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I. CARDIAC PHYSIOPATHOLOGY AND THERAPIES

A. CARDIAC VASCULARIZATION

The heart is a hollow muscular organ that regulates the distribution of blood to
the lung for its oxygenation (pulmonary circulation) and then throughout the
whole body to deliver its oxygen (systemic circulation). This system is rhythmed
by contractions and dilations called systole and diastole. The heart itself is
composed of three layers: an outer envelope, the epicardium, the central thickest
contractile layer namely the myocardium and the inner layer inside the heart
cavities, the endocardium (Fig. 1).

EPICARDIUM {visceral pericardium)

ENDOCARDIUM
| S
PERICARDIAL
SPACE

MYOCARDIUM (muscle layer)

Figure 1. Layers of the heart. From https.//florida.theorangegrove.org/og

Arteries are strong and stretchy vessels that generally carry oxygenated blood
from the heart to the rest of the body, while veins have a thinner wall and carry
deoxygenated blood back to the heart. In between, the capillaries connect the
smallest arteries and veins and allow the exchange of carbon dioxide, oxygen,
water, nutriments and waste.
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Specifically, in the heart the arteries are called coronary arteries, which originate
from the aortic root on usually two different ostia. The perfusion of the
myocardium happens during the diastole. Indeed, in the systolic phase all the
coronaries are collapsed because of the pressure exercised on the vessels by the
muscle contraction. On the left side of the heart, the left main coronary artery
divides then into the left anterior descending artery (LAD) coursing anteriorly
towards the apex, and the circumflex artery coursing laterally. The right coronary
runs along the right ventricle and eventually terminates into the posterior
descending artery and posterior left ventricular artery in case of right dominance.
After the capillaries, where the oxygen exchange takes place, the blood collects
through three cardiac veins (great/middle/small) into the coronary sinus and
returns to the right atrium.
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B. ISCHEMIA

Ischemia is caused by inadequate balance between oxygen supply and demand.
When happening in the heart, patients suffer from angina if the imbalance
remains transient, or they undergo a myocardial infarction (MI) in case a
complete occlusion occurs. Angina is described the classic central crushing chest
pain radiating to the jaw and the left arm, but it can also be perceived as
heaviness, indigestion, nausea and fatigue. It is intensified by, stress, emotion,
cold air and exertion, which allows to classify into four categories according to the
Canadian Cardiovascular Society (CCS) from no angina with ordinary activity (Class
1) to angina already at rest (Class V).

The vascularization can be divided in two main categories. When the larger
vessels are impacted, we refer to the macro-circulation. This is the most common
cause of ischemic heart disease that is still one of the most frequent causes of
death worldwide [1]. The impact of cardiovascular diseases on the health care
system is estimated to grow as the population ages. In order to restore that
macro-vascularization, revascularization strategies are possible to increase the
blood flow distal to a vascular stenosis or occlusion. This can be done by a
cardiologist as a percutaneous coronary intervention (PCl) with the implantation
of a stent at the place of the stenosis or by a cardiac surgeon as a coronary artery
bypass grafting (CABG), which implies to sew new vessels called grafts distal to
the lesion.

As another etiology or in addition, the angina can rely on the dysfunction of the
micro-circulation. The subset of disorders affecting the coronary microcirculation
itself is termed coronary microvascular disease (CMD). Consequently,
symptomatic patients without identifiable obstructive plaque may still harbor
significant nonobstructive coronary atherosclerosis and microvascular ischemia
also called coronary syndrome X [2]. Here an adjuvant angiogenic therapy would
aim at stimulating the growth of new capillaries in an ischemic tissue in order to
increase the micro-vascularization (Fig. 2).
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Figure 2. Schematic of (A) the epicardial coronary arteries (macrocirculation) and (B) the
full coronary circulation (both macro- and microcirculation).

From Taqueti VR & Di Carli MF, J Am Coll Cardiol 2018

14



C. HISTORY OF REVASCULARIZATION STRATEGIES

Coronary revascularization strategies such as percutaneous coronary intervention
and (PCl) or coronary artery bypass grafting (CABG) surgery currently provide the
best treatment for patients with coronary artery disease. Revascularization
procedures mainly aim to improve cardiac function and reduce the risk of
myocardial infarction (Ml).

CABG is still the most commonly performed cardiac surgery procedure worldwide,
representing annual volumes of approximately 200,000 isolated cases [3] in the
US and an average incidence rate of 62 per 100,000 inhabitants in western
European countries [4]. The journey of CABG has been embraced by many of the
pioneers in cardiovascular surgery with both their successes and failures. All those
contributions can be conceptually categorized into three distinct eras starting at
the beginning of the last century. First, the experimental work performed up to
the early 1960’s with reports of some laconic but also some impressive early
clinical results and the development of the cardiopulmonary bypass (CPB)
machine allowing operations within the cardiac cavities. Second, the modern
coronary artery surgery has developed on the foundation of testing several grafts
and an attempt to standardize them, which has brought along the beginning of
evidence-based cardiac surgery. Third, like in other surgeries in the 21st century,
the minimal invasive surgery evolves towards enhanced collaboration between
conventional surgery and interventional medicine [5]. Indeed, the same surgeries
are performed through smaller access (hemi-sternotomy instead of full
sternotomy), with the help of video-assistance through mini-thoracotomy or even
robotically assisted with the Da Vinci system® (Intuitive Inc.).

In parallel the cardiologists have moved from diagnostic angiograms towards
more aggressive interventional catheter-based therapy. Already in 1977 in Zlrich,
Grintzig first performed the first PCl as a transluminal balloon angioplasty to
dilate a stenosis in the LAD [6]. It took less than 10 years before metallic stents
could be successfully folded and inserted into the coronary arteries in order to
prevent arterial recoil and restenosis with the first clinical data reported by
Sigwart in Geneva [7]. The introduction of bare-metal stents brought into light
two major limiting phenomena: in-stent restenosis (with intimal proliferation) and
stent thrombosis. Logically, scaffolds capable of delivering drugs emerged quickly
thereafter in order to counteract those problems. The first generation of drug-
eluting stents (DES) made out of stainless steel and delivering sirolimus
(rapamycin) or paclitaxel soon yielded to the second generation of stent materials
(e.g., cobalt chromium) with decreased strut thickness reducing mechanical risk
factors of incomplete stent apposition but delivering similar drugs (paclitaxel or
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sirolimus-derived zotarolimus and everolimus). Nowadays research aims at
eliminating the adverse long-term concerns related to the polymer-induced
delayed vessel healing by developing bioresorbable stents [8].

CABG surgery and PCl have a storied history ripe with successes and failures of
pioneers in the field. Its development has progressed from experimental
stages, to the discovery of optimal conduit selection, which was driven by
patient-focused evidence, to a current era, in which the method of performing
the surgery or the intervention has become the focus. The next era may/should
concentrate more on the optimal use of the surgical and interventional resources
to provide the least invasive but best long-term treatment. Those borders
between cardiac surgeons and interventional cardiologists may be fading in the
future.
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Il. THERAPEUTIC ANGIOGENESIS

Some patients are not suitable candidates for angioplasty or surgery to restore
the vascular flow distal to a stenosis because of age, comorbidities or unfavorable
vascular anatomy, and are not adequately treated despite optimal pharmacologic
therapy. Therefore, therapeutic angiogenesis could emerge as a stand-alone or
also as a concomitant therapy.

A. DEFINITIONS

Therapeutic angiogenesis is a pro-angiogenic therapy that stimulates the growth
of micro-vascular structures. Depending on where the process takes place a
distinction should be made between angiogenesis and arteriogenesis.
Angiogenesis is defined as the expansion of the tissue capillary network from
existing vessels. These vessels, with a diameter of 8-12 um and lacking the tunica
media per definition, are responsible for metabolic exchanges and are mostly
induced by ischemia. Arteriogenesis refers to the formation of large arterial
vessels (20-100 um), which have a fully developed tunica media. Those larger
vessels channel the blood flow around the occlusion site (collateral arteries). It is
an enlargement and subsequent maturation of pre-existing small-sized collateral
vessels induced by shear stress and inflammatory factors (Fig. 3).
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Mormal Structure and Function of Coronary Macro- and Microcirculation

Epicardial Arteries Pre-Arterioles Arterioles Capillaries
00 pirn 0020 gy A0-T00 fim < Hapm

Conduit vessels Metabolic control and regulation Exchange vessels
of flow distribution

Figure 3. Normal structure and function of the coronary macro- and microcirculation.
From Taqueti VR & Di Carli MF, J Am Coll Cardiol 2018

The two phenomena are interdependent since angiogenesis reduces resistance in
downstream capillary beds and induces collateral remodeling, in turn leading to
arteriogenesis [9]. As revascularization procedures directly bypass or remove the
obstruction in the large conductance arteries, the resulting expansion of the
micro-vascular bed is in addition capable of inducing the enlargement of
upstream collateral arteries through increased shear stress and gap junction-
mediated retrograde signaling along vessel walls, thereby restoring perfusion
downstream of the occlusion by way of a biological bypass (Fig. 4) [10, 11].

Several gene and cell therapy approaches showed potential benefit and cardiac
function improvement in preclinical studies [12]. However, a suitable adjuvant
treatment for chronic cardiac ischemia, capable of providing a long-term and, at
the same time, safe and efficacious angiogenic stimulus, still needs to be
identified.
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Upstream atherosclerotic occlusion
in the artery (not shown);
blood flow blocked

Blood

Arteriole

Connection between
arterioles

Figure 4. Angiogenesis with arteriogenesis. Left image: two arterioles with capillary beds
and a connection from arteriole to arteriole. Right image: an atherosclerotic occlusion in an
upstream artery stops blood flow down one of the two arterioles. Subsequent arteriogenesis
results in an increase in the size of the connection between the arterioles. Angiogenesis in
the muscle bed increases the number and size of the capillaries with enhanced pericyte
coverage. Blood flow through these enlarged and additional vessels increases, and flow can
also increase all the way back to the site of the occlusion in the artery. This process
continues and increases the number of capillaries over time.

From Annex BH, Nat Rev Cardiol 2013

These approaches find application in two related fields within the treatment of
cardiac ischemia: (i) direct myocardial revascularization, and (ii) vascularization of
engineered cardiac patches. The first approach aims at restoring the blood supply
to the chronically ischemic border zone of infarcted tissue, consisting of still viable
but dysfunctional (hibernating) myocardium. The second approach aims at
improving the function of damaged myocardium by implantation of a contractile
cardiac patch: in this setting, rapid vascularization in vivo is crucial to ensure the
survival and function of the seeded progenitors inside the thick tissue-engineered
construct [13].
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B. VEGF

Vascular Endothelial Growth Factor (VEGF) is the master regulator of
angiogenesis: this family of factors controls both physiological and pathological
growth of blood and lymphatic vessels. The mammalian VEGF family comprises
five main ligands (VEGF-A, -B, -C, and -D and placenta-derived growth factor, PIGF)
and three receptors (VEGF-R1, -R2, and -R3). While the principal role of VEGF-C
and -D is to stimulate lymphatic angiogenesis through VEGF-R3, blood vessel
growth is mostly coordinated by the signaling of VEGF-A and -B and PIGF through
R1 and R2 (Fig. 5). Despite the multiplicity of players, the molecular target for
therapeutic angiogenesis is essentially VEGF-A signaling, as VEGF- B and PIGF play
more accessory or tissue-specific roles [14]. Each member of the VEGF ligands is
produced in multiple isoforms by either alternative splicing (VEGF-A, -B, and PIGF)
or proteolytic processing (VEGF-C and -D) [15]. In all cases, an invariant core
cystine-knot domain, which specifically interacts with VEGF-R, is combined with a
variable C-terminal domain [16]. VEGF-A display isoforms of 120, 164, and 188
residues in rodents (or 121, 165, and 189 in humans, respectively) due to the
presence or absence of heparin-binding domains that interact with the
extracellular matrix (ECM) proteoglycans, so that matrix affinity is very low in the
shortest isoform and increases with molecular size [17]. Throughout the
manuscript VEGF refers to VEGF-A and specifically of its most commonly used
isoform, i.e., VEGF164/165.

Figure 5. VEGF family and its ligants.
https.//proteopedia.org/wiki/images/c/c8/
VEGF receptors.png

VEGFR-1 VEGFR-2 VEGFR-3
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VEGEF is the most specific single factor capable of initiating the complex cascade of
events leading to angiogenesis. Inactivation of VEGF during development results
in embryonic lethality and myocardial defects [18, 19], whereas VEGF delivery has
been shown to induce new vascular growth and improved cardiac function in
preclinical models of myocardial infarction [20]. Extravasation of plasma occurs
immediately after VEGF stimulation, as a consequence of increased vessel
permeability by loosening of the endothelial junctions and by detachment from
the vascular wall of mural cells, i.e. pericytes and smooth muscle cells. The
extravasated plasma provides a provisional matrix that supports endothelial cell
migration. VEGF stimulates quiescent endothelial cells to become activated,
causing them to migrate and proliferate [21]. The orderly regulation of this
morphogenic process is controlled by Notch signaling [22].

Contrary to the widespread effects of VEGF-A, VEGF-B has been shown to induce
angiogenesis and arteriogenesis specifically in the myocardium, but not in other
tissues [23], together with a function in the maintenance of physiological
homeostasis in the heart and an anti-apoptotic effect on cardiomyocytes, leading
to restoration of perfusion and functional improvement in large-animal models of
myocardial infarction [24]. Furthermore, VEGF-B has been shown to have non-
angiogenic functions in the direct regulation of cardiomyocyte metabolism and
hypertrophy [25, 26]. These findings suggest a potential to develop heart-specific
angiogenic and cardio-protective therapies, which have not yet been explored by
the scientific community.
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C. THE ANGIOGENIC MICROENVIRONMENT

VEGF binds to the extracellular matrix and forms gradients in the
microenvironment around each producing cell [27]. The first cells that are
activated by VEGF become specialized tip cells, which do not proliferate and are
not involved in the formation of lumen structures, but rather sense the gradient
of VEGF in the microenvironment and migrate towards it, thereby initiating the
sprouting process. In response to VEGF, tip cells upregulate expression of Delta-
like-4 (DIll4), which activates Notch-1 signaling on the neighboring endothelial cells
and instructs them to acquire a stalk cell phenotype, instead. Contrary to tip cells,
stalk cells respond to the total concentration of VEGF by proliferating rather than
migrating and form new vessel behind the sprouting tip. Vascular maturation,
which involves the return of endothelial cells to quiescence and independence
from continued VEGF signaling, requires a complex crosstalk between the
endothelium and pericytes (reviewed in [11]), which are recruited by Platelet-
Derived Growth Factor-BB (PDGF-BB), produced by activated tip cells [8]. Also
playing an active role in vascular maturation are recently identified populations of
myeloid cells [12], which are recruited by signaling through the VEGF and
Semaphorin receptor Neuropilin-1 and produce a host of pro-maturation
paracrine factors, including PDGF-BB, Angiopoietin-1 and Transforming Growth
Factor 1 (TGF-1) (Fig. 6) [13].
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Figure 6. The phases of blood vessel growth and the main signaling pathways involved:
(A) endothelial morphogenesis, (B) pericyte recruitment, and (C) stabilization.

From Martino MM et al., Front Bioeng Biotech 2015

An alternative mechanism of vascular network expansion is called intussusception
(from the Latin meaning “growth within itself”) and is referred to as splitting
angiogenesis [28]. Initially described as a kind of anatomical curiosity during the
development of some organs, such as the lung and the kidney, intussusceptive
angiogenesis has been increasingly recognized over the last decade as a common
mechanism of vascular growth, with important therapeutic implications [14].
Intussusceptive angiogenesis has been observed also in the heart [29]. Although
the recent insights into its functional and molecular regulation have focused on
skeletal muscle, several similarities in the structure of vascular networks in
skeletal and cardiac muscle suggest a likelihood that similar mechanisms may
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apply to myocardial angiogenesis. Intussusception can be initiated very rapidly by
increased blood flow and shear stress in the absence of growth factors [30], but it
can also follow VEGF upregulation [31]. How VEGF may induce only sprouting or
intussusception remains unclear, but its distribution in the matrix matters and the
absence of a concentration gradient appears to favor intussusception. On one
hand, spontaneous upregulation of VEGF by ischemia leads to sprouting [32], but
on the other its over-expression at significantly higher and therapeutic levels,
which saturate the little matrix between fibers and abrogate local gradients,
causes angiogenesis by intussusception [31]. In the intussusception mechanism
[14], endothelial cells respond exclusively by proliferation without migration,
without prior activation of tip cells. This leads to circumferential enlargement of
the vessel (Fig. 7D-E), which then splits longitudinally into new daughter vessels.
Splitting requires the formation of tissue pillars across the vascular lumen, which
derive either from a vascular wall invagination that creates a contact between the
opposite endothelial cells [33] (Fig. 7F), or by the extension and fusion of
intraluminal filopodial-like protrusion from the endothelium [34] (Fig. 7G). Later
the endothelial junctions reorganize and myofibroblast invade the core, stabilizing
the structures into mature transluminal tissue pillars (Fig. 7H). Finally, they align
longitudinally and divide the affected vascular segment (Fig. 71).

F Wall protrusion

1
E Circumferential '#' o H Pillar S?Irlfilng
enlargement ¢ ‘_.: formation ﬁ - Q«}
; e | |

.;S.‘%&: J ‘ : \Intralummal sprouts | #, I w

Figure 7. Schematic representation of the processes generating new vascular structures by
intussusception (vascular splitting; D-I)
From Gianni-Barrera R, Di Maggio N, Melly L et al., Stem Cells Transl Med 2020
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Over the last decade, studies with different delivery platforms have identified key
requirements to be considered in order to exploit the therapeutic potential of
VEGF gene expression, regarding dose, distribution and duration. In fact,
uncontrolled over-expression of VEGF has been shown to induce the growth of
angioma-like vascular tumors in a variety of tissues, such as skeletal muscle
[14,16], subcutaneous fat [15], liver [17] and heart [18,20]. It has been difficult to
establish a therapeutic window for VEGF gene delivery, with lower doses of gene
therapy vectors being inefficacious and higher doses rapidly causing aberrant
vascular growth [20,21], and controlled clinical trials have failed to demonstrate
therapeutic efficacy at safe vector doses [22,23].

Taking advantage of a well-characterized cell-based platform for controlled gene
delivery, in which clonal populations of transduced myoblasts are used to
homogeneously express specific VEGF doses in vivo, Banfi et al. found that the
therapeutic window of VEGF does not depend on the total dose administered, but
rather on its level of expression in the microenvironment around each producing
cell (Fig. 8) [14,24]. In fact, since VEGF remains tightly localized in tissue after
being secreted, different growth factor concentrations do not average with each
other, even between neighboring muscle fibers, and a few "hotspots" of high
expression are sufficient to cause angioma growth even if the total VEGF dose is
rather low. However, when a homogeneous distribution of expression levels was
achieved by implanting clonal populations in which every cell produced the same
amount, it became clear that a wide range of VEGF levels exists that induce only
normal, stable and functional capillary networks, and that angiomas are induced
only by doses above a discrete threshold level (Fig. 9) [14]. Furthermore, within
the safe range there exists a therapeutic window, whereby too low doses
efficiently induce normal angiogenesis, but provide no therapeutic benefit,
whereas higher ones induce the growth of normal vessels of larger caliber, which
are also effective in forming collateral arteries and restoring blood flow in
ischemic tissue [24].
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Control (100% LacZ) 7% VEGF (+93% LacZ) 15% VEGF (+85% LacZ) B30% VEGF (+70% LacZ)

100% VEGF (0% LacZ)

Figure 8. Total VEGF dose. A reduction in the total amount of VEGF does not eliminate
abnormal vascular growth. Delivery of a smaller proportion of VEGF myoblasts (less total
VEGF) failed to prevent aberrant vascular growth at 28 days.

Capillaries

Hemangiomas

Figure 9. The microenvironmental level of VEGF produced in muscle determines a
threshold between the growth of normal capillaries and hemangiomas. Morphologies of
vessels at sites implanted with the same clones at 2.5-3.5 months after implantation. The
vertical red line and the arrow at the bottom indicate the threshold between the induction of
normal capillaries and hemangiomas.

Both figures from Ozawa C, Banfi A et al., J Clin Invest 2004.

A further key parameter to consider in therapeutic VEGF gene delivery is the
duration of expression. In fact, although the morphogenic events leading to the
formation of new vascular structures are complete within the first 7 days after
VEGF gene delivery [25], the newly induced vessels are unstable and depend on
continued VEGF stimulation until about 4 weeks and, if expression is lost before
this time, they regress and disappear [14,17,26]. Interestingly, the stabilization of
VEGF-induced vessels requires more than just pericyte recruitment, since new
capillaries are already fully invested by normal pericytes 7 days after induction
[25], but remain VEGF-dependent for a longer period of time.
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D. PDGF

Platelet-derived growth factor (PDGF) was first isolated from platelet extracts in
the early 1970s and classified as a mitogen for fibroblasts and cells of
mesenchymal origin. Meanwhile dysfunction of PDGF signaling has been observed
in a wide array of pathological conditions, such as cancer, fibrosis, neurological
conditions and atherosclerosis [35].

The PDGF family consists of four ligands: A, B, C and D. They function as
homodimers with the exception of the heterodimer AB. All PDGF ligands bind two
structurally related tyrosine kinase cell surface receptors, a and 3, which relay the
message internally and initiate signal induction via Ras and phosphatidylinositol-II
pathways, which are essential for PDGF-induced cell migration and mitogenesis
(Fig. 10). PDGF-AA, AB, -BB and -CC activate the PDGF receptor-a (PDGFR-a) while
PDGF-BB and -DD bind to PDGFR-B [35]. Generally PDGF causes neutrophils,
macrophages, fibroblasts, and smooth muscle cells to proliferate and migrate into
the wound site and it stimulates granulation tissue formation [36]. Specifically in
the heart, PGDF stimulates fibroblasts to contract floating collagen matrices and
differentiate into myofibroblasts in vitro [37].

PDGF-CC PDGF-AA PDGF-AB PDGF-BB PDGF-DD
o0 o0 09 OC
) Figure 10. The PDGF family.
' ' From Sadig MA et al., Saudi J

Ophthalmol 2015

g=_.7:,,l ]7777 l | ﬁ i I—
a a a B
a-a PDGF recepior a-f PDGF recepior -8 PDGF receptor
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Blood vessel stability depends on the coordinated interaction of multiple signaling
pathways in the endothelium and pericytes. As already discussed VEGF promotes
endothelial cell growth, while platelet-derived growth factor-BB (PDGF-BB)
stabilizes blood vessels by recruiting pericytes [38]. Those pericytes express
PDGFR-f3, allowing PDGF-BB to play an important role in the maintenance of the
vasculature (Fig. 11).

Assembly

Figure 11. Vessel assembly and stabilization. With the permission of Banfi A.

Accordingly, therapeutic strategies that deliver a single angiogenic agent must
inevitably depend on the availability of endogenous factors to achieve a balance.
Without that balance, the new blood vessels are abnormal, unstable, and
inefficient [39, 40].

As elegantly demonstrated by Banfi et al. the co-expression of VEGF and PDGF-BB
encoded by separate vectors in different cells or in the same cells only partially
corrected aberrant angiogenesis since the endogenous levels of both growth
factors play a major role of counterbalancing the effects. Angioma-like structures
could be found if VEGF is outweighed PDGF-BB, either by increasing the VEGF
dose or by blocking the endogenous PDGF-BB. If PDGF-BB was increased to the
same extent as VEGF, normal capillaries were observed. The figure below
summarizes their findings (Fig. 12).
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Low VEGF + endogenous PDGF High VEGF + endogenous PDGF
= normal capillaries = angiomas

Low VEGF + PDGF block High VEGF + High PDGF
= angiomas = normal capillaries

Figure 12. Relative amounts of VEGF and PDGF and their consequences in vivo.
With the permission of Banfi A.

Taken together these results of complementary gain- and loss-of-function
experiments indicate that the threshold between normal and aberrant
angiogenesis is not an intrinsic property of VEGF dose alone, but depends on the
balance between VEGF and PDGF-BB signaling (Fig. 13).

o
Capillaries—ﬂm‘giomas

Figure 13. Relative threshold between VEGF and PDGF. With the permission of Banfi A.
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As a consequence, coordinated co-expression of VEGF and PDGF-BB at fixed
relative levels via a single bicistronic vector switched the induction of angioma
growth to homogeneous normal capillary networks, despite heterogeneous and
high VEGF expression levels [41]. Notably, in an ischemic hindlimb model, single-
vector expression led to efficient growth of collateral arteries, revascularization,
increased blood flow, and reduced tissue damage. Furthermore, these results
were confirmed in a clinically applicable gene therapy approach by adenoviral-
mediated delivery of the bicistronic vector [41] .

Furthermore, PDGF-BB co-expression accelerated stabilization of vessels induced
by heterogeneous VEGF levels, so that 50% of new vessels were VEGF-
independent already after 2 weeks, whereas none were stable when VEGF was
expressed alone (Reginato and Banfi, unpublished data).
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E. CARDIAC FIBROSIS

Within the injury site the necrosis of cardiomyocytes, induced by oxygen
depletion during a myocardial infarction, implies a sequence of events that aims
at preventing further damage and rupture of the ventricular wall by preserving
the remaining cells and by replacing the dead cells. The healing process of
replacement fibrosis can be divided into three partially overlapping phases (Fig.

14): the inflammatory phase, the proliferative phase, and the maturation phase
[42].
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Figure 14. Phases of the replacement of fibrosis and functional diversity of fibroblasts in
the infarcted myocardium.

From Humeres C & Fragogiannis G, JACC Basic Transl Sci 2019

The initial inflammatory phase is triggered by massive necrotic cell death in the
infarct area [43]. Interstitial fibroblasts, endothelial cells and resident cardiac
mast cells seem to be more resistant to ischemic injury than cardiomyocytes; they
function as effector cells triggering the post-Ml inflammatory reaction [44].
Cardiac fibroblasts produce matrix metalloproteinases (MMP) that degrade the
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extracellular matrix (ECM) allowing cell migration into the injured area. The tissue
injury activates innate immune signaling, and the secretion of chemokines induces
leukocyte (neutrophils and macrophages) infiltration into the injured area [43].
This initial inflammatory phase aims at clearing the dead cells and ECM fragments
from the infarcted area in order to allow its repopulation.

At the beginning of the proliferative phase, fibroblasts become the dominant cell
type and adopt a proliferative, migratory, and secretory myofibroblast phenotype
[44]. The secretion of ECM proteins by those activated myofibroblasts starts from
the infarct border zone and progresses toward the core infarct area as the cells
migrate along the newly synthesized ECM matrix [45]. Collagen deposition is
crucial for increasing tensile strength and preventing ventricular wall rupture.
Furthermore, angiogenic signaling stimulates the proliferation and infiltration of
endothelial cells and leads to the establishment of a microvascular network to the
infarct area [43, 46, 47], which is crucial to provide enough oxygen and nutrients
during the repair process.

In the maturation phase, myofibroblasts are removed from the scarred area,
possibly through apoptosis because the growth factors and matricellular proteins
promoting their survival are depleted [44, 45]. Collagen turnover by the remaining
myofibroblasts continues and cross-linking of the fibers leads to increased tensile
strength and contraction of the scar, which alters the geometry of the chamber
and contributes to remodeling in the remote areas of the ventricular wall [45]. In
a normal wound healing response, all myofibroblasts are cleared from the scarred
area, but in the heart, they have been found to persist in the infarct scar even
decades after the insult [48].

Meanwhile, in the remote myocardium a reactive fibrosis takes place, which is
called cardiac remodeling. Most often it is not the necrotic cardiomyocyte loss
during Ml that causes heart failure, but the subsequent remodeling of the non-
infarcted left ventricular wall. In this pathological remodeling, the expansion of
the ECM is accompanied by the hypertrophic growth of cardiomyocytes as the
cells try to compensate for the increased workload by growing in size, in order to
increase cardiac function and decrease ventricular wall tension [49]. The
increased thickness and stiffness attributable to excessive cross-linked collagen
and the tonic contraction of fibrous tissue compromise the diastolic function of
the heart [50]. This remodeling process is progressive and eventually leads to the
development of heart failure. The exact mechanisms and regulation of reactive
fibrosis are unclear. One promoting factor is the increased mechanical stress as
well as the activation of latent TGF-f3 in the non-infarcted ventricular wall. In
addition, the persisting activated myofibroblasts in the infarct scar continue to
secrete pro-fibrotic factors that might traverse to the remote areas of the
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myocardium, inducing activation and proliferation of local fibroblasts and
increased collagen deposition in the interstitial compartment (interstitial fibrosis)
and in the adventitia of coronary vessels (perivascular fibrosis) [50]. Whereas
interstitial fibrosis stiffens the myocardium and thereby leads to diastolic and
systolic dysfunction, reactive fibrosis in the adventitia of the coronary arteries and
arterioles (perivascular fibrosis) can cause narrowing of the vessel lumen and has
been associated with impaired coronary blood flow [51]. This might decrease the
oxygen supply to the myocardium, thereby further compromising the survival of
cardiomyocytes and predisposing them to ischemic cell death.

PDGF is also involved in cardiac fibrosis. Together with other factors like
Transforming Growth Factor B (TGF-B), Angiotensin Il (Ang Il), endothelin-1 (ET-1)
and connective tissue growth factors (CTGF), they result in activation of
myofibroblasts (Fig. 15) [52].
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Figure 15. Signaling molecules driving cardiac fibrosis.
From Leask A, Circ Res 2015

Ang Il is an oligopeptide that causes vasoconstriction and increased blood
pressure. It upregulates TGF-§ expression through the angiotensin receptor type 1
(AT-1) in cardiac myocytes and fibroblasts [53]. Ang Il and TGF-3 appear to act in
an autocrine loop (Fig. 15), which ultimately promotes ECM increase by
stimulating deposition of collagen type 1 and simultaneously suppressing its
resorption through MMP repression [52]. Blockade of the whole cascade through
a neutralizing anti-TGF-3 antibody, administrated at the time of ligation of the
LAD in a mouse model, led to increased mortality and worsened ventricular
remodeling, in correlation with a decrease in collagen production and increased
MMP [54]. On the other hand, drugs that inhibit the angiotensin pathway either
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by inhibiting the angiotensin converting enzyme (ACEIl) or as a direct inhibitors of
AT-1, such as losartan, are widely used to treat hypertension and various
cardiomyopathies and reduce cardiac fibrosis in a variety of animal models and in
humans [55, 56]. Aldosterone is part of the renin-angiotensin-aldosterone system
and therefore causes fibrogenesis [57]. Aldosterone itself is also capable of
inducing fibrotic changes in the myocardium [58], as suggested by experimental
animal studies and by the development of reactive myocardial fibrosis in patients
with adrenal adenomas [59]. Spironolactone, a specific pharmacologic antagonist
of aldosterone, attenuated the myocardial remodeling in Chagas cardiomyopathy,
reduced mortality during the chronic phase and reduced inflammatory infiltration
in a rodent model [60].

Accordingly, the guidelines of the European Society of Cardiology give a class | A
recommendation to use mineralocorticoid antagonist (MRA) for patients with
heart failure with reduced ejection fraction, who remain symptomatic despite
treatment with (ACEIl) and a beta-blocker, to reduce the risk of HF hospitalization
and death [61].
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lll. CELL-BASED GENE THERAPY

Cardiac therapeutic angiogenesis strategies aim at restoring effective perfusion of
ischemic myocardium in order to improve regional contractility and global cardiac
function. There are three broad categories of pro-angiogenic strategies for
myocardial ischemia: (i) cell therapy, (ii) gene therapy, and (iii) cell-based gene
therapy. Several identified populations of cardiac progenitor cells hold promise to
regenerate lost cardiomyocytes [62]. However, other classes of progenitors,
which do not have significant potential for cardiac differentiation, such as
endothelial progenitor cells and adult mesenchymal stem cells, have been found
to effectively improve the function of infarcted myocardium mainly through pro-
angiogenic and anti-apoptotic paracrine effects [63, 64]. My research focuses on
cell therapy approaches for cardiac revascularization rather than regeneration.
Gene therapy approaches consist instead in the direct delivery of therapeutic
genes using viral or DNA-based vector, while cell-based gene therapy is a
combination of these two approaches based on the delivery of progenitors
previously transduced in vitro to express the therapeutic gene of interest.
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A. CELL THERAPY

For cardiac revascularization, endothelial progenitor cells (EPC) derived from
either peripheral or umbilical cord blood or from bone marrow have been often
used in clinical trials. In particular, CD34" [65, 66] or CD133" [64, 67, 68] purified
cells have been shown to improve angiogenesis and cardiac function both in
animal models and in clinical trials [69]. However, the mechanism or mechanisms
by which functional improvement is achieved are controversial. In fact, most
evidence points out that so-called EPC are actually not incorporated into new
vessels as either endothelial or mural cells, but rather may provide paracrine
stimulation of both angiogenesis and tissue protection through the production of
as yet not clearly defined combinations of factors [70]. Mesenchymal stem cells
(MSC) of different origin, such as from the bone marrow or adipose tissue, have
been investigated in several clinical trials as a treatment for the sequelae of
myocardial infarction [20] . MSC can release a broad range of factors with pro-
angiogenic, anti-apoptotic, anti-inflammatory, immunomodulatory and anti-
scarring functions [71]. Through their paracrine effects, MSC have been
demonstrated to increase blood vessel growth in numerous in vivo models [72,
73]. A specific advantage of lipoaspirate-derived expanded MSC and the native
stromal vascular fraction cells of adipose tissue is their availability, as they can be
easily procured in large quantities with very limited donor site morbidity. Cell
therapy offers a very attractive approach for the treatment of cardiac ischemia
from a safety and regulatory point of view, thanks to the use of autologous cells
and the absence of genetic modification. However, a difficulty in using cell-based
therapies lies in the identification and characterization of the specific sub-
populations responsible for the therapeutic effect. Furthermore, employed cells
produce a variety of growth factors, which are also likely to act synergistically,
complicating the identification of the specific mechanisms that could be targeted
in order to increase therapeutic efficacy. Lastly, a major unsolved issue in this
approach is the poor cell retention and survival upon direct intra-myocardial
delivery [62, 63, 74].
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B. GENE THERAPY

Plasmid DNA, adenovirus (AV) or adeno-associated virus (AAV) are the most
commonly used vectors for therapeutic angiogenesis. Plasmid DNA is very easy to
produce. However, the gene transfer efficiency in vivo is very low and, as the
plasmid DNA is gradually destroyed after uptake, leading to transient expression,
lasting up to a couple of weeks. For these reasons, despite their good safety
profile, the clinical relevance of plasmid vectors remain unclear [75].
Furthermore, plasmid DNA does not intrinsically allow targeted delivery to the
tissue of interest, although methods to overcome this limitation by ultrasound-
mediated delivery with microbubbles have been investigated [76].

The efficiency of gene transfer improves with viral vectors. Adenoviruses are
easily produced at high titers, can accommodate large expression cassettes and
can transduce multiple cell types, both proliferating and quiescent. Therefore, AV
have been widely used in gene therapy applications (Fig. 16). On the other hand,
AV produce a very high initial level of gene expression, with a peak few days post-
injection, but expression drops rapidly, lasting only 10 to 14 days because of a
strong vector-directed immune response, which also precludes repeated
administration of AV of the same serotype [75].

Adenovirus 18.6% (n=574)
@ Retrovirus 17.0% (n=524)
@ Naked/Plasmid DNA 15.1% (n=466)
@ Lentivirus 9.9% (n=304)
) ) Adeno-associated virus 7.9% (n=244)
2 @ Vaccinia virus 6.8% (n=211)
1 Lipofection 3.9% (n=119)
@ Poxvirus 3.6% (n=111)
@ Herpes simplex virus 3.2% (n=99)

@ Other vectors 7.1% (n=218)
@ Unknown 6.8% (n=211)

Figure 16. Vectors used in clinical trials for gene therapy.

From http://www.abedia.com/wiley/vectors.php

AAV are small vectors with a limited transgene capacity but possess many
advantageous features. AAV exist in different serotypes with different tropisms
for target tissues. In particular serotypes 1, 6, 8 and 9 are very effective in
transducing adult skeletal muscle and myocardium [77]. Contrary to AV, AAV are
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very poorly immunogenic, and are therefore suitable for long-term gene
expression up to several months. Importantly, the kinetics of gene expression is
very different from AV, i.e., a lower maximal expression level that is achieved
gradually with a delayed onset over a couple of weeks after injection, due to the
need to convert the single-stranded DNA viral genome to a double-stranded form
before transcription can begin [78]. An issue that can diminish efficacy of AAV-
based gene therapy is the presence of pre-existing neutralizing antibodies to the
capsid proteins [78]. This may be tackled by selecting serotypes for which natural
immunity in humans is absent or minimal.

Although several preclinical studies showed positive results, a suitable gene
therapy approach providing a long-term, safe and efficacious angiogenic stimulus
is still lacking [12]. Some of the key factors that determine the effectiveness of
gene therapy for therapeutic angiogenesis have been identified as: (i) the efficacy
of gene transfer and effective dose achieved in vivo, (ii) the duration of the
angiogenic stimulus, and (iii) the biological potency of the delivered molecule
[79]. The specific requirements regarding the dose and duration of VEGF
expression as a single factor, which are challenging to satisfy with direct gene
therapy approaches, have been analyzed above. In this respect, co-delivery of
maturation factors, such as PDGF-BB, which controls pericyte recruitment, or
Angiopoietin-1, or factors that are both angiogenic and maturative, like fibroblast
growth factor 2, may help to overcome these limitations [79]. In particular,
Korpisalo et al. showed that the co-injection into rabbit skeletal muscle of two
different adenoviruses carrying VEGF-A and PDGF-BB resulted in a prolonged
angiogenic response, despite short-term gene expression. However, this effect
was mostly mediated via paracrine effect from recruited mononuclear cells rather
than increased pericyte coverage [80].
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C. CELL-BASED GENE THERAPY

The use of cells as factor delivery system has the potential to overcome some of
the issues that limit the usefulness of VEGF gene therapy. This approach combines
the sustained release of the therapeutic factors, characteristic of gene therapy,
with the possibility to exploit the production of synergistic paracrine factors by
the delivered progenitors, characteristic of cell therapy. Furthermore, it allows a
unique opportunity to control the distribution of microenvironmental expression
levels in vivo.

For this purpose, the Banfi group has developed a high-throughput, Fluorescence
Activated Cell Sorting (FACS)-based technology to identify and rapidly purify cells
expressing a specific desired VEGF level from a heterogeneous population of
transduced progenitors. This was achieved by linking VEGF expression to that of a
FACS-quantifiable syngenic cell surface marker (truncated CD8a), so that the
amount of CD8 on the cell surface would reflect the level of secreted VEGF (Fig.
17).

With this technique, populations of VEGF-expressing primary myoblasts purified
in this way yielded robust, normal and stable angiogenesis both in normal [81]
and chronically ischemic [82] skeletal muscle, while angioma growth was
completely avoided.
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Figure 17. Schematic representation of the FACS-based cell purification technique. (A)
Structure of the retroviral construct used to co-express VEGF and a truncated version of
CD8, linked through an Internal Ribosomal Entry Sequence (IRES). (B) In transduced
cells, regardless of the amount of expression from each integrated vector copy, the amount
of VEGF protein secreted is always proportional to the amount of truncated CDS8 on the cell
surface, which can be detected by antibody staining (CD8-Ab) and quantified by FACS.
From Melly L et al., Cells 2012
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D. CELL SOURCE

Skeletal myoblasts are not an ideal cell source for cardiac delivery, because they
can lead to potentially fatal ventricular arrhythmias. In fact, they have been
shown to differentiate into contractile skeletal myofibers that remain electrically
uncoupled from the surrounding cardiomyocytes [83].

Taking advantage of the above described FACS-technology, we could also
generate purified populations of bone marrow- (BMSC) and adipose tissue-
derived mesenchymal progenitors (ASC) expressing specific VEGF levels [84]. Since
retroviral vectors efficiently transduce only dividing cells, we determined the
earliest time after isolation and plating when ASCs and BMSCs enter the cell cycle
and proliferation is at its peak, which was maintained until day 7 (Fig. 18).
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Figure 18. Optimization of MSC retroviral vector trans- duction. The proportion of ASCs
(A) and BMSCs (B) in active proliferation (S/G2/M phases) was assessed by flow
cytometry analysis of nuclear DNA content after staining with propidium iodide during the
first 12 to 14 days after initial plating (n = 3 each).

From Helmrich U, Marsano A, Melly L et al., Tissue Eng Part C Methods 2012

Transduction and sorting did not affect the intrinsic proliferative potential of
MSCs with no major difference between if derived from the bone marrow or the
adipose tissue (Fig. 19). Here, we could demonstrate the feasibility of therapeutic
approaches based on genetically modified MSCs, by ensuring both high efficiency
and minimal in vitro manipulation [84].
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Figure 19. In vitro proliferation of transduced MSCs. The in vitro proliferative potential of
CDS- and VEGF-expressing ASCs (A) and BMSCs (B) was not impaired compared with
that of naive and mock- transduced cells over nine passages after FACS sorting.

From Helmrich U, Marsano M, Melly L et al., Tissue Eng Part C Methods 2012

Mesenchymal stem cells are an attractive source for cardiac cell delivery and
particularly adipose tissue-derived stem cells (ASC) [69]. Indeed, ASC can be easily
procured in large quantities from liposuction material [85], may have had the
potential to differentiate into cardiomyocytes [86, 87], and have been reported
not to increase the risk of arrhythmias [88].
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E. PROOF OF PRINCIPLE IN THE HEART

Adipose-derived stem cells producing a specific and therapeutic level of VEGF
(within a narrow therapeutic range) can induce angiogenesis and overall prevent
the growth of aberrant angioma-like vascular structures caused by uncontrolled
expression [89].

Control cells (CTR), which were transduced with the control virus expressing CD8
alone, were FACS purified to eliminate the few non-transduced cells and yield a
purely CD8-positive population. Then, VEGF-expressing ASC were used to
generate two distinct populations. Part of the cells were FACS purified through a
specific narrow gate, to produce a homogeneous cell population expressing a
specific moderate VEGF level (SPEC). The rest of the cells were sorted to purify all
CD8-positive cells, in order to generate a population expressing all the
heterogeneous VEGF levels present in the primary transduced population (ALL)
(Fig. 20).
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Figure 20. FACS purification of control ASC (B), expressing only the cell surface marker
CD8 (CTR), or VEGF-expressing ASC (C) as populations producing either a specific
homogenous level (SPEC) or all heterogeneous levels (ALL).

From Melly L et al., Hum Gene Ther Methods 2012

Both VEGF-expressing populations (SPEC and ALL) produced a similar amount of
rat VEGF (about 130ng/10°%cells/d), which was not detectable in the supernatants
of control cells (Fig. 21B). Since ASC were of human origin, expression of
endogenous human VEGF was similar, corresponding to only about 10% of the
retrovirus-derived rat VEGF, showing that exogenous VEGF overexpression did not
influence the basal levels of expression of the endogenous factor (Fig. 21C).
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Figure 21. Enzyme-linked immunosor- bent assay (ELISA) quantifi- cation of rat (B) and
human (C) VEGF in the culture su- pernatants of transduced cells (expressed in ng/10°
cells/d); *p<0.01. From Melly L et al., Hum Gene Ther Methods 2012

No significant differences were found in the composition of the three populations
in regards to mesenchymal markers (CD73, CD90, or CD105). Less than 4% of the
cells were positive for CD31, which is expressed by endothelial as well as some
hemopoietic cells. However, the other endothelial markers CD34 and VEGF-
Receptor 2 (VEGFR2) were expressed by <1% of cells in all three groups,
suggesting that the frequency of endothelial cells in the injected populations was
negligible and not affected by VEGF overexpression (Fig. 22).

TABLE 1. PHENOTYPE OF TRANSDUCED
ADIPOSE-T15SUE STEM CELL POPULATIONS

CTR SPEC ALL

Mesenchymal

CD 73 74.2+0.1% 79.9+1.1% 75.8+0.4%

CD 90 69.7 £4.4% 78.7+3.0% 70.9+2.3%

CD 105 69.5+10.1% 77.5+6.5% 74.9+0.2%
Endothelial

CD 31 3.6+4.3% 3.84+2.2% 2.84+0.2%

CD 34 0.7+0.7% 0.6+0.2% 0.9+0.2%

VEGFR2 0.2+0.2% 0.5+£0.1% 0.1£0.1%
Cardiac

Trop 1 0.0+£0.0% 0.4+0.6% 0.1£0.1%

Figure 22. Expression of the indicated mesenchymal, endothelial, and cardiac makers by
the different populations of transduced and purified ASC at the time of in vivo injection,
measured by flow cytometry. Data represent the percentage of cells positive for the
indicated marker in each population and are expressed as the mean — standard deviation
(n=2 independent donors); p was not significant for each marker expression between all
groups. From Melly L et al., Hum Gene Ther Methods 2012

48



Both VEGF-expressing populations induced robust angiogenesis when injected in
the myocardium compared to control cells (Fig. 23A). Vessel density was
quantified by measuring the area fraction occupied by CD31+ endothelial cells,
which is not affected by the size of lumens, and the results showed a significant
two- to three- fold increase by both VEGF-expressing populations compared to
controls (Fig. 23B). Since the vessels induced by the ALL population displayed an
irregular morphology, with heterogeneous sizes, vascular growth was
independently quantified by measuring vessel length density (VLD), which
indicates the total length of vessels in a given tissue area, irrespective of their
diameter or endothelial cell content. Both VEGF-expressing populations caused a
net increase in VLD by about 60%. However, vessels induced by controlled VEGF
expression (SPEC) displayed the morphology of normal and stable capillaries,
were homogeneous in diameter, and associated with the slender processes of
typical pericytes positive for the chondroitin sulfate proteoglycan NG2, similar in
quality to vessels visible in the control group, while occasional regular-shaped
arterioles were the only smooth muscle-covered vessels present (arrows in Fig.
23A). By contrast, heterogeneous VEGF expression by ALL cells caused the
widespread growth of enlarged aberrant vessels (arrowheads in Fig. 23A),
characterized by heterogeneous sizes, the presence of multiple lumens, and a lack
of normal pericytes, substituted by a thick coat of smooth muscle cells, positive
for both NG2 and smooth muscle actin (SMA; Fig. 23D), similar to the
progressively growing angioma-like vascular structures.
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Figure 23. Myocardial angiogenesis. (A) Immunofluorescent staining for endothelium
(CD31, in red), pericytes (NG2, in green), smooth muscle cells (SMA, in cyan), and nuclei
(DAPI, in blue) in sections of myocardium injected with control cells (CTR) or ASC
expressing a specific homogeneous VEGF level (SPEC) or uncontrolled heterogeneous
levels (ALL). White arrows and arrowheads indicate normal, regular-shaped arterioles and
aberrant angioma-like structures, respectively. Angiogenesis was quantified either as the
area fraction occupied by CD31-positive pixels (B) or as vessel length density (C). Results
are expressed as the mean—SEM; *p<0.01. (D) Immunofluorescent staining showing in
greater detail an aberrant vascular structure in the ALL group, displaying irregular, multiple
lumens and a thick smooth muscle coat.

From Melly L et al., Hum Gene Ther Methods 2012
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In agreement with previous reports [90], we observed very limited human ASC
engraftment 4 weeks after intramyocardial injection by two independent
methods (Fig. 24). Results in other tissues have shown that approximately 4
weeks of sustained VEGF expression are required before new vessels become
independent [38, 91]. Interestingly, newly induced vessels persisted in the
injection areas despite the disappearance of most implanted cells, suggesting
either of two possible explanations: (1) tissue- specific differences allow vessels in
the myocardium to stabilize after VEGF expression shorter than 4 weeks, or (2)
the production of other paracrine factors by ASC may accelerate the stabilization
of VEGF-induced vessels. Conditional switching of VEGF overexpression
specifically in the heart of transgenic mice showed that normal induced vessels
were stable after 4 weeks, but not after 2 weeks, whereas aberrant vascular
structures always depended on continued VEGF production for their survival [38].
On the other hand, among the many paracrine factors produced by ASC there are
some involved in vascular stabilization, such as transforming growth factor B and
basic fibroblast growth factor [92].

Figure 24. Cell engraftment. Survival of human ASC was assessed by immunostaining for
HLA-Class I (red), while cardio- myocytes were detected by troponin I expression (green)
and nuclei by DAPI staining (blue) 4 weeks after injection of control cells (CTR) or the two
VEGF-expressing populations (ALL and SPEC). White arrows indicate single engrafted
human cells. From Melly L et al., Hum Gene Ther Methods 2012

In summary we found that transduced and FACS-purified mesenchymal
progenitors, homogeneously expressing a specific VEGF level, were effective in
inducing robust normal angiogenesis in the myocardium, while preventing the
growth of aberrant angioma-like vascular structures caused by uncontrolled
expression [89].
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IV. HYDROGEL-BASED THERAPY

For therapeutic efficacy and safety, it is desirable to independently control the
dose and duration of angiogenic factor delivery in tissues. As we extensively
discussed above this is technically challenging with gene transfer, while protein
delivery has a short half-life in vivo. However, recently it has been possible to
create modified versions of growth factors by protein engineering, so that they
can be used to decorate natural matrices while being protected from rapid
degradation [93].

A hydrogel is per definition a gel, in which the liquid component is water or
hydrophilic. Several fundamental attempts of epicardial applications have aimed
at treating hearts with solid hydrogels [94] or even as a spray (Fig. 25) [95] but
have failed to be investigated further in clinical trials up to now.

Air hose Mixed gel sprayed on
surface of infarcted area
promotes regeneration

Figure 25. Schematic showing the spray painting of biomaterials on the heart after
myocardial infarction. From Tang J et al., 2017 Tissue Eng Part C Methods

Here, the main idea resides in the fact that the gel can easily be injected within
the target tissue, namely the myocardium. Indeed, the extracellular matrix is a
three-dimensional network that provides structural and biochemical support to
the surrounding cells. It is mainly composed of macromolecules such as enzymes,
glycoprotein and very importantly collagen.
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Therefore, most of the hydrogel-based therapies have a collagen core, like the
Ultrafoam™ (BD Bard), which is a 3D type | collagen sponge. Compared to other
scaffold compositions, collagen is characterized by a poor ability to retain VEGF in
the extracellular matrix [96]. Previously, we found that those collagen sponges
prevent the formation of localized hot spots of excessive concentration, thereby
avoiding the development of aberrant angiogenesis despite uncontrolled
expression by a genetically engineered population of ASC, which means that it is
possible to induce therapeutic angiogenesis also by modulating the scaffold
affinity for the protein [97].

Next to collagen matrices other numerous naturally derived biomaterials
including alginate [98], collagen, chitosan, decellularized tissues, fibrin [99],
hyaluronic acid (HA), keratin, and Matrigel, along with several synthetic
biomaterials composed of polyethylene glycol (PEG) or polyN-isopropylacrylamide
have been tested [100].
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A. FIBRIN AS A DELIVERY SYSTEM

Fibrin is a natural product of blood coagulation and provides unique features,
since itis:

(i) injectable as a liquid and solidifies in situ without cytotoxicity
(i) remodeled by cell-associated enzymes (metalloproteinases, plasmin)
(iii) a natural cell-infiltration matrix [101].

Tissue regeneration after damage starts in all cases with the deposition of a fibrin-
based matrix rich in growth factors [102]. So, one way of bringing growth factors
is to incorporate them into a fibrin matrix exploiting the coagulation process (Fig.
26A). Over two decades ago, Zisch et al. fused murine VEGF64to an octapeptide,
which is the substrate of the transglutaminase coagulation factor Xllla, allowing
its covalent cross-linking into fibrin hydrogels and release only by enzymatic
cleavage [103]. However, the brief persistence of fibrin hydrogels in vivo [104] is
insufficient to ensure stabilization of newly induced vessels and is a major
obstacle to its exploitation for therapeutic angiogenesis [105]. To gain control
over fibrin-remodeling rates and significantly prolong gel persistence in vivo, the
group of Hubbell engineered an «,-Pl, ;—fused variant of the fibrinolysis inhibitor
aprotinin [106]. Finally, a collaboration between the Banfi and Hubbell groups
could develop an optimized fibrin platform to ensure both controlled and
sustained delivery of a,-Pl,_s-VEGF-Asg..

In other words, the parameters controlling angiogenesis in a fibrin-bound delivery
system depend on the degradation rate of the matrix in different ways:

= Dose = Factor concentration X degradation rate of the matrix
=  Duration of release = Matrix volume / degradation rate of the matrix

This means that by controlling the degradation rate, it is possible to modulate
both the dose and the duration of a growth factor in a tissue. This was achieved
by incorporating and fine tuning the aprotinin concentration in the matrix [107].

On the other hand, engineering of any growth factor with a peptide endowing
super-affinity for ECM enables in situ decoration of endogenous matrix with
exogenously provided therapeutic proteins [108] (Fig. 26B). The increased efficacy
of the modified factors avoided the need to deliver supra-physiological doses of
VEGF, thereby increasing safety.
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Figure 26. Strategies for matrix decoration with engineered recombinant factors. (A) Fibrin
matrices can be decorated with engineered growth factors to mimic ECM functions. Taking
advantage of the coagulation cascade, an octapeptide substrate of the transglutaminase
Factor XIII (TG hook) can be fused to growth factors (GF), enabling their covalent cross-
linking to fibrin. Specific domains of ECM proteins can also be incorporated through a TG
hook to exploit their natural affinity for different GFs. (B) Endogenous ECM can be
decorated with therapeutic GFs engineered to exhibit super-affinity to a broad range of
ECM components.

From Gianni-Barrera R, Di Maggio N, Melly L et al., Stem Cells Transl Med 2020
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B. PROOF OF PRINCIPLE IN SKELETAL MUSCLE

The fibrinogen content proportionally determines the maximum amount of VEGF
that can be incorporated into the gel. In order to be able to inject the gel in vivo in
still a liquid form, the gel must have a polymerization time longer than at least 10
seconds. Previous work in the Banfi lab determined the highest usable
concentration of fibrinogen to be 25 mg/mL. At the same time the composition
with the lowest stiffness (2.9 kPa: fibrinogen 25 mg/mL, FXIll 2 U/mL, thrombin 2
U/mL) was selected to investigate growth-factor delivery in vivo, to maximize
compliance and minimize tissue invasiveness (Fig. 27) [107].

Aprotinin inhibits fibrin degradation by proteases, to prolong in vivo persistence
of the gel and the duration of VEGF release, required for vascular stabilization.
Since gel degradation rate affects both key parameters (rate and duration of the
release) controlling angiogenesis in opposite directions, a reduction in
degradation rate increases the duration of VEGF release but also reduce its
effective delivered dose. The optimal aprotinin concentration was found to be of
56 ug/mL, which allowed a VEGF dose-dependent transition between normal and
aberrant angiogenesis (Fig. 27) [107].
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Figure 27. Aprotinin-02-PI1-8 concentration determines the effective released dose of a2-
PI1-8-VEGF164 and the angiogenic outcome. Fibrin gels were injected into the
gastrocnemius muscles of SCID mice, and tissues were an- alyzed 9 d later. Two different
02-P11-8-VEGF 164 concentrations (25 pg/mL and 100 pg/mL) were tested in combination
with three aprotinin-a2-PI1-8 concentrations (17 pg/mL, 56 pg/mL, and 81 pg/mL).
Negative control conditions contained only aprotinin-a2-PI1-8. Frozen sections were
immunostained for endothelial cells (CD31, in red), pericytes (NG2, in green), smooth-
muscle cells (a-SMA, in cyan) and nuclei (DAPI, in blue). Asterisks, enlarged aberrant
vascular structures. n = 3. (Scale bar: 20 um).

From Sacchi V et al., Proc Natl Acad Sci 2014

In regard to the amount of VEGF delivered to skeletal muscle, it was
demonstrated that the concentration of VEGF did not affect the amount of
induced vasculature because the maximum had already been achieved with the
lowest dose (0.1 mg/mL) and maintained over a 500-fold range (5 mg/mL) (Fig.
28A). But the size of the induced vessels was significantly increased up to the
highest dose (5 mg/mL) (Fig. 28B). This is important, because previous studies
showed that vascular size affects therapeutic efficacy significantly, as a similar
increase in vessel density without increase in size provided no functional benefit
[109].
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Remarkably, those newly induced vessels did not regress for at least 3 months,
whereas the implanted gels were almost completely consumed by 4 weeks,
demonstrating that they achieved independence from exogenous VEGF signaling
for their survival and suggesting that they could persist indefinitely (Fig. 28C). This
finding was particularly relevant for the therapeutic potential of this approach
because one of the main limitations of recombinant protein delivery for
therapeutic angiogenesis has been the insufficient duration of factor release to
achieve persistent effects [105].
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Figure 28. Long-term stability of induced normal, but not aberrant, angiogenesis by
optimized delivery of fibrin-bound 02-PI1-8-VEGF164. Fibrin gels containing 56 pg/mL
aprotinin-a2-PI1-8 and 0 pug/mL (negative control), 0.01 pg/mL, 0.1 pg/mL, 5 pg/mL, and
100 pg/mL 02-PI1-8-VEGF164 were injected into gastrocnemius muscles of SCID mice.
Tissues were analyzed 3 mo later. (A) Frozen sections were immunostained to detect
endothelial cells (CD31, in red), pericytes (NG2, in green), and smooth-muscle cells (o-
SMA, in cyan). n = 3. (Scale bar: 20 um.) (B) The amount of angiogenesis was quantified
as vessel length density (mean VLD £+ SEM; n = 5-10 fields per group); 66 & ***P < 0.001
or **P < 0.01 vs. negative control, P <0.01, P <0.05 vs. the 100 pg/mL condition. (C) The
stabilization rate of vessels induced in each condition was calculated as the percentage ratio
between VLD 3 mo and 4 wk after gel injection (% Resistant fraction), with a value of
100% or higher indicating complete stabilization and a value lower than 100% indicating
vascular regression between the two time points.

From Sacchi V et al., Proc Natl Acad Sci 2014
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Results in skeletal muscle showed that 0.5 pg/mL was effective to induce
functional improvement as it caused a two-fold increase in the amount of normal
capillaries and significantly increased blood flow in ischemic tissue compared with
controls (Fig. 29A) [107].

However, 5 pg/mL o,-Plis- VEGFie, which induced only normal and stable
angiogenesis in nonischemic muscle, actually stimulated the growth of aberrant
vascular structures that failed to improve blood flow and collateral arteriogenesis
in ischemic tissue (Fig. 29B) [107]. This was due to the accelerated degradation of
the fibrin matrix in the highly inflammatory environment of ischemic muscle,
causing a greater release of embedded VEGF per unit of time, i.e. a higher
effective dose. This observation further validates the concept that the effective
dose depends on the factor concentration x the matrix degradation rate, and not
simply on the factor concentration. Therefore, the therapeutic concentration may
vary depending on the specific application and the target tissue.

On the other hand, aberrant angiogenesis induced by 100 pg/mL VEGFfailed to
recruit physiological pericyte coverage by 4 weeks, when gel-bound factor was
still present, consistently with the described function of VEGF as a negative
regulator of pericyte function through formation of nonfunctional VEGFR-
2/PDGFR-3 complexes and consequent inhibition of PDGFR-B phosphorylation
[110].
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Figure 29. Functional improvement of hind-limb ischemia by a2-PI1-8-VEGF164. Fibrin
gels containing 56 pg/mL aprotinin-a2-PI11-8 and 0 pg/mL (negative control), 0.5 pg/mL,
and 5 pug/mL 02-P11-8-VEGF 164 were injected into the lower thigh muscles. Tissues were
analyzed 4 wk later. (A) Frozen sections were immunostained to detect endothelial cells
(CD31, in red), pericytes (NG2, in green), and smooth-muscle cells (a-SMA, in cyan). n =
3. (Scale bar: 20 um.) (B) Representative laser Doppler images of nonischemic and
ischemic limbs (left and right side of each image, respectively) 28 d after treatment with
control gels (control) or 0.5 pg/mL and 5 pg/mL 02-PI11—8-VEGF164. (C) The amount of
angiogenesis was quantified as vessel length density (mean VLD + SEM; n = 5-10 fields
per group); ***P < (0.001 and **P < 0.01 vs. negative control, P < 0.05 vs. the 0.5 pg/mL
condition. (D) Blood flow was mea- sured by laser Doppler imaging before surgery (preop)
to set the base- line, immediately after (postop) and 7 and 28 d later. Results were
expressed as the ratio between measured flow in the ischemic and the contralateral
nonoperated hind limb. (E) The number of collateral arteries was determined histologically
in the adductor muscles after 4 wk (mean = SEM per field; n = 5-10 fields per group); * P<
0.05 vs negative control, P < 0.05 vs. the 0.5 pg/mL condition.

From Sacchi V et al., Proc Natl Acad Sci 2014
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AIMS OF THE THESIS
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In conditions of inadequate balance between myocardial oxygen supply and
demand, such as in angina or after myocardial infarction, revascularization
strategies aim at restoring blood flow in the ischemic region. State-of-the-art
procedures include percutaneous coronary intervention and coronary artery
bypass grafting. Those patients as well as others who are not amenable to
interventional procedures could benefit from additional therapeutic angiogenic
strategies [111]. Therapeutic angiogenesis aims at promoting the expansion of
microvascular networks, which are capable of recruiting increased flow also in
upstream collateral arteries through retrograde signals [11], thereby providing
effective bypass of the obstructed feeding vessels.

Vascular Endothelial Growth Factor (VEGF) is the master regulator of angiogenesis
[112], but it also can induce aberrant and dysfunctional vascular growth if its
expression is not tightly controlled [14]. A large body of investigations has
identified specific features of VEGF biology that need to be considered to exploit
its therapeutic potential while ensuring safety: these principally relate to dosing
and duration of delivery. Results in the heart and other tissues have shown that
approximately 4 weeks of sustained VEGF expression are required before new
vessels become independent from the exogenous VEGF trigger, so that transient
delivery is ineffective, although desirable for safety reasons [91]. On the other
hand, since VEGF binds tightly to the extracellular matrix, the induction of normal
or aberrant angiogenesis depends strictly on its amount localized in the
microenvironment [91] and not on the total dose. This finding helps to explain the
apparently narrow therapeutic window for VEGF gene delivery and its lack of
efficacy at safe doses in clinical trials of therapeutic angiogenesis [113], in which
only the total dose of vector could be controlled, but not its expression in
individual cells, leading to a heterogeneous distribution of microenvironmental
levels within the tissue [114]. A high throughput Fluorescence Activated Cell
Sorting (FACS)-based technology was developed by linking VEGF expression to
that of a FACS-quantifiable syngenic cell surface marker (truncated CD8a), so that
the amount of CD8 on the cell surface would reflect the level of secreted VEGF,
thereby enabling rapid purification of cells expressing a specific desired VEGF
level from a heterogeneous population of transduced progenitors [81].
Populations of VEGF-expressing primary myoblasts purified in this way yielded
robust, normal and stable angiogenesis both in normal [81] and chronically
ischemic [82] skeletal muscle, while angioma growth was completely avoided.
Since skeletal myoblasts are not a suitable candidate for cardiac cell delivery
[115], adipose-derived stem cells (ASC) have attracted considerable attention.
Indeed, beside the yield of large quantities of ASC from liposuction material [116]
and their potential to differentiate into cardiomyocytes [117], they have a
demonstrated ability to reduce the infarct area [118], to significantly improve the

65



left ventricular ejection fraction [119], and the cardiac mechanical and
electrophysiological functions post-myocardial infarction [120]. Previously, we
could demonstrate in a rodent model that, upon injection of genetically
engineered and FACS-purified ASC, only cells homogeneously expressing a specific
desired level of VEGF could induce normal and stable angiogenesis compared to
control cells, despite very sparse cell engraftment in the normal myocardium [89].

In the first aim of this thesis we investigated the potential of a human ASC-based
platform for controlled VEGF expression to induce safe angiogenesis and to
improve cardiac function in a rat model of myocardial infarction.

Recombinant VEGF protein delivery has several desirable features for a clinical
application: 1) it could avoid safety concerns associated with the genetic
modification of progenitors, and 2) it could also ensure a homogeneous in vivo
distribution of the delivered dose. However, sustained duration of protein
delivery is necessary to ensure the stabilization and the persistence of induced
angiogenesis [121], but it is challenging to obtain, due to the rapid degradation of
VEGF protein in vivo. An optimized platform for the controlled delivery of
recombinant VEGF after cross-linking into a fibrin hydrogel allows its release by
cell-demanded enzymatic cleavage like metalloproteinases and plasmin, while
protecting the factor from degradation until the time of release. Fibrin, a natural
product of blood coagulation, provides unique features for physiological
presentation of angiogenic signals: 1) it is injectable as a liquid and solidifies in
situ without cytotoxicity, and 2) it is at the same time a natural cell-infiltration
matrix [107]. After optimization of this fibrin-based delivery method, induction of
normal, stable, and functional angiogenesis was demonstrated in rodent models
of hind-limb ischemia and wound healing [107]. Further, it has also been shown
that if the pericyte-recruiting factor Platelet-Derived Growth Factor-BB (PDGF) is
co-expressed with VEGF in every cell at a fixed relative level via a single bicistronic
vector, aberrant vascular structures are prevented and a greater arteriogenic
effect is induced with higher VEGF doses [41]. Therefore, the combination of VEGF
and PDGF proteins in the optimized fibrin-based delivery platform, which provides
a convenient, clinically approved and off-the-shelf product, appears to be a very
promising strategy to increase both safety and efficacy of VEGF delivery for a
rapid clinical translation. In the second aim of this thesis we tested the feasibility
and the potential of VEGF- and PDGF-BB-decorated fibrin matrices to induce
therapeutic angiogenesis, as well as the possible untoward effects on safety in the
myocardium.

Taken together, both aims evaluate therapeutic angiogenesis in the heart by the
controlled delivery of growth factors within the myocardium to stimulate the
micro-vascularization.
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ABSTRACT

VEGF can induce normal or aberrant angiogenesis depending on the amount
secreted in the microenvironment around each cell. Towards a possible clinical
translation, we developed a FACS-based technique to rapidly purify transduced
progenitors that homogeneously express a desired specific VEGF level from
heterogeneous primary populations. Here we sought to induce safe and
functional angiogenesis in ischemic myocardium by cell-based expression of
controlled VEGF levels. Human adipose stromal cells (ASC) were transduced with
retroviral vectors and FACS-purified to generate two populations producing
similar total VEGF doses, but with different distributions: one with cells
homogeneously producing a specific VEGF level (SPEC), and one with cells
heterogeneously producing widespread VEGF levels (ALL), but with an average
similar to that of the SPEC population. 70 nude rats underwent myocardial
infarction by coronary artery ligation and 2 weeks later VEGF-expressing or
control cells, or saline were injected at the infarction border. Four weeks later,
ventricular ejection fraction was significantly worsened with all treatments except
for SPEC-cells. Further, only SPEC-cells significantly increased the density of
homogeneously normal and mature microvascular networks. This was
accompanied by a positive remodeling effect, with significantly reduced fibrosis in
the infarcted area. We conclude that controlled homogeneous VEGF delivery by
FACS-purified transduced ASC is a promising strategy to achieve safe and
functional angiogenesis in myocardial ischemia.

KEYWORDS

Myocardial infarction, adipose stem cells, VEGF, angiogenesis, cell therapy
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INTRODUCTION

Ischemic heart pathologies are caused by inadequate balance between
myocardial oxygen supply and demand such as in angina or after myocardial
infarction. Percutaneous coronary intervention (PCl) and coronary artery bypass
grafting (CABG) typically restore the macrovascularization in the ischemic area of
the either acutely or chronically affected myocardium. But many patients could
also benefit from additional therapeutic angiogenic strategies that would improve
the microvascularization [111].

Vascular Endothelial Growth Factor (VEGF) is the master regulator of angiogenesis
[122], but it can also induce aberrant and dysfunctional vascular growth if its
expression is not tightly controlled [39, 123]. We previously found that, since
VEGF binds tightly to extracellular matrix, the induction of normal or aberrant
angiogenesis depends strictly on its amount localized in the microenvironment
around each producing cell and not simply on the total dose delivered [91, 109].
This finding helps explaining the apparently narrow therapeutic window for VEGF
gene therapy and its lack of efficacy at safe vector doses in first-generation clinical
trials for therapeutic angiogenesis [113]. In these trials, only the total dose of
vector could be controlled, but not the level of expression achieved in individual
cells, leading to a heterogeneous and unpredictable distribution of VEGF within
the tissue [114].

In order to overcome this limitation and the ensuing loss of therapeutic potential,
we previously developed a high-throughput, Fluorescence Activated Cell Sorting
(FACS)-based technology to identify and rapidly purify cells expressing a specific
desired VEGF level from a heterogeneous population of transduced progenitors.
This was achieved by using a retroviral construct expressing the VEGF sequence
quantitatively linked through an internal ribosome entry site (IRES) to a FACS-
quantifiable syngenic cell surface marker (truncated CD8a), so that the amount of
CD8 on the cell surface would reflect the level of secreted VEGF [81]. Populations
of so-purified VEGF-expressing primary myoblasts could ensure robust, normal
and stable angiogenesis both in normal [81] and chronically ischemic [82] skeletal
muscle, while angioma growth was completely avoided. However, skeletal
myoblasts are not suitable for cardiac cell therapy, due to their inability to
electrically couple and integrate with the surrounding cardiomyocytes, leading to
fatal arrhythmias [115]. On the other hand, adipose tissue-derived stromal cells
(ASC) possess several desirable features for cell therapy approaches to cardiac
repair [120]. In fact, ASC 1) can be easily obtained in large quantities from
autologous liposuction material [116], 2) have differentiation potential into
cardiomyocytes [117] and 3) have been reported to reduce the infarct area [118]
and to significantly improve the left ventricular ejection fraction [119], as well as
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the electrophysiological function after delivery in animal models of myocardial
infarction [120]. Recently, we have shown that injection of genetically engineered
VEGF-expressing human ASC in normal myocardium, FACS-purified to
homogeneously produce a specific controlled and safe level of VEGF, could induce
normal and stable angiogenesis while completely preventing aberrant vascular
growth [124].

In this study, we tested the hypothesis that delivery of human ASC FACS-purified
to express controlled VEGF levels at the infarct border zone could efficiently
induce safe angiogenesis and ultimately improve cardiac function in a rat model
of myocardial infarction.
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METHODS

Cell culture

Human adipose tissue was obtained from three healthy patients undergoing
plastic surgery after informed consent and according to a protocol approved by
the Ethical Committee of the Basel University Hospital. All investigations
conformed to the Declaration of Helsinki. Tissue was minced and digested with
0.15% collagenase (Worthington Biochemical Corporation, Lakewood, NJ) in
phosphate-buffered saline (PBS) at 37°C under continuous shaking for 60 min.
After centrifugation at 1500 rpm for 10 min, the lipid-rich layer was discarded,
and the cellular pellet was washed once with PBS. Released cells were strained
through a 100-um nylon-mesh followed by a 70-um nylon-mesh in order to
remove fibrous debris, plated at a density of 10° cells/cm?, and cultured in high-
glucose Dulbecco’s modified Eagle’s medium with 10% fetal bovine serum, as
described [125]. After 4 days, cells were retrovirally transduced twice a day
according to a recently optimized high-efficiency protocol [84] for a total of six
rounds. The retroviral vectors expressing rat VEGF,5, and truncated rat CD8a have
been previously described [82]. We have previously found that neither the
transduction procedure nor VEGF expression affected the surface marker
expression profile, proliferative ability, and multi-lineage differentiation potential
of the transduced ASC [84]. After 12 days, (approximately 90% confluence), cells
were FACS-sorted with a BD Influx Cell Sorter (BD Biosciences, Basel, Switzerland)
to generate the three different treatment groups (CD8, ALL, SPEC), according to a
previously published protocol [81, 124]. Briefly at the first passage, control cells,
which were transduced with the control virus expressing CD8 alone, were FACS
purified to eliminate the few non-transduced cells and yield a purely CD8-positive
population (CD8). Part of the cells transduced with the virus containing VEGF were
FACS purified through a specific narrow gate to produce a homogeneous cell
population expressing a specific moderate VEGF level (SPEC) and the rest of the
cells were sorted to generate a population expressing all the heterogeneous VEGF
levels (ALL).
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VEGF ELISA measurements

The production of rat VEGF,s, and human VEGFg; was quantified as previously
described [124]. Briefly, species-specific Quantikine VEGF ELISA kits (R&D
Systems, Abingdon, UK) were used according to manufacturer’s protocol. One
milliliter of medium was harvested from ASC cultured in a 60-mm dish, following 4
hours of incubation, filtered, and analyzed in duplicate. Results were normalized
by the number of cells and time of incubation and expressed as ng of VEGF/10°
cells/day. Four separate dishes of cells were assayed for each cell type from 3
independent donors.

Animals

All animals were treated in compliance with Swiss Federal guidelines for animal
welfare and all procedures were approved by the Veterinary Office of the Canton
Bern (Bern, Switzerland) and conform to the Directive 2010/63/EU of the
European Parliament. Immunodeficient male nude rats, (Hsd: RH-rnu/rnu, Harlan,
Venray, Netherlands) were used to prevent rejection of human ASC.

Myocardial infarction and in vivo cell implantation

Anesthesia was performed with isoflurane (5% of oxygen for induction and 2.5%
for maintenance) and additional buprenorphine (10 mg/kg). Animals were placed
on a warming pad (37°C) and intubated with a 14G tracheal cannula (Abbocath,
Abbott, Sligo, Ireland) and ventilated at 80 cycles/min (Small Animal Ventilator
683, Harvard Apparatus, Inc., Holliston, MA). Hearts were exposed through a left
thoracotomy [126]. After opening the pericardium, a myocardial infarction was
created by a permanent ligation of the left anterior descending (LAD) coronary
artery using a 7/0 polypropylene suture. Distal ligature allowed the induction of
an initial small infarct with limited mechanical overload and consequently reduced
animal mortality over the study period. Two weeks after coronary ligation, a pre-
treatment echocardiography (E1) was performed to exclude animals with an
ejection fraction above 60% (i.e. with no significant infarction) or under 45% (i.e.
already close to heart failure), before randomization to one of the 4 treatment
groups. Animals received five direct intramyocardial injections into the anterior
wall around the infarction for a total of 150 pL of either phosphate buffered saline
(PBS) alone or containing 10’ cells for each of the three selected conditions (CD8,
ALL, SPEC). Four weeks post-treatment, rats were sacrificed by exsanguination
under the same anesthesia conditions as already described, and the hearts were
then collected, embedded in optimal cutting temperature (OCT) compound
(Sakura Finetek Inc.), and frozen in isopentane cooled in liquid nitrogen.
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Functional assessment

Before sacrifice at 28 days animals were anesthetized by mask and placed on the
left lateral position. A single examiner evaluated left ventricular function in a
blinded manner by transthoracic echocardiography equipped with a 9-11 MHz
linear phase array transducer system (AcusonSequoia, Siemens, Inc., Malvern,
PA). Echocardiographic assessments were performed on animals under anesthesia
induced by 2.5% isoflurane at the beginning of the study in non-infarcted heart
(E0), 2 weeks after induction of the myocardial infarction at the time of
randomization (E1), and finally 4 weeks after treatment (E2). The fraction
shortening (FS) and ejection fraction (EF) were recorded with M-mode and 2D
echocardiography. For each data point, 3 different heart cycles were averaged.

Immunofluorescence

Histological analyses were performed on heart 10 um-thick cryosections.
Immunofluorescence was performed using the following primary antibodies and
dilutions: mouse-anti-rat CD45 (BD Biosciences Allschwil, Switzerland; 1:200),
mouse anti-rat CD31 (Clone TLD-3A12; AbD Serotec, Disseldorf, Germany; 1:100),
rabbit anti-mouse NG2 (Millipore, Zug, Switzerland; 1:200), mouse anti a-smooth
muscle actin (Clone 1A4; MPBiomedicals, Basel, Switzerland; 1:400), anti-human
leukocyte antigen (HLA) (Biolegend, San Diego, CA; 1:200), mouse anti-Human
Nuclei (HuNu) (Millipore, Billerica, MA; 1:100), goat anti-VE-Cadherin (VE-Cad;
Santa Cruz, Dallas, TX; 1:100) and goat anti-rat VEGF (R&D Systems, Abingdon, UK;
1:100). Fluorescently labeled Alexa488, Alexa546 or Alexa647 secondary
antibodies (Invitrogen, Basel, Switzerland) were used at 1:200.

Fibrosis evaluation

Histological analyses were performed on heart cryosections stained with Masson
Trichrome according to standard protocols. Images were acquired using an
Olympus BX61 microscope (Olympus, Minster, Germany) and processed using
Image J (National Institutes of Health, Bethesda, MD) by color recognition. In all
experimental groups, the total amounts of fibrotic tissue (green color) and muscle
tissue (red tone) were determined on a standardized set of 10 cross-sections,
starting at the level of the papillary muscle and moving towards the apex every
300 um. The percentage of fibrosis was calculated from the ratio of the green
area over the total (red + green) area.
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Vessel measurements

The amount of blood vessels was quantified on images taken from CD31-stained
sections. Eighteen representative fluorescent images per group (6 images/heart
and 3 hearts/group) were acquired with a 20x objective on an Olympus BX61
microscope (Olympus, Minster, Germany) on cross-sections of the anterior wall
taken at 300-um intervals starting from the level of the papillary muscle, in the
area where injections were performed. Blind analysis was performed with either
Image J software (National Institutes of Health, Bethesda, MD) or AnalySIS D
software (Soft Imaging System, Minster, Germany). The area fraction occupied by
endothelial cells was calculated by measuring the number of CD31-positive pixels
in each image with Image J software and normalizing it to the total area.
Alternatively, vessel length density (VLD) was quantified as previously described
[127] by tracing the total length of CD31-positive vessels in AnalySIS D software
(Soft Imaging System, Minster, Germany) and dividing it by the total area of each
field.

Statistics

Data are presented as means + standard deviation and were analyzed with the
statistical software Prism 5.0a (GraphPad, La Jolla, CA). For quantifications of
VEGF expression, cardiac fibrosis and vascularization, comparison between groups
was performed with the non-parametric Kruskal-Wallis test for multiple
comparisons and Dunn’s post-hoc test. All quantifications were analyzed using the
means of multiple individual measurements in each sample (n = number of
independent samples). Echocardiography data, which represent measurements
from the same animals before and after treatment, were analyzed by Repeated
Measures ANOVA and Bonferroni post-hoc test. The normal distribution of data
sets representing differences between pre- and post-treatment (AEF and AFS) was
verified and multiple comparisons were performed with the parametric 1-way
analysis of variance (ANOVA) followed by the Bonferroni test. Differences were
considered statistically significant when p<0.05.
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RESULTS

VEGF-producing ASC were generated by transduction with a retrovirus carrying a
bicistronic cassette that co-expresses rat VEGF5, and a truncated version of rat
CD8a as a FACS-quantifiable cell surface marker. The primary transduced cells
were used to generate two distinct populations. Part were FACS-purified through
a specific narrow gate, designed according to a previously published technique
[81], to produce a homogeneous cell population expressing a specific moderate
VEGF level (SPEC; Fig. 30a). The rest were sorted to eliminate only non-expressing
cells and generate a population heterogeneously expressing all the VEGF levels
present after retroviral transduction (ALL; Fig. 30a). The mesenchymal identity of
the different ASC populations used here was previously confirmed by their robust
expression of classical mesenchymal markers (CD73, CD90, CD105) and essentially
absent expression of endothelial (CD31, CD34, VEGFR2) or cardiac (Troponin 1)
markers [124]. Further, the ASC phenotype was not affected by retroviral
transduction, FACS-sorting or VEGF expression [84, 124]. In agreement with this,
we have also previously shown that both control CD8 and ALL VEGF-expressing
cells maintained their in vitro differentiation potential towards the adipogenic or
osteogenic lineages compared to the naive ASC [84]. In vitro VEGF release by cells
from the different groups was quantified before in vivo injection. As shown in Fig.
30b, negative control CD8 cells, which were transduced with a retrovirus carrying
only the surface marker CD8, but no VEGF gene, produced negligible amounts of
rat VEGF (CD8 = 1.0+0.3 ng/10° cells/day). On the other hand, both VEGF-
expressing populations (SPEC and ALL) produced similar total amounts of rat VEGF
(ALL = 109.8+15.8 ng/10° cells/day; SPEC = 83.1+21.1 ng/10° cells/day) (Fig. 30b),
in agreement with the fact that the purified SPEC population represents the
middle portion of the levels present in the unpurified ALL population, which
further comprises both higher and lower ones, as visible on the FACS distribution
of fluorescence intensities (Fig. 30a). On the other hand, since ASC were of human
origin, expression of the endogenous human VEGF was also quantified. All three
populations secreted very low amounts of human VEGF,4s, without any difference
between conditions (CD8 = 13.8 +5.2; SPEC = 15.6 #6.0; and ALL = 15.3 +4.8
ng/10° cells/day). Lastly, neither the genetic modification of the cells nor their
sorting affected their morphology, which was uniformly fibroblast-like, typical of
early-passage ASC (Fig. 31).
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Figure 30. Cell generation and VEGF quantification. (a) VEGF-expressing ASC were
FACS-sorted to generate two populations producing either a specific homogenous level
(SPEC) or all heterogeneous levels (ALL) of VEGF. In the FACS plots: grey tinted curve =
negative control; black open curve = purified ALL cells; black tinted curve = purified
SPEC cells. (b) ELISA quantification of rat VEGF production in the culture supernatants of
the different populations, expressed in ng/10° cells/day; * p<0.05.
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Figure 31. Cell morphology. Before in vivo injection, cell morphology was assessed by
fluorescence microscopy after in vitro staining for cell surface CD8a expression for control
cells (CD8) or the two VEGF-expressing populations (ALL and SPEC). Size bar: left
column = 500um, right column =50pum.
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Surgical induction of myocardial infarction (MI) caused a moderate 24-hour
mortality of 15.7% (11/70 rats). In order to ensure a homogeneous functional
state before randomization to the different treatment groups, 20 rats (33.8% of
the surviving animals) were excluded because the echocardiographic control after
2 weeks indicated either a very mild or no infarction, evidenced by a left
ventricular ejection fraction (EF) above 60%, or on the contrary a too severe
infarction zone with a corresponding EF under 45%. Therefore, a total of 39
animals weighing 252+16 grams with an EF of 45-60% were randomized into the 4
treatment groups. This very selective randomization of animals with only an
ejection fraction within a narrow range was necessary to ensure the
standardization of the model and homogeneous functional groups for comparison
[126]. Mortality following the second thoracotomy and the intramyocardial
injection was 10.3% (4/39). No further mortality was observed until follow-up was
completed at 6 weeks. Finally, 35 animals could be analyzed in the 4 treatment
groups: PBS n=7, CD8 n=9; ALL n=8; SPEC n=11 (Fig. 32).

n %

Number of animals initially included 70
Mortality post infarction ! 11 15.7
Drop-out 20 33.8
Mortality post treatment 4 10.2
Completed follow up @ 6 weeks - Total 35 50.0

PBS 7

CD8 9

ALL 8

SPEC 11

Figure 32. Mortality throughout the study.

" during the first 24 hours after coronary ligation.
* criteria for a drop-out were a left ventricular ejection fraction (EF) > 60% or < 45%
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Controlled VEGF expression prevents cardiac function deterioration after infarction

Cardiac functionality was assessed before infarction (EQ), 2 weeks after ligation of
the LAD right before treatment (E1) and 4 weeks post-treatment (E2) by
echocardiography (Fig. 33a). On day 14, E1 echocardiography analysis showed
that at the time of randomization before treatment the ejection fraction was
significantly reduced compared to the non-infarcted heart (EQ) (5316% versus
70+3%). After randomization, all groups had a similar EF before treatment with no
statistical difference. Four weeks after treatment, EF further decreased in the PBS
(-8+7%), the CD8 (-617%) and the ALL (-13£10%) groups, but remained stable in
the SPEC group (+117%), (Fig. 33b-c). Interestingly, EF data suggested a
statistically non-significant trend towards an even greater degree of deterioration
after injection of cells expressing VEGF at uncontrolled levels (ALL) compared to
PBS and control cells (CD8). Analysis of fractional shortening showed similar
results (Fig. 33d-e), with a significant decrease between E1 and E2 for the PBS (-
4+3%), the CD8 (-4£3%) and the ALL (-7£6%) groups, but a stabilization for the
SPEC treatment group (+1+5%).
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Figure 33. Echocardiographic cardiac functionality. (a) Time line of the experiment. Three
echocardiography studies were performed: at pre-infarction (E0), 2 weeks after ligation of
the LAD but before treatment (E1) and 4 weeks post-treatment (E2). Treatment consists in
the injection of PBS, CDS cells or VEGF-producing cells with controlled levels (SPEC) or
heterogenous levels (ALL). Ejection fraction (2D-mode) in non-infarcted hearts and pre-
treatment, as well as post-treatment per group (b) or expressed as difference between E1
and E2 per animal in the same group (c¢). Fraction shortening (M-mode) per treatment
group (d), or as a difference between E1 and E2 per animal of the same group (e). PBS
n=7; CD8 n=9; ALL n=8; SPEC n=11; * p<0.05, ** p<0.01.
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Controlled VEGF expression reduces myocardial fibrosis

To assess the effects of the angiogenic treatment on ventricle remodeling, we
evaluated the fraction of the left ventricular myocardium that was substituted by
a scar tissue 6 weeks after coronary ligation. Masson’s Trichrome staining of heart
sections was used to detect the high collagen content typical of fibrotic scarring
(Fig. 34a, showing representative images corresponding to the median value of
each group). In all the groups, fibrous tissue and a corresponding thinning of the
regional wall thickness substituted a significant portion of the left ventricle. This
was however greatly reduced only in the SPEC-treated hearts. Quantification of
the scar fraction (Fig. 34b) confirmed that only controlled VEGF delivery (SPEC)
could significantly reduce fibrosis (11+5%) compared to all other groups (PBS =
27+6%; ALL = 22+3%; CD8 = 21+3%), which were not statistically different from
each other.

PBS CD8 ALL SPEC

FIBROSIS [%)]
N
?

PBS CD8 ALL SPEC

Figure 34. Fibrosis quantification. (a) Representative cryosections stained with Masson-
Trichrome for the four treatment groups, corresponding to the median value of the
quantification. (b) Fibrosis quantification measured in the percentage of green pixels over
the total colored pixel numbers for all treatment groups (CD8 and PBS n=3; ALL and
SPEC n=4); * p<0.05, ** p<0.01.
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Controlled VEGF expression improves normal myocardial angiogenesis

The quality and quantity of vascular growth induced by controlled or
heterogeneous VEGF expression were assessed by immunofluorescence staining 4
weeks after treatment. Both VEGF-expressing populations induced robust
endothelial expansion compared to PBS or control CD8 cells (Fig. 35a). However,
vessels induced by controlled VEGF expression (SPEC) displayed the morphology
of normal and mature capillaries, homogeneous in size and associated with typical
pericytes positive for the chondroitin sulfate proteoglycan NG2 and negative for
smooth muscle actin (SMA) expression. These were similar in quality to the
normal pre-existing vasculature visible in the PBS and CD8 groups. A few SMA-
positive vessels of regular caliber had the morphology of arterioles feeding into
the newly formed microvascular networks. In contrast, heterogeneous VEGF
expression by ALL cells caused the growth of enlarged vessels, characterized by
heterogeneous diameters, the presence of multiple lumens, and a lack of normal
pericytes, substituted by a thick coat of smooth muscle cells expressing both NG2
and SMA, similar to the progressively growing angioma-like vascular structures
previously observed in similar conditions [39, 91, 124].

Quantification of the area fraction occupied by CD31-positive endothelial cells
(Fig. 35b) showed that both VEGF-expressing populations caused a significant
expansion of vascular structures compared to controls (ALL 13+5% and SPEC 9+1%
vs PBS 6+1% and CD8 6+1%). Since the vessels induced by the ALL population
displayed an irregular morphology and heterogeneous sizes, vascular growth was
independently quantified by measuring vessel length density (VLD), which
indicates the total length of vessels in a given tissue area, irrespective of their
diameter or endothelial cell content [91]. As shown in Fig. 35c, the endothelial
expansion induced by uncontrolled VEGF expression did not translate into a
corresponding increase in actual vessel length compared to controls (ALL 11+6
mm/mm? vs PBS 12+3 mm/mm?® and CD8 12+4 mm/mm?), whereas only the
homogeneous VEGF-expressing population caused a significant increase in VLD by
about 60% (SPEC 17+9 mm/mm?, p<0.01 vs all other groups). Taken together,
these data show that, although heterogeneous VEGF expression was efficient in
inducing endothelial expansion, this contributed mostly to vascular enlargement
rather than the generation of new capillary networks, which were instead
efficiently induced by controlled expression of a homogeneous specific VEGF
level.
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Figure 35. Myocardial angiogenesis. (a) Immunofluorescence staining for endothelium
(CD31, in red), pericytes (NG2, in green), smooth muscle cells (SMA, in cyan), and nuclei
(DAPI, in blue) in sections of myocardium injected with PBS, control cells (CDS), or ASC
expressing uncontrolled heterogeneous levels (ALL) or a specific homogeneous VEGF
level (SPEC). Angiogenesis was quantified either as the area fraction occupied by CD31-
positive pixels (b) or as vessel length density (¢); n=3 per group; * p<0.05, ** p<0.01.
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Cell engraftment and fate

In order to determine the degree of stable engraftment of the injected cells,
human ASC were tracked in harvested tissue by immunofluorescence staining for
human-specific histocompatibility antigens of class | (HLA-class 1), which are
ubiquitously and specifically expressed on human cells. Four weeks after injection,
only rare human ASC were still detectable in the rat myocardium (Fig. 36), which
did not appear integrated with the cardiomyocytes, but rather remained as
isolated single cells in between CD31-positive vessels. No differences were
observed between the three cell-based treatment groups (CD8, ALL, SPEC),
suggesting that VEGF expression did not influence the rate of ASC survival in the
myocardium. Although unlikely, it remains theoretically possible that some
injected cells may have down-regulated HLA-class | expression in vivo. Therefore,
ASC engraftment was also analyzed by in situ hybridization to the human-specific
Alu-sequence, present in the genomic DNA of all human cells. This unrelated
technique confirmed that ASC engraftment 4 weeks after injection was very
limited, without noticeable differences between the groups (data not shown).

Lastly, we sought to determine whether engrafted ASC might contribute to vessel
growth by acquiring a vascular cell fate. For this purpose, injected ASC were
identified by staining with a human nucleus antibody (HuNu), which is specific for
human cells, and co-localized with endothelial or pericyte markers (VE-Cadherin
and NG2, respectively). Most human nuclei appeared located in between vascular
structures and did not co-localize with either endothelial cells or pericytes (arrows
in Fig. 37) both for the control group (CD8) and the VEGF-expressing populations
(ALL and SPEC). However, the few human cells from both VEGF-expressing
populations that were present in the myocardium 4 weeks after injection could be
shown to still produce VEGF, whereas control CD8 cells did not, as expected (Fig.
38). Immunofluorescence staining showed that: 1) the most part of rat VEGF
protein was visible in association with surviving human cells, suggesting that
endogenous VEGF is not significantly expressed in comparison with the exogenous
delivered factor; and 2) VEGF protein was tightly associated with the surface of
producing cells, with no significant staining visible even a few pum away, providing
a visual evidence of the concept of microenvironmental localization. Due to the
essentially non-quantitative nature of immunostaining, levels of expression by
different cells could not be visualized by this technique.
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Figure 36. Cell engraftment. Survival of human ASC was assessed by immunostaining for
HLA-Class I (red), while endothelium was detected by CD31 expression (green), and
nuclei by DAPI staining (blue) 4 weeks after injection of PBS, control cells (CDS8) or the
two VEGF-expressing populations (ALL and SPEC). White arrows indicate single
engrafted human cells.
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Figure 37. Cell fate. Fate of human ASC was assessed by immunostaining for the
endothelial junctional marker VE-Cadherin (VE-Cad, in red), pericytes (NG2, in white),
human nuclei (HuNu, in green) and nuclei by DAPI staining (blue) 4 weeks after injection
of control cells (CDS8) or ASC expressing uncontrolled heterogeneous levels (ALL) or a
specific homogeneous VEGF level (SPEC).
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Figure 38. VEGF production. Production of rat VEGF by the injected human cells (control
cells CD8; VEGF-producing cells ALL and SPEC) after 4 weeks in vivo assessed by
immunostaining for rat VEGF (rVEGF, in red), human nuclei (HuNu, in green) and nuclei
by DAPI staining (blue).
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DISCUSSION

In the present study, we have provided proof of principle that cell-based
homogeneous expression of a specific moderate VEGF level in post-infarction
myocardium is effective to: 1) induce robust growth of normal and mature
microvascular networks; 2) prevent deterioration of cardiac function; and 3) limit
fibrotic scarring.

Myocardial ischemia leads to thinning of the ventricle wall, myocyte slippage, and
ventricular dilatation, with progressive deterioration of cardiac function until end-
stage heart failure [128]. Therapeutic angiogenesis, aiming at growing new blood
vessels from pre-existing vasculature through delivery of exogenous factors, is an
attractive strategy to restore blood flow in the ischemic myocardium for many
patients that cannot be treated by coronary revascularization, or as an adjunct to
surgery [129]. VEGF is the master regulator of both developmental and postnatal
angiogenesis [130]. However, despite promising results obtained in various animal
models of acute or progressive ischemia, phase I/l clinical studies based on VEGF
gene therapy failed to show evidence of benefit and conflicting outcomes were
reported for cardiac functionality after myocardial infarction [131]. Retrospective
analyses identified several issues underlying these negative results, including the
low local transfection efficacy at safe vector doses, resulting in limited amount
and duration of protein expression [113, 132]. VEGF gene delivery by different
vectors and in a variety of tissues has been shown to produce significant adverse
effects, such as vascular hyperpermeability and edema [133], exacerbated scar
tissue formation [134], and aberrant endothelial cell proliferation with growth of
angioma-like tumors [123, 135]. Growing evidence supports the notion that the
difficulty of controlling the VEGF dose distribution in the tissue in vivo underlies
the paradox between the crucial biological functions of VEGF and its apparent lack
of a therapeutic window [114]. In fact, VEGF binds to the extracellular matrix
[136] and remains localized in the immediate microenvironment around each
producing cell in vivo [91]. While this property is crucial for the physiological
function of VEGF to guide vascular growth through the formation of gradients in
the matrix [21], it also prevents heterogeneous levels of expression from diffusing
in tissue and averaging with each other [91]. Therefore, the challenge is to avoid
that increasing delivered dose and efficacy leads to excessive localized expression
and loss of safety.

The use of stably transduced and FACS-purified ASC can overcome this limitation,
ensuring that every delivered cell produces the same dose and therefore allowing
efficient and sustained VEGF expression without compromising safety. Controlled
VEGF expression by the SPEC cells could induce angiogenesis that was both
robust, leading to a 60% increase in vessel density, and safe, by completely
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preventing the appearance of aberrant vasculature. These results are in
agreement with our previous results in healthy heart [124] and notably extend
those findings to show that cell-based controlled VEGF expression is safe even in
ischemic myocardium, where endogenous factors are upregulated in response to
hypoxia and during the ensuing inflammatory reaction.

It is interesting to note that ASC expressing heterogeneous levels of VEGF
completely failed to rescue cardiac functionality and, if at all, showed a non-
significant trend towards a worse outcome in contractility compared to no
treatment. This observation is in agreement with previous findings in skeletal
muscle that uncontrolled VEGF expression failed to improve blood perfusion and
induce collateral arteriogenesis in hindlimb ischemia [109] and likely reflects the
fact that the aberrant vascular structures induced by excessive and uncontrolled
VEGF doses behave as functional arterio-venous shunts that paradoxically reduce
perfusion of the downstream microcirculation despite the robust angiogenic
effect [137].

The better outcomes in terms of vascularization obtained with the SPEC
population likely explain the observed reduction in fibrosis and infarction
stabilization. In fact, after both clinical and experimental MI, unless reperfusion is
performed within six hours, acute and permanent coronary obstruction induces
myocardial necrosis in the central infarct zone. This acute phase occurs during the
first week and is associated with extensive inflammation and the recruitment of
fibroblasts. On the other hand, in the border zone of the infarction
cardiomyocytes survive the acute injury, but are still critically under-perfused and
will eventually also die during the subsequent sub-acute phase. This takes place
up to six weeks after MI, is characterized by the gradual formation of a scar,
associated with a further worsening in cardiac function, and can progressively
result in heart failure [42, 126]. Clinical and experimental evidences [66, 138]
suggest that the rarefaction of cardiac capillaries increases apoptosis of
hypertrophied myocytes in the peri-infarct region and promotes tissue hypoxia
and its replacement through fibrosis. The fate of the border-zone myocytes plays
a key role in determining the sequelae of the acute M, as their loss will lead to
scar enlargement and worsening cardiac function, while their rescue will limit
both processes. Therefore, the improved angiogenesis induced by controlled
VEGF expression, delivered to the border zone during the early sub-acute phase of
MI remodeling (2 weeks after LAD ligation), is expected to be beneficial by
preventing cardiomyocyte death, fibrosis expansion and decline in contractility
and cardiac function over the subsequent weeks, as shown here. A central role for
cardiac angiogenesis is further supported by findings that inhibition of new blood
vessel formation accelerates the development of left ventricular (LV) dysfunction
[139], whereas stimulation of angiogenesis improves cardiac function and delays
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the onset of heart failure [140, 141]. Further, VEGF has been demonstrated to
promote several beneficial outcomes in the cardiovascular unit, such as
recruitment and activation of cardiac progenitors [142], cardiomyocyte protection
from apoptosis [143], and recruitment of bone marrow-derived mononuclear
cells, which contribute to the maturation of arterial walls [144].

The observed very limited engraftment of human ASC 4 weeks after intra-
myocardial injection is in agreement with previous reports [145] and has been
attributed to two distinct events. First, the cell transfer is inefficient because of
cell losses due to leakage through trans-epicardial puncture holes, wash-out
through the venous system or squeezing of cells by the heartbeats. Second, many
of the originally injected cells die because of ischemia of the target areas and
apoptosis subsequent to the loss of cell anchorage to matrix [145].

Interestingly, newly induced vessels persisted in the injection areas despite the
low engraftment of implanted cells, while results in different tissues have shown
that approximately 4 weeks of sustained VEGF expression are required before
new vessels stabilize and can persist independently of further stimulation [91,
146]. It is unlikely that this may reflect tissue-specific differences in the
stabilization kinetics of myocardial vessels, as experiments with conditional
switching of VEGF expression showed that newly induced cardiac microvessels are
still unstable after 2 weeks, but persist after 4 weeks [146]. On the other hand,
ASC have been described to secrete cytokines involved in vascular stabilization,
such as transforming growth factor-f1 (TGF-1) and basic fibroblast growth factor
[92]. Interestingly, we have recently identified a pericyte-independent mechanism
for vascular stabilization, whereby a specific subset of circulating monocytes
expressing the VEGF co-receptor Neuropilin-1 (NEM) are recruited to sites of
VEGF-induced angiogenesis by the axon-guidance factor Semaphorin3A and
accelerate stabilization of newly formed vessels by activating endothelial TGF-31
signaling [147]. Whether ASC may produce Semaphorin 3A and contribute to NEM
recruitment remains to be investigated.

ASC can also produce angiogenic and antiapoptotic paracrine factors that
contribute to cardioprotection [148]. However, the findings reported here show
that only VEGF over-expression at controlled levels by the SPEC population
induced efficient and normal angiogenesis with functional benefit on cardiac
function, whereas ASC alone did not cause any improvement compared to PBS
injection, nor did any ASC population directly take part in new vessel formation as
endothelial or mural cells. These controls support the conclusion that the
observed functional improvements could be ascribed prevalently to the direct
angiogenic effects of VEGF delivery.
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The findings reported here provide proof of principle for the therapeutic potential
of controlling the distribution of VEGF expression levels in the myocardium. The
outcome of preventing further decline in cardiac functionality and therefore
avoiding progression towards heart failure is consistent with the histological
correlate of limiting the extension of fibrotic scar and is in agreement with other
pre-clinical results obtained in the same small rodent model of acute infarction,
recently reviewed in a meta-analysis by Kanelidis et al. [149].

In view of a potential clinical translation, the use of retroviral vectors raises some
safety concerns due to the possible neoplastic transformation of transduced stem
cells by insertional mutagenesis [150]. However, the same approach is readily
applicable to progenitors transduced with clinically compliant new-generation
vectors, such as self-inactivating lentiviruses with chromatin insulator elements
that ensure stable and sustained transgene expression in the absence of
oncogenic potential [151].

In conclusion, we obtained functional evidence that controlled VEGF expression
by transduced and FACS-purified ASC is safe and effective in inducing robust
growth of uniformly normal blood vessels in ischemic myocardium, preventing the
loss of cardiac functionality and reducing heart fibrosis after myocardial
infarction. These results suggest that this cell-based gene delivery approach, by
affording precise control over the distribution of expression levels in vivo, could
help overcome a significant obstacle towards safe and effective therapeutic
angiogenesis in the heart.
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ABSTRACT

Therapeutic angiogenesis is the delivery of factors to promote vascular growth
and holds promise for the treatment of ischemic heart conditions. Recombinant
protein delivery to the myocardium by factor-decorated fibrin matrices is an
attractive approach, thanks to the ability to precisely control both dose and
duration of the treatment, the use of a clinically approved material like fibrin and
the avoidance of genetic modification. Here we investigated the feasibility of
inducing therapeutic angiogenesis in the rat myocardium by a state-of-the-art
fibrin-based delivery platform that we previously optimized. Engineered versions
of hVEGFyss and hPDGF-BB were fused with an octapeptide substrate of the
transglutaminase coagulation factor fXllla (TG) to allow their covalent cross-
linking into fibrin hydrogels and release by enzymatic cleavage. Hydrogels
containing either 100 pg/ml TG-VEGF alone or in combination with 10 pg/ml TG-
PDGF-BB or no factor were injected into rat myocardium. Surprisingly, vascular
density was severely reduced in all conditions, both in and around the injection
site, where large fibrotic scars were formed. Scar formation was not due to the
presence of growth factors, adaptive immunity to human proteins, damage from
injection, nor to mechanical trauma from the hydrogel stiffness or volume. Rather
scar was induced directly by fibrin and persisted despite hydrogel degradation
within 1 week. These results caution against the suitability of fibrin-based
platforms for myocardial growth factor delivery, despite their efficacy in other
tissues, like skeletal muscle. The underlying molecular mechanisms must be
further investigated in order to identify rational targets to prevent this serious
side-effect.

KEYWORDS
Fibrin; Hydrogel; VEGF; PDGF; Intramyocardial injection; Rat.
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INTRODUCTION

Ischemic heart disease still remains one of most frequent causes of death
worldwide. Therapeutic angiogenesis promotes expansion of microvascular
networks, which can lead to increased flow also in upstream collateral arteries
(arteriogenesis) through retrograde signals [9], thereby providing effective bypass
of the obstructed feeding vessels. Thus, stimulation of microvascular growth has
the potential to treat several ischemic conditions, either alone or in combination
with revascularization strategies, such as percutaneous angioplasty or coronary
artery bypass grafting.

Vascular Endothelial Growth Factor-A (VEGF) is the master regulator of
angiogenesis [112] and its combination with Platelet-Derived Growth Factor-BB
(PDGF-BB) has been shown to provide optimal stimulation of both angiogenesis
and arteriogenesis [152]. However, VEGF can also induce aberrant and
dysfunctional vascular growth if its distribution and duration of expression are not
carefully controlled in vivo [14]. In fact, since VEGF binds tightly to the
extracellular matrix, different levels of expression do not average in tissue, but
rather remain localized in the microenvironment around each producing cell [91].
Cell-based gene therapy approaches, whereby progenitor populations are
genetically engineered and FACS-purified to homogenously produce desired levels
of the genes of interest [81], have been show to enable precise control of VEGF
dose distribution in vivo and ensure only physiological and functional
angiogenesis in the myocardium [89, 153]. However, the clinical application of
such approaches is challenging due to both the difficulty to achieve sufficient
expansion of the transduced populations and the safety issues concerning stable
genetic transduction of progenitors [150]. On the other hand, gene therapy
vectors (e.g. adenoviruses) have been the most investigated tool for clinical trials
of therapeutic angiogenesis because they afford two very desirable features: a)
efficient gene transfer with robust expression, and b) transient duration that is
limited by the immune response. However, these same features compromise
safety (by uncontrolled distribution of high levels) and efficacy (by regression of
unstable vessels).

Controlled delivery of recombinant protein factors from bio-compatible matrices
has recently emerged as a clinically attractive approach to control both the dose
and duration of treatment, while ensuring a homogeneous distribution in vivo,
therefore improving both safety and efficacy [93]. We previously optimized a
fibrin-based platform for the controlled delivery of recombinant VEGF, engineered
to contain an octapeptide sequence that is a substrate for the transglutaminase
factor Xllla [107]. This modification allows its cross-linking into a fibrin hydrogel
during fibrinogen coagulation and ensures its controlled release only by cell-
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demanded enzymatic cleavage. Fibrin is a natural product of blood coagulation
and provides unique features for physiological presentation of angiogenic signals.
Fibrin is also injectable as a liquid, becomes a hydrogel in situ without cytotoxicity,
and last also provides the universal matrix for tissue regeneration after damage.
We previously sowed that controlled VEGF delivery by this optimized factor-
decorated fibrin matrix was therapeutically effective in rodent models of hind
limb ischemia and wound healing [107].

Fibrin-based delivery of therapeutic factors to the heart has not been attempted.
Therefore, here we investigated the feasibility and safety of factor-decorated
fibrin matrices to deliver an optimal combination of the angiogenic and
arteriogenic factors VEGF and PDGF-BB to the myocardium of immune-competent
normal rats.
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METHODS

Gel preparation

Fibrin matrices were prepared by mixing human fibrinogen in different
concentrations (2.5 to 25 mg/mL; Enzymes Research Laboratories), factor Xllla (2
U/mL; CSL Behring), thrombin (2 U/mL; Sigma-Aldrich), if needed aprotinin (51
pg/mL), combined with VEGF alone (100 pg/mL) or together with PDGF (10
pg/mL) and 2.5nM Ca*’in 4-(2-hydromethyl)-1-piperazineethanesulfonic acid
(Hepes). Fibrin gels were created with the highest feasible dose of
transglutaminase-VEGF to ensure maximum arteriogenic potential, in a ratio of
10:1 with transglutaminase-PDGF-BB (V: 100 pg/mL and P: 10 pg/mL) based on
previous results. Matrices containing aprotinin-a2-Pl1—8 and a2-Pl1-8-VEGF164
were obtained by adding the engineered proteins to the cross-linking enzymes
solution before mixing with fibrinogen. Before injection the two components
were mixed to allow in situ polymerization. For the degradation trial the
unlabeled fibrinogen (25mg/mL) was mixed with a 647-flurochrome marked
fibrinogen (0.5 mg/mL; Invitrogen).

In vivo gel injection

Animals were treated in compliance with Swiss Federal guidelines for animal
welfare and all procedures were approved by the Veterinary Office of the Canton
Basel (Basel, Switzerland) and conform to the Directive 2010/63/EU of the
European Parliament. Sprague-Dawley (RjHan:SD) or nude (Crl: NIH-Foxn1™,
Charles River) rats were anesthetized with 2.5% isoflurane and 10 mg/kg
buprenorphine with tracheal ventilation at 80 cycles/min (Small Animal Ventilator
683, Harvard Apparatus). The heart was exposed through a left thoracotomy. The
gel was injected into four sites of the anterior wall for a total volume of 100 pL. At
sacrifice, rats were anesthetized under the same anesthesia conditions as already
described. Hearts were perfused in a retrograde manner through the descending
aorta with paraformaldehyde 0.5% for three minutes. Hearts were then collected,
embedded in OCT compound (Sakura Finetek), and frozen in isopentane cooled in
liquid nitrogen.
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Tissue staining

Histological analyses were performed on heart cryosections. Masson Trichrome
staining was performed according to standard protocols. Immunofluorescence
was performed using the following primary antibodies and dilutions: mouse anti-
rat CD31 (Clone TLD-3A12; AbD Serotec; 1:100), mouse anti-a-smooth muscle
actin (Clone 1A4; MPBiomedicals; 1:400), rabbit anti-PDGF Receptor a (Clone
D1E1E; Cell Signaling; 1:500), goat anti-ionized calcium-binding adapter molecule
1 (Abcam; 1:500). Fluorescently labeled secondary antibodies (Invitrogen) were
used at 1:200. Immunohistochemistry was performed using the rabbit-anti-rat
CD31 (Clone EPR17259; Abcam; 1:1000).

Vessel and scar measurements

The amount of blood vessels was quantified on images taken from CD31-stained
sections. Representative images on immunohistochemistry staining were acquired
with a 20x objective on a Leica DM 2002 LED microscope on cross-sections of the
anterior wall, as well as the border zone and the contralateral myocardium. Six
different injection sites per group (with each one averaged two quantifications
per injection) were quantified by using the absolute number of CD31-positive
structures on a given circular area of 100um in diameter and then normalized per
mm?. Measures were made within the injection site, on the border zone and in
the remote contralateral myocardium of the same section. For the maximal scar
area, six representative images with per injection per group, acquired with a 2.5x
objective, were chosen among 8 sections per animal taken at 300-um intervals.
Blind analysis of the maximal scar area was calculated using the Fiji software (BSD
license).

Statistics

Data are presented as mean t standard deviation and were analyzed with the
statistical software Prism 8 (GraphPad) for significance of differences. The normal
distribution of all data sets was tested and, depending on the results, multiple
comparisons were performed with the parametric one-way analysis of variance
(ANOVA) followed by the Tukey test, or with the nonparametric unpaired t test. p
< 0.05 was considered statistically significant.
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RESULTS

Intramyocardial injection of fibrin hydrogels is feasible

The liquid fibrinogen mixtures completely polymerized within 60 to 90 seconds
after mixing with cross-linking enzymes. This time allowed successful injection
into the front wall of the left ventricle in all 50 animals, which had an average
weight of 349+128 g. No neurological deficits were observed, indicating the
absence of intra-ventricular injections and potential embolization to the brain.
Peri-procedural mortality remained null and all animals could complete their
planned time-point without side-effects.

Fibrin hydrogels severely reduce vascular density regardless of angiogenic factor
decoration

In order to assess the angiogenic potential of factor-decorated fibrin matrices,
hydrogels were decorated either with 100 ug/ml of TG-VEGF alone (V) or in
combination with 10 pug/ml of TG-PDGF-BB (VP) and injected in the left ventricle
myocardium as 4 individual volumes of 25 pL each. Empty fibrin hydrogels
without any growth factor served as negative control (Ctr). These doses of the VP
combination were previously determined to provide the maximum angiogenic
and arteriogenic effect in skeletal muscle (Sacchi et al. unpublished results).
Surprisingly, only sparse vascular structures were found within the injection sites
in all groups, regardless of angiogenic factor presence (Ctr = 7724130, V =
7464316, VP = 830 +259 CD31+ structures/mm?, p=n.s.). Not only no angiogenic
effect was observed in the factor-decorated hydrogels compared to fibrin alone,
but the vascular density in all injection sites was severely reduced compared to
the immediately adjacent border zones (Ctr = 25154371, V = 24104359, VP =
28974342 CD31+ structures/mm?, p<0.0001 vs the respective injection sites) and
even more compared to normal myocardium in the remote posterior wall of the
ventricle (Ctr = 36774510, V = 37144287, VP = 4074128 CD31+ structures/mmz,
p<0.0001 vs both the respective injection sites and border zones) (Fig. 39). On the
other hand, the reduction of vascular density in the injection sites was
accompanied by the infiltration of an amorphous cellularized tissue with
abundant extracellular matrix in place of the normal cardiomyocyte fibers (Fig.
39A).
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Figure 39. (A) Angiogenesis analysis in immunohistochemistry (CD31, in brown) at one
week after intramyocardial delivery of the hydrogel for all three treatment groups: empty
gel, loaded with VEGF only and in combination with PDGF. (B) As negative controls, the
remote areas in the posterior wall of the myocardium were used. Size bar = 50um. (C)
Quantifications were made for all treatment groups (n=6 for each group) within the
injection site (red squares in A), at the border zone (blue squares in A) and in a remote area
(black). **** P < (0.0001.
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Fibrin hydrogels induce a fibrotic scar similar to myocardial infarction

Masson Trichrome staining revealed that the newly formed tissue within the
injection sites displayed the typical features of a fibrotic scar and was similarly
composed of abundant collagen fibers in all three groups (Fig. 40A). To determine
whether the scar could be due to tissue damage induced by the injection, a similar
volume of phosphate-buffered saline (PBS) was injected using the same 30 Gauge
syringe (Fig. 40B). Quantification of the collagen area after Masson Trichrome
staining revealed that all three fibrin-containing treatments induced a significantly
larger scar than PBS after 1 week (Fig. 40C, Ctr = 1.31+0.36; V = 1.16+0.20; VP =
0.76£0.24 mm’ vs PBS = 0.17+0.10 mm?) after 1 week. Interestingly, fibrin
matrices decorated with both TG-VEGF and TG-PDGF-BB induced smaller scars
than fibrin alone or with TG-VEGF alone. Quantification after 4 weeks confirmed
similar results (Fig. 40D, Ctr = 0.97+0.33, V = 1.08+0.25, VP = 0.55+0.13 vs PBS =
0.19+0.14 mm®). These results suggest that scar formation is not determined by
injection trauma, but rather by the presence of fibrin itself.

Scar area [mm?]
Scar area [mm?]

C V VP PBS ' C V VP PBS

Figure 40. Presence of a fibrotic scar. (A) Fibrosis analysis on Masson Trichrome sections
for all three treatment groups. (B) A negative control with phosphate-buffered saline (PBS)
injection was added. ). Size bar = 1 mm. Scar area was quantified at one (C) and four (D)
weeks (n=6). * P <0.05, ** P <0.01, **** P <(.0001.
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The most prevalent cause of cardiac scarring is the sequelae of myocardial
infarction. The early stages of scar formation after infarction comprise an
inflammatory phase (up to 3 days), characterized by invasion of the damaged area
by PDGF-Ra+ inflammatory fibroblasts, and a proliferative phase (until 7-14 days),
during which activated fibroblasts up-regulate a-SMA expression, convert to
myofibroblasts and start collagen deposition [154]. As shown in Fig. 41, a few
hours after fibrin injection the hydrogel is essentially acellular and only rare
macrophages can be seen to be the first cells infiltrating the hydrogels (Fig. 41A).
Consistently with the evolution of post-infarction scar formation, fibrin hydrogels
were progressively invaded by PDGF-Ro+ cardiac fibroblasts [155] over the first 5
days, which subsequently converted to a-SMA+ myofibroblasts [156] with a
maximum frequency by 7 days after injection (Fig. 41B).

inflammatory phase proliferative phase

Figure 41. Cell population in the gel and in the injection site. (A) Immunofluorescence 3
hours after injection with 647-labeled fibrinogen (in cyan) and nuclei (DAPI, in blue) and
at higher magnification for the specific ionized binding adaptor molecule IBA1 (in
magenta). (B) Immunofluorescence for activated (¢SMA in green) cardiac fibroblasts
(PDGFRa in red), and during the first week at days 1,3,5,7 (D1, D3, D5, D7). Size bar =
30pm.
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Scar formation is independent of adaptive immune response

Next, we sought to determine whether scar formation might be promoted by an
immune response against the hydrogel components of human origin, i.e.
fibrinogen and the cross-linking enzymes. Therefore, both empty and VEGF-
decorated fibrin hydrogels were injected in the left ventricle myocardium of
nu/nu nude rats, which lack T-lymphocytes and cannot mount an adaptive
immune response, providing a tolerogenic environment to xenogenic cells and
proteins. As a further control, hearts were implanted also with human adipose-
derived mesenchymal cells (ASC) alone or over-expressing VEGF after genetic
modification with a retroviral vector [89]. Quantification of sections stained with
Masson Trichrome confirmed that both fibrin groups induced significantly larger
scars than the cell groups, regardless of VEGF presence (Fig. 42A-B; Ctr gel =
1.85+0.50 and V gel = 1.61+0.40 mm? vs Ctr cells = 0.74+0.25 and V cells =
1.08+0.31 mm?). Interestingly, immunofluorescence staining for endothelium
(CD31) and smooth muscle cells (a-SMA) showed that cell-based VEGF expression
could induce effective angiogenesis at the border of the injection area, as
previously reported [89], in contrast with the VEGF-decorated fibrin hydrogels
(Fig. 42C). These results show that fibrin-associated scar formation is independent
of adaptive immune response and that it prevents VEGF-induced myocardial
angiogenesis.
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Figure 42. Effect of the gel on T-cell deficient animals with cell-based versus hydrogel-
based delivery at four weeks. Adipose-derived mesenchymal stem cells alone (control
cells) or transduced to express VEGF (VEGF cells), empty gel and/or loaded with VEGF.
(A) Morphology of the scar in Masson Trichrome. (B) Scar area quantification at four
weeks (n=6). Size bar = 1 mm. * P < 0.05, **** P < 0.0001. (C) Morphology of the
angiogenesis in immunofluorescence staining for endothelium (CD 31, in red), for smooth
muscle cells (SMA, in cyan) and nuclei (DAPI, in blue) and at higher magnification for
CD31 only. Size bar = 50um.
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Scar formation is independent of hydrogel volume or mechanical stiffness

Lastly, we investigated whether scar formation may correlate with mechanical
trauma to the tissue due to the presence of the solid hydrogel in the actively
contracting myocardium. Therefore we evaluated the effects on scar formation of
reducing mechanical disturbance to the tissue by changing the size or the stiffness
(fibrinogen concentration) of the hydrogels: a) a 2.5-fold smaller volume (10 pl)
without changing hydrogel composition (Vol); or b) a 10-fold lower concentration
of fibrinogen (2.5 mg/ml) without changing injection volume (Fib). Quantification
of tissue sections after 4 weeks showed that neither smaller nor softer hydrogels
reduced the scar size compared to the control injections of 25 pl with a fibrinogen
concentration of 25 mg/ml (Ctr = 0.79+0.28, Vol = 0.91+0.19, Fib = 0.93+0.23
mm?, p=n.s.) (Fig. 43).
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Figure 43. (A) Masson Trichrome after the injection of a reduced volume (Vol) of 10 uL
and of a 10-fold reduced fibrinogen concentration of 2.5 mg/mL (Fib) compared to the
control, (Ctr, injection of 25ul [Fibirnogen] of 25 mg/mL). Size bar = 1 mm. (B)
Quantification of the scar area at 1 week (n=6).
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Fibrin hydrogel persistence increases scar formation

Taken together, these data indicate that scar formation is induced exclusively by
the presence of fibrin itself. Therefore, we sought to confirm this finding by the
opposite approach and investigated whether prolonging fibrin persistence in the
myocardium could increase scar size. First, we labelled the injected hydrogels with
fluorescent fibrinogen in order to track its degradation kinetics in the
myocardium. As shown in Fig. 44A, fibrin is clearly visible and it is rapidly
degraded during the first few days after injection, until traces can still be found at
day 5 and it is completely absent by day 7. Hydrogel duration was increased by
incorporating 51 pg/ml of the fibrinolysis inhibitor aprotinin, which has been
shown to slow fibrin degradation and prolong hydrogel persistence up to 4 weeks
in skeletal muscle [107]. As shown in Fig. 44B-C, after three weeks aprotinin-
containing hydrogels caused significantly larger scars than the fast-degrading
controls (Ctr = 0.81+0.34 vs Apro = 1.81+0.56 mm?, p<0.01).
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Figure 44. (A) Gel degradation for the first week in immunofluorescence with 647-labeld
fibrinogen (in cyan) and nuclei (DAPI, in blue). Size bar = 1 mm. (B) Aprotinin (51
pg/mL) was added to the hydrogel and the maximal scar area (C) was assessed at 3 weeks
(n=6). ** P <0.01.
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DISCUSSION

Fibrin is widely used in clinical surgery and provides an attractive platform for the
controlled delivery of therapeutic factors, thanks to the development of protein
engineering strategies that enable their crosslinking to fibrinogen by coagulation
factor Xlll and therefore the decoration of the resulting matrix with desired doses
and combinations of factors [93]. Here we identified a serious side-effect of fibrin-
based factor delivery to the myocardium, on one hand causing the formation of
large fibrous scars similar to the sequelae of myocardial infarction, and on the
other jeopardizing the therapeutic effect of delivered factors. Scar formation was
not due to tissue damage associated with injection of the hydrogel, its mechanical
stiffness or volume, nor to an immune reaction against the human components.
Rather, the presence of fibrin per se was sufficient to kick-off the myocardial
scarring response. Interestingly, the process appeared to be irreversible, since
fibrin was degraded within 5 days in the myocardium, but the resulting scars
persisted at least 4 weeks without showing signs of resolution.

The observed scar formation is not a universal property of fibrin, but rather a
tissue-specific effect. In fact, the same fibrin-based platform was previously
investigated to deliver controlled doses of TG-VEGF in both normal and ischemic
skeletal muscle or to ischemic skin wounds in mice, and in both tissues it induced
robust and functional angiogenesis without any sign of scar or fibrosis, restored
blood flow and promoted healing [107]. Fibrin has been also extensively
investigated as a delivery system for growth factors in wound healing, both
exploiting its natural binding for a variety of therapeutic factors [99] and with
different modifications to tailor factor release [157] and no skin fibrosis has been
observed. Bladder smooth muscle has also been targeted with a bioactive fibrin-
based bulking material to treat urinary incontinence, without any report of
ensuing fibrosis [158].

Upon ischemia or other kinds of injury, cardiomyocyte death rapidly activates
innate immune pathways that trigger cytokine, chemokine and adhesion molecule
expression, initiating the inflammatory phase that subsequently evolves into
fibrosis [159]. Taken together our results show that fibrin per se is capable of
starting this inflammatory process. In fact, fibrous scars were induced also when
fibrinogen concentration was reduced by 10-fold, which is in the range of a
physiological blood clot [160]. The addition of VEGF alone did not reduce the scar.
However, when PDGF-BB was added to VEGF, a positive trend toward a smaller
scar was observed. This finding is compatible with the activation of the PGDF-
Receptor B (PDGF-RB) signaling pathway in the perivascular and mononuclear
cells that takes place after myocardial infarction [161]. Whereas PDGF-Ra
signaling does not regulate vascular maturation, it promotes collagen deposition
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[161]. On the contrary, the activation of PDGF-RpB plays a crucial role in vascular
maturation by regulating the recruitment of mural cells to growing microvessels,
and its inhibition by a neutralizing antibody critically impaired vascular maturation
in healing infarcts [162]. The role of PDGF-RP signaling in healing infarcts likely
involves a paracrine interaction between endothelial cells that secrete PDGF-BB
and mural cells like pericytes and smooth muscle cells that express the receptor
[163].

Fibrous tissue accumulation relies on the balance between collagen synthesis and
degradation. Collagen synthesis is primarily stimulated by Transforming Growth
Factor-p (TGF-B), whereas matrix metallo-proteases are central to collagen
degradation [154]. Myofibroblasts play a key role in fibrous tissue formation in
the infarcted myocardium as they are not present in the normal and non-infarcted
myocardium, but accumulate in the infarcted myocardium [156]. During cardiac
remodeling, fibroblasts differentiate into myofibroblasts, which are fast-
proliferating, a-smooth muscle cell actin (a-SMA)-positive cells with pronounced
contractile and secretory properties [164]. After depositing collagen in the normal
repair process myofibroblasts undergo apoptosis, but if this does not occur then
their persistent activity causes excessive matrix accumulation and detrimental
fibrosis [165]. Myofibroblasts can also be induced by TGF-B itself and lead to
excessive matrix accumulation [45]. TGF-B plays therefore an important role in
modulating fibroblast phenotype towards fibrosis gene expression, and in
promoting extracellular matrix deposition in the infarct region [166].

Interestingly, fibrinogen has been recently found to trigger astrocyte scar
formation in the central nervous system through TGF-3 signaling [167]. Fibrinogen
is one of the first blood proteins that leaks out of broken vessels immediately
after injury and it acts as a multi-faceted signaling molecule by interacting with
integrins and non-integrin receptors, as well as by functioning as a carrier of
growth factors and regulator of their bioavailability [168]. In a murine model of
traumatic injury to the brain cortex, genetic or pharmacologic depletion of
fibrinogen prevented astrocytic scar formation, whereas the simple injection of
fibrinogen into the cortex induced scarring even in the absence of trauma [167].
Mechanistically, fibrinogen-bound latent TGF-B was found to interact with local
perivascular astrocytes, leading to active TGF-B formation, which induces reactive
astrocytosis by regulating the TGF-B/Smad signaling pathway, resulting in scar
formation[167]. Local provisional fibrin matrix thus functions as a primary
astrocyte activation signal initiating scar formation in the CNS by regulating the
bioavailability of active TGF-p at sites of vascular damage. Based on the function
of fibrinogen to activate TGF-$ signaling and to promote astrocytic gliosis in the
central nervous system, it is tempting to speculate that a similar mechanism
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might underlie the ability of fibrinogen to induce fibrotic scarring in the
myocardium that we identified here.

Several lines of evidence suggest that a complex interaction involving TGF-B,
Endothelin-1 (ET-1) and the renin-angiotensin-aldosterone system cause
fibrogenesis [57]. Angiotensin-Il (Ang-Il) causes vasoconstriction and its circulating
concentration is elevated in patients with fibrotic hearts [169]. In rats with
myocardial fibrosis, Ang-Il is both expressed and activated by macrophages and
myofibroblasts [170]. In cardiac fibroblasts, Ang-1l induces expression of collagen
through TGF-B/Smad3 and extracellular signal-regulated kinase by an interleukin
6 (IL-6)—dependent mechanism. Angiotensin receptor inhibitors, such as losartan,
are effective in reducing cardiac fibrosis in both animals and humans [57].
Losartan is believed to reduce cardiac fibrosis through the inhibition of the
endothelial to mesenchymal transition, as was demonstrated in mitral valve
endothelial cells, by acting to block the Angll-elicited, TGF-B—induced
phosphorylation of ERK1/2 [171]. Losartan also reduces collagen | synthesis and
fibroblast activation in response to stimulation by Angll [172]. Several other
pathways are playing a role in activating TGF-f and are currently under
investigation in clinical trials. As aldosterone promotes myocardial fibrosis [173],
Spironolactone, a specific pharmacologic antagonist of aldosterone, seems to
have an influence on serum markers of collagen metabolism and on other
cardiovascular structures [174]. Pirfenidone, a broad anti-inflammatory drug, has
an effect of blocking TGF-B and Ang-ll-induced fibrosis by controlling the
feedback loop between the Ang-ll type 1 receptor, the phsoph-p38 mitogen-
activated protein kinase pathway and the renin-angiotensin system, which
provides its cardio-protective effect [175]. TGF-f and hypoxia are important
stimuli for the expression of the collagen cross-linking enzyme lysil oxidase (LOX)
in @ number of cells and tissues, and its inhibition with beta-amino-propionitrile
(BAPN) resulted in a significant reduction in both collagen cross-linking and
content [176].

Future studies should investigate the loss of function of the TGF-B pathway to
possibly overcome the scaring process and then eventually test the potential of
both growth factors in ischemic conditions.

In conclusion intramyocardial delivery of growth factors by fibrin-based matrices
poses significant risks of unwanted fibrosis. In order to overcome this issue, it will
be important to identify the underlying molecular mechanism, especially
investigating the role of TGF-3 signaling.
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I. LIMITATIONS

All the animals used in the above described studies were healthy at the time of
entering experiments and therefore do not reflect other pathological factors and
comorbidities that are commonly found in human patients.

Focus has been given to the effects on the heart. Other sub-phenomena could
have occurred in other tissues by a possible systemic action of our different
treatments with growth factors. Macroscopically the animals behave as always
but no other tissue has been investigated in detail.

In ischemic tissue, maximum blood supply is limited by the degree of arterial
obstruction, and the opening of collateral arteries (arteriogenesis) is required to
restore physiological flow levels to meet the metabolic demands of regenerating
tissue. The model of myocardial infarction that was used here sought to
reproduce as much as possible the clinical situation of a chronic sequela of
myocardial infarction by including 2-week latency period between the ligation of
the coronary artery and the treatment (cell injection). Despite this, the model still
might not reflect the exact pathophysiological changes that would develop in a
slowly developing condition in humans, particularly in regard to the potential of
arteriogenesis in ischemic tissues with already diseased arteries.

The models in the cardiac and skeletal muscle presented above are state-of-the-
art in the field and both these limitations reflect common issues concerning
animal models of disease or therapeutic intervention in general. Therefore, it is
important to limit the conclusions of such pre-clinical work to the proof of
principle on the investigated strategies, whereas therapeutic efficacy and safety
need to be investigated in clinical studies, for which these results provide
supportive evidence.

In both studies we deliberately chose to deliver syngenic rodent factors instead of
the clinically used human homolog because the experiments were performed in a
rat model. In fact, the Banfi group found previously that the dose-dependent
effects of VEGF are species-specific, and this may specifically mask the toxic
effects of high doses of the human factor. In fact, previous experiments showed
that human VEGF¢ was significantly more effective in activating VEGF receptor
signaling in human endothelial cells than rodent VEGF,,, while the opposite was
true in rodent endothelial cells [177].
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Specifically, for the fibrin gel experiments, some disparate effects were observed
for similar concentration within the groups. It may be attributable to the elevated
levels of inflammatory cells and proteases [107] caused for instance by the size of
the triggered intra-myocardial infarction, which could in some animals accelerate
gel degradation and thus the effective rate of growth factor release. This
highlights the need to determine the therapeutic window of fibrin-bound growth
factor delivery specifically for each envisioned clinical application.
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Il. GENERAL CONCLUSIONS

There is a significant need for therapeutic angiogenesis in the treatment of
ischemic cardiac condition. Indeed, restoring the blood flow by coronary
interventions is not suitable for all patients and certainly not sufficient as a
definitive solution. In my eyes, therapeutic angiogenesis could become part of
the arsenal of the modern cardiac surgeon and/or surgical cardiologist in the near
future.

Cell-based therapies were identified as an elegant method to control the dose and
distribution of the therapeutic gene while at the same time ensuring a sufficiently
prolonged duration of expression. First, we set the basis and the proof of principle
for ASC [84] in the normal myocardium [84, 89] in investigations preceding the
work for this thesis.

In the first part of the thesis we aimed at testing the cell-based gene therapy
strategy that we had previously developed in ischemic conditions after ligation of
the LAD in a rodent model. We obtained functional evidence that controlled VEGF
expression by transduced and FACS-purified ASC is safe and effective in inducing
robust growth of uniformly normal blood vessels in the ischemic myocardium,
preventing the loss of cardiac functionality and reducing heart fibrosis after
myocardial infarction. Our findings demonstrate the therapeutic potential of
controlling the distribution of VEGF expression levels in the ischemic myocardium.
The outcome of preventing further decline in cardiac functionality and therefore
avoiding progression towards heart failure was consistent with the histological
correlate of limiting the extension of fibrotic scarring.

A serious limitation of this approach in view of a potential clinical translation is
the use of retroviral vectors, which raise safety concerns due to the possible
neoplastic transformation of transduced progenitors by insertional mutagenesis
[150]. Such issue could be overcome by the use of clinically compliant new-
generation integrating vectors, such as self-inactivating lentiviruses with
chromatin insulator elements that ensure stable and sustained transgene
expression in the absence of oncogenic potential [151]. Nevertheless, the degree
of an in vitro progenitor expansion required to obtain clinically relevant numbers
of transduced and purified cells in a practical challenge for the treatment of
human subject, is shared by all cell-based gene therapy approaches for different
pathologies.

In parallel, significant advances in the field of protein engineering, spearheaded
among others by our long-standing collaborator, Professor Hubbell (University of
Chicago), have revolutionized the possibilities offered by recombinant protein
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delivery. His findings made it possible to crosslink therapeutic protein to
fibrinogen by coagulation factor XlIl and therefore the decoration of the resulting
matrix with desired doses and combinations of factors, while protecting them
from degradation [93].

In the second part of the thesis, we investigated the feasibility and potential of
fibrin-based factor delivery for cardiac pro-angiogenic treatments. In fact, fibrin is
already widely used in clinical surgery and provides an attractive platform for the
controlled delivery of therapeutic factors. Further, the same approach yielded
promising results for therapeutic angiogenesis in skeletal muscle. However, we
unexpectedly have identified a serious side-effect of fibrin-based factor delivery
to the myocardium, on one hand causing the formation of large fibrous scars
similar to the sequelae of myocardial infarction, and on the other jeopardizing the
therapeutic effect of the delivered factors. Scar formation was not due to tissue
damage associated with injection of the hydrogel, its mechanical stiffness or
volume, nor to an immune reaction against the human components, and we
showed that the presence of fibrin per se was sufficient to kick-off a scarring
response, resulting in harmful fibrosis.

It is important to underline that this study was conducted in the normal and
healthy myocardium. The results show the importance of rigorous testing in
normal tissue as a first step, before moving to pathological models, such as the
rodent myocardial infarction model that had already been established in the first
part of the thesis. In fact, the experiments in the normal myocardium allowed us
to clearly identify this deleterious reaction to fibrin delivery in the absence of
relevant confounding factors such as the inflammation and fibrosis that are
caused by myocardial infarction.

Based on these results, the next efforts should be directed towards identifying the
underlying mechanism of cardiac-specific fibrotic scarring by fibrin, e.g. involving
the TGF-P signaling pathway in order to overcome this serious side-effect.
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lll. PERSPECTIVES

A. ALTERNATIVE DELIVERY METHODS

The clear promotion of fibrotic scarring by intramyocardial delivery of fibrin poses
significant concerns for a clinical application. Nevertheless, fibrin matrices have a
very desirable features for the safe and effective delivery of angiogenic factors,
namely: a) the use of recombinant proteins rather than genetic vectors, avoiding
the possibility of excessively prolonged expression; and b) the ability to precisely
and homogenously control the delivered dose, preventing the formation of toxic
hotspots of factor.

Many authors have claimed increased effect through different delivery pathways
such as intracoronary injection/perfusion in an anterograde or retrograde
manner, as well as through an endomyocardial approach. Although the route of
delivery admittedly seems to play a role in modulating at least the mesenchymal
cardiac cell therapy [149], no method is without pitfalls and has emerged as the
one and only solution. Meta-analysis in Phase I/Il clinical trials suggest that
patients with recent AMI enrolled in cell therapy trials and receiving cell
treatment by intracoronary delivery seem to profit most. But it seems that
intramyocardial delivery of cell, either by surgical or percutaneous intervention,
seems to be the preferred route of delivery for chronic heart failure (CHF). [178].
Therefore, future work should also investigate alternative strategies to avoid or
prevent the fibrotic scarring associated with intramyocardial injection.

One such approach is to avoid injection altogether and apply the therapeutic
factor-decorated fibrin matrix on the epicardium, for instance combined with a
scaffold. In previous works [96, 97], we showed that the composition of a scaffold
applied on the epicardium can impact the functional effect of the incorporated
growth factors. We demonstrated how an egg white-derived material could lead
to VEGF hotspots that favor the formation of angioma-like structures because of
its significant biochemical affinity to VEGF.

Epicardial delivery might be a valid alternative since the epicardium is always
easily accessible during cardiac surgery, for instance. Therefore, we have started
to investigate the potential of epicardial delivery of growth factor-decorated fibrin
matrices. In this approach fibrin is not allowed to gelify in suit as a 2-component
liquid, but rather it is pre-formed as a gel of 100 pL in an 8-mm mold (Fig. 45).
Various techniques to glue the gel to the epicardial surface have been tested,
since the brittle consistency of the material does not allow its suturing. The best
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approach has been found to fix the gel in place by overlaying it with a larger patch
of Tachosil™ (Baxter Inc.), which is composed of human fibrinogen [5,5 mg /cm?]
and human thrombin [2,0 Ul], thereby ensuring a similar composition to the
factor-decorated hydrogel.

Figure 45. Preformed gel of 8 mm in diameter.

In order to analyze the effects on vascular growth, at the time of sacrifice animals
were perfused through the descending aorta in a retrograde manner with
pAngiofil™ (Funmedica Inc.) to fill the coronary circulation. This polymer solidifies
inside the perfused vessels and allows imaging of the vessels down to 10 um in
diameter by a micro-Computed Tomography (uCT). Collaborative work has
previously demonstrated an excellent correlation of the obtained uCT 3D
reconstruction with standard histology observed under light microscopy [179].

Preliminary results obtained after 1 week show that fibrin matrices containing
both growth factors (VEGF+PDGF-BB) induced more angiogenesis starting from
the epicardium compared with the controls composed of empty fibrin or the
Tachosil™ only (Fig. 46).
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Figure 46. MicroCT analysis of an epicardial scaffold decorated with VEGF and PDGF
after pAngiofil perfusion at 1 week.
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B. NEW TARGETS TO CORRECT VEGF ISSUES

Moving away from protein delivery by fibrin matrices, adenoviral vectors also
have desirable features for clinical delivery, including robust expression (efficacy)
and transient duration (safety). However, these same features pose challenges for
VEGF-based therapy, because: a) expression shorter than about 4 weeks is
insufficient to stabilize normal newly induced vessels, leading to their regression
after stimulus cessation, and thus jeopardizing efficacy and b) heterogeneous
expression leads to hotspots of excessive dose and can cause angioma growth.
Approaches to accelerate vascular stabilization and prevent aberrant angiogenesis
associated with VEGF-expressing adenoviral vectors would be key to improve
their safety and efficacy and exploit their attractive clinical features.

Recent work in the Banfi group aimed at elucidating novel molecular targets to
overcome these issues in VEGF biology. Specifically, they found that: a)
endothelial Semaphorin3A (Sema3A) is required for stabilization of VEGF-induced
angiogenesis by recruiting a specific class of Neuropilin-1-expressing monocytes
(NEM) and treatment with the recombinant protein Semaphorin3A (Sema3A-Fc)
can ensure persistence of newly induced vessels despite transient adenoviral
delivery of VEGF (Fig. 47) [180] and b) EphB4 signaling modulates the rate of
endothelial proliferation rate by specific VEGF doses, independently of pericyte
recruitment, and EphB4 stimulation by treatment with a recombinant EphrinB2-Fc
protein prevents aberrant angiogenesis by uncontrolled and excessive VEGF
doses, switching it to robust normal vascular growth (Fig. 48) [181].
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Figure 47. Above: Treatment with recombinant Sema3A rescues vascular stabilization
impaired by high VEGF doses and prevents regression of newly induced angiogenesis after
transient VEGF delivery by adenoviral vectors. Below: Working model for the VEGF-dose
dependent regulation of vascular stabilization with Semaphorin3A (Sema3A), Neuropilinl-
expressing monocytes (NEM) and TGF-$1 pathway.

From Groppa E et al., EMBO Mol Med 2015

In summary, investigations of the mechanisms underlying for the vascular
stabilization showed that:

1. Sema3A is required for recruitment of NEM, which promote survival of
endothelial cells independently of VEGFand the persistence of newly
formed vessels by secreting TGF-B1 and activating endothelial SMAD2/3
signaling.

2. The stabilizing signals are amplified and maintained by a novel positive
feedback loop, whereby TGF-B1, produced by Sema3A-recruited NEM,
stimulates further Sema3A secretion by the endothelium.

3. Sema3A production in vivo requires TGF-B1, whereas VEGF directly and
dose-dependently inhibits Sema3A expression by activated endothelium.
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Figure 48. EphrinB2/EphB4 signalling between pericytes and endothelium regulates the
switch from normal to aberrant angiogenesis caused by increasing VEGF doses. Above: By
7 days, after completion of the remodeling EphB4 inhibition normal angiogenesis by V-low
to aberrant (C) and its stimulation converted aberrant structures form V-high to normal
capillary networs (D). Red arrows and numbers indicate the fraction of vessel diameters <
10 um . * lumen f aberrant structures; mf, muscle fibers; scale bar, 25 um. Below:
Schematic representation of the switch. From Groppa E et al., EMBO Reports 2018

In summary, investigations of the mechanisms underlying the switch between
physiological and aberrant vascular growth showed that:

1. The endothelial tyrosine kinase receptor EphB4 finely tunes the degree of
endothelial proliferation by specific VEGF doses in vivo.

2. EphB4 does not affect VEGF-R2 activation or internalization, but regulates
its downstream signaling through p-ERK1/2.

3. EphB4 stimulation limits the size of circumferential vessel enlargement
induced by VEGF, thereby enabling splitting into normal capillaries and
preventing aberrant growth into angiomas.
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Based on these findings, it can be envisioned to exploit treatments with
recombinant Sema3A-Fc for a rapid stabilization of the newly formed vessel and
with recombinant EphrinB2-Fc to ensure physiological angiogenesis regardless of
VEGF dose control. This could be an elegant strategy to solve both the dose and
duration issues of VEGF delivery. Practically, we could aim at translating these two
biological concepts as pro-angiogenic strategies for the myocardium. First, the
VEGF gene will be delivered by adenoviral vectors to normal hearts of immune-
competent rats, while systemic Sema3A treatment will be evaluated to ensure
long-term persistence of newly induced vascular networks despite rapid vector
clearance by the immune system and transient VEGF expression. Secondly,
systemic treatment with EphrinB2-Fc protein will be assessed to induce
normalization of aberrant structures, thereby ensuring effective generation of
normal microvascular networks despite uncontrolled levels of VEGF expression by
adenoviral delivery. The final goal is to apply novel biological mechanisms to
overcome existing issues of VEGF gene therapy and enabling its clinical
application to myocardial ischemia.
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