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Abstract

Rationale—Bone marrow derived cells to treat myocardial injury improve cardiac function and
support beneficial cardiac remodeling. However, survival of stem cells is limited due to low
proliferation of transferred cells.

Objective—Demonstrate long-term potential of c-kit* bone marrow stem cells (BMCs) enhanced
with Pim-1 kinase to promote positive cardiac remodeling.

Methods and Results—Lentiviral modification of c-kit" BMCs to express Pim-1 (BMCeP)
increases proliferation and expression of pro-survival proteins relative to BMCs expressing GFP
(BMCe). Intramyocardial delivery of BMCeP at time of infarction supports improvements in
anterior wall dimensions and prevents left ventricle dilation compared to hearts treated with
vehicle alone. Reduction of the akinetic left ventricular wall was observed in BMCeP treated
hearts at 4 and 12 weeks after infarction. Early recovery of cardiac function in BMCeP-injected
hearts facilitated modest improvements in hemodynamic function up to 12 weeks post infarction
between cell treated groups. Persistence of BMCeP is improved relative to BMCe within the
infarct together with increased recruitment of endogenous c-kit* cells. Delivery of BMC
populations promotes cellular hypertrophy in the border and infarcted regions coupled with an up
regulation of hypertrophic genes. Thus, BMCeP treatment yields improved structural remodeling
of infarcted myocardium compared to control BMCs.

Conclusions—Genetic modification of BMCs with Pim-1 may serve as a therapeutic approach
to promote recovery of myocardial structure. Future approaches may take advantage of salutary
BMC actions in conjunction with other stem cell types to increase efficacy of cellular therapy and
improve myocardial performance in the injured myocardium.
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Introduction

Cardiovascular disease leading to myocardial infarction impacts a large population, with
occurrence of acute coronary blockage causing irreversible myocardial damage, morbidity,
and mortality. Due to the limited regenerative capacity of the heart after injury?, sustained
cardiomyocyte damage and myocyte loss contribute to increases in infarct size, decreased

"To whom correspondence should be addressed: Mark A. Sussman, Ph.D, SDSU Heart Institute and Department of Biology, 5500
Campanile Drive, San Diego, CA 92182, (619) 594-2983 (voice), (619) 594-2610 (fax), sussman@heart.sdsu.edu.

Disclosures

None.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Quijada et al.

Page 2

cardiac function and the development of heart failure. In the past decade, cell-based
therapeutic treatment to mitigate myocardial infarction (MI) injury has been investigated
with a variety of adult stem cells. Bone marrow-derived cells (BMC) have been a popular
choice due in part to easy availability, proven safety, and efficacy in the clinical setting.
BMC promote repair of infarcted myocardium via mobilization of actively proliferating
stem and progenitor cells following cytokine stimulation?. As a result, BMC therapy to
mitigate heart failure has been attempted with unfractionated BMCs as well as selected
constituent populations derived from bone marrow including mesenchymal stem cells34,
endothelial progenitor cells®, very small embryonic-like stem cells®.7 and lineage negative c-
kit positive hematopoietic stem cells (Lin~/c-kit™)8°. Heterogeneous BMC preparations and
individual subpopulations impart beneficial repair to the damaged myocardium10.11,
although consensus as to the optimal cell population(s) to enact BMC-mediated repair
remains elusive. Regardless of cell type employed, persistence is relatively poor and the
majority of delivered cells are rapidly lost!2. Mechanistically, promotion of endogenous
repair is thought to involve paracrine dependent action of a secretomel314 with
transdifferentiation playing a very limited role in formation of functional myocardium.
Although safety of BMC delivery has been validated in the clinicl5-18, efficacy remains
disparate among different studies and the salutary effects of BMC transplantation for the
heart after injury are modest, falling short of what would be needed to restore normal
contractility.

The serine/threonine kinase Pim-1 promotes cell proliferation and survival and regulates
aspects of cellular metabolism and transcriptional activity!®-21, Enhancement of stem cells
to improve regenerative capacity is a proven successful strategy in experimental animal
models. Molecular engineering to increase cell survival, proliferation, and augmentation of
endogenous repair has been achieved with a number of interventional approaches22-24, Our
group recently demonstrated that lentiviral mediated Pim-1 kinase overexpression in cardiac
progenitor cells (CPCs) increases survival and promotes efficient differentiation into
cardiogenic lineages needed to sustain improvements in myocardial structure and function?®,
Mechanistically, Pim-1 improves regeneration by enhancing resistance to apoptosisZ® and
increasing cell cycling?’. Thus, expression of Pim-1 ex vivo is a promising approach to
advance the application of BMC-based cell therapy /n vivo.

Growth factor delivery after myocardial infarction promotes acute reparative responses by
activation of endogenous stem cells, protection of cardiomyocytes and induction of
protective signaling pathways in rodent models28:29, However, the limited success of growth
factor delivery in human clinical trials has turned the focus to stem cell based therapies to
perform similar paracrine effects within the myocardium3C. Benefits from BMC delivery
include improved metabolic activity3L, reduced inflammation and fibrosis32 and reactivation
of the fetal gene program to sustain live myocardium after myocardial damage33. Genetic
modifications of stem cells enhance the therapeutic capabilities of BMCs by modulating
transcription, changing paracrine profiles and directing cellular fate?4:31. Pim-1 has been
shown to promote similar effects on transcription in the heart as well as in distinct cell
populations. Pim-1 augments cytokine production via the NF-xB pathway and induces
expression of NFATc1, promoting cellular differentiation3#. Therefore, it becomes
important to investigate the differential effects of Pim-1 overexpression in BMCs to activate
survival and hypertrophic pathways in heart tissue to mitigate myocardial damage relative to
non-modified BMCs.

Genetic modification through use of lentiviral-based gene delivery systems has been
employed in BMC-based studies2>35, yet the application of Pim-1 kinase for modification
of a c-kit* BMC has not been utilized as a modality of stem cell protection after myocardial
delivery. Findings presented in this study reveal distinct properties of Pim-1 modified BMCs
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(BMCeP) to promote myocardial repair following delivery into the infarcted myocardium
compared to BMCs modified with GFP alone (BMCe). BMCeP treated hearts display acute
salvaging of the myocardium, which prevents scar formation and concomitant reduction in
infarct size. Therefore, this study describes the therapeutic advantages of BMCeP to blunt
the progression of pathological remodeling that inevitably accelerate the onset of heart
failure.

Methods

Bone Marrow Cell Culture and Lentiviral Transduction

C-kit* cells were isolated from whole bone marrow extracted from young FVB male using
magnetic activated cell sorting and plated in full growth media (see online supplement for
full details). BMCs were transduced with lentiviruses as previously described for CPCs2°
with additional details provided in the online supplement.

Trypan Blue Exclusion Assay, MTT assay and Cell Proliferation assay

Cell numbers were determined by trypan blue staining to exclude non-viable cells and
immediately placed in 96-well microplate with 100 L of full growth media. Additional
methods for these assays are provided in the online supplement.

Cell Death Detection

Apoptotic cell death assay using a photometric enzyme-immunoassay (Cell Death Detection
ELISAPLUS Roche Applied Science) for detection of histone associated DNA fragments
was performed on BMCs plated in duplicates of 10,000 cells in a 96-well microplate and
treated with 10 pM and 20 pM fert-Butyl hydroperoxide solution (Sigma) in 200 L of full
growth media for 16 hours. Measurements and quantitation of the assay are provided in the
online supplement.

Myocardial Infarction Surgery, Echocardiography and Hemodynamics

Animal model surgeries, performance of echocardiography, and /n vivo hemodynamics were
performed as previously described?® with further description in the online supplement.

Statistical Analysis

Statistical analysis was performed using Prism software. Graphical data is represented as the
mean + SEM. Student t-test was used when comparing two experimental groups and one-
way Anova followed by a tukey post-hoc test was calculated when more than two groups
were being analyzed. Echocardiography assessment was analyzed using repeated measures
two-way Anova followed by a Bonferroni post-hoc test. A p-value <0.05 were considered
statistically significant.

Animals

All animal experiments were performed in accordance with protocols approved by the
SDSU IACUC.

Results

Characterization of c-kit* BMCs for Pim-1 kinase, phenotypic properties and cytokine
expression

Bone marrow cells (BMCs) were transduced using bicistronic lentiviral constructs
(Supplemental Figure 1A) and passaged eight times in a 96-well microplate to efficiently
integrate transgene(s) and create stable cell lines. BMCs expressing enhanced green
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fluorescent protein (eGFP) are referred to as BMCe, whereas cells overexpressing human
Pim-1 kinase in combination with eGFP are designated as BMCeP. Expression of the
exogenous Pim-1 transgene in BMCeP as well as the presence of eGFP in both BMCe and
BMCeP populations was confirmed by immunoblot (Supplemental Figure IB). Expression
of eGFP and the membrane associated stem cell marker c-kit were verified by flow
cytometry (Supplemental Figure IC and ID) and immunohistochemistry (Figure 1A and 1B)
in BMCe and BMCeP populations demonstrating that BMCs were effectively modified to
express GFP and Pim-1 kinase.

C-kit, sca-1, CD45 and CD31 are highly expressed in BMCs after flow cytometric analysis
(Figure 1C). Mature hematopoietic markers for T cells, B cells, or erythrocytes were not
prominently expressed in BMCe and BMCeP (Figure 1C). Consistent with increased
acquisition of the myeloid progenitor marker CD34 in BMCe, the non-enhanced BMC
population revealed increased expression of Mac-1, Gr-1 and MSC maker CD90.1 compared
to BMCeP (Figure 1C). Collectively, these results indicate Pim-1 over expression in BMCs
promotes an enriched stem cell population of the hematopoietic origin that is unadulterated
by mesenchymal stem cell populations after long-term culture. Expression profile of
cytokines was determined by a mouse specific cytokine and inflammation PCR array in
engineered BMCs and CPCs (Supplemental Figures IIA-11C and Supplemental Results for
full description).

Pim-1 increases proliferation and reduces apoptosis in BMCs

BMCeP cell number is significantly increased relative to BMCe at day 5 (p<0.01) and day 7
(p<0.01) in culture (Figure 2A). Furthermore, metabolic activity is increased in BMCeP
compared to BMCe at day 3 (p<0.001) and day 6 (p<0.001) (Figure 2B). BMCeP
proliferation is enhanced compared to BMCe at day 5 (p<0.01) and day 7 (p<0.001) as
confirmed by a direct nuclear stain (Figure 2C). Anti-apoptotic protein Bcl2-a expression is
2.5 fold higher in BMCeP relative to BMCe (p<0.0001) (Figure 2D), consistent with
previous results36. Bcl-2a expression is not significantly increased in BMCeP maintained in
full growth media (Supplemental Figure I11A). Therefore, prior to protein analysis, cells
were subjected to growth factor withdrawal of cytokines for 72-hours to down-regulate
endogenous Pim-1 in BMCe37:38 (Supplemental Figure 111C). However, we recognize that
cytokine independence /n vitro does not recapitulate an acute M, an environment that has
the potential to supply cytokines to activate pro-survival signaling in delivered BMCs3940,
BMCeP display reduced apoptosis by measurement of fragmented nucleosomes in the
cytoplasm compared to BMCe after treatment with oxidative stress agent hydrogen peroxide
H,0, at 10 uM (p=0.02) and 20 M (p=0.04) (Figure 2E). However, basal apoptosis in non-
treated BMCe and BMCeP was not significantly different (Supplemental Figure 111B). This
data indicates enhanced proliferation and reduction of apoptotic cell death in BMCeP.

Myocardial Structure is improved in BMCeP hearts

Cardiac structure and performance was assessed by echocardiography up to 18 weeks
following injection of BMCs or vehicle into the border zone immediately after left anterior
descending artery (LAD) ligation. Decreased ejection fraction (Figure 3A, EF), chamber
volume dilation (Figure 3C and 3D; LVV;s and LVV;d), and anterior wall thinning (Figure
3E, Supplemental Figure 1\VVB, and Supplemental Table I) were verified one week post-
infarction. However, posterior wall thickness (PW;d) was not affected by LAD ligation or
long-term infarction in sham operated and experimental groups (Supplemental Figure IVA).
EF is significantly increased in hearts receiving BMCeP (p<0.001) (Figure 3A) compared to
PBS treatment at four-weeks post injection. Hemodynamic performance was improved in
BMCeP delivered hearts compared to both PBS (p<0.01) and BMCe (p<0.05) (Figure 3B)
treated hearts 12 weeks post infarction. Additionally, prevention of left ventricle dilation up
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to 18 weeks post-surgery (Figure 3C and 3D) compared to PBS-injected groups was
observed. Anterior wall thickness was not significantly different from treated heart groups
(Supplemental Figure 1VB) when measurements were taken directly in the area of the
infarct. However, anterior wall (AW) thickness of the neighboring border zone of the infarct
was increased in BMCeP delivered hearts compared to PBS (p<0.01) and BMCe (p<0.01)
(Figure 3E) at four-weeks post infarction and maintained this effect up to 12 weeks post
infarction compared to PBS alone. The relative percentage of akinetic left ventricular wall
was decreased in BMCeP treated hearts at four and 12 weeks post infarction compared to
PBS (p<0.001) and BMCe (p<0.001) treated groups (Supplemental Figure I\VC). These
results were corroborated at 12 weeks post infarction as the percentage of the left ventricular
free wall was greatly reduced in BMCeP hearts compared to PBS treated groups (p=0.004)
and BMCeP relative to BMCe injected hearts at 12 weeks post infarction (p=0.02) (Figure
3F). These results indicate that long term introduction of BMCeP supports modest
improvements in EF and hemodynamic performance, increases in AW and enhanced
preservation of the myocardium by reducing the formation of scar and infarct size (Values
and sample sizes in Supplemental Table 1.)

Enhanced persistence and recruitment of endogenous c-kit* cells in BMCeP hearts

Endogenous c-kit*/GFP~ cell recruitment is increased by BMCeP transfer to infarcted hearts
relative to PBS injected controls (p<0.05) or BMCe treated hearts (p=0.008) at 12 weeks
(Figures 4A#x02013;4D) paralleled by increases in donated BMCeP c-kit*/GFP* cell
number relative to BMCe (p=0.02) (Figures 4E-4G). Additionally at this time point, co-
expression of the hematopoietic marker CD45 and GFP was detected in hearts delivered
with BMCe and BMCeP (Supplemental Figure VB and VC). Similarly, endogenous and
exogenous cell populations were increased in BMCeP delivered hearts compared to
infarcted controls at 18 weeks post injection (Supplemental Figure VIA and VIB).
Activation and recruitment of endogenous stem cells is mediated by LIF41, which shows a
2-fold induction in mRNA level in BMCeP compared to BMCe (p=0.03) (Figure 4H). In
summary, BMCeP treated hearts exhibit the highest level of cellular persistence and
recruitment of donated and endogenous populations respectively, which may be due to
enhanced paracrine secretion of LIF.

Protective effects of BMCeP as evidenced by increased cellular hypertrophy in the
damaged region

Cross-sectional myocyte size in the border zone (BZ) and infarcted (1Z) regions is increased
in BMCeP (BZ p<0.0001, 1Z p<0.0001) and BMCe (BZ p<0.05, IZ p<0.0001) injected
hearts relative to the PBS group (Figure 5B and 5C). Myocyte hypertrophy in BMCeP
injected hearts is significantly greater in the border zone region and the infarcted regions
compared to BMCe (BZ p<0.05, 1Z p<0.05) (Figure 5B and 5C), but cardiomyocyte size
was not affected in BMC injected hearts relative to sham controls in the remote region
(Figure 5A; BMCe p=0.24 and BMCeP p=0.17). Decreases in myocyte size in the remote
regions of PBS injected hearts are likely a consequence of accelerated progression into heart
failure (Figure 5A; Sham p=0.02, BMCe p=0.03 and BMCeP p=0.07). Localized
cardiomyocyte hypertrophy resulting from BMCeP treatment is distinct from the protective
effects mediated by Pim-1 over expressing CPCs (CPCeP) as treatment revealed increases in
small myocytes in the damaged regions consistent with enhanced regenerative response up
to 12 weeks without increased cardiomyocyte hypertrophy (Supplemental Figure V11)25.
BMCeP treated hearts had increased heart weight to body weight ratios (HW/BW) from
sham controls at 12 weeks (p=0.04) (Supplemental Figure VIII and Supplemental Table II).
However, heart weight (HW) at 12 and 18 weeks and HW/BW ratios at 18 weeks in
infarcted groups were significantly increased from sham animals comparably. In conclusion,
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increased localized cardiomyocyte size in BMC treated hearts does not significantly alter
heart weight relative to PBS treated controls.

Cardiomyocyte hypertrophic signaling is induced by BMC delivery

Compensatory hypertrophy in cardiomyocytes in response to myocardial infarction has been
reported in animal models as evidenced by induction of fetal hypertrophic markers33. Peri-
nuclear expression of ANP is increased in border zone cardiomyocytes in hearts receiving
BMCeP and BMCe whereas ANP expression is reduced in the perinuclear space following
PBS treatment (Supplemental Figures IXA-1XC). Hypertrophic marker quantitation shows
increased transcript levels of ANP (Supplemental Figure 1XD), BNP (Supplemental Figure
IXE), B-MHC (Supplemental Figure IXF), and SERCAZ (Supplemental Figure IXG) in
BMCeP and BMCe hearts compared to PBS controls. Induction of the hypertrophic gene
BNP was significantly different between BMCeP and BMCe (p=0.02) injected groups
(Supplemental Figure IXE). Collectively, hypertrophic gene induction resulting from
BMCeP treatment is consistent with earlier results showing decreased infarct size (Figure 3),
increased myocyte size in the border zone and infarcted regions (Figure 5) and increased
levels of L/Ftranscript (Figure 4), as LIF initiates transcription of early cardiac genes*2 and
genes to regulate hypertrophy*3,

Discussion

Cellular therapy for treatment of acute myocardial infarction is gaining acceptance as a safe
and efficacious approach to enhance hemodynamic function from experimental studies®44
and clinical trials*®. Spearheaded by adult stem cells derived from either cardiac or bone
marrow sources, the field has begun the laborious task of defining the optimal cell type to
promote cellular cardiomyoplasty and the technical refinements required to augment
efficacy without compromising safety. However, substantial variations in preparation of cell
type, implementation of treatment protocol design, assessments, and resultant outcomes
have obscured straightforward conclusions of the biological superiority of bone marrow
versus cardiac derived stem cells for treatment of infarction injury“6. The stem cell marker
c-kit was previously employed by our group as a selection marker to enrich for CPCs with
regenerative properties enhanced by genetic engineering with Pim-1 kinase2>. Therefore, an
identical strategy was implemented to determine whether prior findings with CPC could be
reproduced using BMCs. Genetic engineering with Pim-1 kinase remains a valid approach to
improve the reparative potential of c-kit* cells. Fundamentally distinct effects are mediated
by BMC as presented in this study when compared to our previous CPC-based results2.

Evidence of hematopoietic cell transdifferentiation into specialized epithelial cells and
skeletal myocytes supported interest in the bone marrow as a source of stem cells to repair
physiological damage?. Studies of Lin~/c-kit" BMCs in the heart were additionally reported
to adopt cardiogenic fates upon cytokine stimulation and adoptive transfer after M18: 9,
Despite the initial optimism of BMC therapy to directly repair damaged tissue, contradictory
findings have called into question the plasticity of hematopoietic cells*8. We acknowledge
that adequate differentiation of BMCs remains a challenge, and this may be due in part to
differences in isolation, expansion and genetic priming of stem cells among research groups.
In order to delineate conflicts among existing reports, BMCs were treated ex vivosimilar to
CPCs, yet they remained undifferentiated /n vivo. Prudent characterization of BMCe and
BMCeP revealed unique properties within hematopoietic cells that have not been previously
reported. Genetically modified BMCs were subjected to long culture conditions, a
comparatively rare practice before intramyocardial injection. This protocol allowed us to
identify a distinct population influenced by Pim-1 over expression, decreasing the presence
of contaminating mature hematopoietic markers and MSCs (Figure 1C). Therefore, our
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exclusive findings present that long-term introduction of Pim-1 in BMCs defines a novel cell
population to enhance long-term structural benefits in the heart (Figure 3).

Regardless of stem cell type employed for adoptive transfer therapy, substantial cell death
after transplantation into the infarcted heart is a significant limitation to initiate repair?®.
Using the same lentiviral-based genetic engineering strategy that successfully improved
CPC persistence and engraftment, BMCeP showed increased resistance to oxidative stress
and increased proliferation (Figure 2) similar to CPCeP properties?®. [Although intrinsic
survival and expansion of the BMC population is improved by Pim-1 engineering, the
survival of BMCeP in the ischemic myocardium required validation. /n7 vivo persistence of
BMCeP (Figure 4G) was increased relative to delivery of BMCe, subsequently confirmed by
co-expression of CD45 and GFP (Supplemental Figure VB and VC), indicating that BMCe
and BMCeP retain their hematopoietic marker despite long-term viability in the infarct.
Increased cellular engraftment appears to be a direct consequence of preserved BMC
survival as Pim-1 plays an integral role in mitochondrial integrity, contributing to decreased
DNA damage and cellular death in the face of acute inflammation and oxidative stress.
These attributes are integral to preserving BMC integrity, however our study is limited to an
observation of long-term persistence following infarction, as heart samples were not
analyzed during the acute stage post MI.] The increased presence of BMCeP augmented
recruitment of endogenous c-kit cells in the infarcted region well after infarction challenge
(Figure 4) similar to previous reports28:44.50-53 prior analysis of CPCeP supported positive
left ventricular remodeling without affecting the total number of c-kit* cells2>. This
concludes that Pim-1 similarly influences the survival of BMCs and CPCs, yet the fate of
CPCs is most consistent with cardiogenic differentiation® and point to a potential paracrine
role in BMCs to enhance myocardial repair.

Cardiac specific expression of Pim-1 antagonizes the adverse remodeling after pathological
stress26: 54, Although Pim-1 expression has been observed to negate cardiomyocyte
hypertrophic growth*, the role of Pim-1 in non-cardiac derived stem cells for adoptive
transfer has not been investigated. Increased survival of delivered BMCeP is influential to
determining a connection between paracrine secretion and observed myocardial structural
remodeling. Noticeable physiological effects include localized cellular hypertrophy, a BMC-
dependent mechanism as we analyzed 12-week CPC-injected hearts and observed no effect
on cardiomyocyte hypertrophy in the border zone (Supplemental Figure VII). Similarly in a
pressure overload model, hypertrophy was observed after delivery of BMCs from young
mice, preventing progression into heart failure33:5, Protein expression of ANP was
visualized in the perinuclear space of cardiomyocytes as previously reported®® and
increasingly detected in BMCeP and BMCe treated hearts relative to PBS (Supplemental
Figure IX). Attenuated myocardial hypertrophy was observed in transgenic mice expressing
nuclear targeted Akt in cardiomyocytes due to increased ANP expression, yet BNP was not
significantly altered®®. Exogenous delivery of natriuretic peptides reduce hypertrophy®’ and
decrease adverse remodeling after M1%8, These studies suggest that ANP does not promote
hypertrophy but is expressed during hypertrophic development to inhibit pathological
progression®®. Although ANP is increased in our BMC treated hearts, cardiomyocyte
hypertrophy may be regulated by induction of other hypertrophic genes such as BNP, which
is increased significantly in BMCeP hearts (Supplemental Figure IXE).

As demonstrated in this report, 14 cytokine genes were differentially expressed in BMCeP
compared to BMCe. Additionally, CPCeP were subjected to the exact array in order to
determine contrasting production of cytokines relative to CPCe and BMCeP (Supplemental
Figure I1C). For example, IL-6 family member of cytokines, LIF, CT-2 and IL-11 influence
cardiomyocyte growth by activation of STAT3 (Supplemental Figure 1A and 1I1B, and
Figure 4H)%° factors that were not increasingly detected in CPCeP. Additionally, BMP
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proteins (Supplemental Figure I1A and I1B), promote hypertrophy and myocardial
remodeling by phosphorylation and activation of SMAD?2 after M160 a potential BMP
dependent mechanism of observed cardiomyocyte hypertrophy in BMC treated hearts.
Activation of STAT343 has been previously reported as a compensatory hypertrophic
molecule in the instance of myocardial damage, however, combined chronic levels of LIF
and 1L-6 expression contribute to global hypertrophy and heart failure®L. In our system,
elevated levels of LIF were not detected in our injected heart groups (data not shown), and
HW and HW/BW were not significantly altered among infarcted heart groups (Supplemental
Figure VIII), suggesting the absence of adverse inflammation and pathological hypertrophy.
In fact, we have data to suggest that BMCeP secretes anti-inflammatory factors IL-21 and
decreased production of the pro-inflammatory factor IL-1a compared to BMCe
(Supplemental Figure 1A and 11B). However, paracrine secretion observed /in vitrois only
correlative to induce cardiomyocyte hypertrophy after adoptive transfer. In order to explain
reduced akinesis (Supplemental Figure 1V) and increased AW;d (Figure 3E) as early as four
weeks post infarction, it is postulated that pro-hypertrophic factors secreted by BMCs in the
border zone and infarcted regions in the acute phase of MI were driving forces of localized
cardiomyocyte hypertrophy by activation of SMADs and STAT3 signaling cascades, but can
not be confirmed within the long-term time frame of our experiment.

Pim-1 genetic modification of BMCs to improve survival and resistance to apoptosis in the
myocardial infarct is a revolutionary concept to treat the acute adverse effects of
cardiovascular disease. Direct comparison of BMCeP versus CPCeP after myocardial
delivery in the pathological heart reveals unique BMC-dependent mechanisms of
myocardial repair. Previously from our group, we demonstrated the enhanced regenerative
potential of CPCeP to directly replace cellular components of the damaged myocardium and
significantly improve cardiac function relative to non-engineered cells2°. Distinct properties
of BMC to effect infarct reduction, recruitment of endogenous stem cells and hypertrophy
suggest that complementary synergistic actions may result from combined dual stem cell
treatment with BMCeP and CPCeP. The new era of cell therapy to treat heart damage may
benefit from the new mechanistic insights that Pim-1 modified BMCs have produced and
presents a clinical option to effectively improve myocardial structure and prevent heart
failure.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Non-Standard Abbreviations and Acronyms

AW:d Anterior Wall thickness; diastole
BMC Bone marrow cells isolated based on c-kit expression
BMCe BMC expressing enhanced green fluorescent protein
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BMCeP BMC expressing eGFP and Pim-1
CPC Cardiac Progenitor Cell
CPCeP CPC expressing eGFP and Pim-1
LVV Left Ventricular Volume
PW;d Posterior Wall thickness; diastole
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Novelty and Significance
What is Known?

e The delivery of bone marrow cell (BMCs) after myocardial infarction (MI)
confers modest improvements in cardiac function and supports beneficial
cardiac remodeling.

e The applications of stem cell therapy is hindered by poor survival of transferred
cells, limiting beneficial repair.

» Bone marrow-derived cells secrete paracrine factors that promote the survival
and the differentiation of cardiac cells in the myocardium.

e  Gene transfer of Pim-1 to cardiac progenitor cells (CPCs) increases cell cycling
and asymmetric division /n vivo, providing a mechanism of enhanced
regeneration after MI.

What New | nformation Does this Article Contribute?

e Pim-1 over-expression in BMCs (BMCeP) supports a unique stem cell
population that exhibits enhanced proliferation and protection from oxidative
stress.

»  BMCeP delivery preserves myocardial structure for 12 weeks post infarction
injury, contributing to the repair of the anterior wall and prevention of left
ventricular dilation.

e Transfer of BMCeP cells into the heart contributes to increases in
cardiomyocyte size and induction of hypertrophic genes.

Treatment of myocardial damage using adult stem cells from the bone marrow is a safe
and efficacious choice validated in experimental models and clinical trials. However,
BMC based interventional approaches are limited due to poor survival, proliferation and
engraftment of delivered cells. Therefore, we established a genetic modification strategy
to enhance BMC properties by overexpressingthe pro-survival molecule Pim-1. BMCeP
presented a unique cellular profile by enhancing stem cell phenotypic characteristics,
beneficial paracrine secretion and survival and proliferation /7 vitro. Adoptive transfer of
BMCeP during acute M1 highlighted the superior effects of these cells in preserving the
structural integrity of the myocardium; and reducing the formation of fibrotic scarring as
early as 4 weeks post-MI. The BMCeP stimulated an increase in cardiomyocyte size in
the border zone and the infarcted regions in order to prevent left ventricular dilation.
These results support the therapeutic efficiency of Pim-1 in adult stem cells, and
contribute to the progress of future applications of BMCs to prevent heart failure.
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Figure 1. Genetic Engineering of BMCswith Pim-1 kinase presents a unique population of stem
cells from the bone marrow

A. BMCe and B. BMCeP express GFP (green) and c-kit (red) after transduction. C.
Percentage of BMCe and BMCeP cells positive for hematopoietic and stem cell markers.

Scale bars=20 um.
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Figure 2. Pim-1 increases proliferation and reduces apoptosisin BMCs

A. Number of viable cells in BMCe and BMCeP assessed by trypan blue exclusion
counting. B. Metabolic activity of BMCe and BMCeP. C. Cell proliferation in BMCe and
BMCeP relative to day of plating (Day 0). D. Top, Bcl-2a expression in BMCe and BMCeP
verified by immunoblot. Bottom, quantitative analysis of relative Bcl-2a expression
normalized to GAPDH. E. Fold change of fragmented nucleosomes in the cytoplasm of
H,0, treated BMCe and BMCeP.
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Figure 3. Improvement of myocardial structure after injection of BM CeP

A. Ejection fraction (EF%) of Sham, PBS, BMCe and BMCeP treated groups. #p<0.01 and
¢p<0.001 (BMCeP vs. PBS). B. Developed pressure over time (dP/dT;mmHg/sec) at 12
weeks post infarction by /7 vivo hemodynamics. C. Left ventricle volume during systole
(LVV;s, pL). *p<0.05, #p<0.01 and ¢p<0.001 (BMCeP vs. PBS) and D. during diastole
(LVV;d, pL). *p<0.05, #p<0.01 and ¢p<0.001 (BMCeP vs. PBS). E. Anterior wall
thickness (AW;d mm). #p<0.01 and ¢p<0.001 (BMCeP vs. PBS, green); *p<0.05 and
#p<0.01 (BMCeP vs. BMCe, blue). F. Infarct size of the left ventricular free wall (LVFW)
in treated heart groups.
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Figure 4. Increased recruitment and persistence of c-kit+ cellsin BM CeP injected hearts
C-kit* cells (yellow arrows) in A. PBS, B. BMCe and C. BMCeP injected hearts. D.
Quantitation of c-kit*/GFP~ cells observed in the infarct. E. BMCe and F. BMCeP (pink
arrows) transplanted cells. G. Quantitation of c-kit*/GFP* cells in BMCe and BMCeP
injected hearts. Graphs present number of positive cells normalized to the total area of the
infarct (mm?2), N=3 hearts per group. H. LIF mRNA in BMCe and BMCeP cells in vitro.
Values are represented as fold change of relative cycle threshold. 18s mRNA was the
internal control. Scale bars=50 pm.
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Figure 5. Cardiomyocyte sizeisincreased in BM CeP hearts

A. Average myocyte size in the remote region. B. Average myocyte size in the border zone
of infarcted myocardium. C. Average myocyte size in the infarcted region. 150 cells were
measured per group. Left, N=3 hearts per group for quantitation. Right, images of PBS,
BMCe and BMCeP treated hearts. Myocyte size was visualized by wheat germ agglutinin-
FITC (green). Scale bars=40 pm.
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