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Abstract

Techniques that enable longitudinal tracking of cell fate after myocardial delivery are
imperative for optimizing the efficacy of cell-based cardiac therapies. However, these
approaches have been underutilized in preclinical models and clinical trials, and there
is considerable demand for site-specific strategies achieving long-term expression of
reporter genes compatible with safe noninvasive imaging. In this study, the rhesus
sodium/iodide symporter (NIS) gene was incorporated into rhesus macaque induced
pluripotent stem cells (RhiPSCs) via CRISPR/Cas9. Cardiomyocytes derived from
NIS-RhiPSCs (NIS-RhiPSC-CMs) exhibited overall similar morphological and electro-
physiological characteristics compared to parental control RhiPSC-CMs at baseline
and with exposure to physiological levels of sodium iodide. Mice were injected
intramyocardially with 2 million NIS-RhiPSC-CMs immediately following myocardial
infarction, and serial positron emission tomography/computed tomography was per-
formed with ‘8F-tetrafluoroborate to monitor transplanted cells in vivo. NIS-RhiPSC-
CMs could be detected until study conclusion at 8 to 10 weeks postinjection. This
NIS-based molecular imaging platform, with optimal safety and sensitivity character-

istics, is primed for translation into large-animal preclinical models and clinical trials.
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1 | INTRODUCTION

Imaging approaches enabling noninvasive longitudinal monitoring of
cardiac cellular therapies are imperative for assessment of the safety
and efficiency endpoints required for clinical translation, including
engraftment, persistence, localization, and correlation with functional
and structural outcomes. However, applicable long-term cell tracking
technologies are lacking, particularly for application in relevant immu-
nocompetent large animal models, where approaches using optical
scanning of xenogeneic fluorescent proteins are not applicable.! The
sodium/iodide symporter (NIS), a transmembrane protein expressed
normally at high levels in the thyroid and stomach, but with limited
expression in other tissues,? has many advantageous properties for
invivo cell fate tracking. NIS is nonimmunogenic and allows
multimodality molecular imaging with various safe and clinically avail-
able radiotracers. Furthermore, NIS has been shown to enable sensi-
tive and specific in vivo identification of transplanted cells in the
injured heart via radiolabeled substrate injection followed by either
positron emission tomography (PET) or single-photon emission com-
puted tomography.®> However, these prior studies suffer from issues
that could impede translation to the clinic, such as reliance upon clini-
cally irrelevant donor cell types, inefficient plasmid transfection, use
of nonintegrating adenoviral vectors offering only transient expres-
sion, or application of potentially genotoxic or silenced lentiviral vec-
tors to introduce the NIS gene. In addition, there has been limited
assessment of the effect of NIS expression on cardiomyocyte physiol-
ogy. Hence, development of strategies that use site-specific gene
introduction methods offering safe and durable transgene expression
would overcome these limitations, accelerating utilization of in vivo
imaging techniques.

We have previously used CRISPR/Cas9 targeted genome editing
to introduce transgenes into the adeno-associated virus site 1
(AAVS1) safe harbor locus in rhesus macaque induced-pluripotent
stem cells (RhiPSCs), a site known to enable robust and stable gene
expression in both pluripotent and differentiated cells, while minimiz-
ing genotoxicity.>” We now report the utility of this genome targeting
approach to introduce the NIS gene into RhiPSCs at the AAVS1 site,
and demonstrate the feasibility and relevance of this model to the
preclinical development of regenerative cardiac therapies. In addition,
for the first time, we present a thorough and clinically oriented elec-
trophysiological (EP) description of NIS-positive induced pluripotent
stem cell-derived cardiomyocytes (iPSC-CMs). RhiPSCs were selected
for this study as they, unlike human iPSCs (hiPSCs), have the addi-
tional advantage of being directly compatible with long-term preclini-

cal studies in clinically relevant nonhuman primate (NHP) large animal

Significance statement

In vivo imaging techniques are imperative to guide clinical
translation of cell-based therapeutics; however, current
strategies are limited by immunogenicity and potential gen-
otoxicity. In this proof-of-principle study, site-specific deliv-
ery of the sodium/iodide symporter (NIS) gene via CRISPR/
Cas? enabled sensitive in vivo tracking of induced pluripo-
tent stem cell-derived cardiomyocytes (iPSC-CM) in a clini-
cally relevant model of myocardial infarction, and NIS-
positive iPSC-CMs retained electrophysiological characteris-
tics comparable to controls. Featuring a superior safety pro-
file, this approach offers wider applications in both the
preclinical and clinical development of cardiac cell therapies.

models. RhiPSCs resemble hiPSCs in terms of colony morphology,
expression of pluripotency-associated transcription factors and sur-
face markers, and are dependent on similar growth factors to maintain
their pluripotency.®? In addition, RhiPSCs and hiPSCs have been
shown to confer comparable cardioprotection in another rodent
model of myocardial infarction, and via similar mechanisms.'® More-
over, NHPs bear key anatomical, physiological, and immunologic simi-
larities to humans that would enable closer translation of strategies
that optimize therapeutic efficacy. In this regard, we describe a new
NIS-based platform that has the potential to greatly enhance utiliza-
tion of molecular imaging techniques in both preclinical and clinical tri-

als of regenerative cardiac cell therapies.

2 | MATERIALS AND METHODS

21 | Animal use

All animals used in this study were housed and handled in accordance
with protocols approved by the Institutional Animal Care and Use
Committees of the NHLBI and NCI.

2.2 | RhiPSC generation and maintenance

Rhesus CD34" hematopoietic stem and progenitor cells or skin fibro-

blasts were isolated and reprogrammed as previously described.®*%12

RhiPSCs were cultured either on mouse embryonic fibroblast
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(GlobalStem) feeders or growth factor-reduced Matrigel (BD Biosci-

ences)-coated plates.

2.3 | Generation of NIS-RhiPSCs via CRISPR/Cas9-
mediated genomic editing

The rhesus NIS transgene was removed from the pLV-SFFV-NIS-
PGK-Puro plasmid (Imanis Life Sciences) via digestion with
restriction enzymes BamHI and Notl, and cloned into the rhesus
AAVS1-CAG-copGFP donor plasmid (Addgene #84209). The all-in-
one CRISPR/Cas? vector containing the high-fidelity eSpCas9
(Addgene #79145), the previously reported rhesus AAVS1 guide
RNA sequence, and the NIS donor plasmid were introduced into
RhiPSCs via nucleofection, and puromycin selection was performed
to enrich targeted cells (Figure 1A).9*3 Clones with NIS integration
at the intended rhesus AAVS1-like site were identified as previ-

ously described.®*®

24 | Teratoma assay

Standard teratoma assays to document pluripotency were conducted
using NIS-positive and control parental RhiPSCs in nonobese diabetic
severe combined immunodeficient 112rg~'~ (NSG) mice (Jackson Labo-

ratories) as described.

2.5 | Invitro function of NIS

In vitro substrate transport function of NIS-positive RhiPSCs was
determined using 18F_tetrafluoroborate (*8F-TFB). Cells cultured on
Matrigel were dissociated with Accutase (STEMCELL Technologies)
and 1 x 10° cells were resuspended in 500 pL of either uptake buffer,
10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES)
in 1x Hanks' Balanced Salt Solution (HEPES/HBSS, Thermo Fisher Sci-
entific) or inhibitor buffer, 10 mM HEPES/HBSS supplemented with
2 mM potassium perchlorate (KClO,). *8F-TFB (1.11 MBq, 30 uCi)
was added to the cell suspension and allowed to incubate for 1 hour
at 37°C. Following incubation, cells were washed three times with
10 mM HEPES/HBSS and the residual radioactivity within the pellet
was quantitated via y-counter (Wizard2 Automatic Gamma Counter;
Perkin Elmer) in counts per minute (CPM). As a radioactivity standard,
one tenth of the activity used for the assay (111 kBqg, 3 pCi) was
added to three empty tubes and measured in parallel with the cell
samples 1 hour later. The activity taken up by the cells was decay
corrected to the starting time of the incubation to minimize experi-
ment-to-experiment decay differences occurred between the start of
the assay and activity measurement. Decay-corrected incorporated
activity (kBq) of each sample was derived by dividing its CPM with
the mean CPM of the standards, and then multiplied by 111 (kBq). In
Figures 1 and 3, decay-corrected incorporated activity per million cells

was expressed as kBq.
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2.6 | Cardiac differentiation

Cardiac differentiation of RhiPSCs was performed as previously
described.*? Briefly, RhiPSCs were dissociated and cultured with
Activin A (10 ng/mL, R&D), bone morphogenic protein 4 (BMP4;
10 ng/mL, R&D), and fibroblast growth factor 2 (FGF2; 10 ng/mL,
Peprotech) for 3 days. Wnt signaling inhibitor IWP2 (3 uM, Tocris)
was then added for an additional 5 days. Following differentiation,
cells were maintained in insulin (20 pug/mL, Sigma)-containing medium

for further maturation.

2.7 | Immunohistochemistry

Cells were fixed in 2% paraformaldehyde (PFA) in phosphate-buffered
saline (PBS) for 30 minutes, followed by incubation in blocking buffer
(PBS + 4% bovine serum albumin) for 30 minutes. Fixed cells were then
incubated with primary antibody followed by incubation with a fluores-
cently labeled secondary antibody, each for 1 hour at room tempera-
ture. Last, 4’,6-diamidine-2'-phenylindole dihydrochloride (DAPI) was
applied to labeled cells and allowed to incubate for 10 minutes. Specific
primary antibodies and dilutions used were: antibodies against human
NIS (rabbit, 1:200, Imanis Life Sciences), CTnT (cardiac troponin T;
mouse, 1:1000, DSHB), a-actinin (mouse, 1:1000, Sigma), and NKX2.5
(mouse, 1:200, Abcam). Secondary labeling was performed with an anti-
rabbit Alexa Fluor 555 (1:1000, Thermo Fisher Scientific) or an anti-
mouse Alexa Fluor 488 (1:1000, Thermo Fisher Scientific).

2.8 | Patchclamp

RhiPSC-CMs were dissociated and plated onto glass coverslips as sin-
gle cells as previously described.}? For action potential (AP) measure-
ments, cells were inserted into a small-volume chamber and bathed in
Tyrode's solution (140 mM NaCl, 5.4 mM KCl, 1.8 mM CaCl,, 1.0 mM
MgCl,, 10 mM HEPES, 10 mM glucose, pH 7.4) and maintained at
33°C to 35°C. Spontaneous and evoked APs were recorded using a
patch clamp amplifier (Axopatch 200B, Molecular Devices) in whole-
cell current-clamp mode. Pipettes (1-3 MQ) were filled with a stan-
dard internal solution. Calcium (Ca®*) transients were simultaneously
measured as previously described,*? using a fluorescent Ca?* indicator
(Cal-520, AAT-Bioquest). Recorded fluorescence was corrected for
background and normalized to the baseline value (AF/Fp). In some
cases, recordings were performed 3 minutes after addition of sodium
iodide (Nal), in which 10% of the well medium was replaced with a
10x concentrated Nal stock solution warmed to 37°C, yielding a final

concentration of 1 mM Nal.

29 | Optical imaging

AP parameters of RhiPSC-CMs were measured as described.'* Briefly,
RhiPSC-CMs were plated onto 96-well glass-bottom plates (MatTek,
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FIGURE 1 Functional NIS expression in NIS-RhiPSCs. A, Schematic of the NIS donor plasmid construct (RhAAVS1-CAG-RhNIS) and the
AAVS1 target site in the rhesus genome (RhAAVS1) between exons 1 and 2. The donor plasmid contains RNAAVS1 left (LA) and right (RA)
homology arms flanking an excisable puromycin selection cassette and the RhNIS cDNA driven by a CAG promotor. B, Immunostaining confirmed
expression of RhNIS (red) in NIS-RhiPSCs, compared to no expression in parental RhiPSCs. Counterstaining with DAPI (blue) reveals ~100%
RhNIS positivity in cultured NIS-RhiPSCs. Scale bar = 200 pm. C, Karyotype NIS-RhiPSCs retained normal. D, Uptake assay showing functionality
of RhNIS in NIS-RhiPSCs. Statistical analysis of in vitro *8F-TFB uptake between NIS-positive (n = 7) and control cells (n = 5), without KCIO, was
performed with a t test for independent samples. Statistical analysis of in vitro 18F-TFB uptake in NIS-positive cells, with and without KCIO,

(n = 7) was performed with a paired t test. Error bars represent mean + SEM. 8F-TFB, 18F-tetrafluoroborate; AAVS1, adeno-associated virus site
1; DAPI, 4',6-diamidine-2’-phenylindole dihydrochloride; RhiPSCs, rhesus macaque induced pluripotent stem cells

P96G-1.5-5-F) precoated with Matrigel at 1 x 10° cells per well. The testing, RhiPSC-CMs maintenance medium was replaced with opti-
effects of Nal on AP parameters were studied 2 to 5 days after plat- cally transparent Dulbecco's Modified Eagle Medium (FluoroBrite,

ing, or on days 15 to 20 of cardiac differentiation. On the day of the Thermo Fisher Scientific) and cells were stained with 6 pM di-4-
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ANEPPS (Thermo Fisher Scientific) for 1 minute and allowed to re-
equilibrate in dye-free FluoroBrite at 37°C, 5% CO, for 2 hours
before baseline recordings. Spontaneous RhiPSC-CM APs were mea-
sured using ratiometric fluorescence recordings by a plate-based opti-
cal system (CellOPTIQ, Clyde Biosciences). AP recordings of 20-
second duration were obtained from each well at baseline and
45 minutes after Nal addition. Each dose of Nal was assessed in multi-
ple wells (n = 10) by replacing 10% of the well medium with 10x con-
centrated Nal stock solution warmed to 37°C. Vehicle controls (Nal-
free medium) were included on each plate (n = 10). The Fridericia for-
mula was used to calculate the AP duration corrected for the beating
rate (APDc). Rate-corrected baseline and vehicle-controlled Nal-
induced changes in AP duration at 90% repolarization were calculated
(AAAPDgqc).

2.10 | Induction of myocardial infarction and
intramyocardial cell injection

Myocardial infarction in 3-month-old NSG mice was induced via 90-
minute ligation of the left anterior descending (LAD) coronary
artery, followed by reperfusion. 2 x 10® NIS-RhiPSC-CMs in 30 uL
pro-survival media consisting of 50% 10 uM ROCK inhibitor in main-
tenance medium and 50% Matrigel were injected into the myocar-
dium at the border zone of the infarct area immediately prior to

reperfusion. Control injections consisted only of vehicle.

2.11 | Animal imaging and analysis

18FTFB was synthesized in a radiochemical vyield of 18% to 50%
(n = 50, uncorrected for decay) and greater than 99% radiochemical
purity, on par with other preclinical and clinical studies*>"*” in which
18E_TFB was used. All animal imaging was performed using micro-
PET/computed tomography imager (uPET/CT; BioPET, Bioscan), and
images were acquired 1 hour after intravenous injection of 3.7 MBq
18F_TFB. An optimal wait time of 60 minutes was chosen based on a
preliminary study, wherein superior visualization of NIS-RhiPS-derived
cells was achieved compared with imaging at 90 minutes. A 250 to
700 keV energy window was used, and 5-minute emission scans per
bed position for a total of two bed positions were acquired. The
acquired PET images were reconstructed using a three-dimensional
ordered-subsets expectation maximization (3D OSEM) algorithm. PET
images reconstructed using a 2D OSEM algorithm were analyzed
using MiM (MiM Software, Inc.) for image quantitation. Regions of
interest were drawn at the boundary of signal at each teratoma or
implanted cells at the heart on axial images, and both volumetric and
radioactivity information was recorded. VivoQuant (Build 3.0, Invicro)
was used to merge maximum intensity projection PET images and CT.
The total lesion *F-TFB uptake, which is equivalent to total lesion
glycolysis in *8F-fluorodeoxyglucose imaging, was calculated by multi-
plying the volume of lesion with increased ‘8F-TFB uptake (mL) and
its mean standardized uptake value (SUV). The total lesion ‘F-TFB

¥ TRANSLATIONAL MEDICINE

uptake is a normalized value taking into account both the injected

dose and body weight of the mouse.

2.12 | Histological analysis

For immunohistochemical analysis on frozen sections of explanted
murine tissues, samples were fixed with 4% PFA and blocked in 3%
goat serum. All primary and secondary antibodies and their respective
concentrations were used as above in the immunohistochemistry sec-
tion, with the sole exception of CTnT, which was concentrated to
1:200. Detection was performed via Ventana Benchmark XT (Ventana
Medical Systems) using the UltraView DAB Detection Kit. NIS-immu-

nostained slides were analyzed by MetaMorph software.

2.13 | Statistical analysis

The Student's t test was used to compare in vitro 8F-TFB uptake,
with and without KCIO4, between NIS-positive and control cells, as
well as to compare AP parameters of RhiPSC-CMs obtained by patch
clamp. In the event the assumptions of normality or equal variances
were unsatisfied, the Wilcoxon signed-rank test was performed. A
P value of <.05 was selected to determine significance.

3 | RESULTS
3.1 | CRISPR/Cas9-engineered RhiPSCs
demonstrate functional NIS expression

Following targeted knock-in of the rhesus NIS (SLC5A5) cDNA into
the “safe harbor” AAVS1 locus via CRISPR/Cas?-mediated homolo-
gous recombination (Figure 1A and Figure S1), clones with high level
NIS transgene expression were identified via immunostaining (Fig-
ure 1B) and used for all subsequent studies. NIS-RhiPSCs continued
to form colonies that were morphologically indistinguishable from
parental nontransgenic RhiPSCs and maintained normal karyotypes
(Figure 1C). The functionality of the expressed NIS transporter was
evaluated by cellular uptake of *8F-TFB from culture media, with sig-
nificantly greater uptake observed in NIS-RhiPSCs compared to NIS-
negative control RhiPSCs (P = .0471, Figure 1D). *8F-TFB uptake was
attenuated to background levels in the presence of KCIO4, an
established NIS inhibitor,*® indicating tracer uptake was specific and
NIS-dependent (P = .0400).

3.2 | NIS-RhiPSC-derived teratomas trackable

in vivo

To demonstrate the utility of this platform for longitudinal in vivo
imaging, 5 x 10® NIS-RhiPSCs were injected subcutaneously into the
hind limb of NSG mice and serially imaged for 6 weeks with PET/CT
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(Figure 2A). NIS-RhiPSC-derived teratomas could be visualized on
imaging as early as 2 weeks postinjection, 4 weeks prior to the devel-
opment of a palpable mass, while NIS-negative RhiPSC-derived tera-
tomas were not visible at any of the imaging time points. The size,
morphology, and spatial distribution of NIS-positive teratomas could
be followed longitudinally, and both tumor-to-muscle mean SUV
ratios and total lesion *®F-TFB uptake of the tumors increased over
the follow-up period in each replicate (Figure 2B). At 4 to 6 weeks,
teratomas were harvested and subjected to histopathological analysis.
NIS-RhiPSC-derived teratomas were indistinguishable from control
RhiPSC-derived teratomas, exhibiting all three germ layers on histo-
logic analysis (Figure S2). Persistent RhNIS expression was also dem-
onstrated by immunohistochemical staining of NIS-RhiPSC-derived

teratomas. Of note, some heterogeneity was observed in the level of

(A) iPSCinjection 2 weeks

NIS expression between different cell types within the teratoma,
although all cells expressed NIS above background. This finding was
consistent with previously observed heterogeneity in expression of
other marker genes knocked into the AAVS1 site in RhiPSCs.®

3.3 | NIS-RhiPSC-CMs retain functional NIS
expression

NIS-RhiPSCs and parental control RhiPSCs underwent cardiac differ-
entiation as previously described.*? The overall kinetics and efficiency
of cardiac differentiation of NIS-RhiPSCs were similar to that of
parental RhiPSCs. NIS-RhiPSC-derived cardiomyocytes maintained

characteristic cellular morphology, could be obtained with high purity,
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FIGURE 2 NIS enables in vivo tracking of RhiPSC-derived teratomas. A, Delivery of RhNIS into RhiPSCs enables longitudinal in vivo tracking
of NIS-RhiPSC-derived teratomas by PET/CT. After inoculating 5 million cells, NIS-RhiPSC-derived teratomas could be visualized as early as

2 weeks postinjection, and continued growth was observed at both 4 and 6 weeks. *8F-TFB signals were observed as expected in organs with
known endogenous NIS expression, such as the thyroid, salivary glands, stomach, seminal vesicles, and also in the urinary bladder, indicating renal
excretion of *8F-TFB. Two additional infero pelvic foci of ®F-TFB uptake were observed in male mice, possibly representing perianal glands.
Maximal intensity projection images of PET merged with CT are shown. B, Tumor/muscle mean SUV ratios (left) and total lesion *F-TFB uptake
(right) increased over the follow-up period in all replicates (n = 4), however one mouse underwent sacrifice at 4 weeks postinjection for
histopathological examination. Error bars represent mean + SD. '8F-TFB, 18F-tetrafluoroborate; CT, computed tomography; PET, positron
emission tomography; RhiPSCs, rhesus macaque induced pluripotent stem cells; SUV, standardized uptake value
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and exhibited spontaneous beating in culture. NIS-RhiPSC-CMs
manifested expected expression of canonical cardiac markers, includ-
ing CTnT, NKX2.5, and a-actinin (Figures and S3) at levels indistin-
guishable from cardiomyocytes differentiated from parental RhiPSCs.
There were no apparent derangements in sarcomeric structures in
NIS-positive vs NIS-negative RhiPSC-CMs, and ectopic NIS expression
did not appear to alter the cardiogenic potential of RhiPSCs. No dif-
ferentiation-induced NIS silencing was observed in any of the inde-
pendent cardiomyocyte differentiation experiments (n = 5; Figure 3A).
Like undifferentiated NIS-RhiPSCs, NIS-RhiPSC-CMs demonstrated
significantly greater °F-TFB uptake than control RhiPSC-CMs
(P =.0002), with expected attenuation by KClQO,, a specific NIS inhibi-
tor (P = .0042, Figure 3B).

To confirm that NIS-RhiPSC-CMs were detectable in vivo and
assess sensitivity, we carried out intramuscular (IM) injections of vari-
ous numbers of NIS-RhiPSC-CMs or control RhiPSC-CMs, followed
by immediate *®F-TFB administration and PET/CT imaging 1 hour
later (n = 3). In each of the mice assessed, regions that underwent
injections of control parental RhiPSC-CMs exhibited no detectable
signal, while signals were reliably detected in sites where NIS-RhiPSC-
CMs were introduced (Figure 3C). Of note, as few as 1 x 10° NIS-
RhiPSC-CMs could be detected in vivo following local IM injection
(Figure S4).

3.4 | EP characterization of NIS-RhiPSC-CMs
To investigate the impact of NIS expression upon EP parameters of
NIS-RhiPSC-CMs, a combination of whole-cell patch clamp and
optical imaging was used. At day 20 to 25 of differentiation, patch
clamp recording documented the presence of nodal-, atrial-, and
ventricular-like cardiomyocytes by established AP morphological
features, and there were no gross perturbations in baseline AP
morphology in NIS-RhiPSC-CMs compared to parental control
RhiPSC-CMs (Figure 4A, upper panel). Consistent with prior studies
on both human and rhesus iPSC-CMs,*?>% ventricular-type CMs
constituted the majority of the cells after differentiation (Figure 4B).
NIS expression in RhiPSC-CMs did not induce significant deviations
in most AP parameters such as baseline resting potential, AP ampli-
tude, or AP duration at 90% repolarization (APDgg) when compared
with controls across all CM subtypes. Of note, V. Was found to
be significantly higher in NIS-positive atrial-like cells (23.30 + 3.91
vs 9.92+0.73 [V/s]; P = .0405) compared to control atrial-like
cells; however, this trend was not observed among nodal- or ven-
tricular-type CMs. Overall, each of the aforementioned EP indices
was comparable to previously reported ranges for human and NHP
PSC-CMs at similar stages of development.t?2°2% Finally, simulta-
neous recording of calcium (Ca®*) flux revealed well-coupled Ca?*
transients to their respective APs in each of the cardiomyocyte
subtypes (Figure 4A, lower panel).

Although there is evidence to suggest that NIS participates in

sodium flux in an anion-independent manner, and thus might

¥ TRANSLATIONAL MEDICINE

influence EP characteristics even at baseline, NIS current has been
shown to be largely anion-dependent.?* Hence, we next assessed
the impact of iodide on EP parameters in NIS-positive and control
CMs. lodide was selected to maximize the sensitivity of these and
subsequent studies, as it has been demonstrated to yield higher
NIS-dependent transmembrane potentials than TFB or other NIS-
transported anions.?* Preliminary data were gathered by whole-cell
patch clamp, in which ventricular-like NIS-RhiPSC-CMs (n = 5)
were exposed to 1 mM Nal, more than 3000-fold greater than the
upper limit of the normal serum level of free iodide.?*2¢ Even at
these levels of Nal, there were no appreciable derangements in
overall spontaneous AP morphology or in each of the measured EP
parameters vs pre-exposure baseline (Figure 5A-D). To determine
whether the presence of Nal altered Ca?* handling, beating single
NIS-RhiPSC-CMs (n = 3) were again exposed to the Ca?* indicator
Cal-520. Peak fluorescence amplitude, as well as the rate of fluo-
rescence decline (CaDsg), were similar in the presence and absence
of 1 mM Nal, indicating that Nal did not exert a significant effect
on intracellular Ca%* levels or on overall Ca?* handling compared
to baseline (Figure 5E-G).

As only small numbers of individual cells can be assessed using
patch clamp approaches, we also used high-throughput optical imag-
ing with voltage-sensitive dyes (VSD) to further investigate EP differ-
ences between control and NIS-positive RhiPSC-CMs. These
techniques permit evaluation of EP parameters in much larger
populations of cells, and have previously enabled detection of action
potential duration (APD) prolongation in iPSC-CMs after administra-
tion of drugs known to induce clinical QT prolongation,?” a significant
risk factor for lethal ventricular arrhythmias. Hence, we elected to
focus on APDy, for these studies. The VSD analyses were carried out
under escalating Nal concentrations, and APs were obtained both at
baseline and after treatment. To control for variation in spontaneous
beating rate between wells, APDyo measurements were normalized to
the observed rate in each well (APDggc), then corrected for vehicle-
induced change from baseline (AAAPDgyoc). Consistent with the
results obtained by patch clamp, no perturbations in AAAPDgoc were
observed between NIS-RhiPSC-CMs and control at baseline (P = .61),
nor were any significant differences in NIS-RhiPSC-CMs relative to
baseline at 10 pM Nal, approximately 30-fold the physiologic serum
level of free iodide. However, after 45-minute treatment with 100 yM
Nal, a concentration 300-fold higher than physiologic levels, we
observed a significant increase in AAAPDgqc in NIS-RhiPSC-CMs rela-
tive to baseline (P < .01; Figure 5H). This finding was also noted fol-
lowing incubation with 1000 uM Nal (P < .01; Figure 5H); however,
the magnitude of these deviations was small at both of these sup-
raphysiologic concentrations, on average 17% and 24% of baseline for
each of the aforementioned Nal levels, respectively. Notably, no sig-
nificant change in AAAPDgoc was seen in control RhiPSC-CMs at any
level of Nal compared to baseline (Figure 5H, left panel). Additionally,
forms of triggered activity, such as early or delayed after depolariza-
tions, were not observed at any of the Nal levels assessed. Taken

together, these results indicate that NIS does not significantly impact
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FIGURE 3 NIS-RhiPSC-CMs retain functional NIS expression. A, Immunostaining at day 20 of cardiac differentiation shows phenotypically
normal RhiPSC-CMs with preserved NIS expression (red in all panels). NIS-RhiPSC-CMs exhibit characteristic staining patterns for CTnT (first
row, green), NKX2.5 (second row, green), and a-actinin (third row, green). Per CTnT and a-actinin costaining, there were no detectable
derangements in sarcomeric structures. All replicates were counterstained with DAPI (blue). Scale bar = 50 pm. B, NIS-RhiPSC-CMs retained
expression of functional RhNIS per *8F-TFB uptake assay. NIS-RhiPSC-CMs exhibited significantly greater uptake of 8F-TFB vs control RhiPSC-
CMs (n = 3). Tracer uptake was again ablated in the presence of KCIOy4, confirming NIS-dependence. Error bars represent mean + SEM. C,
Intramuscular injection of 2 million NI1S-RhiPSC-CMs and control (NIS-negative) RhiPSC-CMs with subsequent 8F-TFB intravenous injection and
imaging via PET/CT 1 hour later (n = 3). Transverse slices through NIS-RhiPSC-CM injection sites at upper limb show readily visible cell-derived
signals. No detectable signal was observed following injection of control RhiPSC-CMs. *8F-TFB, *8F-tetrafluoroborate; CT, computed
tomography; DAPI, 4’,6-diamidine-2’-phenylindole dihydrochloride; PET, positron emission tomography; RhiPSC-CMs, rhesus macaque induced
pluripotent stem cell-derived cardiomyocytes
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(A) Ventricular-type Atrial-type Nodal-type

400 ms

(B) % of cells RMP (mV) Vinax (V/5) APA (mV) APDg, (ms)
NIS-RhiPSC-

CM (n=52)

Ventricular- 76.9 -50.19+¢1.23 23.19+1.06 94.47+1.71 246.70+£15.83
like

Atrial-like 15.4 -47.40+2.96 23.30+#3.91* 87.62+3.70 210.23+22.23
Nodal-like 7.7 -42.50+1.68 10.68+1.08 76.61+4.01 120.30£15.43
Control-

RhiPSC-CM

(n=34)

Ventricular- 70.6 -53.19+1.78 19.62+#8.18 91.51+1.59 224.51+9.89
like

Atrial-like 11.8 -50.9240.38 9.92+0.73* 76.86+1.54 252.35+10.37
Nodal-like 17.6 -42.11+1.80 9.19+2.74 72.02+1.46  103.97+2.23

FIGURE 4 Electrophysiological characteristics of NIS-RhiPSC-CMs. A, Coupling of action potential (top) and Ca?* flux (bottom), shown via
simultaneous recording by patch clamp and Ca?* fluorescence imaging of three different cardiomyocyte subtypes derived from NIS-RhiPSCs. B,
Baseline electrophysiological parameters of NIS-RhiPSC-CMs and control RhiPSC-CMs by whole-cell patch clamp in each of the CM subtypes,
expressed as mean + SEM. Statistical analysis between NIS-RhiPSC-CMs and control RhiPSC-CMs was performed with a t test for independent
samples. *P < .05. RhiPSC-CMs, rhesus macaque induced pluripotent stem cell-derived cardiomyocytes

EP parameters of RhiPSC-CMs at baseline, nor at iodide levels up to
30-fold higher than normal serum levels. However, when exposed
to massively supraphysiologic levels of Nal, NIS-positive CMs
exhibited a small dose-dependent increase in AAAPDgoc, sugges-

tive of an effect of NIS-dependent ion transport.

3.5 | Longitudinal in vivo tracking of transplanted
NIS-RhiPSC-CMs via PET/CT

Myocardial infarction was induced in immunodeficient mice by 90-

minute ligation of the LAD followed by reperfusion. Immediately
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FIGURE 5 Electrophysiological (EP)
characteristics of NIS-RhiPSC-CMs after
addition of sodium iodide (Nal). A,
Representative AP tracings at pre-
exposure baseline (blue) and 3 minutes
after addition of 1 mM Nal (green) in V-
type NIS-RhiPSC-CMs (n = 5). Images
obtained via whole-cell patch clamp. B-D,
Graphic representation of key EP
parameters in NIS-RhiPSC-CMs, both
before and during incubation with 1 mM
Nal (n = 5), expressed as mean + SEM. E,
Representative Ca?* transients at pre-
exposure baseline (blue) and 3 minutes
after addition of 1 mM Nal (green) in V-
type NIS-RhiPSC-CMs (n = 3). F,G,
Graphic representation of peak Ca?*
fluorescence and time to 50% Ca?*
fluorescence decay (CaDsg) in NIS-
RhiPSC-CMs, both before and during
incubation with 1 mM Nal (n = 3),
expressed as mean + SEM. H, Optical
imaging with voltage-sensitive dyes
revealed a progressive increase in
AAAPDgqc in NIS-RhiPSC-CMs (n = 96)
relative to baseline with escalating levels
of Nal, becoming significant at 100 uM
Nal and remaining significant at 1000 pM
Nal. No significant deviations were
observed in control RhiPSC-CMs

(n = 107) at any of the Nal levels
assessed. Data are represented as box
plots, wherein the middle line, box ends,
and whiskers represent the median, first
and third quartiles, and minimum and
maximum values, respectively. Dots on
either side of the whiskers are outliers.
**P < .01. AP, action potential; RhiPSC-
CMs, rhesus macaque induced pluripotent
stem cell-derived cardiomyocytes
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FIGURE 6 Legend on next page.
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following reperfusion, 2 x 10° NIS-RhiPSC-CMs (n = 10) or vehicle
alone (n = 4) were injected into the infarct zone. For in vivo imaging
of the injected hearts, serial pPET/CT was performed every 1 to
4 weeks. Table S1 summarizes the results. No signals were visualized
after injection of vehicle alone. In the cohort that underwent cell
injection, transplanted cells were clearly and quantifiably visualized
via PET/CT in six out of 10 animals during the follow-up period (Fig-
ures 6A-C and S5 Video S1).

In the PET-positive animals, intracardiac signals were putatively
derived from engrafted NIS-positive CMs within the left ventricular
myocardium. This was confirmed via microscopic analysis of the
explanted hearts, with NIS+/CTnT+ double-positive cells observed
throughout the LAD-territory scar (Figure 6D,E). Virtually all NIS+
cells were also positive for CTnT, and there was no evidence for tera-
toma formation. In addition, NIS expression appeared homogenous
across the cardiomyocytes within the infarct scars, implying no loss of
NIS expression over time in maturing and engrafted cardiomyocytes.
Hearts from one of the four mice in the cell-injection cohort that
failed to exhibit a detectable PET signal (PET-negative) also under-
went histopathological examination, revealing minimal engraftment of
NIS+ cells relative to its PET-positive counterparts (Figure Sé
Table S1).

Tissues from the remaining three PET-negative mice did not
undergo further histopathological analysis. No teratomas or other
undifferentiated cells were observed in the tissue sections, and no
ectopic PET signals consistent with extra-cardiac tumor formation

were observed throughout the follow-up period.

4 | DISCUSSION
Molecular imaging techniques that enable long-term tracking of cells
after myocardial delivery are crucial for optimizing the safety and
therapeutic efficacy of cardiac cellular therapies. NIS is a non-
immunogenic endogenous gene that can be repurposed to monitor
persistence and localization of cellular therapies via standard clinical
imaging modalities. In the current study, we demonstrate for the first
time that CRISPR/Cas9-mediated introduction of the NIS reporter
gene enables stable longitudinal imaging of iPSC-CMs after engraft-
ment into infarcted myocardium, and permits sensitive detection of
teratomas developing from undifferentiated engrafted iPSCs.

We have previously shown that marker transgenes such as green
fluorescent protein (GFP) and human truncated CD19 can be robustly

and stably expressed following CRISPR/Cas9-mediated targeted
introduction at the AAVS1 safe harbor locus, a site in the genome per-
mitting high level constitutive expression without genotoxicity.® How-
ever, neither of these transgenes is suitable for high-resolution
longitudinal in vivo imaging, thus we used the CRISPR/Cas9 genome
editing system to introduce the NIS transgene into the AAVS1 site.
Expression of NIS was sufficiently robust and stable to allow sensitive
and specific noninvasive imaging of engrafted cells in live animals via
PET/CT. In contrast to lentiviral transduction, which may result in
multiple copies per cell, CRISPR/Cas? targeted transgene introduction
into the AAVS1 locus results in only one, or at most two, copies per
cell. Despite this limited copy number per cell, our methodology
resulted in an in vivo threshold of detection of as few as 1 x 10°
injected cells—on par with prior studies using lentiviral vectors for NIS
integration.*> Use of CRISPR/Cas9 AAVS safe harbor targeting also
overcomes two potential drawbacks of using lentiviral vectors to
deliver NIS, specifically genotoxicity related to semi-random genome
integration and developmental silencing of lentiviral vector-encoded
transgenes.28-31

In the present study, NIS expression did not appear to affect dif-
ferentiation capacity of iPSCs into all three germ layers in NIS-iPSC-
derived teratomas. Furthermore, consistent with a prior study using
rat cardiac-derived stem cells,’ there were no changes in the effi-
ciency of cardiomyocyte differentiation from NIS-iPSCs. This is impor-
tant as delivery of large numbers of cells, at least 10® to 107, are likely
required to facilitate cardiac regeneration in humans based on large-

animal data,3234

and any reduction in differentiation efficiency could
impose significant feasibility constraints upon large-scale cell produc-
tion protocols. Differentiation-induced NIS silencing was not
observed. NIS-RhiPSC-CMs exhibited intact expression of key car-
diomyocyte markers and structural features, and successfully
engrafted in infarcted myocardium after local injection. Most impor-
tantly, despite small infarct sizes, NIS-positive iPSC-CMs could be
detected and localized in the heart for up to 10 weeks postinjection
via PET/CT.

Prior investigation has demonstrated that adenoviral transfection
of NIS into rat hearts does not result in significant myocardial injury
or dysfunction relative to a control GFP-carrying vector,>®> However,
although NIS is known to be electrogenic,?* the impact of ectopic NIS
expression on EP parameters in cardiomyocytes has not been thor-
oughly assessed. This is an important step as any derangement in
impulse conduction might predispose to lethal arrhythmia formation

in more advanced in vivo models, or even clinical trials. Overall,

FIGURE 6

Longitudinal in vivo tracking of NIS-RhiPSC-CMs by pPET/CT. A, Intramyocardial signals within the putative infarct zone can be

readily visualized at both 4 and 10 weeks in the NIS-RhiPSC-CM injection animal (right) vs the sham vehicle injection animal (left). Representative
PET/CT images are shown. Display settings shared by all images. B,C, Quantification 8¢ signals of implanted NIS-RhiPSC-CMs in PET-positive
animals over time. D, Histologic analysis of explanted PET-positive hearts revealed small left anterior descending artery-territory infarcts by H&E
(left), shown more clearly by trichrome staining (middle). Immunostaining for NIS highlights engraftment of NIS+ cells throughout the infarct
region (right) in this representative image. Images in top and bottom panels obtained at 40X and 320X, respectively. E, Costaining of NIS (red) and
CTnT (green) confirmed engraftment of NIS-RhiPSC-CMs in infarct zone. CTnT is expressed in both mouse and rhesus cardiomyocytes. All images
in (D, E) were obtained from the same injected mouse shown in panel (A), right. Scale bar = 50 um. pPET, micro-positron emission tomography;
CT, computed tomography; RhiPSC-CMs, rhesus macaque induced pluripotent stem cell-derived cardiomyocytes
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characteristic AP parameters between NIS-positive and control CMs
at baseline were very similar, particularly for ventricular and nodal
type cells, and within reported normal ranges. As NIS current is anion-
dependent,?* we then examined key EP features in the presence of
iodide. By patch clamp, we did not observe any notable derangements
in overall AP morphology, or in any of the EP parameters assessed for
ventricular cardiomyocyes with Nal exposure. However, the cell num-
bers in the patch clamp studies were limited, and AP tracings were
obtained shortly following Nal administration. By subjecting control
and NIS-positive CMs to high-throughput optical imaging with VSD, a
progressive prolongation of the AAAPDgoc in NIS-RhiPSC-CMs with
increasing amounts of Nal was revealed, becoming significant at
100 pM Nal. Of note however, this level of iodide represents greater
than 300-fold the reported normal serum level of free iodide.242¢ As
it was not evident in control CMs, this finding possibly reflects
increased iodide-driven inward Na* current via NIS, leading to a pro-
tracted repolarization phase. However, additional studies are needed
to clarify the precise mechanism of the observed APDyq prolongation
in NIS-RhiPSC-CMs. It must be noted that the effect size of the
observed APDyoc prolongation was small, hence while the increase in
AAAPDgqc at these levels of Nal was significant, it was substantially
lower than has been observed in other in vitro iPSC-CM models of
drug-induced or genetically induced QT prolongation.?”*¢%7 In addi-
tion, we did not observe other key findings reported in channelopathic
iPSC-CM lines, such as Ca?*-transient irregularities and early after

3638 oven in the presence of massively sup-

depolarizations,
raphysiologic Nal. Taken together, this data indicate that ectopic
expression of NIS is not likely to significantly impact the EP parame-
ters of iPSC-CMs under in vivo conditions.

Last, a principal utility of NIS-based imaging platforms lies in their
translatability. NIS is compatible with a wide range of safe and effec-
tive molecular imaging modalities and radiotracers, including several
already used in the clinic, such as 2%l and °"™Tc pertecnetate
(*?™TcO,47). Here, we elected to pursue PET imaging with ®F-TFB
based on overall superior sensitivity and appreciably shorter half-life
(110 minutes) compared to other NIS-compatible radiotracers.®® In
addition to enabling more frequent imaging, this short half-life mini-
mizes radiation exposure to both the patient and graft. Notably, prior
studies have shown that the interaction between NIS and TFB is sig-
nificantly less electrogenic than with iodide-based preparations.
Hence, as our data indicate significant iodide loads can provoke dose-
dependent APD prolongation, 18F-TFB is a conceivably safer option in
imaging platforms using NIS. However, while it must be noted that
18E_TFB is not yet FDA approved for molecular imaging, it has been

safely used in recent clinical studies,**#?

and other NIS-compatible
radiotracers can be used while awaiting approval.

Several limitations must be acknowledged. First, only imaging out-
comes after cell transplantation were robustly assessed in this study,
hence we are unable to evaluate the functional impact of NIS-iPSC-
CMs on the infarcted hearts. However, multiple prior investigations in
large animals have demonstrated the ability of PSC-CMs to impart
structural or functional improvement after transplantation into

infarcted hearts.323* Additionally, although the findings in this study

¥ TRANSLATIONAL MEDICINE

indicate that NIS is not likely to significantly impact EP parameters in
iPSC-CMs under physiologic conditions, their application in large ani-
mal studies is required for definitive assessment of both baseline and
iodide-evoked arrhythmogenicity. To facilitate clinical translation by
showing viability in platform compatible with downstream NHP
models, this study used RhiPSC-CMs. Although RhiPSC-CMs and
hiPSC-CMs are phenotypically and functionally similar, including
comparable reference ranges for EP characteristics, further investi-
gation is necessary to investigate the impact of NIS expression in
hiPSC-CMs before application in future clinical cardiomyocyte cell
therapy trials.

5 | CONCLUSION

In this study, site-specific expression of the sodium-iodide symporter
via the AAVS1 safe harbor locus was shown to enable sensitive, longi-
tudinal, and readily quantifiable in vivo tracking of iPSC-CMs in a clini-
cally relevant model of myocardial infarction, without provocation of
significant differences in EP parameters when compared with control.
This approach holds significant promise for application in downstream

clinical and preclinical trials of cardiac cell therapies.
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