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ABSTRACT
Objectives:

Myocardial infarction (MI) is the most common cause of congestive heart failure
(CHF). Both diseases are associated with significant morbidity and mortality. Cell-based
therapy has demonstrated variable degrees of success in the treatment of myocardial
infarction and heart failure. Recently, a major advancement in the stem cell field has been
made after the introduction of human induced pluripotent stem cells (HiPSCs) as it
carried the advantage of non-invasive harvesting methods over the other types of cell
based therapy. Here, we investigated the effects of conditioned media (CM) of HiPSCs
and mesenchymal stem cells (MSC) on the cardiac function and remodeling of
experimental MI and CHF rat model. It was hypothesized that signaling molecules VEGF
and PDGF present in cell conditioning media would have angiogenesis and
neovascularization properties to induce improvement in myocardial function and

reduction in scar size after MI.

Methods:

In-vitro preparations: HiPSCs and MSCs were cultured in DMEM containing 5%
pluripotent stem cell growth supplement and DMEM alone, respectively. Cells were
incubated for 24 hours in the conditioning medium in CO2 chamber at 37C°, thereafter
conditioning media was collected and stored in -80C*® for further use.

In-vivo preparations: A total of 30 female Lewis rats underwent surgical
ligation of the left anterior descending coronary artery through a left thoracotomy.
Animals were randomized (n=10/group) to receive one of three treatments injected into
the peri-infarct area; normal saline (NS), HIPSC (HiPSC CM) and MSC (MSC CM).
Group NS, received (500 pL) of normal saline, group HiPSC and MSC received
intramyocardial injection of HiPSCs-CM (500 pL) or MSC-CM, respectively injected
into the peri-infarcted zone 15 minutes after the ligation. Left ventricular ejection fraction
(LVEF), fractional shortening (FS), histology was evaluated in a blinded fashion, at pre-

op day 0 then at 1, 2, 4 and 6 weeks and serum proteomics were evaluated at 2 weeks.
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Results:

Echocardiography showed a significant improvement of EF and FS in both group
HiPSC and MSC compared to group NS (P<0.05) at week 6. There was no significant
difference between groups HiPSC and MSC over time. Scar size was significantly
smaller in group HiPSC compared to groups NS or MSC (P<0.05) at week 6. Group
MSC had significantly less scar than group NS (P<0.05) at week 6. There was a
significant increase in CD31 immunostaining in-groups HiPSC and MSC compared to
group NS (P<0.05) at week 6. Proteomic analysis which was done at week 2 revealed
abundant presence of VEGF in the serum of group HiPSC that was absent in groups NS
and MSC.

Conclusion:

The current study demonstrated a significant improvement in cardiac function and
remodeling in response to CM from HiPSCs and MSCs compared to that of control. The
utilization of culture media may avoid the potential malignant transformation or

inadvertent effects of the presence of implanted cells of cell-based therapies.
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RESUME

Objectif

L'infarctus du myocarde (IM) est la cause la plus fréquente d'insuffisance cardiaque
congestive (ICC). Les deux maladies sont associées a une morbidité et a une mortalité
significative. La thérapie cellulaire a démontré des degrés de succés variables dans le
traitement de l'infarctus du myocarde et de l'insuffisance cardiaque. Récemment, une
avancée majeure dans le domaine des cellules souches a été réalisée apres 1'introduction
de cellules souches pluripotentes induites par I'hnomme (HiPSC) car elle a porté I'avantage
des méthodes de récolte non invasives par rapport aux autres types de thérapie a base de
cellules. Ici, nous avons étudi¢ les effets des médias conditionnés (CM) des HiPSC et des
cellules souches mésenchymateuses (MSC) sur la fonction cardiaque et le remodelage du
modele expérimental d'IM et de rat CHF. On a émis 1'hypothese que les molécules de
signalisation VEGF et PDGF présentes dans les milieux de conditionnement cellulaire
auraient des propriétés d'angiogenese et de néovascularisation pour induire une
amélioration de la fonction myocardique et une réduction de la taille de la cicatrice apres

I'IM.

Méthodes

Préparations in vitro : HiPSCs et MSC ont été cultivés dans du DMEM contenant 5% de
suppléments de croissance de cellules souches pluripotentes et DMEM  seul,
respectivement. Les cellules ont été incubées pendant 24 heures dans le milieu de
conditionnement dans une chambre de CO2 a 37 © C, puis on a recueilli les milieux de
conditionnement et on les a conservés dans -80 ° C pour une utilisation ultérieure.
Préparations in vivo : Au total, 30 rats Lewis ont subi une ligature chirurgicale de 1'artere
coronaire descendante antérieure par une thoracotomie gauche. Les animaux ont été
randomisés (n = 10 / groupe) pour recevoir 1'un des trois traitements injectés dans la zone
péri-infarctale ; La solution saline normale (NS), HiPSC (HiPSC CM) et MSC (MSC
CM). Le groupe NS, recu (500 pl) de solution saline normale, groupe HiPSC et MSC a
recu une injection intramyocardiale de HiPSCs-CM (500 pL) ou MSC-CM,
respectivement injectée dans la zone péri-inférée 15 minutes apres la ligature. La fraction

d'éjection ventriculaire gauche (FEVI), le raccourcissement fractionnaire (FS),
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I'histologie ont été évalués de maniere aveugle, au jour pré-op, puis a 1, 2, 4 et 6

semaines et la protéomique sérique a ét¢ évaluée a 2  semaines.

Résultats

L'échocardiographie a montré une amélioration significative de I'EF et du FS dans le
groupe HiPSC et MSC par rapport au groupe NS (P <0,05) a la semaine 6. Il n'y avait pas
de différence significative entre les groupes HiPSC et MSC avec le temps. La taille de la
cicatrice était significativement plus faible dans le groupe HiPSC par rapport aux groupes
NS ou MSC (P <0,05) a la semaine 6. Le groupe MSC avait nettement moins de
cicatrices que le groupe NS (P <0,05) a la semaine 6. Il y avait une augmentation
significative de I'immunocoloration CD31 dans -groupes HiPSC et MSC par rapport au
groupe NS (P <0,05) a la semaine 6. L'analyse protéomique qui a été effectuée a la
semaine 2 a révélé une présence abondante de VEGF dans le sérum du groupe HiPSC qui

était absent dans les groupes NS et MSC.

Conclusion

L'étude actuelle a démontré une amélioration significative de la fonction cardiaque et du
remodelage en réponse au CM des HiPSC et des MSC par rapport a celui du controle.
L'utilisation des milieux de culture peut éviter la transformation maligne potentielle ou
les effets involontaires de la présence de cellules implantées de thérapies a base de

cellules.
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Table 1: Difference in quantity of VEGF and PDGF in the culture medium in each group
at 0 (baseline) and 60 minutes.

0 min 60 min
Comparison Mean Difference* P-value Mean Difference* P-value
[SD] [SD]

VEGF
MSC-CM VS HIPSC-CM 0.001 [0.02] 0.9611 0.173 [0.096] 0.0016**
MSC-CM VS MSC-PRE 0.382[0.03] 0.0006%*
HIPSC-CM VS HIPSC-PRE 0.388 [0.01] <0.0001%**
HIPSC-CM VS HIPSC-PRE-R 0.268 [0.01] <0.0001%**

PDGF
MSC-CM VS HIPSC-CM 0.83 [0.03] 0.0562 0.263 [0.157] 0.022%*
MSC-CM VS MSC-PRE 0.01310.02] 0.6430
HIPSC-CM VS HIPSC-PRE 0.069 [0.01] 0.0327%
HIPSC-CM VS HIPSC-PRE-R 0.073 [0.01] 0.0223 %

*mean difference represents mean difference in concentration between two samples (ng/mL)
**Statistically significant

XIII



Alrefai et al

Table 2: Pre-operative characteristics and post-operative changes in left ventricular
ejection fraction and fractional shortening.

Pre-operative Ejection

Pre-Operative Fractional

Fraction Shortening
Group Mean (%) SD P-value @ Mean (%) SD P-value
NS 74.6 8.5 39.0 8.1
HiPSC 73.2 1.7 0.928%* 37.1 1.5 0.849%*
MSC 73.6 2.1 0.967* 37.5 1.8 0.903*
Post-operative Ejection Post-Operative Fractional
Fraction Shortening
NS 34.7 3.5 <0.0001" 14.02 1.6 <0.0001"
HiPSC 35.7 2.7 <0.0001" 14.80 1.3 <0.0001"
MSC 33.2 4.5 <0.0001" 13.51 2.1 <0.0001"

*n-value identifies significant difference between treatment groups compared to control.
“p-value identifies significant difference between pre- and post-operative measurements within the same

group
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Figure 1: Change in mean ejection fraction over time across treatment groups.
* indicates significant difference between both MSC and HiPSC compared to control.
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Figure 2: Change in mean fractional shortening over time across treatment groups.
* indicates significant difference between both MSC and HiPSC compared to control.
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Figure 3: Estimated scar size post-operatively and following treatment at weeks 2+ (2-4)
and 6+ (6-8). * indicates significant difference between both MSC and HiPSC compared
to control as well between HiPSC and MSC Groups.
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Figure 4: Histological scar area post-operatively and after treatment at weeks 2-4 (2+)

and 6-8 (6+).
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Figure 5: CD31 immunostaining to identify peri-infarct endothelial cell density post-

infarct.
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CHAPTER 1: INTRODUCTION

1.1 Ischemic Heart Disease

Ischemic heart disease (IHD) or Myocardial infarction (MI) is among the most
common causes of congestive heart failure (CHF), contributing to the significant
worldwide morbidity and mortality associated with cardiovascular disease'. Following
MI, contractile cardiomyocytes became necrotic and are replaced by non-contractile
fibroblasts and collagen-rich scar tissue, resulting in thin ventricular walls, decreased
ejection fraction, and heart failure. Although some evidence exists demonstrating age-
dependent cardiomyocyte annual turnover (between 0.45% - 1%) and limited
regeneration post-MI, this response to inflammation is not clinically significant®”.
Several investigations, however, have demonstrated cardiomyocyte mitotic indices of
0.015 to 0.08% in heart failure and post-infarct specimens, offering evidence that
challenges the notion that the heart is a post-mitotic organ and suggests there may be a

myocyte subpopulation that remains subtotally differentiated*.

Recently, there has been interest in the utilization of stem cells to enhance
cardiomyocyte regeneration and ventricular remodeling post-MI and in heart failure
patients. A number of autologous cell lines, to reduce the risk of allogenic rejection, have
been investigated, including bone-marrow derived stem cells, resident cardiac stem cells,
skeletal myoblasts, and adipose derived stem cells. These cell lines have been
administered transendocardially, transepicardially, and via the coronary arteries in both
human and animal models, to varying degrees of success’ . In animal models, these cell-
based therapies have demonstrated effectiveness in reducing infarct size and ventricular

24-2 ..
®  Similar results have been

dilatation, and improving myocardial function
demonstrated in human models, however clinical translation is limited®'>"°. Primarily,
the ideal source of human cardiomyocyte progenitors remains unidentified, though
further understanding of the differentiation of embryonic stem cells and human induced
pluripotent stem cells (HiPSCs) into cardiomyocytes is curbing this concern’” .
Additionally, adverse events including rhythm disturbances and teratoma/teratocarcinoma

formation have been identified utilizing stem cell grafting techniques, hampering this
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methodology™ 2.

Signaling factors are one of the main elements needed for stem cell function. The
paracrine mechanism of function suggests that stem cells secrete multiple complementary
cellular pathways, promoting different cellular functions include anti-apoptosis,
angiogenesis, and attenuation of fibrosis. Previous investigations have endeavored to
exploitate this mechanism using cell lysates/extracts to improve cardiac function post-MI
and angiogenesis. Grossman and colleagues injected bone marrow cell extracts into peri-
infarct myocardium using a mouse model, and several investigators have isolated
microparticles and extracellular vesicles to promote neovascularization®>>. This
paracrine mechanism represents a new, alternative approach to improve post-infarct

cardiac regeneration and function using stem cells.

Multiple clinical trials were done using cell based therapy to address heart failure
both in the acute and chronic phase post MI. Depending on the period of presentation, we
can divide trials of stem cell injection into treatment during acute presentation of less
than 7 days, acute presentation for more than 7 days and chronic presentation for more
than a month post MI. For instance, trials experimenting in the acute presentation of less
than 7 days, such as the Transplantation of Progenitor Cells and Regeneration
Enhancement in Acute Myocardial Infarction (TOPCARE-AMI) trial, showed a trend of
improvement in regional wall motion in the infarcted zone and reduction of end-systolic
LV volume immediately after the injection as well as during the 4-month follow-up’® and
Reinfusion of Enriched Progenitor cells And Infarct Remodeling in Acute Myocardial
Infarction (REPAIR-AMI) that showed an initial result of increase in LVEF*’, both used
bone marrow derived MSC as the choice of stem cells. In regards to the acute
presentation for more than 7 days, trials such as CArdiosphere-Derived aUtologous Stem
CElls to reverse ventricUlar dySfunction (CADUCEUS) showed a significant decrease in
the scar size and increase in viable myocardium at 6 and 12 months '’ it mainly used
cardiosphere derived stem cells using resident cardiac stem cells. The MYocardial STem
cell Administration after acute myocardial infaRction (MYSTAR) trial also showed a
trend toward improvement that didn’t reach a statistical significance using bone marrow

derived MSC."" Finally, in regards to chronic presentation heart failure, trials such as
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Transplantation of progenitor cells and recovery of left ventricular function in patients
with chronic ischemic heart disease (TOPCARE-CHD) also used bone marrow derived
MSC found that the treatment was associated with a reduction in natriuretic peptide
serum levels (which is a marker for chronic heart failure) and improved the survival of

patients with chronic heart failure post-MI*®

. The Percutaneous stem cell injection
delivery effects on neomyogenesis Comparison of Allogeneic versus Autologous Bone
Marrow-Derived Mesenchymal Stem Cells Delivered by Trans-Endocardial Injection in
Patients with Ischemic Cardiomyopathy (POSEIDON) trial also used MSC even though
there was immunologic reaction, MSC injection favorably affected patient’s quality of

life, functional capacity, and ventricular remodeling in one of its groups.*’

In this study, our hypothesis state that signaling molecules VEGF and PDGF present
in cell conditioning media would have angiogenesis and neovascularization properties to
induce improvement in myocardial function and reduction in scar size after MI.

we investigated the paracrine effects of stem cells on post-MI functional recovery
and scar size in a rat model. We utilized 2 stem cell lines, bone marrow derived
mesenchymal stem cells (MSC) and subcutaneous tissue reprogrammed cells to produce
human induced pluripotent stem cells (HiPSC), and focused on 2 particular growth
factors that drive neovascularization and potentially myocardial recovery, platelet-

derived growth factor (PDGF) and vascular endothelial cell growth factor (VEGF).

1.2 Mesenchymal Stem Cells (MSCs)

MSCs are stem cells which characterized by its multipotent ability and can be

differentiated into cardiomyocytes or endothelial cells***!

which made it a potential
source of IHD treatment. It does own certain characters such as stability and
reproducibility with almost no concerns from the ethical aspect specially if it was
harvested from bone marrow, in addition to its versatility and availability as well. It
was first discovered back in the mid-sixties in the bone marrow™ then later on it was

found in other different tissues such as adipose tissue, placenta and muscles.*
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1.3 Human Induced pluroptent stem cells (HiPSC)

1.3.1 Description

HiPSC are autologous mature cells that can be transformed into pluripotent cells.
Through specific genetic alterations, mature cells can be reprogrammed to express
embryonic genes, allowing them to differentiate into tissues other than their specific
lineage. This was introduced by Takahashi and colleagues when they started
reprograming the cells using the OCT4, SOX2, KLF4 and MYC gene (which is
commonly known as Yamanaka factors). The genetic expression was forced into cells

. . . . .. 44.4
using epsiomal plasmid, retroviral and Sendai viruses.***

1.3.2 Applications
One very important aspect of HiPSCs is that, they can be aimed to differentiate
into a specified lineage which unlocked many opportunities for the research in

46-51 .
-5 It carries

regenerative medicine, therapeutic for disease modeling and drug discovery.
the advantage of eliminating the ethical controversy, minimize the immune rejection and

personalized approach for drug administration.

1.4 Cytokines role “VEGF and PDGF”

VEGF and PDGF has direct relationship to angiogenesis and neovascularization.

VEGF, expressed mainly on endothelial cells, has been previously demonstrated as a
potent stimulator of angiogenesis through tyrosine kinase receptor Flk-1 and the fms-
like tyrosine kinase receptor Flt-1, and was shown to slightly improve cardiac micro
vascular reconstruction and function following intravenous injection®>. PDGF has
also been identified as a significant contributor to angiogenesis and cardiac
remodeling following MI°’**®. Notably, both VEGF and PDGF have demonstrated
some adverse effects, particularly when given in high intravenous doses. For
example, high intravenous doses of VEGF have been associated with tumor
pathogenesis and cancer biology, and PDGF has been associated with organ
fibrosis®>®°. However, we have utilized both substrates in a localized fashion, with

direct injection into peri-infarct tissue, and avoided intravenous administration.
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CHAPTER 2: METHODS

Cell culture: Mesenchymal Stem Cells

Human bone marrow-derived MSC’s were donated by Dr. Yen BL and colleagues
at the Institute of Cellular and System Medicine (Zhunan, Taiwan). MSC’s were isolated
using previously described protocols®’. These cells were cultured in T75 TC flasks in
Dulbecco’s modified eagle’s medium (DMEM) supplemented with 10% fetal bovine
serum (FBS) and 100 @/ml penicillin (Invitrogen, Carlsbad, CA). Cell culture medium
was changed every 24 hours. Cells at 80-90% confluence were recovered or harvested.
Regarding cell passage, culture medium was aspirated, the cells were washed twice with
5 mL phosphate-buffered saline (PBS), and 1 mL 0.25% trypsin was utilized to separate
cells from the T75 flasks. Cells were incubated for 5-10 minutes at 37°C. DMEM (6 ml)
was subsequently added and the homogenate was split into 2x15 ml tubes and centrifuged
for 5 minutes at 1200 rpm. The medium was aspirated and the pellet was diluted in new
DMEM. Cells were seeded into new T75 flask and incubated at 37°C in a humidified

incubator containing a 5% CO; and 21% O, atmosphere.

Cell Culture: Human induced Pluripotent Stem Cells

HiPSCs, isolated from fibroblasts within the skin of normal tissue donors and
reprogrammed by episomal plasmid retroviral expression of OCT4, SOX2, KLF4 and
MYV genes, were obtained from American Type Culture Collection (Manassas, VA).
The cells were feeder-free (Pluripotent Stem Cell SFM XF/FF, ATCC no. ASC-3002),
(which does not contain any FBS) and a biological matrix (cell matrix basement gel,
ATCC no. ACS-3035) was used in place of fibroblast feeders to provide a surface for
attachment of the hiPSCs. DMEM:F-12 medium (ATCC no. 30-2006) was utilized as
culture medium.
Cells were prepared from the frozen cryovial according to ATCC protocol. Culture media
was aspirated and the cells were rinsed twice with 4 mL of Dulbecco’s-PBS (D-PBS,
ATCC n0.30-2200). Stem cell dissociation reagent, 2 mL, (ATCC no. ACS-3010) was
added, followed by 10 to 15 minutes of incubation at 37°C in a humidified incubator

containing a 5% CO; and 21% oxygen atmosphere. The dissociation reagent was
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aspirated and 2 mL of DMEM:F-12 with ROCK inhibitor Y27632 (ATCC no. ACS-
3030) was added to detach the cells. Suspended cell aggregates were then centrifuged at
200xg for 5 minutes at room temperature to pellet cells. The supernatant was aspirated
and discarded, the cells were resuspended in 1 mL of DMEM:F12 + ROCK inhibitor, and
re-plated.

Sample Collection

After 10-12 passage cycles, conditioning media from both the MSC’s and HiPSCs
was collected for subsequent analysis. For both cell types, culture media was collected
and filtered using an Amicon® Ultra-15 Centrifugal Filter (MW 10 kDa, Merck
Millipore, Billerica, MA). The aspirate was then centrifuged at 14000 rpm for 10
minutes, and stored at -80°C. We completed this for a subsequent 10-12 consecutive

cycles.

Measurement of VEGF and PDGF

An ELISA kit (Peprotech, rocky hill, NJ) was used to estimate the quantities of
vascular endothelial growth factor (VEGF) and platelet derived growth factor (PDGF)
present in each cell line’s conditioning media. Elisa microtiter plates were pre-coated
with a murine monoclonal antibody against the media cytokine (VEGF or PDGF) being
measured. Standards of the culture medium were added in triplicate. We added 100 puL of
each sample to appropriate wells of the ELISA strips. The samples were incubated for 2
hours. We then added 100 pL of detection antibody solution to each well, and incubated
for a further 2 hours at room temperature. We added 100 puL of avidin-horseradish
peroxidase (HRP) solution to all wells, and incubated for 30 minutes at room
temperature. Subsequently, 100 pL of substrate solution was added to each well and
incubated for 15 minutes at room temperature in the dark. Finally, absorbance was
measured at 405 nm with wavelength correction at 650 nm within a period of 60 minutes
at 15 minutes intervals. The reaction and standard curves were plotted. All assays were

conducted in a blinded fashion.



Alrefai et al

In-Vivo

We selected female, Lewis rats, 200-250 g (Charles River Laboratories,
Senneville, Canada) as our model. All animal studies were performed in accordance with
the guidelines set forth by the Canadian Council on Animal Care, and were approved by
the institutional ethics committee. Rats were housed in groups of three per cage, at 23° C,
fed with Purina rat ration, and were allowed free access to water.

Rats were anesthetized using 5% isoflurane, intubated, and mechanically
ventilated at 85 breaths/minute. Via a left thoracotomy through the fourth intercostal
space, the left coronary artery was permanently ligated 2 mm from its origin with a 7/0
polypropylene suture (Ethicon Inc, Somerville, NJ). The ischemic myocardial segment
rapidly became identifiable through its pallor and akinesia, corresponding to the
distribution of the left coronary artery territory. This resulted in infarction of the left
ventricle (LV) and subsequently reduced in ventricular function. Fifteen minutes after
ligation of the artery, 3 equal peri-infarct intramyocardial injections, total 500 pL, of the
previously harvest MSC or HiPSC culture media or normal saline were performed, using
a 27-gauge needle. Rats were randomized into three groups: (1) control group NS (n = 10,
normal saline), (i1) treatment group HiPSC (n = 10, HiPSC culture media extract), (iii)
treatment group MSC (n = 10, MSC culture media extract). All of these groups had
coronary ligation and injection of treatment into the peri-infarct area. In addition, there is
Group of Sham rats (n=6), which is normal rats didn’t get exposed to any surgical

intervention, were used for histological comparison as well as proteomics analysis.

Echocardiography

Trans-thoracic echocardiographic examinations were performed under inhaled
isoflurane anesthesia (2.5% in oxygen, 500—-700 mL/minute) in a blinded fashion.
Transthoracic echocardiography was performed for each rat as a baseline before the
surgery, immediately after ligation, and at 1 week, 2 weeks, 4 weeks and 6 weeks. Images
were obtained using a commercially available system (Micromaxx P04224; SonoSite,
Bothell, WA), equipped with a linear probe 7-13 MHz 25 mm footprint turbo transducer
(P06519.11; SonoSite).

Briefly, LV end-diastolic diameters (LVEDD) and end-systolic diameters
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(LVESD) were measured as the distance between the anterior and posterior LV walls
using M-mode tracings in the parasternal short-axis view. Measurements were recorded
slightly inferior to the apex of the papillary muscles of the mitral valve. The time of end-
diastole was defined as time of maximum diameter of the LV in one heart cycle.
Accordingly, end-systole was defined as the minimum diameter. Following the “leading-
edge” method as described by the American Society of Echocardiography, two images on
average were obtained in each view and averaged over three consecutive cycles.
Left-ventricular fractional shortening (LVFS) was determined according to the

following formula:

LVFS =[(LVEDD - LVESD)/LVEDD] x 100

The left-ventricular end-diastolic volume (LVEDV) and left-ventricular end-

systolic volume (LVESV) were measured using Teichholz formula, as follows:

LVEDV =7.0 x LVEDD"/ (2.4 + LVEDD)
LVESV = 7.0 x LVESD?/(2.4 + LVESD)

The left ventricular ejection fraction (LVEF) was determined according to the

following formula:

LVEF = (LVEDV - LVESV)/LVEDV

Scar area analysis

To analyze the effect of treatment on scar size, scar area analysis was performed
as follows - after cardiac excision, the hearts were immediately immersed in saline to
remove excess blood from the ventricles. Samples were then fixed in neutral-buffered 4%
formalin and paraffin. Paraffin-embedded samples were sectioned at 5 um. Masson’s
trichrome staining (DBS, Pleasanton, CA) was performed to delineate scar tissue (blue
color) from the total area of normal myocardium. Masson’s trichrome-stained sections

were captured as digital images and analyzed using Image-J software (version 1.41;
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National Institutes of Health, Bethesda, MD) and ImageScope software (© 2016 Leica
Biosystems Imaging). Infarct areas were calculated and expressed as a percentage.
Samples were obtained at time points 1, 2, 4, 6, and 8 weeks. We combined results from

weeks 2 and 4, and 6 and 8 in order to increase our sample size for analysis.

Assessment of Angiogenesis

Neovascularization was evaluated by analyzing the capillary and arteriole density
in the peri-infarct zone. Immunofluorostaining was performed with antibodies against
CD31 (Santa Cruz Biotechnology Inc, Santa Cruz, CA) to identify capillary endothelial
cells. To measure capillary density, three fields in the peri-infarct area were imaged, and
the number of capillaries with diameter of 10um or greater were counted. The capillary
density (mean total CD31-positive microvessels)/mm?) was quantified using the average

of three tissue sections spanning the peri-infarct tissue region of each heart.

Proteomics Analysis

We used a rat cytokines array panel A (R &D system, Inc., Minneapolis, MN) to
determine the concentration of soluble cytokines in rat serum from the 3 groups (MSC,
HiPSC and NS groups) and Sham group as well. Serum samples were collected as per the
protocol. In brief, reagents were prepared at room temperature, and a 4-well multi-dish
was used and prepared with buffer and reconstituted detection antibody cocktail. We
diluted the Streptavidin-HRP in Array Buffer 6 using the dilution factor on the vial label,
and added 2mL of this to each well of the 4-Well Multi-dish. Each membrane was
carefully removed from its wash container and excess buffer was drained from the
membrane. The membrane was returned to the 4-well multi-dish containing the diluted
Streptavidin-HRP and incubated for 30 minutes at room temperature on a rocking
platform shaker. We subsequently added ImL of the prepared Chemi Reagent Mix
evenly onto each membrane, and incubated them for 1 minute at room temperature. The

membranes were placed on autoradiography film cassette and exposed to X-ray.

Statistical Analysis

Values are expressed as mean value + SD. Typically, groups were tested and
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performed in triplicates and were compared with the Student’s t-test, or by using the
multivariant analysis of variance (MANOVA) test. Results were considered significant if

the p-value was < 0.05.

CHAPTER 3: RESULTS
In-vitro Results

Our initial analysis quantified VEGF and PDGF produced by in-vitro MSCs and
HiPSCs. We created 5 groups, comprising 2 treatments and 3 control groups: “MSC-CM”
was the conditioning media after the culture from MSCs, “HiPSC-CM” was the
conditioning media after the culture from HiPSCs, “MSC-pre” was the MSC conditioning
media before the culture (DMEM), “HiPSC-pre” was HiPSC culture media before culture
(DMEM:F12-no rock), “HiPSC-pre-r” was HiPSC conditioning media before culture
with rock inhibitor (DMEM:F12-with rock). There was a significant increase in VEGF
and PDGF release between each cell line and its control at 0 through 60 minutes, as
shown in Table 1. Additionally, there was a significant increase in the release of both
growth factors in the HiPSC culture media compared to the MSC media at 60 minutes

(PDGF: P=0.022; VEGF: P=0.0016).

In-vivo results
Echocardiography Results

We formed 3 Groups: Group NS, Group HiPSC and Group MSC. Pre-operative
echocardiography demonstrated no significant difference in left ventricular ejection
fraction (LVEF) or fractional shortening (FS) between the three groups (Table 2).
Additionally, there was no significant difference between pre-operative LVEF or FS
between the two treatment groups, where LVEF for Group HiPSC and Group MSC (73+
2.4) P=0.928 vs. (73£ 2.7) P=0.967, respectively and FS for group HiPSC and Group
MSC (37.3+£2) P=0.849 vs. (37.4 £ 2) P=0.903, respectively. Following surgery, there
was a rapid deterioration in mean LVEF and mean FS in all groups when compared to the
pre-operative measurements (Table 2). There was no significant difference in mean

LVEEF or FS between groups immediately following surgery (LVEF, NS vs. HiPSC:
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(34.7£3.4) vs. (35.7£2.6) p=0.913, NS vs. MSC: (34.7£ 3.4) vs. (33.1+ 4.4) p = 0.824,
MSC vs. HiPSC: (35.7 £ 2.6) vs. (33.1=4.4) p=0.501; FS, NS vs. HiPSC: (14£1.6) vs.
(14.8+1.3) p=10.799, NS vs. MSC: (14 £1.6) vs. (13.5 +2) p=0.907, MSC vs. HiPSC:
(13.5+ 2) vs. (14.8+1.3) p = 0.438). In contrast, there was a significant difference in
LVEF between treatment and control groups as early as week 2 (42.7+ 8.1, P<.00001)
(Figure 1). Similarly, there was a significant difference in FS at weeks 2, 4, and 6
compared to baseline in both the HIPSC and MSC groups (Figure 2). There was no
significant difference in mean LVEF (2 weeks: P=0.169; 4 weeks: P=0.864; 6 weeks:
P=0.942) or mean FS (2 weeks: P=0.166; 4 weeks: P=0.907; 6 weeks: P=0.893) between

the two treatment groups at any pre-determined time point.

Scar Area Analysis

In the control, MSC, and HiPSC groups, hearts were harvested at time points 1, 2,
4, 6, and 8 weeks post surgery. We quantified scar tissue area at weeks 1, 2+ (2-4
grouped), and 6+ (6-8 grouped). There was no statistically significant difference between
all groups at week 1 (34.16 + .75, P=.385). There was a statistically significant decrease
in scar area in MSC and HiPSC groups compared to the control group NS (Figure 3) at
weeks 2-4 (NS vs. MSC: (33£0.01) vs. (26 £0.01) P=0.001; NS vs. HiPSC: (33+£0.01) vs.
(23.25+£0.009) P< 0.0001) and 6-8 (NS vs. MSC: (34.3 £0.011) vs. (22.6 £+ 0.016)
P<0.0001; NS vs. HiPSC: (34.3 £0.011) vs. (19.8 £0.017) P<0.0001). Furthermore, at 2-4
weeks post-surgery, there was significant reduction in scar area in the MSC group
compared to the HiPSC group, with mean difference of 24.42 +1.7, P=0.014, this was
evident at weeks 6-8, with mean difference of (21+2.1, P=0.024 (Figure 3). Histological

demonstration of the reduction in scar size in response to treatment is shown in Figure 4.

Neovascularization and CD31 Immunostaining

We utilized immunofluorescent staining to assess CD31 staining in endothelial

cells at the peri-infarct zone. Each group was again divided into three time frames, week

1 (post-operative), week 2+ (weeks 2-4) and week 6+ (weeks 6-8). We identified a

11



Alrefai et al

significant increase in peri-infarct angiogenesis in the HiPSC and MSC groups compared
to controls at weeks 2+ MSC vs NS: (37.4+6.9) vs. (23+ 3.7) with mean difference of
(29.5 £9), P=0.003, HiPSC vs. NS: (39.2 £ 11.5) vs. (23 3.7) with mean difference of
(32.7+12), P=0.006) and weeks 6+ (MSC vs NS: (40.9 + 14) vs. (17.6 £ 8), with mean
difference of (324 16), P<0.0001, HiPSC vs. NS: (48.8£11.4) vs. (17.6 £ 8) with mean
difference of (37.6+ 18), P<0.0001). There was no significant difference in angiogenesis
between the HiPSC and MSC groups at weeks 2+ (39.2 + 11.5) vs. (37.4+6.9), (38.5
+9.8), P=0.72 or 6+ (48.8£11.4) vs. (40.9 £ 14), (45+ 13), P=0.097.

Proteomics Analysis

The proteomics analysis (Figure 6) revealed abundant presence of VEGF,
fractalkine and Interleukin-3 in the serum of group HiPSC that was absent in the NS and
MSC groups. Among the other factors detected at HiIPSC group, we noticed a presence of
a higher concentration of soluble intercellular adhesion molecule-1 (SICAM-1),
Fractalkine, IL-3, VEGF and L-selectin (CD62L) which reach a statistical significance in
compare to the other Groups (MSC, NS and Sham).

12
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CHAPTER 4: DISCUSSION

Although the use of stem cell-based therapy has shown a promise in the treatment
of myocardial infarction and congestive heart failure, the benefits remains limited and
associated with significant inadvertent side effects. In the present study, we assessed 2
main questions, first whether there is a potential role for cytokines to initiate myocardial
repair in infarcted myocardial tissue, and second, to identify a cell lineage capable of
producing these cytokines, in this case VEGF and PDGF. We had several key findings: 1)
both HiPSCs and MSCs are capable of producing VEGF and PDGF in an in-vitro
environment; ii) injection of the culture medium from both cell types containing these
cytokines into peri-infarcted tissue resulted in improved LVEF and FS, post MI in the
LAD territory; ii1) Stem cells secrete a number of other growth factors and chemokines
that may improve cardiac function post-MI.

Our initial hypothesis was built upon the paracrine effect of stem cells, under the
assumption that stem cells produce growth factors, which facilitate the growth and
differentiation of the cell itself and enhances growth of the cells in the surrounding
environment. We focused on VEGF and PDGF given their direct relationship to
angiogenesis and neovascularization.

We selected HiPSCs and bone marrow derived MSCs given their previously
demonstrated efficacy in improving post-MI cardiac function after stem cell grafting.
HiPSCs are autologous adult cells that, through specific alteration, can be reprogrammed
to express embryonic genes allowing them to differentiate into different tissue types. In
2006-2007, Yamanaka and colleagues reported the generation if iPSCs in a murine

1*492 HiPSCs have since been trialed in murine and

model, and later in a human mode
porcine models, and demonstrated improved cardiac function after grafting into infarcted
myocardium®*®. MSCs have been utilized in a similar fashion, and have demonstrated

4
favorable results®®

. Here, we hypothesized that these cells release growth factors such
as VEGF and PDGF in the culture medium which can be injected directly into the peri-
infarct zone. Indeed, we were able to demonstrate a measurable amount of VEGF and
PDGEF in the culture media collected from both HiPSCs and MSCs, which upon injection
ameliorated the myocardial remodeling properties associated with experimental models

of myocardial infarction.
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We elected to inject the growth-factor containing cell passage media from both
stem cell lines into the peri-infarct area, rather than graft the stem cells for several
reasons. Previous investigations have demonstrated teratogenicity and arrhythmia

disturbances with stem cell transplantation™ >

. Hentze and colleagues demonstrated that
grafting of human embryonic stem cells containing as little as 0.025% undifferentiated
cells could result in teratomas formation®. This has resulted in further investigation to
identify means of cell delivery to reduce these adverse effects, or increase the purity of
stem cell grafts. Hence, injection of the culture media, however, avoids the grafting of
cells, yet still exploits the growth factors produced by cell lines that have been
demonstrated to be effective in modifying cardiac function post-infarct or in chronic
ischemic heart failure. We achieved a reduction in scar area, increase in peri-infarct
angiogenesis, and improved left ventricular ejection fraction and fractional shortening
using this technique.

Our results are comparable to investigations utilizing stem cell grafting techniques
which showed improved cardiac function following MI or in ischemic cardiomyopathy.
We demonstrated a 51.5% and 61.7% increase in ejection fraction in rats treated with
HiPSC or MSC culture media from baseline to 6 weeks, respectively. Compared to rats
treated with NS, mean ejection fraction improved by roughly 60% in both cell lines.
Kawamura and colleagues utilized HiPSCs in a porcine model, and demonstrated a
roughly 25% increase from baseline among pigs treated with HiPSCs, and a 43% increase
in ejection fraction compared to the sham group”. Ong and colleagues similarly
demonstrated a roughly 60% increase in ejection fraction at 35 days post-infarct using

grafted HiPSCs in a murine model®

. Cell-free therapies have also demonstrated similar
results, as described by Barile and colleagues, and Yeghiazarians and colleagues, who,
respectively, demonstrated improved cardiac function utilizing microvesicles from
HiPSCs and extract from fractionated bone marrow stem cells in murine models®>'.
Therefore, our data suggests that a paracrine mechanism may play a significant role in
cardiac remodeling and improvement in cardiac function in ischemic cardiomyopathy.
Even though the MSC Group received CM which contain FBS, that might
contribute to the improvement of the ejection fraction for that group, the HiPSC Group

has no FBS as we used feeder free medium which make it less likely to be the most
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effective contributor in the improvement of cardiac function and neovascularization
process.

To further explore this possibility, we utilized CD-31 immunostaining of the
endothelium of blood vessels to investigate vascularity following treatment. Our results
demonstrate that there was significantly more peri-infarct vascularization in rats treated
with either MSC or HiPSC culture media compared to those treated with NS. In
corroboration with our echocardiographic results, our findings are consistent with those
of Schuleri and colleagues, who identified an increase in myocardial blood flow in
infarcted tissue in post-infarct porcine hearts grafted with MSCs and suggested that early
post-insult increases in myocardial tissue perfusion may reduce apoptosis and improve
cardiac function®”. This may, in turn, result in the small scar size that we identified in rat
hearts treated with MSC and HiPSC culture medium at 6-8 weeks post-infarct. However,
the exact mechanism of cardiac functional benefit utilizing this technique is unknown,
though several explanations are possible. First, through improved blood supply and
function of peri-infarct myocardium. Second, through recruitment of cardiomyocyte
progenitor cells.

Our proteomics analysis demonstrated an increased presence of number of
cytokines and growth factors involved in cardiac repair and remodeling in treated rats.
We identified a high presence of VEGF, interleukin-3 (or multi-colony stimulating
factor) and fractalkine in rats treated with HiPSCs compared to those that received
intramyocardial NS or MSC culture media. Several investigations have demonstrated the
effect of these cytokines on cellular proliferation, differentiation, maturation,
angiogenesis, and cardiac remodeling®”"’. Interleukin-3 has demonstrated improvement
in left ventricular function and survival in animal models with acute MI or ischemic
cardiomyopathy, which might be explained by promotion of angiogenesis, inhibition of
apoptosis or differentiation of cardiomyocytes®”’""’>”°. Fractalkine has demonstrated a
role in delaying the enlargement of ventricular chambers following myocardial
infarction’’. We also identified higher concentrations of CINC-1, SICAM-1, and L-
selectin in HiPSC culture media treated rats compared to the NS group, CINC-1 acts as a

chemoattractant for PMNs to peri-infarct areas by interacting with cell surface chemokine
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70,73

receptors’"". Finally, SICAM-1 and L-selectin have demonstrated roles as chemo-

attractants and neutrophil function®®’®"®,

Since heart failure due to ischemic cardiomyopathy continues to remain a
prominent cause of morbidity and mortality worldwide, investigation utilizing stem cell
therapy to improve cardiac function will continue. We have developed an approach to
stem-cell based therapy which exploits the paracrine effect of stem cells to promote
cardiac angiogenesis, reduce scar area, and improve cardiac function through a means
that minimizes some of the adverse effects associated with stem cell grafting. Translated
to the clinical setting, our findings also suggest that conditioned media from MSC and
HiPSC can be prepared and made available on the shelf and potentially used in patients
presenting with acute MI and or ischemic cardiomyopathy. Therefore, it eliminates the
logistics of highly specialized institute and complex harvesting, proliferating and
implantation process while offering the benefits of stem cell-based therapy to the
generalized populations. Future studies aimed at characterizing the secretory profile of

cell-based therapy may provide target specific treatment for patient with myocardial

infarction and congestive heart failure.
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