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Effectiveness of gene delivery systems for pluripotent and

differentiated cells
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Roger J Hajjar

Human embryonic stem cells (hESC) and induced pluripotent stem cells (hiPSC) assert a great future for the cardiovascular diseases,
both to study them and to explore therapies. However, a comprehensive assessment of the viral vectors used to modify these cells
is lacking. In this study, we aimed to compare the transduction efficiency of recombinant adeno-associated vectors (AAV), adenovi-
ruses and lentiviral vectors in hESC, hiPSC, and the derived cardiomyocytes. In undifferentiated cells, adenoviral and lentiviral vec-
tors were superior, whereas in differentiated cells AAV surpassed at least lentiviral vectors. We also tested four AAV serotypes, 1, 2, 6,
and 9, of which 2 and 6 were superior in their transduction efficiency. Interestingly, we observed that AAVs severely diminished the
viability of undifferentiated cells, an effect mediated by induction of cell cycle arrest genes and apoptosis. Furthermore, we show
that the transduction efficiency of the different viral vectors correlates with the abundance of their respective receptors. Finally,
adenoviral delivery of the calcium-transporting ATPase SERCA2a to hESC and hiPSC-derived cardiomyocytes successfully resulted
in faster calcium reuptake. In conclusion, adenoviral vectors prove to be efficient for both differentiated and undifferentiated lines,
whereas lentiviral vectors are more applicable to undifferentiated cells and AAVs to differentiated cells.
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INTRODUCTION

Pluripotent stem cells (PSCs) have the ability to self-renew and to
differentiate to most cell types (pluripotency), including to cardiac
myocytes. Human embryonic stem cells (hESC) are pluripotent cell
lines derived from the inner cell mass of human blastocysts.! A few
years ago, the group of Dr. Yamanaka published ground-breaking
studies in which they showed that pluripotency can be induced
in somatic cells, such as dermal fibroblasts, from both mouse? and
most importantly human origin.® The differentiation of these plu-
ripotent stem cells to cardiac myocytes is of great importance, as it
provides a patient-specific disease model system to test cardioac-
tive compounds and may also provide an unlimited source of cells
for cell replacement-based therapies for the injured heart. The dif-
ferentiation of hESCs to cardiac myocytes (CM) was first reported
more than 10 years ago and relied on the spontaneous differen-
tiation of hESCs that were dissociated, developed into spheroids,
termed embryoid bodies (EBs) and grown in suspension.* Since the
first reports of spontaneous differentiation, several protocols have
been established for the directed differentiation of not only hESC,
but also hiPSC, into the cardiac lineage. Most of these induced dif-
ferentiation protocols rely on the timely addition of specific factors,
including activators of the BMP and nodal/activin signaling path-
ways (BMP4, Activin A and FGF2 (ref. 5)) and inhibitors of the Wnt/
b-catenin pathway (DKK1 and IWR1 (ref. 6)), to transition the cell

fate from pluripotent to mesodermal, precardiac and then cardiac
mesodermal, and finally to immature cardiac myocytes.* These PSC-
CMs are immature structurally and functionally, but offer a valuable
tool nonetheless for pharmacological and genetic studies.

The potential for the use of hESC and hiPSC and thereof derived
cardiac myocytes in research and therapy is well established in the
literature. Identifying the viral vectors that can be used to geneti-
cally manipulate the hESC/hiPSC system is necessary because it will
not only provide valuable information regarding therapeutic appli-
cations but also a level of consistency among different research
groups in order to interpret data. Three types of viral vectors are
widely used not only in in vitro but also in in vivo studies in the car-
diovascular field: adeno-associated viral (AAV), adenoviral, and len-
tiviral vectors.

Of the three, AAV-based vectors are a new promising tool for
gene therapy.” AAV are members of the family of Parvoviridae and
are nonenveloped, single-stranded DNA viruses that in their native
form, at least AAV2, can site-specifically integrate into the genome.
The recombinant AAVs however are predominately episomal. There
are 13 reported serotypes and each one displays a distinct tropism
profile. AAVs 1, 6, and 9 are the most cardiotropic, whereas AAV2 is
the archetypical serotype, whose biology has been the most exten-
sively studied. In AAV vectors, the 4.7kb viral genome between
the inverted terminal repeats (ITRs) is replaced by the therapeutic
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expression cassette.”® AAV-based vectors have arisen in the past
decade as a potent gene therapy vector owing to their tropism for
specific tissues, their low immunogenicity, their lack of pathogenic-
ity, and their ability to sustain long-term expression. As a testament
to their potential, several clinical trials are underway using AAVs for
cardiac gene therapy’ and, recently, phase 2 of the CUPID clinical
trial was successfully completed. Importantly, AAV1 is the vector
used in the first approved gene therapy (Glybera) which is currently
being made commercially available.?

Adenoviruses are nonenveloped, double-stranded DNA viruses
whose genomic DNA remains episomal after infection and triggers
transient expression of the transgene. They are mostly associated
with infections of the respiratory system. Of the more than 50 iden-
tified serotypes, serotypes 2 and 5 are the most commonly used.”
The adenoviral genome is 36 kb in size. In adenoviral vectors, part of
the viral genome (first and second generation), or all of it (third gen-
eration or gutless), is replaced by the therapeutic expression cas-
sette. The gutless adenoviral vectors were generated, because the
expression of adenoviral genes after in vivo transduction leads to
strong cellular immune responses against the vector infected cells.
However, so far, the most commonly used adenoviral vectors are
the first-generation ones, owing to their simplicity. They are missing

one adenoviral gene, E1, which is supplied by the packaging cell
line. This renders them replication-deficient, and therefore safe.’
Adenoviral-based vectors are widely used in clinical trials, but their
usage has seen a significant decrease due to safety issues stemming
from strong immune reactions as opposed to the use of AAVs.
In vitro, adenoviral vectors still achieve significant expression, albeit
the expression of adenoviral genes present in the viral vectors could
be a source of concern and complexity in interpreting data.”
Lentiviruses belong to the family of Retroviridae, are single-
stranded RNA viruses and integrate into the host cell genome after
reverse transcription of their viral genome, which is flanked by
ITRs. They can infect nondividing cells, such as the terminally dif-
ferentiated cardiac myocytes, efficiently, which makes them potent
gene therapy vectors.”® Most lentiviral vectors are based on human
immunodeficiency virus. For the recent generation of replication
defective vectors, most of the lentiviral genome, which is 7.5kb in
size, is replaced by the gene expression cassette, which is flanked
by the long terminal repeats. They have already been used in in vivo
models for cardiac disease.®™" In vitro, they are used predominately
when stable expression is needed in dividing cells, such as hiPSC?
because their integration to the host genome ascertains their long-
term expression, which cannot be achieved with episomal vectors.
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Finally, because the natural tropism of lentiviruses is restricted to
CD4* cells, the vectors are pseudotyped through the incorporation
of glycoproteins, which extends their host range."

The use of viral vectors for the genetic manipulation of PSCs is
quite extensive, with most prominent the use of lentiviral vectors
carrying the pluripotency factors on skin fibroblasts for the gen-
eration of PSC."® Independently, adeno-associated viral, adenovi-
ral and lentiviral vectors have been used,” but to the best of our
knowledge, no systematic comparison of these three major groups
has ever been conducted neither in PSCs, nor in thereof derived
cardiac myocytes. Having all the aforementioned information in
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mind, we set out to compare the major viral vectors currently used
in gene therapy applications, AAV, adenoviral and lentiviral vectors
using different undifferentiated cells, both hES and hiPS (hES2, H9,
hiPS31.3, hiPS24.1). We also included in our studies hES (hES2) and
hiPS (hiPS31.3) cells differentiated into cardiomyocytes. As a first
step, we decided to compare four different AAV serotypes, the car-
diotropic AAV serotypes 1, 6, and 9 and the archetypical serotype
2. We found that AAV serotypes 2 and 6 were superior both in PSCs
and in PSC-CMs. We next sought to compare these two AAV sero-
types to adenoviral and lentiviral vectors. Overall, adenoviral vectors
proved efficient in both cells types, AAVs in differentiated cells, that
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Figure1 Transduction efficiency by adeno-associated virus (AAV), adenoviral, and lentiviral vectors of different human embryonic stem cell (hES2, H9),
human induced pluripotent stem cell (hiPS31.3, hiPS24.1) lines, and hES2C- and hiPS31.3C-derived cardiomyocytes (hES2C-CMs and hiPS31.3C-CMs).
(@) Luciferase assay was used to assess the transduction efficiency by four AAV serotypes (the cardiotropic serotypes 1, 6, and 9 and the archetypical
serotype 2) of different pluripotent cell lines (hES2, H9, hiPS31.3, hiPS24.1) and cardiomyocytes derived from two pluripotent cell lines (hES2, hiPS31.3).
AAV serotypes 2 and 6 appear to be the most efficient ones in transducing all cell types, with AAV2 showing higher efficiency in undifferentiated cells.
In differentiated cells however, AAV6 is superior. In particular, in hES2C-derived cardiomyocytes, AAV2 is more efficient in lower concentrations (vg/cell),
whereas at higher concentrations it saturates and AAV6 outperforms AAV2. Error bars depict + standard error mean (SEM). (b) Flow cytometric analysis
(% of green fluorescent protein (GFP)-positive cells) was used to assess the transduction efficiency by AAVs 2 and 6 (carrying self-complementary
genomes), adenoviral (serotype 5) and lentiviral vectors. In undifferentiated cells, adenoviral and lentiviral vectors are superior to AAVs, whereas in
differentiated cells (cardiomyocytes), the transduction efficiency of AAVs and in particular AAV6, is enhanced. Error bars depict + SEM. Groups were
analyzed by analysis of variance test. Please see Supplementary Table S1 (Luciferase, Figure 1a) and Supplementary Table S2 (Flow Cytometry, Figure
1b) for detailed statistical analysis. Error bars depict £ SEM.
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Figure2 Representative images of different pluripotent (hES2, H7, hiPS31.3, hiPS24.1) and differentiated (hES2-CM and hiPS31.3-CM) cells transduced
with adeno-associated virus (AAV), adenoviral, and lentiviral vectors. (@) Representative images of hES2, H7, hiPS31.3, hiPS$24.1 cells, hES2-CM, and
hiPS31.3-CM infected with ssAAV vectors carrying the luciferase gene. ssAAV serotypes 2 and 6, and highest concentrations of serotypes 1 and 9
induced cell death in hES2 and iPS31.3 and iPS24.1 cells. AAVs did not appear to affect the viability of differentiated cells. (b) Representative images
of hES2, H7, hiPS31.3, hiPS24.1 cells, hES2C-CMs, and hiPS31.3C-CMs infected with scAAVs 2 and 6, adenoviral and lentiviral vectors carrying the GFP
gene. Images of the infections using the highest concentration of virus per cell are shown. High levels of AAVs reduced the survival of hES2 and hiPS31.3
cells. No cell death was observed in hES2C- and hiPS31.3C-derived cardiomyocytes, which also exhibited high levels of transduction compared to their
undifferentiated parental cell lines.
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is PSC-CM, whereas lentiviral vectors transduced all cell types with
low to moderate efficiency (Table 1). It is noteworthy that infection
of PSC with AAVs results in cell death. Finally, adenoviraly expressed
Serca2a in PSC-CM, improved functional parameters, thereby vali-
dating the use of adenoviruses at least, the most potent vectors in
our study, for the genetic manipulation of PSC-CMs.

RESULTS

Comparison of AAV serotypes 1, 2, 6, and 9 in PSCs and PSC-CMs

As a first step in our study, we set out to compare three known car-
diotropic AAV serotypes 1, 6, and 9 and the archetypical serotype
2 (ref. 8), in PSCs and PSC-CM:s. For this part of the study, we used
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luciferase as a reporter system, as it was anticipated that the sero-
types would display several orders of magnitude of difference in
efficiency and during this preliminary investigation, the purpose
was to select the most efficient vector for further studies without
focusing on the number of cells transduced or the individual cell
transduction levels. We tested the AAV vectors in two hESC lines
(hES2, H9), two hiPSC (hiPS31.3, hiPS24.1) lines and cardiomyocytes
derived from one hESC (hES2), and one hiPSC (hiPS31.3) line. Three
different amounts of viral genomes (vg) per cell were used, each
10-fold apart from the other based on our previous experience, to
cover a broad range of infectivity and achieve at the higher dosages
saturation. For all AAV serotypes, we used single-stranded vectors.
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Figure 1a shows that ssAAV2Luc and ssAAV6Luc exhibit the highest
transduction efficiency compared to AAV1 (moderate transduction
efficiency) and AAV9 (lowest transduction efficiency). It is note-
worthy that all AAVs transduce differentiated cells more efficiently,
approximately 100-fold, compared to undifferentiated cells. During
these experiments, we observed extensive cell death in most undif-
ferentiated cell lines (hES2, hiPS31.3, and hiPS24.1), with the excep-
tion of H9. No such effect was observed in the differentiated cells
(Figure 2a).

Comparison of AAV, adenoviral, and lentiviral vectors infectivity of
PSCs and PSC-CMs

Once we determined that AAV2 and AAV6 vectors provide the stron-
gest transduction efficiency, we sought to compare them to two
other, commonly used, viral vectors: adenoviral and lentiviral. For
this set of experiments, we also included AAV vectors of both sero-
types containing self-complementary (sc) viral genomes, because
they have been shown to exert higher transduction levels com-
pared to single-stranded (ss) genomes.’*'> We also elected to deter-
mine the number of cells transduced in the populations, as well as
the individual cell expression levels. For this reason, we chose to use
the enhanced green fluorescent protein (EGFP) as a reporter gene
and assess viral transduction efficiency by flow cytometry. The same
cell lines and types as before were tested. A general observation
stemming from the flow cytometry measurements (Figures 1b and
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2b and Supplementary Figure S1a,b) is that none of the viral vec-
tors tested transduces undifferentiated cells efficiently, compared
to cells differentiated into cardiomyocytes. In general, undifferen-
tiated cells, both hESC and hiPSC, were infected most efficiently
by adenoviral vectors followed by lentiviral vectors. On the other
hand, PSC-CM both hESC-CMs and hiPSC-CMs, were transduced
most efficiently by AAV vectors in all the conditions tested, even
when lower infection titers were used, compared to adenoviral and
lentiviral vectors. In particular, AAV vectors of both serotypes were
largely inefficient to infect PSCs, with the exception of the HI line. It
is of note that extensive cell death was observed in the PSC popula-
tions infected with AAVs. Contrastingly, hPSC-CMs and in particular
hES2-CMs were infected by AAVs at 100% efficiency even at low viral
genome (vg) per cell. Adenoviral vectors were efficient across all cell
types and lines tested, exhibiting higher transduction efficiency in
hPSC-CMs and in particular in hES2C-CMs, where infection at all
multiplicity of infections (MOls) showed almost complete transduc-
tion. Lentiviral vectors were moderately efficient in hPSC, compared
to adenoviral vectors, but more efficient in hPSC-CMs, especially in
hES2C-CMs, where they reached 90-95% transduction efficiency,
but only at the higher MOls.

To better understand the extent of the transduction efficiency
of the different serotypes, we measured the expression index (% of
positive cells x mean fluorescence of infected to noninfected cells)'®
in the flow cytometry experiments. This index incorporates not only
the factor of positive cell number, but also the transduction level for
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Induction of DNA damage response pathways and apoptosis by adeno-associated virus (AAVs) in undifferentiated cell lines. (@) Induction of

DDR, p53, and cell cycle arrest pathways by scAAV2 (5 x 10* vg per cell) assessment by quantitative polymerase chain reaction. For these experiments,
the viral vector with the highest effect, scAAV2, was used at a dose of 5x10* vg per cell. The expression of key genes of the DDR, p53, and cell cycle
arrest pathways was examined at the cDNA level. In particular, hES2C cells showed robust upregulation of BTG2 and p21 6 hours postinfection, whereas
hiPS31.3C showed a significant increase in these two genes at 24 hours postinfection. Earlier time points for both cell lines showed no significant
differences (data not shown). Some of the DDR and p53 pathway genes showed significant decrease in these time points (data not shown). Error bars
depict + standard error mean (SEM) (*P < 0.05, **P < 0.01, ***P < 0.001). (b) Annexin V staining and flow cytometric analysis of hES2C and hiPS31.3C
infected with scAAV2. hES2C at 6 and 9 hours postinfection (hpi) and hiPS31.3C 36 hpi with scAAV2 (1 x 10° vg per cell) showed a significant increase,
compared to no infection control, of Annexin V positive cells (early apoptosis), as well as of cells positive for both Annexin V and propidium iodide (PI)
(late apoptosis). At later time points for hES2 (9 hpi) and at both time points for hiPS31.3 (24 hours and 36 hpi) cells were significantly positive for either
Annexin 'V alone or Annexin V and PI. Error bars depict + SEM (*P < 0.05, **P < 0.01, ***P < 0.001).
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each cell through the expression levels of the reporter gene. In par-
ticular, infection of hES2-CMs with 1x 106 vg per cell of scAAV6EGFP
is equal to the higher adenoviral MOI. In hiPS31.3-CMs both self-com-
plementary AAV serotypes tested, 2 and 6, outperformed adenoviral
and lentiviral vectors (Figure 2b; Supplementary Figure S1a). It seems
thus, that the transduction hindrance in PScs is higher for AAV vec-
tors compared to others. We also sought to determine the transduc-
tion efficiency of single stranded AAV vectors (Supplementary Figure
S1b). For these experiments, we used vectors carrying the human-
ized GFP (hGFP). The transduction efficiency pattern of ssAAVs was
in line with that of scAAVs. They transduced differentiated cells effi-
ciently, whereas they induced cell death in pluripotent cells, albeit to
a lesser extent. The transduction efficiency and cell death induction
efficiency was much lower for ssAAVs, compared to scAAVs. These
vectors have not only different genomes (sc versus ss), but also dif-
ferent expression cassettes and transgenes (EGFP versus hGFP). To
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test for the contribution of the expression cassette, we performed
transfection experiments using the respective plasmids in two cell
lines (293T and HELA), taking into consideration the fact that hPSCs
are almost refractory to transfection (data not shown). We did not
observe any major differences that could fully account for the robust
differences in transduction efficiency.

Characterization of cell death observed in PSCs after infection with
AAV vectors

Adenoviral and lentiviral vectors, as mentioned, transduce plu-
ripotent cells with moderate to high efficiency (Table 1). Infection
of these cells by AAV vectors, on the other hand, resulted in pro-
nounced cell death within one or 2 days postinfection (Figure
2a,b). As a first step to characterize the induction of cell death by
AAV infection, we assessed the effect of all viral vectors on two
cell lines, hES2 and hiPS31.3, at 12 hours postinfection (hpi) using
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the highest infectivity ratios for adenoviral and lentiviral and the
lowest for AAV vectors (Supplementary Figure S2), because no
cell death was evident in the former and pronounced cell death
in the latter in our initial experiments. The time point of 12 hours
was based on our observation that cell death was first evident 12
hours postinfection. The time point chosen for the transduction
studies, at 3 days postinfection, was deemed too progressed for
this type of study based on initial experiments (data not shown)
and visual observation of the cell culture. We sought to test the
expression of tumor protein p53 (TP53), which is known to be
involved in viral DNA induced apoptosis in embryonic stem cells.””
We also assessed several TP53 target genes. B-cell transloca-
tion gene family member 2 (BTG2) and cyclin-dependent kinase
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inhibitor TA (CDKN1A) (or p21) are involved in cell cycle arrest
at G1, that are known to be upregulated upon AAV infection.”
We also tested expression of the mouse double minute 2, also
known as E3 ubiquitin protein ligase (MDM2), a negative regula-
tor of TP53. Furthermore, we examined genes upstream of TP53
that are involved in the DNA damage response (DDR) pathway,
such as ataxia telangiectasia mutated (ATM), protein kinase, DNA-
activated catalytic polypeptide (PRKDC) and H2A histone family
member X (H2AFX), and its downstream transcriptional targets
involved in apoptosis induction, such as BCL2-associated X pro-
tein (BAX), BCL2 binding component 3 (BBC3 or PUMA) and NADPH
oxidase activator 1 (NOXAT).'® Treatment with hydroxyurea (HU),
a known DDR pathway inducer, was used as a positive control.”
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Figure4 Overexpression of Serca2a in hES2C-CMs increases the expression of calcium homeostasis genes and improves calcium cycling. (a)
Protein expression of cardiac-specific markers by differentiated cells. Key calcium cycling proteins Serca2a, PLN and NCX1 are expressed highly in
hES2C-CMs and at significant levels in hiPS31.3C-CMs, compared to human heart, whereas they are absent from the cell lines they were derived
from. Error bars depict + standard error mean (SEM) (*P < 0.05, **P < 0.01, ***P < 0.001). (b) Adenoviral overexpression of Serca2a in hES2C-CMs
leads to increase in protein expression of cardiac specific markers. Serca2a and EGFP as a control were adenovirally overexpressed in hES2C-CMs.
The AdSerca2a infected cells showed higher expression of not only Serca2a, but also PLN and NCX1. Error bars depict = SEM (*P < 0.05, **P < 0.01,
***¥P < 0.001). (c) Effect of Serca2a overexpression on calcium cycling in hES2C-CMs. Adenoviral overexpression of Serca2a in hES2C-CM improved
calcium cycling as shown by the significant increase in the peak height of the calcium transients as well as the time to reach the peak height. Error
bars depict + SEM (*P < 0.05, **P < 0.01, ***P < 0.001).
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Table1 Summary of transduction efficiencies
Vectors
AAVT  AAV2 AAV6 AAV9 Adenoviral Lentiviral

hESC hES2C (0 0° 0° 0 ++ +

HoC + ++ + ++ +
hiPSC ~ iPS31.3C  ¢° 0° 0° 0 + +

iPs24.1C  0° 0? +° 0 + +
hESC-  hES2C- ++ A+ +++ ++
CMs CMs
hiPSC-  hiPSC- ++ 4+ ++ +
CMs CMs
°Extensive cell death.

Of all viral vectors tested on hES2, only AAV vectors (serotypes 2
and 6) and in particular the self-complementary AAV2, were able
to induce cell cycle arrest, as indicated by the significant upregu-
lation of CDKNTA (p21), a known TP53 target. BTG2, another cell
cycle arrest gene and TP53 target,® was significantly upregulated
upon scAAV2 infection only, although it was increased, albeit non-
significantly, by scAAV6 (Supplementary Figure S2). MDM2 was
significantly downregulated upon infection with scAAV2, ssAAV2
and scAAV6. The expression of several DDR pathway genes, such as
ATM, PRKDC, and TP53 (ref. 18) remained stable. Two TP53 transla-
tional targets involved in apoptosis, BAX and PUMA, along with two
other TP53 targets, NOXAT and TP53AIP1, were also unaltered (data
not shown). Somewhat similar results were observed in hiPS31.3C,
although the effect was much more mild and never reached signifi-
cance (Supplementary Figure S2).

To explore this pathway further, we decided to test the most effi-
cient vector in inducing the DDR pathway, scAAV2, and increase
the viral genomes used per cell to 5x10* vg/cell), using the same
cell lines. We also chose two time-points (6 hours for hES2C and 24
hours for hiPS31.3C), which we presumed to have high DDR induc-
tion, because between those time point we observed the first indica-
tion of cell death, based on visual observation and initial experiments
(data not shown). Later time points could not be tested, as cell death
was extensive beyond that point. As shown in Figure 3a, CDKN1A
(p21) and BTG2 were robustly induced in hES2 cells and significantly
upregulated in hiPS31.3. We also observed a moderate downregula-
tion of DDR pathway genes but no significant difference in apoptotic
genes. AAV vectors consistently induced cell death, however we were
not able to detect significant upregulation of known p53 targets
(BAX, NOXA1, PUMA (BBC3)). Of note, PUMA appears to decrease in
hES2 cells and increase in hiPS31.3 cells upon infection with scAAV2.
However, neither of these changes reached statistical significance.

We next sought to determine if the observed cell death was
apoptotic using Annexin V staining. scAAV2 induced apoptosis
in both hES2 and hiPS31.3 cells (Figure 3b). In particular, at 6 hpi,
a small population of hES2C underwent early apoptosis, whereas
at 9 hpi both early and late apoptosis were significantly increased.
Similar results were observed for hiPS31.3C, but at 24 hpi and 36 hpi
respectively. It is noteworthy that hiPS31.3 cells have higher basal
levels of early apoptosis (between 5 and 6%) compared to hES2 cells
(less than 0.5%), as exhibited by the noninfected control at the time
points tested. Overall, AAV vectors consistently upregulated cell
cycle arrest genes (BTG2, CDKNTA (p21)) and induced cell death in
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both cell types. Importantly, only a small fraction of cells undergo
apoptosis at a particular time as shown in Figure3b, an occurrence
more pronounced in hiPSC.

Identification of the abundance of AAV and adenoviral receptors in
PSCs and PSC-CMs

In order to investigate the cause of the different viral transduction
efficiencies, the abundance of identified receptors for adenoviruses
and some of the AAV serotypes was explored in hES2Cs, hES2-CMS,
hiPS31.3Cs,and hiPS31.3-CMs. Sialic acids that are present on N-linked
glycoproteins act as primary receptors for AAV serotypes 1 and 6
(ref. 21). N-terminal galactose acts as a primary receptor for AAV9
(refs. 22,23). Staining with wheat germ agglutinin lectin that binds to
sialic acid shows that the AAV1/6 receptor is abundant in differenti-
ated cells, hES2C-CMs and hiPS31.3C-CMs, compared to pluripotent
cells, hES2C and hiPS31.1C (Supplementary Figure S3). Similarly, the
AAV9 receptor, identified using another lectin, Erythrina cristagalli
lectin (ECL), was abundant in differentiated cells, and undetectable in
pluripotent cells (Supplementary Figure S3a). These observations are
in accordance with the transduction efficiency differences observed
between the cell types. The coxsackie virus and adenovirus receptor,
CXADR, distribution was examined by quantitative polymerase chain
reaction (qPCR) using primers in the conserved region of CXADR. As
shown, it is highly expressed in pluripotent cells, and moderately less
in differentiated cells (Supplementary Figure S4). Next, we examined
the presence of the cell surface expression of CXADR, Integrin o133
(a different adenovirus receptor'?), and Heparan Sulfate ProteoGlycan
(HSPG) (an AAV2 primary receptor?) in hES2, iPS31.3, and Hela cells,
typically used in viral receptor binding and endocytosis studies.’®*
We found that hPScs express similar levels of all the receptors com-
pared to Hela cells (Supplementary Figure S5).

Adenoviral overexpression of Serca2a in hES and hiPS derived
cardiomyocytes improves calcium cycling parameters
Adenoviral vectors were determined as the most efficient vectors for
hESC- and hiPSC-derived cardiomyocytes. We then sought to exam-
ine the physiological effects of delivering a therapeutic gene by
adenoviral transduction in hPSC-CM. Serca2a is an ATP-dependent
Ca* pump responsible for the transfer of cytosolic calcium into the
sarcoplasmic reticulum, during relaxation. As a first step, we sought
to determine the levels of expression of three major cycling proteins
in PSc derived cardiomyocytes. Serca2a, phospholamban (PLN), and
the sodium-calcium exchanger 1 (NCX1) are expressed in hES2C-
CMs and to a lesser extent in hiPS31.3C-CMs, both of which were
lower compared to human hearts (Figure 4a). For the purpose of
this experiment, hES2C-CMs and hiPS31.3C-CMs were infected with
adenovirus carrying either the Serca2a (AdSerca2a) and/or the EGFP
(AJEGFP) gene and the expression of cardiac markers and calcium
cycling properties were examined (Figure 4b,c and Supplementary
Figure S6a,b). The differences in calcium cycling between the car-
diomyocytes derived from hESCs and hiPSCs, at baseline level are
noteworthy. Overall, hES2C-CMs exhibit higher calcium peak height,
higher departure and return velocities, shorter times to peak height
and to decay (90%) (Figure 4c and Supplementary Figure S6b).
Interestingly, AdSerca2a transduced hES2C-CM expressed not
only higher levels of Serca2a, but also PLN and NCX1 (Figure 4b),
indicating a more efficient calcium ion homeostasis and higher dif-
ferentiation state. Their calcium cycling properties, as indicated by
the calcium transients, were also measured. As shown in Figure 4c,
overexpression of Serca2a leads to a significant increase in cytosolic
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calcium during contraction, as indicated by the increase in calcium
peak height. The time to reach peak cytosolic calcium (90%) was
also increased. The change in both these parameters is in agree-
ment with improved calcium handling. hiP$31.3C-CMs had similar
but less pronounced effects (Supplementary Figure S6a,b).

DISCUSSION

Cardiomyocytes derived from pluripotent stem cells, whether hESC
or, more importantly, hiPSCs provide a valuable tool for the study
of human diseases. Especially in the past few years, a vast wealth
of information has been extracted through studies on hiPSC from
patients.’** Using hiPSC derived cardiomyocytes as a model to
study human disease implies also the evaluation of the therapeutic
potential of different modalities, and importantly gene therapy. Gene
therapy has emerged in the past few years as a promising alternative,
when traditional therapeutic approaches prove to be insufficient, as
recently shown by the success of clinical trials.” It is therefore impera-
tive to validate the potential of gene therapies, not only in animal
models, but also in hiPS-derived cardiomyocytes. Nonviral gene ther-
apy has proven safe, but relatively inefficient in delivering genes in
vivo and, to lesser extent, in vitro. Viral vectors on the other hand are
very efficient, albeit less safe, by reason of immunogenicity (mostly for
adenoviruses) and insertion mutagenesis (lentiviruses). The attributes
of three major viral vectors, adenoviral, AAV, and lentiviral vectors, in
several animal models are well known.”® Despite their significance in
gene therapy, the literature is lacking a systematic comparison in vitro
of these viral vectors in PSCs and thereof derived cardiac myocytes.
Consequently, we sought to compare these vectors in these two cell
types.Table 1 summarizes our results. We found that adenoviruses are
efficient in both cell types, lentiviruses in pluripotent cells and AAV
vectors in differentiated cardiomyocytes. In order to further validate
our study, based on our data, we overexpressed Serca2a, a sarcoplas-
mic reticulum calcium channel, found to be downregulated in a wide
variety of pathological conditions involving heart failure, 7 in PSC-CM
and studied its effects. As expected, Serca2a overexpression in PSC-
CMs, results in improvement of various calcium cycling parameters,
thereby validating the gene therapy therapeutic approach in this in
vitro model.

Towards our goal, to assess the effectiveness of viral transduc-
tion systems in pluripotent cells and thereof derived cardiac myo-
cytes, we compared four known AAV serotypes, three cardiotropic
(AAV1, 6 and 9) and the archetypical AAV2. This study revealed the
superiority of AAVs 2 and 6 in in vitro systems. It is also of inter-
est that AAV2 transduction efficiency seems to saturate at higher
viral genomes per cell concentrations, an occurrence that could be
explained by limitations in receptor binding or intracellular traffick-
ing.">?*? |t is also of note that AAV9, which is the most cardiotropic
and efficient serotype at least in small animals in vivo, was far less
efficient than serotypes 2 and 6, in differentiated cells. This discrep-
ancy between in vivo and in vitro data however has been observed
by our (unpublished data) and other groups.?” For the next stage of
our experiments, we chose to use EGFP as a reporter gene and flow
cytometry, in order to measure level of expression as well as number
of transduced cells. Our experiments show that adenoviral vectors
are superior in both cell types. In differentiated cells they are very
closely followed by AAVs and in particular the cardiotropic AAV6,
whereas in undifferentiated cells they are followed in efficiency by
lentiviral vectors. The AAV vectors used for these experiments were
self-complementary (sc) as opposed to the single stranded (ss) used
in the first experiments comparing AAV serotypes. Transduction by
AAVs is partially limited by the need to convert the single stranded
viral genome to double-stranded DNA. The scAAV vectors overcome
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this hurdle by packaging an inverted repeat genome that comes
together as a double-stranded DNA in the cell.?® These vectors have
proven valuable in vivo, and in vitro." In some of our experiments,
we also used a single-stranded vector (Supplementary Figure S1b),
which was less efficient than scAAVs, most importantly with regards
to the number of transduced cells. The transduction, but also the
cell death induction efficiency was much lower for ssAAVs, com-
pared to scAAVs, which could be explained by the use of a differ-
ent expression cassette and transgenes with different fluorescence
intensities.? However, transfection experiments in two cell lines
(293T and Hela) using the respective plasmids (data not shown)
cannot account fully for the robust differences in transduction effi-
ciency. Therefore, we speculate that the type of viral genomes used
affects the viral efficiency, in accordance with the literature.''

Pluripotent cells, both hES and hiPS, are not easily transduced by
AAVs in particular, which is in accordance with what we observed
(Figure 1a,b) and the literature,*® and could be attributed to the
Mre11 complex (MRN), which is involved in DNA damage sensing
and inhibition of AAV transduction.3® hES2C-CMs and hiPS31.3C-
CMs on the other hand, both showed higher transduction effi-
ciencies, especially with AAV vectors. It is conspicuous that the
self-complementary AAV vectors are almost as efficient as the
adenoviral and much more efficient than the lentiviral vector in
PSC-CM. Undifferentiated cells by AAVs could also be explained by
the ensuing cell death observed in our experiments, verified via
Annexin V staining, and those of others.” We next set out to explore
the DDR and apoptotic pathways. Undifferentiated/pluripotent cells
have highly active DNA damage response (DDR) pathways, which
interferes with the viral cell cycle' and they also lack the repair
capacity.> Notably, NOXAT expression is significantly upregulated
in hESCs.3® Additionally, the DDR genes are involved in the TP53-
controlled balance between survival and cell death.°**34 The
expression of several DDR pathway genes, such as ATM, PRKDC,
and TP53 remained stable, which is expected, as regulation of these
genes is exerted mostly at the posttranslational level.'”'®

AAV transduction in our experiments induced cell death in both
cell types, with the only deviation being that hiPSCs exhibit cell death
at later time-points. In accordance to our observations, studies show
no significant difference in the DNA damage response gene expres-
sion between hESCs and hiPSCs.>* The smaller percentage of hiPSCs
undergoing apoptosis at a particular time point compared to hESCs
could be due to the higher cell to cell variation observed in hiPSCs,
which could affect transduction efficiency and DDR response at a par-
ticular time point.***” This small percentage of apoptosis-positive cells
could explain the difficulty in detecting apoptotic gene upregulation
in hiPSC, considering the gene profiling is from the whole population.
However, apoptotic genes not tested in the present study® or alterna-
tive pathways could be responsible for the observed cell death.?#*

To further establish the validity of our transduction efficiency pat-
terns displayed by the viral vectors used in the two types of cells,
pluripotent and thereof differentiated cardiac myocytes, we also
sought to explore the expression of some known receptors, for AAV
and adenoviral vectors in particular. We found that HSPG, the pri-
mary receptor for AAV2 (ref. 24), was abundantly expressed in hPSCs.
We also found that the expression pattern of the sialic acid, receptor
for AAV serotypes 1 and 6 (ref. 21), and galactose, receptor for AAV9
(refs. 22,23), follows a pattern similar to the transduction pattern.
The expression of CXAD receptor, the known receptor for adeno-
virus serotype 5 (ref. 10), which was used in the present study, and
alsointegrin o331, both known to mediate adenoviral transduction,
was similar to that found in HeLa cells, known to be transduced effi-
ciently by adenovirus.”” The CXAD receptor mRNA was also found to
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be more abundant in pluripotent cells rather than in differentiated
cardiomyocytes. Itis of note that adenoviral transduction was highly
efficient in both cell types, and slightly better in differentiated cells.
We speculate that the difference in transgene expression that does
not correspond directly to receptor abundance is due to the capac-
ity of undifferentiated cells to interfere with viral cell cycle.3**' There
is also the possibility, that the choice of a common promoter for our
experiments, albeit necessary to have a baseline comparison, might
drive transgene expression with different efficiency in the different
cell types.* Finally, the receptor for the pseudotyped lentiviral vec-
tors used in this study,'' is phosphatidylserine, which is a ubiquitous
membrane lipid.”

To decipher the elementary underlying calcium handling molec-
ular pathway that drives contraction in PSC-CMs, we screened for
the expression of two major calcium-handling proteins residing
in the sarcoplasmic reticulum, Serca2a and PLN. Both hESC-CMs
and hiPSC-CMs express lower levels of these proteins compared to
human heart samples, in accordance with the literature reviewed in
ref. 41). Additionally, as observed, hESC-CMs express higher levels of
these proteins compared to hiPSC-CMs, which indicates the lower
differentiation potential of the latter cells. Also, NCX1, as shown in
this work and by others, exhibits relatively increased expression
compared to the other calcium cycling proteins (reviewed in ref. 41).
Potentially, the increased NCX1 expression could also be attributed
to the presence of cardiac pacemaker cells,*? even though the dif-
ferentiation protocol used in the study is optimized for ventricular
cardiomyocyte production.” High NCX1/Serca2a is characteristic of
fetal and neonatal cardiac myocytes.*' PSC-derived cardiomyocytes
also exhibit immature spontaneous beating, which is accompa-
nied by calcium transients. As observed by others as well,* hiPSC-
derived cardiomyocytes exhibit lower calcium handling properties,
compared to hESC-CM, which reflects the relative expression of the
relevant proteins. Overall, our data indicate the presence of imma-
ture calcium handling properties in hESC, and even more so, in
hiPSC-derived cardiomyocytes.

The purpose of this study, however, was to identify the most
efficient vector to modulate the functional properties of PSC-CMs.
Accordingly, as a final step toward identifying a potent transduc-
tion vector, we sought to investigate the potential of the adeno-
viral vectors in a functional assay in PSC-CM. PSC-derived CMs are
promoted as a platform to evaluate different therapeutic applica-
tions in a patient specific manner and calcium cycling in these cells
is critical to their potential. Overexpression of Serca2a, amongst
others, ameliorates heart failure by improving calcium handling,
an effect also observed in a phase 2 clinical trial.”#4¢ Accordingly,
we chose the delivery of Serca2a using adenoviral vectors, which
proved to be the most efficient in PSC-CMs. Adenoviral transduction
with Serca2a resulted, as expected, in increased expression of not
only Serca2a® but also of PLN and NCX1. These results indicate that
overexpression of Serca2a in PSC-CM results in overall increase in
the calcium handling properties of these cells. Furthermore, and in
accordance with the calcium handling protein expression pattern,
hESC-CM showed better calcium cycling properties compared to
hiPSC-CM. Spontaneous rhythmic Ca*" transients reveal improved
calcium cycling properties, more evidently for hRESC-CM.

The novelty of our study lies in the systematic evaluation of known
viral vectors for the infection of PSC and thereof derived cardiomyo-
cytes and the validation in a functional manner. In conclusion, all
viral vectors tested transduce differentiated cells more potently
than pluripotent cells. This effect correlates with the distribution of
their respective receptors, but also relates to inhibition of viral trans-
duction. Adenoviral vectors transduce cells efficiently, across all cell
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lines tested. Importantly, AAV vectors induce cell cycle arrest and
cell death in pluripotent cells, which would make them unsuitable
not only for hES and hiPS cells, but also for the generation of hiPSC
from fibroblasts. Finally, cardiac myocytes derived from hES and
hiPS cells exhibit an immature cardiac phenotype, as shown by the
lower levels of cardiac cycling proteins. Overexpression of Serca2a
could be employed to improve calcium handling but most impor-
tantly to induce a more mature phenotype.

MATERIALS AND METHODS
hESC and hiPSC culture

The hESC, HES-2 (ES02) and H9 (WA09) were obtained from the WiCell
Research Institute (Madison, WI). The hiPS line (SKiPS-31.3 and 24.1) (described
herein as hiP$S31.3 and hiPS24.1) was derived from skin biopsies of two volun-
teers, 40- and 45-year old, with informed consent (Staten Island Hospital) as
previously described.* All lines were propagated under feeder-independent
conditions as previously described. Briefly, the hESCs and hiPSC were main-
tained in an undifferentiated state using the mTeSR (Stem Cell Technologies,
Vancouver, BC) media on hESC-qualified Matrigel (BD Biosciences, San Jose,
CA) at 37 °Ciin 5% C0O2/5% 02 and expanded by an enzyme-free treatment
with Gentle Cell Dissociation Reagent (Stem Cell Technologies).

Cardiomyocyte differentiation

The protocol is described in detail elsewhere.* Briefly, undifferentiated
hESCs and hiPSCs were dissociated with Gentle Cell Dissociation Reagent
(StemCell Technologies) for 4 minutes at room temperature. Small clusters
(50-100 cells) were cultured in suspension on ultralow attachment cell cul-
ture dishes (Corning, Lowell, MA) with mTesR1 (days 0-1) and differentiation
media (StemPro34, 50 pgml-1 ascorbic acid and 2 mmol/l GlutaMAX-I) (days
1-end of the experiment) supplemented with recombinant cytokines and
small-molecules for the indicated time period and at the following concen-
trations; day 0: BMP4 (10 ng mI~") and Blebbistatin (5 umol/l); days 1-2: BMP4
(10ng mI™") and Activin-A (5ng ml™"); days 4.5-8, IWR-1 (1 umol/l). Beating
EBs were typically identified at days 8-12.

rAAV vector production

AAV were produced as previously described.®° Briefly, all viral preparations
were produced by Polyethylenimine (linear, MW ~25,000; cat. no.: 23966;
Polysciences, Warrington, PA) transfection of 293T cells using a two-
plasmid system: one plasmid to provide the ITR flanked transgene and
another to provide the serotype-specific capsid proteins, the adenoviral
helper functions and the AAV2 Rep proteins. The viruses were iodixanol
purified (Optiprep; cat. no. D1556, Sigma-Aldrich, St Louis, MO), dialyzed
in PBS (2%, overnight) (Spectra/Por 2 dialysis tubing, 12-14K MWCO;
132676, Thermo Fisher Scientific, Fremont, CA), and the titers were deter-
mined by qPCR using the SYBR Advantage gPCR Premix (cat. no.: 639676;
Clontech Laboratories, Mountain View, CA) with an Applied Biosystems
(Carlsbad, CA) 7500 real-time PCR system with primers against the Simian
Virus 40 (SV40) polyA sequence (forward: AACCTCCCACACCTCCC, reverse:
TTGGACAAACCACAACTAGAA) and the rAAV2 reference standard stock
(RSS) (VR-1616; ATCC, Manassas, VA).

Helper plasmids. AAV1: pXYZ1, AAV2: pDG plasmid (kindly provided by Jiir-
gen Kleinschmidt, Deutsches Krebsforschungszentrum, Heidelberg, Ger-
many), AAV6: pDP6rs (Plasmid Factory, Bielefeld, Germany) and AAV9: pDG9
plasmid (kindly provided by James M. Wilson, University of Pennsylvania
School of Medicine, Philadelphia, PA).

Transgene plasmids. pUF-CBA-Luc encodes for firefly luciferase under the con-
trol of the synthetic CMV (cytomegalovirus)/chicken B-actin promoter (CBA)
and SV40 polyA (kindly provided by M. Nonnenmacher, Mount Sinai School of
Medicine). pdsAAV-GFP (kindly provided by X. Xiao, University of North Caroli-
na, Chapel Hill, NC) encodes for the EGFP under the control of a CMV promoter
and the SV40 polyA. Deletion of the left-hand D-region in this construct results
in the generation of self-complementary, i.e., double-stranded AAV vectors
(Wang Z 2011). pTRUF11 encodes for the humanized GFP (hGFP), under the
control of the CBA promoter/SV40polyA (kindly provided by Linden M.).

Adenoviral vector production

Adenoviral type 5 vectors were produced using the AdEasy System, as pre-
viously described. The EGFP gene (from the pEGFP-N1 vector) (Clontech

Molecular Therapy — Methods & Clinical Development (2015) 14067



Gene transfer to pluripotent and differentiated cells
K Rapti et al.

Laboratories) was cloned in the pShuttleCMV plasmid and under the control
of the CMV promoter and SV40 polyA to produce the AJEGFP vector. The
Serca2a and GFP genes were placed under the control of separate CMV pro-
moters and this cassete was used to produce the AdSerca2a vector. The ade-
noviruses were propagated in 293 cells and purified using two-step cesium
chloride ultracentrifugation. Viral particle titers were determined by optical
density measurement.

Lentiviral vector production

The lentiviral plasmids were previously described." The lentiviral vectors
were prepared using third generation lentiviral vectors systems as previ-
ously described."

Western blotting

Non failing (control) human heart samples were procured from donors with a
median age of 62, whose echocardiography showed normal cardiac function
and died of neurological diseases or trauma/motor vehicle accidents. Whole
cell lysates and human heart samples were prepared with RIPA lysis buffer
(10 mmol/I Tris-HCL pH7.4, 30 mmol/I NaCl, 1 mmol/I EDTA, 1% Nonidet P-40,
supplemented with complete protease inhibitors cocktail (04693159001;
Roche Applied Science, Indianapolis, IN)), analyzed in NUPAGE 4-12% Bis Tris
Gel (NP0336BOX; Invitrogen, Grand Island, NY), transferred onto Immobilon
PVDF membrane (IPFL00010; Thermo Fisher Scientific) and blocked for 1
hour at room temperature using 5% milk in Tris-buffered saline. Primary anti-
bodies were incubated overnight in 5% bovine serum albumin. Membranes
were washed in Tris-buffered saline-Tween 0.05% (TBST), incubated with
secondary antibody for 1h at room temperature. The membranes were
washed in TBST and the signal was visualized either by infra-red imaging at
a LI-COR Odyssey IR imager (LI-COR Biosciences—Biotechnology, Lincoln,
NE) or by chemiluminescence using Immobilon Western Chemiluminescent
horseradish peroxidase Substrate (WBKLS0050; Millipore, Billerica, MA).

Antibodies

Primary: Rabbit anti-Serca2a (1:3,000) (custom made; Century 21st
Biochemicals, Marlborough, MA), rabbit anti-CSQ (1:1,000) (PA1-913;
ThermoScientific, Fremont, CA), mouse anti-NCX1 (1:1,000) (NB300-127;
Novus Biologicals, Littleton, CO), rabbit anti-RYR2 (1:2,000) (AB9080;
Millipore), mouse anti-PLN (1:5,000) (A010-30; Badrilla, Leeds, UK), rabbit
anti-pan-actin (1:1,000) (#4968; Cell Signaling Technology, Beverly, MA), rab-
bit anti-beta actin (1:1,000) (#4970; Cell Signaling Technology), rabbit anti-
GAPDH (1:10,000) (G9545; Sigma-Aldrich). Secondary (1:10,000): IRDye 800
anti-mouse (926-32212; Li-Cor Biosciences), IRDye 680RD anti-rabbit IgG
(H+L) (926-68073; Li-Cor Biosciences), Horse Radish Peroxidase (HRP) anti-
mouse IgG (H+L) (170-6516; BioRad, Hercules, CA), HRP anti-rabbit IgG (H+L)
(#7074S, Cell Signaling Technology).

Luciferase assay

The assay was performed as previously described.** Briefly, cells were infected
with the viruses at the mentioned viral genome per cell and the assay was
performed 3 days postinfection (dpi). For the assay, cells were lysed with
2x Lysis Buffer (10 mmol/I Tris—hydrochloride pH 8.0, 150 mmol/l NaCl, 1%
(wt/vol) NP40, 10 mmol/I DTT), and 20 pl of cell lysate was mixed with 100
ul of luciferase reaction buffer (25 mmol/I Tricine-hydrochloride pH 7.8, 5
mmol/I magnesium sulfate, 0.5 mmol/l EDTA (pH 8.0), 3.3 mmol/I DTT, 0.5
mmol/l ATP pH ~7-8 (A26209; Sigma-Aldrich), 1 mg/ml bovine serum albu-
min, 0.05 mg/ml D-luciferin (cat. no.: LUCK-100; Gold Biotechnology, St Louis,
MO), 0.05 mmol/l CoA (cat. no.: 13787, United States Biological, Swampscott,
MA). The luminescence was read in a luminescence counter (Microbeta
Trilux 1450 LSC and Luminescence Counter; Perkin Elmer, Carlsbad, CA).

Flow cytometric analysis

Cells were infected with the viruses at the mentioned viral genome per cell
or MOl and the flow cytometric analysis was performed 3 days postinfection
(dpi). For the analysis, cells were collected using the PromoCell DetachKit
(C-41200; PromoCell GmbH, Heidelberg, Germany), washed with PBS with-
out Mg*, Ca**, incubated with 7-AAD (7-aminoactinomycin D) (A1310;
Invitrogen) and finally fixed with 4% paraformaldehyde. Because of exten-
sive cell death in certain conditions, the total number of gated events was
lower in these conditions (depicted with asterisk in Table 1). Cells were
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counted by flow cytometry by using the FACSCalibur flow cytometry system
and analyzed using FlowJo Software (Tree Star, Ashland, OR). All fluores-
cence plots were in log scales. Cells were gated based on their forward-
scatter and side-scatter properties. The threshold between GFP-positive and
GFP-negative was set so that >99.5% of uninfected cells were considered
fluorescence (FL1)-negative. Expression index (El) is a parameter calculated
by the following equation: El = ((% GFP-positive cells) * (mean fluorescent
intensity (MFI) of GFP-Positive cells)), . .., .../((% GFP-positive cells) * (MFI
of GFP-positive cells) . . o) Apoptosis and cell death was measured
by using Annexin V/propidium iodide (Pl) staining (Annexin V-FITC: 556570,
APC-FITC: 561012; BD Biosciences). The cells were dissociated by incubation
in PBS without Mg*?, Ca*2 for 5 minutes, followed by thorough pipetting for
mechanical dissociation. The rest of the staining was performed according
to manufacturer’s instructions. Cells were counted by using the LSRII flow
cytometry system (BD Biosciences) and analyzed using FlowJo Software.

Quantitative PCR (qPCR) analysis of mRNA

Cells were seeded as previously described and infected with the viruses at the
reported viral genome per cell and MOI. For the collection, at the reported
time points, cells were washed once with PBS, RNA was isolated using TRIzol
Reagent (15596-026; Invitrogen), DNase treated using the RQ1 RNase-Free
DNase (M6101; Promega, Madison, WI) and reverse transcribed using the
High Capacity cDNA Reverse Transcription Kit (4368814; Invitrogen) accord-
ing to manufacturer’s instructions. cDNA was analyzed using the SYBR
Advantage qPCR Premix (639676; Clontech Laboratories) and 7500 real-time
PCR system with the primers mentioned in Supplementary Table S3.

Immunocytochemistry

hESCs and iPSCs were cultured on matrigel-coated coverslips for 4-5 days
and then fixed with 4% paraformaldehyde. Fixed cells were permeabi-
lized in blocking/permeabilization buffer (2% bovine serum albumin/2%
FBS/0.05 % NP-40 in PBS) for 45 minutes and incubated with primary anti-
bodies overnight at 4 °C. The cells were then washed in PBS and incu-
bated with Alexa-conjugated secondary antibodies (Invitrogen) diluted in
blocking/permeabilization buffer (1:750). Finally, after washing in PBS, the
cells were counterstained with DAPI. The following antibodies were used:
rabbit polyclonal anti-Integrina3f1 (orb10925; Biorbyt, San Francisco,
CA), rabbit polyclonal anti-Coxsackie Adenovirus Receptor (orb4966;
Biorbyt), and rabbit polyclonal anti-Syndecan-2 (sc-15348; Santa Cruz
Biotechnology, Dallas, TX). Confocal imaging was performed using a Leica
SP5 confocal system.

Lectin staining

hESCs and iPSCs cultured on matrigel-coated coverslips for 4-5 days
were incubated with wheat germ agglutinin (Alexa Fluor 555 Conjugate)
(W32464; Invitrogen) and ECL (Fluorescein labeled Erythrina Cristagalli
Lectin (ECL, ECA)) (FL-1141; Vector) at 1:200, for 10 minutes at room tem-
perature. The cells were then washed three times with PBS and fixed for 20
minutes with 4% paraformaldehyde. They were washed three times with PBS
and counterstained with DAPI. Imaging was performed on a Zeiss LSM510
laser scanning microscope.

Calcium cycling measurement

Partially dissociated hES2-CM and hiPS31.3-CM embryoid bodies were
plated onto Matrigel-coated, pretreated German glass coverslips (GG-25-
PRE; NeuVitro, El Monte, CA). The cells were loaded with Fura2-AM (1 umol/I)
for 30 minutes at 37 °C in Tyrode solution (140 mmol/I NaCl, 5.4 mmol/|
KCl, 1 mmol/I MgCl2, 10 mmol/I glucose, 1.8 mmol/I CaCl2, and 10 mmol/I
Hepes (pH 7.4)) and then transferred to fresh Tyrode solution for 10 minutes.
Calcium transients were recorded using a video-based edge detection sys-
tem (Myocyte Calcium and Contractility Recording System) and analyzed
using the lonWizard software (lonOptix LLT, Milton, MA).

Statistical significance

One-way analysis of variance followed by Bonferroni’s post hoc comparisons
test (GraphPad Prism version 5.0b for Maclntosh; GraphPad Software, La
Jolla, CA) was performed for the flow cytometry, luciferase assay, and west-
ern blot experiments. Student t-test was performed for the qPCR (samples
were compared to control), Annexin V and calcium cycling experiments.

© 2015 The American Society of Gene & Cell Therapy



Significance is defined as P < 0.05 (one symbol), 0.05 < P<0.01 (two symbols),
P < 0.001 (three symbols).
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