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Clinical potential of angiogenic therapy and

cellular reprogramming

‘ @ Check for updates ‘

Christopher T. Ryan, MD, Vivek Patel, MD, and Todd K. Rosengart, MD

Feature Editor Note—You're driving along the freeway
during rush hour. You're running late and find yourself in
bumper-to-bumper traffic. You have 3 options: (1) do
nothing, suffer with anguish inside; (2) find productive
ways to pass the time, like listen to a podcast or talk on the
phone; or (3) get off on the next exit and find an
alternative, roundabout path to your destination. Similarly,
patients suffering from coronary artery disease can opt to
do nothing; stop progression and treat their symptoms with
medical therapy; or undergo revascularization either
percutaneously or surgically.

There are few options, however, for those who develop chronic
coronary artery disease without suitable revascularization
strategies. They have missed their exit and are stuck in this
metaphorical traffic jam, with no radio and no cell phone.
These patients may experience refractory angina or develop
ischemic cardiomyopathy and heart failure. Exploring
solutions to this increasingly widespread problem is
imperative. Chronic heart failure is rising, while the
number of organs available for transplantation remains
limited. Similarly, bridge therapies such as ventricular
assist devices are resource intensive and are typically only
performed at select, high-volume institutions.

In the following article, the authors explore cardiac
regenerative strategies to bridge this therapeutic gap.
They delve into a so-called “biologic bypass,” which
aims to restore perfusion and functionality of ischemic
myocardium.  Specifically, they review published
preclinical data and the potential clinical implementation
of cardiac reprogramming of fibrotic tissue into
functioning, contractile myocardium, as well as
angiogenic therapies aimed at inducing angiogenesis.
These innovative and forward-thinking approaches will be
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CENTRAL MESSAGE

Angiogenesis and cellular re-
programming are promising car-
diac regenerative therapies for
refractory angina and ischemic
cardiomyopathy.

See Commentaries on pages 116 and 118.

necessary to combat the challenges faced by the heart
specialists of tomorrow.

Jordan Dozier, MD, and Nahush A. Mokadam, MD

Despite advancements in medical and interventional ther-
apy, myocardial infarction (MI) and heart failure (HF)
resulting from coronary artery disease (CAD) remain the
leading causes of death worldwide.' Severe CAD frequently
manifests as a chronic condition featuring progressive
myocardial damage from successive ischemic insults, with
efforts to reverse damage and restore function hindered by
the limited regenerative capacity of adult myocardium.'™
Limitations in therapeutic options for patients with severe
CAD have prompted extensive preclinical investigations
into cardiac regenerative strategies.

Direct cellular reprogramming and therapeutic angiogen-
esis are 2 promising regenerative strategies with potential
applications for patients with chronic CAD. Direct cellular
reprogramming is the conversion of cellular identity from
one differentiated state to another, without requiring an in-
termediate pluripotent state.” This technique has been used
to convert stromal cells in diseased tissue into specialized
cells including neurons, pancreatic cells, or cardiomyocytes
to restore organ function.” Direct cardiac cellular reprog-
ramming involves in situ conversion of cardiac fibroblasts
into induced cardiomyocytes (iCMs) to restore contractile
cell populations.”® This direct reprogramming approach
differs from exogenous stem cell therapies, including the
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delivery of induced pluripotent stem or other stem cells,
which attempt to implant these exogenous cells into regions
of damaged myocardium (Figure 1). These exogenous im-
plantation efforts have largely failed to achieve clinically
significant benefits despite decades of exhaustive research.’

Angiogenic therapy involves delivery of genes or growth
factors to induce formation of new collateral vessels and restore
perfusion to ischemic tissue. The majority of translational
research in angiogenic therapy has focused on patients with
chronic CAD or peripheral artery disease, although the field
has grown to include applications in chronic wound healing
and reconstructive surgery.”'' For patients with myocardial
ischemia, angiogenic therapy may provide a “biologic
bypass” to restore perfusion to ischemic myocardium when
other revascularization options are not feasible.

In this article, we describe potential clinical applications
of cardiac reprogramming and angiogenic therapy, summa-
rize recent breakthroughs in the field, and outline future steps
necessary to realize the clinical potential of these therapies.

TARGET PATIENT POPULATIONS AND CURRENT
THERAPEUTIC GAPS
Advanced HF

The prevalence of chronic HF is ~1.2% to 4.2% in
developed countries, and the number of patients with HF

continues increasing due to improved survival after acute
MI, population aging, and increased prevalence of obesity,
diabetes, and hypertension.'”'? Newly diagnosed HF por-
tends a 5-fold increase in annual mortality risk, and deaths
attributable to HF increased by 38% in the United States be-
tween 2011 and 2017.'%'* Ischemic heart disease remains a
major driver of incident HF, and the adult myocardium is
largely incapable of replacing lost cardiomyocytes.” Cur-
rent therapy focuses primarily on managing symptoms and
limiting ongoing myocardial damage.’

Patients progressing to severe HF, typically defined as se-
vere symptoms with functional impairment and recurrent
hospitalizations despite optimal medical therapy, have few
options beyond organ transplantation or left ventricular
assist devices.'”'® Heart transplantation remains limited
by a shortage of donor organs and the requirement for life-
long immunosuppresion, whereas left ventricular assist de-
vice therapy is associated with significant morbidity,
including stroke, infection, and right ventricular failure. 15,16
In addition, many patients are ineligible for these therapies
due to comorbidities or advanced age.

This therapeutic gap has been the focus of intense
research efforts, beginning with the enthusiastic pursuit of
stem cell therapy as a means of regenerating damaged
myocardium. The initial hypothesis for stem cell therapy
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FIGURE 1. Therapeutic approach for cardiac cellular therapy versus cardiac reprogramming. Cardiac cellular therapy (left panel) introduces exogenous
cells, which are largely incapable of differentiation to cardiomyocytes but may exert beneficial paracrine effects. Direct cardiac reprogramming (right panel)
introduces exogenous genes or small molecules to native cardiac fibroblasts and induces in situ transdifferentiation into new contractile cells.
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was that injected stem cells would differentiate into new
cardiomyocytes.'” However, extensive preclinical research
has since demonstrated that few exogenous cells survive
in the myocardium after injection and that surviving cells
rarely differentiate into cardiomyocytes.'®”’ Benefits
ascribed to cell therapy in animal models are instead
thought to derive from paracrine effects of implanted cells
on postischemic myocardium, including prosurvival,
angiogenic, and immune-modulatory effects (Figure 1)."”*

Initial, phase 1 stem cell trials appeared to support the
efficacy of the cell therapy approach but were plagued by
small sample sizes, methodologic limitations, and an
over-reliance on surrogate outcome measures.”' Subse-
quent randomized, placebo-controlled trials have cumula-
tively enrolled thousands of patients and used a variety of
cell types with disappointing results, demonstrating no
benefit on hard outcomes and clinically insignificant
improvements in ejection fraction (0.0%-5.4%).” Many
investigators have turned toward alternative cardiac regen-
erative strategies as a more promising approach to address
the growing HF epidemic.”” >

Angina Refractory to Conventional Therapy

Another potential application of biological therapy is
“no-option” angina, strictly defined as severe, life-limiting
angina due to CAD, refractory to maximal medical therapy,
and without surgical or percutaneous revascularization op-
tions.””*® Coronary insufficiency in these patients is attrib-
uted to coronary artery stenosis on angiography and/or
microvascular dysfunction.”>*” The incidence of nonrevas-
cularizable angina in the United States is ~50,000 to
200,000 patients/year, although it is difficult to estimate
how many would meet the strict inclusion criteria used in
clinical trials.”* "

Many other patients with multivessel CAD may be
amenable to surgical or percutaneous revascularization
but cannot be fully revascularized for technical or anatomic
reasons. Incomplete revascularization of 1 or more myocar-
dial territories occurs in 10% to 37% of patients after cor-
onary artery bypass grafting and is associated with an
increased risk for postoperative angina (odds ratio [OR],
1.71; 95% confidence interval [CI], 1.08-2.70), major
adverse cardiac events (OR, 2.27; 95% CI, 1.72-3.03),
and mortality (OR, 1.43; 95% CI, 1.25-1.61). "%
Overall, the prevalence of nonrevascularizable myocardial
ischemia is projected to steadily increase.””*” The growing
therapeutic gap for no-option angina requires alternative
treatment strategies.

Recent Developments in Cardiac Reprogramming
Cardiac reprogramming has the potential to restore func-
tion by transitioning the expanded fibroblast population
within postischemic myocardium into new contractile cells.
In postinfarct rodent models, intramyocardial injection of
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viral vectors overexpressing the original GMT (Gata4,
Mef2c, and Thx5) transcription factor cocktail significantly
improves ventricular function and reduces myocardial
fibrosis.”® Functional recovery in postinfarction murine
models suggests cardiac reprogramming has tremendous
clinical potential. However, clinical translation will require
overcoming important challenges, including the low
efficiency of reprogramming in human cells, an immature
cardiomyocyte phenotype of reprogrammed cells, and
incomplete resolution of inflammatory signaling and the
fibroblast gene program.’’-**

Increasing the reprogramming efficiency in human cardiac
fibroblasts, assessed by the percentage of treated cells ex-
pressing cardiomyocyte markers, has been a major focus in
the field of cardiac reprogramming. The GMT transcription
cocktail effectively reprograms murine fibroblasts into
iCMs but does not result in appreciable reprogramming in hu-
man cardiac fibroblasts.” Early reports of successful human
cardiac reprogramming used 7 or more transcription factors
yet only achieved a fraction of the reprogramming efficiency
obtained in murine cells with the 3-factor GMT cocktail.””*"

Continuing to increase the number of transcription fac-
tors is unlikely to be a successful strategy, for 2 primary rea-
sons. First, the number of factors that gene therapy vectors
can deliver is inherently limited by the size of the vector’s
gene expression cassette."’ More importantly, each addi-
tional factor theoretically increases the chance of unin-
tended, harmful effects. The optimal reprogramming
cocktail for human use will achieve efficient reprogram-
ming with the fewest possible factors to maximize efficacy
and maintain an acceptable risk profile.

As an alternative to the continued expansion of the num-
ber of transcription factors, several groups have reported
adjunctive agents that improve cardiac reprogramming
efficiency in murine and human cells. Much of this work
focuses on growth factors or small molecules targeting
receptors and/or intracellular signaling pathways.®***
Small molecules are particularly useful for suppressing
profibrotic and inflammatory pathways during cardiac
reprogramming, and significantly improved in vitro
reprogramming efficiency is achieved with inhibitors of
transforming growth factor-@, Rho-associated kinase, pros-
taglandin, and interleukin-13 signalir1g.4l44’46 Importantly,
Mohamed and colleagues®* demonstrated small molecules
also improve the in vivo efficacy of cardiac reprogramming.
Anti-inflammatory strategies could be particularly impor-
tant for cardiac reprogramming in chronic HF, given the
persistent myocardial inflammation in this condition.”’

Increased resistance to reprogramming in human cardiac
fibroblasts appears to be due, in part, to additional epige-
netic barriers that are absent in lower-order mam-
mals.”’*%** Because the epigenetic state of differentiated
cells acts to resist changes in cell phenotype by restricting
gene expression, reshaping this epigenetic background is
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essential to successful reprogramming.”””’ While tran-
scription factors can partially modify the epigenetic state
by influencing chromatin-modifying enzymes, several
groups have reported strategies to directly alter the epige-
netic state to facilitate more efficient cardiac reprogram-
ming. ‘> Chemical  inhibition of histone
deacetylases, enzymes that induce a repressive epigenetic
state, can greatly improve in vitro cardiac reprogramming
efficiency in murine or human cells.**>12 However, these
drugs are nonspecific and may have unintended, pleiotropic
effects in reprogrammed and bystander cells.”*”

A more targeted approach is the inhibition of endogenous
regulators of chromatin-modifying enzymes. Zhou and col-
leagues™ identified the chromatin remodeling enzyme
BMII1 as a key factor that recruits repressive epigenetic
enzymes to cardiogenic genes. Knockdown of BMII
permitted an open chromatin state and accelerated the adop-
tion of a cardiomyocyte phenotype in mouse fibroblasts. It
is presumed that BMI1 knockdown will also facilitate
human reprogramming because BMI1 is highly conserved
in structure and function, although this has not been directly
investigated.

Our laboratory reported p63, the p53 family member,
also plays a significant role in the epigenetic repression of
cardiac gene expression in both murine and human cardiac
fibroblasts.””*** Knockdown of p63 to release epigenetic
repression of cardiomyocyte genes can significantly
improve in vitro cardiac reprogramming efficiency and
may be an essential component of optimized cocktails for
human cardiac reprogramming.””*® Presumably, de-
repression of epigenetic barriers will also enhance in vivo
reprogramming, although this has not been demonstrated
to date. Importantly, in vitro experiments suggest that epige-
netic barriers to cardiac reprogramming are similar in hu-
man and porcine cells, supporting pigs as an appropriate
preclinical large animal model for future in vivo efficacy
studies.®

A promising development from murine MI models is the
observation that treatment with GMT-based reprogramming
cocktails produces a ~50% reduction in fibrosis.”*”"
Although a modest reduction in fibrosis could be
attributed to reductions in the total fibroblast population
due to conversion to iCMs, a 50% reduction in fibrosis is
out of proportion to the number of iCMs created and
suggests independent antifibrotic effect(s). Indeed, our
laboratory has identified the transcription factor Gata4 as
primarily responsible for the observed antifibrotic effect
through down-regulation of the profibrotic mediator Snail
and extracellular matrix proteins.”® While Gata4 alone
cannot transdifferentiate fibroblasts into iCMs, Gata4
administration in murine MI models reduces fibrosis to an
extent comparable with the full GMT cocktail.”® Cardiac re-
programming cocktails containing Gata4 could reduce
fibrosis in addition to producing new contractile cells, a

synergistic effect that would increase the clinical utility of
this therapy.

Next Steps for Clinical Translation of Cardiac
Reprogramming

Testing the therapeutic effects of cardiac reprogramming
in large animal models represents the next major step to-
ward clinical translation. Compared with rodents, large an-
imals are better suited for evaluating potential therapeutic
effects in humans due to their similarities in cardiac struc-
ture and workload.”” Large animal efficacy is particularly
important for cardiac reprogramming, given the epigenetic
barriers to cellular reprogramming in higher-order mam-
mals. To evaluate potential therapeutic efficacy in patients
with ischemic cardiomyopathy, our laboratory typically
uses a chronic MI model with therapy delivered 4 weeks
or longer after coronary artery ligation. Large-animal
studies will ideally use a similar approach, or alternative
models such as chronic pacing or microinfarct HF models,
to assess the effectiveness of cardiac reprogramming in
scarred myocardium present in patients with HF.*"%*

In addition to testing transcription factor cocktails, large-
animal studies will need to determine the optimal viral
vector for cardiac reprogramming. Many in vivo cardiac re-
programming studies have used integrating viral vectors
(retrovirus or lentivirus), which have limited clinical utility
due to the risk of insertional mutagenesis.”* Several nonin-
tegrative viral vectors have been used successfully for car-
diac reprogramming in small-animal models, including
adenovirus, adeno-associated viruses, and the Sendai
virus, 30704 However, these vectors have not been directly
compared for cardiac reprogramming and have important
differences in the persistence of gene expression, specificity
of viral infection, and degree of host immune response.”°
The choice of viral vector is a key factor for all gene therapy
applications and will be a critical consideration for success-
ful clinical applications of cardiac reprogramming.

Recent Developments in Angiogenic Therapy

In patients with severe CAD, perfusion of viable myocar-
dium is critically dependent on collateral circulation.®” Tis-
sue hypoxia and shear stress from altered coronary blood
flow distal to acute or chronic coronary obstruction prompt
the expansion of the collateral circulation as a protective
response, resulting in partial restoration of perfusion distal
to the culprit lesion.®® However, the extent of collateraliza-
tion varies considerably between patients and is frequently
insufficient to maintain adequate blood flow.”® A
promising strategy to enhance collateralization in
ischemic myocardium is using biological therapy to
induce angiogenesis, the growth of new branches from
existing vessels."’

The majority of clinical investigations have used the
fibroblast growth factor or vascular endothelial growth
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factor (VEGF) family of peptides, as these factors play a
central role in endogenous angiogenesis. In preclinical
models, VEGF gene transfer significantly increases blood
vessel density and collateral blood flow."" Early-stage clin-
ical trials of VEGF gene transfer in patients with nonrevas-
cularizable, severe CAD, and/or severe angina have
demonstrated a favorable safety profile, with several trials
demonstrating improvements in myocardial perfusion and
anginal symptoms.' """ However, there was significant het-
erogeneity between trials, including critical differences in
method of administration and vectors used for gene transfer.
Experience gained from these initial trials and additional
preclinical research has greatly increased our understanding
of gene therapy pharmacokinetics and the biological mech-
anisms of angiogenesis. Applying this knowledge to opti-
mize the next generation of VEGF therapy will greatly
increase its clinical potential.

Many early trials used naked plasmids for gene transfer,
a technique with extremely low transduction efficiency
compared with viral vectors.''**’" In addition, many
trials used simple intracoronary infusion, a method
limited by atherosclerosis in native coronary vessels,
poor endothelial penetrance of vectors, and “washout”
of the virus into systemic circulation by ongoing coronary
blood flow.'""’* Taken together, results in trials using
plasmid vectors and/or simple coronary infusion are
unlikely to reflect the true clinical potential of angiogenic
therapy.

In contrast, intramyocardial injection of viral vectors
achieves significant levels of local expression.””’* Intra-
myocardial injection can be accomplished by direct epicar-
dial injection through minimally invasive thoracotomy or
percutaneously using catheter-based, transendocardial in-
jection guided by electroanatomical mapping.”” Epicardial
injection is generally considered the most reliable method,
as surgical exposure allows visualization of target myocar-
dium and epicardial vessels to ensure accurate and safe nee-
dle placement.”® However, this procedure is more invasive
than catheter-based methods and poses potential risks
from general anesthesia or damage to existing coronary ar-
tery bypass grafts. Finally, catheter-based transendocardial
injection minimizes morbidity and provides access to the
septal myocardium, which is not surgically accessible but
requires highly specialized equipment with a significant
learning curve.’®"’

For both direct and catheter-based myocardial injection,
theoretical concerns exist regarding potential myocardial
damage from repeated needle insertions and resulting
inflammation.”® These concerns arise largely from histolog-
ic evidence of needle track fibrosis in small-animal
models.”® However, the size of the needle relative to the
heart is much smaller in humans than rodents, and any
injured myocardium is likely to be a small portion of the
local myocardial mass. In addition, numerous clinical trials
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over 2 decades have demonstrated a uniformly favorable
safety profile for these techniques.”’’"*

Continued preclinical research has also advanced our un-
derstanding of the molecular mechanisms of angiogenesis
to further refine therapeutic applications of the VEGF
gene family. The VEGF-A gene undergoes extensive
alternative splicing, forming multiple isoforms with distinct
biological properties.®’ Clinical trials to date have adminis-
tered only a single VEGF-A isoform.""’” However, simul-
taneous administration of the 3 major isoforms (VEGF-121,
-165, and -189) produces a synergistic effect, greatly
increasing the in vivo angiogenic response compared with
a single isoform.™ The efficacy and safety of VEGF admin-
istration is further enhanced by encoding all 3 major iso-
forms in a single viral vector and modifying the introns to
optimize the ratio of isoform expression.** An optimized
VEGF transgene carried by a replication-deficient adeno-
virus vector and delivered by epicardial injection is
currently being evaluated in a phase 1/2, open-label, sin-
gle-arm dose-escalation trial for no-option angina patients
(EXACT trial [Epicardial Delivery of XC001 Gene Therapy
for Refractory Angina Coronary Treatment]; http://www.
clinicaltrials.gov; unique identifier: NCT04125732).

Although VEGF-A is used most frequently for angio-
genic therapy, the VEGF-D isoform has also shown promise
and produces angiogenic effects comparable with single
VEGEF-A isoforms.* The laboratory of Seppo Yli-Hert-
tuala has developed variants of the mature form of VEGF-
D (VEGF-D*™€) with increased protein stability and
receptor binding affinity.***’ Intramyocardial injection of
an adenoviral vector overexpressing VEGF-D4N4C
improved myocardial perfusion in a preliminary trial, and
clinical efficacy for no-option angina will be evaluated in
an upcoming phase 2, randomized controlled trial (ReGen-
Heart trial [Adenovirus Vascular Endothelial Growth Factor
D {AdvVEGF-D} Therapy for Treatment of Refractory
Angina Pectoris]; http://www.clinicaltrials.gov; unique
identifier: NCT03039751).%"

Synergism Between Cardiac Reprogramming and
Angiogenic Therapy

We have discussed HF and refractory angina as separate
entities, but there is substantial overlap in clinical practice.
Clinical HF is diagnosed in 26% to 33% of patients with
refractory angina, and 32% of patients with advanced HF
report significant angina.”***”" This large segment of
patients could benefit from a strategy that both induces
angiogenesis to improve regional perfusion and uses
cardiac reprogramming to restore contractile cells.

Intriguingly, VEGF administration has been shown to
improve the efficiency of the GMT cocktail for cardiac
reprogramming.*’" Adding recombinant VEGF to murine
fibroblasts in vitro significantly increases the number of
beating iCMs induced by treatment with the GMT
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transcription factor cocktail.*? In addition, pretreatment of
ischemic myocardium with VEGF therapy in murine MI
models increases the in vivo reprogramming efficiency of
GMT injection, with greater recovery of myocardial func-
tion and decreased fibrosis compared with GMT alone.”!
A combination therapy that addresses both coronary insuf-
ficiency and contractile failure in a single administration
would be an invaluable tool for severe CAD, and additional
research is ongoing to optimize the interaction between
angiogenic and cardiac reprogramming therapy.

CONCLUSIONS

As the number of patients living with chronic, severe
CAD continues to grow, new treatment strategies are
needed to reduce morbidity and mortality in this difficult-
to-treat patient population. Cardiac reprogramming and
angiogenic therapy have significant clinical potential to
restore perfusion and contractile function to affected
myocardium. By incorporating lessons from previous clin-
ical trials and ongoing preclinical research, investigators
continue to move biological therapy toward -clinical
application.
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