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Abstract

Background—Human cardiac progenitor cells have demonstrated great potential for myocardial
repair in small and large animals, but robust methods for longitudinal assessment of their
engraftment in humans is not yet readily available. In this study, we sought to optimize and
evaluate the use of positron emission tomography (PET) reporter gene imaging for monitoring
human cardiac progenitor cell (hCPC) transplantation in a mouse model of myocardial infarction.

Methods & Results—hCPCs were isolated and expanded from human myocardial samples and
stably transduced with variations of the thymidine kinase (TK) PET reporter gene. TK-expressing
hCPCs were characterized /in vitro and transplanted into murine myocardial infarction models
(n=60). Cardiac echocardiographic, magnetic resonance imaging (MRI), and pressure-volume
(PV) loop analyses revealed improvement in left ventricular contractile function two weeks after
transplant (hCPC vs. PBS, /A<0.03). Noninvasive PET imaging was used to track hCPC fate over a
four week time period, demonstrating a substantial decline in surviving cells. Importantly, early
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cell engraftment as assessed by PET was found to predict subsequent functional improvement,
implying a “dose-effect” relationship. We isolated the transplanted cells from recipient
myocardium by laser capture microdissection for /n vivo transcriptome analysis. Our results
provide direct evidence that hCPCs augment cardiac function after their transplantation into
ischemic myocardium through paracrine secretion of growth factors.

Conclusions—PET reporter gene imaging can provide important diagnostic and prognostic
information regarding the ultimate success of human cardiac progenitor cell treatment for
myocardial infarction.

cell therapy; stem cells; imaging; positron emission tomography

INTRODUCTION

Following myocardial infarction, the limited proliferative ability of the surviving cardiac
cells renders the damaged heart susceptible to morbid sequelae such as unfavorable
remodeling and heart failure. Although therapeutic options have advanced in the last several
decades, the morbidity and mortality associated with ischemic cardiomyopathy remains
unacceptably high®. In recent years, stem and progenitor cells have emerged as exciting new
tools to alleviate left ventricular dysfunction alongside existing pharmacologic and device
treatment options. In particular, human cardiac progenitor cells (hCPCs) demonstrate
enormous potential for future clinical translation of cardiac cell therapy2. hCPCs are a
clonogenic, self-renewing population that are pre-programmed for differentiation into cells
of all three cardiac lineages /n vitro. myocytes, smooth muscle cells, and endothelial cells. In
addition, hCPCs can be derived autologously from a small sample of myocardial tissue3,
thereby avoiding concerns of immunological rejection. Numerous small and large animal
studies have concluded that transplantation of CPCs into ischemic myocardium yields
significant improvement in cardiac function following myocardial infarction3-7.

Results from early clinical trials of bone marrow-derived cell therapy for cardiovascular
disease have yielded promising but variable results® °, while results of early clinical trials of
hCPC therapy are still forthcoming0. Many questions remain regarding the optimal cell
type, dose, and timing of any such cell therapy. Robust evaluation of these parameters has
been greatly aided by the development of noninvasive imaging methods for longitudinal
assessment of stem cell engraftment and proliferation. Direct labeling of cells using
radiotracers'113 or magnetic particles® 1° allows short-term visualization of transplant
location, but death of the cells may lead to erroneous signal from neighboring phagocytes or
interstitium. The temporal limitations of these physical methods for labeling cells have been
overcome by techniques for stable labeling of cells with various reporter genes, thereby
enabling quantitative assessment of cell survival and proliferation. In this regard,
bioluminescence imaging (BLI) in conjunction with luciferase reporter genes has been used
previously to monitor the survival of stem cell transplants8. However, BLI will not be
applicable in humans because its low energy photons (2-3 eV) are easily attenuated within
the deeper tissues of larger animals.

Circ Cardiovasc Imaging. Author manuscript; available in PMC 2013 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Liuetal.

METHODS

Page 3

Positron emission tomography (PET), on the other hand, is a clinically applicable
noninvasive imaging modality that readily allows for the monitoring of cell homing in
humans18. Various generations of PET thymidine kinase (TK) reporter genes have been
developed in recent years to optimize our collective ability to monitor various cellular
processes, including transcriptional regulation, protein-protein interactions, and cell
traffickingl’~20. Here we sought to compare the various generations of PET TK reporter
genes for their potential use in monitoring clinical hCPC therapy. Furthermore, we sought to
determine whether early PET imaging would provide prognostic information about the
ultimate success of cell therapy trials. Our results indicate that an imaging component of
future clinical cell therapy trials will yield significant insight into the determinants of
successful treatment.

Isolation, culture, and characterization of human cardiac progenitor cells (hCPCs)

The study was conducted with institutional approval from the Stanford Investigational
Research Board (IRB). The hCPCs were isolated based on a previously described protocol
using magnetic separation in conjunction with a Sca-1 antibody?1-23. In brief, human fetal
hearts were collected after elective abortion by a commercial vendor (StemExpress,
Placervill, CA). Fetal hearts underwent Langendorff perfusion with Tyrode's solution
containing collagenase and protease. Cardiomyocyte progenitor cells were isolated by
magnetic cell sorting (MACS, Miltenyl Biotec, Sunnyvale, CA) using Sca-1-coupled
magnetic beads, according to the manufacturer's protocol. Sca-1* cells were eluted from the
column by washing with PBS supplemented with 2% FBS and cultured on 0.1% gelatin-
coated dishes in M199 (Gibco)/EGM-2 (3:1) supplemented with 10% FCS (Gibco), 10
ng/ml basic fibroblast growth factor (0FGF), 5 ng/ml epithelial growth factor (EGF), 5 ng/ml
insulin-like growth factor (IGF-1), and 5 ng/ml hepatocyte growth factor (HGF).

Lentiviral vector construction and transduction of hCPCs with Fluc-GFP double fusion
reporter genes

See Supplemental Methods for details.

Effect of TK variants on hCPC viability, proliferation, and differentiation potential

See Supplemental Methods for details.

Microarray hybridization and data analysis of various TK-hCPC lines

See Supplemental Methods for details.

In vitro [18F]-FHBG accumulation assay

See Supplemental Methods for details.

Surgical model of myocardial infarction and hCPC delivery

In adult female SCID Beige mice (Charles River Laboratories, Wilmington, MA),
myocardial infarction was induced by ligation of the left coronary artery under 1.5-2%
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inhaled isoflurane anesthesia, and confirmed by myocardial blanching and EKG changes.
Animals were initially randomized into 5 experimental groups receiving hCPCs (n=60) or 1
control group receiving PBS (n=15). Four of the 5 experimental groups received hCPCs that
stably expressed the different variants of the PET TK reporter gene shown in Figure 1A. The
PET TK reporter gene variants were the original wild-type herpes simplex virus-1 (HSV)
thymidine kinase (wt-tk), semi-random variant 39 HSV-thymidine kinase (sr39-tk), A168H
mutant HSV-tk (A168H), and truncated mitochondrial thymidine kinase type 2 (Ahtk2)
(A168H and Ahtk2 were courtesy of Dr. Juri Gelovani at MD Anderson)17-20, Animals were
randomized to the groups as follows: wt-tk-hCPCs (n=5), sr39-tk-hCPCs (n=20), A168H-
hCPCs (n=20), and Ahtk2-hCPCs (n=5). One experimental group received untransduced
hCPCs (n=10). All 5 experimental groups were injected with 1x10° cells using a 31-gauge
Hamilton syringe immediately after MI. In all groups, the volume of injection was 20 pl at 3
sites near the peri-infarct border zone. All surgical procedures and injections were
performed by a single experienced and blinded investigator (Y.G.).

[18F]-FHBG positron emission tomography (PET) imaging

Small animal microPET imaging (Vista system, GE Healthcare, Chalfont St. Giles, United
Kingdom) was performed in a subset of the animals (n =40 hCPCs and n = 15 PBS) on days
1,7, 14, 21, and 28 postoperatively. Mice were fasted for 3 hr before radioisotope injection.
Animals were then injected with approximately 7,400 kBq (200 mCi) of [18F]-FHBG
radiotracer via the tail vein. At 60 min after injection, animals were anesthetized with
inhaled 2% isoflurane. Images were acquired, reconstructed by filtered back projection, and
analyzed using image software AMIDE (SourceForge, Inc., Mountain View, California) by a
blinded investigator (M.H.). Three-dimensional regions of interest (ROIs) were drawn
encompassing the heart. For each ROI, counts/ml/min were then converted to counts/g/min
and divided by the injected dose to obtain the image ROI derived [18F]-FHBG percentage
injected dose per gram of heart (%1D/g).

Bioluminescence imaging of hCPC engraftment for confirmation of PET data

See Supplemental Methods for details

Analysis of left ventricular function with echocardiogram and magnetic resonance imaging

(MRI)

See Supplemental Methods for details.

Analysis of left ventricular function with pressure-volume (PV) loops

See Supplemental Methods for details.

Analysis of in vivo gene expression using laser capture microdissection (LCM)

Mouse hearts were removed after perfusion with 20 ml phosphate buffer saline (PBS),
embedded in OCT, and immediately frozen in liquid nitrogen. For LCM, seven thick tissue
sections of the left ventricle were prepared on polyethylene napthalate (PEN) membrane
coated slides (MicroDissect GmbH, Leica, Germany). The slides were then thawed briefly
and air-dried for 5 min before dissection. Green fluorescence observed under laser
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microscopy was used as a landmark for microdissection. GFP* cells, indicating transplanted
hCPCs, were dissected using a Leica AS LMD6000 system (Leica, Germany). GFP~
recipient myocardium was also isolated for normalization. The dissected tissues were placed
into the caps of microcentrifuge tubes with 5 pl of lysis enhanced buffer, and collected by
centrifugation at 8000 x g for 5 minutes. Total RNA extraction and reverse transcription of
these samples were performed using a commercial One Step RT-PCR kit (Invitrogen,
Carlsbad, CA).

Histological examination

See Supplemental Methods for details.

Statistical analysis

Statistics were calculated using SPSS 12.0 (SPSS Inc, Chicago, IL), Stata Release 9.2
(StataCorp LP, College Station, TX), and R 2.14.2 (R Foundation for Statistical Computing,
Vienna, Austria). Unless specified, descriptive statistics included mean and standard
deviation. One-way analysis of variance with post hoc testing was used as indicated in figure
legends. Differences between the high and low cell engraftment groups in percent fractional
shortening (%FS) as evaluated by echocardiography, ejection fraction (EF) as evaluated by
cardiac MR, and cell engraftment as evaluated using PET were tested with a mixed effects
regression on number of days post-transplantation, cellular engraftment (high vs low or
hCPC vs PBS), and their interaction, with mouse as a random effect. An autoregressive
model of order 1 (AR(1)) correlation structure was used to model the dependence of within-
mouse measurements. Significance of time and treatment effect was assessed via a
likelihood ratio test, comparing to the null model with no time or treatment effect.
Correlations among PET signal, EF, and %FS were assessed by Spearman rank correlation.
Differences were considered significant at a A-values of <0.05 unless they were subject to a
Bonferroni-adjusted critical P-value as indicated in the figure legends.

RESULTS

Isolation, expansion, and features of human cardiac progenitor cells isolated from human

myocardial biopsy specimens
We first isolated Sca-1* hCPCs from human fetal hearts and clonally expanded them using a
previously described protocol? (see Supplemental Methods). The identity of the isolated
cells was validated by cell surface marker (Supplemental Figure 1) and gene expression
profiling (Supplemental Figure 2) prior to stable transduction with a double-fusion firefly
luciferase (Fluc) and green fluorescent protein (GFP) reporter gene cassette. GFP* cells
were FACS isolated and expanded to generate stableFUc*/GFP*hCPC lines that can be
quantitatively tracked /n vivo using bioluminescence imaging (BLI) (Supplemental Figure
3).

Expression of thymidine kinase PET reporter genes does not affect the phenotype of
human cardiac progenitor cells

Fluc+/GFP+hCPCs were stably-transduced with four variants of the PET TK reporter gene that
had been chosen for further evaluation (Figure 1A). They were the original wild-type herpes
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simplex virus-1 (HSV) thymidine kinase (wt-tk), semi-random variant 39 HSV-thymidine
kinase (sr39-tk), A168H mutant HSV-tk (A168H), and truncated mitochondrial thymidine
kinase type 2 (Ahtk2)17-20, sr39-tk was developed in 2000 by random sequence mutagenesis
of the nucleoside binding region of wt-tk and selected for an enhanced ability to convert the
prodrug acyclovir and/or ganciclovir into cytotoxic agents?>. A168H was later developed in
2006 by engineering of a single conserved residue of the wt-tk gene based on its crystal
structure?8. Ahtk2 was derived from human mitochondrial thymidine kinase type 2 by
truncation of the N-terminal nuclear localization signal in 200720, Although all variants of
thymidine kinase have been developed with an aim of enhanced sensitivity and specificity,
there have not yet been direct comparisons of their use as reporter genes for cardiac stem
cell therapy

To address this question, we stably transduced!Uc*/GFP+hCPCs with the various thymidine
kinase reporter genes, and observed no discernible adverse effects on cell proliferation
(Figure 1B), cell viability (Supplemental Figure 4), gene expression profile (Supplemental
Figure 5), or karyotype (Supplemental Figure 6). Most importantly, stably transduced
hCPCs maintained their ability to differentiate into all three cardiac lineages, as evidenced
by expression of a-actinin, CD31, or a-SMA (Figure 1C).

Comparison of [18F]-FHBG radiotracer uptake rates by different TK variants

We wished to assess the utility of PET reporter gene imaging in the setting of clinical stem
cell transplantation trials, and thus opted to use the [18F]-FHBG radiotracer in conjunction
with TK reporter gene variants. [8F]-FHBG is a positron-emitting nucleoside analog used in
conjunction with TK for imaging of gene expression. The safety, pharmacokinetics, and
dosimetry of'8F FHBG have been studied in rats, rabbits, and human volunteers, and the US
Food and Drug Administration has approved its use as an investigational new drug (IND
#61880) for clinical trials?’. Radiotracer uptake into hCPCs was quantified in vitro over a
120-minute time course using a gamma counter (Figure 2A), and confirmed qualitatively
using microPET imaging acquisition (Figure 2B). Robust uptake was highest in the hCPCs
stably expressing the A168H and sr39-tk variants (cells to media uptake ratio of 7.80 £ 0.20
and 6.40 + 0.19, respectively). Next, we confirmed the ability of various TK variants to
uptake radiotracer in an /n vivo setting by transplanting TK-expressing hCPCs
intramyocardially into SCID beige mice (Figure 2C-D). PET signal intensities were
compared after normalization for any experimental variation in cell number by concurrently
measuring BLI signals (because the parent hCPC line also stably expressed the GFP-Fluc
double fusion reporter gene). hCPCs expressing A168H or sr39-tk displayed the highest
PET signal intensities, confirming our /n vitro observations (1.34 + 0.06 and 1.16

+ 0.08 %ID/g, respectively). hCPC lines stably expressing the A168H TK variant were then
expanded for all subsequent experiments.

Transplantation of human cardiac progenitor cell improves left ventricular contractility

Adult SCID beige mice were subjected to LAD artery ligation followed by injection with
either 1x10% hCPCs (n=37) or PBS (n=10). To determine the effect of hCPC transplant on
myocardial left ventricular (LV) function, we carried out echocardiographic (Figure 3A) and
MRI (Figure 3C) assessments over the four week study period. Compared to control animals
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injected with PBS, hCPC-treated animals demonstrated a statistically significant
improvement in fractional shortening (Figure 3B) as well as ejection fraction (Figure 3D) at
day 14 post-transplant, as assessed by echocardiography and MR, respectively. A
statistically significant difference in ejection fraction was also detected between the hCPC-
treated and untreated PBS controls at week 4 post-transplant. However, no statistically
significant differences in fractional shortening were observed between the hCPC-treated and
untreated PBS controls at week 4 post-transplant.

Temporal kinetics of human cardiac progenitor cell survival in ischemic myocardium

We next sought to quantitatively assess the dynamics of cellular engraftment using PET
imaging. We carried out serial PET imaging of the hCPC-treated animals, and observed loss
of PET signal intensity over time, reflecting death of the transplanted cells over the 28-day
study period (Figure 4A-4B). These results were confirmed independently using BLI of Fluc
expression within the same animals (Supplemental Figure 7).

Early PET imaging predicts subsequent myocardial functional improvement

In light of the variable results of cell-based therapy in recent clinical trials® °, we decided to
evaluate whether a high degree of early cellular engraftment was predictive of late
therapeutic benefit. Using PET imaging data obtained on day 1 after cell transplant as a
surrogate measure of cell engraftment, we stratified the hCPC transplant recipients in our
cohort into high and low engraftment groups (Figure 5A). A basic finite mixture model of
Gaussian distributions inferred two equal size groups (P<0.001) with a cut-off at 0.22% ID/g
(mean % SD of the two groups: 0.18 = 0.02 % ID/g vs. 0.27 £ 0.02 % ID/g). Substantial
variation in PET signal intensity was observed at day 1 post-transplant, with no correlation
to initial LV function measured on day 1. Variable engraftment is likely attributed to
imperfections in the intramyocardial delivery of hCPCs, and corresponds to the degree of
variation expected in a clinical setting, where initial retention may range from 1% to 19% of
delivered cells depending on the mode of delivery!L. Initial PET signal intensity at day 1, as
a surrogate measure of engraftment success, correlated well with LV function as assessed by
echocardiography at week 1 (p=0.64), and correlated best with LV function at week 2
(p=0.76; Figure 5B). Cardiac MRI assessment of myocardial function also correlated well to
initial PET signal intensity at day 1 (p=0.80; P<0.0001; n=34). Over the course of the four-
week study period, the low cell engraftment group did not demonstrate any statistically
significant improvements in LV function when compared to untreated animals (P = 0.68).
However, there was a significant difference in the trend over time between the high and low
cell engraftment groups (P<0.001, Figure 5C). The results of the stratification into high and
low engraftment groups were confirmed independently by cardiac MRI assessment of LV
ejection fraction (Supplemental Figure 8) and pressure-volume loop analysis of end-systolic
volume and end-systolic pressure (Supplemental Figure 9). We then independently
confirmed a positive correlation between cellular engraftment and ventricular wall thickness
using gross histological and immunohistochemical staining (Figure 6). Therefore, the
number of surviving hCPCs at early time points directly correlates with the degree of
functional improvement at later time points in a “dose-effect” relationship. These results
underscore the utility of robust methods for quantitative monitoring of cellular engraftment
to better understand the complex determinants of successful cell therapy?28.
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hCPC expression of paracrine growth factorsin vitro and in vivo

Although some studies have demonstrated a therapeutic benefit of stem cell therapy on
myocardial contractility in large animals* 5 and humans & 9, the mechanism(s) by which
stem cells might exert their beneficial effects has remained somewhat controversial.
Hypotheses include paracrine stimulation of recipient myocardium, direct
cardiomyogenesis, and mechanical mitigation of wall strain. In support of the role that
paracrine secretion may play in augmenting cardiac function, we found that hCPCs grown in
hypoxic culture conditions upregulated expression of multiple anti-apoptotic growth factors,
including vascular endothelial growth factor A (VEGF-A), fibroblast growth factor 2
(FGF2), and epidermal growth factor (EGF) (Supplemental Figure 10). However, we also
sought to address this question by examining the effect of transplantation on CPC phenotype
using immunohistochemistry and laser capture microdissection (LCM). LCM allows
isolation of hCPCs affertheir transplantation into recipient myocardium, thereby allowing
evaluation of the /n vivotranscriptional program of hCPCs (Figure 7A). We found that
hCPCs isolated from recipient myocardium by LCM had significantly upregulated their
expression of growth factor transcripts /in vivo, particularly VEGF-A, VEGF-B, FGF2, and
connective tissue growth factor (CTGF) (Figure 7B). In contrast, immunohistochemical
staining of transplanted GFP* CPCs was negative for markers of cardiac or endothelial
differentiation such as a-actinin and CD31 (Supplemental Figure 11). We examined the
cardiac differentiation potential of CPCs more thoroughly by assessing transplanted CPCs
over time using LCM and an array of cardiac markers. Transcript markers of early cardiac
differentiation such as GATA4 and TBXS5, as well as definitive cardiomyocyte markers such
as MYL2, TNNI2, TNNT2, MYH®6, and ACTN2 were all negative in >95% of the
transplanted GFP* CPCs (Supplemental Figure 12). Therefore, our findings support the
hypothesis that hCPC transplantation improves cardiac functional recovery due to paracrine
secretion of growth factors rather than direct cardiomyogenesis. While studies thus far have
inferred the behavior of stem/progenitor cells based on their /n vitro response to hypoxia, we
have demonstrated here that hCPCs upregulate transcription of anti-apoptotic growth factors
in vivo after their transplantation into ischemic myocardium. Our results are in agreement
with those of other groups suggesting that paracrine secretion plays the dominant role in
ameliorating left ventricular dysfunction after transplantation of cardiac stem cells29: 30,

DISCUSSION

Several parameters for hCPC identification are currently found in the literature, including
isolation of c-kit™ cells31, cardiosphere-derived cells32, Sca-1* cells?4, and IsI1* cells33,
These various hCPC formulations have all demonstrated a degree of efficacy in animal
studies, although evaluation of the degree of overlap between these various populations and
their comparative efficacy is needed in the future. Here we tested four different variations of
the TK PET reporter gene in conjunction with the [18F]-FHBG PET reporter probe to
monitor Sca-1* hCPC therapy. The transcriptome and differentiation capacity of hCPCs was
not affected by stable expression of the TK reporter gene. hCPC survival in murine ischemic
myocardium was subsequently monitored using BLI and PET, and was noted to decline
substantially over the four week study period. Nonetheless, hCPC therapy transiently
ameliorated the negative consequences of myocardial infarction, as demonstrated by
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echocardiographic, cardiac MRI, and PV loop evaluation of LV function. Importantly, early
PET imaging assessment of the success of hCPC engraftment at day 1 was found to correlate
positively with subsequent LV functional improvement at day 14. The mechanism by which
hCPCs exert their functional benefits include upregulation of paracrine growth factor
expression in treated hearts.

Clinical trials of stem cell therapies for myocardial repair have become a reality in recent
years. Preliminary results from the SCIPIO trial have demonstrated that autologous c-kit*
Lin~ cardiac stem cells can enhance myocardial function in patients who have suffered
myocardial function up to one year after treatment20. A second phase | study has also
reported encouraging preliminary data (CADUCEUS; CArdiosphere-Derived aUtologous
stem CElls to Reverse ventricUlar dySfunction)34. Two recent meta-analyses of studies
evaluating bone marrow-derived cell therapy for myocardial repair have also reported a
modest yet significant 3-4% augmentation in LV ejection fraction® °. However, the
mechanism(s) by which stem cells exert their beneficial effects has remained controversial.
In agreement with others2®, the mechanism of functional benefit in our study appears to
involve upregulated expression and secretion of various growth factors.

Irrespective of the relative contribution of the multiple complementary mechanisms of stem
cells' effects, the ultimate success of any given cell therapy will likely depend upon the
successful delivery and engraftment of a sufficient number of transplanted cells. Cell-based
myocardial repair strategies have thus far remained hindered by poor engraftment (<10%) of
all cell types, including mesenchymal stem cells®°, bone marrow mononuclear cells3®,
human embryonic stem cell-derived cardiomyocytes3’, and cardiosphere-derived cells®.
Robust methods for longitudinal monitoring of cell engraftment will therefore play a
necessary and vital role in better understanding the complex determinants of successful cell
therapy?8.

In the present study, we optimized PET reporter gene imaging as a surrogate marker of the
success of hCPC engraftment, and demonstrated the role of PET imaging in providing
important prognostic information regarding which recipients were likely to functionally
benefit from hCPC transplant in subsequent follow-up. Due to the considerable biological
complexity of any potential therapeutic cell product and its interaction with the host, as well
as the relatively simple current techniques for delivery, clinical application of cell therapy
will likely demonstrate wide variability in the engraftment of administered cells. Early
assessment of engraftment success using the clinically-applicable imaging modalities
demonstrated here could significantly and positively impact the course of care, potentially
identifying which patients are candidates for additional rounds of cell therapy administration
due to undertreatment. The positive correlation of day 1 PET signal with week 2 left
ventricular contractility as described herein also implies a theoretical “dose-response”
relationship for hCPC therapy, and bodes well for its future success as a treatment option
alongside pharmacological therapies. Even more favorable results may be achieved in the
future using strategies aimed at prolonging cell survival, such as pro-survival cocktails3® or
genetic modification3®, whereby the incremental benefits can also be monitored by imaging
of cell fate. As the field of cardiac cell therapy continues to mature, an improved
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understanding of the determinants of success has become crucial, and noninvasive imaging
approaches as outlined here are likely to play a significant role in this effort40.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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CLINICAL PERSPECTIVE

Human cardiac progenitor cell (hCPC) transplantation is an exciting new therapy to
ameliorate cardiac dysfunction after myocardial infarction. However, much remains to be
understood regarding the parameters for successful cell therapy, including the optimal
cell dose, engraftment rate, long-term survival, and delivery route. Molecular imaging
techniques can be used to monitor the retention, engraftment, and delivery of stem cells
after their delivery in vivo. In this study, we stably modified hCPCs to express variants of
the thymidine kinase (TK) reporter gene, thereby enabling use of positron emission
tomography (PET) to monitor cellular engraftment and survival after intramyocardial
delivery. We found that hCPC transplantation resulted in a modest improvement in
myocardial contractility, and that this improvement in contractility correlated with the
number of engrafted cells at early time points. Importantly, we showed that cellular
engraftment at early time points can provide valuable prognostic information regarding
the ultimate success of hCPC transplant at later time points. In light of the variable
response to cell transplantation seen in recent clinical cell therapy trials, molecular
imaging techniques may prove pivotal to ensuring adequate cellular delivery and
optimizing patient outcomes.
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Figure 1.
Human cardiac progenitor cell (hCPC) phenotype is unaffected by expression of thymidine

kinase PET reporter genes. (A) Schematic of lentiviral constructs expressing four variant
thymidine kinase PET reporter genes. (B) No significant difference in proliferation rate was
observed among hCPCs transduced with various thymidine kinase reporter genes versus
control untransduced hCPCs. (C) Immunohistochemical staining of differentiating hCPCs
demonstrates cells of all three cardiac lineages: myocyte (marked by a-actinin), endothelial
(marked by CD31), and smooth muscle (marked by a-SMA) after transduction with
thymidine kinase reporter genes. Fibroblasts (far right) serve as a negative control and do not
stain for any cardiac markers.
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Figure 2.
Differential uptake of [18F]-FHBG by TK-expressing hCPCs in vitroand in vivo. (A) Four

variants of thymidine kinase (TK) exhibit differential uptake of [18F]-FHBG in vitro. Uptake
of [18F]-FHBG was highest in hCPCs stabling expressing the A168H and sr39-tk variants.
(B) MicroPET qualitative assessment of [18F]-FHBG uptake in TK-expressing hCPCs
confirms results from gamma counting in Figure 2A. (C) TK-expressing hCPCs display
differential uptake of [18F]-FHBG /n vivo. hCPCs stably expressing the A168H and sr39-tk
variants exhibited the highest PET signals after normalization to bioluminescence imaging
(BLI) to control for inadvertent variations in transplanted cell number. (D) Representative
images of adult SCID beige mice 24hrs after intramyocadial transplantation of 1x10% TK-
expressing hCPCs.
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Figure 3.

Evaluation of cardiac contractility by echocardiography and cardiac MRI. (A)
Representative M-mode echocardiogram of hearts receiving hCPCs vs. PBS at day 2, week
2, and week 4. Baseline measurements are shown to represent healthy heart function, but are
not considered in the statistical analysis. (B) Comparison of fractional shortening as
evaluated by echocardiography at baseline, day 2, week 2, and week 4 after LAD ligation.
hCPC-treated hearts (n=37) demonstrated a transient improvement in fractional shortening at
week 2 post-transplant as compared to saline controls (n=10). (Linear mixed effects model
using treatment with hCPC or PBS, time (day 1, week 2, week 4) and treatment X time
interaction as fixed effects, mouse as a random effect, with repeated observations over time.
Significance of treatment effect at a given time point was assessed via tests of contrasts of
the parameter estimates. Effect deemed significant at the Bonferroni-corrected level
0.05/3=0.016. P=0.0016 for treatment effect at week 2). (C) Representative MR images of
hearts receiving hCPCs vs. PBS at day 2 and week 4. (D) Comparison of ejection fraction as
assessed by cardiac MRI at baseline, day 2, week 2, and week 4. hCPC-treated hearts (n=37)
demonstrated an improvement in ejection fraction at week 2 post-transplant as compared to
saline controls (n=10) which persisted at week 4 (Linear mixed model as in Figure 3B.
P=0.0016 at week 2; P=0.003 at week 4).

Circ Cardiovasc Imaging. Author manuscript; available in PMC 2013 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Liuetal.

Page 17

-0.30

0.15

- 0.00
% ID/g
day 7 day 14 day 21 day 28
: 25000
N N S 20000
> ’ 15000
10000
' 5000
p/seclcm?/sr
B
0.4- —— PET [30000
25000 2
034° =3
-20000 2
X 2
o 0.2- ~15000 &
< o
-10000 &
0.1 2l
. ~5000 @
0-0 | | 1 | | 0
0 5 10 15 20 25 30
Days
Figure 4.

Temporal kinetics of hCPC survival in living animals. (A) Longitudinal PET imaging of a
representative adult female SCID mouse injected with 1x108 hCPCs stably expressing the
A168H variant of TK. (B) Progressive decrease in both PET and BLI signal intensity was
observed over the 28 day time course (n=37).
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Figure 5.
Early PET imaging predicts myocardial functional improvement. (A) Representative images

of mice with high day 1 PET signal signifying high hCPC engraftment (top) and low day 1
PET signal signifying low hCPC engraftment (bottom). Representative M-mode
echocardiogram demonstrates functional improvement at week 2 with high engraftment
(top) but not with low engraftment (bottom). (B) Significant variability of PET signal
intensity (horizontal axis) occurs in various recipient animals on day 1, with minimal
correlation to left ventricular function (vertical axis) measured on day 1 (blue circles;
p=0.02). Day 1 PET signal intensity correlates well with cardiac function at week 1 (red
triangles; p=0.64), and correlates best with cardiac function at week 2 (green squares;
p=0.76). Open symbols represent mice in the high cell engraftment group, while filled
symbols represent mice in the low cell engraftment group. Rho p denotes Spearman'’s rank
correlation coefficient (n=37). (C) Separation of the hCPC cohort into high and low
engraftment categories demonstrates a significant difference in trend over time between the
categories (Linear mixed model with high vs low engraftment, time, and group X time
interaction as fixed effects, mouse as random effect. P<0.001; n=37 total, n=19 in the high
cell engraftment group, n=18 in the low cell engraftment group).

Circ Cardiovasc Imaging. Author manuscript; available in PMC 2013 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Liuetal. Page 19

A
B PBS Low cell engraftment
C

g

— 300+

©

2 S—

= 200+

=

k.~

—

£ 1004

@

>

0

PBS Low cell High cell
engraftment engraftment

Figure 6.
Ex vivo histological confirmation of /n vivo PET imaging data. (A) hCPCs engrafted within

the recipient myocardium at day 14 after injection. Higher levels of GFP* hCPCs are
identified within the hearts with higher day 1 PET signal. (B) Myocardial wall thickness in
representative thin sections of gross hearts at day 14 after injection. (C) Significant
enhancement of myocardial wall thickness in the hearts engrafting high levels of hCPCs
(One way ANOVA with Bonferroni correction; *P<0.0001 (n=12/group).

Circ Cardiovasc Imaging. Author manuscript; available in PMC 2013 July 01.



1duosnuen Joyiny 1duosnuen Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Liuetal.

A

Fibroblast

hCPC

Page 20

Before LCM After LCM B

25- ] remote zone

Il transplanted hCPCs
204
15+

10+

Relative mRNA expression level

(T |

Figure 7.
In vivo growth factor gene expression response of hCPCs to myocardial ischemia. (A) Laser

capture microdissection (LCM) was used to identify and isolate GFP* hCPCs at day 14 after
injection for RNA extraction. (B) gPCR of transplanted hCPCs isolated using LCM reveals
upregulation of VEGF-A, VEGF-B, and CTGF growth factor genes /n vivo as compared to
control samples isolated from a remote zone of the same heart. (n=5/group)
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