient. Using a
baboon skin graft model Bartholomew et al. [170] have shown evidence of
immunosuppression by MSCs in vivo.

MSCs are not lysed by alloreactive natural killer (NK) cells [171]. They inhibit the
formation of cytotoxic T lymphocytes, mediators of graft-versus-host disease (GVHD)
[172,173]. MSCs inhibit T cells only when they are present in culture and the effect is
reversed when MSCs are removed. It indicates that the inhibitory effects are transient and
not persistent [174]. Inhibitory effects of MSCs do not get modified during expansion in
cell culture or even after irradiation [129].

MSCs have been used clinically for their immunomodulatory potential [175].

2.2.1 Mechanism of MSCs immunomodulation

How MSCs avoid allogeneic rejection is a matter of debate. They are hypoimmunogenic
and do not express MHC-II. They do not express costimulatory molecules and perhaps,
therefore, do not activate alloreactive T cells [166,167,168]. They prevent T-cell
responses through modulation of DCs and NK cells [174,176]. Comparisons have been
made to mechanisms involved in immune evasion by fetal allograft and tumor cells
[177,178,179]. _

Several mechanisms have been proposed for the immunomodulatory action, namely
apoptosis[129], soluble factors mediated [166,167,174,176], cell-to-cell contact
[167,174,180,181], tryptophan depletion [182], and direct modulation of DCs, CD4+,
CD8+ and NK cell function [174,176,183,184].The exact mechanism underlying
immunomodulatory effects of MSCs remains unclear. Plumas et al. [129] are of the view

that they inhibit T-cell proliferation by inducing apoptosis. Research by other
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investigators, however, suggests that T cells do not become apoptotic as they can be
stimulated again if MSCs are removed [167,168]. Some researchers are of the opinion
that it represents a specific suppression of MLR, and is not due to apoptosis‘[128,1 17].
MSCs express HLA class I molecules, so they can be recognized as targets by
preactivated alloreactive cytotoxic T lymphocytes, but they suppress differentiation of
cytotoxic T-lymphocyte precursors into cytotoxic T-lymphocyte effectors through
secretion of suppressive factors [183]. Analysis of cytokines in suppressed MLR cultures
demonstrates up-regulation of interferon-[gamma] (IFN-[gamma]) and interleukin (IL)-
10, and down-regulation of tumor necrosis factor-[alpha] production relative to control
cultures [185]. Thus, the immunosuppressive effect appears to be partially mediated by
soluble factors, although data are conflicting [167,168,169,174]. MSCs in culture do
secrete several factors like 1L-6, IL-8, prostaglandin E2 (PGE2) and VEGF [185].
Krampera et al. [183] have suggested the role of soluble inhibitory factors, but Plumas et
al. [129] did not find any evidence to support this theory. According to Di Nicola et al.
[167] suppression of T-lymphocyte proliferation by MSCs is mediated by soluble factors
including hepatocyte growth factor (HGF) and transforming growth factor-[beta]l (TGF-
[beta]l). Besides, they also found that this antiproliferative effect was reversed by the
addition of monoclonal antibodies against TGF-[beta]l and HGF [167]. The role of HGF
is controversial, with some studies reporting that addition of anti-HGF monoclonal
antibody to MLR in presence of MSCs restored T-lymphocyte proliferation, while a
recent study has shown that anti-HGF monoclonal antibody failed to restore T-
lymphocyte proliferation [175]. Several other investigators failed to detect any of these
molecules (HGF, TGF-[beta]l, IL-10 or IL-4) in MLR supernatant [169,17458,63].
Another possible mechanism is the production of PGE2 by MSCs, which can mediate
their immunosuppressive effects [175]. PGE2 is known to modulate a variety of immune
functions. Aggarwal and Pittenger [176] have shown that inhibiting production of PGE2
leads to reversal of MSC-induced immunomodulatory effects. Tse et al. [167] have shown
that MSC production of PGE2, IL-10, TGF-[beta]l or tryptophan depletion of culture
medium were not responsible for the immunosuppressive effects. Similarly, Puissant et al.
[169] are of the view that IL-10, TGF-[beta], and HGF are not involved in

immunosuppressive effects. These contradictory results might be due to the use of MSCs
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derived by different methods, variations in culture conditions, doses, and kinetics, which
affect different cytokines and chemokines [160]. Thus, all the molecules tested so far to
explain the MSC immunosuppressive properties are probably not involved. The soluble
factor implicated remains to be defined.

Some researchers have shown that the inhibitory effect remains even when MSCs are
separated from T cells by a semi-permeable membrane, indicating that it is mediated by
soluble factors and cell-to-cell contact is not necessary [166,167]. Puissant et al. [180], on
the other hand, have shown that when MSCs are separated from lymphocytes by a
permeable membrane, the inhibitory effect gets impaired. They concluded that cell-to-cell
contact is necessary for a full inhibitory effect. Similarly, Krampera et al. [174] have
shown that the inhibitory effect is transient, dose-dependent and entirely dependent on the
presence of MSCs, therefore, indicating that cell-to-cell contact is necessary. Djouad et al.
[168] are of the view that cell-to-cell contact is necessary only if the ratio of
MSCs/splenocytes is low.

In contrast to the findings of Di Nicola et al. [166], Maitra et al. [170] did not find MSC
culture supernatant to have a T-cell inhibitory effect. Cell-free culture supernatant of
MSCs failed to inhibit T-cell activation and, in fact, had a stimulatory effect on mixed
lymphocyte cultures. In contrast, the cell-free supernatant obtained from a mixture of
MSCs and unrelated lymphocytes had an inhibitory effect [170]. Some researchers have
suggested that MSC-induced depletion of tryptophan in the culture medium could be the
possible mechanism [171]. Indoleamine 2, 3-dioxygenase mediated conversion of
tryptophan to kynurenine has been suggested as T-cell inhibitory effectors pathway [171].
The inhibitory effect of MSCs is not modified during expansion in culture. They
modulate the immune system not only by a direct action on T cells but also at the very
first step of the immune response through the inhibition of differentiation and maturation
of DCs, the most potent antigen presenting cells in the body [186]. MSCs alter the
cytokine secretion profile of DCs, naive T cells, and NK cells to induce a tolerant
phenotype [176]. They inhibit secretion of potent proinflammatory cytokines, like TNF-
[alpha] and IFN-[gamma], and stimulate secretion of suppressive cytokines, like IL-4 and

IL-10 (176, Figure 2).
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Figure 2. Immumomodulatory effects of MSCs. CTL indicates cytoxic T cell; HGF.
Hepatocyte growth factor; IDO, indoleamine 2,3- dioxygenase; PGE?2, prostaglandin E2;
and TGF-B, transforming growth factor B. (Blood, 15 November 2007, Vol. 110, No. 10,

pp. 3499-3506.)

The inhibition of secretion of tumor necrosis factor-[alpha] by DCs inhibits their
maturation and migration [176,172]. Several other investigators have cdnﬁrmed the
influence of MSCs on the maturation and function of DCs [187]. MSCs also alter the
phenotype and cause suppression of NK cells. Diverse mechanisms are involved in these
suppressive functions. Some of these functions require cell-to-cell contact, while others
are mediated by soluble factors like TGF-[beta]l and PGE2 [187].

Several mechanisms are probably involved in MSC-induced immunosuppression
depending on the lymphocyte population used, technique of MSC culture used and the
type of stimulus used [135]. Le Blanc and Ringden [134] have suggested a nonspecific
antiproliferative effect for MSCs as they suppress T-cell proliferation stimulated by both
allogeneic antigens and mitogens such as phytohaemagglutinin and concanavalin A.
Others have suggested a role of galectin-1 in the immunomodulatory actions of MSCs
[188]. Galectin-1 is one of the major proteins expressed in MSCs and its expression is not
affected even after repeated subcultures. IL-2 and IFN-[gamma] are the two important

cytokines responsible for activation and proliferation of CD4 and CD8 T cells. In the
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presence of MSCs in the culture, addition of these cytokines fails to cause proliferation of
T cells [129]. Some researchers have shown that CD8+ cells are the main target cells that
do not proliferate in the presence of MSCs [169]. Emergence of a population of CD8+
regulatory T cells has been suggested to mediate the inhibitory effects of MSCs. Further
research is needed to elucidate the mechanism of inhibitory actions of MSCs on T
lymphocytes. MSCs inhibit cytotoxic T-lymphocyte mediated lysis in a time and dose-
dependent manner [172]. In a 6-day culture, when MSCs are present in adequate number
from day 1 (1: 10), they completely prevent lysis of target blast cells. If added on day 3,
this effect is mild and if added in small number (1: 1000 ratio) there is no effect at all
[172]. Inhibition is marked when a large number of MSCs are present (MSC to
lymphocyte ratio of >1: 10). With lower concentrations of MSCs, inhibition is less
consistent or can even enhance lymphocyte proliferation (1: 100 to 1: 10 000) [164,174].
Similarly, suppression of proliferation of CD4 and CDS cells is most pronounced if MSCs

are added at the beginning of the culture [117,118].

3. Clinical implications

Bone marrow contains pluripotent cells that can not only differentiate into mesenchymal
tissues of multiple lineages, but also modulate immune responses. They do not require
MHC expression to exert their inhibitory effect. They can be derived from a donor
irrespective of their MHC haplotype and can be kept ready for use in any other patient.
Data suggest that immunologic properties of MSCs can be seen both in vitro and in vivo,
though in-vivo data are limited.

If these immunomodulatory properties of bone marrow cells can be put into practice,
there are several exciting therapeutic options: (1) Treatment of heart failure and ischemic
heart disease: allogeneic bone marrow cells can be harvested, expanded in culture, stored
and used in acute (following acute myocardial infarction) as well as chronic settings; (2)
Bone marrow transplantation: MSCs have a significant therapeutic potential in allogeneic
transplantation. They can improve engraftment yield by their antiproliferative effectson T
lymphocytes ;(3) Prevention of GVHD [175,176): GVHD develops because of
alloreactive T lymphocytes present in the allograft. MSCs, because of their ability to

inhibit IFN-[gamma] secretion and increase IL-4 production, can decrease the overall
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incidence of acute and chronic GVHD [189]. Their success in prolonging skin graft
survival in the baboon model has prompted clinical trials in acute GVHD with promising
results. Le Blanc et al. [175] have shown striking clinical benefit in a patient suffering
from GVHD; (4) Modulation of inflammatory response; (5) Prevention of graft rejection;
(6) Vehicles for gene therapy.

MSCs are attractive options for both cellular therapy and gene therapy. They are
potentially good vehicles for gene therapy as they will not be lost through differentiation
as rapidly as haematopoietic progenitors [186]. Allogeneic MSCs can be prepared
commercially for use in acute settings. Considering their immense clinical potential,
recently efforts have been made to define optimal culture conditions for large scale
production of MSCs. bFGF is the most common growth supplement used in MSC culture
media [186]. In spite of up-regulation of HLA-I and HLA-DR expression by bFGF,
MSCs exhibit enhanced immunosuppressive potential. Use of bFGF, however, favors
differentiation towards osteogenic lineage [187]. Further research is needed to enhance
clinical scale production of MSCs. Some researchers have drawn attention towards the
potential side effect of suppressing patient's antitumour response. MSCs can trigger
angiogenesis through secretion of VEGF and support tumour development. We need to

probe further to clarify its potential clinical implications.

4. Conclusions

The potential use of MSCs in cellular therapy has prompted researchers to look into their
interaction with the host immune response as they have multipotential differentiation
abilities and unique immunomodulatory properties. Lots of literature suggests that
allogeneic MSCs do not activate T lymphocytes even in the presence of T-cell growth
factors [129]. In-vitro data show that MSCs escape recognition by immune system, but
limited in-vivo data exist. More research to collect in-vivo data and clinical trials are
required to assess and improve the efficacy of MSC treatment for heart failure.
Controversies not withstanding, use of MSCs in regenerative medicine is one of the major
goals to be achieved by the scientific community in coming years. Owing to their
functional characteristics, MSCs are being evaluated for several potential clinical

applications like gene therapy, modulation of GVHD, enhance haematopoietic recovery
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following myeloablative therapy and improve engraftiment following allogeneic bone
marrow transplantation [189]. However, the molecular mechanisms mediating the
immunosuppressive effects of MSCs remain controversial. Even as we move towards
clinical applications of bone marrow-derived MSCs for treatment of heart failure, the
exact cellular and molecular mechanisms leading to improvement in ventricular
performance also remain controversial. There is a growing perception amongst
researchers that the quality and quantity of myocardial regeneration induced by cellular
therapy is insufficient to explain the clinical benefits reported. Paracrine actions of MSCs
and some as yet undefined mechanisms might have an important role to play.

Further experimental and clinical trials are needed to fully characterize the paracrine and
immunomodulatory effects of MSCs if we want to realize the full potential of stem cells
in tissue regeneration. We need more information about the pharmacokinetics of
transplanted MSCs. What MSCs do to the host tissues and how friendly or hostile the
hosts tissues are towards their guests (implanted cells) are the areas where we need to
concentrate our future research efforts. Answer to these critical questions will eventually
allow large-scale production of allogeneic MSCs and their clinical applications. The

future holds much promise for use of allogeneic MSCs.
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1. Study Rationale:

Background information

Coronary artery disease accounts for 50% of all cardiovascular deaths and remains a
major cause of morbidity and mortality. Current therapies for congestive heart failure are
associated with limited success, inherent complications and significant cost without
addressing the fundamental pathophysiological problem related to the loss of functioning
contractile cardiomyocytes [1, 2, and 3]. Therefore, there is a need to look for new
therapies.

Recently, animal studies and human clinical trials have shown that bone marrow derived
mesenchymal stem cells (MSCs) implantations have significant clinical benefits in
patients with myocardial infarction (MI) and CHF [4, 5, 6, 7, and 8]. We and others have
reported that autologous MSCs, when transplanted into infracted myocardium, can
differentiate into cells of various phenotypes and improve ventricular function. The
observed beneficial effects of cell trandplantation have then led to many human clinical
trials.

However, to date the mechanisms of cardiac function improvement remains unclear. The
possible mechanisms include stem cell transdifferention into cardiomyocytes or cell
fusion between the transplanted stem cells and residual cardiomyocytes. It has also been
suggested that the MSCs could improve the cardiac function through a paracrine or
immunomodulation effect, such as angiogenesis [9,10], different inflammatory cytokines
secretion as well as Extra-Cellular Matrix (ECM) deposition [11,12], which affect the
remodeling process after MI by changing the balance of MMP2 and TIMP1 [13,14].

In a clinical study, the ratio of the pro-and anti-inflammatory cytokines has been shown
to be associated with different prognosis and clinically outcome [15]. Some studies
suggested the anti-inflammatory roles of MSCs in early renal functional improvement
following acute renal failure [16]. Based on these data, we wish to explore in further
details the cytokines profile, and changes in the pro-/anti- inflammatory cytokine ratio in
the microenvironment to improve cardiac function following acute coronary occlusion. If

successful, this project will provide better insights of the beneficial roles of stem cell
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therapy in heart failure and alternate explanation on how MSCs improves cardiac function

following MI.

Objectives of this research project
In the current research, we propose to examine the mechanism of functional improvement
after MSCs therapy by investigating the cytokines profiles in myocardial infarcted areas

with or without stem cell therapy.

2. Animal

Immunocompetent female and male syngeneic Lewis rats (200 to 250 g, Charles River,
Quebec, Canada) were used in this study. All procedures were in compliance with the
Guide for the Care and Use of Laboratory Animals (NIH publication No. 85-23, revised
1996) and the Guide to the Care and Use of Experimental Animals of the Canadian

Council on Animal Care.

3. Experimental Design

A total of 88 female rats underwent proximal left coronary artery ligations and were
randomly assigned to three groups. In Group L (n=25) the rats underwent acute left
coronary ligation, and then the left ventricle was punctured at three different sites (Apex,
right edge and left edge of the LV) using a 28-gauge syringe, with nothing injected. In
Group MI, (n=31), 150uL. of Dulbecco’s Modified Eagle’s Medium (DEME) were
directly injected into three different sites around the peri-ischemic area of rat myocardium
5 minutes after coronary ligation. In Group C (n=32), isogeneic male MSCs (3 x106)
suspended in Dulbecco’s Modified Eagle’s Medium were similarly injected after ligation.

No immunosuppression was given at any time.

4. Isolation, Culture, and Labeling of Rat MSCs

Rat MSC cultures were prepared according to Caplan’s [20]. Briefly, after an overdose of
pentobarbital (100mg/Kg) given intraperitoneélly, bone marrow stromal cells were
harvested by flushing the femurs and tibias with Dulbecco Modified Eagle Medium
(DMEM) supplemented with 10% fetal bovine serum and antibiotics (100U/ml penicillin
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G, 100ug/mg streptomycin, 0.25 ug amphotericin B; All obtained from Gibco
Laboratories, Boston, MA) and grown in a humidified atmosphere of 5% CO,.

Whole marrow was plated in tissue culture dishes, medium was replaced every 3 days and
the nonadherent cells were discarded. Each primary culture was passaged twice to 3 new
plates, and the cell density of the colonies was grown to approximately 90% confluence.
To prevent the MSCs from differentiating or slowing their rate of division, each primary
culture was replated to 3 new plates when the cell density within colonies became 80% to
90% confluent, approximately 2 weeks after seeding.

Once these cells were nearly confluent, MSCs were transfected as described previously
with pMFG-lac Z plasmid containing B-galactosidase gene for identification of the
transplanted cells in the myocardial scar tissue. The resulting MSCs expressing lacZ were
expanded for 4 weeks before transplantation. The cells were allowed to proliferate until at
least a 70% confluence was achieved before using them for transduction, the MSCs were
trypsinized with 0.05% Trypsin + 0.53 mM EDTA (Gibco Labs) and replated. The next
day, these cells were transfected with lac Z retroviral particles from the supernatant of
lacZ-GP +AM 12 cells, plus 4pg/mL polybrene for 16 hours. After each transfection, the
supernatant is removed and MSCs are kept in complete DMEM medium. In order to have

high transfection ratio, we did 3-4 consecutive experiments.

5. X-gal staining for Detection of fi-galactosidase Activity

Seventy-two hours after the last transfection, MSCs were trypsinized and part of the cells
was plated in a 35-mm dish for histochemical staining for B-galactosidase activity, in
order to determine the percentage of cells expressing B-galactosidase. The medium was
aspirated from the plates and the cells rinsed with PBS. The cells were fixed at 4 °C in fix
solution (2% formaldehyde and 0.2% glutaraldehyde in PBS) for 15 minutes and rerinsed
with PBS. Staining for B-gal was performed with a solution containing 1 mg/mL 5-
bromo-4-chloro-3-indoyl- B-D-galactoside (Xgal), 1 mmol/L ethyleneglycol-bis (B-
aminoethyl-ether)-N, Nr-teraacetic acid, 5 mmol/L K3;Fe(CN)sO.3H,O, 2 mmol/L
magnesium chloride, and 0.01% sodium deoxycholate was added. The cells were then
incubated at 37°C and protected from light for 16 hours. The presence of blue-labeled

cells was then confirmed under light microscopy.
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6. Preparation of Cells for Injection

Cells isolated from the rat bone marrow were cultured in complete medium in tissue
culture dishes. After labeling, the medium was aspirated and the cells were washed with 6
mL of Hank’s balanced salt solution (HBSS). The HBSS was aspirated and 2 mL of
trypsin-EDTA was added to detach the cells from the bottom of the dish. The detached
cell suspension was mixed with 2 mL of complete medium and placed in a
hemocytometer for counting. A volume consisting of 3x10° cells was then collected and
centrifuged at 2000rpm for 5 minutes. The supernatant was discarded and the cell pellet

resuspended in 15uLl to complete medium.

7. Creation of Myocardial Infarction and Intramyocardial Transplantation
of MSCs

Female rats were anesthetized with 5% isoflurane (MTC Pharmaceuticals, Cambridge,
Ontario, Canada). Animals were intubated with an 18-gauge intravenous catheter and
connected to a Harvard rodent ventilator (Harvard Apparatus Co. Inc, Boston, MA) at 85
breaths/minute. Anesthesia was maintained with 3% isoflurane and oxygen at 5-6L/min.

A 1.5-cm left anterolateral thoractomy was performed in the fifth intercostal space under
sterile conditions to expose the heart, and the left coronary artery was ligated 1 to 2 mm
from its origin with a 7-0 polypropylene non-absorbable suture (Ethicon, Inc, Somerville,
NIJ). Successful performance of coronary occlusion was verified by the development of a
pale color in the ventricle after ligation. After 2-3 minutes, under direct vision, lac-z
labeled MSCs (3x10° cells suspended in 150 uL DMEM) were injected in Group C rats at
three different sites (Apex, right edge and left edge of the infarcted area) into the peri-
infarcted area of the left ventricle using a 28-gauge syringe. Small blebs under the
injected area were confirmed in every case. An equal volume of cell-free 1 50uL DMEM
was injected into Group M. After achieving hemostasis, the muscle layers and skin were
closed separately with 4-0 monofilament sutures. Once spontaneous respiration resumed,
the experimental animals were extubated and placed in a temperature-controlled chamber
until they resumed full alertness and mobility. Furthermore, Buprenorphine hydrochloride

(0.01 to 0.05 mg/kg subcutaneously) was given postoperatively for pain control.
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8. Cardiac Functional Assessment

Transthoracic echocardiography was performed on all surviving animals in Group L (n =
25), Group M (n =31), and Group C (n =32) before operation (baseline), at 12 and 24
hours, 1 and 2 weeks after ligation and treatment. Echocardiograms were obtained with a
commercially available system (SonoSite, Titan-Washington, Seattle, WA) equipped with
a 15-MHz transducer. After sedating the animals with 2% isoflurane, echocardiography
was performed as described elsewhere [20]. Briefly, parasternal long- and short-axis
views were obtained with both M-mode and two-dimensional images. End-diastolic
(LVEDD) and end-systolic (LVESD) diameters were measured with M-mode tracings
between the anterior and posterior walls from the short-axis view just below the level of
the papillary muscles of the mitral valve. Two images on average were obtained in each
view and averaged over three consecutive cardiac cycles. This was done according to the
American Society of Echocardiology leading-edge method. Fractional shortening (FS)
was determined as [(LVEDD-LVESD) / LVEDD] x 100 (%). Left ventricular end-
diastolic volume (LVEDV) was calculated as 7.0 x LVEDD’ / (2.4 +LVEDD), and left
ventricular end-systolic volume (LVESV) as 7.0 x LVESD?/ (2.4 + LVESD. The ejection
fraction (EF) was estimated as (LVEDV- LVESV) / LVEDV. All measurements were
performed by one experienced observer (Dr. J.F.A.), who was blinded to the treatment

groups.

9. Hearts Harvest and Tissue Processing

Animal were sacrificed at 12 and 24 hours, 1 and 2 weeks after the operation and
echicardiograph, the hearts of animals were harvested, quickly dissected out, and the
whole left ventricle (LV) including septum were separated from the right ventricle. The
LV was cut into half evenly transversely along the biggest circumstance of the infarcted
area. One half was fixed in 2% paraformaldehyde and stained for B-galactosidase activity
as described earlier. After X-gal staining, the hearts were cut longitudinally and
embedded in paraffin for H&E staining and histopathological evaluation on whole slice
(2-3mm) with infarcted, peri-infarcted and normal tissue of the LV were cut from the

other half by visual inspections, fine-minced with scalpel quickly, mixed well, then half
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of the tissue mixture was put into a tube with the RNAlater solution (Qiagen), stored at
4°C, the left half of tissue mixture was snap frozen with liquid nitrogen, then stored at -

80°C for future use.

10. Total RNA Preparation and First-Strand cDNA Synthesis

Total RNA was isolated with an RNeasy kit (Qiagen, Valencia, CA), including a DNase-
digestion step to exclude contaminating DNA following the manufacturer’s instructions.
Total RNA (10 mg) was subjected to first-strand cDNA synthesis in a 40-mL reaction
mixture containing 50 mmol/L Tris-HCI (pH 8.3), 75 mmol/L KCl, 3 mmol/L. MgCI2,1
mmol/L dNTP (Perkin-Elmer Cetus), 0.825-optical density random hexamers (Pharmacia
LKB Biotechnology Inc), 40 U of RNAasin (Promega Corp), and 200 U of murine
leukemia virus reverse transcriptase (Gibco BRL). The reaction mixture was incubated at
37°C for 60 minutes, heated to 70°C for 5 minutes to denature the reverse transcriptase,
and then cooled on ice for 3 minutes. Water (60 mL) was added to each sample, and the

samples were stored at -20°C.

11. Quantitative Real-time PCR
Quantitative Real-time PCR was performed to compare the different inflammatory
cytokines expression changed. Real-time PCR with relative quantification of target gene
copy numbers in relation to B-actin transcripts was carried out using the following
primers:
SB-Actin F-5° CACGCCATCCTGCGTCTGGA3Z’

R-5° AGCACCGTGTTGGCGTAGAG3’
IL-18 F-5° TCAGGCAGATGGTGTCTGTC 3’

R-5° GGTCTATATCCTCCAGCTGC3’

IL-6 F-5° AACGCCTGGAAGAAGATGCC 3’
R-5° CTCAGGCTGAACTGCAGGAAZ’
IL-8 F-5° TTTCTGCAGCTCTCTGTGAGG 3’

R-5’ CTGCTGTTGTTGTTGCTTCTC3’
IL-10 F-5" GCGACTTGTTGCTGACCGG3’
R-5> GAACCTTGGAGCAGATTTTG3’
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The My-iQ system (Bio-Rad) was used to monitor real-time PCR amplification using
SYBR Green I (Molecular Probes), a nonspecific, double-strand DNA intercalating
fluorescent dye. All reactions were carried out in a total volume of 25 ul with the Takara
Ex Taq R-PCR Version (Takara Bio, Shiga, Japan). Reaction conditions were the
following: hot start for 120 s at 95°C, melting at 95°C for 15 s, annealing at 56°C for 12
s, and amplification at 72°C for 15 s. Reading of the fluorescent product was set to be 2°C
below the specific melting peak of the product to eliminate reading of nonspecific
products and primer dimers. This was carried out at 85°C for 6 s after each cycle for the
above genes. Optimal annealing and melting temperatures were determined for the
primers before the running of the samples. Melting temperature analysis for the reaction
mix revealed a characteristic melting profile, with a single sharp peak at the typical
melting temperature for a given product. Specificity of the product was determined by
generation of a melting curve, and gels were run to control for the formation of
nonspecific bands. Samples were run in duplicate, and the average crossing point (CP)
value was used for calculations. The CP, which is the cycle at which the amount of
amplified gene of interest reached a threshold above background fluorescence, was
determined to quantitate initial starting copy numbers.

The relative quantity of mRNA expression was calculated with the comparative CP
method using the following formula.

Ratio=(Etarget) C Paarger(control-sample)/(Er)CPr(control-sample), where E is the real-time
PCR efficiency, CP is the crossing point, and A is the difference of a sample vs. control.
The relative quantitation value of a target gene, normalized to B-actin as the internal
control gene, is expressed as a number, which indicates the relative expression compared
with that gene. To avoid the possibility of amplifying contaminating DNA and
nonspecific amplification, the following precautions were taken: /) a DNase digestion
step was included in the RNA-extraction protocol, 2) some primers were designed to
include an intron sequence inside the cDNA to be amplified, 3) reactions were performed
with appropriate negative controls (template-free controls), 4) a uniform amplification of
the products was rechecked by analyzing the melting curves of the amplified products

(dissociation graphs), and 5) gel electrophoresis was performed to confirm both the
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correct size of the amplification products and the absence of nonspecific bands,

respectively.

12. RT-PCR and Gel Bands semi-quantification
To the same samples used in Quantitative Real-time PCR assay, the cDNA also used in
Regular PCR to compare the MMP2 and TIMP1 gene expression changes. The PCR
reaction mixture contained 150nM of each primer and 1uL of ¢cDNA of each sample
produced as described above. We mixed the primers of 3-Actin and TIMP1 together in
one tube for each running, and MMP2 was done separately with the following thermal
protocol:
(1) 50 °C for 30 min;
(2) 95°C for 15 min ;
(3) 30 cycles at 94 °C for 30 s, 55 °C for 30 s, and 72 °C for 1 min;
(4) Final extension step at 72 °C for 10 min.
Primers used for amplification were:
MMP2 F-5° AGGACAAGTGGTCCGCGTAAAG 3’

R-5° CCACTTCCGGTCATCATCGTAGT3’
TIMPI F-5° GACTAAGATGCTCAAAGGATTCG3’

R-5" ATCGCTCTGGTAGCCCTTCT3’
S-Actin F-5° CACGCCATCCTGCGTCTGGA3’

R-5" AGCACCGTGTTGGCGTAGAG3’
The PCR products were loaded onto 2% thidium bromide-stainedagarose gels (1 %) in
TBE (9). A 1 kbp DNA ladder molecular weight marker (Life Technologies, Rockville,
MD) was run on every gel to confirm expected molecular weight of the amplification
product. Images of the RT-PCR ethidium bromide-stained agarose gels were acquired
with a Cohu High Performance CCD camera (Cohu Inc. San Diego, CA) and
quantification of the bands was performed by ImageJ-1.41(NIH, US). Band intensity was
expressed as relative absorbance units normalized to B-Actin. The ratio between the
samples was determined and compared. Mean and standard deviation of all experiments

performed were calculated after normalization to B-Actin.
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13. Histopathological analysis

A series of sections (at least 2-3slides/rat) from each heart specimen were stained with
hematoxylin and eosin according to the following protocol:

Paraffin-embedded tissue was dewaxed, and then taken into water.

Place sections in hematoxylin for 5 minutes.

1. Wash in tap water.

'Blue' sections in tap water.

Place sections in 1% acid alcohol for a few seconds.
Wash in tap water.

Place sections in eosin for 5 minutes.

Wash in tap water.

Dehydrate, clear.

® NS AL

Mount sections in Permount.

The histological sections were examined by an observer blinded with respect to the
treatment regimen, for extent of myocardial tissue injury and the intensity of neutrophils
infiltration (the mean of the absolute number of neutrophils from six random high-power
fields). The following morphological criteria were used to determine the histopathological
damage: score 0, no damage; score 1(mild), interstitial edema and focal necrosis; score2
(moderate), diffuse myocardial cell swelling and necrosis; score3 (severe), necrosis with
the presence of contraction bands, neutrophil infiltration and capillaries were compressed;
and score 4 (highly severe), wide spread necrosis with the presence of contraction bands,

neutrophil infiltration, capillaries compressing and hemorrhage.[18]

14. Collagen Content and Area Measurement

Each heart was transversely cut into Sum slices. Five consecutive micrometer sections
were prepared from different samples of the infarcted area. Sections of each sample were
stained with collagen-specific dye Sirius red 3BA in saturated picric acid solution (0.1%
solution in saturated aqueous picric acid, Sigma) to allow a clear discrimination between
cardiomyocytes and collagen matrix, and then quantified with an image analysis system.

Under the staining of Sirius red, collagen fibers appear as red structures, and myocytes
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and intramyocardial vessels are yellow. Infarct scar area and the total area of LV
myocardium were traced manually in the digital images and measured automatically by
the computer by the means of ImageJ-1.41 (NIH, US). The slides were scanned with
1000dpi, and then the pictures were RGB split to green color layer for measurement.
Infarct size, expressed as a percentage, was calculated by dividing the sum of infarct areas
from all sections by the sum of LV areas from all sections (including those without infarct

scar) and multiplying by 100.

15. Statistical Analysis

All data are expressed as mean+SEM. Analysis was carried out by using SPSS statistical
package (V16.0, Chicago, IL).

Univariate analysis was used to test the differences of all measurements. When a
significant P value, <0.05, was shown for certain variables, post hoc test (LSD and
Bonferroni correction) was followed. A value of P <0.05 was considered statistically

significant.
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RESULTS
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1. MSCs Culture

MSC were generated by standard procedures and grown for at least three passages in
culture. Contaminating hematopoietic cells were depleted during passaging, and MSC
were morphologically defined by a fibroblast-like, spindle- shaped appearance. (Figure 1,
2).

Figure 1

Figure 1 Spindle-shape appearance of MSCs in a culture dish.

Figure 2

Figure 2 X-gal staining of labeled MSCs (blue color) ready for the transplantation in

culture flasks.
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2. Mortality and Sample Size

The overall mortality was 15 %( 15/103) occurring mainly during the first 48 hours after
coronary ligation. No late postopearrative death was observed.

Echocardiographic measurements, histological evaluation and Real-Time PCR were done
in all the surviving 88 rats. The number of the rats in each group was distributed as
following.

Number of the rats for each group

[2hours 24 hours | 1 week 2 weeks
GroupL |6 6 6 7
GroupM |7 8 8 8
GroupC |8 8 8 8

3. Inflammatory Cytokines Gene Expression Changes in Left Ventricle
after MSCs-Treatmentt

At a time when significant cardiac protection was clearly established, we sought to further
elucidate potential mechanisms through different cytokines secretion. Because MSC are
known to have immunomodulatory and paracrine properties, we screened the hearts by
quantitative real-time PCR, for changes of pro- (IL-1f, IL-6 and IL-8) and anti-
inflammatory (IL-10) cytokines expressions.

The fresh heart tissue slices for the total RNA extraction included infarcted area, peri-
infarcted area and normal heart tissue cut from LV by visual inspections, so the gene
expression changes stand for the global gene expression changes of the whole LV.

Our pilot experiments have demonstrated that there were no statistical differences
between the Group L and Group M, and the focus of our experiment is to explore how the
MSCs can improve the cardiac function compared to that of the cell culture medium
treated heart. Therefore we showed the data of comparative gene expression in infracted
left ventricle treated with MSCs referencing each gene to B-actin as internal control
generated all data.

Compared to the Group M, Group C showed increased gene expressions, including IL-18,
IL-6 and IL-10 from 12 hours to 2 week. For IL-8, it was also up-regulated till to 24

hours, but after that is was down-regulated.
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Except for the ratio of IL-1p/IL-10 and IL-6/IL-10 at 1 week, all the other data from pro-
/anti inflammatory cytokine gene expression ratios showed significantly inbalance
between the pro- and anti-infalmmatory cytokines expression, which meant that the anti-

inflammatory effect overwhelmed that of the pro-inflammatory in Group C (Fig 3).

Fig. 3 Comparative Cytokines Gene expression
in LV treated with MSCs at 12 hours

16
14 -
12 -
10 -
8 -
6 -
41
2|
;

fold changes from control

equal IL-1B IL-6 IL-8 IL-10

Figure 3 Comparative gene expressions ratios in left ventricule of the hearts treated with
MSCs. The data was generated by referencing each gene to B-actin as internal control.
First bars on all panels depict gene expression ratio of I, a value obtained when gene
expression ratios between MSCs and cell culture medium-treated animals are “equal.”
Values above or below 1 indicate that gene expression in MSCs-treated animals has
increased or decreased compared with cell culture medium-treated animals.

Compared to Group M, Group C caused significant increase (9.6-fold, P< 0.05) of anti-
inflammatory IL-10 gene expression in the LV. Pro-inflammatory gene expressions of IL-

1B (7.7-fold, P< 0.05), IL-6 (3.6-fold) and IL-8 (1.6-fold) were also increased in Group C.
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Fig. 4 Comparative Cytokines Gene Expression
35 in LV treated with MSCs at 24 hours
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Figure 4 The anti-inflammatory gene expression of IL-10 was robustly expressed in
Group C (26.9-fold, P< 0.05), and at the same time that of pro-inflammatory ones, IL-1f
(6.9-fold, P< 0.05), IL-6 (2.0-fold) and IL-8(1.7-fold) also increased in Group C.

Fig. 5 Comperative Cytokines Gene Expression
in LV treated with MSCs at 1 week
25 4 -
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Figure 5 At 1 week after treatment, the comparative gene expressions of IL-10 (1.8-

fold), IL-18 (1.7-fold) and IL-6 (1.7-fold) were increased slightly, but did not reach
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statistical difference. Pro-inflammatory IL-8 (0.75-fold) was depressed in Group C,

however no statistical difference was reached.

|

Fig. 6 Comperative Cytokines Gene Expression
in LV treated with MSCs at 2 weeks

fold changes from contr¢

equal IL-18 IL-6 IL-8 IL-10

Figure 6 Similar results found at 2 weeks, the comparative gene expressions of 1L-10
(3.2-fold), IL-1P (1.1-fold) and IL-6(1.5-fold) were increased slightly in Group C, but did
not reach statistical difference. Pro-inflammatory IL-8 (0.2-fold) was depressed more

than that at 1 week for Group C.

Fig. 7 Comparative Cytokines Gene Expression
Changes in Group C with Times

35 +

0 12h 24h 1w 2w

-77 -



Figure 7 From above, all cytokines experienced most changes around 12-24 hours, while

the anti-inflammatory cytokine, IL-10 had an obvious peak around 24 hours.

Fig. 8 Pro-/anti- inflammatory Cytokines Gene
Expression Ratio at 12 Hours
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Figure 8 At 12 hours, Group C caused a decrease in the pro-/anti- inflammatory cytokine
ratio in the LV, and there were a significant decrease in 1L-6/IL-10 (0.37-fold, P< 0.05)
and IL-8/IL-10 (0.21-fold, P< 0.05) rations.

Fig. 9 Pro-fanti- inflammatory cytokines Gene
Expression Ratio at 24 Hours
E "
8 1 - -
§ 08
@ 06 -
4
g 0.4 s
(2
° 0.2
(<]
“ 0
equal IL-1B/IL-10 IL-6/IL-10 IL-8/IL-10

Figure 9 At 24 hours, Group C caused a significant decrease in the pro-/anti-
inflammatory cytokine ratio. IL-1§ /IL-10 (0.36-fold, P< 0.05), IL-6/IL-10 (0.11-fold, P<
0.05) and IL-8/IL-10 (0.10-fold, P< 0.05).
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Fig.10 Pro-/anti-inflammatory Cytokines Gene
Expression Ratio at 1 Week
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Figure 10 At 1 weeks, MSC treatment caused decrease in the IL-6/IL-10 (0.79-fold) and
IL-8/IL-10 (0.32-fold, P< 0.05) in the LV. For IL-1 /IL-10, the value of 1.18 means IL-1

B was expressed more than IL-10, but did not reach significant difference.

Fig. 11 Pro-/anti-inflammatory Cytokines Gene
Expression Ratio at 2 Weeks
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Figure 11 At 2 weeks, MSCs-treatment caused a significant decrease in the IL-1f /IL-10
(0.50-fold, P< 0.05), IL-6/IL-10 (0.40-fold, P< 0.05) and IL-8/IL-10 (0.08-fold, P< 0.05)
inthe LV.
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Fig. 12 Pro-/anti-inflammatory Cytokines Gene Expression Ratio
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Figure 12 At 1 week after MSC-treatment, all pro-/anti-inflammatory cytokine ratio
demonstrated that the anti-inflammatory cytokine, IL-10 was over expressed than that of

the pro-inflammatory, except IL-1f /IL-10. This was especially remarked at 24 hours.

4. MMP2 and TIMP1 Gene Expressions in LV

The RT-PCR products of MMP2 and TIMP1 were observed at the expected locations on
agarose gels. Intensity analysis indicated that compared to the Group M, Group C caused
reduced expression of MMP2 with time (0.50-, 0.57-, 0.95, 0.80-fold), and an increase of
TIMP1 at 12 and 24 hours, 1 and 2 weeks (1.24-, 1.09-, 1.02- 2.05-fold) respectively.

The ratio of MMP-2/TIMP1 levels was lower in the Group C at all time frames, reaching

statistical significance at 12 and 24 hours.
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Figure 13 Gene expressions of MMP2 and TIMPI1 in LV at various times after MSCs

implantation

Fig. 14 MMP2 Gene Expression Changes over Times
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Figure 14 Comparative gene expression ratios in LV of the infracted hearts after MSC-
and cell culture medium-treatment. Data generated by referencing each gene to B-actin as
internal control.

Group C caused reduced expression of MMP2 over the time courses (0.50-, 0.57-, 0.95,
0.80-fold).

First points of the graph depict gene expression ratio of 1, a value obtained when gene
expression ratios between MSC and cell culture-treated animals are “equal.” Values
above or below 1 indicate that gene expression in MSC-treated animals has increased or

decreased compared with cell culture-treated animals.
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Fig.15 TIMP1 Gene Eexpression Changes with Times

fold changes

equal 12h 24h 1w 2w

Figure 15 TIMPI1 gene expression increased in Group C at 12 and 24 hours, 1 and 2
weeks (1.24-, 1.09-, 1.02- 2.05-fold).

Fig. 16 MMP2/TIMP1 Gene Expression Ratio Changes with
Times

equal 12h 24h w 2w

Figure16 MMP-2/TIMPI levels were lower in the Group C at all time frames, reaching
significance at 12 hours (0.40-fold, P< 0.05), 24 hours (0.51-fold, P< 0.05), and 2 weeks

(0.39-fold, P< 0.05) respectively.

5. ECM Deposition Measurement
By using Sirius red staining, collagen fibers appear as red structures, and myocytes and

intramyocardial vessels are yellow (Figure 17). The computer measured infarct scar area
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and the total area of LV myocardium automatically by the means of ImagelJ-1.41 (Figure
18).

Histopathological analysis revealed a statistically significant reduction of scar ECM
deposition in Group C at 24 hours (C= 0.75 £0.10% vs M=1.95 £0.23%, p<0.01), 1 week
(C=9.36 £1.24% vs. M=19.30 +3.63%, p<0.01), and at 2 weeks (C= 7.57 £1.41% vs.
M=24.46 £3.04%, p<0.01) (Figure 19).

Figure 17 Representative rat heart following left ascending artery ligation at 2 weeks,
note that collagen fibers of the scar tissue appeared as red structures, and myocytes and

intramyocardial vessels were yellow.
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Figure 18 Infarct scar area and the total area of LV myocardium measured automatically

by the computer by using ImageJ-1.41 (NIH, US). Note that red area represents ECM
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deposition in scar tissue, grey area represents myocardium. Compared to the Group M,

Group C had significantly less ECM deposition at each time course.

Fig. 19 ECM Area of Left Ventricle
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Figure 19 Compared to the Group M, Group C had significantly less ECM deposition at

each time course after 24 hours.

6. Histopathological Evaluation and Myocardial Injury score

Histological examination of serial sections of every hearts of Group C confirmed the
successful engraftment of MSCs at 12, 24 hours and 1 week after cell implantation, but
labeled MSCs were difficult to identify at 2 weeks (Fig. 20). With the H&E staining, the
sections were examined by an observer blinded to the treatment regimen. The extent of
myocardial tissue injury and the intensity of neutrophils infiltration (the mean of the
absolute number of neutrophils from six random high-power fields) were evaluated in a
blinded fashion.

Tissue examination of acute myocardial injury and inflammatory cell infiltration at 12
and 24 hours showed significant increase in Group C compared to Groups M (C=1.73
+0.12 vs. M= 2122 +0.10 p<0.05) and (C=3.16+0.51 vs. M=1.65+0.22, p<0.05);
Subacute myocardial injury and inflammatory cell infiltration at 1 and 2 weeks showed a
significant decrease in Group C compared to Groups M (C=1.71 £0.10 vs. M= 2.15 +0.13
p<0.05) and (C=0.98+0.46 vs. M=1.70+0.42, p<0.05)(Figue 21)
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Figure 20
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Figure 20 Representative sections( stained with H&E and X-gal) of rat myocardium with
evidence of engraftment of allogeneic MSCs harvested at 12 and 24 hours, 1 and 2 weeks

after coronary ligation.
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Fig. 21 Myocardial Injury Score
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Figue 21 Tissue examination for acute myocardial injury and inflammatory cell
infiltration at 12 and 24 hours showed significant increase in Group C compared to Group
M, however the chronic myocardial injury and inflammatory cell infiltration at 1 and 2

weeks showed a significant decrease in Group C compared to Group M.

7. Cardiac Functional Assessment

Representative echocardiogrphs of normal hearts (A), infracted rat hearts treated with cell
culture medium (B) or treated with MSCs (C) were shown; Note the difference in the
movement of the anterior wall of LV (Figure 22).

The EF and FS were not significantly different among the groups preoperatively. At 12
hours, 24 hours, 1 week, and 2 weeks, Group C experienced significant improvement in
the EF compared with group M (Figure 23), indicating an important beneficial effect of
cell therapy. FS was also significantly increased in group C at 24 hours, 1 week, and 2

weeks respectively (Figure 24).
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Figure 22 Representative M-mode echocardiograph performed at 2 weeks after
implantation(C). Note the greater movement of the anterior wall of the mesenchymal

stem cell (MSC)-injected heart compared with the medium-injected heart (B), and graph

A represents normal left ventricular wall movement.
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Figure 23 Ejection fractions at various times
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Figure 24 Fractional shortening at various times
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Chapter IV

Discussion

-90 -



Studies from our laboratory and others have already demonstrated the cardiac function
improvedby the MSCs transplantation and these MSCs could survive from several days to
beyond 6 months [17, 18, and 19]. In this study, we also showed that isogenic MSCs may
be an efficient cell source of cell therapy for AMI, as MSC transplantation in Group C
showed a significant increase of FS and EF (Fig. 23, 24) as early as 12 hours up to 2
weeks. Although few studies were done to evaluate the cardiac function changes as early
as 12 hours after the treatment, Frangogiannis et al found improved cardiac function even
from 1 hour after the MSCs transplantation [39].

In our study, the transplanted cells were difficult to be traced from 1 week after the MSCs
transplantation (Fig. 20). The low number of donor cells found in the recipient hearts, and
the strong therapeutic effect to the infracted left ventricle suggested that the contribution
MSCs transplantation might be attributed to other underterminted factors rather than a
direct transdifferention of the implanted MSCs into newly formed cardiacmyocyte
phenotype. Yukiko [17] also found MSCs disappeared rapidly following implantation. In
his first report, they indicated that 90% of transplanted cells were rapidly lost by 15 min
after transplantation. Almost all cells were lost in the first 24 hours, and almost complete
disappearance had occurred by 28 days post-transplantation. On the other hand, Florian et
al [21] observed significant renal function had recovered within 3 days after MSCs
therapy, a time period in which none of the administered MSCs had differentiated into
kidney tubular or endothelial cell phenotype. Other researchers [22, 23, 24, 25, and 26]
have also raised questions over whether stem cells actually differentiate into functioning
myocytes and whether the number of engrafted cells could account for the improved
function. Tang et al. [27] raised futher doubts over myocardial regeneration leading to
functional recovery, because very few engrafted MSCs expressed specific cardiac
markers, such as connexin-43 and cardiac troponin I. The small number of engrafted cells
suggested that increased myocardial mass as a mechanism for improved cardiac function
was less likely [51]. They have attributed the beneficial effects to the secretion of a
number of angiogenic factors by the implanted stem cells and the resultant paracrine
effects. Other authors have also supported the paracrine theory [28, 29].

Numerous studies have demonstrated activation of cytokine cascades in the infarcted

myocardium. Induction and release of the proinflammatory cytokines IL-18, TNF-a, IL-6,
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and IL-8 are consistently found in experimental models and clinical cases of myocardial
infarction [30, 31]. Infarct healing is closely intertwined with an inflammatory cascade
triggered by hypoxia and cardiomyocyte death [32]. In the past 20 years, a vast body of
evidence showed dramatic reduction in infarct size with the use of specific anti-
inflammatory strategies [33, 34]. However, attempts to mitigate inflammatory injury in
clinical practice have been generally unsuccessful. Emerging evidence suggests that
locally delivered MSCs can lead to an improvement in ventricular function, but the
cellular and molecular mechanisms involved remain unclear. Unlike other previous
studies, our study showed that transplanted MSCs up-regulated both pro- and anti-
inflammatory gene expressions, including IL-1p, IL-6 and IL-10 from 12 hours up to 2
weeks; whereas IL-8 was also up-regulated for the first 24 hours (Fig.3-7). This cytokines
profile was also contrary to our hypothesis that MSCs might inhibit the pro-inflammatory
cytokines expression, while increasing the anti-inflammatory cytokines activity. In a
clinical study, Kilic [15] found that the serum concentrations of IL-1p and IL-6 were
significantly higher in patients with new coronary events.On the other hand, Florian [21]
has shown that at 24 h after injury, the expression of pro-inflammatory cytokines IL-18,
TNF-o and others were significantly reduced and that of anti-inflammatory IL-10 and
bFGF, TGF-B, and Bcl-2 were highly up-regulated in treated kidneys.

Even though MSCs have shown to have unique immunomodulatory properties, and can
be transplanted as ‘universal donor cells’ among MHC incompatible individuals, there are
still some mild inflammatory reactions at an early stage [40]. Tissue examination of our
study also demonstrated that acute myocardial injury and inflammatory neutrophil cells
infiltration significantly increased in Group C compared to Groups M at 12 and 24 hours
and neutrophil cells infiltration was predominant in 24 hours (Fig 21). These findings
suggested us that the transplanted MSCs did not change or inhibit the inflammation
reaction histopathologically after acute myocardial. The pro-inflammatory cytokines are
mostly produced by the reactive neutrophil cells and damaged endothelial cells of blood
vessels, and therefore, it is not expected that MSCs implantation after MI would change
this pheonenon. On the other hand, it could reflected the insufficient number of injected
MSCs to completely suppress the inflammation, since the majority of the injected cells

were lost eaerly after injection, due to mechanical leakage or washout [41].
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It has been shown that MSCs could interplay with the cytokine-producing inflammatory
cells, and up-regulate the production of anti-inflammatory cytokines, such as IL-10. In
our study, IL-10 gene expression has been remarkablely up-regulated and showed
evidence of strong cytoprotective effects to cardiac myocytes (Fig 3, 4, 5, 6, and 7). Our
results also demonstrated that IL-10 gene expression was associated with the decreased
MMP2 and increased TIMP1 gene expression during the repair of diseased heart treated
with MSCs (Fig 7, 14 and 15). As MMP-mediated matrix degradation is very crucial in
infarct healing and the pathogenesis of left ventricular remodeling, early upregulation of
MMP expression might improve the healing myocardial infarcts, and lead to improved
LV function [35]. Changes in the cytokine milieu might play a key role in regulating
extracellular matrix through inflammatory cells and fibroblasts infiltrating the infarcted
myocardium. IL-1B and TNF-a can increase MMP-2 and MMP-9 activity [36], whereas
IL-10 and TGF-a enhance TIMP synthesis, promoting extracellular matrix accumulation,
and thus producing a favorable myocardial remodeling for better functional recovery. The
analysis of ECM was consistant with reuced scar formation, IL-10 gene expression
changes, and the infarcted L'V that showed significantly better functional recovery.

Previous studies (37) have demonstrated that early induction of IL-6 was markedly
enhanced during the first 6 hours after reperfusion of the previously ischemic
myocardium. However, in nonreperfused infarcts, by 24 hours, IL-6 over expression was
also observed. Others have suggested that IL-6 mRNA expression was down-regulated
after 24 hours of reperfusion in the same ischemic segments in which I1L-10 mRNA up-
regulation was found. In contrast, animals with permanent coronary occlusion showed
that IL-10 mRNA up-regulation and high IL-6 mRNA expression could persist as long as
96 hours [38]. These findings showed the temporal and spatial discrepancies of the
cytokines expression during various scenies of myocardial injurys of ML. In our study,
both the pro- and anti-inflammatory cytokines gene expression were both up-regulated
after MSCs therapy (Fig.7), but the LV functional recovery suggested that the two types
of contratory cytokines had imbalanced effects that favor better cardiac functional
improvement. After converting the data to ratio of pro-/ anti-inflammatory gene
expression, the results showed that the up-regulated anti-inflammatory cytokines gene

expression overcame the up-regulated pro-inflammatory cytokines with an overall
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upward trend (Figure 12). Therefore the balance between pro-inflammatory and anti-
inflammatory cytokines reflected the over-all direction of inflammatory changes after the
MSCs treatment. This effect from the MSCs implantation demonstrated that the ratios of
pro-/anti-inflammatory cytokines gene expression were in fovor of anti-inflammation and
associated with MMP2/TIMPI ratio, and the size of scar tissue formation that correlated
with cardiac functional improvement (Figure 12, 16, 19, 23, and 24). This possible
paracrine mechanism of MSC therapy may at least in part explain the early functional
improvement after MI following stem cell therapy before transdifferentiation or other
mechanisms take place over longer period.

The current study has several limitations. First ofall, it is possible that MSCs act through
more complex mechanisms through the inflammatory cytokines or other mediators. The
currently indentified cytokines may only be the tip of the iceberg. Therefore, further study
utilizing knockout animal will be required to clarify the roles of each individual cytokine
with respect to the benificial effects of MSCs. Secondly, we did not determin the fate of
the transplanted MSCs. We do not know whether the transplanted MSCs furher duplicate
or differentiat into functional cells that might replace the damaged cells in the tissue or
remained as they were.The mechanism by which MSCs display favorable effect in the
infarcted rodent heart model as present in this study could be due to other mechanism
such that MSCs facilitated the function of remnant cardiac myocytes cells by restoring the
pre-existing stem cell niche in the heart or other undetermined factors. The present study
eluded at least part of the mechanism how MSCs improved cardiac functional recovery

involving inflammatory cytokined and extracellular matrix.
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Chapter V

CONCLUSIONS
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In summary, our study showed that isogeneic MSCs injected into peri-infarcted regions of
ischemic myocardium after coronory ligation can improve the cardiac function.The ratios
of pro-/anti-inflammatory cytokines gene expression favoring anti-inflammation with less
scar formation suggested that paracrine mechanism may at least in part explain the early
functional improvement. The present findings open up a new and potentially important

mode of action for MSCs, which also provides further impetus to study the role of IL-10

as a therapeutic agent.
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