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'F MRI in Stem Cell Cardiac Regeneration?
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Abstract

Cardiovascular regeneration aims to renew damaged or necrotic tissue and to enhance cardiac functional performance.
Despite the hope arisen from the introduction and use of stem cells (SCs) as a novel cardiac regenerative approach, to-this-
date, clinical trial findings are still ambivalent despite preclinical successes. Concurrently, noninvasive magnetic resonance
imaging (MRI) advances have been based on nanotechnological breakthroughs that have (a) allowed fluorinated nanoparticles
and ultrasmall iron oxide single-cell labeling, (b) explored imaging detection sensitivity limits (for preclinical/low-field clinical
settings), and (c) accomplished cellular tracking in vivo. Nevertheless, outcomes have been far from ideal. Herein, the recently
developed preclinical and clinical 'H and '°F MRI approaches for direct cardiac SC labeling techniques intended for cellular
implantation and their potential for tracking these cells in health and infarcted states are summarized. To this extent, the
potential preclinical and clinical values of '°F MRI and tracking of SCs for cardiac regeneration in myocardial infarction are

questioned and challenged.
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Introduction

Cardiovascular disease (coronary artery disease, hyperten-
sion, and heart failure) is still the primary cause of mortality
and morbidity in the Western World. The basic regenerative
approaches related to the use of stem cells (SCs) in cardio-
vascular disease have primarily targeted myocardial infarc-
tion (MI)' > and heart failure*>. Critical to SC interventions
is a detailed understanding of the onset and progression of
MI and the underlying molecular and signaling pathways. A
detailed description of the onset/evolution of reperfused MI
is summarized herein at the tissue/molecular levels, as orig-
inally proposed by Blankensteijn®, and enriched with added
knowledge from immune research studies”®. Five phases
have been proposed to describe the onset and progression
of MI, including: (a) Phase I (6 h-2 days post-MI): cardio-
myocyte death, (b) Phase II (12-16 h to 3 days post-MI):
inflammatory response, (c) Phase III (1-2 weeks post-MI):
granulation tissue formation (proliferation), (d) Phase IV (2—
3 weeks post-MI): remodeling (proliferation), and (e) Phase
V (more than 3 weeks post-MI): maturation.

While extensive cell death is triggered/occurs during
Phase I, secondary necrosis ensues during Phase II. Dying
cells (with compromised energetic status, channel function,
and altered ionic concentrations) release reactive oxygen
species, proteolytic enzymes, and intracellular moieties that

serve as “alarmins,” that is, proteins/peptides that activate
immune paths and/or other cells that express advanced gly-
cation and toll-like receptors and end by-products that trig-
ger inflammation’. The inflammatory response is mediated
by the migration of overactive neutrophils and granulocytes
in the infarct area that in turn release proinflammatory med-
iators that promote additional cell death. Monocyte—plate-
let-monocyte interactions induce specialized pro-resolving
lipid mediators, including lipoxins, resolvins, protectins, and
maresins, that in conjunction with transforming growth fac-
tor and interleukin (IL-10), act as suppressive negative feed-
back biosignals that limit further neutrophil infiltration and
promote anti-inflammatory responses’'®. The anti-
inflammatory responses are triggered partly via the recruit-
ment of anti-inflammatory macrophages. The removal of
dead tissue in conjunction with matrix degradation is
mediated via plasmin and metalloproteins (within 1 to 2 days
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post-MI)®. Recent evidence has been supportive of the coex-
istence of proinflammatory (M1) and anti-inflammatory
(M2) monocyte phenotypes at the infarct zone''.

Phase III (also known as the proliferative phase) demar-
cates the onset of granulated tissue formation and the
scavenging/degradation of necrotic tissue/debris. These
effects are mediated by the infiltration of M2 macrophages
and lymphocytes that secrete cytokines and growth factors.
In turn, these modulate the functions of the resident fibro-
blasts, fibroblast progenitor cells, cardiac pericytes, and vas-
cular and smooth muscle cells, and lead to the production of
myofibroblast-like cells that synthesize structural and extra-
cellular matrix (ECM) proteins (fibrin, tenascin, interstitial
collagen I and III, reticulins, and elastins/tropoelastins)®'°.
This phase is characterized by a dynamic interplay/balance
between wall thinning and infarct rupture.

Phase IV is characterized by remodeling or scar forma-
tion (proliferation phase). It is followed by the maturation
phase V characterized by the reorganization of the structural
network (and subsequent fibrosis) owing to changes in the
constituent cellular elements, debris, scar, and ECM ele-
ments. This phase is characterized by a prominent loss of
cellularity, the persistent presence of myofibroblasts, and the
completion of the collagen cross-linking process®.

This commentary overviews (a) recent SC labeling
approaches and their use in cardiac implantation (preclini-
cally and clinically), and (b) 'H and '°F MRI attempts for
visualization and potential tracking in normal/infarcted
states. Potential applications and pathological circumstances
wherein '°F MRI can potentially outperform alternative
(current state-of-the-art) methods are outlined.

Cardiac Stem Cell Therapy

Therapeutic MI treatments with SCs have been studied for
more than two decades. Nevertheless, the question on
whether these therapies evoke potential functional benefits
is still debated. Observed variations documented by the
findings of various completed and ongoing clinical
trials''? that have been/are focusing on mesenchymal
SCs, cardiac progenitor cells (CPCs), embryonic stem cells
(ESCs), and inducible pluripotent SCs (iPSCs) (Table 1)
may be attributed to (among others) the differences in the
design and cell preparation parameters, suitable cell
type(s), administration route(s), delivery time'?, and end
points'?. The existing hypotheses for documented SC
effects include (a) direct (cardiomyogenesis and vasculo-
genesis) and (b) indirect (attenuation of inflammatory
responses and fibrosis, promotion of angiogenesis, and
enhancement of cellular viability via paracrine/other sig-
naling/post-translational modification mechanisms)
mechanisms'?!*!3. Despite the ambivalent clinical out-
comes, preclinical successes have been documented in
rodents and mammals, as manifested by feasible and safe
SC administration, the capacity to change the course of the
MI, and improved remodeling and cardiac functional

Table 1. Size and Cell Division Characteristics of Prominent Stem
Cell Types Used for Cardiac Generation.

Indicative cell Doubling
Cell type sizes (1m) time (days)
Mesenchymal stem cells 15-30 ~0.5-25"
Cardiac progenitor cells 10-50 ~1-2'8
Embryonic stem cells 8-20 ~1-6"
Inducible pluripotent stem cells 10-50 ~ 1%

indices (e.g., ejection fraction, ventricular volumes,
etc.)! 16,

Overall, iPSCs'*'* are more advantageous but still face
critical challenges®! that can be potentially addressed with
next generation therapies, including polymeric biodegrad-
able scaffolds and three-dimensional constructs. These
constitute optimal test beds that can be used to mediate the
proinflammatory/fibrotic/apoptotic responses, in combina-
tion with the use of cytokines, microribonucleic acid
(miRNA), growth factors, noncoding RNA constructs, and
extracellular vesicles, to achieve improved engraftment'-**
and viability under hypoxic states, immunogenicity, elec-
trical topology>*, cellular differentiation*®, and the elimi-
nation of arrythmogenic events'’.

Despite the preclinical and clinical findings, there are no
known noninvasive techniques that allow cellular monitor-
ing following SC therapy. In this sense, the lack of means is
limiting. Accordingly, only external biomarkers are
employed for functional evaluation and tissue characteriza-
tion. Correspondingly, direct, noninvasive tracking of the SC
would potentially allow monitoring of cellular engraftment
and proliferation of therapy [as this pertains to the evolution
of MI (Phases I-V)], and would thus serve as an essential
tool for the assessment and potential quantification of myo-
cardial recovery at the cellular/molecular levels.

Noninvasive Magnetic Resonance Imaging
and Tracking

The synthesis and identification of potential candidates for
preclinical and clinical magnetic resonance imaging (MRI)
and tracking of SCs have been based on (a) the assessment of
SC efficacy, (b) monitoring of delivery, and (c) tracking of
SC fate (engraftment and potential therapeutic outcomes)?>.
Accordingly, the chemical syntheses of these compounds
aimed to achieve ideal cell label imaging characteristics,
including (a) biocompatibility, (b) increased specificity to
target cells, (c) increased MRI detection sensitivity (> a few
thousands of cells/voxel), (d) minimal label dilution upon
division, (e) lack of long-term toxicity, (f) capacity for direct
quantification from images (in direct proportionality to cell
number)**?’, and (g) minimal interference with other cellu-
lar functions and viability*>**°. To-this-date, no probe has
been identified that can fulfill all (or most) of these
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requirements. Adopted labeling techniques have included (a)
receptor-based, (b) reporter gene labeling, and (c) direct
labeling approaches. The evolution of SC surface markers
during their differentiation/division has limited the preclini-
cal and clinical applicability of receptor-based labeling stra-
tegies. Direct labeling has thus dominated preclinical/
clinical applications. This technique involves the in vitro
coculture of the target label with cells (typically for a few
hours) during which the label is either attached on the cell
membrane or endocytosed. Transfection agents have been
used to enhance the payload (protamine-sulfate®”, lipofecta-
mine®!) but the label increases have been moderate.

"H- and '°F-based label compounds have been developed
for SC labeling and MR imaging and tracking. The former
have included (a) iron oxides [monocrystalline paramagnetic
iron oxide nanoparticles (MPIO-NPs)/Feridex, superpara-
magnetic iron oxide nanoparticles (SPIOs), and ultrasmall
superparamagnetic iron oxide NPs], (b) gadolinium chelates,
(c) microcapsules, and (d) reporter genes (enzyme-based or
transporter-based)>. Owing to the increased gadolinium
concentration requirements and safety concerns, and the
large sizes of microcapsules (diameters in the range of
300-500 um) (as noted previously*>~?), iron oxides have
been preferred for labeling. Successful cardiovascular ima-
ging applications have been demonstrated in normal and
infarcted animals and in humans. However, to-this-date,
human applications have targeted organs other than the heart
(and have involved melanoma®3, head trauma’*, spinal
cord”, type I diabetes®, and multiple sclerosis/amyotrophic
lateral sclerosis®’ patients). Additionally, multiple preclini-
cal studies have been conducted since 2003 that have
involved a range of cell types [MSCs***°, ESCs*, bone-
marrow SCs (BMSCs)*!, and rat (R2.2) CPCs**], animals
(mice®, rats*'"**, dogs®®, and pigs®®****), and field strengths
(>1.5 T) with different iron oxide constructs (Ferumo-
dixes**, SPI0s*', and MPIOs*?).

Despite the advantages (lack of toxicity, safety, low-
concentration requirements) and the successes of iron oxide
particles for labeling, these efforts have been hampered by the
(a) negative contrast (susceptibility-induced signal loss)*?, (b)
low sensitivity [compared with other imaging modalities, e.g.,
positron emission tomography (PET)/single-photon emission
computed tomography]*’, (c) inability to relate the signal loss
with cell viability, (d) incompatible use in patients with pace-
makers, (e) withdrawal of the Food and Drug Administration
license for commercial use, and (f) cost. Nonetheless, the
fundamental scientific limitations associated with these parti-
cles pertain to the regions with hypointense signals and the
fact that these region(s) may or may not relate to labeled
viable cells in that the label may concurrently coexist in apop-
totic cells (in addition to viable SCs), in the extracellular space
as free label following cell lysis, or in circulating macro-
phages that may reside on site. Notable is the fact that hypoin-
tense areas in normal or remote regions of the infarcted
myocardium disappeared after 1 week®”, while hypointense
regions in infarcted areas persisted for multiple weeks

postinjection of iron oxide NPs. While the survival of SCs
in MI regions may be more robust’’, the exact mechanism,
etiology for the observed hypointense regions, and the clear-
ance kinetics for periods > 2 weeks postinjection, remain
largely unexplored. The findings attesting to the persistence
of hypointense signals are corroborated primarily and fore-
most by the plausible hypothesis that the administered agent
may persist in different forms (free, in necrotic/apoptotic
cells, or in circulating macrophages), secondary to the una-
vailability of accessible vascular routes for clearance owing to
microvascular obstruction.

Contrary to iron particles in "H MRI, fluorinated '°F NP
labels have been introduced as intravenous contrast agents as
novel, highly sensitive, exogenously administered '°F signal
beacons (encapsulated by inert/biodegradable polymeric
sheaths) given that MR-visible fluorine is absent from endo-
genous human tissues. The primary constructs include per-
fluorocarbon ether NPs (PFCE comprising 20 chemically
equivalent fluorine atoms with diameters in the range of
85-200 nm***® and perfluorooctyl bromide nanoemulsions
(PFOB-NE comprising 17 fluorine atoms, diameters of
approximately 210 nm*’), yet newer clinically applicable
constructs (ABL-101) have been reported recently*®.
Despite the relative merits and disadvantages of these label
types (MR sensitivity, half-lives, clearance kinetics), they
had been used originally in immune therapy>>*’, and myo-
cardial inflammation research studies (PFCE)*%*! but found
their ways in clinical trials in colorectal cancer treatments
with immunotherapeutic dendritic cell vaccination (PFC)*®
and in inflammation in coronary artery disease (PFOB)"".
They have been recently approved for another cell track-
ing/therapy clinical trial (PFCE) [ClinicalTrials.gov, Identi-
fier: NCT02574377]. Their clinical efficacies and safety
profiles have thus been proven/established.

The major MR benefits of these probes stem from their
excellent positive contrast (in comparison with iron oxides),
enhanced specificity, fast biodistribution (owing to their
small sizes), and their capacities for direct clinical translat-
ability. Nonetheless, the imaging technique is limited by the
low-spatial resolution (compared with '"H MRI) and lower
sensitivity (compared with equivalent optical and PET ima-
ging techniques). '’F MRI has also been criticized>* for its
limiting technical requirements pertaining to dedicated hard-
ware and software. Nevertheless, to my understanding, the
latter are neither preclusive nor limiting for widespread pre-
clinical/clinical use. Additionally, typical/conventional,
commonly available pulse sequences may be used for ima-
ging acquisitions>~*,

The major challenges associated with the use of these
probes in SC imaging and tracking stem from the low intra-
cellular concentrations achieved following labeling”, low
signal-to-noise ratio (SNR) responses (especially at
low/clinical field strengths at 1.5 and 3 T), the confounding
effects of isoflurane anesthesia®®, and the inability to detect
them with conventional MR imaging acquisition protocols.
Increasing the labeling dose is prohibitive to cellular
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function and viability. Clinically approved transfection
agents and/or electroporation yielded improved but did not
substantially increase payloads>®.

While fluorinated NPs had been used to label, image, and
track SCs in stroke patients®’, cardiac applications with SCs
had been unsuccessful’®>’. We managed to successfully
increase the intracellular efficiency of '°F labeling by four-
to eight-fold in CPCs with FuGENE (corresponding '°F MRI
SNR increases in the order of 4.4—14 times in vitro compared
with simple labeling) without any effects on viability>®.
These findings were corroborated by the four-fold fluores-
cent signal increases of FuGENE-labeled SCs compared
with simply labeled cells with the same NPs (conjugated
with Atto647) on the first day (D1) after labeling.

Based on these accomplishments, in vivo imaging and
SC tracking was successfully achieved in mice at 9.4 T
(detection of approximately 10 k cells per voxel®®) with
"F MRI/MRS>® within a few minutes with conventional
gradient echo pulse sequences>>. More importantly, the
protocol for cell preparation and injection has potential
to be directly translatable to the clinic. Nevertheless, long-
itudinal studies demonstrated fluorine signal decreases up
to ~31% at D7/D8 compared with evoked signals on DI
post-intramyocardial SC injection. In vivo findings were
also consistent with ex vivo electron microscopy/optical
fluorescence microscopy® studies that confirmed that the
intracellular label signal from these cells dropped consid-
erably within 2—4 days following labeling, primarily owing
to fluorophore cleavage and intracellular NP processing
(lysosomal destruction of endosomally packaged NPs
and exocytosis) at a timescale faster than cell division
(an effect that is expected to become more prominent
in hypoxic states in vivo), and secondary to subsequent
label dilution in proliferative or apoptotic states (at and
following D3).

Several mechanisms may cause the temporally dependent
signal attenuation observed in cardiac '°F MRI in vivo. As
discussed previously’>, these may include (a) hypoxic-
induced cell death, (b) macrophage infiltration and label
scavenging, (c) limited SC proliferation and label dilution,
(d) cell dispersion, migration, and either (i) lysis and label
release in the extracellular space or (ii) SC migration into the
circulatory system. While most of these hypotheses cannot
be easily (and have not been) proven, we have provided
preliminary immunostaining evidence attesting to the infil-
tration of macrophages at the injection site at D7/D8°°. The
temporal kinetics of monocyte infiltration and their persis-
tence in remote and infarcted regions of the myocardium
have been explored independently with direct intravenous
infusions of PECE NPs**! preclinically (mouse), and with
PFOB NPs (pig)so preclinically and clinically*’. Most of
these studies agree that a more complex monocyte
phenotype—comprising classical and intermediate (inflam-
matory M1) and nonclassical (regenerative M2) mono-
cytes—is involved/coexists in MI. Furthermore, the
spatiotemporal dynamics of macrophage infiltration and

their persistence at the infarct zone have been detected as
early as D3 post-MI, have been shown to peak at D7, and to
persist for approximately 3 weeks in the murine heart®'.
Interestingly, '°F signal changes in remote and infarct/
peri-infarct zones yielded similar temporal patterns and
trends (fluorine MR signals in MI were highly correlated
with macrophage content)’', yet the '°F signal intensities
were by far greater in MI compared with remote zones. In
contrast, no significant monocyte changes were observed in
healthy, acute ST-elevation MI, and stable coronary artery
disease patients with PFOB, albeit the reported temporally
increasing monocytic trends in these groups for periods up
to 6-7 days post-MI*’.

In comparison with the adverse environment SCs experi-
ence following direct injections, scaffolds have provided an
improved test bed for these cells that has facilitated prolif-
eration and promoted improved engraftment®?. With proper
enrichments, scaffolds have the potential to induce angio-
genesis, assist SC migration, trigger appropriate signaling
pathways to prolong viable states, and achieve improved
engraftment rates. Our recent efforts with biodegradable
polyhydroxyalkanoate/polycaprolactone blend scaffolds
seeded with CPCs®' have prolonged the capacity to image
and track the seeded cells in vitro from approximately 2—4
days (direct intramyocardial administration paradigm)53 to
>9 days. In vivo implantation of seeded scaffolds on the
healthy murine epicardium yielded improved '°F signal per-
sistence at D7 compared with direct intramyocardial injec-
tions>®. Accordingly, the useful temporal window for
imaging and tracking has been extended considerably. Nev-
ertheless, the major shortcomings of MRI contrast agents
still relate to the potential mechanism of label dilution or
degradation (within a timeframe of 3—4 days). Possible non-
associative binding of released PFCE label on the scaffolds
may also lead to the persistence of the '°F MRI signal and to
false indications on viable SC presence.

Potential Value of '’F MRl in
Cardiovascular Regeneration in Ml

Considerable advances have been documented since the
introduction and use of SCs for cardiac regeneration. While
the potential fate of SCs in cardiac regeneration is still
unclear, robust preclinical and clinical cell labeling and
tracking methods have been demonstrated in healthy and
diseased cardiac tissue. The shortcomings of iron oxide
agents have redirected research attention to '°F NPs that
possess unique positive contrast and increased MR sensitiv-
ity characteristics. We have successfully demonstrated fast,
noninvasive MR imaging and tracking of CPCs in the
healthy murine heart in vivo (a) directly (intramyocardial
injections) and (b) with biodegradable polymeric scaffolds.
The protocols are directly translatable to the clinic and
unequivocally justify the potential value and significance
of '”F MRI in cardiovascular regeneration in disease. Nev-
ertheless, the major challenges for widespread applicability
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of these approaches pertain to (a) the prolongation of the
useful imaging window (detectable '°F signal levels) beyond
8 days postcellular injection, (b) the determination of the
sources of the '°F signal following transplantation (viable
cell label, MR detectable signal from free label released
from cells in processed or unprocessed forms, presence of
MR-visible label that has been uptaken by circulating
macrophages), (c) the identification of optimal signal sen-
sitivity/detectability limits at clinical field strengths (3 T or
1.5 T), (d) conclusive identification/confirmation of the
MR-visible signal sources on polymeric scaffolds (at the
SC seeding or subsequent stages, e.g., following cell lysis),
and (e) the identification on whether there are signal
changes attributed to enhanced proliferation/engraftment
in hypoxic states.

The inability of direct '°F labeling to achieve long-term
SC tracking limits its range of applications. Nevertheless,
the technique is highly beneficial and outperforms alterna-
tive methods in the assessment of the (a) temporal evolu-
tion of cardiac disease, including the acute phases of MI
(Phases I-1II) and (b) fast and temporally evolving inflam-
mation (infarction, myocarditis, other). It is likely that
clinically useful temporal imaging/tracking can be
achieved within 1-2 weeks, especially in MI in which the
SC responses (in hypoxic states) are more robust. Reinfor-
cing these arguments, the role and applicability of '°F MRI
and short-term SC tracking is expected to benefit (a) ther-
anostic efforts for drug delivery and the evaluation of the
therapeutic efficacy in the acute phases of MI, (b) the
temporal evaluation of angiogenic responses (with and
without the concurrent administration of growth factors),
(c) the assessment of the efficacy of combined cell thera-
pies (primary SCs mixed with immune cells), and (d) the
evaluation of different test beds for SC therapy. Invariably,
"F MRI is expected to provide a unique biomarker signa-
ture and will serve as a key mediator for molecular inter-
vention during the inflammatory and remodeling phases of
cardiac disease (in conjunction with short-term SC track-
ing), while the role of '’F MRS in the identification of
long-term SC tracking and viability assessment should not
be underestimated.

In conclusion, it is believed that a clear potential exists for
the clinical applicability of '°F MRI for short-term monitor-
ing of labeled SCs in cardiovascular disease and in inflam-
mation as it pertains to the assessment of routine therapeutic,
theranostic, and transplantation interventions and outcomes.
However, important scientific and technical challenges must
be addressed and elucidated first—including the evaluation
of the tracking limits of SC therapy in disease, the estab-
lishment of the technique’s efficacy for theranostic and
other drug applications, the technique’s applicability for
dual-cell therapeutic interventions, extensive evaluations
of polymeric scaffold test beds, and the elucidation of the
role of '’F MRS for assessing long-term SC viability—
before the technique’s endorsement in routine clinical prac-
tice is considered/realized.
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