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Optical mapping of the interface between
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We used high-resolution optical mapping (~50 um) to investigate potential arrhythmia mechanisms
following transplantation of engineered cardiac tissue. We induced myocardial infarction in 6
immunosuppressed pigs and implanted cardiac spheroids into the border zone. One week later,
600-pm-thick cardiac slices containing implanted spheroids were harvested and electrical
propagation was imaged. Histology showed low connexin-43 expression, scar, and misaligned
muscle fibers at the graft-host interface. We observed propagation from host-to-graftin 10 slices from
3 pigs. Host-graft electrical bridges were spaced by millimeters. Propagation was ~4-fold slower in the
graft than host. One graft beat spontaneously, but activation did not propagate from graft-to-host in
this, or any other slice. We did not observe reentry, but slow in-graft conduction and sparse electrical
bridges provided opportunity for reentry induction. These data reveal potential for reentrant or focal
arrhythmias 1 week post-implant, which may resolve with maturation of the graft and the graft-host

interface.

Despite ongoing improvements in the management of cardiac disease,
patients with severe acute myocardial infarction (MI) often progress to end-
stage congestive heart failure, which remains one of the most significant
problems in public health. From the molecular and cellular perspective,
heart failure is caused by the loss of cardiomyocytes (CMs), the fundamental
contractile units of the heart', and because mammalian cardiomyocytes exit
the cell cycle shortly after birth, cardiomyocytes in the hearts of adult
mammals cannot proliferate in response to injury’. One strategy to
replenish lost CMs, remuscularization of damaged myocardium using grafts
of CMs differentiated from human induced pluripotent stem cells (hiPSC-
CM), has shown promising results, including improved cardiac function
and reduced scar size’’. However, whether, and to what extent, the
engrafted CMs electrically couple with endogenous cardiomyocytes
remains poorly understood. Poor coupling can both impair contractile
function and increase the risk of graft-associated lethal arrhythmias.

We recently published a brief report demonstrating that one week after
hiPSC-CM spheroids were injected into the infarcted hearts of immuno-
suppressed pigs, in slices of myocardium harvested from the hearts, a

substantial number of the transplanted cells were engrafted, electrically
active, and coupled with the native myocardium®. Electrical activation of
host and graft tissue could remain synchronized at rates of up to 4 Hz'.
Notably, in that study, we did not investigate whether electrical activity in
the engrafted spheroids could be conducted back to the host cells, the
propensity of the spheroids to generate arrhythmias, nor the spatial density
of electrical bridges between host and graft. Post-transplant graft-associated
arrhythmias, known as engraftment arrythmias (EAs)’, have been fre-
quently observed in clinically-relevant large animal models', posing a
serious safety concern for clinical translation. Several EA mechanisms have
been speculated, including reentry circuits, graft automaticity, and triggered
activity. However, the operative mechanisms remain unclear, partly due to
the lack of a technical platform to examine intramural graft-host electrical
interaction with sufficient spatiotemporal resolution'’.

In our previous study’, we developed a method for obtaining orga-
notypic slices of host swine myocardium containing engrafted spheroids
one week after implant. The spheroids were labeled with a genetically
encoded calcium indicator (GECI) and the entire slice was stained with an
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organic voltage-sensitive fluorescent dye (VSD). This enabled us to image
electrical propagation in the host-spheroid system with high spatiotemporal
resolution and to unambiguously distinguish electrical activation of the
grafts from that of the host. In the present study, to shed light on the
mechanisms of EAs, we sought to document electrical activation propa-
gating from the engrafted tissue into the host and to examine the potential
for spheroid involvement in arrhythmogenesis.

Results
We obtained a total of 57 tissue slices from the 6 pigs 1 week post-
implantation. Twenty two of them contained electrically active grafts as
identified by CaT imaging. Six of the slices with grafts were obtained from pigs
1 and 2. They were not analyzed for electrical coupling with dual Vm-CaT
mapping because they were obtained during the initial study phase when only
single-channel CaT mapping instrumentation was available. Electrically active
spheroids were not found in any slices from the third pig. The remaining
16 slices that contained electrically active spheroids were obtained from the
remaining 3 pigs. These slices were all imaged with dual Vm-CaT mapping.
Among the 16 dual-mapped slices, electrical coupling between the host
myocardium and engrafted spheroids was found in a total of 10 slices
obtained from all 3 pigs. This coupling was detailed in our previous brief
report”. In one of these pigs, the spheroids were implanted with parallel
injection, which resulted in a slice with a large elongated graft nearly 1 cm in
length (Fig. 1A). In the remaining two pigs, implantation was by perpen-
dicular injection, and slices contained roughly circular grafts of sub-
millimeter to millimeter scale.

Potential Reentry in Large Grafts

Figure 1A is a fluorescence image of the myocardial slice with the hiPSC-CM
graft region indicated with blue shading. The slice was stimulated using
remote bipolar pacing at site P. At a pacing rate of 0.5 Hz, the electrical wave
entered the graft from the surrounding host at a single site (site 2 in Fig. 1A).
The wave then propagated through the graft towards both of its ends (sites I
and 3; Fig. 1B, C; Supplementary Movie 1). With1.5 Hz pacing, propagation
entered the graft at the same site, but the wave propagated in only one
direction, toward site 1. On every other stimulus, the wave failed part way to
site 1. (Fig. 1D-F; Supplementary Movie 2). With pacing 3 Hz and above,
electrical propagation could no longer be sustained through the host-graft
connection and no electrical activation of the graft was observed. The
responses of the graft to the other pacing rates (1 Hz and 2 Hz) were
intermediate and are shown in Supplementary Fig. S1 and Supplementary
Movies 3 and 4.

Table 1 shows electrical parameters measured in this slice at the dif-
ferent pacing rates. Included are propagation velocity in the host and graft,
their ratio (a), APD, and wavelength (A). It is worth noting that BDM is
known to shorten APD'", so this parameter is likely underestimated in our
preparation. Wavelength is defined as the product of conduction velocity
and refractory period and characterizes the spatial distance between the
wavefront and the repolarizing wave-back. We estimated this parameter in
the host myocardium using APD as a surrogate for the refractory period.
APD is commonly used to approximate the refractory period, especially in
well-perfused tissue. Although refractoriness can extend beyond repolar-
ization, this generally occurs as a result of ischemia or drugs".

Importantly, we never observed propagation leaving the graft and
entering the host myocardium. The electrical wave entered the graft from
only one site and propagated to one or two dead ends. Propagation from site
2 to site 1 was in the opposite direction as propagation in the host myo-
cardium. Because of the slow conduction speed in the graft, at slower pacing
rates, when the wave reached the dead end in the graft, the surrounding host
myocardium had repolarized (Supplementary Movies 1 and 3). Had the
wave left the graft and propagated back into the host tissue, graft-associated
arrhythmia could have been established: specifically, a reentrant circuit with
propagation repeatedly cycling from host-to-graft and graft-to-host'.

Figure 2 shows immunofluorescence images of serial 10 um-thick
sections taken from the slice. The section shown in panels A and B was

stained for human-specific KU80 (red), DAPI, and a-SA and indicates the
position of the graft, which was nearly 1cm in length. In the adjacent
section, shown in panels C-F, CX43 (red) staining replaced KU80. This
section is also shown in Supplementary Fig. S2, with different regions
magnified. Supplementary Fig. S3 shows H&E staining of the next section.
In the host myocardium, the muscle fiber orientation (indicated by a-SA)
was highly organized; in the graft tissue, the muscle fiber orientation was less
organized and roughly aligned with the needle track, which is transverse to
surrounding host myocardial fibers (Fig. 2B; Supplementary Figs.
S2 and S3). Scar tissue (containing non-myocytes that stained positive for
DAPI but negative for a-SA) was abundant along the host-graft interface
(Fig. 2B, D, F). In Supplementary Fig. S3B, D, there are buffer regions
hundreds of microns long that lack contact between cardiac myocytes in the
graft and host. Gap junction protein CX43 expression was more prevalent
and more organized in the host myocardium than in the graft (Fig. 2C-F;
Supplementary Fig. S2). CX43 expression appearing to connect graft and
host was rare and only clearly observed at the site indicated by the arrow in
Fig. 2D-F. This site may be the entry site of the propagating wave from the
host into the graft (site 2) in Fig. 1.

Figure 3 shows another slice with a relatively large graft approximately
2 mm in diameter (panel A, blue-shaded region). This graft resulted from
perpendicular spheroid injection. The progression of activation in the host
myocardium (Vm) and graft (CaT) in response to 1 Hz remote bipolar
pacing are illustrated in panels B, C and Supplementary Movie 5. Activation
entered the graft at the top-left corner and the bottom-right edge and spread
to the left and right. Like the slice in Fig. 1, we did not observe activation
leaving the graft and re-entering the host.

Figure 3D shows immunohistology imaging similar to that shown in
Fig. 2 of a cryosection taken from the slice from Fig. 3A-C. At most points
along the graft-host interface, the tissue was separated by non-myocyte
tissue. In this slice, we identified just two potential coupling sites where
CX43 appeared to bridge host and graft myocytes. One such site is shown in
panel D (V, VI). It is likely site I in Panel A at which electrical activation
entered the graft. The other site is shown in Supplementary Fig. S4. It is
about 2 mm away and may be site 2 in Panel A.

Graft automaticity

All myocardial slices with detected grafts from the 3 dual-mapped pigs were
optically mapped without pacing to identify spontaneous graft activation.
We found automaticity in only one slice. In the heart the slice was taken
from, the spheroids were implanted with perpendicular injection. Figure 4
shows an example of automaticity. The graft is indicated by a blue circle in
panel A. The spontaneous rate was ~0.75 Hz (panel B, CaT signal). We did
not observe functional coupling between the graft and the host myo-
cardium: Spontaneous beats never propagated from the graft to the host
myocardium (panel B, Vm signal). Conversely, during remote bipolar
pacing, the host tissue activated (panel C, Vm signal), but the graft did not
(panel C, CaT signal).

Similarly to the slice in Figs. 2 and 3, we imaged a cryosection from this
slice with immunohistology for DAPI, KU80, and a-SA (Fig. 4D[L, II]). It
was then de-stained and re-stained for DAPI, CX43, and a-SA (Fig. 4D[III,
IV]). A graft about 200 um in diameter was observed. Like the slices imaged
in Figs. 2 and 3, long segments of the graft boundary were adjacent to non-
myocyte tissue. In the case of Fig. 4, this buffer consisted of nearly the entire
perimeter of the graft—about 800 um long—with only one or two sites
where host and graft myocytes appeared to be directly adjacent
(Fig. 4D[IV]). However, we did not observe any CX43 bridging the host and
graft (Fig. 4DIIIL IV]).

The lack of CX43 expression between host and graft myocytes likely
underlies our functional data (Fig. 4B, C) that show a lack of electrical
coupling in either direction between graft and host.

Triggered activity
The 10 myocardial slices that had electrically coupled spheroids were
challenged with remote bipolar pacing at rates from 0.5 Hz to 4 Hz in an
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Fig. 1 | Electrical activation in the tissue slice with a large, elongated graft. A A
representative fluorescence image of the tissue slice with the mapped regions in
(B, D, E) outlined by a dashed line. Electrically active graft tissue (blue shading) was
identified by the presence of CaT signal during electric field pacing. The slice was
paced remotely from the graft at site P. Vm signals from sites a, b, c and CaT signals
from sites 1, 2, 3 are shown in (C, F). B Activation map in response to 0.5 Hz remote
pacing. Vm activation times in the host tissue are rendered in color (blue to red). CaT
activation times in the graft are rendered in grayscale (black to white). Regions with
poor Vm signal are marked with purple hatching. Activation entered the graft near
site 2 and propagated towards sites 1 and 3. C, Example CaT signals from sites 1, 2
and 3 in the graft and Vm signals from nearby host myocardial sites a, b and ¢ during

Vm CaT
100 460 CaT3

F

CaT2|

0 1Time(s)2 3

0.5 Hz remote pacing (vertical lines). Graft site 2 activated first, with propagation
continuing to sites 1 and 3 (arrows). D, E Vm and CaT activation maps of successive
beats in response to 1.5 Hz remote pacing. The color scales and purple hatching are
the same as in (B). Activation entered the graft near site 2 similarly to (B). On both
beats, activation failed toward site 3. In (D) activation propagated all the way to site I.
On the following beat (E), propagation failed part of the way to site 1. Dashed lines
show unactivated parts of the graft. F Example CaT signals from sites I, 2and 3 in the
graft and Vm signals from nearby host myocardial sites a, b and ¢ during 1.5 Hz
remote pacing (vertical lines). Activation entered the graft near site 2. Propagation
never succeeded toward site 3. Propagation succeeded towards site I (arrow) only on
every other beat.
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attempt to elicit triggered activity. Figure 5A shows Vm and CaT signals
recorded during rapid 4 Hz pacing of the slice shown in Fig. 3. Both the host
myocardium and graft captured 1:1. Diastolic calcium level in the graft
gradually increased, reaching a new steady-state within ~8 pacing cycles
(Fig. 5A, CaT). We did not observe delayed afterdepolarizations (DAD)
following the rapid pacing trains of 40 cycles (Fig. 5B, CaT) in any of the

Table 1 | Transmembrane potential parameters at different
pacing rates in the slice shown in Figs. 1 and 2 (a: ratio of
propagation velocity in graft compared to host tissue, APD:
action potential duration in host tissue, A: wavelength in host
tissue; A = propagation velocity x APD)

Pacing Propagation Propagation a APD in Ain
Rate (Hz) Velocity in Host  Velocity in Graft Host Host
(mm/s) (mm/s) (ms) (mm)
0.5 69.06 19.35 0.28 145.25 10.03
1 65.64 19.22 0.29 136.44 8.95
1.5 53.27 14.54 0.27 131.5 7.00
2 69.65 15.56 0.22 126.75 8.82

slices. Furthermore, during low pacing rates down to 0.5 Hz, we did not
observe early afterdepolarizations (EAD) either. It is possible that triggered
activity in graft was suppressed due to electrical coupling with surrounding
myocardium". Thus, in a set of separate experiments, we repeated the same
electrical pacing protocol in the isolated, CM-fibroblast spheroids (~600-
800 um diameter). We did not observe either EADs or DADs in this tissue
model (Fig. 5C, D).

Discussion
Remuscularization of damaged myocardium using hiPSC-derived tissue
grafts has shown promising therapeutic effects, including improved cardiac
function, reduced scar size, and reduced chamber wall stress’. However,
arrhythmias associated with the engrafted tissue (EAs) are a long-standing
safety concern for translating such therapies to clinical applications. EAs are
not typically observed in small animal models (mice, rats, and guinea pigs)',
likely due to their smaller heart size and higher heart rate. However, they are
frequently reported in clinically-relevant large animal models (pigs''* and
nonhuman primates'”'"").

The mechanisms of EA are poorly understood. Several mechanisms,
such as reentry related to conduction heterogeneity, graft automaticity and
triggered activity, have been speculated”. In recent studies in pig and

Fig. 2 | Inmunohistological imaging of the large,
elongated graft implanted by parallel injection.
A DAPI staining (blue) and human-specific KU80
labeling (red) indicates human myocytes in the graft.
B The addition of a-SA labeling (cyan) indicates
cardiomyocytes in both graft and host. The demar-
cation between the implanted human cardiomyo-
cytes and host myocardium (dotted line) is evident.
C, The adjacent serial cryosection with DAPI
staining, CX43 labeling (red), and a-SA labeling
(cyan). The demarcation between host and graft is
still evident. D Magnified view of (C) showing DAPI
and CX43. E Magnified view of (C) showing CX43
and a-SA. F Magnified view of C showing DAP]I,
CX43, and a-SA. CX43 is bridging the host and the
graft (arrow) as shown in (D-F). a-SA, a-sarcomeric
actin; CX43, connexin-43; and DAPI, 4’,6-diami-
dino-2-phenylindole.

A. DAPI KU80

C. DAPI CX43 a-SA

B. DAPI KU80 a-SA

D. DAPI CX43
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Fig. 3 | Electrical coupling between host and graft
at two sites. A A representative fluorescence image
of a tissue slice with the mapped region in (B) out-
lined by a white dashed line. The blue-shaded region
is a tissue graft; the dashed yellow box indicates the
region shown in (C). The remote pacing site P and
the sites where activation entered the graft (1 and 2)
are indicated (arrows). B Activation maps in the host
tissue (Vm, color) and graft (CaT, grayscale) during
1 Hz remote pacing. Regions with poor Vm signal
are marked with purple hatching. C Close-up of
graft activation during the beat shown in (B). Pixels
above 25% of the maximum CaT deflection are
yellow and those in the range 20%-25% are blue.
Waves enter at the two sites indicated in (A), merge
and propagate to the left and right. Immunostaining
of this tissue slice is shown in (D). D(I), A DAPI-
stained (blue) cryosection with human-specific
KU80 labeling (red). D(IT), Additional a-SA label-
ing (cyan) for cardiomyocytes. The dotted line
shows the demarcation between graft and host.
D(III), The same section after de-staining and re-
staining with DAPI and antibodies for CX43 (red),
which indicates structural integration, and in D(IV)
a-SA (cyan). D(V) and D(VI) are a magnified view
of D(IV) showing CX43 bridging the host and the
graft (arrows). Vm indicates transmembrane
potential; CaT, calcium transients; a-SA, a-sarco-
meric actin; CX43, connexin-43; and DAPI, 4’,6-
diamidino-2-phenylindole.

1. DAPI KU80

i
Host | Graft

nonhuman primate models, EA events were electrically mapped using
catheter-based methods™""”. In those studies, the EAs appeared to be focal
in nature and graft automaticity appeared to be the major cause”™".
However, the spatial resolution of catheter-based electrical mapping
(~1 cm) was insufficient to reveal reentry circuits of smaller size. High
resolution optical mapping (~180 um) has also been employed to study
host-graft coupling in ex vivo whole-hearts from small animals (guinea
pigs)”"*’. These experiments found potentially arrhythmic properties such
as slow conduction, incomplete coupling, and beat-to-beat changes in
conduction patterns.

In our previous brief report’, we used optical mapping of living myo-
cardial slices harvested from pig hearts 1 week after spheroid implantation
to show that the engrafted, tissue was electrically active and coupled with the
native myocardium. This was, to our knowledge, the first high-resolution
(~50 um) imaging of electrical propagation across the graft-host interface.
In the present study, we examine that dataset in greater detail. Our major
findings are that although hiPSC-CM grafts can electrically couple with the
host myocardium, the electrical coupling is spatially sparse, with bridges
between host and graft on the order of millimeters apart. Furthermore,
propagation velocity in the graft is 3-to-5-fold slower than propagation
velocity in the host myocardium. These factors reveal potential for the
formation of anatomic reentrant circuits. We were unable to induce trig-
gered activity in the grafts, but did directly observe automaticity of engrafted
tissue. Notably, we never observed propagation from the graft back into the
host tissue and the grafts were therefore not involved in arrhythmic pro-
pagation. We did not pace the grafts independently because pacing the grafts
with electrical stimuli would also activate underlying and surrounding host
tissue. We could therefore not confirm that graft-to-host propagation is
possible. However, if grafts can indeed drive host tissue, our observations
suggest there is potential for both reentrant and focal graft-associated

arrhythmias. We have recently developed an optogenetic method that will
allow us to address this issue in future studies™. These observations give
insight into the mechanisms of engraftment-associated arrhythmias at the
1-week post-implantation timepoint in a clinically-relevant large animal
model. They provide important electrical safety information for the design
of future cardiac regeneration therapies for ischemic heart disease and
reinforce the need for careful arrhythmia management.

We investigated engraftment at one week post-implant because
arthythmia risk is high during the early weeks of transplantation'®".
However, assessing multiple time points'*** or comparing coupling in dif-
ferent injury settings™ as other studies have done would provide a more
comprehensive understanding of the integration process and associated
arrhythmia risks. Furthermore, we implanted the grafts at the time of car-
diac injury. Implanting several weeks post-infarct could be a more accurate
model of clinical practice.

Electrical coupling between implanted graft and host heart has been
observed in both small (mice, rats, and guinea pigs)'’, and large (pigs'”"*
and nonhuman primates'”'""?) animal models, but the quality of such
coupling varies. In our previous brief report on coupling between
engrafted hiPSC-CM spheroids and slices of swine myocardium, we found
variable coupling, with no coupling at some graft sites ranging to coupling
able to sustain 1:1 even with 4 Hz pacing’. In the present study, we found
that at the 1-week post-implantation timepoint, host-graft electrical
coupling occurred at sparsely-distributed discrete bridges. Separation
between these bridges was on the order of millimeters. Immunohistology
and H&E staining (Figs. 2—4 and Supplementary Figs. S2, S3, S4) suggest
that the conduction barriers between bridges were likely caused by the
deposition of non-conductive scar tissue around the graft and the lack of
gap junctions, which is consistent with previous observations in
rodents™ ™, pigs’, and nonhuman primates''. It is possible that the use of
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Fig. 4 | Graft automaticity. A Fluorescence image of
a slice with a small circular graft (blue circle) that
was implanted with perpendicular injection. The
remote pacing site (P) and the site of Vm recordings
in (B, C) are indicated. B In the absence of pacing,
the graft activated spontaneously at ~0.75 Hz (CaT),
but activation did not spread to the host (Vm).

C During remote pacing, the host activated (Vm),
but activation did not spread to the graft (CaT).
D(I), Immunohistological image with DAPI stain-
ing (blue) and human-specific KU80 labeling (red),
which indicates human myocytes in the graft. (II),
The same section with additional a-SA labeling
(cyan) for cardiac myocytes. The circular demarca-
tion between the implanted human cardiomyocytes
and host myocardium (dotted line) is evident in both
images. (IIT), The same section after de-staining and
re-staining with DAPI and antibodies for CX43
(red), and in (IV), a-SA. The demarcation between
host and graft is still evident. a-SA indicates a-sar-
comeric actin; CX43, connexin-43; and DAPI, 4°,6-
diamidino-2-phenylindole.
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Fig. 5 | Rapid pacing challenge (4 Hz) of the slice shown in Fig. 4 (A, B) and
an isolated in vitro spheroid (C, D). A Both the graft and the surrounding
host myocardium captured the pacing stimuli 1:1. Diastolic calcium level rose
for about 2 s, then reached a new steady state. B Following the end of rapid
pacing train (10 s; 40 cycles) no delayed afterdepolarization was observed in

the graft. C CaT signal from an isolated CM-fibroblast spheroid 600-800 um

in diameter during 4 Hz pacing. The spheroid captured 1:1. The diastolic calcium
level gradually increased but reached steady state after ~2 s. D Following the end
of the pacing train (10 s; 40 cycles), delayed afterdepolarization (DAD) was not
observed.

paraffin embedding” rather than cryo-sectioning in creating the immu-
nohistological images could have revealed greater detail on tissue struc-
ture in these regions. Heterotypic electrical coupling between myocyte and
non-myocyte is possible™, but the electrical coupling in non-myocytes is
too weak to maintain passive electrical propagation over long distance”.
Another factor is that myocyte orientation in the graft tissue was not
controlled during either fabrication or implant. The resulting misalign-
ment between host and graft myocytes may be unfavorable for estab-
lishing reliable electrical coupling across the host-graft interface (Fig. 2
and Supplementary Figs. S2, S3). Even in the host-graft bridges shown in
Figs. 2, 3, and Supplementary Fig. S4, there was an abrupt change in
cardiomyocyte orientation at the interface. In some cases, transitioning
from a region with high conductivity (e.g., longitudinal fiber orientation)
to low conductivity (e.g., transverse fiber orientation) may enhance pro-
pagation reliability’’. However, studies in patterned engineered tissue’" as
well as whole mammalian hearts’” have shown that regions with abrupt
changes in fiber orientation are prone to propagation delay and failure.
Slow speed and conduction failure were key features of electrical
propagation within the grafts. In the elongated graft that resulted from
parallel injection, propagation was 3-5 times slower than in the host tissue
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(Table 1). This might have been ameliorated by using grafts fabricated from
multiple cell types. For example, we previously showed that in tissue patches
made from four types of hiPSC-derived cells, conduction velocity measured
in vitro approached that of in situ myocardium®. We also observed rate-
dependent conduction block between the site at which activation entered the
graft (site 2) and the two ends of the graft (sites I and 2; Fig. 1, Supple-
mentary Fig. S1 and Supplementary Movies 1-4). This likely resulted at least
partly from low CX43 expression in the graft, which was evident in our
immunohistological imaging (Fig. 2 and Fig. S2) and is a known feature of
stem-cell-derived cardiomyocytes™. Other factors that may have con-
tributed to poor in-graft conduction include the shock of initial cross-
species transplantation from cell culture conditions to the harsh environ-
ment of the ischemic border zone, and other immaturities of stem-cell-
derived cardiomyocytes, such as low excitability due to immature sodium
channel expression and distribution, lack of t-tubule structure, etc”.

Anatomic reentry is an abnormal mode of propagation in which
electrical waves circulate about an inexcitable barrier”. While we did not
observe reentry in our experiments, there was potential for it to form. The
millimeter-scale distance between graft-host bridges creates anatomic bar-
riers about which reentry can circulate. Furthermore, the slow/unreliable
conduction within grafts that we observed creates circumstances for reentry
initiation. One potential mechanism is revealed by Fig. 1 and Supplementary
Movie 1. Conduction entered the graft at site 2 then propagated slowly (in
the opposite direction as the host wave) back to site 1. When the wave
reached site I, sufficient time had elapsed for the surrounding host tissue to
repolarize. Had there been an additional host-graft bridge at site 1 that
supported graft-to-host propagation, a reentrant circuit cycling from host-
to-graft-to-host-to-graft could been formed. Let L be the distance between
two graft-host bridges (e.g., at site 2 and the putative one at site 1), V the
propagation velocity in the host tissue, «V the propagation velocity in the
graft (where « < 1), and APD the action potential duration in the host tissue.
The time to conduct between the two sites in the host tissue is L/V, and
between the two sites in the graft, L/aV. Therefore, reentry by this
mechanism is possible if

L L
Z 4+ = SAPD 1
v v (1

Equation (1) assumes that APD is a valid approximation of the
refractory period, which is normally the case except in situations such as
acute ischemia that induce postrepolarization refractoriness”. The con-
duction wavelength in the host tissue (i.e., the distance between the depo-
larizing wavefront and the repolarizing wave tail) is defined as A = V- APD.
Substituting into (1), the condition for reentry becomes

A

Sy

@

In our data, at 2 Hz, the right-hand-side of (2) is ~2 mm (refer to Table 1).
Reentry is therefore possible not only in the elongated graft of Fig. 1, but in the
much smaller graft of Fig. 3.

It is worth noting that in the slice with the elongated graft, the wave
propagating through the host tissue from the pacing site reached site I
before site 2. Therefore, for retrograde propagation from site 2 to I in the
graft to be established, on at least one pacing cycle, there would have to
be unidirectional conduction block on entry at site I or between site I
and site 2. This could result from a mismatch in refractory period in
the host and graft tissue or from failed conduction in the graft (such as
in Fig. 1E).

The large difference in conduction velocity between graft and host
suggests a second potential mechanism for reentry to be established. In the
slice in Fig. 1, suppose activation from the host entered the graft at site 1. If
the wave in the host tissue reached site b (opposite site 2) and blocked on
entry to the graft, and in addition, the host tissue had time to recover before
the wave in the graft reached site 2, the graft wave could have re-entered the

host at site b and initiated a reentrant circuit. Quantitatively, the condition
for this to occur is

L L
Z 4+ APD< = 3
vt v (3)

Solving for L and substituting the definition for wavelength, we obtain

L> A 4

G- ”
as the condition for reentry. In our data, with 2 Hz pacing, the right-hand-
side of (4) is ~3 mm (refer to Table 1). This reentry mechanism requires a
larger distance between graft-host bridges than the mechanism in (2). The
graft in Fig. 3, with ~2 mm between bridges is too small for this mechanism,
but had there been a second graft-host bridge at site I in the graft of Fig. 1,
reentry induction by this mechanism would have been possible.

This analysis suggests that for safety from reentry by either mechanism,
tissue grafts should be in small islands less than 2-3 mm in size. It is worth
noting that in previous studies that reported engraftment arrhythmias,
tissue grafts were typically several millimeters along their longest
dimension'*'"'®". Larger values of a, due either to graft maturation or
improved graft engineering technology, would increase the bridge-bridge
distance L required for reentry and allow larger islands. In addition, the
potential for anatomic reentry by either mechanism is likely to decrease as
the graft-host interface matures. Coupling with the host is expected to
strengthen with maturation'™"”, and the bridge-bridge distance could
therefore decrease below the values of L that favor reentry induction.

Spontaneous activation of a graft may serve as an ectopic focus to
initiate an EA. Spontaneous activation could potentially arise from graft
automaticity or triggered activity. Graft automaticity has been a long-
standing safety concern for cardiac cell therapy because automaticity is one
of the common features of hiPSC-CMs. In the present study, automaticity
was observed, but only in one slice (Fig. 4). It is worth noting that our
myocardial slices were treated with BDM for optical mapping. In our pilot
studies, BDM suppressed spontaneous activation of hiPSC-CMs in vitro. We
and others have observed that BDM can suppress spontaneous activation in
whole hearts™”. In iPSC-derived cardiomyocytes, automaticity is thought to
be regulated by sarcoplasmic reticulum calcium release'’ and BDM is known
to reduce intracellular calcium release®'; thus, we believe the prevalence of
graft automaticity could be underestimated in the present study.

Triggered activity, i.e., the premature activation by early or delayed
afterdepolarizations (EAD/DAD), is another common mechanism under-
lying arrhythmia onset. EADs and DADs involve complex interactions
among various ionic currents and intracellular calcium handling processes.
DAD:s occur in diastole when calcium is spontaneously released from the
sarcoplasmic reticulum (SR). This activates the sodium-calcium exchanger
(NCX), which may admit enough depolarizing current to elicit a full trig-
gered beat. DADs occur under conditions of calcium overload and are
facilitated by rapid heart rate. EADs occur during repolarization under
conditions that prolong the action potential. They may be driven by L-type
calcium channels recovering from inactivation or by spontaneous calcium
release from the SR that triggers NCX. They are facilitated by slow heart
rates”. In the present study, neither the transplanted grafts nor isolated
spheroids exhibited EADs or DADs during activation rates ranging from to
0.5Hz to 4 Hz. This suggests our hiPSC-CMs were resistant to after-
depolarizations across a wide range of pacing rates from slow (0.5 Hz),
which might facilitate EADs, to fast (4 Hz), which might facilitate DADs.
However, we did not challenge the engineered tissue with pathological
conditions such as hypoxia, hypokalemia etc. that might promote triggered
activity. Ideally, for the safety of the cardiac cell therapy, transplanted grafts
should not be more sensitive to adverse conditions than the native
myocardium.

For a spontaneous beat in a graft to become a full-blown ectopic
activation of the heart, there must be sufficient coupling for the electrical
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wave emerging from the graft to overcome the electrical load of the host
myocardium and initiate a propagating wave in the host'**’. We never
observed waves leaving a graft and entering the host, so it is possible that at
this time point post-implantation, the unorganized and relatively poorly
coupled CMs in the graft were unable to produce sufficient depolarizing
current to drive the host tissue through the sparse graft-host bridges. In
particular, the graft shown in Fig. 5, which exhibited spontaneous activity,
never drove the surrounding host tissue. However, as implanted grafts
mature in vivo, electrical coupling is expected to strengthen over time'*'"”,
possibly eventually favoring ectopy. On the other hand, very strong graft-
host coupling could suppress spontaneous beats in the graft by draining
away and dissipating depolarizing current into the large sink of the host
myocardium. This would be more likely with small grafts'*. It is therefore
possible that the potential for ectopy is biphasic, with low potential early and
late after implant, with higher potential at intermediate times. If this is the
case, the present study reflects the early, low-potential period.

Methods

All animal experimental protocols were approved by Institutional Animal
Care and Use Committee (APN 21498) at University of Alabama at Bir-
mingham (UAB) and were in accordance with the Guide for the Care and
Use of Laboratory Animals. All cells used in the study were differentiated
from human induced pluripotent stem cell (hiPSC) line LZ-hiPSC5 which
was reprogrammed from human cardiac fibroblasts*. The hiPSCs were

expanded and maintained as described previously™*.

hiPSC-CM Spheroid Preparation

We differentiated hiPSCs into hiPSC-CM:s via the GiWi method®. We
adapted a previously developed bioreactor suspension 3D culture protocol
to produce hiPSC-CM spheroids at large scale with high purity”. Briefly,
hiPSCs were cultured in a 125 mL Erlenmeyer flask on an orbital shaker
(The Belly Dancer, MilliporeSigma) for 4 days with TeSR-E8 3D Seed
medium (#03990, STEMCELL Technologies). On Day 0, differentiation
was initiated by replacing culture medium with RPMI 1640 (#11875093,
Gibco) supplemented with B27 without insulin (RPMI/B27-; #A1895601,
Gibco) and 6 uM CHIR99021 (#72054, STEMCELL Technologies). On
Day 1, the medium was replaced with fresh RPMI/B27- and 1uM
CHIR99021. On Day 3, 70% of the culture medium was replaced with
fresh RPMI/B27- with a final concentration of 5uM IWR-1-endo
(#72562, STEMCELL Technologies). On Day 5, the medium was replaced
with fresh RPMI/B27-. On Day 7, the medium was changed to RPMI
supplemented with B27 with insulin (RPMI/B27 + ; #A3582801, Gibco).
On Day 9, the spheroids were purified via metabolic selection following a
previously described protocol'*". On Day 12, we obtained spontaneously
beating hiPSC-CM spheroids of 200-250 um in diameter. Each hiPSC-
CM spheroid consisted of ~4000 CMs counted via trypan blue staining
after dissociation of spheroids into single myocytes. Each batch contained
~50 million CMs with purity >90% (cardiac Troponin T positive by

flowcytometry). After purification, the hiPSC-CM spheroids were main-
tained in RPMI/B27+ .

We also prepared larger spheroids for mapping in vitro without
implantation into pig hearts. We mixed hiPSC-CM spheroids with cardiac
fibroblasts (also differentiated from the LZ-hiPSC5 cell line) in a 4:1 cell ratio
and cultured for an additional week. This resulted in larger spontaneously
beating cardiac spheroids. Each was 600-800 um in diameter and contained
100 x 10° cardiac myocytes and 25 x 10° cardiac fibroblasts™. After fabrica-
tion, they were maintained in the same manner as the hiPSC-CM spheroids.

Lentiviral Transduction of GCaMP6
The hiPSC-CM spheroids were transduced with GCaMP6, a green GECI,
using a lentiviral vector. Lentivirus encoding MHCK?7-GCaMP6 was pro-
duced following a previously published protocol. Briefly, the plasmid
PRRL-MHCK?7-GCaMP6 (#65042, Addgene) was obtained and transfected
to HEK 293 T cells along with the envelope plasmid pMD2.G (#12259,
Addgene) and the packaging plasmid psPAX2 (#12260, Addgene). The viral
particles were collected, purified, and concentrated on Day 2 and Day 4. The
viral pellets were resuspended, and the viral stocks were stored at —80 °C.
The transduction was carried out by adding the lentiviral vectors to the
hiPSC-CM spheroid culture 5 days before the spheroid transplantation. The
expression of GCaMP6 in hiPSC-CMs was driven by the muscle-specific
promoter MHCK?7"". The functional expression of GCaMP6 was typically
visible (as green fluorescence flashing at every contraction) under a fluor-
escence microscope (CKX53, Olympus) 3 days after transduction, at which
time the lentiviral particles were removed from the hiPSC-CM spheroid
culture with a medium change.

Porcine ischemia/reperfusion model and hiPSC-CM Spheroid
transplantation
Acute Myocardial Infarction (AMI) was induced in anesthetized juvenile
Yorkshire cross pigs (# = 6; 3 males and 3 females; 10-25 kg, Valley Brook
Research, GA) following an established ischemia/reperfusion (I/R)
protocol®”. Our previous brief report included data from these animals.
Briefly, anesthesia was induced with intramuscular telazol/xylizine
(4.4 mg/kg, 4.4 mg/kg, respectively) and maintained with isoflurane by
inhalation in 100% oxygen (1.5-2.5%). The chest was opened via median
sternotomy to expose the heart. AMI was created by balloon occlusion of
the left anterior descending coronary artery (LAD) distal to the 2nd
diagonal branch for 1 h followed by reperfusion and anticoagulation.
GCaMP6-expressing hiPSC-CM spheroids containing a total of 50
million hiPSC-CMs were transplanted to the AMI border zone immediately
after the I/R procedure (Fig. 1A). Before transplantation, spheroids were
washed using DPBS (#14190235, Gibco) to remove any remaining viral
vectors, and then resuspended in 1 mL RPMI without B27 supplements
(Fig. 6B[I]). The spheroid suspension was injected into 4 sites (0.25 mL
spheroids suspension each) within the left ventricular AMI border zone
using a 20 Gauge hypodermic needle (Fig. 6B[II]). The needle was slowly

Fig. 6 | Study protocol. A Pigs were immunosup- A
pressed for 5 days before infarct creation by ische-
mia/reperfusion and GCaMP6-spheroid injection.

Heart harvest was 7 days after the implantation.

B Cardiac spheroids (200-250 pm in diameter)

transduced with GCaMP6 were implanted into the B
immunosuppressed pig’s heart on Day 0 (I and II)

and the heart was harvested for tissue slicing and

imaging on Day 7 (III and IV). Created with
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withdrawn during injection, leaving a column filled with spheroid sus-
pension (Fig. 6BI[III]). In one animal, the needle tracks were nearly parallel
to the epicardial surface (parallel injection) to maximize the graft size in
tissue slices, which were taken parallel to the epicardium. In the other 5
animals, the needle tracks were nearly perpendicular to the epicardial sur-
face, to maximize the number of graft-containing tissue slices (perpendicular
injection). After each injection, a suture was placed on the injection site to
mark the location.

The pigs were immunosuppressed to protect the transplanted grafts
from rejection. Cyclosporine A was administered twice daily starting 5 days
before the spheroid transplantation procedure (15 mg/kg in the morning
and 30 mg/kg in the evening; Novartis). Abatacept (12.5 mg/kg; Bristol-
Myers Squibb) was administered once on the day of surgery. Post-surgery,
methylprednisolone was administered daily until the terminal study
(250 mg on the day of I/R procedure and 1.5 mg/kg/day afterward; Pfizer)™.

Heart Harvesting and Tissue Slice Preparation

On post-transplantation Day 7, the hearts were harvested with a second
open-chest surgery. Animal preparation and anesthesia were similar to
those in the previous procedure. Heart excision and cannulation were
similar to our previous publication®. Briefly, the heart was rapidly excised
and placed in a bath of ice cold 0.9% saline (IM-4390, ICU Medical Inc.).
The aortic root was cannulated and coronary arteries were flushed with 1 L
chilled (0 °C) cardioplegic solution (110 mM NaCl, 1.2 mM Ca;Cl,, 16 mM
KCl, 16 mM MgCl,, 10 mM NaHCO;, 7.4 pH). Euthanasia was by exsan-
guination secondary to heart excision.

Transmural tissue blocks approximately 1.5 cm by 1.5 cm were excised
from the region surrounding each spheroid injection site. The tissue blocks
were immersed in oxygenated, ice-cold modified Tyrode’s solution
(140 mM NaCl, 6 mM KCl, 10 mM glucose, 10 mM HEPES, 1 mM MgCl,,
1.8 mM CaCl,, 7.4 pH) supplemented with 2,3-butanedione monoxime
(BDM, 20 mM; #B0753, Sigma-Aldrich) while waiting for tissue slicing.
BDM is known to have cardioprotective effects™.

Our living myocardial slice protocol was similar to a previous
publication™. Briefly, the tissue blocks were mounted to a high-precision
vibratome (7000smz-2, Campden Instruments Ltd. UK) with the epi-
cardium facing downward and were fully immersed in oxygenated, ice-cold
modified Tyrode’s solution supplemented with BDM (the same composi-
tion as described above). The tissue blocks were sliced parallel to the epi-
cardium with thickness 600 um, 0.03 mm/s advance speed, 2 mm horizontal
vibration amplitude, and 80 Hz vibration frequency (Fig. 6B[III]). The
vibratome’s z-axis vibration was calibrated prior to each experiment with a
ceramic cutting blade and set to <0.5 um. After slicing, the myocardial slices
were maintained in oxygenated, room temperature, modified Tyrode’s
solution for a minimum of 20 min before mapping to allow recovery. BDM
(20 mM) was added to recovery solution for its cardioprotective effects and
to prevent slice curling.

Simultaneous voltage and calcium mapping

A custom-built membrane potential (Vm) and calcium transient (CaT)
dual-parametric optical mapping system was used to image the electrical
activity in the myocardial slices’. The myocardial slices were stained with a
VSD (di-4-ANEQ[F]PTEA, Potentiometric Probes) and maintained in
oxygenated, 37 °C, modified Tyrode’s solution supplemented with BDM
(same composition as above). A bandpass filtered (425-490 nm; FF01-460/
60-25, Semrock), high-power blue LED light source (LI1CI-
BLU1000000000, Lumileds) was used to excite both GECI and VSD
simultaneously. The emitted fluorescence was split by a dichroic beam
splitter (cut-off: 590 nm; #66-251, Edmund Optics) into CaT and Vm
channels. The CaT channel was further bandpass filtered at 515-565 nm
(#447744-8001, Zeiss) and the Vm channel was further longpass filtered
above 650 nm (#62986, Edmund Optics). The CaT and Vm channels were
simultaneously recorded with a pair of synchronized cameras (MiCAMO03-
N256, SciMedia) at 500 fps (Fig. 6B[IV]). Because only transplanted hiPSC-
CMs spheroids express GCaMP6, the CaT signal is a tissue-specific

surrogate for electrical activity in the grafts. The VSD stains all tissue, so Vm
signals represent the overall electrical activity in the myocardial slices.

Experimental protocol

Tissue slices were placed in the optical mapping system and pinned to the
bottom of the chamber. Each slice was stimulated with electric field pacing
in a similar manner to previous studies™ to screen for the presence of
electrically active spheroids. The electrode plates were positioned at
opposite ends of the mapping chamber and did not contact the tissue
itself. Field pacing stimulates all cells in the tissue slice simultaneously,
regardless of intracellular electrical coupling. Because only hiPSC-CM grafts
expressed GCaMP6, the presence of CaT signal (which we defined as signal-
to-noise ratio >5) indicated the presence and the location of surviving grafts.
The stimulus strength was ~15 V/cm, which was large enough to reliably
activate slices. Although this stimulus is in the defibrillation range with
potential for tissue damage, we did not observe such damage, possibly
because the majority of the stimulus current was shunted through the
bath fluid.

Slices containing electrically active grafts that were identified by field
pacing were then paced using a pair of closely spaced bipolar electrodes
positioned in the host myocardium remotely from the graft. The remote
bipolar pacing rate varied from 0.5 to 4 Hz. The pacing strength was set to
twice diastolic threshold at 0.5 Hz. The slices were also mapped without
pacing to examine graft automaticity.

After optical mapping, the myocardial slices containing grafts were
cryopreserved in sucrose. The slices were then embedded in optimal cutting
temperature compound (OCT; #23-730-571, Fisher Scientific) and 10 um
serial cryosections were obtained for immunohistological and hematoxylin
and eosin (H&E) staining.

Signal Processing

To produce activation maps, Vm and CaT signals were processed with an
11-point median filter and then with an 11-point, third order Savitsky-
Golay first-derivative filter””. Positive peaks in the first-derivative signal (i.e.,
the time of most rapid depolarization) were taken as activation times. Vm
signals were visually screened for distorted baselines. Such signals were
generally caused by ripples in the bath and occasionally produced anom-
alous activation times; they were rejected from further analysis. We eval-
uated the conduction velocity in both the host myocardium and the graft
using the method of Bayly et al.*® Briefly, activation time maps were fitted to
polynomial surfaces, and the conduction velocity was calculated from the
gradient of the local polynomial surface. We identified repolarization in the
Vm signals by filtering the signals with an 11-point, third order Savitsky-
Golay second derivative filter”. Positive second derivative peaks reveal the
return to baseline and were taken as the repolarization time. Action
potential duration (APD) was the interval between depolarization and
repolarization”. APD was not evaluated in the graft because Vm signals
from graft tissue could not be separated from Vm signals generated by
surrounding/underlying host tissue.

Immunohistological staining

Immunohistology was used to identify engrafted human cells within the
host tissue and the gap junction protein connexin-43 (CX43). The cryo-
sections for immunohistological staining were processed following pre-
viously published protocols™**. In brief, the cryosections were fixed with 4%
paraformaldehyde for 20 min at room temperature, permeabilized with
0.1% Triton X-100 (#9036-19-5, Sigma-Aldrich) for 15 min at 4 °C, and
then incubated with DPBS containing 10% donkey serum and a 1:100
dilution of primary antibodies overnight at 4 °C. We did not find suitable
antibodies to co-stain human nuclei and CX43. Therefore, for slices with
small tissue grafts resulting from perpendicular injection, we first stained
cryosections with the human-specific nuclear marker KU80 Rabbit IgG
(KU80; #2180, Cell Signaling), the myocyte marker alpha-sarcomeric Actin
Mouse IgM (a-SA; #A2172, Sigma-Aldrich), and the nuclear marker DAPI
(4,6-diamidino-a-phenyl-indole, Sigma-Aldrich). The secondary antibody
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for KU80 was TRITC-conjugated donkey anti-rabbit IgG, and for a-SA was
Cy5-conjugated donkey anti-mouse IgM (both from Jackson ImmunoR-
esearch Laboratories). After overnight incubation with primary antibodies,
the cryosections were stained with secondary antibodies with 1:200 dilutions
for 1 h at 4°C. The stained cryosections were imaged using a confocal
microscope (FV3000, Olympus). After imaging, staining was removed by
immersing the cryosection in 70% ethyl alcohol for 10 min and then gently
removing the cover slide. The cryosection was then immersed in fresh 70%
ethyl alcohol for 30 min and washed with DPBS for 5 min three times. The
cryosection was re-stained in a similar manner with rabbit IgG anti-CX43
(#AF0137, Affinity), a-SA, and DAPI and imaged again. The secondary
antibody for CX43 was TRITC-conjugated donkey anti-rabbit IgG (Jackson
ImmunoResearch Laboratories).

For slices with large tissue grafts resulting from parallel injection, we
mounted adjacent cryosections from the slice on the same slide. One
cryosection was stained as above for KU80, a-SA, and DAPI, while the other
was stained for CX43, a-SA, and DAPI. For these large (centimeter-scale)
grafts, having tissue with both sets of labels simultaneously available
facilitated navigating the sections to identify the host-graft interface and co-
located CX43 expression.

Hematoxylin and eosin staining

Cryosections were thawed at room temperature for 5 min and washed in
water for another 5 min to remove the OCT. The cryosections were then
fixed in Bouin’s solution (#HT10132, Sigma-Aldrich) for 30 min. After
fixation, cryosections were incubated in Eosin (#22-500-063, Fisher Scien-
tific) for 20 sec, washed three times in water (2 min each time) followed by
5 min incubation in Hematoxylin (#22-500-051, Fisher Scientific) and then
washed again three times in water (2 min each time). For dehydration,
sections went through a series of changes of ethanol (first: 80% ethanol for
2 min, second: 100% ethanol for 2 min, and third: 100% ethanol for 2 min)
and three changes of Xylene for 2 min each. Then, the sections were
mounted with mounting media (Toluene; #SP15-100, Fisher Scientific) for
imaging.

Data availability
Data will be made available from the corresponding author upon reasonable
request.
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