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Chapter 1

Introduction

1.1 The global burden of cardiovascular disease and heart

failure

Cardiovascular diseases (CVD) continue to be a leading cause of death in the world,
with an estimated 17.9 million, or 32%, or deaths in 2019 globally [1]]. Heart disease is a
major contributor to CVD mortality, representing up to 16% of all deaths alone. This is in
part due to increase in life expectancy, as age is a crucial predictive factor for cardiovas-
cular health. Despite near universal increases in average life expectancy in the last couple
decades across many countries, there has not been a commensurate increase in healthy life
expectancy, leading to decreased quality of life in later years [1, 2]. Indeed, deterioration
of cardiac tissue by mechanisms such as hypertrophy, cellular senescence, and molecular
pathway dysregulation leads to a number of pathologies related to the heart and vascula-
ture including the development of atherosclerotic plaques, chamber dilation, myocardial

thickening, and fibrosis [3, {4].

With a continually aging population and lack of widely available or appropriate thera-
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peutic interventions, the pervasiveness of heart disease had led to end stage heart failure
(HF) for many patients [4]. In the US alone, the prevalence of HF in populations over 80
was 9.5% in men and 11% in women between 2015-2018 [5]. The prevalence of HF is
expected to increase by 46% in the US population from 2012-2030, affecting over 8 mil-
lion Americans over 18, and representing more than $70 billion in related health care costs
[6]. Thus, there is a great need for new therapies to relieve the burden of CVD before

progression into end-stage HF.

1.1.1 Pathophysiology of myocardial infarction

One of the primary causes of heart failure is myocardial infarction (MI), or heart attack
[7]. Over time, fatty plaques begin to develop and accumulate in arteries and obscure blood
flow. This process, known as atherosclerosis, has several known contributing risk fac-
tors including age, diet, diabetes, smoking, and obesity [8]. Adherence of atherosclerotic
plaques to coronary endothelium and resulting vascular inflammation causes narrowing of
the blood vessel and lower flux of oxygen and nutrients to the myocardium. Myocardial
infarction often occurs at these points where acute rupture of the plaque induces an inflam-
matory thrombotic response which can fully occlude the vessel, resulting in ischemia and
necrosis of myocardial tissue [9]]. Due to the lack of meaningful regenerative potential of
adult myocardium in humans, an MI can cause the irreversible loss of 1 billion cardiomy-
ocytes without clinical intervention within 15-20 minutes [/, 9-11]. MI occurs most often
in the left ventricle (LV) due to its role in systemic circulation which necessitates much
larger size, working pressures, and oxygen requirements relative to the right ventricle [12].

In practice, right ventricular MI typically co-presents with LV MI.

Consequently, the infarcted myocardium undergoes compensatory remodeling in an ef-
fort to stabilize the LV and retain contractile function. Within minutes to hours, the inflam-

matory response is triggered by ROS generation, chemokine release from necrotic cells,

2
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and other inflammatory pathway-activating molecules termed alarmins [9, |10, |13]]. Reper-
fusion of the myocardium itself by percutaneous intervention paradoxically provides much
needed oxygen and nutrients to surviving ischemic cells, but also further injures the down-
stream tissue through mechanisms including damaging ROS species, calcium overload,

massive immune infiltrates, and microvascular obstruction [14-17]].

Clearance of necrotic myocardium and matrix debris occurs concomitantly with the for-
mation of granulation tissue over the next few days, resulting in the loss of the initially
hierarchical, fibrous architecture of the wall that enables twisting contractions for efficient
pumping [[18} 19]. Resident cardiac fibroblasts enter an activated myofibroblast-like state
and reinforce the weakened ventricular wall through the remodeling of exisitng ECM as
well as deposition and crosslinking of scar tissue over months, primarily composed of
collagen [10} |13]]. While this mechanism serves to counteract ventricular dilation and pre-
vent possible wall rupture, the scar tissue itself is much stiffer than the native myocardium
( 55+ kPa versus 10-20 kPa in healthy tissue) and non-contractile [18, [19]. Vascular en-
dothelial cells (ECs) re-enter a pro-angiogenic proliferative phase and begin to remodel
vasculature to create new angiogenic sprouts, with later evidence of arteriogenic collateral-
ization to varying degrees depending on species [20-22]]. As early-responding neutrophils
evacuate and the inflammatory response transitions into the pro-healing phase, supportive
macrophages, lymphocytes, and other inflammatory cells remain in smaller numbers for
paracrine regulation of neighboring cells [9]]. Within 2-3 months, a mature scar has formed

in place of the lost myocardium.

Diagnosis of heart failure can occur as early as discharge after MI, though late-onset HF
due to continued decline in function in the longer term is more difficult to quantify [23]].
The additional stress of contraction in the scar-laden LV to support systemic circulation can
result in further dilation of the chamber, compensatory remodeling, arterial stiffening, and

arrhythmogenesis [9]. Acute clinical and secondary interventions have shown to improve
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prognosis, yet risks still remain [23-25]]. Recurrent MI becomes more likely, and a study
from 2012 suggested that cumulative risk of a recurrent cardiovascular event even 7 years
after an initial MI was still 2-3 times higher than that of a healthy individual [26]]. One
such proposed mechanism suggests that inflammatory pathways initiated after MI were
also atherogenic, leading to increased deposition of atherosclerotic plaque and thus greater
susceptibility to further ischemic events [27]. Another retrospective study found that after
acute MI, between 70-85% of patients depending on age range developed HF prior to death

[28]]. Thus HF diagnosis due to acute MI remains a difficult challenge to address.

1.1.2 Current clinical interventions

Acute clinical intervention for MI requires rapid reperfusion of the occluded artery. Cur-
rent clinical guidelines suggest that intervention within 90 minutes of arrival at a hospital
can best minimize permanent ischemic damage, and is often quantified as door-to-balloon
(DTB) time [29]]. Percutaneous coronary intervention (PCI) is the standard intervention due
to its ability to rapidly reperfuse ischemic myocardium and reduce DTB time. Once an MI
diagnosis has been confirmed by ECG, PCI is performed by catheterization via the femoral
or radial artery into the coronary vascular bed, visually aided by intracoronary imaging to
identify the site of obstruction [25]. In balloon angioplasty, an inflatable catheter is posi-
tioned at the site of obstruction and repeatedly inflated to compact the plaque against the
vessel wall to relumenize the vessel. Atherectomy procedures can also be performed to
remove calcified plaques, in which a small drill is used to excavate and remove the plaque
buildup [30]. In both cases, a stent is often placed at the occlusion site to maintain patency
of the vessel. PCI may also be used to bridge patients to more invasive procedures at a later

point.

Following primary intervention, patients are placed on medications (most commonly

a triple therapy of ACE inhibitors, beta-blockers, and aldosterone antagonists) to prevent

4
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excess stress on the heart that would otherwise exacerbate maladaptive LV remodeling,
dilation, and overall declines in cardiac function [9, 24, |31} 32]]. In cases of contraindica-
tions to stent placement or stenosis of a placed stent, coronary artery bypass graft (CABG)
surgery can be performed to bypass narrowed vessels [33]. However, medication timelines
are indefinite, and often these interventions are often not sufficient to fully prevent decline
in cardiac function. Eventually, some patients become refractory to medical interventions
for HF and require a heart transplant. However, the lack of available organs means that
many patients must be placed on mechanical circulatory support. Several technologies ex-
ist to facilitate systemic perfusion and can temporarily relieve stress on the heart, such as
intra-aortic balloon pumps, Impella, and extra-corporeal membrane oxygenation, though
these technologies are used in the short-term and/or otherwise tether patients to a health-
care facility [34]. In the long-term, patients can receive a left-ventricular assist device
(LVAD) as a longer-term bridge to transplant, though more often than not this has become
a destination therapy owing to a severe lack of organs for transplantation [34]]. The total
artificial heart is another mechanical device that replaces both ventricles with mechanical
pumps and is intended as bridge-to-transplant, though ongoing work (such as the clini-
cal trial NCT02232659) is determining it’s effectiveness as a destination therapy [19, 35].
However, promising results and FDA-approved devices position these devices as primary

competitors for cellular therapeutics.

Owing to medical advances in diagnosing HF as well as technical breakthroughs in in-
tervention, improvements have been seen in short term and long-term outcomes of patients
diagnosed with HF with decreases in 30-day and 5 year mortality [23| |36]. However, cur-
rent acute clinical and secondary intervention techniques are still not sufficient to reactively

address the post-MI development of HF.
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1.2 The next generation of therapy for heart regeneration

1.2.1 Cell sources for heart regeneration

Cellularized therapeutics for heart regeneration is a relatively new field. Due to the in-
ability of mature cardiomyocytes to proliferate in any significant capacity, harvesting or
isolating large numbers of cells for therapeutic effect is monumental task. Skeletal my-
oblasts [37], paracrine signalling from somatic stem cells [38]], direct transdifferention of
fibroblasts [39, 40]], cardiac progenitor cells [41], and non-human cardiomyocytes [42]] have
all been studied with variable success in order to provide therapeutic effect to the heart post-
MI [[7,[13]]. The isolation of human embryonic stem cells (hESCs) became a major impetus
for the development of cardiac tissue engineering as they offered the first directly renew-
able source of human cardiomyocytes [[11]. However, despite common usage research to
this day [43| 44], their use still has own set of challenges, notably ethical concerns with
their sourcing from the inner cell mass of blastocysts, and continued immunosuppression
due to the allogenic nature of hESC-derived implants. However, the introduction of human
induced pluripotent stem cells (hiPSCs) in 2006 marked a grand milestone in the field, as
it provided an ethically-sound source for patient-specific autologous implants. [45]. This
technology has since also been used to generate patient-specific hiPSC-lines to better un-
derstand disease such as dilated cardiomyopathy [46], and is a powerful application of the
hiPSC reprogramming technology to model disease in vitro and test potential treatments.
hESCs continue to be used in research (though to a lesser extent as more groups adopt

hiPSCs), and will collectively be referred to as human pluripotent stem cells (hPSCs).
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1.2.2 Differentiation of hPSCs into cardiomyocytes

Recapitulation of the signals and processes present in embryonic development have
guided the differentiation of human cardiomyocytes, but originally determined from the
study of model organisms including Xenopus, zebrafish, and chick embryos [7]. In the
early developing Xenopus embryo, induction of the mesodermal germ layer is primarily
dictated by overlapping gradients spatiotemporal signalling. Maternal deposits of vegetal-
localized VegT mRNA and equatorially-located Wnt protein enable dorsal stabilization of
[-catenin and specification and anterior mesoderm through downstream Nodal signaling
[47550]]. This Wnt signaling is later reversed by dorsoanterior expression of Wnt antago-
nists. In combination with BMP signaling from the formed mesoderm, cardiogenic meso-
dermal populations originating from the primitive streak begin to migrate down fibronectin
highways and form the first and second heart fields that will define the chambers of the

heart [51]].

The 2000s proved to be an early renaissance for the field of cardiac tissue engineering
beyond just the contributions of hiPSC development. Early differentiation of cardiomy-
ocytes came in the form of gastrulation-mimicking embryoid-body methods, in which
pluripotent stem cells (PSCs) were shown to aggregate and spontaneously differentiate
into a number of different lineages, including ~1-10% cardiomyocytes [52, 53]. Attempts
at 2D monolayer PSC differentiation methods initially relied on additions of lot-dependent
and non-defined serum, and xeno-conditioned media, but innovations enabled feeder-free
culture and increasingly defined medias and differentiation efficiency [54-57]. Applying
developmental biology-inspired understanding of the Wnt, TGF(, and Activin/Nodal sig-
naling pathways led to the reliable recapitulation of mesoderm formation and ventricular
cardiac specification in vitro with up to 80-90% purity (often evaluated by flow cytometry
staining for cTnT) by the early 2010s [50, 58-61]. The most common procedures in hiPSC-

CM differentiation today involve induction with BMP-4, bFGF, and Activin-A proteins [62]
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and/or small molecule-based biphasic Wnt modulation [|63}64] to generate ventricular car-
diomyocytes, and recent innovations in differentiation methodology have enabled the use
of stirred tank bioreactors or roller bottles for massive hPSC-CM production on the scale
necessary for clinical translation [65, 66]. Recent paradigm shifts have further begun to
more closely examine subtype specification such as atrial differentiation by treatment with
retinoic acid [[67]], purification by metabolic selection [68], and post-differentiation prolif-
eration for in vitro expansion [69] or in vivo therapy [70,71]. Further applications that have
become the forefront of research in cellularized therapies for HF are in 3D cardiac tissue

engineering and maturation of the otherwise fetal-like hPSC-CMs [66, [72-74].

1.2.3 3D cardiac tissue engineering

Developing replacement tissues for implantation is one of the main goals of cardiac
tissue engineering. As a closer in vivo analogue, 3D culture in a tissue format provides
more opportunities for cell-cell interactions, cellular co-culture, and importantly formation
of a coherent syncytium in cardiac tissue [18]]. Together, these components can enable
better recapitulation of the 3D composition, structure, and function of native myocardium

[75-78].

A popular subfield of in vitro cardiovascular research leverages the ability of cardiomy-
ocytes and other cell types to spontaneously form cell aggregates for applications in in vitro
disease modeling and drug screening [67, [79] These individual aggregates, often termed
microtissues or spheroids, are typically much smaller than would be useful for therapeutic
intervention, though some research has examined using these tissues as building blocks for
larger-scale tissues [80, [81]]. However, the vast majority of cardiac tissue-focused in vivo
research continues to rely on a biomaterial-based scaffold to provide a robust structure for
cells to remodel and form a large cohesive tissue. These scaffolds are commonly made

of natural polymers (e.g. collagen, decellularized ECM, and fibrin), or synthetic polymers

8
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(e.g. PEG, PLGA, and PGS) [18]. The decision to use one type of material over another
is often determined by the application, fabrication technique (e.g. replica molding [64, [82,
83|] vs 3D bioprinting [84-86]), and research question being studied [87]. Typically, natural
polymers are better tolerated by the body, have adhesion sites for cells or other bioactive
interactions, but can be remodeled and degraded relatively quickly. In contrast, synthetic
polymers often have a much wider design space for tuning stiffness and degradation prop-
erties, though generally must also be chemically modified to provide cell-adhesion sites

and can be tolerated by the body without a negative immune reaction [|18,, [88]].

Another important consideration in 3D tissue fabrication is the ability to easily co-
culture hPSC-CMs with supportive cell types. The differentiation process inherently lends
itself to a artificial type of co-culture, as ”contaminating” nonmyocytes may not fully be
removed by purification processes [68]. While the identity of these nonmyocytes is still
not well understood, they are generally considered to be fibroblast-like” based off of mor-
phology, immunohistochemical staining (e.g. vimentin, «-SMA, and matrix remodeling
capability, though they are notoriously difficult to characterize and can vary across dif-
ferentiation batches [[89, 90]. While their exact impacts on hPSC-CMs are unclear, they
may prove to be beneficial as fibroblasts make up a significant portion of the native heart
and contribute significantly to supportive functions for cardiomyocytes including paracrine
signaling, ECM remodeling, and electrophysiological function [61, 90]. Research has con-
sistently found that cardiac tissue formation and function is more robust with the inclusion
of fibroblasts or other supportive stromal cell types [75, 91, |92] Notably, Tiburcy et al.
reported that engineered cardiac tissues composed of ~60-70% hPSC-CMs and ~30-40%
fibroblasts were able to generate the greatest amount of force in mechanical testing, sug-

gesting a significant contribution of fibroblasts to cardiac tissue contractile function [93].

Endothelial cells are the most abundant nonmyocytes found in the heart, with a mi-

crovascular density of 2000-4000/mm? in the myocardium compared to ~800/mm? in other
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tissues[94-97]. While their contributions to vascularization will be discussed in greater de-
tail in Chapters 2 and 4, ECs also influence cardiomyocytes via juxtacrine and paracrine
signaling as well to modulate contractility and remodeling [61, |97]]. In in vitro culture,
studies have shown EC-CM co-culture can enable hPSC-CM reorganization, maturation,
and apoptosis prevention through the secretion of cardioprotective factors [98-101]. While
previous studies examining CM-EC co-implantation have demonstrated intra-implant vas-
cularization and perfusion 82, 102H104], few have been able to show improvements in CM

engraftment [105-108].

1.2.4 In vitro maturation strategies of hPSC-CMs

The immature nature of differentiated hPSC-CMs remains a great challenge for clini-
cal application. Developmentally, fetal cardiomyocytes have underdeveloped sarcomeres
and rely primarily on glycolysis as energy sources. Over the first two decades after birth,
the human heart matures through a combination of proliferation, hypertrophy, sarcomere
organization, ion channel expression, and mitochondrial biogenesis to support a metabolic
switch towards oxidative phosphorylation of fatty acids in order to support the high ATP
demand of constant contraction |73}, 90, 109, |110]. The structure and function of hPSC-CM
in comparison is akin to fetal cardiomyocytes, and while studies examining long-term cul-
ture (30-200+ days) of hPSC-CMs have shown improvements in structural, metabolic, and
functional markers, it is not presently a feasible timeline for clinical translation [78} /111,
112]]. Thus, the field has turned to a number of methods to improve hPSC-CM maturation

to provide suitable therapeutic effect.

Media supplementation is a common method of metabolic maturation owing to its rela-
tive ease to apply during culture. The standard medium used for hPSC-CM differentiation
is RPMI B27, which while suitable was originally used for neural cell culture is not op-

timal for differentiated cardiomyocytes to mature [60]. The low levels of calcium (0.4

10
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mM in media versus 2.2 mM extracellularly [113]) affects calcium gradients necessary for
optimal signaling and can prevent maturation of calcium handling and buffering capacity
of cardiomyocytes [73]]. RPMI B27 further contains high glucose and lacks fatty acids,
which together can encourage a prolonged, glycolysis-dependent metabolic profile [114,
115]]. Thus groups have examined media manipulations such as calcium addition [116]],
growth factors/soluble cues [62, 117, [118], fatty acids [[78, [119], and even entirely new

media formulations to improve markers of cardiomyocyte maturation [90, 115} |120]].

Structural maturation can also be influenced by substrate stiffness and topographical
cues. These factors play important roles not only in the culture and structural maturation
of cardiomyocytes, but in the stability and differentiation of PSCs as well [121} [122]]. Re-
search has shown that in vitro culture of CMs on stiff substrates can have a negative impact
on ultrastructural organization, contraction kinetics, action potentials, and calcium han-
dling, even despite matrix coatings like Matrigel and laminin [123H125]]. Thus, engineering
materials to achieve variable stiffness and surface topographies have become popular for in
vitro perturbation, optimization, and study of hiPSC-CM sarcomere structure and function

(66,104,120, [126H128]].

Cardiomyocyte alignment can also be achieved through cell-induced passive tension due
to the remodeling capabilities of engineered cardiac tissues, particularly when doped with
a stromal population like fibroblasts. By arresting the ends of issues with posts, frames,
or other materials, remodeling and compaction generates tension lines that cardiomyocytes
align with, enabling greater force generation [87, 93, 103, |129]. Post-based methods of
cardiac tissue formation are particularly effective at aligning larger tissues when patterned
throughout the bulk of the tissue. Despite the void spaces created which reduce the effective
number of cells to be delivered per unit area, the unconstrained edges of the tissue can
remodel and effectively align cells along free boundaries [[130-133]]. However, care must

be taken to account for this remodeling process, as overcompaction can drive greater stress

11
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generation, resulting in necking and failure of the tissue [[134].

Electrical maturation of hPSC-CMs seeks to improve ion channel expression, gap junc-
tion formation, and calcium handling abilities to ensure proper activation and propaga-
tion of action potentials, coupling to contraction, and repolarization kinetics [90]. Imma-
ture hPSC-CMs typically exhibit spontaneous contraction akin to nodal cells due to funny
current expression, but entrainment with electrical field stimulation is a common way to
reduce or eliminate automaticity, while additionally improving electrophysiological prop-
erties [[135, [136]. hPSC-CMs are also notorious for lacking T-tubules which function to
transmit the action potential signal and enable sarcolemmal calcium-induced calcium re-
lease and excitation-contraction coupling. Formation of these structures is typically not
seen in vitro, with only a few groups reporting their presence [137-139]]. Co-culture with
fibroblasts has also shown improvements in electrical function as they provide the ability to
effectively remodel tissues to form a cohesive syncytium [75, 91]]. In particular, Zhang et
al. demonstrated distinct differences in modulating the electrical properties of hPSC-CMs
when cocultured with hPSC-derived cardiac fibroblasts in comparison to human dermal
fibroblasts, suggesting lineage-specific interactions may be crucial for proper electrome-

chanical function [[140].

1.2.5 Preclincal application of hPSC-CMs

Preclinical evaluation of cardiac therapies remains the gold standard for determining
clinical effectiveness of cell-based therapeutics. In this pursuit, both small (e.g. mice, rats,
guinea pigs) and large (e.g. pigs, non-human primates) animal models have been used
owing to their similar biology to humans [[141, 142]. Methods of inducing MI can vary,
leading to different injury and remodeling responses. Permanent ligation of the left ante-
rior descending artery is one of the most common techniques as it creates a massive acute

transmural injury [143]]. However, this injury often results is higher mortality, as opposed

12



1.2. The next generation of therapy for heart regeneration 13

to ischemia-reperfusion (IR) methods with enable restoration of blood flow after an alloted
time of ischemia. IR Ml is typically regarded as a clinically relevant model as it parallels the
revascularization treatments that are considered the standard of clinical care for MI [143]].
This model typically achieves similar transmural infarctions equivalen to that of permanent
ligation methods (though this is dependent on the duration of ligation), and provides oppor-
tunities to study ischemic preconditioning and reperfusion injury. Ablative cryoinfarction
models are another popular model of acute MI, which utilize liquid nitrogen-frozen probes
to create cryoinjuries that mimic MI, though with less remodeling and scarring. While less
clinically relevant, this method creates more consistent injuries across animals [[143, 144].
Lastly, chronic models typically use ameroid/angioplastic constriction, delayed implanta-
tion (3-4 weeks), or less commonly hyperlipidemic/atherosclerosis-inducing diets to model
chronic HF [143] [144]. These may be considered the most clinically-similar to patient in-
cidence of HF as it models damage due to relatively slow constriction of blood flow over
a longer period of time, however limited studies in hPSC-CM implantation in chronic MI
models have suggested subpar engraftment and lack of functional improvement [145]146].
This suggests there is a critical period for implantation of a cellular therapeutic to be in-
corporated into the remodeling process of the injured myocardium for therapeutic implant,

such as at the time of peak inflammation 3-4 days after onset of MI [19].

The idea of using stem cells to regenerate the heart led to the study of adult stem cell-
based therapies (e.g. bone marrow-derived stem cells, mesenchymal stem cells, c-kit+
cardiac stem cells) prior to the rise of hPSC-specific interventions, and there continues to
be debate in the field regarding their efficacy in cardiac repair relative to cardiomyocyte-
specific cellular interventions [147]. However, current hypotheses suggest that these in-
terventions offer no long-term engraftment and primarily act in a paracrine fashion, and
thus are insufficient for complete repair of the heart post-MI where direct remusculariza-
tion therapy may be necessary [7, 145,147, |148]]. Thus, most work in cell-based cardiac

remuscularization therapies are focused on the use of hPSC-CMs for therapeutic remuscu-
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larization. Though a number of delivery routes have been attempted including pericardial
injection and systemic infusion, cell retention and engraftment are commonly accepted to
be highest though intramuscular injections directly in the myocardium or an epicardially

affixed patch [149].

Intramyocardial injections confer a number of benefits in experimental design. A pri-
mary benefit for clinical translation is the ability for minimally invasive delivery, which
reduces the potential of intra- and post-operative complications and faster recovery time.
Syringe injections also enable direct integration into the wall of the myocardium, which
may assist in reinforcing areas of the LV that would otherwise be occupied by noncontrac-
tile scar tissue. Direct injections of hPSC-CMs have also shown the ability to couple to
the electrical activity of the host, though with some instances of graft-derived focal auto-
maticity which resulted in arrhythmic activity [65] (150, 151]. However, injections innately
cause mechanical damage both to the delivered cells as well as injection site as well as cell
wash-out [149]. The cells must also be collected by thawing or enzymatic harvest, which
are stressful events that can cause cell death, prevents the ability to pattern or otherwise
organize the cells, and requires the cells to reassemble their contractile framework upon

engraftment.

In contrast, epicardially-implanted tissues have their own set of advantages and chal-
lenges. Perhaps the greatest benefit is the ability to engineer the tissue in 3D based on the
needs of the study, such as incorporation of growth factor-releasing substrates [64, 141],
vascular channels [82,|106], and anisotropic cues [[19, (130, 132, |152]]. In vitro culture time
in a tissue format can enable structural and functional maturation as described in the previ-
ous section. Cellular incorporation in a biomaterial can also theoretically improve retention
and thus engraftment [[147]. However, cardiac tissue implantation typically require inva-
sive surgery which invites possible intra- and post-operative complications, and the tissues

must also be robust enough for a surgical team to handle. However, there is promising work
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in developing flexible [153]] or injectable [[154]] cardiac tissue scaffolds as well as surgical
device innovations [155]] for minimally invasive tissue implantation. Epicardial attachment
is typically achieved with sutures, which damages the myocardium and can also cause tear-
ing in the implant itself. The greatest challenge with ECTs, however, is their electrical
isolation form the host heart by scar tissue. Studies examining electrical coupling have
shown that while injected cells are able to engraft and couple to the myocardium (despite
some arrhythmic issues), cardiac tissue coupling is sparse at best |65} 145, [150]. Current
research is seeking ways to overcome this issue through monitoring with external electron-
ics and telemetry, conductive biomaterials, ex vivo fluorescence imaging and antifibrotic

methodologies [[129, 154} 156-159].

Irrespective of implantation method used, recent research has demonstrated that hPSC-
CM implantation strategies have collectively demonstrated stable engraftment (measured
up 8 weeks), myocardial sparing, functional improvement (based on fractional shortening
and/or ejection fraction), and even in vivo maturation of implanted cells and tissues across
both small and large animal studies [43] |65, (83} (129, 131}, |151, 160]. However, there
are some common issues that necessitate continued scientific and technological innovation
to overcome. While teratoma formation is no longer considered an issue for hPSC-CM
implantation, retention and engraftment remain low at about 10-25% of input [[157]. Re-
cent estimates suggest a necessary therapeutic hPSC-CM dose of SM/g heart as a patch or
20M/g via injection [145]], which accounts for billions of cardiomyocytes when scaled up
to clinical size. Thus, improving engraftment and survival remains a key limiting step in
remuscularization therapies. Heat shock protocols and co-implantation with a pro-survival
cocktail has shown efficacy in improving engraftment [59, 145, 149]. Stable engraftment
is also challenging due to the immune response to implants which necessitate chronic im-
mune suppression protocols. Newer work is seeking to attenuate immune rejection through
methods including engineering hypoimmune cells [161]] and developing major histocom-

patibility complex-matched allografts [[162]. Arrhythmia incidence is another key concern,

15



1.3. Clinical trials using hPSC-CMs 16

as was described and shown in several large animal models [43 65, |151, |163]]. Lastly,
vascularization is a surprisingly often overlooked component of hPSC-CM therapies (par-
ticularly those based on intramyocardial injections), as the survival and engraftment of
implanted cells is ultimately dependent on oxygen and nutrient flux [105]. As opposed to
injections, engineered tissue-based approaches enable greater consideration of this crucial
aspect through both in vitro andin vivo techniques, and is discussed in greater detail in

Chapter 2.

1.3 Clinical trials using hPSC-CMs

A number of first-in-human clinical trials have begun using hPSC-derived cardiac pro-
genitors or cardiac cells. The ESCORT trial (NCT02057900) was among the first to deliver
CD15+/ISL1+ hESC-derived cardiac progenitors epicardially in a fibrin gel with concomi-
tant CABG to patients with severe left ventricle dysfunction [[147,164]]. The study reported
no intra- or post-operative events including teratoma formation, arrhythmia, or immune re-
sponse. Though not intended as a direct remuscularization therapy, it demonstrated the
feasibility of biologic interventions for HF and has helped pave the way for hiPSC-CM-

based interventions.

Among these are a trial (NCT04982081) for transendocardial injection of 400M allo-
genic hiPSC-CMs in 20 patients with a focus on safety out to 12 months. The HEAL-HCF
trial (NCT03763136) aims to delivery 200M allogenic hiPSC-CM intramyocardially with
concomitant CABG in 20 patients with congestive heart failure, and has primary outcomes
focused on evaluation of teratoma formation and arrhythmia incidence out to 6 months.
The IDCVTCHEF trial (NCT03759405) is seemingly the first clinical trial using autologous
hiPSC-CM transplants and is seeking to recruit 3 patients, though the trial has been reg-

istered since 2018 with few status updates. Another trial from Japan (NCT04696328) is
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seeking to implant allogenic hiPSC-CM cell sheets in ischemic cardiomyopathy patients,
with primary outcomes evaluating LV ejection fraction up to 26 weeks and incidence of
adverse events out to 12 months. The BioVAT HF trial (NCT04396899) is seeking to epi-
cardially transplant allogenic hiPSC-CMs and stromal cells in a bovine type-1 collagen
patch, with primary outcomes focused on measuring heart wall thickness and thickening
fraction up to 12 months. Lastly, the HECTOR trial (NCT05068674) is seeking to exam-
ine the dose response of injecting 50, 150, and eventually 200M allogeneic hESC-CMs

intramyocardially to alleviate chronic LV dysfunction.

Cellular therapies using hPSC-CMs continue to show promise with exciting clinical tri-
als that will provide a deeper understanding of how hPSC-CM technology can be leveraged

and engineered to improve heart function after MI and prevent further decline.

1.4 Project objective and scope

Despite incredible achievements in cardiac tissue engineering over the past two decades,
clinical application remains in its infancy due to insufficient preclinical understanding of
engineered cardiac tissue engraftment, mature function, and overall therapeutic effect. We
proposed that the latter two criteria are significantly bottlenecked by the former, and thus
hypothesized that patterning sufficiently large vasculature conduits in cardiac tissue in vitro
could be used as a means of rapid perfusion once implanted on the otherwise harsh ischemic
infarct region of the heart, thus enabling greater retention, in vivo integration, maturation,
and ultimately restore contractility to the heart. To evaluate our hypothesis through this dis-
sertation work, we developed a multi-faceted approach separated into three distinct Specific
Aims to investigate the fabrication of patterned, arteriole-scale channels and understand
their role in vascular inosculation, incorporation into cardiac tissues to form functional

engineered human myocardium (EHM), and therapeutic effect in a preclinical model of
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ischemia-reperfusion myocardial infarction using state-of-the-art vascular reconstruction

and imaging techniques.

1.4.1 Specific Aim 1: To develop a platform for in vitro evaluation of

pre-inosculative vascular migration

In Aim 1, we hypothesized that patterned vasculature in engineered tissues could initiate
vascular chemotaxis from host tissue and thus facilitate inosculation, rapid perfusion, and
cell survival. To test this we developed a channel-patterning technique to create arteriole-
scale vessels embedded in collagen 1 gels which acted as a simplified engineered tissue. We
then devised a platform for modeling pre-inosculative vascular migration by adapting the
aortic ring assay in a co-culture format with engineered vessels in a collagen gel to mimic in
vivo host-implant interactions in a controlled and defined in vitro system. Broadly, our re-
sults demonstrated application of the model to study vascular migration between surrogate
host and implantable tissues and the ability to perturb various factors related to angiogen-
esis including media composition and growth factor release. Our platform and developed
tools provide a strong foundation for evaluating complex host-implant pre-inosculative in-

teractions to better understand, develop, and implement vascular therapeutics in vivo.

R.J. Kant, C. F. Bare, and K. L. K Coulombe, “Tissues with patterned vessels or protein
release induce vascular chemotaxis in an in vitro platform”, Tissue Eng. Part A, 27 (19-20),

1290-1304, Oct 2021.
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1.4.2 Specific Aim 2: To assess the structural and functional effects
of patterning arteriole-scale channels in engineered human my-

ocardium

In Aim 2, we sought to improve upon and apply our established vessel-patterning tech-
nique in the context of cardiovascular regenerative engineering. We hypothesized that in-
corporating a large vascular framework into an engineered tissue would necessarily affect
the structure and function of the tissue, and understanding this heterogeneous system would
be important in developing a stable, implantable tissue. In fabricating and culturing EHMs
in vitro, we demonstrated the positive impacts of co-cultured media on hiPSC-CM force
production and sarcomere hypertrophy relative to control and minimized consequences on
EC function. We also developed a dynamic culture system for EHMs containing patterned,
arteriole-scale vessels (termed vVEHMs) with constant perfusion. Structural evaluation of
vEHMs through 2D area measurements and histology showed greater compaction as a
result of perfusion and reduced sarcomere development in the bulk of tissues due to an

expected loss of passive alignment cues beyond 100-200 um of tissue edges.

1.4.3 Specific Aim 3: To evaluate the ability of vascularized EHM to
engraft, improve perfusion, and remuscularize the heart using a

rodent model of ischemia/reperfusion myocardial infarction

In Aim 3 we applied our developed VEHMs in a rodent model of ischemia reperfu-
sion MI to better understand the in vivo response of host vasculature, hypothesizing that
arteriole-scale perfused vasculature would provide rapid perfusion of nutrients to implanted
hiPSC-CMs, allowing for greater survival, engraftment, and consequently improved CM

maturation. We demonstrated significantly improved engraftment of perfused vEHMs (P
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vEHMs) relative to control EHMs EHMs and non-perfused vEHMs (NP vEHMs), and
greatly improved maturation of implanted tissues relative to in vitro controls. Vascular
analysis through revealed increased vessel diameter and organization due to in vitro perfu-
sion of patterned vessels and robust intra-implant vasculature in microCT reconstructions.
RNA sequencing of explanted tissues revealed upregulation of pathways implicated in heart

development, particularly related to contractility and electrophysiology of hiPSC-CMs.
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Chapter 2

Integrated approaches to
spatiotemporally directing angiogenesis

in host and engineered tissues

Reproduced with permission from R. J. Kant and K. L. K Coulombe, “Integrated ap-
proaches to spatiotemporally directing angiogenesis in host and engineered tissues”, Acta

Biomater, 69, 42-62, Mar 2018.

2.1 Abstract

The field of tissue engineering has turned towards biomimicry to solve the problem of
tissue oxygenation and nutrient/waste exchange through the development of vasculature.
Induction of angiogenesis and subsequent development of a vascular bed in engineered tis-
sues is actively being pursued through combinations of physical and chemical cues, notably
through the presentation of topographies and growth factors. Presenting angiogenic signals

in a spatiotemporal fashion is beginning to generate improved vascular networks, which

47



2.1. Abstract 48

will allow for the creation of large and dense engineered tissues. This review provides a
brief background on the cells, mechanisms, and molecules driving vascular development
(including angiogenesis), followed by how biomaterials and growth factors can be used to
direct vessel formation and maturation. Techniques to accomplish spatiotemporal control
of vascularization include incorporation or encapsulation of growth factors, topographical
engineering, and 3D bioprinting. The vascularization of engineered tissues and their ap-
plication in angiogenic therapy in vivo is reviewed herein with an emphasis on the most

densely vascularized tissue of the human body - the heart.

Statement of significance: Vascularization is vital to wound healing and tissue regener-
ation, and development of hierarchical networks enables efficient nutrient transfer. In tissue
engineering, vascularization is necessary to support physiologically dense engineered tis-
sues, and thus the field seeks to induce vascular formation using biomaterials and chemical
signals to provide appropriate, pro-angiogenic signals for cells. This review critically ex-
amines the materials and techniques used to generate scaffolds with spatiotemporal cues
to direct vascularization in engineered and host tissues in vitro and in vivo. Assessment
of the field’s progress is intended to inspire vascular applications across all forms of tissue
engineering with a specific focus on highlighting the nuances of cardiac tissue engineering

for the greater regenerative medicine community.

Biomaterials  Physical Cues

In Vitro Fabrication In Vivo Implantation

Figure 2.1: Graphical abstract.
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2.2 Introduction

The regenerative potential of the human body after injury or disease is variable across
different organs and tissues. In any healing scenario, there is a need for local microvas-
culature so that cells and proteins can be transported to the site of the injury to initiate
and support the wound-healing response [1]]. Furthermore, a hierarchical vascular bed is
necessary to efficiently deliver blood to tissues, which necessitates a balance of capillar-
ies and larger arteriolar vessels. The wound healing process is particularly paramount in
organs like the brain and heart that have little functional regenerative potential, but where
functional recapitulation of the damaged tissue is necessary for the continued health of
the host. However, even with therapeutic intervention it is not yet possible to achieve
this. For example, the high metabolic demand of cardiac tissue necessitates a high density,
perfusable vascular network for sufficient nutrient and oxygen flux throughout the tissue.
Consequently, the human heart has a dense vessel network of 2000-3000 capillaries/mm?
and ~108 arterioles/mm?, which supports the terminally differentiated, non-proliferative
cardiomyocytes that endow contractile function [2-5]. Major coronary events such as a
myocardial infarction (MI) can cause localized cell death if the tissue is not quickly sup-
plied with adequate oxygen and nutrients, followed by fibrous scar tissue formation over
the infarct area [[6]. Post-MI complications such as reduced ejection fraction, ventricular
hypertrophy, and arrhythmias can arise and lead to progressive heart failure wherein the
heart is unable to pump enough blood to the rest of the body [7]. Cardiac tissue engineer-
ing seeks to regenerate the contractility of the heart that is lost following MI, but efforts
up to this point have been unable to achieve full functional restoration, which may be par-
tially attributed to the fact that currently implantable engineered constructs evaluated in
vivo develop microvascular densities ~7-fold lower than that of the native heart [8]. The
only suitable therapy for end-stage heart failure patients is a heart transplant, but a lack of

available donors and numerous complications make this a limited option for clinicians and
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patients [3]] and tissue engineering solutions hold promise to alleviate this problem through

the development of therapies to restore tissue function.

In tissue engineering, scaffolds made of degradable biomaterials are commonly used
to facilitate the creation, growth, implantation, and integration of cells with the host 7, 9].
However, there are a significant number of considerations involved in creating these tissues.
One such challenge is the generation of thick, complex engineered tissues with sufficient
microvasculature to support oxygen and nutrient transport between cells. The diffusional
limit of oxygen restricts cells to being in close proximity to a capillary in order to acquire
an adequate flux of oxygen, and the highly metabolic cardiomyocytes of the heart must
be within 100-200 um of a capillary for this reason [10-12]. The presence of a developed
vascular network would have significant downstream effects on the success of the whole
engineered tissue, namely enabling the development of more dense construct that better
approximates the native tissue, allowing for superior inosculation with host vasculature
upon implantation, and even having implications in remodeling and maturation, such as
electrical syncytium formation in cardiac tissue [9, [10]. Thus, one of the major current
goals of tissue engineering and regenerative medicine is the vascularization of 3D tissue

constructs to mimic the networks of host tissue.

Complex physical and chemical mechanisms act on endothelial cells (ECs) to initiate in
vivo angiogenesis followed by further processes to remodel and mature vasculature, which
tissue engineers seek to emulate in vitro and in vivo through several methods [[13]]. Of
interest in this review are techniques involving the manipulation of biomaterials to act as
topographical signals to direct angiogenesis, and exposure to select growth factors (GFs)
to similarly influence network formation [3, |10} [14]. Excellent reviews on biomaterial
formulation and production for tissue engineering are found elsewhere [3, 9, [15-H17]. How-
ever, a major obstacle and yet unmet need in the field is developing angiogenic systems

of sufficient complexity such that dense and perfused microvascular networks form. Re-
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cent studies have attempted to introduce more sophisticated uses of physical and chemical
cues to selectively induce angiogenesis in engineered tissues, including in vitro prevascu-
larization and encouraging penetration of host vasculature into implants via in situ tissue
engineering methods. This review will summarize recent methods of spatiotemporally con-
trolling angiogenesis in engineered tissues using biomaterials and combinatorial biological
cues, including growth factors. Techniques will be drawn from all forms of vascular tissue
engineering with the purpose of understanding, inspiring, and applying design considera-
tions for spatiotemporal control across all of tissue engineering and within the subfield of

cardiac tissue engineering.

2.3 Vessel development and physiology

The formation of vascular networks in the body begins early during embryonic devel-
opment, and dynamic changes to the network occur throughout life in response to both
stimulatory and inhibitory signals. Neovascularization arises through both vasculogenesis
and angiogenesis, in which EC precursors differentiate into arterial, venous, or lymphatic
endothelium. While angiogenesis is more commonly utilized in tissue engineering appli-
cations, it is crucial to fully understand the physiological processes that dictate vessel for-
mation and remodeling to discern both the inspirations for studies as well as their current
limitations. Vascularization is also integral in the overall wound-healing process, wherein
neovessel formation is necessary to facilitate the transport of cells and proteins to the site
of injury in order to repair the damaged tissue. Readers are directed to Barrientos et al. for

a comprehensive review of the mechanisms of wound healing [1]].
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2.3.1 Vasculogenesis

Vasculogenesis is the de novo formation of blood vessels, most commonly via angioblast
differentiation in prenatal development [ 10, |18]. Hemangioblasts originating from the lat-
eral plate mesoderm are directed to aggregate and form “blood islands™, or aggregates
of cells, comprised of hematopoietic stem cells surrounded by angioblasts. Endothelial
progenitor cells (EPCs) arising from the angioblasts differentiate into ECs and the aggre-
gates fuse into a primitive vascular plexus, generating lumens throughout the body that
are perfused following the onset of the heartbeat [19]. The driving mechanisms of em-
bryonic vasculogenesis are difficult to determine, and there exist several hypotheses and
computational models suggesting that vascular development and arrangement occurs via
cell motility guided by the extracellular matrix (ECM), paracrine and autocrine-mediated
chemotaxis, and cellular contact signaling [20, 21]]. Postnatal vasculogenesis is less well
understood, but is thought to be dictated by EPCs residing in various locations around the
body, such as within stem cell niches of the vascular basement membrane, in the circula-
tion, or in the bone marrow that are mobilized in response to stimuli like growth factors
and hypoxic stress [22]. These immature cell types are clearly crucial for de novo vessel
formation, and studies have pursued methods such as the use of angioblast-like cells and
co-culture to initiate vasculogenic processes in in vitro and in vivo settings [23| 24]. The
use of developmental precursor cells such as pluripotent stem cell-derived angioblasts is

promising as an in vitro model of vasculogenesis and for translational applications [25].

2.3.2 Angiogenesis

Angiogenesis is the major determinant for postnatal vascularization in which new cap-
illaries are generated from existing vasculature through sprouting and intussusception pro-

cesses [[13}[26]]. Sprouting occurs in response to events like inflammation or ischemia that
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cause the release of stimulatory autocrine and paracrine cytokines, such as the very potent
vascular endothelial growth factor (VEGF). Subsequent degradation of the local basement
membrane and migration of vessel ECs, led by a specialized tip cell, results in leaky vas-
culature. Buildup and polymerization of plasma-derived proteins such as fibrinogen and
fibronectin from the blood causes the formation of a provisional ECM that guides EC ex-
tension into the surrounding environment [27, 28|]. Proliferation of stalk cells behind the
tip cell and recruitment of mural cell populations allow for elongation, stability, and lumen
formation of the sprout [13] |26, 29]]. The process of intussusception involves the remod-
eling of existing vasculature via the protrusion and fusion of opposite vessel walls within
a lumen, effectively splitting an existing vessel into two and creating a branched structure.
In comparison to sprouting, intussusceptive angiogenesis is significantly faster in expand-
ing capillary networks as it doesn’t rely on cellular division, but rather reorganization of
existing ECs [29]. Stress triggers like hypoxia and injury induce angiogenesis to form
immature microvascular networks through both sprouting and intussusception processes,
followed by pericyte invasion and subsequent cytokine-mediated cellular recruitment to
stabilize and remodel the vessel walls and basement membrane [13} 27, [29]]. The network
of premature vessels is then pruned and remodeled to establish an efficiently perfused, hi-
erarchical vascular bed that meets the oxygenation needs of the tissue. Vessel ablation in
this manner is mediated primarily by hemodynamic cues from local vasculature, in which
ECs migrate and integrate with nearby perfused vessels or otherwise undergo vascular re-
gression via apoptosis due to lack of pro-survival stimuli such as shear flow and growth
factor gradients [30]. As discussed below, many tissue engineering applications aim to in-
duce an angiogenic response from host endothelial cells that takes advantage of the body’s
natural capacity to vascularize tissue through angiogenesis when regenerative strategies are

employed in specific wound beds, such as an infarcted heart.
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2.3.3 Arteriogenesis

In contrast to the capillary-forming process of angiogenesis, arteriogenesis is the com-
pensatory remodeling of existing collateral blood vessels into functional arterial vessels in
response to physical stimuli like flow-related stresses due to large pressure differentials be-
tween upstream arteries and downstream branches [31]]. This process effectively increases
vessel diameter and wall thickness through EC activation of downstream cellular pathways
such as proliferation, and recruitment of supportive cell types for further autocrine and
paracrine signaling. In instances where vascular networks are implanted, compensatory
arteriogenesis does not occur until inosculation with the host network is achieved, as the
absence of a flow stimulus in vasculature instead promotes vessel regression [30]. Cau-
tion is advised in how the tissue engineering community uses the term “arteriogenesis,” as
published literature has defined it as the appearance of new artery-sized vessels (e.g., < 50
um), although this is not the accepted definition historically in the field of vascular biol-
ogy [32]. Arteriogenesis does not induce new vessel formation, but can act independent of
angiogenesis through related pathways [33}[34]]. It is an important post-anastomotic matu-
ration process that operates in conjunction with vascular pruning to direct efficient vascular
adaptations based on a tissue’s oxygenation needs [34]. For example, there is evidence that
suggests that existing coronary arteries can undergo arteriogenesis in response to a cellular
implant after MI [35]]. Indeed, this remodeling mechanism is an excellent target of oppor-
tunity to ensure sufficient blood flow to implanted engineered tissues or to remodel bypass
routes for increased blood flow such as in the case of peripheral artery disease or around a

stenotic site.
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2.3.4 Lymphvasculogenesis and lymphangiogenesis

The vasculature of the lymphatic system is a uniquely blind-ended vascular tract that
is mainly derived from the venous lineage of endothelial cells during embryonic develop-
ment (sometimes referred to as lymphvasculogenesis), and can be identified by lymphatic-
specific markers such as PROX-1 and VEGFR3 [36, 37]. The lymphatic endothelial cells
(LECs) that form lymph vessels are structured with loose intercellular junctions and a dis-
continuous basement membrane to facilitate the functions of the lymphatic system, which
ranges from supporting the immune response to introducing interstitial fluid back into the
circulatory system [38]]. In the context of wound healing, lymphangiogenesis occurs in
lymphatic capillaries after injury, wherein recruited inflammatory cells like macrophages
release growth factors that stimulate lymphatic vascular growth, further facilitating trans-
port of immune cells and cytokines to the site of damage as well as promoting interstitial
drainage [37]. Lymphangiogenesis thus acts in concert with angiogenesis, yet there are far
fewer studies pursuing or even considering lymphatic tissue engineering applications de-
spite the equal importance of the former [39]. For example, Klotz et al. demonstrated that
MI induction in mice causes upregulation of pro-lymphangiogenic genes in the surrounding
heart tissue, which aids and may even expedite the resolution of the inflammatory response
[36, |40]. Giic et al. demonstrated that an engineered VEGF-C variant that binds fibrin
induced local lymphangiogenesis in a subcutaneous rodent model, and observed increased
granulation tissue thickness and ECM deposition indicative of improved wound healing
[41]]. While not a focus of this review, it is important to understand how lymphangiogen-
esis interfaces with angiogenesis in wound repair, and how this process can be effectively

integrated into current vascular tissue engineering efforts.
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2.4 Cells in vascular tissue engineering research

The development of vascular endothelium and its specialized arterial and venous lin-
eages are a central focus in vascular tissue engineering efforts and of interest to this review.
The differences between individual cell types, what phenomena are trying to be recapit-
ulated, and how relevant those results are to in vivo processes must be considered when
choosing an EC lineage for vascularization studies. Furthermore, the interactions between
ECs and other cell types must be carefully dissected and understood as well, either for

co-culture studies or in vivo interactions with host cells.

2.4.1 Endothelial cell types

In vascular biology and tissue engineering research, ECs are commonly identified by
staining for highly expressed markers such as platelet endothelial cell adhesion molecule-1
(PECAM-1, more commonly known as CD31), RECA-1 (rat endothelial cell antigen-1,
the rodent equivalent of CD31), VE-Cadherin (CD144), or von Willebrand factor (vWF)
[42]. Human umbilical vein endothelial cells (HUVECs) remain one of the more popular
endothelial cell lines to use due to their low cost, simple isolation, and high angiogenic
potential [43]. However, these are not the most physiologically relevant cell type to use,
as angiogenic efforts often focus on microvascular bed development which is mediated by
different, organ-specific EC lineages. Alternatively, studies have used primary aortic, vein,
lymphatic, and organ-specific microvascular ECs from both humans and rats, donor human
samples, and most recently ECs derived from human embryonic or induced pluripotent
stem cells (hESC-ECs and hiPSC-ECs) [39, 44-46]. Rodent cells, while acceptable for
in vitro and in vivo studies, are not translationally feasible given their xenogenic origin
and thus incompatibility with the human immune system. Furthermore, species-specific

differences, like the differential response of human and rodent aortic smooth muscle cells
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(SMCs) to the anti-inflammatory molecule dexamethasone, limits the application of re-

search findings in translational, clinical studies [47]].

hiPSC-ECs provide a target of opportunity for translational application in that autolo-
gous therapies may be viable in the future [2]. Differentiation protocols to generate hiPSC-
ECs previously relied on stromal cell co-culture, embryoid body, and small molecule mono-
layer strategies [45]. However, these methods are devoid of physical stimuli like flow
which help specify particular EC fates, and often have low yields which necessitates time-
consuming and expensive purification processes like fluorescence-activated cell sorting. It
is suggested that genetic background has a bearing on the differentiation potential of stem
cells across many lineages, including hiPSC-ECs [48]]. Thus, lineages must be properly
characterized before use whether differentiated or commercially sourced, and in the former
case the differentiation protocol must be optimized for that specific lineage. More recently,
attempts to generate hiPSC-ECs have used 3D matrices and/or induced flow to encourage
hiPSC-EC differentiation for higher yields. The following articles are suggested for further

reading on the differentiation, characterization, and application of hiPSC-ECs [45] 49].

EPCs are unspecialized, but determined vascular cells which have become a recent sub-
ject of interest in recapitulating embryonic vasculogenic development processes in vitro
and in vivo. There is an important debate around what hemangioblast lineages constitute
“true” EPCs, as these cells can be sourced from various organs, have variable differentiation
efficiency into endothelial cells, and thus contribute differentially to vessel development
[38 50, 51]. EPCs can also arise from the differentiation of other cell types, such as the
transdifferentiation of macrophages into lymphatic EPCs [52]]. Peters et al. describes the
requirements of EPCs to be expression of EC-associated markers (CD31, CD105, CD144,
CD146), as well as a lack of certain hematopoietic markers (CD14, CD45, CD115), and
readers are further referred to this review for an in depth review of the underlying biology

of EPCs [38]]. The main criticisms behind use of these cells is their relatively unknown
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characterization and thus unpredictable effectiveness in culture, and the inability to easily
source them commercially; many studies rely on human donor cells which are expensive

and time-consuming to harvest.

In vascular tissue engineering and angiogenesis research more broadly, there are over-
arching concerns with the use of ECs and their related lineages in vitro and in vivo. Most
endothelium in the body is naturally quiescent, and only takes on a proliferative phenotype
in response to injury [43]]. In this active state, ECs undergo a change in surface marker
expression and can lose organ- and function-specific characteristics. Furthermore, the spe-
cific characteristics and responses of ECs are dependent on the tissue they originate from
[53L154]]. This is a major challenge when developing studies involving ECs, as the need for
proliferative and tubulogenic cells to form a vascular bed conflicts with the desire for those
cells to recapitulate the structure and function of a native tissue. Furthermore, characteris-
tics such as fenestrated, continuous, and discontinuous endothelium are unique and crucial
to the proper function of organs, but experimental design to develop a capillary phenotype
other than continuous endothelium is not considered in vascular tissue engineering studies,
with “leakages” often being attributed to unstable, immature vessels [55]. However, these
characteristics are specified in a paracrine fashion by local tissue, suggesting that specific
phenotypes could be induced by surrounding host tissue after implantation [54]. Lastly, en-
dothelial cell types tend to suffer from inactivation of proliferative and tubulogenic capacity

at higher passages in culture [43].

Vascular endothelium is supported by cell types that are recruited at various steps of
vascular development, homeostasis, and remodeling. SMCs are present around all vessels
except capillaries and contract circumferentially to regulate transport of blood around the
body, and can thus be used to identify arterioles by staining for a.-smooth muscle actin
(a-SMA) [27]. Pericytes maintain the basement membrane of capillaries and provide a

number of supportive roles for ECs depending on the organ, but notably mediate paracrine
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signaling, hemostasis, and vessel stabilization [56]]. Multipotent lineages such as bone
marrow- or adipose-derived mesenchymal stem cells (MSCs) can also be recruited and
differentiate into vascular mural cell types [57]. Leukocytes like macrophages and mono-
cytes provide cues for vascular remodeling such as matrix metalloproteinases (MMPs) and

pro-angiogenic growth factors.

2.4.2 Co-culture with endothelial cells

Co-culture of ECs with these supportive cell types is a natural option given the mul-
titude of cell types necessary to develop and maintain vasculature. This enables further
specialization of an engineered tissue for specific applications, but requires consideration
of the cell-cell signaling interactions of different lineages and their dependence on ratios
of different cell types, as well as culture conditions such as substrates, matrix proteins, and
media exposure in vitro [58]]. For example, SMCs have been cultured with ECs to encour-
age the formation of arteriolar vessels [59]]. Supportive stromal cell types are necessary
for long-term (< 1 year) stabilization of EC networks by inducing a paracrine-mediated
quiescent phenotype in the vascular cells [[60, [61]]. Paracrine signaling between ECs and
supporting cell types also confers effects on gene expression, such as the upregulation of
pro-angiogenic cytokines which affect vascular morphology [62, 63]. Optimal ratios of
cell types for co-culture is less clear, as there does not appear to be a consensus due to
the vast number of parameters to control, even within applications of a specific tissue type.
Metabolic and proliferative potential, angiogenic potential of the ECs, lineage differences,
paracrine interactions, culture media, and cell-biomaterial interactions are among the many
potentially confounding variables that complicate the determination of definitive co-culture
ratios [58]. However, it is known that high amounts of endothelial cells relative to other
cell types typically induces vessel regression due to the redundancy of vascular structures

[30]. In applications regarding the heart, cardiomyocytes have been cultured with ECs
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or SMC:s for cardiac tissue engineering applications and shown beneficial effects on car-
diac tissue metrics [64, 65]]. Tri-cultures of cardiomyocytes, ECs, and supportive stromal
cells have been performed, but most studies are relegated to two cell populations due to
the additional biological complexity that arises when > 2 cell populations exist in a sys-
tem, which in certain cases produced less favorable results than co-culture [66-68]]. The
additional biological complexity of co-culture systems enables a greater and more phys-
iologically relevant understanding of cellular interactions both with other cells and their
microenvironment, which is critical in implementing vascularization efforts in specific tis-

sue engineering applications.

2.5 Factors and signaling pathways in angiogenesis

Angiogenesis is dependent on cell-cell and cell-matrix interactions, meaning that care-
ful orchestration of the appropriate signaling factors and pathways is required to induce
neovascularization in engineered tissues. The most well-known molecules used to encour-
age vascularization are angiogenic growth factors, morphogenetic proteins that induce and
support angiogenic processes such as proliferation, differentiation, and migration of cells
through a variety of unique signal transduction pathways [[69]]. Indeed, the use of “tra-
ditional” angiogenic factors and their recombinant variants is ubiquitous in the literature
in a variety of applications, and research has focused heavily on improving the stability,
expression, delivery, and retention of single factors to target tissues [69]. The natural com-
plexity of angiogenesis stems from the multiple isoforms of growth factors and cytokines
that interact with target receptors in time-dependent and spatially-controlled ways to elicit
a specific response [70]. The nuances of these signaling pathways is a great challenge
for translational application of angiogenic proteins as therapeutics. Temporal exposure of
growth factors must be carefully considered, such as a controlled release system can be

designed to maintain a local concentration that elicits a prolonged physiological response.

60



2.5. Factors and signaling pathways in angiogenesis 61

However, inhibition, sequestration, or downregulated production of growth factors and their
downstream pathways is just as important to prevent uncontrolled growth and potentially
harmful consequences [70]. Thus, therapeutic angiogenesis must be precisely regulated
by limiting it to the intended therapeutic areas for an appropriate time frame. There are
even studies showing that controlled inhibition can assist in angiogenesis, such as through
anti-growth factor drugs like anti-VEGF or by specific inhibition of proteins like glycogen
synthase kinase 33 in post-MI hearts to activate the Wnt signaling pathway [55] [71-73]].
Despite being utilized less in vascular tissue engineering, these inhibitory compounds are
as important as their angiogenic-inducing analogs [42]. A few common growth factor fam-
ilies that are important in angiogenic cascades and utilized in vascular regeneration will be

briefly discussed to better understand their role in developing mature vascular networks.

2.5.1 Vascular endothelial growth factor (VEGF)

The VEGF family of angiogenic growth factors is considered the gold standard, play-
ing a significant role in both vasculogenesis and angiogenesis [|19}74]. These homodimeric
polypeptides consist of six main isoforms of VEGF (VEGF-A, VEGF-B, VEGF-C, VEGF-
D, VEGF-E, and VEGF-F), as well as placental growth factor (PIGF), and the associated
receptors VEGFR-1, VEGFR-2, VEGFR-3, Neuropilin-1 (NRP-1), and NRP-2 [55| (74,
'715]]. VEGF-A was the first factor of the family discovered and is presently the most well-
known and widely used factor, as it plays a major role in mediating vascular EC survival,
proliferation, and migration [13]. VEGF-A and its spliced variants can bind both VEGFR-1
and VEGFR-2, although binding of the latter receptor is far better understood and mediates
pathways with the strongest angiogenic responses [[76]. Binding to VEGFR-2 causes dimer-
ization of the receptor and enables phosphorylation at multiple tyrosine domains, which
dictates further downstream signaling cascades to orchestrate angiogenesis. VEGF-B as-

sists in the maintenance and maturation of formed vessels, and interestingly a recent study
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implicated VEGF-B as a non-angiogenic cardioprotective factor through mitigation of ox-
idative stress-induced apoptosis [[73} [77, [78]]. VEGF-C and VEGF-D can bind VEGFR3
(primarily), VEGFR2, NRP-1, and NRP2, causing downstream upregulation of lymphan-
giogenesis to support the wound-healing process [75,76]. PIGF is a key player in vascular
development during embryogenesis, and additionally displays synergistic roles with other
VEGEF isoforms in wound healing, ischemia, and other stressed conditions [1} {1355} [79].
VEGF-E and VEGF-F are special angiogenic proteins; the former is encoded by the Orf
virus and only binds VEGFR-2, and the latter encompasses a subfamily of VEGF-like
molecules present in snake venom which bind mainly VEGFR-1 and promote high vascu-
lar permeability [79]. VEGF-A remains the most commonly used angiogenic growth factor
within the VEGF family in vascular engineering applications due to its ubiquitous presence
in initiating angiogenic processes and its potent effects, with the other isoforms often rel-
egated to more niche applications. However, despite this pervasive presence, studies have
demonstrated that VEGF alone is limited in its ability to induce the formation of functional,
dense, and persistent vessel networks [70,|80]. Disorganized and often leaky vessels result
from the sole delivery of VEGEF, which can be indicative of unstable, immature vessels that

require additional modulation from other factors or cells [81].

2.5.2 Fibroblast growth factor (FGF)

The FGF family consists of 22 growth factors and 4 associated receptors with their al-
ternative splicing variants, which mediate a wide variety of functions from angiogenesis to
neural development [[82} 83]]. Despite the name, some of the molecules in this family are not
considered traditional growth factors, but they all share the common ability to bind to FGF
receptor (FGFR) isoforms [[83]]. Of significant relevance to angiogenesis are FGF-1 (acidic
FGF, or aFGF) and FGF-2 (basic FGF, or bFGF), although other isoforms have also been

implicated in angiogenic pathways [83} 84]. Binding to the appropriate receptor (such as
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FGF-1 to FGFR-1 or FGFR-2) in the presence of heparin-sulfate proteoglycans in ECM and
on the surface of cells causes tyrosine phosphorylation and subsequent signal transduction,
such as through binding of the cytoplasmic effectors FGF receptor substrate 2ac or phos-
pholipase C~ [55,83]. FGF promotes tubulogenesis and migration of ECs and EPCs, and
can assist in signaling for both ECM proteolysis and synthesis of collagen, fibronectin, and
proteoglycans, as well as enhancing VEGF production, suggesting synergistic actions for
angiogenesis [84-86]. Further, both VEGF and FGF provide cues for initiating angiogene-
sis by inducing EC proliferation and migration, but act through different pathways [55]]. For
example, a study by Lee et al. compared the effects of VEGF and bFGF in subcutaneously
implanted alginate hydrogels and found that both growth factors were individually able to
induce granulation tissue and vessel formation [[87]]. However, FGF signaling was unable to
increase blood vessel density to levels as high as in VEGF-loaded hydrogels. Studies have
also posited that FGF isoforms assist in cardiac remodeling and endow cardioprotective

properties through angiogenesis and lesser-understood paracrine pathways [83].

2.5.3 Platelet derived growth factor (PDGF)

Closely related to VEGF is the PDGF family of growth factors which encompasses
PDGF-A, PDGF-B, PDGF-C, PDGF-D, the heterodimer PDGF-AB, and the receptors
PDGFR-«a and PDGFR-5 [88l [89]. Homodimer PDGF isoforms remain inactive until
dimerization and receptor binding occurs, allowing for receptor dimerization, auto-phosphorylation
and subsequent downstream signaling dependent on the variety of dimer complexes formed,
phosphorylated domains, and associated adapter molecules involved [89]. While normally
secreted by circulating platelets in the bloodstream, other cell types have been shown to
release specific isoforms of the factor. PDGF-AA, BB, and CC are the most well-known
supporting factors for angiogenesis. ECs, fibroblasts, macrophages, and other vascular

support cells can release this growth factor after neovessels are established, generating
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a chemotactic gradient that further attracts pericytes, leukocytes, fibroblasts, and vascu-
lar SMCs to stabilize, remodel, and mature vessels [55, 90-92]]. PDGF isoforms exhibit
VEGF-independent stimulation of angiogenic pathways, such as the necessity of PDGF-B
in recruiting SMCs/pericytes to immature vessels for stabilization and remodeling [92, 93].
Absence of this factor has been found to result in a maintenance of the proliferative EC
phenotype which is not conducive to maturation, or even vessel regression in the event of

arrested VEGF signaling [91, 93].

2.5.4 Other growth factors and cytokines contributing to angiogenesis

Many other cytokines participate in angiogenesis in addition to the dominant effects
of those described above. Some are not considered traditional growth factors at all, but
cytokines and other proteins that produce downstream effects on angiogenesis in tissues
which can be dependent on specific conditions, including location, cell type, and timing.
For example, the angiopoietin (Ang) family of growth factors are critically involved in em-
bryonic vascular development via the Tie pathway, and are also necessary for sprouting
angiogenesis, vessel wall remodeling, EC survival, and mural cell recruitment 84} (90, |94,
95]]. Transforming growth factor-5 (TGF-{3) is released by ECs as part of the inflamma-
tory response to recruit macrophages, and further can help mediate the differentiation of
vascular SMCs and contribute to EC proliferation, migration, and tubulogenesis to form
and maintain granulation tissue [[84} [91]]. Sonic hedgehog (SHH) is a morphogen that is
present in both embryonic development as well as postnatal angiogenesis, and has been
shown to mediate expression of angiogenic growth factors like VEGF-A and Ang iso-
forms, promote angiogenic cytokine production from stromal populations, and enhance
recruitment of EPCs to remodel microvascular networks [96-101]]. SHH 1s upregulated in
the ischemic heart, and has been shown to act in a cardioprotective manner via paracrine-

mediated growth factor upregulation, arrested cardiomyocyte apoptosis, and neovascular-
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ization [102, 103]]. MMPs initiate ECM remodeling events that are required for EC sprout-
ing and neovessel intussusception [ 13} 84]. MMP-14 (also called MT1-MMP) in particular
is a membrane-bound MMP that has been shown to play a crucial role in facilitating angio-
genesis by degrading the ECM for cell migration and activating membrane-bound growth
factors [[104]. MMP-9 and MMP-12 have been noted to play a role in angiogenesis and
vessel stabilization as well, such as in creation of angiostatin to inhibit vessel formation,
although many studies examining these proteins are found in the context of inhibiting tumor

angiogenesis and metastasis via MMP inhibition [[84} 105].

Specific events can induce a variable angiogenic response as well, as is the case of
factors that provide some level of compensatory cardioprotective effect after a heart at-
tack. When myocardial ischemia occurs, hepatocyte growth factor (HGF) is induced in the
myocardium, and nerve growth factor (NGF) and insulin-like growth factor-1 (IGF-1) are
secreted to mitigate cardiac damage after infarction and assist in activating angiogenic path-
ways [[13} |106-108]]. Neovascularization-related growth factors play an important role in
ischemic heart disease (reviewed by Henning, 2016) including stromal cell-derived factor-1
(SDF-1), which has been shown to attenuate cardiomyocyte apoptosis and stimulate angio-
genesis in both in vitro angiogenic assays and in vivo rat models of MI [74,/109, 110]. Other
types of exogenously delivered molecules can be used to induce vascularization in contexts
like cardiac repair. For instance, the drug ONO1301, an agonist for Prostaglandin 12, was
shown to induce expression of VEGF, SDF, and HGF in the myocardium and acted in a
cardioprotective role by increasing local vascularization and overall cardiac performance
in a hamster model of dilated cardiomyopathy [108|]. Growth factor fragments and peptide
sequences derived from larger molecules involved in angiogenesis pathways have demon-
strated improved function versus full-length molecules due to modified binding affinities
and protein stability [[111-114]]. For example, a peptide from the Notch ligand Jagged1 im-
proved the vascular bed in an in vivo model of cardiac failure and recruited cardioprotective

cytokines through downstream pathway activation [115]]. Adipose-derived microvascular
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fragments isolated from rodent fat pads have been found to induce significant angiogene-
sis and lymphangiogenesis when implanted subcutaneously, and may be a translationally

relevant methodology for implant prevascularization or direct transplantation [[116,|117].

The vast number of molecules that participate in angiogenesis via different pathways
prompts the notion that preferential molecule choice will be required to stimulate the in-
tended angiogenic phenotype. For example, Benest et al. demonstrated in vivo that VEGF
signaling induced several short, highly branched vessels, while Ang-1 signaling produced
longer but less branched vessels as well as higher pericyte recruitment [118]]. At the same
time, there may be some leeway in angiogenic growth factor selection if another molecule
can sufficiently supplant the original factor’s angiogenic functions, and surrounding host
tissue can be left to provide the necessary maturation and remodeling signals. Grigorescu
et al. demonstrated in their study of angiogenic properties of EPCs that the depletion of
VEGF-A alone did not significantly interrupt angiogenic processes in culture, but simul-
taneous knockout of both VEGF-A and SDF-1 resulted in severely stunted angiogenesis
[119]. This calls into question the assumption that VEGF is the primary initiator of angio-
genesis and encourages discourse around where interventions should target along angio-
genic signaling cascades to produce the intended therapeutic effect. Exposure to multiple
factors to robustly stimulate this cascade in key pathways may be enough to develop a
new, permanent vasculature in tailored regenerative medicine applications. There are still
many unknown intermediate mechanisms, such as the interplay of CD31 in the angiogen-
esis pathway, and often in vitro isolation studies are unable to capture the complexity of
growth factor response in vivo [42]. What has been made clear is that these signaling
molecules elicit multi-pathway effects and induce paracrine activity [[14, |108]. Thus, an-
giogenic systems must be designed knowing as much as possible about systemic effects
across the regulatory network, and be inclusive of the waterfall effects of the biochemical

stimuli used.
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2.5.5 The necessity of combinatorial growth factor use

The study of single-use growth factor release has revealed the great complexity of an-
giogenic signaling responses. The vast research into the actions of growth factors has made
it clear that the use of a single growth factor is not sufficient to create a stable vascular
structure, as many growth factors work either in tandem or sequentially [[120]. For exam-
ple, it has been shown that VEGF-C promotes PDGF-BB expression in ischemic tissues
[13]. A study by Stone et al. found that endogenous VEGF-A alone cannot properly in-
duce both angiogenesis and arteriogenesis, and that additional modulation with exogenous
Ang-1 to act as a maturation agent could produce more physiologically relevant vascular
networks [80]. Brudno et al. further demonstrated that simultaneous exposure of VEGF-A
and Ang2 additively induced angiogenesis in vitro and in vivo [94]. This response was
inhibited by synchronous release of PDGF-BB and Angl, but delayed release of the latter
two factors did not interfere with angiogenesis but instead promoted vessel maturation and
remodeling. As a final example, bone morphogenetic proteins (BMPs) have been shown to
promote angiogenesis by stimulating osteoblasts to produce VEGF-A [121]. Thus, under-
standing these relationships within the organ of interest is crucial to designing angiogenic
tissue engineering systems. Fig. demonstrates the temporal complexity and overlap
of multiple prominent pathways in angiogenesis and its relation to the wound healing cas-
cade. Implementing this notion of combinatorial growth factor use in experimental design
has enabled a more thorough examination of multi-pathway effects and paracrine signaling
in angiogenesis, which can then be leveraged to generate more robust vascular beds in engi-
neered tissues by creatively presenting cues that initiate these interactions. This beneficial
shift in direction has been accompanied by the popularity of engineering biomaterials for
tissue engineering applications, providing the field with the tools necessary to develop and
examine more complex systems for spatiotemporal administration of multiple angiogenic

growth factors.
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Wound Healing Response

Hemostasis —— »  Inflammaton —— > Proliferaton ——— >  Maturation

EGF IL-1
TGF-a TNF-a
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Figure 2.2: Temporally controlled, overlapping, parallel, and repetitive signaling events
(abridged) in angiogenesis and their role in the wound healing response. Examples of
activated factors are listed below each stage of wound healing. Ang: Angiopoietin; bFGF:
Basic fibroblast growth factor; EGF: Epidermal growth factor; bFGF: Basic fibroblastic
growth factor; IL-1: Interleukin-1; MMPs: Matrix metalloproteinases; PDGF: Platelet-
derived growth factor; SHH: Sonic hedgehog; TGF-B: Transforming growth factor beta;
TNF: Tumor necrosis factor; VEGF: Vascular endothelial growth factor.

2.6 Techniques for controlling angiogenesis with biomate-

rials

The use of biomaterials has expanded in the past decade with the development of inno-
vative techniques to support the growth of tissues both in vitro and in vivo and provide cells
with well-defined spatiotemporal cues to initiate angiogenesis [[10]. The use of synthetic
and natural materials imposes constraints dependent on the specific application of the bio-
material. These materials must be chosen carefully, as there will inevitably be interactions

when placed into a physiological environment, whether that be through cell-material inter-
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actions in vitro or an implant in vivo. Cells that require adhesions should be able to adhere
and interact with the matrix and neighboring cells, whereas cells not requiring adhesions
should be able to survive and function within the microenvironment of the biomaterial. In
short, the material in question must be biocompatible and tailored to the specific engineered
tissue [3 9]. Material selection is thus a significant component of tissue engineering, and
certainly there is no shortage of studies examining optimal material choices and even de-
veloping composites and entirely new materials with which to engineer replacement tissues
[122-125]. Of interest to the subject of this review, however, is the manipulation of these
materials and their interactions with angiogenic growth factors to control angiogenesis and

neovascularization in engineered tissues.

2.6.1 Matrix incorporation

Incorporation of angiogenic growth factors within a scaffold matrix is a common method
of presenting bioactive agents to cells. Direct interactions between proteins and materials
provides growth factors with some level of protection from natural processes in the body
that could inhibit activity, such as cellular inactivation or enzymatic digestion [44, 126].
Angiogenic growth factor release kinetics are mediated by factors including concentration,
size, diffusion rate, porosity, scaffold degradation rate, and extent of polymer crosslink-
ing. Material formulations and modifications can enable release by specific stimuli like pH
and temperature change or biochemical activation, which lends increased spatiotemporal
control to the system [14, 27, 125]]. Retention of factors in the scaffold encourages cellu-
lar responses originating from cells seeded into the scaffold as well as ingrowth from host
tissue in in vivo settings. Growth factor incorporation is commonly achieved through cova-
lent binding interactions of the cytokine with the matrix or binding domain modification,
but can also be achieved through techniques like adsorption (adhesion of substances to a

surface) and ionic complexation (formation of polyion structures through combinations of
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various ions and molecules) [27, [125]].

Tuning EC responses by covalently bound growth factor incorporation demonstrates
how both understanding the cell biology and materials chemistry is critical for advancing
angiogenic therapies. For example, Chiu et al. showed that covalent immobilization of
VEGF-165 (a recombinant variant of VEGF-A) and/or Ang-1 on collagen scaffolds using
1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC) chemistry resulted
in increased proliferation and tubulogenesis of seeded ECs in vitro after 7 days in compar-
ison to controls containing solubilized growth factors [[127]]. Stepwise angiogenic growth
factor immobilization after EDC activation in a phosphate buffered saline (PBS) reaction
buffer also resulted in higher protein incorporation than simultaneous processing in PBS,
DI water, or 2-(N-morpholino)ethanesulfonic acid (MES) buffers. In a related study by
the same group, Odedra et al. created radial gradients of immobilized VEGF-165 in EDC-
activated cylindrical collagen scaffolds using point source, flow, and source-sink methods
[128]. Enhanced D4T EC (an embryoid body-derived mouse lineage) migration from the
periphery of the 12 mm diameter, 2.5 mm thick scaffolds created a cell distribution mimick-
ing the angiogenic growth factor gradient, although a corresponding enhanced proliferation
was not observed. This study demonstrates that mimicking the chemotactic gradients gen-
erated by angiogenic growth factors is a useful tool for organizing and directing ECs in

vitro.

Introducing heparin or heparin-binding domains into a biomaterial allows for increased
specificity to sequester heparin-binding growth factors such as VEGF, PDGF, and bFGF in
the material matrix, and even utilize it to sequester endogenous factors in a reservoir when
implanted in vivo. Wu et al. bound heparin to decellularized liver scaffolds using an end-
point attachment technique (terminal reductive amination of the sugar chain and attachment
with an amine linker), followed by incubation of the scaffolds overnight with VEGF-165

to allow for adsorption [129, [130]. Significant proliferation of HUVECs in vitro (~65%
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in comparison to 20-25% for controls, p < 0.05) was present in the growth-factor bound
scaffolds as measured by Ki67 expression. One area of consideration is uniform binding of
heparin to a scaffold surface, as heterogeneous distribution of heparin means that there will
also be a heterogeneous distribution of growth factor throughout the matrix. Techniques
like the toluidine blue metachromatic assay can be used to stain and thus visually confirm
the presence of a heparin coating [[131]. Quade et al. utilized a bolus injection strategy
reminiscent of Odedra et al. in which VEGF was incorporated in a single central biopoly-
mer depot within a collagen scaffold, and the kinetics of release and resulting migration
on human dermal microvascular ECs were examined in vitro over 28 days [46]. Heparin,
alginate, hyaluronic acid, alginate-heparin, and alginate-hyaluronic acid biopolymers were
all tested, with the authors finding that the alginate and alginate-heparin depots could best
retard burst release of VEGF within the first four days and allow for more sustained release
in subsequent days. Migration assays revealed that the increase in cellular proliferation was
correlated with the release of VEGF in each biopolymer group, with higher burst release
materials resulting in increased proliferation at early time points. In contrast, the heparin
and alginate-heparin groups demonstrated higher proliferation rates at later time points.
Migration assays revealed that the alginate-heparin group enabled the highest migration
towards the central depot, with a > 2-fold increase in the number of cells found 2000-2500

um deep in comparison to controls.

As an example of dual growth factor incorporation, Lakshmanan et al. demonstrated
the incorporation of VEGF and bFGF in a scaffold blend made of poly(L-lactide-co-capro
lactone) (PLCL) and poly (2-ethyl-2-oxazoline) (PEOz) by dissolving the factors in PBS
and adding it to the prepolymer solution prior to electrospinning [132]]. Release of the
growth factors from the matrix in vitro resulted in HUVEC proliferation and migration,
and gene expression analysis confirmed the presence of angiogenic gene upregulation in the
form of VEGFR, PDGFR, and FGFR isoform expression. However, the authors reported an

encapsulation efficiency of < 30% across different combinations of their growth factors and
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materials, and a significant burst release likely due to the lack of strong binding interactions

between the growth factors and biomaterials.

Despite being a widespread method of modulating growth factor retention and release,
matrix incorporation has inherent drawbacks. Angiogenic growth factors in a matrix can
fail to generate a truly guided vessel network because random distribution and immobiliza-
tion within the matrix can generate imperfect chemotactic gradients upon release, resulting
in less well-defined spatial control of angiogenesis [10]. While biological vascular de-
velopment is not necessarily structured and organized, tissue engineers may seek to have
greater spatial control of angiogenic processes in their systems. There are studies that
address this issue, such as a study by Yuen et al. wherein the use of stimulatory VEGF
and inhibitory anti-VEGF signals restricted angiogenesis of human dermal microvascular
ECs to 1 mm thick zones within a scaffold using a layer-by-layer incorporation strategy,
although specific vessel geometries could not be controlled [[71]]. This dual incorporation
method attenuated the initial net VEGF burst release due to the antagonistic effect of the
two molecules, allowing for a temporally stable release profile over 30 days in vitro in the
specified angiogenic zones. A final issue is that properties like loading and release rates
of angiogenic growth factors are directly tied to the parent scaffold, meaning altering the
properties and kinetics of growth factors in a system necessitates adjusting the scaffold
properties [126]. These problems indicate the need for more sophisticated modulation of
angiogenesis within a scaffold matrix through spatiotemporal interactions of growth factors
and biomaterials with constituent cells in the scaffold, which has motivated the develop-
ment of encapsulation methods to increase the control over material, protein, and/or cell

localization.
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2.6.2 Encapsulation

The encapsulation of angiogenic growth factors is another method of controlling growth
factor release similar to incorporation, but the key difference is that the protein is incorpo-
rated in a separate, often micro- or nano-sized carrier composed of a material different from
that of the bulk scaffold. This effectively decouples the scaffold properties from the proper-
ties and kinetics of the growth factor release, and provides an additional layer of protection
to maintain angiogenic growth factor bioactivity [[126]. The carriers themselves are typi-
cally spherical in shape and can be created by way of solvent extraction/evaporation, coac-
ervation (phase separation), or spray-drying [[133]]. Solvent extraction/evaporation consists
of dispersing a bioactive molecule in the particle precursor solvent, emulsifying the solvent
in an immiscible phase, then extraction of the solvent to obtain microparticles. Coacerva-
tion is the separation of a coating material’s liquid phase from a polymer-rich solution con-
taining the molecule of interest, followed by solidification of the coating material around
the core polymers. Spray drying is formation of microparticles by spraying an amphipathic
prepolymer solution loaded with a bioactive compound through a heated atomizer to form
micelles. Encapsulation of bioactive compounds is achieved through various methods such
as sequestration inside a material, property-based interactions based on chemical properties
such as solubility and hydrophobicity, and covalent chemical binding, and can be accom-
plished either during or after carrier formation [27, 125, [134]. The overall process is often
referred to as micro- or nanoencapsulation depending on the size scale of the synthesized
carriers. The loaded particles can then be embedded in a scaffold or delivered separately
to the target site, then released via diffusion. Sequestration of proteins in microspheres
provides an opportunity for spatiotemporal control of angiogenic growth factor bioactivity
beyond that capable with incorporation, which can aid in generating chemotactic gradients

to facilitate angiogenesis and cell recruitment [[135}|136].

Many of the same strategies in growth factor incorporation can be applied to micro-
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sphere encapsulation. For example, Roberts et al. demonstrated heparin-mediated loading
and release of VEGF and bFGF from poly(vinyl alcohol) (PVA)-heparin hydrogels with
decreased burst release when compared to control PVA gels [[135]]. This dual but indepen-
dent angiogenic growth factor release resulted in a 4.2-fold increase in the proliferation of
HUVECs over 3 days in comparison to cells cultured only in endothelial cell media. In a
study by Akar et al., 10 mm bilayer disk scaffolds composed of a 3.7 mm thick layer of
PEG-fibrin under a 0.3 mm layer of PEG-poly(lactic acid) (PEG-PLLA) with PDGF-BB-
loaded poly(lactic-co-glycolic acid) (PLGA) microspheres seeded into the thin layer were
implanted subcutaneously in rats next to skeletal muscle [137]. The release and diffusion
of the growth factor generated a chemotactic gradient that caused dose-dependent invasion

of cells and increased blood vessel density in the PEG-fibrin scaffold over six weeks.

Encapsulation techniques enable greater flexibility in designing complex growth factor
release systems. For example, Lai et al. demonstrated the independent release of four
growth factors from a layered electrospun scaffold made of collagen and hyaluronic acid
with embedded gelatin nanoparticles [120]. As the construct degraded, bFGF and epi-
dermal growth factor (EGF) were released from the scaffold as well as VEGF and PDGF
from the nanoparticles over the course of a month, significantly increasing HUVEC pro-
liferation, tubulogenesis, and branching in vitro in comparison to controls. In vivo models
showed that the growth factors resulted in approximately 148 capillaries/mm? (control =
90 capillaries/mm?) and significantly higher CD31-positive and a-SMA-positive vessels
in the wound area by week 4 as determined by quantitative histological staining, which
is indicative of stabilized vasculature. In an example of multiphase growth factor release,
Izadifar et al. developed a model for nanoparticle release kinetics, and validated it ex-
perimentally with bilayer nanoparticles made of PLLA and PLGA which released VEGF
and bFGF followed by PDGF from the nanoparticle core after 5 days [138]]. The authors
further found that nanoparticles with a smooth polymer surface reduced surface area and

abated the burst release. In another study, Dashnyam et al. promoted in vitro tubulogenesis
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in HUVECs using mesoporous silica nanoparticles that released silicon ions and VEGF
[139]. The bioactive silicon ions had been shown to induce angiogenesis in ECs following
studies investigating the paracrine effects of bioactive glasses on angiogenesis signaling in
vitro and in vivo [140]]. Interestingly, gene and protein expression analysis indicated that
the silicon molecules upregulated expression of hypoxia inducing factor 1 (HIFl«a) (p <
0.05), causing downstream angiogenic signaling that resulted in increased bFGF protein

expression as determined by western blot analysis [[139].

Recent innovations in the field have begun to ameliorate what were once significant dis-
advantages of growth factor encapsulation. Encapsulation method, carrier size, material
selection, and protein to carrier ratios are among the considerations that affect encapsula-
tion efficiency and thus directly impact downstream properties in the system like release
kinetics [133]]. Burst release is common due to the high ratio of surface area to volume
of the encapsulation vehicles but can be prevented by developing multi-layer particles or
modifying the particle characteristics [[125, [138]]. Quantification of release profiles has
been problematic as assumptions of in vitro release do not necessarily translate to in vivo
outcomes, as demonstrated in the study by Izadifar et al. who were unable to determine
the benefits of co-release of three growth factors at once opposed to sequential release [14,
138]]. This can be approached through the use of model proteins and development of ana-
lytical programs to predict loading efficiency and release kinetics [[136, [138]], yet tracking
actual protein release in vivo is the gold standard and can be achieved using unique pro-
tein tags such as biotinylation [[141]]. Understanding the properties of the biomaterials and
the proteins or other biologicals themselves used in microencapsulation methods is key to

designing an effective delivery system.
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2.6.3 Topographical engineering

Vascular beds can alternatively be generated with specific and detailed geometries through
topographical engineering, which is the manipulation of materials or chemicals to act as
regulatory cues for the directed assembly of multicellular structures, often at the hundreds
of microns scale and often containing micro- and nanoscale topographical features. In
the context of vascularization, this generally entails physical or chemical methods of pat-
terning vessels by restricting EC attachment through methods like specific adherence and
alignment to predefined strips of material or fibers, or organization on or within patent

channels [142].

Lithography is the largest subgroup within topographical engineering which can gener-
ate specific geometries using microfabrication techniques. Soft lithography is commonly
used to induce these physical cues through the creation of an elastomeric mold with de-
fined topographies such as oriented channels. These techniques often involve the creation
of intermediate molds, typically made of silicon, acrylic, or glass, and which allow for high
throughput replication of the final mold, often made of polydimethylsiloxane (PDMS), and
lower overall production costs. For example, Zorlutuna et al. utilized X-ray interference
lithography to generate nanopatterned tubular collagen scaffolds which were then seeded
with human vascular SMCs and human internal thoracic artery ECs [143]. The topogra-
phy of the scaffold assisted in orienting the SMCs circumferentially around the lumens and
ECs in the interior lumen, all while maintaining the proliferative capacity of each cell type.
In another study by Zheng et al., soft lithography was used to create a microfluidic device
made of collagen gel with continuous channels that generated patent 3D microvessels when
perfused with HUVECs in growth medium for 7 days followed by pro-angiogenic me-
dia (containing exogeneous VEGEF, bFGF, and phorbol12-myristate-13-acetate) for another
7 days [[144]. In the presence of human brain vascular pericytes, the constructs demon-

strated differential sprouting angiogenesis into the collagen bulk, with half of the constructs
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sprouting an average of 75.4 um into the bulk, and other samples not sprouting, and even
retracting from the walls. The authors posited several hypotheses for these conflicting re-
sults, including variable density of cells and different conditions when gelling the collagen.
Lithographic microfluidics are also useful in characterization of cell lines, as demonstrated
by Kurokawa et al. who developed a PDMS microfluidic device composed of sequential
tissue chambers flanked on either side with fibronectin-coated fluid channels that could be
used to characterize the physiological functionality of their iPSC-ECs [145]. In this study,
the authors first differentiated mCherry-transfected iPSCs into ECs, then sorted and seeded
the CD31+ cells with fibrin into the main chambers and channel flow was set to generate a
shear stress of 4 dyn/cm?. Over the course of 14 days, the ECs aligned in the direction of
flow and formed vessels 60 pm in diameter on average which inosculated with the adjacent

fluid channels, as determined by perfusion of FITC-dextran.

Other forms of topographical modification can also be performed, such as stamping
films of self-assembling monolayers as in microcontact printing, or circulating chemicals
and cells as in microfluidics [[146, [147]]. Chemical stamping induces patterning, either by
preferential adsorption of a peptide to a substrate or surface patterning to mediate cellular
behavior [142]. Photolithography and electron beam lithography enable the use of UV-
curable materials by applying a mask and photoresist layer to materials in order to fabricate
specific topographies on a substrate with resolutions as low as a 1 um [[142,|147]]. In a study
aimed at inducing angiogenesis through other means than exogenous growth factors, Lei et
al. stamped SVVYGLR peptide strips (found adjacent to the RGD sequence in thrombin-
cleaved osteopontin, and reported to activate ECs in vitro and induce angiogenesis in vivo)
onto a polyethylene terephthalate film using photolithography, then seeded HUVECsS to the
substrate [[148]. Cells began to align within 4 hours of seeding and underwent morphogen-
esis into lumen shapes, with greater alignment and shape change occurring in lower-width

peptide strips of 10 and 50 um as opposed to 100 pum.
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Topographical engineering has been utilized to generate vessel-like conduits in cardiac
tissues engineered in vitro. Thomson et al. developed a porous fibrin scaffold from a
micro-template of parallel-aligned 60 um polycarbonate fibers bundled in a poly(methyl
methacrylate) (PMMA) shell and spaces infiltrated with 27 m diameter PMMA beads
[68]]. Once the fibrin polymerized around the shell template, the polycarbonate fibers and
beads were sacrificed to generate a porous microstructure with micro-channels spanning
the length of the scaffold. With subsequent centrifuge-assisted loading of a tri-culture
of primary neonatal rat ventricular myocytes (NRVMs), neonatal rat cardiac fibroblasts,
and ECs (HUVECS or rat aortic ECs), the constructs supported in vitro cellular organiza-
tion into the scaffold micro-channels, with the ECs forming aligned lumen structures, the
NRVMs aligning and spontaneously beating, and ECM deposition by the fibroblasts. In
another study, Vollert et al. created vessel channels by embedding alginate fibers in a fibrin
cardiac scaffold with a murine cell mixture of cardiomyocytes, fibroblasts, SMCs, and ECs,
sacrificing the alginate, then perfusing the generated lumens over 15-25 days [[149]]. The
average luminal diameter was estimated to be 100 um, which expanded to approximately
500 pum during perfusion, and histological analysis indicated that ECs from the migrated to
the lumen walls. Recently Zhang et al. developed a synthetic microvascular chip coined
‘Angiochip’ for loading cells into bulk spaces and ECs into patterned lumens that could
be surgically anastomosed to host vasculature in vivo for immediate blood perfusion of the
implant [150]. Soft lithography was used to shape layers of poly(octamethylene maleate
(anhydride) citrate) (POMaC) prepolymer, which were then UV-cured and adhered to a
glass substrate. The resulting patterned chip had internal and perfusable branching net-
works with channels as small as 50-100 um and with 25-50 um thick walls, designed with
pores throughout the POMacC layers to facilitate molecule diffusion and exchange. In vitro
experiments demonstrated that lumens could be endothelialized with HUVECs and the
parenchymal spaces filled with other cell types, such as cardiomyocytes or hepatocytes,

demonstrating that Angiochip could be a versatile platform for engineering patterned, vas-
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cularized tissue in vitro.

Topographical engineering is amongst the broadest of categories for manipulating bio-
materials to induce angiogenesis. There are a multitude of techniques available to gener-
ate intricate geometries for vascularization, but each technique also has drawbacks. Soft
lithographic techniques have inherent height and size-scale limitations, and some materi-
als and processing methods can be toxic to cells or unfavorably affect substrate surfaces
[142, 147]. Protein and peptide-based techniques suffer from protein stability and short
half-lives, and sacrificial materials can leave toxic degradation products if not properly re-
moved [10]. Microfluidic devices are often designed with non-implantable materials, mak-
ing them incompatible for in vivo studies. There is great potential for this subfield to spawn
a new generation of vascularized constructs due to the freedom afforded to it, but current
implementations are often fabricated with in vitro modeling in mind, rather than in vivo im-
plantation. As a result, there is often conflict between the disadvantages of topographical

engineering techniques and the criteria for implantation [11]].

2.6.4 3D bioprinting

The advent of 3D printing inspired the regenerative medicine community to adapt the
technology to address biomedical problems. Coined “3D bioprinting,” this technique al-
lows for the bottom-up production of 3D constructs with complex geometries and micron-
scale resolution through the deposition of cells, materials, and biological factors, as well
as fabrication techniques for patterning vasculature [10,|151}152]. Geometric features can
be modeled using computer-aided design (CAD) methodologies, enabling quick and pre-
cise alteration of variables to affect properties such as scaffold size and engineered macro-
porosity via patterned channels or a lattice. As a new fabrication tool, 3D bioprinting
processes are continuing to be developed, and this review will focus on the main princi-

ples that define different 3D bioprinting strategies and their current applications in vascular

79



2.6. Techniques for controlling angiogenesis with biomaterials 80

tissue engineering.

Inkjet bioprinting is a non-contact, layer-by-layer method wherein a piezoelectric or
thermal actuator is used to disperse bioink droplets onto a substrate [151]]. This is an inex-
pensive method of bioprinting because regular inkjet printers can be easily modified to be
compatible with bioprinting. However, nozzle extrusion generates shear stresses in addition
to pressure or thermal stress from the respective actuator types, which can cause damage to
extruded cells and uneven dispersion [153] 154]]. Lee et al. demonstrated the use of inkjet
bioprinting to create 3D polycaprolactone (PCL) lattice scaffolds that supported the growth
of a tri-culture of primary rat hepatocytes, HUVECs, and human lung fibroblasts to study
liver tissue engineering in a mechanically robust 3D environment Lee et al. [155]. Seed-
ing the tri-culture in a collagen solution into alternating canals in the bioprinted scaffold
allowed for the formation of a dense, interconnected capillary-like network that spanned

36.9% of the 10.2 x 10.2 x 1.2 mm hydrogel within 14 days.

Similar to inkjet printing is pressure-based bioprinters, which act by inducing pneumatic
pulses that extrude solutions onto a substrate [[10]. Using an air pressure-based 3D bioprint-
ing process, Kolesky et al. were able to simultaneously extrude a cell-laden (HUVECs and
human MSCs) fibrinogen-gelatin solution alongside a vascular ink made of Pluronic and
thrombin into a 3D perfusable chip to create bone tissue with thicknesses greater than 1
cm [[156]. ECM-native proteins were then gelled on top of the inks and the vascular ink
was evacuated, forming a perfusable channel network in the gel which was endothelialized
by the vascular cells. Perfusion of an osteogenic differentiation media containing BMP-2
enhanced mature osteogenic markers such as mineral deposition in the vascularized tis-
sues, but not in the avascular controls [[156]. In a study combining both 3D bioprinting
and encapsulation techniques, Poldervaart et al. demonstrated the release of VEGF from
gelatin microparticles in a pressure-based, 3D-bioprinted Matrigel-alginate lattice scaffold

for localized angiogenesis [157]]. In vitro studies with human late outgrowth EPCs showed
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peak migration between 50-100 ng/mL of VEGF, and in vivo studies with subcutaneously
implanted scaffolds in mice showed that despite quick scaffold degradation, the localized
release of VEGF (25 pg/mL in 5 mg microparticles in scaffolds) into the surrounding tis-
sue resulted in the formation of an average of 18 erythrocyte-perfused vessels/100 um? in
the encapsulated VEGF group at one week as determined by Goldner’s trichrome stains.
In comparison, the control and free (not encapsulated) VEGF groups had approximately 5

vessels/100 um? (p < 0.01) [157].

Inkjet and pressure-based bioprinting techniques have also been used to directly fabri-
cate tubes to act as vasculature, such as in Zhang et al. who demonstrated the ability to
create, perfuse, and embed chitosan-alginate tubes with diameters as low as ~200 um and
variable pathways in alginate hydrogels using a pressure-assisted bioprinter [158]. In an-
other study, Miller et al. used a thermal bioprinter to create a sacrificial glass lattice made
of sucrose, glucose, and dextran, which was then embedded into either a Matrigel, alginate,
agarose, fibrin, or PEG-based gel Miller et al. [[159]. The lattice was then sacrificed, gen-
erating channels with diameters as low as 150 um and perfused with HUVECsS, generating
a confluent vascular wall within 1 day. In a similar approach derived from microfluidics,
DiVito et al. utilized a hydrodynamic shaping device to directly fabricate 125 um vessels
composed of either HUVECsS or a combination of HUVECS, SMCs, and vascular pericytes
in a complex matrix of PEG, methacrylated gelatin, fibronectin, hyaluronic acid, and colla-
gen [59]. These capillary and arteriole mimics developed a basement membrane within 12
days in culture as quantified by immunofluorescence staining of collagen IV and laminin.
When embedded in Matrigel or gelatin hydrogels containing human dermal fibroblasts, fab-
ricated channels showed prolific sprouting angiogenesis into the gel and remained viable

during perfusion with pressures of up to 2500 Pa and shear stresses up to 25 dyn/cm?.

A final class of 3D bioprinting is laser-based bioprinting, a nozzle-free method that is

performed by pulsing a laser on a bioink coated with an energy-absorbing layer (often a
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metal like titanium), and collecting the resulting droplets on a substrate below [154, |160].
The absence of a nozzle eschews the issues of clogging and shear stresses on cells, and the
technique can even deposit individual cells [[152]]. However it is extremely expensive, rela-
tively low throughput, and prone to contamination from the metallic film [[153]. It has how-
ever shown success in patterning vascular networks, such as in a study in which Wu et al.
were able to direct the growth of HUVECs and SMC:s into branch and stem structures using
laser-assisted bioprinting [161]]. The deposited HUVECs formed interconnected lumens at
droplet spacings of 50 and 100 um within 20 hours, and deposition of SMCs near these
lumens appeared to encourage both SMC proliferation and stabilization of the HUVEC lu-
mens. Of interest to note in this subclass of bioprinting is the multiphoton excitation-based
technique of laser bioprinting, which uses similar principles to multi-photon microscopy
to print biological materials into 3D scaffolds [[160]. This technique enables resolutions as
high at 3 um, but currently cannot support the printing of cells and limits scaffold size to the
millimeter length scale. Gao et al. demonstrated the use of this technique to print gelatin
methacrylate into a 2.4 x 2.4 mm scaffold with a submicron topography that mimicked the
submicron features of fibronectin distribution in adult murine myocardium, using a 100 x
15 um grid of patterned scaffold for cellular alignment [[162]. The scaffolds were seeded
with 50,000 hiPSC-cardiomyocytes, hiPSC-SMCs, and hiPSC-ECs (all differentiated from
a human cardiac lineage stem cell) and implanted in a mouse MI model, and by 4 weeks
the implants improved MI recovery shown by reduced scar size and increased fractional
shortening (from 35% to 45% at 4 weeks), likely through reduced apoptosis and increased
vascular area density (from 400/mm? for acellular scaffold implants up to 1200/mm? for

cell-laden scaffolds) in the infarct border zone.

3D bioprinting is relatively new and underdeveloped, thus its adoption is limited to
those groups able to develop the technology or utilize commercially available bioprint-
ers. However, continued innovations and technical developments in the coming decade are

certain to increase the popularity and adoption of bioprinting, such as advances in instru-
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mentation and biomaterials to better accommodate cells for printing at higher resolution
and in customized microenvironments with reasonable cost and time. Current studies have
demonstrated progress in creating vascularized constructs using 3D bioprinting, and the
compatibility of multiple cell types means that this technique is feasible for generating vas-
cularized cardiac tissues as well, such as a heart valve and myocardium [150,|153]]. Combi-
natorial approaches to vascularization utilizing multiple techniques such as bioprinting and
encapsulation in one construct have also been demonstrated and show promise in providing
hierarchical structure to bioprinted tissues [[157,|[163]. Yet there is still significant work to
be done to create large, complex tissues with deeply penetrating microvascular networks

for organ engineering [[154].

2.7 Beyond in vitro analysis of combinatorial angiogenesis

strategies

Developing a perfusable angiogenic network in vivo presents a significantly greater
challenge than in vitro, owing to the great multitude of known and unknown biological
processes that impact the effectiveness of a therapeutic. However, 2D in vitro cultures
cannot accurately mimic the complex 3D in vivo environment, whether that be the topog-
raphy, paracrine cues, or host cell recruitment [[164]]. Further studies are thus necessary to
understand how these controlled systems behave in more dynamic environments. Table
2.1] provides a succinct summary of the studies discussed below, with additional articles

included that help illustrate the progress of in vivo vascularization efforts.
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2.7.1 Ex vivo models of angiogenesis

Ex vivo assays are commonly used to bridge the gap between in vitro and in vivo studies
as they are often relatively cheap and provide a more physiologically relevant environment
than in vitro studies. The chicken chorioallantoic membrane (CAM) assay is a standard
model for determining vascular growth due to the relative ease of manipulating the model
and visually assessing results. The CAM acts as a respiratory organ for chicken embryos
that grows and matures rapidly, quickly generating a densely packed vascular plexus within
7 days [1635]]. Intervention via the addition of reagents allows for quick and inexpensive
determination of angiogenic efficacy, although it can be difficult to differentiate between
new and existing capillary formation. The CAM assay is commonly used as a precursor
to trials with traditional small animal models, such as in the study by Chiu et al. that
examined collagen scaffolds with immobilized VEGF and Ang-1 [127]. Dashnyam et al.
used the CAM assay to create vascular maps and quantitate total length, size and junctions
that developed as a result of their silicon/VEGF-encapsulated microspheres [[139]. Wu et
al. found that heparinized, VEGF-bound liver scaffolds had increased vessel number and

density in the CAM assay, and were able to then move forward with an in vivo model [[129].

Another common assay used to determine angiogenic efficacy is the aortic ring assay,
in which an animal aorta is dissected, cut into thin slices, embedded in a collagen or fib-
rin matrix, and then cultured with a therapeutic of interest and examined over a period of
time [[166, 167]. Slicing the aorta initiates an angiogenic response from the native cells
which can be compared to the response from the therapeutic treatment via quantifiable an-
giogenic metrics such as EC proliferation, migration, tubulogenesis, and branching. The
assay 1s an excellent ex vivo procedure for determining sprouting angiogenesis as it is inex-
pensive, high-throughput, and requires relatively little expertise to perform in comparison
to in vivo procedures, but fresh tissues must be prepared for each experiment [168]]. Fur-

ther, the common practice of using Matrigel and serum must be carefully considered when

84



2.7. Beyond in vitro analysis of combinatorial angiogenesis strategies 85

interpreting results or may be eliminated by using a completely chemically defined cul-
ture system. The microvessels that develop are physiologically similar to those generated
in vivo and paracrine interactions are more apparent due to the presence of multiple cell
types. For example, Izadifar et al. cultured rat aorta slices with their bilayer nanopar-
ticles and showed that co-release of VEGF and bFGF followed by sequential release of
PDGEF generated microvessels with significantly greater average diameter, sprout length,
and number of sprouts versus those generated with VEGF alone (p < 0.05) [[138]. Pericyte
recruitment and anastomosis by day 9 indicated that the vessels had stabilized and matured

due to the growth-factor nanoparticles.

2.7.2 In vivo models of angiogenesis

In vivo research models for tissue engineering are paramount for investigation into a
scaffold’s angiogenic and inosculative efficacy in a physiologically relevant environment.
The choice of animal is often dependent on the results of interest. Small animal models
such as rodents are often preferred over large animal models due to ease in handling, ges-
tation period, costs, and particularly the ability to genetically engineer strains for studying
diseases [169,170]. Small animal models are often used for a general understanding of the
host response to the implant, whether that be immune response, vascularization, degrada-
tion, or other factors that can be dependent on the specific location of the implant [171].
In studying organ-specific phenomena, it becomes more important to select animals with
the most relevant physiology to humans. For example, pigs are a common choice of large
animal model for preclinical cardiovascular studies due to their similarity in excitation cou-

pling, excitation-relaxation kinetics, and heart rate in comparison to other models [170].

The subcutaneous site is prevalent in the literature for assessing tissue invasion and vas-
cularization because it is a relatively easy operation to perform which provides a suitable

wound bed to initiate angiogenesis with multiple implant sites in one animal. Jiang et al.
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implanted PEG-PLLA scaffolds loaded with bFGF and PDGF-BB subcutaneously in rats
and demonstrated sequential growth factor release that encouraged mature vessel formation
with SMCs, although vessel density peaked at 1 week after implantation and decreased af-
terwards, suggesting pruning of the new vascular bed as one might expect in the absence of
an oxygen sink [[123]. Kang et al. utilized the principles of pressure-assisted 3D bioprinting
combined with topographical engineering to develop a multi-cartridge extrusion machine
that could fabricate tissue constructs as large as 3.6 x 3.0 x 1.6 cm [[172]]. Dubbed an in-
tegrated tissue-organ printer (ITOP), the machine extruded PCL fibers, sacrificial Pluronic
hydrogels, and various cell types to create porous tissue constructs with incorporated chan-
nels as small as 500 x 300 um? to facilitate nutrient diffusion. In demonstration of the
ITOP, constructs were fabricated for human mandible bone, rat calvarial bone, human ear,
and mouse muscle tissue reconstructions based on clinical imaging data. In the case of a
skeletal muscle reconstruction, Kang et al. showed that printed mouse myoblast constructs
implanted subcutaneously in rats along with a section of the common peroneal nerve devel-
oped aligned muscle fibers, acetylcholine receptors and neurofilament contacts indicative of
nerve integration, electrical activation when stimulated, and vascularization as determined
by staining for von Willebrand factor throughout the implant (density not quantified) after

2 weeks.

To demonstrate the use of physical cues for in vivo vascularization, Jang et al. fabri-
cated a 3D-printed lattice scaffold using a bioink composed of decellularized porcine heart
ECM and printed on top of a PCL mesh layer [[173]. Human cardiac progenitor cells and
human turbinate MSCs with exogeneous VEGF were additionally printed with the bioink
in alternating strips. In a BALB/c mouse subcutaneous model, the striped scaffolds in-
duced the formation of blood vessels with 50 um diameter and 25 vessels/mm? in density,
whereas scaffolds with mixed cell types and no stripes generated vessels < 22 um in di-
ameter and a density of 16 vessels/mm?. In a rat MI model, fluorescent staining of CD31

at 8 weeks revealed that the MSCs differentiated into endothelial cells and penetrated the
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infarct area. The patterned scaffolds had ~175 CD31-positive vessels/mm? versus 110
and 100 in the mixed cell and cardiac progenitor-only scaffolds, respectively. In another
example, Fleischer et al. developed a modular, multi-layer scaffold in which each 5 x 5
mm sheet of electrospun albumin was topographically engineered for a specific function
and individually cultured before being glued together and implanted in a rodent MI model
[163]]. The cardiomyocyte layer was comprised of NRVMs seeded to alternating grooves
and ridges spaced 115 and 120 um apart, respectively, with transversely oriented 40 um
micro-holes placed on the ridges to facilitate nutrient exchange. The vascular layer con-
sisted of 450 um micro-channels seeded with HUVECs between cage-like structures that
housed VEGF-loaded PLGA particles, and the final unique layer consisted entirely of cage
structures housing dexamethasone-loaded PLGA particles. These unique layers enabled
alignment and electromechanical coupling of cardiomyocytes, vascular patterning within
the predefined channels, and extended release of both VEGF and dexamethasone up to 14
days. Analysis of 5 mm thick scaffolds consisting of six cardiomyocyte layers and six
vascular layers flanked on either side by dexamethasone layers implanted onto post-MI rat
hearts revealed an increased capillary density in the patch (approximately 110 vessels/mm?
up from 60/mm?, p < 0.007) and significantly increased area occupied by vessels (from

2% to 4.5%, p < 0.0004) due to the presence of the VEGF-loaded microparticles.

Other implant locations can be utilized, which can be chosen depending on the applica-
tion or intended data collection. As a proof-of-concept demonstration of immediate surgi-
cal anastomosis in vivo, Zhang et al. showed rapid perfusion through surgical anastomosis
of their fabricated Angiochip with the rat femoral artery in both artery-to-artery and artery-
to-vein configurations [150]. Perfusion occurred immediately regardless of the presence of
ECs lining the lumens with apparent pulsatile flow, and after one week there was minimal
clotting and angiogenic sprouting was evident surrounding the implant. The mesentery is
an example of a highly vascularized membrane that has been used to demonstrate the an-

giogenic efficacy of therapeutics, such as in Benest et al. (see Section 2.5.4) [118]]. In the
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same vein, implantation on the greater omentum acts as another pro-angiogenic implant
site. Wu et al. illustrated the angiogenic potential of their decellularized liver scaffolds
with heparin-bound VEGF using this rodent implant model, which resulted in increased
blood vessel formation within the scaffold at 28 days versus controls [129]. The scaffolds
with heparin-bound VEGF had higher vessel penetration into scaffolds at approximately

28 vessels/visual field in comparison to 7 vessels/visual field in control liver scaffolds.

While these types of implants are useful in demonstrating in vivo effectiveness of a
therapeutic, direct implantation onto the organ or tissue of interest is necessary to acquire
the most clinically relevant information. In the case of cardiac applications, implantation
onto an infarcted heart and subsequent analysis can provide valuable information regarding
the therapeutics’ ability to modulate coronary perfusion, sprouting angiogenesis, cardiac
sparing and remodeling, and heart function post-MI. Dvir et al. implanted alginate scaf-
folds composed of NRVMs along with 100 ng of VEGF, IGF-1 and SDF-1 on the greater
omentum of rats for 7 days as a pre-vascularization medium before transplanting the scaf-
folds onto rat hearts 7 days after infarction for 28 days [[106]. Analysis showed that the
omentum-vascularized tissues were able to successfully engraft on top of existing scar tis-
sue, thus thickening the ventricular wall to values close to control and maintaining frac-
tional shortening as well as fractional area change values in comparison to baseline. The
tissues further demonstrated greater electrical activity between the patches and the my-
ocardium and contained networks of 60 vessels/mm? versus 30 vessels/mm? in controls.
In another study, Song et al. implanted acrylated hyaluronic acid hydrogels that contained
immobilized SDF-1 as well as the angiogenic peptide Ac-SDKP derived from the protein
thymosin beta 4 on an rat heart 4 weeks after MI induction to demonstrate the effectiveness
of their constructs in a chronic heart failure model [[113]]. Histological analysis revealed an
increase in arteriole number comparable to that of the sham group and a ~141.5% increase
in capillary number relative to the infarct group. Heart functionality determined by in-

traluminal pressure-volume measurements showed significant increases in stroke volume,
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cardiac output, and ejection fraction, although none of these values reached the respective
levels in negative controls. In a slightly larger animal model, Lakshmanan et al. implanted
their VEGF- and bFGF-incorporated PLCL-PEOz electrospun scaffolds onto infarcted rab-
bit hearts and demonstrated preserved left ventricular wall diameter and increased ejection
fraction and fractional shortening without causing unwanted surgical complications like
adhesions or edemas that may disrupt implant integration with the host [[132]]. Uniform
and a-SMA-positive blood vessels (~20 vessels in the patch region compared to < 10
in all other groups) formed in the region of the implanted patch, indicative of angiogenic
processes initiated by the growth factors which contributed to the increased viable my-
ocardium and reduced necrotic regions. However, the authors did not report any vascular
or cardiomyocyte alignment in vivo in response to the presence of the electrospun fibers.
Riemenschneider et al. developed fibrin scaffolds seeded with human outgrowth EPCs, hu-
man brain pericytes, and an incorporated growth factor cocktail containing stem cell factor,
interleukin-3, and SDF-1«, and cultured the constructs for 8-9 days to develop an aligned
vascular bed prior to implantation on infarcted rat hearts for 6 days [8]]. The authors re-
ported a total human and rat vessel density of 435 vessels/mm?, but only 40% (173 human
and 93 rat vessels/mm?) were perfused, and mainly around the border zone. In compari-
son, patches lacking EPCs contained approximately 100 vessels/mm?, all originating from
the host. Furthermore, capillary diameter increased from 6 um pre-implantation to 8 um
at explant. The patches were not found to significantly improve functional cardiac output
by 6 days despite a noted increase in ejection fraction and fractional shortening across all

treatment groups by 10%.

2.7.3 Analysis of in vivo progress of vascularization

Discussed above are just a few of the studies that have demonstrated the progressive

steps taken to better understand the interplay of physical and chemical cues that dictate the
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formation of microvascular networks, with an emphasis on cardiac regeneration. Of inter-
est to note is the difficulty of preserving and assessing the benefits of physical cues in vivo,
particularly on the micron scale, because geometry can be easily lost during the implan-
tation procedure, over time from scaffold degradation, and during histological processing.
Intentional micron- and submicron-level cues for vascularization are thus a significant chal-
lenge to maintain in vivo, and their necessity is debatable still [71, |137]. This is a prime
opportunity for applications in topographical engineering to transition into in vivo appli-
cations, but this requires a re-envisioning of system design and thoughtful material choice
to facilitate incorporation into animal models at the same micron scale. Current state of
the art scaffold implants often rely on pro-angiogenic molecules (mainly growth factors),
hydrogels, and relatively macro-scale physical cues to promote vascularization and overall

cellular orientation.

Methods for characterizing vascularization are often inadequate, and angiogenic analy-
sis is often relegated to spatially- and temporally-vague metrics such as number of vessels
present in the scaffold. One basic characterization of vasculature that is often overlooked
is the presence of lumens within an endothelial network (as opposed to simple EC aggre-
gates), which can be clearly distinguished as shown by Davis and colleagues [174]]. Capil-
laries and arterioles are differentiated through quantification of either vessel size or staining
for vascular SMCs, but venule development is altogether neglected [141]. This is a prime
opportunity to utilize other molecular markers to differentiate endothelium, such as NRP1
and NRP2 expression for arterial and venous specification, respectively [54]. Quantifica-
tion of vascular geometry can also be improved through metrics like branch points, branch
angles, branch lengths, vessel alignment, and tortuosity and comparisons to native, healthy
tissue vascular geometries. These metrics should stabilize in time to provide evidence
for vascular bed maturation and persistent function, and although these types of vascular
characterizations are challenging to implement, they need to be more widely adopted in

vivo. It is a natural next step to analyze normal vessel functions like perfusion and mod-
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ulation of vascular tone, followed by organ-specific function of implants like filtration via
permeability in liver regeneration applications, or barrier function in blood-brain barrier

recapitulation.

Temporal metrics to assess vessel stability and regression are critically important but
extremely difficult to capture. Indeed, it is a fundamental challenge in vascular tissue en-
gineering to accurately assess vascularization in vivo (particularly in deep tissues like the
heart) at high resolution with a non-invasive and longitudinal (non-terminal) imaging tech-
nique. The dynamic nature of angiogenesis necessitates a dynamic imaging modality or
examination at multiple time points, but the current gold standard of histology is a static
2D image often assessed at a single time point and not wholly representative of the under-
lying processes that occur during wound healing. Techniques that enable the 3D recon-
struction and skeletonization of vascular networks are desirable, such as methods to label
cardiac vasculature via retrograde coronary perfusion of isolectin or a radiopaque dye [|12,
35]. However, this is also a terminal procedure, precluding longitudinal studies, whereas
an ideal imaging technique should be able to provide live flow imaging at the capillary
scale in a non-invasive manner. High spatial and temporal resolution of vascularization in
situ may be possible using combinations of imaging techniques, such as a study by Liu
et al. that utilized optical coherence tomography (OCT) and photoacoustic tomography
to noninvasively view the microvasculature in various regions of the skin [175]. Another
study by Qin et al. utilized OCT angiography to image coronary vasculature at an axial
resolution of 3 um via ex vivo retrograde perfusion of Intralipid solution [[176]]. The dorsal
skinfold chamber is a device that has been used for decades that enables examination of
implant vascularization in rodents via non-invasive intravital microscopy, but the device is
large, unwieldy, and cannot be used outside of subcutaneous studies [[177]]. For applica-
tions deeper than superficial imaging, inspiration and innovation is necessary to improve
the resolution of techniques like ultrasound and angiography. A major challenge today is

the lack of standardization in vascular bed quantification, which complicates comparison
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between studies and thus communication within the scientific community. The field must
determine what the necessary parameters are to measure for a given vascular application,

and how to best assess them.

Progress in developing a vascular bed in vivo has been aided by improved prevascu-
larization of tissue in vitro (as opposed to fabrication and implantation around or at the
same time, which can reduce the amount of time an implant must endure hypoxic condi-
tions before vascular ingrowth and anastomosis occurs [178]]. Vessel stabilization due to
co-culture has enabled studies of in vitro prevascularization, such as in Riemenschneider
et al. and Fleischer et al. described above [8, |163]. In another example, Kreutziger et al.
formed scaffold-free patches containing various ratios of hESC-derived cardiomyocytes,
HUVECs, and human MSCs, and cultured them for 2 days prior to implantation on un-
injured nude rat hearts for 1 week [65]. Upon explant, tri-cell patches supported higher
(~175 vessels/mm?) vessel formation than other cell formulations with either no stromal
support cell, mouse embryonic fibroblasts, or neonatal human dermal fibroblasts (approx-
imately 35, 60, and 125 vessels/mm?, respectively). In situ prevascularization is another
option, where the implant is placed on a highly vascular bed (such as the greater omen-
tum of rodents) prior to transplantation to the site of interest, which has been used with
some success in the heart [106]. The arterio-venous (AV) loop model is another example
of an in situ prevascularization technique that is accomplished by surgically connecting an
artery and vein (often the saphenous vein and artery) into a loop fistula and isolating it in
a protected chamber within the animal [[179]]. Constructs housed within the chamber are
then vascularized from angiogenic sprouts off the main loop. Both Tee et al. and Morritt
et al. have demonstrated the use of this technique to generate vascularized, beating car-
diac tissues by seeding NRVMs in Matrigel within the chamber, and the AV loop has even
been used in a clinical setting, which indicates translational feasibility [[180-182]. Prevas-
cularization may be necessary in the near future, as a study by Utzinger et al. showed that

neovessel growth (of rodent microvessel fragments in a 3D collagen gel) averages only 5
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um/hr, which will not establish vasculature fast enough to prevent necrosis in larger and

physiologically dense tissues [[183]].

Additionally, multiple studies suggest that prevascularization enables faster functional
anastomoses once implanted, with anastomoses occurring within as little as three days
when prevascularized, as opposed to at least 8 days without prevascular support |65} 184,
185]]. The exact molecular mechanisms of anastomosis in mammals are not fully known
yet, but studies have also found evidence of vessel chimerism, in which engineered tissues
with prevascularized human vessels anastomose with host rodent vessels upon implantation
[65]]. In examining the dorsal longitudinal anastomotic vessel of zebrafish embryos, Her-
wig et al. determined that anastomosis occurred through two distinct mechanisms [186].
After primordial ECs made contact, junctional proteins were expressed in a ring-like fash-
ion, causing apical polarization and the formation of membrane compartments. The cells
then either rearranged themselves into a multicellular tube through the merging of distinct
membrane compartment, or generated a unicellular tube via progressive invagination of the
membrane compartments. Whether this is a stochastic process has yet to be determined,
and further studies are necessary to understand how this occurs in mammals, and whether

mechanisms differ between tissues.

Despite these complications, combinatorial growth factor approaches to vascularization
of host tissue and implanted engineered tissues have shown in vivo success with incorpo-
ration of sophisticated spatiotemporal cues in the experimental design of the therapeutic.
Application of these principles in the field of cardiac tissue engineering has demonstrated
the ability of implanted tissues to anastomose with host vasculature and improve post-MI
cardiac remodeling and function. Yet there is more to be done, as the goal of the field is to
create a bed of capillaries with densities that are tailored to the needs of the host and en-
gineered tissues to regenerate the native structure and function, whether it is myocardium,

brain, liver, or another organ. To reach that goal, novel technologies and customized bio-
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materials must continue to be pursued, as well as a deeper understanding of material-cell
interactions, physical and chemical cues to drive cellular signaling, and the host inflamma-

tory and wound healing response after injury, disease, and therapeutic intervention.
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Figure 2.3: Spatiotemporal control of angiogenesis can be achieved through the presenta-
tion of chemical and physical cues. This can be categorized into four distinct categories,
which is further differentiated by the techniques utilized to present spatiotemporal cues
within each category. Combinations of these techniques are often utilized to precisely en-
gineer vessel network formation using chemical and physical cues integrated in one system.
Of interest to note is the similarity in techniques used to present chemical cues in the ma-
trix incorporation and encapsulation methods, the distinction being one related to material
choice and design.

2.8 Conclusions

As the development of replacement tissues has become a reality and feasible therapeutic
option, research has turned towards understanding the mechanisms behind vascularization
as a necessity for building organs from biomaterials, cells, and signaling molecules. Repli-

cating the complex microvasculature of an engineered tissue in a way such that it can
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perfuse the entire implant and inosculate with host tissue has proven to be a complex un-
dertaking. It is now understood that single growth factor systems may initiate angiogenesis,
but are too simple to mimic the complete vascularization process, and as a result, vascular-
ization research has turned to understanding the interplay of physical and biological cues
involved in establishing a mature, hierarchical, and perfused vessel network. In vitro work
has embraced spatiotemporal mediation of these cues, and a deeper understanding of these
processes through in vivo application is currently unfolding. Ongoing work is required to
identify pathways that promote increased capillary density, appropriate hierarchical vessel

remodeling, and permanence of new vessels.

As the field of neovascularization advances, the broader issue of building tissues with
sufficient architecture and signaling cues to be able to unite with the biology of the target
host tissue to develop a sufficient vasculature must be considered. The field has relied
on powerful growth factors like VEGF and bFGF, which have shown to be insufficient
clinically when administered alone without spatial or temporal control, and is now slowly
adopting an approach that recognizes that there are nuanced inter-related pathways for
vascular development depending on the tissue type and disease context [[187]. Identifying
an optimal cocktail of growth factors and the appropriate spatiotemporal presentation of
them via a biomaterial scaffold is essential in creating a highly vascularized network within
dense engineered tissues, and this must be tailored to the application. An ongoing challenge
is to design systems that are going to be adopted broadly for translational applications.
Thus, using materials that are already FDA-approved is appealing to fast-track clinical use,
but is not suited for all applications. Development of novel materials or new methods that
utilize currently available materials will be required as technologies advance for designing
capillaries (with < 10 microns diameter). Technologies that allow for precise, nanoscale
fabrication of vessel architecture could be invaluable in spatially controlling vascular bed
formation. Prospective studies should examine the ability of engineered vessel networks

to handle physiological characteristics of organ-specific vasculature, such as flow rates,
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homeostasis, permeability, vascular tone, and immune response upon implantation in the
host. These studies should further seek to push the boundaries of current characterization
practices to develop techniques that provide temporal vascularization information with high
spatial fidelity. The continued development of these parallel and complex challenges will
surely advance the field towards the generation of mature vessel networks in host tissue and

engineered tissues to restore organ function.
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In Vitro | In Vivo Anegsl;:g-en
Study Model Biomaterial(s) Sé::‘.:y Sct:::ily Inducing | Technique(s) Results
Molecule(
Type(s) | Type(s) s)
Chiuetal. |[CAM Scaffold: Collagen  |H5V Cells|N/A VEGF-165, |Incorporation- |Increased tubule formation and vessel penetration into scaffold
(2010) (Chicken) (Murine [Ang-1 covalent EDC  |compared to independently immobilized growth factors.
heart
lendotheliu
m)
Dashnyam |CAM Carrier: Silica HUVECSs |N/A Si, VEGF-  |Encapsulation |Si release caused HIF 1a upregulation, resulting in downstream
etal. (2016) |(Chicken) 165 expression of angiogenic molecules including bF GF, eNOS,
and VEGF. Stimulated EC migration, sprouting, and tubule
networking.
Wuetal. CAM Scaffold: HUVECs [N/A VEGF-165 |Incorporation- |Higher vessel density, as determined by quantifying number of
(2016) (Chicken) Decellularized liver heparin-binding |branch points.
lzadifar et |Aortic ring Scaffold: Fibrin; None N/A VEGF, Encapsulation  |Bilayer sequential release of VEGF and bFGF followed by
al. (2016)  |(Rat) Carrier: PLGA core, bFGF, PDGF from core. Increased microvessel sprout density by day
PLLA shell PDGF 8, pericyte recruitment by day 5.
Lai etal. Diabetic skin |Scaffold: Collagen- |HUVECs |HUVECs |bFGF, EGF; |Incorporation- |Complete wound closure by week 6, greater density of matured
(2014)* wound (Rat)  [hyaluronic acid; VEGF, electrospinning; |vessels and collagen deposition.
Carrier: Felatin PDGF-BB |encapsulation
Brudno et a [Subcutaneous |Scaffold: Fibrin (in  [HUVECs, [None VEGF, Ang- |Incorporation; Simultaneous release of all four factors resulted in lower vessel
(2013)" implant vitro), PLG (in Placental 2, Ang-1, encapsulation density than VEGF+Ang-2 alone, or VEGF+Ang-1 followed by
(Mouse) vivo); Carrier: PLG |pericytes PDGF-BB delayed release of PDGF and Ang1. Delayed release of PDGF
(invivo) and/or Ang-1 resulted in more mature vessels measured by
SMA staining.
Glgetal. |Subcutaneous |Scaffold: Collagen- |Human |None FB-VEGF-C |Incorporation Increased lymphangiogenesis without interfering with
(2017)" implant (Rat) |fibrin [dermal angiogenic sprouts. Lymphagiogenic effects were localized with
LECs no downstream remodeling to collecting vessels, and unaltered
fluid clearance.
Poldervaart [Subcutaneous |Scaffold: Matrigel- [Human [Human |VEGF 3D bioprinting - |Increased neovessel formation in sustained release group, but
etal. implant alginate; Carrier: cord blood|cord blood pressure- immature vessels due to negative SMA staining. Slower VEGF
(2014)" (Mouse) Gelatin EPCs EPCs assisted, release encouraged vessel formation.
Encapsulation
Jiang etal. |Subcutaneous |Scaffold: PEG-PLLA-|HUVECs |HUVECs |FGF-1; Incorporation; Sequential release of FGF-1 followed by PDGF-BB to promote
(2013) implant (Rat) [DA & PEG-DA, PDGF-BB |Encapsulation |mature vascular network formation and scaffold ingrowth.
Fibrin; Carrier:
PLGA
Akar etal. |Subcutaneous |Scaffold: PEG-DA- |None None PDGF-BB |Encapsulation |Formation of a chemotactic gradient that resulted in increased
(2015)" implant (Rat) [fibrin, PEG-PLLA- tissue invasion and blood vessel density at higher magnitudes.
DA; Carrier: PLGA
Park etal. |Subcutaneous |Scaffold: PCL, hDPSCs |hDPSCs |BMP-2, 3D printing - Temporal and spatially-distinct release of BMP-2 and VEGF
(2015)** implant collagen, gelatin- VEGF pressure- allowing vascularization towards the center of the scaffold.
(Mouse) alginate assisted Vasculogenesis from DPSCs in hypoxic areas and
angiogenesis from host tissue. Accelerated bone regeneration.
Kangetal. [Mandible, Scaffold: PCL, hAFSCs, |hAFSCs, [N/A 3D bioprinting - |Multi-cartridge extrusion for patterned scaffolds with integrated
(2016) calvarial bone, |Pluronic rabbitear (rabbit ear pressure- porous lattice channels to facilitate nutrient exchange. Tissue
ear cartilage, chondrocy |chondrocy assisted, formation demonstrated with vessel formation and no necrosis.
skeletal tes, tes, topographical
muscle (Rat) mouce  |mouse ineering -
Jangetal. |Subcutaneous |Scaffold: hCPCs, |hCPCs, |[VEGF 3D Bioprinting - |hCPCs and hMSCs differentiated into cardiac and endothelial
(2017) implant Decellularized hMSCs |hMSCs pressure- cells. Increased vascularization penetrating the scaffold.
(Mouse) porcine ECM, PCL isted Increased gjection fraction, reduced fibrosis.
mesh
Fleischer et |Subcutaneous |Scaffold: Albumin; |[NRVMs, |[NRVMs, |VEGF Encapsulation Generation of 5mm thick scaffolds with electrical couplinginz
al. (2017)  |implant (Rat) [Carrier: PLGA HUVECs [HUVECs direction. Increased capillary density, increased area occupied
by vessels, anastomosis of predefined channels
Zhang et al. |Femoral Scaffold. POMaC  |HUVECs, |RVECs, |N/A Topographical  |Enabled artery bypass and artery-to-vein anastomosis, instant
(2016) vessel ligation hMSCs, |NRVMs engineering - soft|and pulsatile perfusion. Angiogenesis and minimal clotting one
(Rat) hESCs lithography, week after surgery.
photolithography
Yuenetal. [lschemichind |Scaffold: PLG hDVECs |hDVECs |VEGF-165, |[Incorporation Temporally stable release profile, spatially sharp angiogenic
(2010)* limb (Rat) anti-VEGF sections, and moderate necrosis prevention.

Table 2.1: Spatiotemporal control of physical and chemical cues. Full caption below.
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Wuetal. Greater Scaffold: HUVECs |HUVECs |VEGF-165 |Incorporation- |Higher number, distribution, and diameter of blood vessels in
(2016) omentum (Rat) Decellularized liver heparin-binding |and around implant.
Dviretal. |Greater Scaffold: Alginate-  [None NRVMs |[IGF-1, SDF- |Incorporation Cardiac patches populated with dense vasculature when on the
(2009) omentum, then |sulfate 1, VEGF omentum. After transplantation, patches improved cardiac

MI- LAD function and electrically coupled with the host.

permanent

occlusion (Rat)

Sonnenberg |MI- LAD IR Scaffold: Porcine RASMCs,|None HGF Incorporation Increase in fractional area change, arteriole density, and
etal. (Rat) pericardium-derived [NRVMs fragment neovascularization while mitigating changes in LV dimensions.
(2015)* ECM hydrogel
Boopathy et [MI- LAD IR |Scaffold: Self- None None Jagged1 Incorporation Improved LV morphology, angiogenesis in implant area, EC
al. (2015)" |(Rat) assembling peptide peplide proliferation, and stem cell recruitment. Reduced fibrosis.
hydrogel mimic
Gao et al. MI- LAD Scaffold: hiPSC-  |hiPSC- |N/A 3d bioprinting -  |Increased vascular area density, reduced apoptosis, improved
(2017) permanent Methacrylated CMs, CMs, multiphoton ejection fraction, fractional shortening, and reduced infarct size.
ligation gelatin hiPSC-  |hiPSC- excitation
(Mouse) ECs, ECs,
hiPSC-  |hiPSC-
SMCs  |SMCs
Songetal. |MI-LAD Scaffold: Acrylated |hMSCs |None SDF-1, Ac- |Incorporation Reduced infarct size and improved stroke volume, gjection
(2014) permanent hyaluronic acid SDKP fraction, cardiac output. Higher number of mature arterioles and
ligation (Rat) capillaries.
Lakshmana |MI- LAD, Scaffold: HUVECs [None VEGF, bFGF |Incorporation-  |Improved cardiac function based on M-mode
netal. DCx, PDA PLCL/PEOz electrospinning  |echocardiographic measurements of LV dimensions and
(2016) permanent performance. Increased viable myocardium, vessel penefration
ligation and sprouting capillary formation.
(Rabbit)
Riemensch [MI- LAD Scaffold: Fibrin human  [human |SCF,IL-3, [Incorporation High capillary density within 6 days in aligned scaffold implants
neider etal. |permanent blood blood SDF-1a with 40% perfused, slight increase in capillary diameter,
(2016) ligation (rat) outgrowth [outgrowth insignificant increase in ejection fraction and fractional
EPCs, EPCs, shortening.
human  [human
brain brain

vascular [vascular
pericytes |pericytes

Cheng etal. [MI- LAD Carriers: PLGA- HUVECS, [None NaB Encapsulation  |Stimulated EC proliferation by promoting mRNA expression of

(2016)** permanent PNIPAM NRVMs VEGF-A, HGF, bFGF, and PFGF. Reduced generation of
ligation (Rat) reactive oxygen species and cellular autophagy. Increased

LVEF, reduced infarct size.

Rodness et |MI- LAD Scaffold: Chitosan |HSVECs |None VEGF-164 |Encapsulation- |Higher capillary density and mature arteriolar vessels in patch.

al. (2016)** |permanent sheet; Carrier: (recombinant|fused Scars were thicker but smaller in area and length. Improved
ligation (Rat) [Alginate rat) microparticles _|fractional shortening.

[Awada et al. [MI - LAD Scaffold: Fibrin; None None TIMP-3, Incorporation, Reduced fibrosis due to TIMP-3 release, reduced inflammation,

(2017)** permanent Carrier: PEAD, bFGF, SDF- |encapsulation improved cardiomyocyte survival, enhanced angiogenesis and
ligation (Rat) [heparin 1a SMA+ vessels by 8 weeks.

Table 2.1: Spatiotemporal control of physical and chemical cues. Full caption below.

125



2.9. References 126

Table 2.1: Studies applying spatiotemporal control of physical and chemical cues in
an in vivo environment. Articles are arranged primarily by model, then appearance in
section 5. Articles marked with * are referenced only outside of section 5, and those
marked with ** are not discussed in this review but are provided for additional exam-
ples and further readings. Ang-1: angiopoietin 1; bFGF: basic fibroblast growth factor;
BMP2: bone morphogenetic protein 2; CM: cardiomyocyte; CAM: chorioallantoic mem-
brane assay; DCx: distal circumflex artery; DPSC: dental pulp stem cell; EC: endothelial
cell; ECM: extra-cellular matrix; EDC: 1-ethyl-3-[3-dimethylaminopropyl]carbodiimide
hydrochloride chemistry; EGF: endothelial growth factor; eNOS: endothelial nitric oxide
synthase; EPC: endothelial progenitor cell; FB-VEGF-C: fibrin-binding vascular endothe-
lial growth factor C variant; FGF-1: fibroblast growth factor 1; hAFSCs: human amniotic
fluid-derived stem cells; hCPCs: human cardiac progenitor cells; hDPSCs: human den-
tal pulp stem cells; hDVECs: human dermal vascular endothelial cells; HGF: hepatocyte
growth factor; hiPSC: human induced pluripotent stem cell; hMSCs: mesenchymal stem
cells; HUVECs: human umbilical vein endothelial cells; HIF1«: hypoxia-inducible factor
la; HSVECs: human saphenous vein endothelial cells; IGF-1: insulin-like growth fac-
tor 1; IR: ischemia-reperfusion; LAD: left anterior descending artery; LECs: lymphatic
endothelial cells; LV: left ventricle; LVEF: left ventricle ejection fraction; NaB: sodium
butyrate; NRVMs: neonatal rat ventricular myocytes; PCL: polycaprolactone; PDA: distal
posterior descending artery; PDGF: platelet-derived growth factor; PEAD: poly(ethylene
argininylaspartate diglyceride); PEG: polyethylene glycol; PEG-DA: polyethylene gly-
col diacrylate; PEOz: poly(2-ethyl-2-oxazoline) ; PLCL: poly(L-lactide-co-caprolactone);
PLG: copolymer of D,L-lactide and glycolide; PLGA: poly(lactic-co-glycolic acid); PLLA:
poly(lactic acid); PNIPAM: poly(N-isopropylacrylamide); POMaC: poly(octamethylene
maleate (anhydride) citrate); RASMCs: rat aortic smooth muscle cells; RVECs: rat vein
endothelial cells; SDF-1: stromal cell-derived factor 1; a-SMA: a-smooth muscle actin;
SMC: smooth muscle cell; TIMP-3: tissue inhibitors of metalloproteinases-3; VEGF: vas-
cular endothelial growth factor; Si: silicon.
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Chapter 3

Tissues with patterned vessels or protein
release induce vascular chemotaxis in an

in vitro platform

Reproduced with permission from R. J. Kant, C. F. Bare, and K. L. K Coulombe, “Tis-
sues with patterned vessels or protein release induce vascular chemotaxis in an in vitro

platform”, Tissue Eng. Part A, 27 (19-20), 1290-1304, Oct 2021.

3.1 Abstract

Engineered tissues designed for translational applications in regenerative medicine re-
quire vascular networks to deliver oxygen and nutrients rapidly to the implanted cells. A
limiting factor of in vivo translation is the rapid and successful inosculation, or connection,
of host and implanted vascular networks and subsequent perfusion of the implant. An ap-
proach gaining favor in vascular tissue engineering is to provide instructive cues from the

engineered tissue to enhance host vascular penetration and connection with the implant.
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Here, we use a novel in vitro platform based on the aortic ring assay to evaluate the impact
of patterned, endothelialized vessels or growth factor release from engineered constructs
on preinosculative vascular cell outgrowth from surrogate host tissue in a controlled, de-
fined environment, and introduce robust tools for evaluating vascular morphogenesis and
chemotaxis. We demonstrate the creation of engineered vessels at the arteriole scale, which
develop basement membrane, exhibit tight junctions, and actively sprout into the surround-
ing bulk hydrogel. Vessel-containing constructs are co-cultured adjacent to rodent aor-
tic rings, and the resulting heterocellular outgrowth is quantified. Cells originating from
the aortic ring migrate preferentially toward constructs containing engineered vessels with
1.5-fold faster outgrowth kinetics, 2.5-fold increased cellular density, and 1.6-fold greater
network formation versus control (no endothelial cells and growth factor-reduced culture
medium). Growth factor release from constructs with nonendothelialized channels and
in reduced factor medium equivalently stimulates sustained vascular outgrowth distance,
cellular density, and network formation, akin to engineered vessels in endothelial growth
medium 2 (EGM-2) medium. In conclusion, we show that three-dimensional endothelial-
ized patterned vessels or growth factor release stimulate a robust, host-derived vascular cell
chemotactic response at early time points critical for instructive angiogenic cues. Further,
we developed robust, unbiased tools to quantify metrics of vascular morphogenesis and
preinosculative heterocellular outgrowth from rat aortic rings and demonstrated the utility

of our complex, controlled environment, heterocellular in vitro platform.

3.2 Introduction

A major focus in tissue engineering is the creation of implantable, cellularized therapeu-
tics that replace or augment damaged tissue. In considering the scalability of engineered
constructs for clinical translation, vascularization becomes a crucial design criterion due to

oxygen diffusion limits of 100-200 um [1-3]] in thick, cellularized tissue. Vascularization
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is particularly important in applications such as cardiac, skin, bone, liver, and pancreatic
tissue engineering that necessitate dense and hierarchically organized tissues, and thus re-
quire efficient convection of oxygen and nutrients via a robust vascular transport system
[4, 5]]. Such tissues fabricated without vasculature and thicker than oxygen diffusion lim-
its can suffer hypoxia and form necrotic cores [3, 6|]. Providing adequate conduits for the
convection of oxygen and nutrients is necessary for the survival and function of implanted

tissues both before and after implantation [7-9].

Engineering vasculature within tissues in vitro can be achieved by using many differ-
ent techniques, but it primarily involves combinatorial manipulation of physical cues (e.g.,
co-culture vessel stabilization [8]], fabricated geometries [9H11]], biomaterials [2} [12, 13],
or three-dimensional [3D] bioprinting [[14, 15]) and chemical cues (e.g., peptide [16] and
growth factor treatment/release [[17]], or co-culture paracrine signaling [8, [18]) to orches-
trate vessel formation [6, [19]]. Prevascularizing a patch before implantation has demon-
strated perfusion of the implanted networks and improved survival of the construct [9H11].
The overall mechanism by which this occurs is termed inosculation, or the connection of
disparate vascular networks [20]]. In this process, independent vessels recognize and sprout
toward one another over tens to hundreds of microns, anastomose, and remodel to form a
continuous, integrated network for blood flow [21]]. Inosculation can enable rapid perfusion
to implanted tissues within 1-6 days after implantation [11, [22-24], which has implications

for the survival, engraftment, and function of the implant.

Despite the great need for rapid vessel perfusion on implantation, preinosculative dy-
namics of endothelial and vascular stromal cells are not well understood. Primary literature
in this area focuses on in vitro monolayer-based or microfluidic models that do not suffi-
ciently recreate the complex environment and stimuli of angiogenesis at larger scales with
engineered tissues [24-27]], or in vivo experiments that report intra-patch vessel structures

or perfusion at terminal endpoints [9} |11} 23} 28|]. Thus, there is a need to examine sig-
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naling and migration patterns between host and engineered tissues before inosculation at
intermediate scales in terms of time and complexity. Further, several cellular populations
and microenvironmental cues engage in the inosculation process from both the host and im-
planted tissue, and understanding how these cues drive this process is necessary to engineer

an adaptive and timely vascularization response upon tissue implantation.

Utilizing animal-derived tissue provides a compromise between the simplicity of in vitro
systems and complexity of in vivo models [6, 27, 29-32] and is often used to study vascu-
larization mechanisms, often by treatment with angiogenic agents or genetic alteration [33,
34]. One such assay is the heterocellular aortic ring assay, which examines microvessel
sprouting in a matrix protein (historically Matrigel) from sectioned rodent aortas stimu-
lated primarily by VEGF, bFGF, and/or fetal bovine serum (FBS) over a 7-14 day period
[27,132]]. The primary outputs of this assay are microvessel counts, histological staining of
endothelial and supportive stromal cells (including smooth muscle cells, fibroblasts, peri-
cytes, etc.), and morphological assessment in response to treatment with an agent [[17, 32,
35, [36]]. The aortic ring assay provides a useful starting point from which to develop a
defined, robust platform for bridging studies in vascularization between in vitro and in vivo

research.

In the present study, we describe and evaluate our in vitro platform for examining
preinosculative vascular outgrowth from aortic rings in response to vascularization cues
from engineered constructs in a defined and controlled environment by using a novel adap-
tation of the aortic ring assay. We report the global and regional migratory responses of
outgrowing vascular cells adjacent to constructs containing engineered vessels and evalu-
ate responses to physical, cellular, and chemical effectors of migration and angiogenesis by
using unbiased automated analyses (in MATLAB and available online). Our data demon-
strate that preinosculative outgrowth from aortic rings is sensitive to vascular stimuli and

co-culture with engineered constructs, and that endothelialized vessels or growth factor
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release similarly prompt early vascular morphogenesis, sustained vascular outgrowth, cel-
lular density, and cohesive network formation. We show that this platform is useful for
investigation of preinosculative vascular communication and signaling between surrogate

host and engineered tissues.

3.3 Materials & methods

3.3.1 Sacrificial alginate fiber fabrication and construct gel casting

Alginate fibers were fabricated by using a wet spinning process. Briefly, 1% w/w
sodium alginate (MilliporeSigma) solution was extruded through a 30G needle by using
a syringe pump at 50 pL/s into a cross-linking bath of 100 mM calcium chloride (Acros
Organics). Wet fibers were collected and dried on a mandrel (Suppl. Fig. [A.I). Custom
polydimethylsiloxane (PDMS) molds were fabricated as previously described [37]. Briefly,
vector-based design templates were created in Adobe Illustrator (Adobe, Inc.) and etched
into a 1/4” acrylic sheet by using a Universal Laser Systems 6.75 Laser Cutter (Univer-
sal Laser Systems, Brown Design Workshop). Sylgard 184 (Dow) was cast on the acrylic
master and cured overnight, creating an autoclavable PDMS mold for use in sterile tissue
culture (Fig. [3.1A). Dried sections of alginate fibers were embedded between the walls of
autoclaved molds by using a 23G needle. A temporary PDMS gate was placed to prevent
collagen from spilling into the ring area, and a 2 mg/mL type-1 collagen solution (Ad-
vanced BioMatrix) was then cast in the construct region. The plate was incubated at 37°C
and 5% CO2 for 30 min; then, the construct gel was immersed in phosphate-buffered saline

(PBS; Gibco).

Channel patency was established by treating the construct gels with chelation media

containing 1 mM sodium citrate (Fisher Scientific) in PBS for 10 min on an orbital shaker
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Bl o - Construct Ring
Q

Sacrificial Alginate Fiber Aortic Ring

C ® @ @—o—o
D-2 D-1 DO Image growth D7

Prepare PDMS molds Harvest aorta Castring gels Media exchange Fix

Wet-spin alginate fibers Serum starve Place aortic rings Histology
Cast construct gels
D Media EGM-2 EGM-2 RF EGM-2 RF EGM-2 RF EGM-2

Channel| Endothelialized Empty Endothelialized Empty Empty
Factor Release None None None None VEGF, bFGF

Condition + EC - EC + ECR - ECR

Figure 3.1: Mold and experiment design. (A) Adobe Illustrator design file and corre-
sponding PDMS mold embedded with sacrificial alginate fibers to pattern (B) empty chan-
nels (top) and engineered vessels (bottom; 4x magnification) within construct gels and
co-culture next to outgrowing aortic rings (10x magnification). (C) Experimental prepara-
tion and timeline indicating media exchange. (D) Experimental conditions tested, denoted
as engineered vessels (+ EC) or empty channels (— EC) cultured in EGM-2 or RF EGM-
2 media (+ ECgr), and constructs with empty channels but loaded with growth factors in
RF EGM-2 (- ECgrg). EGM-2: Endothelial Growth Media-2; RF EGM-2: reduced factor
media (complete EGM-2 without VEGF and bFGF).

to un-crosslink the calcium alginate, and patency was confirmed by perfusion of fluorescent
FluoSpheres (Fisher Scientific) or PBS (Suppl. Mov. S1, see web article for video file).
To create growth factor-loaded construct gels, 10 ng/mL. VEGF and 10 ng/mL bFGF were
mixed into the collagen solution before casting, and chelation media contained VEGF and
bFGF as well to ameliorate early burst release before ring placement. Construct gels were
typically fabricated 2 days before aortic ring placement, except for growth factor releasing

constructs that were created the day of ring placement.
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3.3.2 Endothelial cell culture

Human umbilical cord endothelial cells (HUVECSs; Lonza) were cultured on
0.1% gelatin-coated (MilliporeSigma) 10 cm? tissue culture plates (Fisher Scientific) in
endothelial growth medium 2 (EGM-2; Lonza) with media exchange every day. Cells were
passaged every 4-5 days at 75% confluency by enzymatic dispersion with 0.05% trypsin
(Life Technologies) in versene (0.5 mM EDTA [MilliporeSigma] and 1.1 mM d-glucose

[MilliporeSigma] in PBS). Cells between passages 2 and 7 were used in experiments.

3.3.3 Engineered vessel formation

Patent channels in constructs were seeded with 3.75x107 cells/mL of HUVECs through
the channel opening adjacent to the aortic ring and incubated upside down for 45 min and
then right side up for 30 min to facilitate HUVEC attachment along the entire channel cir-
cumference. Constructs were then gently washed in PBS, changed into EGM-2 or reduced
factor medium (EGM-2 without VEGF and bFGF; RF EGM-2), and gently perfused the

next day to rinse out nonadherent cells.

3.3.4 Aortic ring harvest and placement

Aortas were harvested from male wild-type Sprague Dawley rats between 2 and 3
months of age and prepared by using standard protocols [38]. Briefly, rodents were anes-
thetized by using 4% isoflurane. The chest cavity was exposed by thoracotomy, and connec-
tive tissue was cut away to isolate the thoracic aorta. The excised aorta was cleaned of fat
and connective tissue, sectioned into 1 mm tall rings, and finally serum-starved overnight
in endothelial basal medium-2 (EBM-2; Lonza) + 0.1 mg/mL penicillin-streptomycin (Mil-

liporeSigma). The next day, the medium was aspirated, a 2 mg/mL collagen gel was cast
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adjacent to the construct gel in the ring area, and aortic rings were aligned on the central
platform. Ring-construct setups were incubated for 30 min and then immersed in EGM-2
or RF EGM-2. All procedures were approved by the Institutional Care and Use Committee

(IACUC) in Brown University (IACUC Approval No. 1702000256).

3.3.5 Imaging

Setups were imaged daily on a Nikon Eclipse Ti-E microscope (Nikon) with tiling ca-
pabilities. Histologically stained whole-mount tissues were imaged by using an Olympus
FV3000 Confocal Microscope (Olympus, Brown University Leduc Bioimaging Facility).

Whole-mount tissues were flattened between a glass slide and coverslip for tiling.

3.3.6 Outgrowth measurements

Outgrowth measurements were performed in ImageJ. Outgrowth area was calculated
by drawing a region around outgrowing cells and subtracting it from the initial area of
the ring. Outgrowth distance was measured in 15° increments around the ring, originating
at the outer edge of the aortic ring for each angle. Regional measurements averaged 60°
angle bins facing the construct gel (interface [IF] region) or away from the gel (remote
[RM] region). Outgrowth velocity was calculated as the distance of each day’s outgrowth
subtracted by the previous day’s outgrowth at each angle increment. A MATLAB (Math-
Works) script was written to generate polar plots with error bars and extract centroid shift

data.
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3.3.7 Model protein release

The rate of growth factor release from collagen gels preloaded with protein was extrap-
olated based on bovine serum albumin (BSA) release using the bicinchoninic acid (BCA)
assay. Due to the more negative charge of BSA compared with growth factors VEGF and
bFGF at physiological pH and the charge interactions retaining the protein governed by
negatively charged collagen, the release profile of BSA may overestimate the release kinet-
ics. Briefly, 50 ug/mL BSA was loaded into collagen gels and cultured for 7 days in PBS
+0.02% sodium azide following an identical media exchange schedule as experiments with
aortic rings. Each day, 600 uL of media was removed and replaced with fresh PBS, and the
aliquot was frozen. At the end of the 7 days, all media aliquots were thawed and analyzed
for BSA content on a Cytation 3 Cell Imaging Multi-Mode Reader (BioTek). Values were

normalized relative to cumulative release on the last day.

3.3.8 Immunohistochemistry

Setups were fixed in 4% paraformaldehyde (MilliporeSigma) for 15 min at room tem-
perature, then washed with PBS, and finally stored at 4°C in the short term. Whole-mount
histology was performed for most samples to preserve spatial information. Setups were
blocked with 1% BSA (MilliporeSigma) in PBS for 2 hr followed by overnight incuba-
tion with primary antibody in fresh blocking buffer and 0.1% Triton-X (MilliporeSigma).
The next day, the setups underwent two 2-hr washes in PBS, blocking for 2 hr, and finally
secondary antibody treatment overnight in PBS + 1% BSA. On the third day, setups were
treated with bisbenzimide H-33342 trihydrochloride (Hoechst; MilliporeSigma) in PBS for
15 min, three 1-hr washes, and finally stored in PBS at 4°C until they were imaged. All
incubation and wash steps for whole-mount histology were performed on an orbital shaker

at room temperature. Some engineered vessels were fixed, processed into frozen blocks,
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and sectioned on an Avantik QS12 cryostat (Brown University Molecular Pharmacology,
Physiology, and Biotechnology). Histology then proceeded as described earlier. Primary

and secondary antibodies used are provided in Table 3.1]

Antibody/Fluorophore Dilution Catalog No.; Vendor
Mouse monoclonal anti-vimentin 1:200 V6.630_ 100. UL;
MilliporeSigma

Mouse monoclonal anti-collagen IV 1:100 SAB4.2(.)O709_.1 00 UL;
MilliporeSigma
Rabbit polyclonal anti-human 1:50 36-190-0: Fisher

VE-cadherin

Bisbenzimide H 33342 B2261-100MG;

trihydrochloride (Hoechst) 15 ng/mL MilliporeSigma
Goat anti-mouse Alexa Fluor 488 1:400 A-11001; Invitrogen
Goat anti-rabbit Alexa Fluor 594 1:400 A-11005 Invitrogen
Griffonia simplicifolia isolectin B4 1:400 DL-1207-.5 Vector Labs

Dylight 594-1labeled

Table 3.1: List of antibodies used for immunohistochemistry.

3.3.9 Image analyses

Histological analysis was performed in MATLAB by first defining regions of interest
(ROIs) within inner and outer subdivisions of the IF and RM regions. Within ROIs, Hoechst
stains were evaluated by watershed segmentation to obtain nuclear counts. Nearest neigh-
bor analysis was performed by implementing a pixel search algorithm to find particles
within 20 pm of each other. Nuclear orientation was determined by excluding uniform
nuclei based on aspect ratio and normalizing each particle’s major axis orientation by the
angle of outgrowth from the ring. Network area measurements were taken from vimentin
stains and separated into isolated cell or network masks. All MATLAB codes are hosted on-

line and free to download and use via the Harvard Dataverse at https://doi.org/10.7910/DVN/JE31YD.
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3.3.10 Statistical analysis

Statistics were calculated by using one-way or two-way repeated-measures analysis of
variance as appropriate, followed by the Tukey-Kramer method of post hoc analysis with
p-values < 0.05 being considered statistically significant. All analysis was performed in
Prism 8 (GraphPad). Sample size denoted as n refers to individual aortic rings. Each con-
dition contains between three and eight biological replicates (aortas from distinct animals)

from which between two and four aortic rings were quantified per group.

3.4 Results

3.4.1 Culture mold design enables co-culture of aortic rings with con-

structs containing engineered vessels

Our PDMS mold-making process as previously published for in vitro and in vivo im-
plant fabrication [17] was adapted to enable the co-culture of rodent aortic rings next to
a construct [37]. For this design, cylindrical posts were arranged in the construct area to
anchor the gel in place during culture (Fig. [3.IA). A larger cylindrical platform centrally
located in the ring region enabled precise placement of aortic rings at the same distance
(2 mm) from the construct gel without contacting the ring intima. The overall mold size
was optimized to accommodate imaging of vascular cell outgrowth over 7 days and fit a

construct approximating the size appropriate for subcutaneous or epicardial implantation

in rats (Fig. 3.1B).

Setups were imaged daily, fed every third day, and fixed on day 7 for immunohistochem-
ical staining and analysis (Fig. [3.1]C). Our experimental conditions were selected to elu-

cidate specific contributions of endothelial cells and growth factors to vascular outgrowth,
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and thus inform in vivo implant design choices (Fig. 3.ID). Construct gels contained ei-
ther nonendothelialized channels (— EC) or engineered vessels (+ EC) and were fed with
either EGM-2 or RF EGM-2 (denoted as + ECg). Lastly, to determine how spatiotempo-
ral presentation of growth factors affected outgrowth response in comparison to stagnant
media-solubilized presentation, we loaded 10 ng/mL VEGF and bFGF into construct gels

without HUVECsS and co-cultured those with aortic rings in RF EGM-2 (— ECgg).

3.4.2 Endothelialized channels form functional engineered vascula-

ture and exhibit sprouting

Alginate fibers were fabricated by using a wet spinning technique (Suppl. Fig. [A.1)) and
utilized as sacrificial templates to pattern perfusable, arteriole-scale channels in construct
gels with an average diameter of 461.5 £ 15.6 um (Suppl. Mov. S1, see web article
for video file). Engineered vessels were established by seeding HUVECs into channels,
which proliferated to fill the circumference as confirmed by CD31 staining (Fig. 3.2A and
Suppl. Fig. [A.2A). En face sections of the vascular wall showed a confluent monolayer
with tight junctions marked by VE-cadherin and deposition of the basement membrane
protein collagen IV, indicative of appropriate vascular structure (Fig. [3.2B). Engineered
vessels cultured in RF EGM-2 were similarly able to form fully confluent walls with VE-
cadherin expression and maintain patency, although delamination from the collagen gel
wall occurred to varying degrees in 88% of engineered vessels by later time points (Fig.
@p, inset, dashed lines). In contrast, engineered vessels cultured in EGM-2 medium did
not exhibit any delamination. For all experiments, HUVECs were seeded in channels 2

days before embedding aortic rings (denoted as day -2) to allow for infill of the vessel wall.

Diameter measurements over the study revealed a reduction to about 80% of initial

diameter independent of culture media (79.1% + 2.37% and 78.0% + 2.82% for + EC
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Figure 3.2: Endothelialization of empty channels. (A) Whole-mount histology of engi-
neered vessel in complete media (10x magnification) and ((B) section view of the vessel
wall (60x magnification). (C) Engineered vessel cultured in RF EGM-2 (10x magnifi-
cation). Inset shows partial delamination of vessel from vessel wall (dashed lines). (D)
Quantification of engineered vessel diameter. (E) Sprouting behavior in engineered vessels
in EGM-2 (20x magnification). Inset shows tip-stalk phenotype of sprouts, with arrows
indicating tip cells. (F) Sprout regression in RF EGM-2 (20x magnification). (G, H)
Quantification of sprouting behavior from engineered vessels. + EC (n=14), EC(n=11),
+ ECgr (n=6). *: p < 0.05, **: p < 0.01, ***: p < 0.001, ****: p < 0001.

and + ECg groups, respectively) due to HUVEC remodeling of the construct gel matrix
(Fig. [3.2D). Nonendothelialized channels exhibited a slight increase in diameter (108.2%

+ 1.82%), likely due to sagging of the channel into an ellipsoid cross-section during the

experiment.

Vascular sprouting was evident from engineered vessels in both media compositions
(Fig. [3.2E-H). Engineered vessels cultured in EGM-2 demonstrated peak sprouting at 3—4
days after seeding followed by divergence into two distinct morphologies, with 57% of
samples developing dense vascular plexuses with active tip-stalk sprouting throughout the
experiment (Fig. 3.2]A, E, inset, white arrows) and the rest exhibiting transient sprouting

followed by regression and quiescence of the main vessel (Suppl. Fig. [A.2B). Live/dead
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staining of quiescent vessels at day 7 showed that the main vessel maintained full coverage
with a few apoptotic cells, attributed to either sprout regression or death during the seeding
process (Suppl. Fig. [A.2IC). In contrast, engineered vessels cultured in RF EGM-2 had

significantly fewer sprouts with a peak at day -1 followed by quick regression of all sprouts

(Fig. inset).

Sprouting morphology varied between groups, with simple spur sprouts being the dom-
inant morphology across + EC and + ECg occurring either transiently or persistently in
92% and 83% of engineered vessels, respectively, during culture (Suppl. Fig. [A.2D, E).
Split sprouts (multiple spurs with a common root) occurred in 69% of + EC vessels; how-
ever, it occurred in only 17% of + ECg vessels. Sprouts from + EC vessels additionally
exhibited branches (spurs with a sprouting node above the root; 77%), loops (distinct spurs
that form a linked vessel; 69%), and complex sprouts (combinations of the described mor-
phologies including plexuses; 46%). Together, our data show that perfusable engineered
vessels formed in construct gels demonstrate structural properties of native vasculature and
actively sprout into the construct bulk gel in the presence of soluble pro-angiogenic growth

factors.

3.4.3 Global vascular outgrowth is natively influenced by physical cues

but overridden by paracrine or chemical signaling

After placement of the aortic rings adjacent to construct gels, daily phase-contrast im-
ages showed consistent outgrowth in all directions relative to the outside edge of the ring
(Fig. [3.3A). Experiments were performed without engineered vessel perfusion to study a
static, nonperfused tissue microenvironment as would occur immediately on implantation
if used for translational in vivo studies where surgical vascular anastomosis is not used.

Outgrowth measurements were taken in 15° increments around the rings each day, from
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which we found significant differences between + EC and — EC groups at day 3 (Suppl.
Fig. [A.3A). Area quantification revealed improved outgrowth for the — ECgg and + ECg
groups compared with the — EC group by day 5 and a significant increase in area between

the + EC and — EC groups by day 6 (Fig. [A.3B).

Bi +EC jii + ECr v C

-100 -50 0 50 100
Average Polar Centroid Shift (um)
W+ EC EH+ECr

m-EC m- ECy B ECre

ii -EC iv - ECr Vi

N W b O

-
[=}
(=]

o

240 300
255 979 285

Population Velocity (um/day) (w)

Time (Days)

Figure 3.3: Population outgrowth from aorta-derived cells. (A) Aortic outgrowth progres-
sion (4x magnification) and (B) polar plots of vascular outgrowth for each condition (i—vi).
(C) Average left-right centroid shift in population outgrowth for each group. (D) Average
population velocity of aortic outgrowth at days 2 and 3. + EC (n =17), — EC (n = 15), +
ECr (n=11),-ECgr (n=11), — ECgg (n = 8). *: p < 0.05, ****: p < 0001.

By visualizing the data by using polar plots, we noted nonuniform outgrowth in aortic
ring setups that appeared to be dependent on the presence of engineered vessels and growth
factors solubilized in media or locally released (Fig. [3.3B). We quantified this bias by
calculating the average horizontal shift in the centroid of outgrowth over the course of
the experiment (Fig. [3.3C) and observed an apparent rightward shift in cellular migration

(away from construct gels with nonendothelialized channels) most severe in the — ECg
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group, indicating a rightward bias in outgrowth that may be due to collagen fiber orientation
during gelation, mechanical differences due to imperfect coupling of the construct and ring
gels, or overall mold geometry. However, this effect was ameliorated in the — EC group
and entirely reversed to a left-ward bias in migration toward engineered vessels in both
media compositions as well as growth-factor loaded construct gels in RF EGM-2, showing

a strong outgrowth bias in response to growth factors and engineered vessels.

In examining population velocity per day, the + EC group showed a significant increase
in migration velocity at day 2 in comparison to all groups except — ECrg, which itself al-
most reached significance relative to — ECg (p = 0.084; Fig. [3.3D and Suppl. Fig. [A.3D).
On day 3, we found increased outgrowth velocity for both + EC and — ECgg relative to
— EC. At later time points, the average velocity values per day slowly decreased with no
significant differences between groups. Lastly, we used the BCA assay to quantify release
from collagen gels, which revealed significant burst release within the first day followed
by lower, sustained release over the next 3 days (Suppl. Fig. [A.3E). These data suggest
that a combination of physical, cellular, and chemical signals bias vascular cell outgrowth
distance and velocity. The culture design appears to impart a physical cue that influences
migration away from the engineered construct, but this directional growth is overridden by
endothelial cell paracrine signaling from engineered vessels. Further, angiogenic growth
factor release from gels provides a similarly strong and sustained stimulus as compared
with endothelial cell paracrine signaling, despite early burst release and in otherwise re-

duced factor conditions, for improving and biasing overall vascular cell outgrowth.
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3.4.4 Vascular outgrowth distance is increased toward constructs by

paracrine signaling from endothelial cells and growth factors

To further investigate specific biases in outgrowth direction, we binned the outgrowth
measurements into 60° intervals toward or away from the construct gel, referred to as the
IF and RM regions, respectively (Fig. [3.4A). Using this methodology, we were able to see
significant increases in outgrowth distance in the IF region as early as day 2 between both +
EC and — ECgg relative to — ECy that were sustained throughout the rest of the experiment.
(Fig. 3.4B, C). At day 3, we found additional significant increases for both + EC and —
ECgg relative to — EC that were similarly sustained. By day 7, the + EC and — ECgrg groups
reached an average IF outgrowth distance of 2076.32 + 88.04 um and 1966.57 + 62.67 ym,
respectively, whereas the — EC and — ECy reached IF outgrowth values of only 1607.67 +
83.35 um and 1632.48 + 50.67 um. We were unable to find significant differences for the
+ ECr group (1935.45 + 102.12 um) relative to — EC (p = 0.13) or — ECg (p = 0.11). In
comparing IF and RM outgrowth at day 7, we found a significant difference only within the
+ EC group (Fig. 3.4F, + signs). Further, we examined regional velocity at early (days 1-4)
and late (days 4-7) time points and found significantly increased early migration velocity
in the IF region for + EC and — ECgg groups relative to EC, although neither reached
significance when compared with — ECg (p = 0.12 and p = 0.20, respectively) (Fig. [3.4D).
In stark contrast, we did not find any significant differences between groups in the RM

region in either outgrowth distance or velocity (Fig. 3.4E-G).

We further examined chemical effectors of outgrowth by supplementing some + EC
setups with additional FBS up to 10% (+ EC,opgs) and saw greater increases in population
and regional outgrowth, area, and velocity in comparison to + EC, attributed to the greatest
increases in the RM region (Suppl. Fig. [A.4A-E). Setups supplemented with FBS also
experienced greater compaction, which affected outgrowth measurement accuracy of some

samples, and day 7 measurements were omitted from analysis due to hyper-compaction.
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Figure 3.4: Regional outgrowth analysis. (A) Binning methodology for IF and RM regions
(4x magnification). (B, E) Outgrowth over time with (C, F) differences highlighted at days
2, 3, and 7, and (D, G) regional average velocity for IF and RM regions, respectively. +
EC (n =17), - EC (n = 15), + ECg (n = 11), - ECg (n = 11), — ECgg (n = 8). *, #, !,
&, %: p < 0.05, **, ##, !, &&, %%: p < 0.01, ***: p < 0.001, ++++: p < 0.0001.
#: Significance between + EC and — EC. !: Significance between — ECgg and — EC. &:
Significance between + EC and — ECgr. %: Significance between — ECr and — ECgg. +:
Significance between IF and RM regions for indicated group at day 7. IF: interface; RM:
remote.

Together, these data show that endothelial cells and growth factors bias vascular cell
outgrowth and morphogenesis. Paracrine signaling from engineered vessels in EGM-2
resulted in outgrowth matched only by growth factor release in RF EGM-2, which was
sustained for the entire 7 days despite loaded factor burst release and media exchange.
Engineered vessels in RF EGM-2 may provide an intermediate level of benefit in outgrowth
but they suggest that implanted engineered vessels without growth factors do not provide as
favorable a microenvironment as media tailored to endothelial cell growth. These cellular
and chemical stimuli caused microenvironmental changes to influence outgrowth distance

and velocity in the local IF region.
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3.4.5 Paracrine endothelial cell signaling and growth factor release

improve IF region outgrowth density and cell clustering

Imaging revealed multiple layers of outgrowth that formed over time, and we noted stark
differences in morphology on comparing vascular outgrowth in the IF and RM regions be-
tween groups (Suppl. Fig. [A.5A). The + EC and — EC groups reliably exhibited dense
outgrowth relative to + ECrg and — ECg (as demonstrated by the greater white contrast,
particularly adjacent to the ring), with the least density and networking apparent in the —
ECgg group. Growth factor release in the — ECrg group appeared to ameliorate this, with
average density between EGM-2 and RF EGM-2 groups. This pattern was upheld when
considering network formation between neighboring cells (Suppl. Fig. [A.5]A, white ar-
rows). We additionally observed relatively greater density and networking in the IF regions

of + EC, + ECg, and — ECgg groups when compared with their respective RM regions.

We thus sought to quantify the differences in density and networking observed between
treatment groups through whole-mount histology at day 7 to best preserve gross morphol-
ogy and orientation. Histological analysis in MATLAB was performed by defining in-
ner and outer subregions for both IF and RM regions from which to specify ROIs (Fig.
B.5)A). This subdivision allowed us to capture heterogeneity in cellular density at different
areas within the outgrowth regions that were otherwise not as clear in whole-region anal-
ysis (Suppl. Fig. [A.6A-C). Nuclear density was quantified on Hoechst stains followed
by nearest-neighbors analysis in a 20 um search radius to characterize local clustering as
a microenvironmental output of cell-cell interactivity relative to the macroscale-focused
nuclear density metric (Fig. 3.5B, C). In the inner IF subregion, the + EC group had signif-
icantly higher nuclear density at 2749.65 + 271.29 nuclei/mm? relative to both RF EGM-2
groups (1507.91 + 154.90 nuclei/mm? and 1116.00 + 184.23 nuclei/mm? for + EC-R and
— ECg, respectively). The — EC (2230.39 + 138.80 nuclei/mm?) and — ECrg (2288.50 +

305.71 nuclei/mm?) groups were significantly higher compared with — ECg, but not rela-
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Figure 3.5: Histological evaluation of outgrowth regions. (A) Subregion specification
within interface and remote regions used for quantification (4x magnification) due to (B)
observed differences in density and morphology in outgrowing cells (10x magnification).
Quantification of (C, D) nuclear density and (E, F) nearest neighbors within 20 um in the
interface and remote regions. !: Significance between inner and outer subregion for that
condition. + EC (n=8),— EC (n=38), + ECg (n=6), — ECg (n=6), - ECgg (n =5). *: p
< 0.05, **: p < 0.01, ***: p < 0.001. !: Significance between inner and outer subregions
within that group.
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tive to + ECg (p = 0.164 and p = 0.202, respectively). We also found significant decreases
in nuclear count in the outer subregions for + EC (1186.03 + 174.57 nuclei/mm?), — EC
(935.62 + 120.09 nuclei/mm?), and — ECgg (859.52 + 85.85 nuclei/mm?) groups when
compared with their inner region counterparts (indicated with exclamation points). In con-
trast, we found shifts in the inner RM region that did not quite reach significance between
+ EC (2239.85 + 213.96 nuclei/mm?) and both + EC-R (1444.40 + 138.90 nuclei/mm?,
p = 0.053) and — ECg (1451.17 % 205.70 nuclei/mm?, p = 0.056) groups, and significant

differences in inner-outer subregion density for the + EC, — EC, and — ECgg groups (Fig.

3.3D).

Nearest-neighbors analysis revealed greater clustering in the + EC group (6.36 = 0.51
neighbors) relative to + ECr (3.95 £ 0.49 neighbors) and — ECg (3.06 + 0.31 neighbors)
groups (Fig. 3.5E). The — EC group (5.59 + 0.55 neighbors) was significant only com-
pared with — ECg (p = 0.306 relative to + ECg). — ECgg (5.44 = 0.78 neighbors) did not
reach significance relative to + ECg (p = 0.600) but was almost significant when compared
with — ECr (p = 0.063), suggesting a possible contribution of short-term factor release to
clustering in depleted factor conditions. Clustering in the IF outer regions dropped signifi-
cantly for + EC (3.06 + 0.42 neighbors), — EC (2.99 + 0.33 neighbors), and — ECrg (2.92 +
0.50 neighbors) groups, and by comparison, only decreased appreciably between the RM
subregions for the + EC (5.13 + 2.69 neighbors to 2.69 + 0.27 neighbors) and — EC (4.74
+ 2.68 neighbors to 2.68 + 0.29 neighbors) groups (Fig. 3.5F). In quantifying numbers of
cells without neighbors in the 20 um search radius, we found significant increases in the IF
region between — ECr and both + EC and — EC, but not + ECg (p = 0.183) or — ECgg (p
=0.205) groups (Suppl. Fig. [A.6D). We additionally examined nuclear orientation of seg-
mented particles within the inner and outer regions of each group (Suppl. Fig. [A.6E.i-v).
Histogram plots showed a relatively flat distribution of cell angles, although the RF EGM-2

groups appeared to have greater variability in distribution at extreme angles.
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These results show that engineered vessels and growth factor conditions drive differ-
ences in regional and sub-regional nuclear density and clustering. Growth factors had a
dominant effect on these parameters when presented in media with engineered vessels or
if factor release was controlled, whereas engineered vessels in RF EGM-2 were unable
to significantly improve outgrowth. Release of growth factors improved outgrowth density
and clustering in a manner comparable to groups in EGM-2 media without endothelial cells
and was most pronounced in the IF region, indicating regional differences in the microen-

vironment closer to the construct.

3.4.6 Network morphology shows cohesive structures with locally re-
leased growth factors or endothelial cells in a growth factor-rich

environment

Lastly, we sought to quantify population-level network formation in the heterocellular
outgrowth as it is a vital component of preinosculative migration. Histological staining
with isolectin B4 (IB4) confirmed the presence of outgrowing endothelial cells but did not
quite capture all outgrowing cells (Suppl. Fig. [A.7A). In contrast, staining for the inter-
mediate filament protein vimentin (present in a variety of cell types including endothelial
cells [39]], pericytes [40], and smooth muscle cells [41} 42]) showed wide expression in
outgrowing cells and was thus chosen for population-level quantification. Vimentin stains
in each defined subregion were analyzed by applying threshold masks to distinguish net-
works and isolated cells based on size (Fig. [3.6A). In comparing our original ROIs and
network masks, we noted differing morphologies that corresponded to either true network-
like structures associated with multiple nuclei, cell-cell adhesions, and tube-like structures
(Fig. 3.6/A, white arrows), or elongated cells that did not appear to robustly interact with
neighboring cells or were overlapping from a different plane (Fig. 3.6A, yellow arrows).

These true networks were most often seen in both EGM-2 groups and comparably in the —
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ECgrg group. The mask of isolated cells additionally captured two distinct cell morpholo-
gies consisting of cells with elongated projections characteristic of mesenchymal cells and
more compact, amoeboid-like morphologies. Isolated cells appeared most frequently in the
+ ECgg and — ECy groups and to a relatively lesser extent in the — ECrg group, although
the masking algorithm erroneously labeled some clusters or overlapping cells as networks.
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Figure 3.6: Vascular histomorphological evaluation in outgrowth regions. (A) Representa-
tive histological stains in the inner interface and remote regions for each group and corre-
sponding isolated cell and network masks (10x magnification). White arrows indicate true
networks and yellow arrows indicate overlapping cells. Cell area as quantified by vimentin
stains in the (B) interface and (C) remote regions. + EC (n=5),-EC (n=7), + ECg (n =
6), — ECgr (n=6), — ECgg (n =5). *: p < 0.05, **: p < 0.01, !: Significance between inner
and outer subregions within that group.

Consequently, in quantifying average vimentin stain area, we found significant increases

in vimentin area in the + EC group at 38.5% + 1.8% compared with 24.0% + 2.9% for — ECg
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in the inner IF region and significantly decreased area between inner and outer subregions
for + EC and — EC groups in both IF and RM regions (Fig. 3.6B, C). Vimentin area for
the — ECrg group (34.2% + 4.4% in IF inner, 21.9% * 2% in IF outer, IF inner-outer p =
0.095) was not quite significant relative to — ECg (p = 0.21) and not different compared
with + EC (p = 0.98). We were also unable to find any significant differences across sub-
regions nor in our regional analysis of single-cell and network masks (Suppl. Fig. [A.§A-
D) due to the multi-layered outgrowth observed and confirmed with high-magnification
Z-stacks showing a distinct and dense primary layer of extended and networked cells, and

additional upper layers of sparsely populated and increasingly compact and noninteractive

cells (Suppl. Fig. [A.8E).

Together, these results show that vascular outgrowth is multilayered and heterocellular
in nature. Network formation is most significantly impacted by paracrine signaling from
engineered vessels in medium containing angiogenic factors, and removal of these cues
impacts robust network interactions. Growth factors alone, whether solubilized in media
or presented via localized release from the hydrogel, are similarly able to initiate early
endothelial cell morphogenesis and develop a comparable amount of cohesive network
formation despite the lack of endothelialized channels in the latter case. This suggests
the importance of timely presentation of chemical factors and paracrine signaling from
engineered vessels for preinosculative network formation, stromal cell recruitment, and

chemotaxis toward engineered constructs.

3.5 Discussion

Inosculation is a crucial process in establishing blood flow to implanted, engineered
tissues containing prepatterned vasculature, and thus it is imperative to understand how en-

gineered tissues influence host-derived pro-inosculative migration and cell recruitment in a
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complex but controlled, heterocellular environment. In this study, we utilized our novel co-
culture platform between heterocellular aortic rings and engineered constructs (Fig. [3.1))
containing patterned, arteriole-scale engineered vessels (Fig. [3.2) to investigate factors
beneficial for preinosculative outgrowth. Migration distance was regionally biased by engi-
neered vessels and growth factors whether in the culture medium or locally released (Figs.
3.3 and 3.4), and both tissue-engineered approaches also improved cellular density and
clustering (Fig. [3.5). Combined endothelial cell signaling and culture medium containing
angiogenic factors best improved network formation relative to control, with growth factor
release inducing comparable network formation (Fig. 3.6). Our novel in vitro co-culture
platform demonstrates that preinosculative outgrowth can be spatiotemporally directed by
appropriate and timely presentation of cellular or chemical cues to facilitate equivalently
effective early vascular morphogenesis and chemotactic sprouting toward engineered vas-

culature.

Selection of an assay or system for evaluating angiogenesis and vascular morphogenesis
is an important design choice based on the desired outcome and downstream goals. In vitro
assays [27]] such as the two-dimensional (2D) network formation assay or Boyden chamber
can provide a highly simplified approach to characterizing basic angiogenic phenomena,
and organ-on-chip systems can provide more sophisticated methods of fabricating tightly
controlled systems to study specific mechanisms such as capillary perfusion [43] and in-
terstitial flow [19]. However, these are not inherently translational systems designed to
accommodate large engineered tissues, can be limited to shorter duration studies, and typi-
cally do not involve complex, dynamic, heterocellular environments. In vivo assays such as
the arterio-venous (AV) loop [44] and dorsal skinfold chamber [45] 46| provide opportuni-
ties for studying vascularization at the arteriole and capillary scales, respectively, and can
be relatively controlled in comparison to subcutaneous or organ-specific implantation sites
due to the isolated chambers in which an implanted tissue is cultured. However, size and

throughput are limiting factors for assessing preinosculative vascular dynamics, and they
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do not provide the same design flexibility of the aortic ring assay. Other assays using animal
derived tissues such as the chicken chorioallantoic membrane [29] or murine/leporine retina
[30] assays can also provide a complex, heterocellular pro-angiogenic site with which to
evaluate a therapeutic, with the latter being similar in nature to the aortic ring assay. How-
ever, the former assay utilizes an actively developing, multi-organ, and nonmammalian

tissue.

Thus, we selected the aortic ring assay as an appropriately complex, mammalian, medium
throughput for the goals of the study. Previous literature has utilized the aortic ring in a
co-culture environment, with the inferior vena cava of rodents to study AV anastomosis
[47] and co-culture with human plaques to examine atherosclerotic-induced angiogenesis
[48]. To the best of our knowledge, this study is the first to examine aortic ring co-culture
with vascularized engineered constructs in a translationally relevant platform to investigate
preinosculative host-implant vascular growth. In our study, we focused primarily on per-
tinent chemical and cellular cues driven by engineered construct composition, and their
effect on surrogate host vascular morphogenesis and chemotaxis using robust quantitative

tools.

The diameter of engineered vessels in our constructs was informed by published liter-
ature showing an inability of patterned microvessels < 200 um diameter to maintain ge-
ometry and perfusion after implantation, whereas larger vessel diameters promoted greater
perfusion. Redd et al. demonstrated rapid vascularization and perfusion of cardiac patches
with microfabricated 150 um diameter vessels implanted on the relatively avascular postin-
farct rat heart but were unable to confirm the maintenance of original channel geometry [9],
whereas Baranski et al. successfully maintained the geometry of patterned, 75 um diame-
ter endothelial cords for 14 days and were perfused in as little as 3 days after implantation
on the parametrial fat pad of athymic mice [[11]. Debbi et al. recently reported improved

inosculation, perfusion, and vessel coverage of subcutaneously implanted patches with self-
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assembled capillaries and 350 um patterned vessels when compared with those with only
microvasculature, but reported finding perfused vessels no larger than 50 um at explant
[28]. These findings indicate that implant location, host tissue state, and remodeling play
important roles in the maintenance of patterned vessel geometries. Further, Mirabella et al.
showed that patterned 400 um vessels were better able to direct collateralization and rescue
perfusion in an ischemic hind limb model compared with 200 um channels [15], suggest-
ing that patterned vessel diameter is a key consideration for developing vessel-patterning
therapeutics and enabling oxygen and nutrient transfer to ischemic regions. Our wet spin-
ning parameters were consequently optimized to create alginate fibers and thus channels
with an initial diameter of 450 um before compaction by resident HUVECs. The vessels
were patterned in collagen gels with dimensions suitable for future in vivo subcutaneous or
epicardial implantation studies in rodents [[17]], as well as appropriately sized for co-culture

with aortic rings.

The engineered vessels exhibited sprouting into the construct gel in EGM-2 medium,
often in localized regions and forming complex vascular plexuses. We hypothesize that
nonuniform concave pockets in alginate fibers due to rapid cross-linking kinetics [49]] and
swelling could result in channel wall concavities, causing heterogenous HUVEC seeding
and thus plexus formation. Conversely, uniform fibers would allow homogenous seeding
and correspondingly less sprouting into the bulk. Sprout regression followed to varying de-
grees, as was expected in vessel sprouts with no pericytes or other supportive stromal cells
[SO]. The contrasting engineered vessel phenotypes observed could differentially bridge a
host-implant vascular gap via a bottom-up approach of angiogenic sprout inosculation or
a hierarchical top-down style of inosculation with a quiescent vessel. Studies, including
Redd et al. [9]] and Debbi et al. [28], suggest there are benefits to this multi-scaled ap-
proach to implant vascularization, and our platform provides an adequately complex foun-
dation from which host-implant vascular interactions and preinosculative migration can be

pursued without many of the complications or considerations of in vivo experiments [27,

153



3.5. Discussion 154

32, 51]].

Two growth factors, VEGF and bFGF, are secreted by endothelial cells and vascular
stromal cells and are primary drivers of angiogenic outgrowth, necessitating careful con-
sideration of their presence (or absence) in our study. Angiogenesis is mediated by Notch
signaling upstream of VEGF activation via DII-4 and molecularly linked Wnt signaling to
enable tip cell specification and consequent stalk cell specification of surrounding endothe-
lial cells [52} 53]. This enables new sprouts to form from activated endothelial cells and
undergo chemotaxis along pro-angiogenic growth factor gradients and has been demon-
strated in aortic rings [32, 48]. bFGF is shown to participate in angiogenesis via multiple
downstream signaling cascades, including PI3K, Ras, and Src pathways [54]]. Other angio-
genic signaling molecules may also initiate and modulate vascular responses, such as an-
giopoietins, which can induce inflammatory-mediated angiogenic remodeling via the TEK
pathway to generate new sprouts and recruit mural cells for stabilization [20, |55]]. These
angiogenesis pathways are highly relevant during inosculation wherein separate vascular
sprouts migrate toward each other and anastomose to form a cohesive network. However,
it is not clear what pathways facilitate the recognition process preceding migration, or
whether paracrine and autocrine regulatory mechanisms differentiate between independent
sprouting and inosculation processes in endothelial cells, which are questions that further

studies could address.

The vascular outgrowth we observed was modulated by engineered vessels and presen-
tation of growth factors, suggesting that these cues heightened growth factor gradients to
drive preinosculative directional migration. In contrast, the reduced factor culture medium
composition (no exogenous VEGF and bFGF) may be more akin to an in vivo microen-
vironment with regards to readily available growth factors, likely compromising the pro-
liferative, migrative, and tubulogenic capacity of outgrowing cells as well as the ability

of engineered vessels to engage in paracrine signaling and appreciably affect outgrowth
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[56, I57]. Nuclear analysis in our study confirmed deficits in cellular outgrowth density
and clustering with RF EGM-2 medium for the + ECr and — ECgr groups when compared
with the growth factor-containing EGM-2 counterparts. Further studies could elucidate
specific mechanisms through histological staining of intracellular proteins [36] and analy-
sis of media with protein detection kits to refine our understanding of the angiogenic and
preinosculative signaling between engineered vessels and the vascular outgrowth popula-
tion. In contrast, nonendothelialized channels were similarly unable to stimulate a similar
level of outgrowth over the 7 days. Literature showed that channels lacking endothelial
monolayers do not inosculate with the host in vivo [15]], though they may play a role in fa-
cilitating heterocellular ingrowth after migration to the construct [58|] and could be pursued

in future studies using our platform.

Owing to the short half-life of soluble growth factors both in vitro and in vivo, con-
trolled release from a biomaterial is a common method of presenting multiple angiogenic
stimuli simultaneously [[17] or delayed [59] to mimic chemotactic gradients and direct vas-
cularization [[6]. We explored the efficacy of growth factor signaling in the absence of
endothelialized vessels by loading 10 ng/mL. VEGF and bFGF into construct gels cultured
in RF EGM-2 and examining the vascular outgrowth response. This concentration was
chosen based on our previously published work [37], and it is low or on par with reported
literature on the aortic ring assay (10-50 ng/mL) [32, 48, |60] and other tissue engineering

literature (10-100+ ng/mL) [6, 12,59, 61].

Increased — ECgg outgrowth as early as day 2 relative to — ECg kept pace with + EC
outgrowth up to day 7, suggesting an equivalently strong and sustained migratory stimulus
despite burst release of factor from the constructs [62] and washout from medium exchange
on days 3 and 6. Nuclear density and clustering with growth factor release were compara-
ble to the + EC group, and we found no significant differences in — ECrg vimentin-based

network formation relative to the negative control or + EC but observed similarly cohesive
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morphologies to the latter group. These data suggest that local growth factor release is
effective in inducing early and somewhat sustained network-like vascular outgrowth on par
with EC-optimized medium containing VEGF and bFGF. Proper combinatorial orchestra-
tion of angiogenic factors may effectively instruct chemotactic vascular outgrowth and, in
the case of in vivo implementation, host inosculation, thus enabling blood flow throughout
the bulk of the implant. In translational implementation, there are important tradeoffs to
consider in pursuing either localized growth factor release or 3D endothelialized, patterned
engineered vessels. Growth factors typically benefit from facile implementation and re-
duced regulatory burdens but are finite in reserve, whereas patterned, cellularized channels
require greater biological engineering to provide an appropriate environment for survival
but can persist longer to instruct host vascularization for inosculation. Practical implemen-
tation in studies of inosculation necessitate patterned vessels, so future studies could pursue
combinatorial implementation of growth factor release from tissues with patterned vessels

to provide synergistic benefits in revascularization.

Heterocellular interactions are essential for matrix remodeling and vessel stabilization
to vascularize tissues, and histomorphological evaluation of vimentin-positive stromal cells
tagged almost all outgrowing cells (verified by nuclear co-staining) and enabled population-
level analysis inclusive of the heterocellular population. In addition to the prominent role
of endothelial cells (commonly stained using CD31, IB4) (Suppl. Fig. [A.6), other cells
that support angiogenesis and vascular bed stabilization include pericytes (often labeled by
a-SMA, NG-2), smooth muscle cells (a-SMA, SM22), fibroblasts (many possible overlap-
ping markers), and, to a lesser extent, macrophages (CD-45) and dendritic cells (CD-54)
[27, 32, 34]. These cell types are present in aortic rings and engage in complex paracrine
signaling pathways between endothelial, stromal, and inflammatory cells [|63]] that poten-
tially provide a more physiologically relevant setting for evaluating angiogenesis, but also
additional difficulty in data interpretation [6, |34]]. Fibroblasts have been shown to be bene-

ficial in supporting the development of functional vasculature [22]], even if only transiently
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present [64]. VEGF and bFGF additionally act on vascular stromal cell types in a variety
of ways (e.g., stimulating smooth muscle migration [65]], proliferation and remodeling in
fibroblasts [66], and inhibiting pericyte vessel stabilization [67]). IGF and EGF are other
growth factors present in media compositions and angiogenesis in vivo that facilitate en-

dothelial cell growth and tubulogenesis [36].

We observed qualitatively more cohesive network morphologies in the + EC and — ECgrg
groups that could be due to greater network formation between endothelial cells and/or re-
cruitment of pericytes or other stromal cells to stabilize new networks and prevent regres-
sion. Additional immunohistochemical staining could better elucidate the causes of net-
work differences and identify specific supportive cell types recruited to aortic ring-derived
neovessels. Our platform presents a unique foundation to better perturb these complex
paracrine signaling interactions in angiogenesis [[63]], as they relate to host vascular migra-
tion toward inosculation with prepatterned vessels to advance translationally focused tissue

engineering.

The versatility of our PDMS mold-based platform allows controlled examination of a
broad array of parameters relevant to engineered tissue design, angiogenesis, and com-
plex paracrine and host-implant signaling interactions with aortic rings. Perturbations may
include physical cues such as perfusion, distance between and relative orientation of en-
gineered vessels and aortic rings, channel diameter, and gel composition and cellular in-
teractions such as doping in stromal populations into engineered constructs. Further, our
platform and the provided analysis tools are adaptable to specific soft tissue engineering
applications without the need for significant redesign (e.g., cardiac [37], skin [28]], or pan-
creatic [5} 68] tissue engineering) by mixing appropriate organ-specific cell types into the
collagen-casting mix and seeding in molds with a desired channel geometry, or by placing

a prefabricated cellularized scaffold in the construct region.

The platform is also compatible with other prevascularization systems such as self-
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assembled capillaries (8|, 22] and patterned cords [10, 11], although our sacrificial tem-
plating process provides an additional layer of customization by arranging alginate fibers
in different orientations or casting/3D bioprinting alginate in premade templates to create
more complex 3D vascular structures [2, 28]. This provides additional benefits relative
to 2D angiogenesis assays, endothelial cell monolayers seeded on 3D gels that are often
utilized in microfluidic/organ-on-a-chip systems, or EC-coated beads embedded in 3D gels
[27]. These systems are often highly specialized to focus study on specific mechanisms of
vascular biology, such as barrier function [69]] and flow dynamics [19], but can result in lim-
ited flexibility with regards to cell—cell interactions and thus signaling, macro-morphology
[26], appropriate substrates and stiffnesses [24], or otherwise be unsuitable for direct com-

parison to an implantable therapeutic at preclinical scales [[70]].

The platform that we designed and used in this study has limitations due to adoption of
the aortic ring assay itself. As with any animal-based study, there is an inherent hetero-
geneity between animals, including factors controlled for in study design (e.g., animal age,
location of aortic sections, intima damage during preparation [27]). The larger volume and
intermittent exchange of media necessary to accommodate larger engineered tissues in our
platform can dilute paracrine signaling from both rings and engineered vessels [63} [71].
A broader translational limitation of the platform is its inability to fully predict the host
inflammatory response, which plays a key role in stimulating angiogenesis and remodeling
during wound healing [72]. Further, longer term ( > 14 days) assessment of aortic rings is
typically not possible as they begin to shift into a regressive state in which sprouts begin to
recede and undergo apoptosis. Importantly, there is a lack of perfusion through the aortic
rings, which in vivo would induce mechanotransductive and mechanochemical signaling to
affect endothelial cell outgrowth [73]]. However, our platform allows for perfusion of engi-
neered vessels, providing additional versatility that may elucidate flow-driven mechanisms

of pro-angiogenic vascular signaling between host and implanted tissue.
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3.6 Conclusion

In summary, our novel platform uses the aortic ring assay in co-culture with engineered
constructs in a complex, defined environment to investigate preinosculative vascular cell
outgrowth with greater ability to control environmental signals as compared with in vivo
studies. Using robust, open-source quantitative tools, we report for the first time that both
endothelial cell-lined vessels and local growth factor release comparably promote early
chemotaxis from surrogate host heterocellular host vascular populations, which is less pro-
nounced with nonendothelialized channels, media lacking key angiogenic growth factors,
or both. Our platform provides a flexible foundation for perturbing effectors of preinoscu-
lative heterotypic vascular outgrowth and evaluating host-instructive vascularization cues

from engineered therapeutics for regenerative medicine applications.
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Chapter 4

Patterned arteriole-scale vessels enhance
engraftment, perfusion, and maturation
of engineered human myocardium for

heart regeneration

4.1 Abstract

Despite therapeutic advances in cardiovascular health, there are patients who, after sur-
viving a myocardial infarction (MI), are refractory to treatment options and progress into
chronic heart failure (HF). Current research in heart regeneration using stem cell-derived
cardiomyocytes (CMs) is accelerating as seen in large animal and human clinical trials;
however, delivery of CMs by intramuscular injection or epicardially-implanted engineered
cardiac tissues often fail to consider the need for a robust oxygen supply to ensure the en-
graftment and survival of cells in the harsh environment of the infarct. To this end, we

have developed a remuscularization-revascularization therapy to regenerate the heart post-
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MI that is evaluated in a rodent model of ischemia-reperfusion myocardial infarction. Our
work details the differentiation, expansion, and maturation of human induced pluripotent
stem cell-derived cardiomyocytes (hiPSC-CMs) using a multi-stage biphasic Wnt mod-
ulation protocol. Vascularized engineered human myocardial tissues (VEHMs) are then
formed by mixing hiPSC-CMs and 5% human primary cardiac fibroblasts into a collagen-
1 hydrogel. Sacrificial gelatin-alginate fibers coated with endothelial cells are embedded in
cardiac tissues to pattern patent, arteriole-scale channels 400 um in diameter. vVEHMs are
cultured under dynamic perfusion conditions prior to implantation for two weeks to study
inosculation, revascularization, and remuscularization of the heart. Ex vivo optical coher-
ence tomography reveals less tortuous vascular organization in perfused vEHMs relative
to non-perfused VEHMs, and microCT-based 3D vascular reconstructions show improved
presence of large vessels (>50 um) in VEHMs perfused in vitro. Immunohistochemical
staining shows improved engraftment of hiPSC-CMs in the presence of patterned, perfused
vasculature and inosculation with host vasculature. RNA sequencing further reveals upreg-
ulation of genes related to cardiac contractility and electrophysiology in perfused vVEHMs
relative to control. Our remuscularization-revascularization therapy, featuring innovative
approaches to study host-implant vascular inosculation and vascular remodeling, provides
building blocks to enhance VEHM engraftment, perfusion, and thus maturation for future

applications as a regenerative therapy.

4.2 Introduction

Myocardial infarction (MI) causes an interruption of vascular flow to downstream mus-
cle, resulting is ischemia and necrosis of the tissue. Approaches in regenerative medicine to
implant human induced pluripotent stem cell-derived cardiomyocytes (hiPSC-CMs) seek
to repopulate the infarct zone with functional tissue that can reinforce the scar-laden ventri-

cle, electrically couple with host myocardium, augment contractile function, and ultimately

172



4.2. Introduction 173

prevent further muscle deterioration and end-stage heart failure [[1]. However, a robust vas-
cular supply is needed to ensure proper engraftment and survival of implanted cardiomy-
ocytes, particularly in the case of epicardial patch-based approaches where highly dense
tissues are initially sequestered from the host vasculature [2]]. Therefore, there is a great
need to develop strategies to encourage rapid perfusion of implanted engineered cardiac

tissues after implantation.

Strategies to prevascularize cardiac tissues in vitro aim to provide conduits for rapid per-
fusion after implantation [3]]. As opposed to in situ methods which necessitate host vascu-
lature to grow into and perfuse an implant [2, 4], in vitro prevascularization provides a high
degree of control over engineered cardiac tissue design, intentional vascular development
[3], and may function to improve in vivo engraftment of muscle [S]. Common methods in-
clude co-culture of vascular units (e.g., endothelial cells [6] or isolated microvessels [7] to
establish homogeneously distributed microvasculature, or patterning vessels across larger
scales for top-down vascular integration by way of microfabrication techniques such as 3D
printing [8H10] and pattern templating [[11-13]. This host-driven vascular integration is
termed inosculation, or the natural connection and perfusion of disparate vascular beds in

vivo [14].

Evaluating the effectiveness of such vascularization techniques has historically relied
on the gold standard of static 2D histological analysis, but newer methodologies show
promise in providing greater insight into vascular remodeling in the infarcted heart [3].
Techniques including microtomography (microCT)-assisted reconstructions [15} [16], Op-
tical Coherence Tomography (OCT) imaging [11, 12, |17]], and fluorescence imaging [18)
19] can enable vascular visualization down to the capillary scale and flow mapping. Con-
tinued development of such techniques are invaluable in determining appropriate designs

for prevascularizing engineered cardiac tissues in vitro.

Another key point of concern of hiPSC-based cardiac therapies is the relative immatu-
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rity of the CMs directly after differentiation [20-22]]. Many groups seek to use mechanical
[23]24], electrical [25]], or media-based/molecular [26-28|] methods to mature the fetal-like
contractile apparatus, gene expression, electrophysiology, and metabolism of differentiated
hiPSC-CMs. Recent work suggests that cardiomyocytes can also mature in vivo [29-31]]
hypothesized to be induced by paracrine signaling from adjacent healthy myocardium. Ex-
amination of the relationship between cardiomyocyte maturation and engraftment is ongo-
ing, with studies suggesting that 20-40 days of in vitro maturation is beneficial for improv-
ing engraftment, though still morphologically immature comparison to true adult CMs [22,

29].

To date, no group has examined the effect of large-scale vascular patterning and perfu-
sion on cardiomyocyte engraftment and maturation in vivo. We hypothesized that establish-
ment of engineered cardiac tissues consisting of robustly perfused implanted hiPSC-CM
tissue by way of prevascularization using arteriole-scale vessels would facilitate greater
patch engraftment and functional maturation. Here, we report the formation of engineered
human myocardium (EHM) containing perfused arteriole-scale vessels and demonstrate
their robust engraft onto infarcted myocardium, improved perfusion, and maturation of

engrafted hiPSC-CMs.

4.3 Materials & methods

4.3.1 hiPSC maintenance

The WTC-11 GCaMP hiPSC line used in all experiments was gifted from Dr. Bruce
Conklin (Gladstone Institute, UCSF). WTC-11s were maintained on 10 cm? dishes coated
with 5 pg/mL vitronectin (Thermo Fisher) in a cell culture incubator (37 °C, 5% CO,).

WTC-11s were maintained in Essential 8 (E8) medium (Gibco) and passaged every 4-
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5 days at 80% confluency with versene (0.5 M EDTA (Fisher) and 1.1 mM D-glucose
(MilliporeSigma) in DPBS without calcium and magnesium (Gibco)) onto new vitronectin-

coated plates.
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Figure 4.1: Overview of hiPSC-CM differentiation, vVEHM formation, and in vivo implan-
tation. (A) Differentiation timeline of hiPSCs into (B) ventricular CMs using multi-stage
biphasic Wnt modulation. (C) Differentiation purity is evaluated using flow cytometry
staining for cardiac troponin T (¢TnT). (D, E) PDMS-based replica molding system for
embedding biomaterials and forming VEHMs. (F) Overview of timeline for in vivo im-
plantation of EHMs in a rodent model of ischemia-reperfusion myocardial infarction.

4.3.2 hiPSC-CM differentiation, expansion, and lactate selection

Directed differentiation of hiPSCs into cardiomyocytes (Fig. 4.1A). was achieved via

multi-stage biphasic modulation of the Wnt signaling pathway in defined conditions [32-
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35]]. Briefly, hiPSCs were replated on Matrigel-coated (Corning) 24 well plates in E8 with
10 uM Y-27632 (Rock Inhibitor, RI; Tocris) at a density of 40,000-70,000 cells/cm?. The
next day (DO0), hiPSCs were treated with 4-5 uM CHIR 99021 (Chiron; Tocris) in CDM3
media [33]] for 24 hours. On day 3 (72 hours after Chiron treatment) cells were treated with
5 uM IWP2 (Tocris) for 2 days, then fed CDM3 every other day until beating commenced
(day 8-12).

On day 9, hiPSC-CMs were fed RPMI 1640 with B27 supplement (RPMI B27; Gibco)
for two days, then on day 11 harvested with TrypLE Select 10x (Gibco) and re-plated on
Matrigel-coated 15 cm? plates at 25,000 cells/cm? in RPMI B27 containing 2 uM Chiron
and 10 uM RI to encourage cardiomyocyte expansion [35]. hiPSC-CMs were fed fresh
RPMI B27 with 2 uM Chiron every 2 days until 90% confluent (4-6 days). Cells were then
washed with DPBS and fed DMEM - glucose (Gibco) containing 4 mM sodium lactate
(MilliporeSigma) every other day for 4 days to remove non-cardiomyocytes from culture
[26]], followed by two days of treatment with 4 pM XAV939 (Tocris) in RPMI B27 to
encourage cell cycle exit of hiPSC-CMs [29]]. Expanded, purified hiPSC-CMs (Fig. 4.1B)
were then maintained in RPMI B27 containing 100 pg/mL penicillin-streptomycin (pen-
strep; MilliporeSigma) and used between days 30-40 of differentiation for all downstream
experiments. The average purity of hiPSC-CMs used for in vitro and in vivo experiments

was 94.0% and 85.05%, respectively, by flow cytometry staining for cardiac troponin T

(cTnT; Fig. 4.1C).

4.3.3 Cardiac fibroblast maintenance

Human primary cardiac fibroblasts (hCFs; MilliporeSigma) were maintained on 15 cm?
culture dishes in hCF media consisting of DMEM\F-12, 10% fetal bovine serum (FBS;
Gibco), 4 ng/mL bFGF (Stemgent), and 100 ug/mL pen-strep. hCFs were passaged every
4-5 days at 80% confluency using 0.05% trypsin (Gibco) in versene and frozen back in hCF
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media with 10% dimethylsiloxane (DMSO; Fisher). All experiments used hCFs directly

from thaw between passages 3-6.

4.3.4 Endothelial cell maintenance

Human umbilical vein endothelial cells (ECs; Lonza) were maintained on 0.1% gelatin-
coated (MilliporeSigma) 15 cm? culture dishes in EGM-2 Media (Lonza). HUVECs were
passaged every 4-5 days at 80% confluency using 0.05% trypsin diluted in versene, and
frozen back in EGM-2 with 10% DMSO. All experiments used HUVECs between passages
3-7.

4.3.5 Cellular viability, proliferation, and morphological assays

EC and hiPSC-CM viability was assessed by plating cells on 0.1% gelatin-coated or
MG-coated 6 well plates, respectively, and feeding with either control media (EGM-2 for
ECs; 0/100, or RPMI B27 for hiPSC-CMs; 100/0), or mixed media consisting of either
70% RPMI B27 and 30% EGM-2 (70/30) or 50% RPMI B27 and 50% EGM-2 (50/50).
100 pg/mL pen-strep was additionally added to all medias. Daily images were taken to
assess the number of live and dead cells in 5 separate microscope fields per condition.
The morphology and structure of hiPSC-CMs was assessed with immunohistochemical

staining.

4.3.6 Mechanical characterization of EHMs

Culture molds were fabricated using a replica molding technique [36, [37]]. Briefly,
vector-based designs were created in Adobe Illustrator (Adobe Inc., San Jose, CA) with a9

mm x 3 mm culture area, and laser-cut into a 1/4-inch acrylic sheet using a Universal Laser
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Systems 6.75 Laser Cutter (ULS) at the Brown Design Workshop (Brown University). Syl-
gard 184 (Dow) was cast into the acrylic templates and cured overnight at 60 °C. The cured
PDMS molds were then removed from the acrylic negative and sterilized in an autoclave at
121 °C for 30 minutes. hiPSC-CMs were harvested between 30-40 days of differentiation
and resuspended at a density of 1.5x10 cells/mL and mixed with 5% hCFs (from thaw) by
number and rat tail-derived collagen-1 (final concentration 1 mg/mL; Advanced BioMa-
trix). The suspension was cast into each trough of the PDMS mold and allowed to set for
30 minutes at 37 °C before feeding with either 100/0, 70/30, or 50/50 media. EHMs were
cultured for 1 week and paced at 1 Hz using a C-Pace EM Stimulator (IonOptix, Westwood,
MA). Mechanical testing was performed as previously described [38]]. Briefly, EHMs were
mounted between a 5 mN load cell (Aurora Scientific) and a high-speed length controller
in a temperature-controlled bath of Tyrodes solution. Tissues were stretched in 5% length
step increments to 130% of L, and resulting force generation at each step was measured
under a 1 Hz field stimulus. Tissues were then electrically paced from 1 Hz to 4 Hz in 0.5
Hz increments to determine maximum capture rate before returning length to L. Tissues
were then immediately fixed for downstream immunohistochemistry. Passive stiffness and

active force kinetics were measured using a custom MATLAB (Mathworks Inc.) code.

4.3.7 Gelatin-alginate fiber wetspinning

Wetspinning of sacrificial fibers was adapted from a previous publication [39]]. Briefly,
a 1% w/w sodium alginate (Millipore Sigma) was prepared in DI water and loaded into a
5 mL syringe fitted with a 30G hypodermic needle. Crosslinking solution was separately
made by dissolving 100 mM calcium chloride (Acros) and 2.5% w/w gelatin (Millipore
Sigma) in DI water. Alginate was extruded into the crosslinking bath via a syringe pump at
arate of 50 uL/sec, and the resulting cross-linked gelatin-alginate (GA) alginate fibers were

collected on a mandrel. Wetspun fibers were sprayed briefly with 70% ethanol to disinfect
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and stored in a biosafety cabinet. GA fiber diameter was measured using ImageJ. Node
measurements were determined by counting the number of nodes that appeared normalized

over the length of the coated fiber.

4.3.8 Collagen microfiber wetspinning

Collagen microfiber wetspinning was adapted as previously described [40] to create
bundled collagen microfibers. Briefly, 13 mg/mL collagen-1 isolated from rat tails was
extruded using a syringe pump through a spinneret and ensheathed in a coaxial flow of a
polyethylene glycol-based neutralization buffer to form collagen microfibers. The formed
microfibers were then washed in a bath of 70% ethanol and collected on a mandrel to
dry. Microfiber bundles were formed by wrapping collagen microfibers around the same
location on the mandrel 4 times and briefly rewetting the fibers with 70% ethanol to form

robust bundles. Microfiber bundle diameter was measured using Image].

4.3.9 EHM fabrication for in vivo studies

PDMS molds were fabricated to create larger 10 mm x 12 mm EHM for implantation
studies and prepared as described above. In the biosafety cabinet, GA fibers and collagen
microfibers were aseptically embedded in autoclaved PDMS molds [39] using a 25G needle
to form an array pattern of GA fibers through the center of the tissue with a set of collagen
microfibers along the longitudinal edges of the mold (Fig. @.ID). The molds were then
adhered to the bottom of untreated 6 well plates with silicone adhesive (Dow). A casting
mix of hiPSC-CMs (1.5x107 cells/mL), 5% hCFs and collagen-1 was prepared as described
above with volumes scaled to accommodate the larger culture molds and kept on ice. Con-
comitantly, HUVECs were thawed, resuspended at a density of 2.5x107 cells/mL in a coat-

ing solution of EGM-2, 1% w/w gelatin, 0.25% w/w alginate, and 1 mg/mL collagen-1, and
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carefully pipetted onto the GA fibers to coat the surface. The casting mix of hiPSC-CMs,
hCFs, and collagen-1 was then seeded into the PDMS mold around the fibers and allowed
to gel for 30 minutes at 37 °C to form vascularized EHMS (VEHMS; Fig. 4.1E). vVEHMs
were maintained in 50/50 media and paced at 1 Hz under field stimulation. Control EHMs
were fabricated following the same procedure except the coating solution was devoid of

HUVEC:s.

4.3.10 GA fiber un-crosslinking and perfusion culture

After tissue formation overnight, GA fibers embedded in EHMs were un-crosslinked by
a 3 hour incubation in un-crosslinking media, consisting of calcium-free DMEM (Gibco),
2 mM GlutaMAX (Gibco), 1.5 mM sodium citrate (Fisher), and 100 ug/mL pen-strep. Un-
crosslinking media was manually perfused through the channels to wash out any leftover

GA and confirm patency, followed by a media change back into EHM media.

Dynamic perfusion culture of patterned vessels in VEHMs was achieved with the use
of a custom-built Arduino-controlled peristaltic pump, enabling independent recirculating
perfusion of up to 3 tissues in vitro at once with. EHM media was directed through a
media reservoir prior to infusion to prevent embolisms and dampen the flow profile to an
average of 7.28 mL/hr. Media was partially exchanged every other day by replacing media
buildup in the well of the plate. Control and non-perfused tissues were not connected to
perfusion devices and fed every other day with EHM media. Design files are free to access
and download at the Harvard Dataverse at https://doi.org/10.7910/DVN/KARO3F. vEHM

compaction and channel diameter were evaluated using ImagelJ.
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4.3.11 Implantation of EHMs on infarcted hearts and explant

All animal procedures were approved by the Institutional Care and Use Committee
(IACUC) at Brown University (20-02-0002). Nude athymic rats (8 weeks, male, 200
g) underwent ischemia-reperfusion MI (Fig. [4.1JF) using protocols published previously
[2,36]. Briefly, rats were anesthetized with 2-3% isoflurane, then induced with 100 mg/kg
ketamine and 90 mg/kg xylazine and placed on a ventilator. A thoracotomy was performed
to expose the heart and the left anterior descending artery was ligated with 4-0 polypropy-
lene suture for 60 minutes to induce ischemic MI, followed by reperfusion by removal of

the suture and closure of the chest.

Three days after MI, EHMs were prepared for implantation by performing a heat shock
protocol [41], consisting of incubation at 42 °C for 1 hour. Animals were additionally given
daily subcutaneous injections of 30 mg/kg cyclosporine-A to mitigate mitochondrial per-
meability transition pore opening starting the day before implantation. The next morning
(four days after MI), EHMs were treated with 100 ng/mL IGF-1 (RD Systems) and 200 nM
cyclosporine-A (MilliporeSigma) one hour prior to the implant procedure. Animals under-
went a second thoracotomy to implant EHMs over the infarcted region of the left ventricle.
Sham animals received sutures but no implants. Echocardiography measurements were
performed under mild sedation using a Vivid 7 Dimension Ultrasound System (GE) with a
pediatric 10 S 4-10 MHz transducer. Longitudinal and short-axis views of the left ventricle
at the mid-papillary level were taken to assess cardiac function before MI (baseline), 3-4
days after M1, and before sacrifice at 14 days. Echocardiography data was additionally
used as exclusion criteria (fractional shortening (FS) < 45%) to ensure consistent MIs with

reduced FS.

At 14 days, hearts were prepared for vascular morphological and reconstructive analysis
[2,15]. Briefly, rats were injected with 750 USP/mL Heparin (Meitheal Pharmaceuticals)

via tail vein injection, then underwent a thoracotomy to expose the heart and aorta. The

181



4.3. Materials & methods 182

superior vena cava and innominate, left common carotid, and left subclavian branches of
the aortic arch were ligated, then the abdominal aorta was cannulated with an 18G catheter
to provide anterograde perfusion access to the cardiac microcirculation via the aortic root.
The cannula was connected to a perfusion system and the inferior vena cava cut to provide
an outlet. Perfusion buffer containing 1 g/L. adenosine (Millipore Sigma) in DPBS was
perfused for 3 minutes to clear blood then briefly perfused with 150 mM potassium chloride
(Fisher) to arrest the heart in diastole. After another 2 minutes of perfusion buffer, 4%
paraformaldehyde (PF; Millipore Sigma) was perfused for 10 minutes to fix the vasculature,
followed by explant of the heart, lungs, and aortic arch which were fixed overnight in 4%

PF.

4.3.12 Optical coherence tomography

In preparation for ex vivo imaging, hearts were re-cannulated at the aortic arch using
a male luer adapter prior to the innominate branch, connected to a perfusion system, and
perfused with 20% Intralipid (Fresenius Kabi) solution at a pressure of 50-60 mmHg for
spectral domain optical coherence tomography imaging (OCT; Thorlabs). OCT acquisition
utilized a large-bandwidth near-infrared (NIR) light source with a 2048-pixel line-scan
camera to achieve 147,000 A-scans/s focused on areas approximately 100-200 um below
the surface of the heart or implant. A 5x objective (3 x 3 mm FOV) or 10x objective (1.5
x 1.5 mm FOV) was used for image acquisition. For each image acquisition, two-four B-
scans were taken at each y position with 20 volumetric scans each. A custom contrast-mask
averaging process was utilized to process raw imaging data and remove visual artifacts
due to movement. Tortuosity measurements were performed by measuring the length of a
vessel initiating and terminating at branch points and normalizing by to the shortest distance

between the start and end.
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4.3.13 Vascular reconstructive analysis and immunohistochemistry

After OCT imaging, hearts were cleared of Intralipid then manually perfused with Mi-
crofil (Flow Tech Inc.) and scanned with a microCT machine (Providence VA Medical
Center) at a voxel size of 50 um. DICOM files were post-processed using SimVascular to
segment out cavities and custom MATLAB code [42] for quantitative analysis and visual-
ization. After scanning, hearts were processed into 2 mm slices, processed into paraffin or
frozen blocks, and sectioned into 14 um slices for immunohistochemical analysis. Infarct
size was visualized and quantified using picrosirius red — fast green stains of heart sections
at mid-papillary level. Sections were treated with primary antibodies overnight at 4 °C
followed by secondary antibodies and nuclear counterstain for 1 hour at room temperature.
Cover slips were mounted using ProLong AntiFade Glass Mountant (Invitrogen). Histo-
logical stains were imaged using an Olympus FV3000 Confocal Microscope or Olympus
FV200 Slide Scanner (Olympus; Leduc Biolmaging Facility, Brown University), and pro-
cessed in Image]J. Primary and secondary antibodies used are provided in Tabled.1] Human
cell density and viable implant size were measured in ImageJ from histological stains of
c¢TnT and Hu-Ku80 and normalized by quantified area. Engraftment was determined by
normalizing density measurements to implant size. MLC2 measurements were determined
in ImageJ by thresholding histological stains of MLC2a and MLC2v and quantifying area.
Sarcomere length was determined in histological stains of cTnT by measuring the length
of between 3-10 sarcomeres in a straight line and diving by the number of encompassed
sarcomeres. Vessel density and diameter were quantified in histological stains of isolectin
B4 and Hu-Ku80 in the remote (healthy), infarct, and implant regions of each heart, and

normalized by imaged area.

183



4.3. Materials & methods

184

Antibody/Fluorophore Dilution Catalog No.; Vendor
Mouse monoclonal anti-o sarcomeric A7811-2ML UL;
.. 1:500 - )
actinin MilliporeSigma
Mouse monoclonal anti-cTnT 1:100 MAS5-12960 UL; Invitrogen
Rabbit monoclonal a'lntl—smooth 1:150 ab150301: Abcam
muscle actin
Mouse monoclonal anti-human 1:100 MO082301-2; Agilent
CD31
Rabbit polyclonal anti-MLC2v 1:100 10906-1-AP; ProteinTech
Mouse monoclonal anti-MLC2a 1:100 311 011; Synaptic Systems
Rabbit polyclonal anti-cTnl 1:150 ab47003; Abcam
. . C6219-100UL;
Rabbit polyclonal anti-Cx43 1:200 MilliporeSigma
Rabbit monoclonal anti-human Ku80 1:150 21805; Cell Slgnahng
Technologies
Bisbenzimide H 33342 B2261-100MG;
. . 1.5 pg/mL o1 .
trihydrochloride (Hoechst) MilliporeSigma
Goat ant1—mousczfgagbb1t Alexa Fluor 1:300 A-1100: A-11008; Invitrogen
Goat ant1-rabb1t/5n912use Alexa Fluor 1:300 A11012; A-11005; Invitrogen
Griffonia simplicifolia isolectin B4 ) )
Dylight 594-labeled 1:200 DL-1207-.5; Vector Labs
Mouse anti-human Ki67 1:50 612472; BD Biosciences

FITC-labeled

Table 4.1: Antibodies for immunohistochemical staining.

4.3.14 Bulk RNA sequencing

A subset of implants were explanted at the 14 day timepoint for immediate RNA isola-

tion using Tri Reagent solution (Invitrogen) followed by on-column processing and wash-

ing using a Reliaprep RNA Miniprep System (Promega). Yield and purity were analyzed

on a Nanodrop ND-1000 UV-Vis Spectrophotometer (Thermo Fisher) prior to shipment for

next generation sequencing (Azenta Life Sciences). RIN score of all samples was verified
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to be above 7.5 before continuing with library preparation and RNA sequencing (RNASeq).

The open-source, web-based platform, Galaxy [43]], was used to perform standard qual-
ity control analysis, trimming, alignment of the RNAseq raw data to appropriate refer-
ence genomes, and generation of count matrices. Sequence quality was assessed through
FASTQC and trimming of the Illumina adaptor sequences was performed with Trimmo-
matic [44]. Sequences were mapped to the human (hg38) and rat (rn6) genome using
HISAT?2, with alignment scores calculated from percentage of aligned reads. Count ma-
trices of gene counts per samples were generated using featureCounts, which was used as
the input to a custom Bioconductor-based R script to filter, assess DE gene expression, and
perform gene ontology (GO) enrichment. Within the R script, initial gene filtering was
achieved using the function koverA in the genefilter package. Filtered genes were used as
the input to the package DESeq?2 to perform size-based normalization and DGE analysis
on the data set. Principal components analysis (PCA), unsupervised clustering, dispersion
modeling and heat mapping of gene expression differences among samples were performed
with the complete filtered gene list as well as the differentially expressed genes (DEGs).
Further, gene ontology (GO) analysis was performed on sets of upregulated or downregu-
lated genes. A false discovery rate (FDR) of < 0.05 was considered statistically significant

for both the DGE and GO analysis.

4.3.15 Data and statistical analysis

RNASeq data was analyed and graphed in RStudio, and all other data was analyzed and
graphed in Prism 8 (GraphPad). Statistics were calculated using one- or two-way ANOVA
as appropriate with Tukey-Kramer post-hoc analysis and p-values < 0.05 considered sta-

tistically significant.
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Figure 4.2: Mixed media culture differentially impacts EC and CM structure and function.
(A, B) EC proliferation and morphology evaluated in mixed media monolayer culture. n =
9 samples per group. (C) Compaction and (D necking of 3D linear EHMs across 7 days of
culture. n = 18-21 samples per group. (E) Mechanical characterization of passive and (F,
G) active force generation of EHMs at 5% stretch increments up to 30% stretch. n = 18-21
samples per group. (H) Histological staining of EHMs using a-sarcomeric actinin (a-SA)
and Connexin-43 (Cx43) following mechanical characterization.
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4.4.1 Media composition influences hiPSC-CM and EC structure and

function

A primary consideration of fabricating complex EHMs is the impact of media on each
primary cell population due to varying levels of ions, growth factors, and other supple-
ments. ECs are primarily maintained in EGM-2, whereas iPSC-CMs are cultured in RPMI
B27, so we sought to evaluate the impacts of mixed media culture on each cell type and
determine an ideal composition. We first examined EC and hiPSC-CM viability in culture
over 5 days in their standard media, 70/30, or 50/50 media (Suppl. Fig. B.I). While we
found no significant differences in hiPSC-CM viability, there was a significant decrease in
day 1 attachment of ECs in 70/30 media relative to control EGM-2, suggesting that media
composition may play a role in EC adherence. In examining EC proliferation rate and mor-
phology (Fig. 4.2]A, B) we noted rapid proliferation in EGM-2 media causing confluence
of the well within 5 days and a characteristic cobblestone morphology. In comparison,
ECs cultured in 50/50 and 70/30 proliferated markedly slower, first reaching significance
at day 3 and 4 relative to control, respectively. While ECs in 50/50 did not reach con-
fluency within 5 days, the cells displayed primarily a cobblestone morphology in denser
areas, with few cells appearing to display a more spread morphology. In contrast, ECs in
the 70/30 medium displayed the poorest proliferative capacity, and the vast majority of cells
displayed irregular, spread morphologies. Additionally, we noted that hiPSC-CMs in 50/50
and 70/30 media conditions demonstrated markedly increased sarcomere development and

hypertrophy relative to hiPSC-CMs in control media (Suppl. Fig. B.1C).

To evaluate the functional consequences of mixed-media compositions on hiPSC-CMs
in 3D culture, we fabricated small (9 x 3 mm) linear EHMs (Fig. @.2C). We noted in-
creased compaction of EHMs in 70/30 media relative to 50/50 media (Suppl. Fig. [B.2A),
and particularly many instances of overcompaction, necking, and failure of the EHMs (Fig.

4.2D). After 7 days of in vitro culture, we performed mechanical analysis on the tissues fol-
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lowed immediately by fixation and histological analysis. Mechanical evaluation of EHMs
showed significantly greater stiffness (Fig. 4.2E) in mixed media culture (20.18 * 4.67
kPa in 70/30, p = 0.0071; and 20.10 £ 4.39 kPa in 50/50, p = 0.0033) relative to control
tissues (4.08 = 0.71 kPa). Active force generation was also significantly different across
groups (Fig. , G), with 70/30 tissues generating greater force (1.37 + .21 mN/mm?, p
= 0.0006;) relative to control tissues (0.16 + 0.04 mN/mm?) at 0% stretch, and both mixed
media groups (2.74 + 0.46 mN/mm? in 70/30, p <0.0001; and 1.73 * 0.27 mN/mm? in
50/50, p <0.0001;) outperforming control tissues (0.40 + 0.1 mN/mm?) at 30% stretch.
We consequently also saw similar significant differences in upstroke velocity (Suppl. Fig.
B.2B), T50 (Suppl. Fig. B.2IC), and T90 (Suppl. Fig. B.2D). Lastly, we performed force-
frequency response analysis and noted that irrespective of condition, all tissues demon-
strated an inverse relationship pacing frequency and force generation (Suppl. Fig. [B.2E
and were able to follow pacing up to 4 Hz (Suppl. Fig. albeit with noticeable alter-
nans [38]]. Lastly, immunohistochemical staining of tissues following mechanics analysis
revealed noticeable improvements in sarcomere development and mild hypertrophy, with

greatest sarcomere density in the 70/30 media group (Fig. 4.2H).

Together, these data suggest that a mixed media composition of EGM-2 and B27 ben-
efits hiPSC-CMs via greater active stress output, but negatively impacted EC viability and
proliferation. Ultimately, we proceeded to utilize the 50/50 media mixture for all further
experiments due to the morphological and proliferative consequences of 70/30 media on
ECs which could compromise proper vessel formation and function, and necking of EHMs

that would cause early tissue failure.

4.4.2 Coating solution enables local delivery of ECs to lumen walls

We modified our previously published alginate fiber wet-spinning technique [3] by in-

corporating 2.5% w/w gelatin into the 100 mM CaCl, crosslinking bath, generating sacrifi-
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Figure 4.3: Formation of patterned vasculature using EC-coated gelatin-alginate fibers. (A,
B) Equilibrium swelling and diameter assessment of gelatin-alginate fibers in mixed media
culture. n =9 per group. (C, D) Solutions composed of gelatin, alginate, and/or collagen
used to evaluate coating smoothness for homogenous EC seeding. n = 3 per group. (E) EC-
coated vessel using gelatin-alginate-collagen solution in whole mount and (F) transverse

sections.

cial alginate fibers ensheathed in gelatin (GA fibers) to provide a surface for ECs to adhere
to. In considering the co-culture application of these fibers, we quantified diameter by in-
cubating the fibers in 100/0, 70/30, and 50/50 media (Fig. [4.3A). Image analysis showed

no statistically significant differences in diameter between alginate and GA fibers at any
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media composition, although there was a pronounced reduction in diameter (425 + 14.27
um in 50/50 media) in response to increased EGM-2 composition in the media (Fig. 4.3B).
The decrease in equilibrium swelling of the fibers is likely due to increased divalent cation
concentration in EGM-2 media, particularly of calcium (~1.6 mM), relative to RPMI B27
(0.42 mM), which results in a higher effective concentration in 70/30 and 50/50 media

compositions.

We next developed a coating solution to specifically seed endothelial cells on the outer
wall of the GA fibers to later form functional vascular structures in EHMs. Alginate fibers
were embedded into the walls of PDMS molds to replicate our final EHM-casting pro-
cedure, and a variety of coating solutions were testing. A hydrogel-based solution was
necessary because the GA fibers are suspended in the air and seeding endothelial cells in
media alone resulted in the cells dripping off the fibers before they adhered. We first tested
a 1 mg/mL collagen seeding solution, however due to the gelation time the coating was un-
even and tended to ball up in areas forming nodes. After further iteration, we found that a
multicomponent coating solution of 1% w/w gelatin, 0.25% w/w alginate, 1 mg/mL colla-
gen enabled facile and even coating along the length of the fiber using a micropipette (Fig.
4.3(C). The inclusion of gelatin was necessary to reliably create a smooth coating surface
and minimize node formation, while a low concentration of alginate provided short-term
crosslinking with residual calcium on the GA fibers prior to longer-term gelation of the
collagen to form a stable gel (Fig. [4.3D). We then tested our optimized coating solution in
vitro by incorporating ECs at a density of 2.5x107 cells/mL in coating solution, applying
the solution to the fibers (approximately 1.25x10> ECs per tissue), and encapsulating the
coated GA fibers in a 2 mg/mL collagen gel. Culture over 5 days resulted in nearly full
circumferential coverage (Fig. 4.3E, F) and conserved patency, demonstrating successful

EC delivery and engineered vessel formation.
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(A) Fabricated EHMs and

vEHMs before and after treatment with un-crosslinking solution. (B) EHMs and vVEHMs
prior to implantation after 5 days of culture. (C, D) P vVEHMs are perfused using a custom
peristaltic pump system. (E, F) Tissue compaction and channel diameter over culture pe-

riod. n = 11-14 per group. (G) Histological evaluation of tissues adjacent to channels and
(H) within the bulk.
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4.4.3 Dynamic perfusion culture of EHMs

In order to develop larger constructs with perfusable vasculature for therapeutic effect
in rodents, we scaled up our fabrication process to create 10 x 12 mm EHMs (prior to com-
paction). The PDMS molds included a thicker wall section on one end to accommodate the
insertion of a stainless steel needle for dynamic perfusion culture of EHMs. GA fibers were
embedded into the walls of the mold to create an array pattern of channels, and bundled
collagen microfibers were embedded on longitudinal ends of the tissue to provide greater
structure to the tissue, improved handleability during implant, and height alignment with

the perfusion needle (Suppl. Fig. [B.3).

To form tissues, GA fibers were coated with ECs (2.5x107 cells/mL; VEHMs) or with-
out ECs (control EHMs) prior to casting a cell-collagen mixture containing hiPSC-CMs
(1.5x10° cells/mL) with 5% primary hCFs and incubated overnight. The next morning, GA
fibers were un-crosslinked to wash out alginate and establish patent vessels (Fig. 4.4A,
B). After chelation, a subset of tissues with endothelialized channels were connected to a
peristaltic pump-based perfusion system (Fig. [4.4/C) for closed loop recirculation of media
and paced under 1 Hz field stimulation. A reservoir system was incorporated to ensure
that sufficient media was present to cover the vVEHM and fill the entire length of tubing.
This reservoir also acted to dampen the natural peristaltic flow of the pump and trap air
bubbles to prevent embolisms. The pump speed was determined by rotational speed of the
connected stepper motors, which was controlled by an Arduino. Peristaltic pump flow was
experimentally measured to 7.28 mL/hr, and average shear stress was calculated to be 3.21

dyne/cm? assuming Poiseuille flow and average channel diameter of 400 um (Fig. ).

During 5 days of in vitro culture, significant remodeling occurred with tissues compact-
ing to about 50% of initial size, with P vVEHMs compacting significantly more (39.08%
+ 1.83%) than control (48.24 % + 1.80%, p = 0.014) or NP (46.89% + 1.76%, p = .038)

vEHMs (Fig. @.4E). Diameter measurements during this time frame showed a transient
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rise in diameter that re-stabilized to approximately 400 um during the culture period, but
otherwise remained similar across groups (Fig. 4.4[F). This was due to the un-crosslinking
treatment of fibers, which first caused swelling of the alginate chains prior to washout due
to calcium chelation. Histological evaluation at 5 days revealed endothelialized vessels in
vEHMs, with elongated hiPSC-CMs primarily located at the edges of tissues and more-

rounded cardiomyocytes located in the bulk of tissues due to a lack of passive tension cues

for alignment (Fig. 4.4G, H).

4.4.4 P vEHMs demonstrate semi-conserved pattern morphology and

improved engraftment

Following in vitro fabrication and characterization of the vEHMs, we next sought to
evaluate their ability to engraft onto infarcted hearts using a rodent model of ischemia-
reperfusion MI. At a time point of two weeks, hearts were harvested and underwent OCT
and microCT imaging prior to sectioning for histological evaluation. During microfil per-
fusion, it was noted that a distinct vessel array reminiscent of the original pattern geometry
was visible in 1 of 3 hearts implanted with P vVEHMs (Fig. [@4.5]A). Further, it was noted
that EHM and NP vEHM implants were distinctly paler in color than P vVEHMs, suggesting

greater intra-implant perfusion in the latter group.

Morphometric analysis of hearts from picrosirius red — fast green stains showed that
each group had similar infarct size and anterior wall thickness excluding implants (Fig.
4.5B-D), though no group showed improvements in heart function via echocardiography
at the 2 week time point (Suppl. Fig. B.4). Implants were clearly visible (Fig. 4.5B, red
dotted lines) and often surrounded by highly vascularized adhesion tissue from the chest
wall (Fig. 4.5B, asterisks). Viable implant size was quantified from immunohistochemical

cardiac stains but no difference was found between groups (EHM: 0.86 + 0.09 mm?, NP
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Figure 4.5: Implants mature in vivo and engraftment is best improved by in vitro perfu-
sion. (A) Explanted hearts after perfusion with radiopaque dye Microfil show differential
coloring of implant. Dotted lines indicate implants. Inset: Vasculature in implant with pre-
served array geometry. (B) Picrosirius red - fast green staining of transverse heart sections
showing anterior free wall with infarct and implant (red dotted lines). Asterisks indicate
adhesion tissue. (C) Quantification of infarct size, (D) anterior wall thickness, and (E) vi-
able implant size. (F, G) Histological evaluation of human cell engraftment with human
Ku80 staining. n = 3-4 animals per group. (H, I) Histological evaluation of graft matura-
tion with atrial (MLC-2a) and ventricular (MLC-2v) myosin-heavy chain isoforms. n = 3-4
per group. (J) Quantification of hiPSC-CM sarcomere length in implants.
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vEHM: 0.97 + 0.29 mm?, P vVEHM: 1.09 #+ 0.24 mm?; Fig. 4.5E). However, implant stain-
ing for human-specific nuclei with Ku80 (Hu-Ku80) revealed significantly greater human
cell density in P vVEHMs as well as increased engraftment when normalized by implant sec-
tional area (2806 + 239.3 Hu-Ku80+ nuclei/mm?) when compared to EHMs (1499 + 132.0
Hu-Ku80+ nuclei/mm?, p = 0.0024) and NP vEHMs (1452 #+ 154.1 Hu-Ku80+ nuclei/mm?,
p = 0.0029; Fig. 4.5F, G, Suppl. Fig. B.5A). Further, quantification of total intra-implant
cells showed no differences across implants, suggesting similar levels of host cell infil-
tration (Suppl. Fig. [B.5B). To confirm that increased cell engraftment was not due to
proliferation, we stained implants for human-specific Ki-67 (Hu-Ki67) and cTnl (Suppl.
Fig. B.5C, D). Quantification revealed no significant differences in hiPSC-CM prolifera-
tion across implant groups, suggesting that the increased number of human cells found in P
vEHMs was due to improved survival and engraftment relative to other groups. Staining for
MLC?2 isoforms as an indicator of maturation showed significantly greater ventricular iso-
form expression by area between implant groups (89.68% - 91.65% MLC2v+ by area) and
in vitro tissues (62.16% - 65.75% MLC2v+ by area, all p <0.001) pre-implantation, though
there were no differences between implant groups (Fig. 4.5H, I). Similarly, measurements
of sarcomere length in implants showed no significant differences between implant groups
(EHM: 1.73 + .02 um, NP vEHM: 1.82 + .03 um, P vVEHM: 1.75 + .03 um; Fig. [4.5])).
Together, these data suggest that perfused, patterned vasculature has the ability to be con-

served in vivo and that in vitro perfusion improves implant engraftment.

4.4.5 P vEHMs inosculate with host vessels and develop larger and

more organized vasculature

We next sought to evaluate the impacts of patterned vasculature on in vivo vascular
remodeling in our implants. Histological quantification of pan-vascular isolectin B4 and

human-specific Ku80 (Hu-Ku80) was performed in the remote, infarct, and implant regions
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Figure 4.6: Patterned vasculature increases implant vessel diameter but only in vitro per-
fusion improves implant vessel organization. (A) Representative images of vessel devel-
opment in implant groups. (B) Quantification of number of vessels across remote, infarct,
and implants regions. n = 3-4 animals per group. (C) Distribution of intra-implant vessel
diameters. n = 3-4 animals per group. (C) Representative images of perfused vasculature
in remote, border, infarct, and implant regions. (D) Tortuosity index of perfused vascula-
ture from OCT imaging. n = 3-4 animals per group. (F) MicroCT scans of cardiac and
intra-implant vasculature (red-white) overlaid on tissue structure (teal). Red dotted lines
indicate implants.
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of each group for analysis (Fig. 4.6, Suppl. Fig. B.6A). While no significant differences
were found in the number of vessels across groups in either remote, infarct, or implant
regions (Fig. 4.6B), we noted significantly increased vessel diameter in NP (8.85 +0.25 pm
and range = 220.2 um, p = 0.0024) and P vEHMs (9.41 + 0.30 um and range = 155.2 um, p
<0.0001; Fig. 4.6/C), with notably greater frequency of larger vessels than in control EHMs
(7.78 £ 0.12 pm and range = 76.17 um). Costaining for human-specific CD31 (Hu-CD31)
with isolectin B4 revealed two distinct phenotypes in NP and P vEHMs. Human ECs either
appeared in capillary-like structures in NP vVEHMs (Suppl. Fig. [B.6B) or associated with
vessel walls indicating a patterned vessel (Suppl. Fig. B.6/C). While Microfil overlays were
captured, the material was not reliably maintained in lumens during histological processing
of the hearts after microCT scanning and thus could not be used as an accurate metric for
perfusion. However, some microfil-filled lumens did contain Hu-CD31+ cells in NP and P
vEHMs confirming inosculation occurred in both groups though remodeling reduced vessel

diameter from the initial 400 um at the time of implantation.

To better understand the 3D architecture and perfusability of intra-implant vasculature,
we performed OCT imaging of the remote, infarct, and implant regions for each group (Fig.
4.6D, Suppl. Fig. B.7). Healthy remote regions were easily visualized with perfusion of
20% Intralipid solution, revealing hierarchically branched vascular architecture down to
the capillary scale. Acquisition at border and infarct regions revealed increasingly tortuous
vasculature and less visible capillary perfusion. Angiographs of EHMs revealed variable
perfusable vessels, often with gaps that were lowly perfused. NP and P vVEHM angiographs
revealed greater perfusable vessels with typically larger sizes, and notably with the least
tortuosity in the perfused group (1.2 £ 0.03 tortuosity index, compared to 1.35 £+ 0.04 for
EHMs, p = 0.025; and 1.46 + 0.06 for NP vEHMs, p = 0.0002; Fig. [E]E). Following OCT
acquisition, we perfused the hearts with Microfil to enable microCT-assisted reconstruc-
tions of the cardiac vasculature, which revealed large (>50 um) intra-implant vasculature

in P vVEHMs (Fig. 4.6F).
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Together, these results demonstrate that patterned vasculature enables the development

and maintenance of larger diameter vessels than control tissues, and in vitro perfusion en-

ables greater vascular organization in vivo.
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Figure 4.7: Exploratory RNASeq analysis of implanted tissues suggests perfusion im-
proves cardiac development. (A) Alignment of sequenced samples to Hg38 (human) and
Rn6 (rat) genomes. (B) Principle component analysis of human-aligned samples. (C)
Heatmaps of differentially expressed genes and associated gene ontology terms for EHM
vs P vEHM and (D) NP vEHM vs P vVEHM comparisons.
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4.4.6 Perfusion of vEHMSs in vitro upregulates genes related to car-

diomyocyte development and contractility

We lastly sought to further understand the effects of implantation and patterned, per-
fused vasculature on hiPSC-CM structure and function through exploratory bulk RNASeq
analysis of explanted tissues. At the two-week timepoint, a subset of implanted tissues
were manually debrided from the epicardial surface and processed for bulk RNA isolation
and sequencing. Alignment analysis revealed an expected heterogeneous mixture of human
and rat-derived reads in explanted tissues, and by comparison almost 100% human-aligned
reads in in vitro control tissues (Fig. 4.7A). Notably, two samples had uncharacteristically
low alignment scores to the human genome, and were thus excluded from further analysis.
Principle component analysis of the revealed group stratification with implants segregated
from in vitro control tissues primarily by principle component 1 (representing 49.2% of dif-
ferences), and implant groups further separated across principle component 2 (representing
an additional 19.1% of differences, Fig. [4.7B). This suggested that in vitro controls had

very different transcriptomes as expected from in vivo microenvironmental signaling.

Next, we performed DGE analysis and gene ontology (GO) term analysis to isolate
differences in expression as a result of vascular channel incorporation in the implanted tis-
sues. We found 64 differentially expressed genes (DEGs) between EHM and NP vEHM,
23 DEGs between EHM and P vEHM, and 35 DEGs between NP vEHM and P vEHM,
though with EHM and NP vVEHMs mapping more closely together than P vVEHM (Suppl.
Fig. B.8). GO term analysis between EHM and P vEHM revealed upregulation of processes
related to heart development(XIRP2), myofibril assembly (MYH1, MYH3, MYH13), and
ion transport (ATP1A2, ATP2A1), indicative of improved hiPSC-CM structure and func-
tion relative to control EHMs (Fig. 4.7/C, Suppl. Fig. B.9A) and NP vEHMs (Fig. 4.7D,
Suppl. Fig. [B.9B). Interestingly, there was little differential expression of genes related to

vascularization between groups, and even downregulation of genes associated with vessel

199



4.5. Discussion 200

development and angiogenesis (CD34, ANGPTL4, SERPINE1, CXCR2) in the P-vEHM
group relative to NP-vEHM. We hypothesize this may be due to turnover of human ECs in
patterned vasculature over the 2 week in vivo study, which may have been accelerated in
the P vVEHM group due to improved inosculation and perfusion of patterned vessels. How-
ever, we also noted GO term analysis related to downregulation of tumor necrosis factor
(TNF) production, suggesting reduced inflammation. Together, these results suggest that
in vitro perfusion of patterned channels substantially contributes to improved hiPSC-CM

contractile development in vivo.

4.5 Discussion

Vascularization remains a primary concern in developing implantable cardiac tissues for
proper engraftment and integration, and further it is unclear what the impact of vasculature
is on hiPSC-CM development in vivo. In this study, we demonstrated a facile method for
fabricating and culturing EHMs with patterned vasculature in vitro, and evaluated their
ability to impact host vascular ingrowth, remodeling, and subsequent hiPSC-CM develop-
ment. Compared to other techniques, which require expensive equipment and/or materials
that cannot be autoclaved or otherwise easily sterilized [9,|10], our methodology provides a
flexible foundation for creating perfusable cardiac tissues in standard 6-well tissue culture
plates, and uses equipment that can easily be fabricated in-house using our open-source

plans or otherwise easily commercially available materials and technologies.

Our study examined specific effects of mixed media on hiPSC-CMs and ECs in 2D and
3D, which has not been examined before. While negative effects on EC proliferation were
unsurprising as EGM-2 media is optimized specifically for EC culture in vitro, the mas-
sive improvements seen in hiPSC-CM contractility and tissue structure were unexpected.

Despite being the gold standard media for hiPSC-CM differentiation and culture, RPMI
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B27 was originally created for hippocampal neuronal culture, and thus does not effectively
recapitulate an optimal CM environment. For example, B27 media contains high glucose
(10 mM), low calcium (0.42 mM), and no fatty acids for beta oxidation, whereas the in
vivo CM microenvironment is relatively low in glucose, high calcium, and high reliance on
fatty acid oxidation for ATP generation [27, 45]. A 50/50 mix of B27 and EGM-2 would
contribute a slightly higher calcium concentration (EBM-2 basal media contains 1.6 mM
Ca2"), and growth factors including VEGF, bFGF, IGF, and EGF. Our group has shown
that 3D culture of ECTs in physiological calcium levels results in improved calcium han-
dling ability and contractility [45]. Groups have suggested that VEGF signaling induces an
intropic response via calcium channels [46, 47], and we have shown that incorporation of
microparticles releasing VEGF resulted in increased tissue stiffness but not contractility at
4 weeks, suggesting a role in tissue remodeling [2]. IGF is a well known factor in cardiomy-
ocyte biology, contributing to multiple pathways including fetal proliferation, hypertrophy,
and ischemic protection [29} 41, 48]]. Histology of our hiPSC-CMs in 2D and 3D revealed
greater sarcomere development and hypertrophy when cultured in mixed media conditions
relative to B27 alone, but further work will need to examine the contributions of individual

media components.

More broadly, there is robust cross-talk between cardiomyocytes and endothelial cells
in the native heart and which plays important roles in vitro. Nitric oxide (NO) is widely
secreted by ECs and a known inotropic agent(though with concentration-dependent bipha-
sic effects) [49] as well as roles in protection during ischemia-reperfusion [S0]. Growth
factors such as VEGF and FGFs are known to be secreted by cardiomyocytes and play
central roles in angiogenesis [3}|51]]. Future work will examine this cross-talk both in iso-
lated 2D culture and 3D EHMs through the use of ELISA assays and RNA sequencing
of purified populations to understand each cell type’s contribution to overall vVEHM struc-
ture and function, particularly in the presence or absence of perfusion. Understanding this

signalling will also provide insight into how patterned vasculature can better recapitulate
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arteriole-scale vessels through arteriogenic mechansisms [3]].

Dynamic perfusion culture induced greater compaction than NP vVEHMs or control
EHMs, suggesting greater remodeling of the tissues. Further studies could pursue the
mechanisms of perfusion-mediated remodeling and their implication on EHM structure
and function. The estimated shear rate of 3 dyn/cm? set in our perfusion experiments is
relatively lower than the average shear rates in human coronary arteries (approximately 5-
12 Pa [52, 53]), though within reasonable limits of 1-10 dyn/cm? in comparable literature
[12, 54-56]. In pilot experiments, greater flow rates and thus shear stresses proved to be
deleterious to the structure of the entire tissue. However, lower shear stresses in arteriole-
scale vessels such as those used in this study have been shown to be atherogenic in vivo
[57, 58], though in vitro fabricated vessels displays a more naive phenotype than in vivo
vasculature. Future work will examine shear stress training regimens to condition patterned
vessel walls. Multi-layered vessels will be explored to recapitulate the tunica media and

tunica adventitia by additional coating steps with smooth muscle cells and fibroblasts.

The cellular composition of VEHMs played an active role in constraining the geometry
of the tissue. Active remodeling of the ECM, particularly by hCFs, is necessary for proper
syncytium formation and strong contractile properties of the tissue. However, this com-
paction also introduced several design compromises when introducing large, perfusable
channels into the tissue. One such trade-off was the use of internal post geometries which
can improve hiPSC-CM alignment and thus contractile potential [2| 24, 36]. Tiburcy et al.
demonstrated that peak active force was reached when cardiac tissues were composed of
approximately 60% cardiomyocytes [59]. However, inclusion of more fibroblasts would
have increased compaction and led to the risk of greater channel closure during culture
time. Thus, in combination with the increased size and relative lack of tension cues in the
bulk of EHMs [60], hiPSC-CMs adopted a more rounded morphology compared to elon-

gated and aligned morphology at the edges. Future directions will look at how GA fiber
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patterning and endothelial coating may affect hiPSC-CM alignment, particularly in the case

of alginate that is modified to contain RGD or other similar binding motifs.

Implantation of perfused vVEHMs onto the infarcted LV of rodent hearts demonstrated
improved patch engraftment, reduced vessel tortuosity, and improved hiPSC-CM contrac-
tile development. We also noted a trend towards increased free wall thickness, though this
metric did not reach significance. We opted to exclude added thickness from the implant
itself as this metric would also be inflated by variable levels of adhesion tissue that de-
posited between MI and implant surgery, as well as over the two week study. The lack of
engrafted hiPSC-CMs in NP vEHMs was surprising, suggesting that channels alone were
not sufficient to prevent hiPSC-CM death upon implantation but could be rescued by in
vitro perfusion, which we hypothesized to be due to early inosculation and perfusion of the
tissue. Our quantification revealed similar viable graft size and even higher engraftment
than comparable studies [2, |11} (12}, 61, |62]. Some studies have shown that incorporating
microchannels into scaffolds improves host tissue ingrowth and directed vascular forma-
tion, suggesting that our non-endothelialized channels may still provide an indirect in vivo

benefit in revascularization [63, 64].

In examining vascular development, implanted tissues all developed similar numbers
of vessels irrespective of patterned channel condition. Vessel quantification similarly was
not different from that in infarct regions. However, improved vessel diameters in NP and
P vEHMs with some evidence of residual Microfil in Hu-CD31+ channels suggested that
channel endothelialization and facilitated inosculation and perfusion of patterned channels
as well as arteriogenic processes of host vasculature. Increased frequency of larger diame-
ter vessels relative to capillary-scale ones could explain the non-significant results in vessel
quantification. Future studies could incorporate bulk-seeded ECs to allow for hierarchical
vascularization at the capillary coupled with large-scale channels. Redd et al. demonstrated

that seeding endothelial cells into the bulk of constructs containing patterned vessels im-
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proved graft perfusion and co-implanted hPSC-CM engraftment [12]. Our previous work
demonstrated the benefits of angiogenic growth factor release from microspheres embed-
ded in implants [2]], and future work will explore coming this technique with engineered

channels to further facilitate vascular inosculation and rapid perfusion upon implantation.

OCT imaging provided additional insight into intra-implant vascular structure that could
not otherwise be adequately captured in histological images. While OCT has been demon-
strated before in a cardiac context, it is a relative new technique and few other groups have
performed OCT imaging of the heart [[17] and of implanted vascular tissues [12]. To our
knowledge only one other group has published the use of OCT on implanted cardiac tissue
[11]], though only as proof-of-concept. Our results show greatly improved image fidelity
and comparisons across implant groups with differing vascularization conditions. In our
work, we found more organized vasculature in P vVEHMs compared to the relatively tor-
tuous vessels in EHM and NP vEHMSs, which was reminiscent of vessel collateralization
in the infarct and border regions. It was particularly difficult to image perfused capillaries
in all injured and implant regions of the heart, though it is unclear to what extent this was
due to lower perfusion pressures (50-60 mmHg), relatively low vessel density, and capillary
collapse. Further, adhesion tissue from the chest wall created an additional obstacles during
imaging as dissecting this tissue away to prepare the heart for OCT acquisition resulted in
occasional vascular leakages that obscured imaging capabilities. Future work will examine

intra-implant perfusion velocity using dynamic light scattering OCT [|65]].

Our group has previously published on microCT analysis [2], however reconstructions
necessitated a lot of manual reconnection of vessels due to air bubbles and partial vessel
collapse, which created difficulties in robust analysis. Improvements in data processing
workflows will be optimized to mitigate issues with automated vessel reconnection codes
[42]]. Future studies will seek to continue optimizing microfil perfusion to reduce issues

including vessel blowout from high pressure and viscosity tuning in order to ensure full
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perfusion of the entire coronary vascular tree [66].

Previous literature suggests that vascularization may have some impact on hiPSC-CM
structural and functional maturation via paracrine signaling [7, [20, |67]. However, despite
improved cardiomyocyte maturation from in vivo implantation we were unable to detect
differences in hiPSC-CM maturation status across groups. We thus sought to determine
any transcriptomic basis for cardiomyocyte maturation using exploratory RNASeq, which
revealed upregulation of genes related to contractility and ion handling primarily in en-
dothelialized channel groups, but particularly when perfused in vitro. Groups have previ-
ously shown RNASeq analyses of cardiomyocytes in 2D and 3D in vitro tissues for cardiac
applications [12,[27,59]], as well as whole-heart bulk and single-cell RNA sequencing [68-
'/0]. However, to our knowledge no group has previously published bulk RNA sequencing

of explanted cardiac tissues.

Due to high alignment to the rat genome, we ran DGE and GO term analysis for each
sample to explore host cell contributions to implant vascularization. However, our re-
sults noted upregulation of genes suggesting the presence of red blood cells (HBB, HBA,
LGALSS) and “contaminating” rat cardiomyocytes (TNNT3, TNNI3, RYR1). We hypoth-
esized this may be due to issues with sampling of host rat cells wherein we attempted
to minimize collection of non-implant cells (e.g. underlying myocardium and adhesion
tissue), which could have resulted in inconsistent rat cell population collection. This mo-
tivates future steps in single cell RNASeq where cell populations can be identified, quan-
tified, and differential gene expression analyzed. Further, isolation of cell populations via
single cell RNASeq will enable better assessment of human EC turnover as it relates to
inosculation, particularly at multiple timepoints. RNASeq at different timepoints will al-
low studies in determining if hiPSC-CM maturation is facilitated by inosculation at earlier
timepoints, or otherwise if long-term differences in in vivo maturation rate are revealed at

later points. While there is published work on multi-species RNASeq particularly in the
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area of oncology research, to our knowledge this has not been attempted in cardiovascular
tissue engineering. However, techniques developed such as multi-species alignment decon-
volution could be used in future studies to detect and filter out co-aligning human and rat

reads to improve datasets for more robust analyses [71].

4.6 Conclusions

In summary, we developed a flexible in vitro system for fabrication and dynamic per-
fusion culture of vVEHMs, and report the structural and functional effects of mixed-media
culture on human ECs and hiPSC-CMs. Implantation of vVEHMs in a rodent model of
ischemia-reperfusion MI revealed that endothelialized channels both inosculated with host
vasculature and resulted in increased intra-implant vessel diameter. However, in vitro per-
fusion best improves hiPSC-CM engraftment, organization of vasculature for efficient hi-
erarchical perfusion, and upregulation of genes related to cardiomyocyte development and
maturation. Our study provides a strong foundation for future work in the field to under-
stand the design criteria for fabricating complex heterocellular vVEHMs in optimal culture
conditions, and the benefits of vasculature on engineered tissue survival and maturation in

vivo for therapeutic remuscularization of the heart after MI.
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Chapter 5

A novel approach to cardiac

revascularization

5.1 Synergy of Specific Aims

CVD and HF are leading causes of global morbidity and mortality. Conventional stan-
dards of healthcare treatment have not kept up with the demands of CVD progression,
necessitating further innovations to improve heart function after injury such as M1, and ul-
timately improve patient prognosis and quality of life. Despite a significant amount of on-
going research in hPSC-CM-based therapeutics for post-MI treatment, we noticed a distinct
dearth of literature regarding the role of vascularization, particularly at the large-animal and
clinical stages. These works focused instead on contractile and electrophysiological mat-
uration, with little consideration as to the potential benefits of providing vascular conduits

on EHM development in vivo.

We thus identified vascularization as a key factor for study in this dissertation work, and

proposed that robust EHM prevascularization would enable greater engraftment, perfusion,
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and maturation. We designed a set of cohesive and far-reaching Specific Aims intended to
develop a greater understanding of dynamic in vivo vascularization in the context of engi-
neering a cellular therapeutic and its impact on improving EHM engraftment and develop-
ment. Our central hypothesis was that patterning large, arteriole-scale vascular channels in
an EHM would provide greater avenues for bulk tissue inosculation and perfusion, thereby

enabling greater cardiomyocyte engraftment and maturation.

Together, our Aims allowed for the development of a sophisticated and cohesive system
for studying the role of patterned vasculature in directing host vascular migration (Aim 1),
implementation of the technique in a cardiac regenerative engineering context to determine
structural and functional consequences of tissue formation (Aim 2), and in vivo application
to investigate impact in a complex, physiologically relevant environment and validate in
vitro findings (Aim 3). This pipeline allowed for iterative improvement on the patterning
design and technique informed by additional considerations and constraints as the project
transitioned from an in vitro vascularization study to in vivo cardiac tissue implantation
research. We propose our findings as an effective dual remuscularization-revascularization
treatment of MI that serves as a foundational basis for critical study and translational appli-
cation of vascularization techniques in concert with epicardial delivery of hiPSC-CMs for
therapeutic benefit. Novel contributions of our work to the field will support further sci-
entific contributions towards the goal of biomanufacturing vascularized hPSC-CM patches

for clinical scale-up and applications.

5.2 Broader impacts on heart regeneration

This dissertation work contributes to the fields of cardiovascular tissue engineering and
heart regeneration a number of novel techniques for both experimental design and analysis

of in vitro and in vivo vascular phenomena, contextualized by the needs of cardiac tissue
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engineering applications. Vascular considerations in the field remain a vastly understud-
ied area despite its foundational importance in supporting cell viability, and this research
addresses this critical need across multiple scales. By leveraging existing assays and clin-
ically available technologies for use in novel contexts, our innovations are relevant and
easily adaptable for benchside, pre-clinical, and translational applications in cardiac tissue

engineering.

Our work in Aim 1 greatly improved upon the already robust aortic ring assay, which
examines vascular outgrowth in response to angiogenic agents [1]]. Analysis has typically
relied on manual measurement and counting of vascular branches, which while appropriate
for studying drug and molecule-based interventions, was not easily implementable in a tis-
sue engineering context. Modification of our group’s PDMS molding system [2] allowed
for co-culture of aortic rings with engineered tissues [3]]. This change widened the possible
applications of the assay, importantly allowing the study of angiogenic signaling interplay
between surrogate host and implanted tissue, lending the assay more relevance to an in
vivo environment and to the tissue engineering field. To support this change we developed
a suite of unbiased and open-source analysis tools to evaluate vascular migration from the
aortic ring using histological stains or micrographs. More broadly, these tools are widely
applicable for other tissue engineering analyses, such as the use of the nearest neighbors
algorithm to study density or infiltration into a tissue. Together, these innovations provide
new options for tissue engineers to evaluate host-implant vascular migration in a controlled
but complex in vitro environment to study vascular efficacy of a tissue engineered thera-

peutic before in vivo implementation.

Leading translational research in large animal studies [4-6]] and even upcoming clini-
cal research involving cellular therapeutics with hiPSC-CMs such as the BioVAT HF trial
(NCT04396899) and HECTOR trial (NCT05068674) are as of yet unable to determine true

engraftment efficiency or it’s impact on long-term function due to a lack of focus on a vas-

220



5.2. Broader impacts on heart regeneration 221

cular component to their studies. Higher-ordered vascular organization is fundamentally
incompatible with intramyocardial injection-based therapeutics, with the only option being
co-injection of endothelial cells or other microvessel-based sources [7]]. Even some epicar-
dial patch-based methods, such as those by the Eschenhagen group [6]] and our own [2, 8],
have used internal post geometries to direct internal tissue alignment, allowing for greater
contractile alignment but similarly preventing vascular design considerations. Our current
studies have eschewed this design format to accommodate larger-order vascular channels
for robust prevascularization, though we noted its effects on bulk cellular alignment in vitro.
However, literature including our work has shown the benefits of a patterned vasculature on
patch survival and engraftment, even if only transiently present [9-11]]. While there is pub-
lished literature on the effects of in vitro prevascularization [[12-14]] on in vivo inosculation,

our study developed further contributions both in accessibility and scientific merit.

As part of Aim 2, we enabled broader adoption of dynamic perfusion culture of en-
gineered tissues through our open-source peristaltic pump using common Arduino-based
electronics and fabrication methods that enables low-flow perfusion of VEHMs in a ster-
ile environment that is compatible with standard tissue culture equipment and disposables.
These designs are approximately 10-20% of the cost of a commercial equivalent and are
freely accessible online and can be further customized by the end user to lower the barrier
to entry and accelerate research in the area of cardiovascular tissue engineering. Addition-
ally, we showed for the first time the effects of cell-type specific medias on heterocellular
tissue culture in a 2D and 3D context and motivate specific mixture ratios based on struc-
tural consequences at the cellular level. The apparent contractile maturation of hiPSC-CMs
seen in mixed media culture parallels the field’s more recent pushes to understand and ap-
ply maturation methodologies to hiPSC-CMs [[15} |16]]. Our work joins a growing volume
of literature demonstrating methods of maturing cardiomyocytes, but importantly places it
in context of a heterocellular, and thus more physiologically relevant, microenvironment.

However, while maturation mediums are optimized for hiPSC-CM development, our work
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illustrates the need for a defined medium to maximize heterocellular co-culture and cell-cell

interactions.

Implantation of our EHMs in Aim 3 advanced the field’s understanding of vascular-
ization and its effect on implant development in vivo through advancements in imaging
applications and implant genomic analysis. In particular, our advancements in imaging
modalities using microCT-based reconstructions and OCT imaging allowed us to capture
perfused vessel analyses across micro and macro scales and more accurately determine the
post-implant vascular remodeling that occurs in vivo. Our results demonstrate the benefits
of coupled 3D perfused vascular analyses that are unable to be captured from histological
staining alone that reveal nuances of vascular remodeling initiated by in vitro vessel pat-
terning and perfusion. Further, our work is pioneering the workflow for performing these
precise and comprehensive analyses, which can be implemented into the existing method-

ologies for terminal in vivo analysis as they are more widely adopted by the field.

Finally, our RNASeq analyses of explanted cardiac tissue represents a large leap in
the field, as to our knowledge it has never been performed before on engrafted hiPSC-
CMs. Multi-species RNASeq in this context has similarly not been performed, as existing
literature focuses primarily on xenografts in the context of cancer [17]. Next generation
sequencing has become a fairly ubiquitous characterization technique owing to a greater
understanding of the human genome and continual technological innovations that improve
the power of these analyses and reduce costs. Our results demonstrate that transcript-level
analyses reveal nuanced differences in treatment groups that would not be identified by
histological staining alone. These analyses also consider the contribution of the host to
implant remodeling over time, and shows the value of bulk RNASeq as a powerful analysis
tool, particularly as a more accessible alternative to single cell RNASeq for widespread

adoption and further advancements in analyzing implant development.
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5.3 Future directions

As the cardiovascular tissue engineering field advances towards translational imple-
mentations of hPSC-CM-based therapeutics, a number of barriers remain to be addressed.
Safety is a cornerstone of phase 1 and 2 trials, and ongoing trials typically center pri-
mary outcomes around incidence of adverse events or arrhythmias (e.g., NCT04982081,
NCT03763136, NCT04696328). Pre-clinical research, particularly at the large-animal
scale, thus focuses primarily on hPSC-CM contractile maturation, electrical coupling, and
arrhythmia susceptibility. However, as subsequent waves of clinical trials begin to more
rigorously examine clinical efficacy through functional or surrogate endpoints for efficacy
(including some ongoing trials, e.g. NCT05068674, NCT04396899, NCT03759405, and
NCT04696328), the importance of vascular contributions to hPSC-CM engraftment, matu-
ration, and thus efficacy of cellular therapeutics will become more apparent. This disserta-
tion research demonstrates the essential role of revascularization co-therapy with remuscu-
larization and is visionary in leveraging the host vascular response to improve hiPSC-CM
engraftment. Further, this research provides necessary infrastructure for future large ani-
mal and clinical work in determining the effect of in vitro prevascularization in functional
dosing studies. In the shorter term, our work provides opportunities for further research in

both in vitro and small animal in vivo aspects.

Our in vitro host-implant inosculation model based on the aortic ring assay provides a
particularly flexible platform for further study by modulating variables including the aortic
ring itself, geometry via the PDMS mold, and the co-cultured engineered tissue. Recent
literature has demonstrated that harvested vessels show distinct angiogenic phenotypes de-
pendent on the location they were harvested from (e.g. carotid or femoral artery) [18]]. For
applications in cardiovascular tissue engineering, use of the left or right coronary artery
would be appropriate to better recapitulate the microenvironment of vascular cells that an

implanted cardiac tissue would be interacting with. Co-culture of aortic rings with vEHMs
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would provide an additional suite of further studies in host-implant interactions such as in
CM-EC cross-talk [19]. ECM remodeling such as by cardiac fibroblasts in vVEHMs would
provide further insight into how implant-mediated remodeling cues may influence vascu-
lar chemotaxis, such as by creating “highways” of oriented fibrils for directed migration

towards vEHMs.

Our work combined the use of 3 different cell types of interest for our applications in
cardiac tissue engineering to create complex and robust EHMs. Future studies will be fo-
cused on incorporating hiPSC-ECs and hiPSC-CFs, as autologous implants are an ultimate
translational goal of this work. Further, in-house derivation provides additional flexibil-
ity in using specific cellular sub-types. Recent literature has demonstrated the ability to
differentiate mature compact ventricular myocardium, which is associated with the outer
ventricular wall for efficient contractile function, as opposed to trabecular myocardium as-
sociated with the inner lumen [20]. Coronary artery ECs would be an appropriate cell type
to populate our arteriole-scale channels, as EC sub-types show differing angiogenic prop-
erties [12, 21]]. More broadly, the use of hypoimmune hiPSC-derived cells [22] may also
be beneficial in clinical interventions where personalized autologous therapeutics are not
feasible. While this work is relatively new, pre-clinical work in immune-competent allo-
geneic mice recipients has already demonstrated rescued perfusion in a hind limb ischemia
model with implanted hypoimmune hiPSC-ECs and alleviation of functional parameters in

infarcted mice hearts with injected hypoimmune hiPSC-CMs and hiPSC-ECs [23]].

Our work also considered the in vitro media needs of distinct cell types when in het-
erocellular culture. However, our proposed media mixture does not represent an optimal
solution, and future work must identify new formulations to best ensure individual cell type
survival without compromised function. This aspect is particularly challenging considering
the current research emphasis on metabolic maturation of cardiomyocytes to push a more

adult-like phenotype [15, 16], primarily by relying on fatty acids to shift the hPSC-CM
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metabolic profile towards beta oxidation of lipids. While research in this area is extremely
promising, it’s unclear how hiPSC-CM structure and metabolism shift if only transiently
exposed to such maturation media, or the effects of such media on other key cell types in-
cluding endothelial cells and fibroblasts. Thus, developing an optimal co-culture medium
will be necessary in future work. This may necessitate individual testing of components
to best understand their individual contribution, and lead to the formulation of bespoke

medias based on application.

In advancing vascularization techniques for hiPSC-CM-based therapeutics towards clin-
ical translation, scaling up tissues to sizes appropriate for large animal and eventually clin-
ical trials remains a challenge. Querdel et al. proposed a therapeutic threshold for im-
proving cardiac function to be approximately 3.3x10% CMs engrafted per gram of heart, or
effectively 1x10° cells for an average 300 ¢ human heart [6]. However, current research in-
cluding our own suggests average engraftment rates of 10-20% of infarct area, suggesting
significant acute hiPSC-CM death post-implantation which can currently onnly be over-
come by deliverirng far more cells than the target threshold [6, |10, [24, 25]]. This greatly
motivates further work in vascularization as patch sizes necessary to accommodate such a
high number of hiPSC-CMs will necessitate solutions to further mitigate hypoxic stress,
particularly once implanted. Thus, future studies must focus on upscaling epicardial patch
sizes and densities, incorporating appropriate vasculature for nutrient delivery, and inte-
grating these needs with more sophisticated automation technologies. Automation of these
processes will greatly facilitate scale-up both from an efficiency and GMP perspective. Ef-
forts in bioprinting are poised to become leaders in this regard within the next 5-10 years,
with groups including the Feinberg lab at Carnegie Mellon University [26] and the Miller
Lab (now Volumetric Biotechnologies) [27] already developing intricate technologies and
protocols for complex vascular and cardiac scaffold fabrication. However, integration with
the specific considerations of a translational hiPSC-CM implant such as with our work will

be necessary in implementing automation into clinical workflows.
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Beyond the novelties to the field established from our work, continued development of
in vivo implant evaluation remains an ongoing focus of preclinical work. In particular,
RNASeq has potential to better understand exact mechanisms of implanted cardiac tissue
remodeling and maturation in vivo. Future work could use transcriptional RNASeq data to
understand key factors dictating in vivo cardiac maturation, and particularly any interplay
with vascular cross-talk. This data could be used to determine appropriate maturation path-
ways to upregulate in vitro prior to implantation such as through CRISPR-Cas9-mediated
gene insertion or peptide/small molecule treatments. There is also a need to move to single
cell RNASeq for more robust analyses of cell populations [28]. The goals of future work
should be to understand each population’s individual contributions to implant development
and remodeling, particularly as they relate to vascularization and its effects on engraftment
and cardiac maturation. These analyses combined with epigenetic profiling via ATAC se-
quencing will allow for disinct cell subtype specification in the implant and heart and vi-
sualization of population shifts across the initial inosculation stages post-implantation and
subsequent remodeling across months. Our work also demonstrated the effects of perfusion
on reducing implant vessel tortuosity, and exploratory RNASeq may be beneficial in deter-
mining exact mechanisms for inducing or otherwise maintaining vascular organization. On
an organ level, 3D echocardiographic strain analysis should be performed to understand
regional mechanics in the implant and underlying infarct/myocardium, and how vascular
tortuosity and perfusion may play a role in remodeling, vascular and ECM alignment, and
thus pumping function over time. Lastly, temporal considerations must be addressed to
better understand how implants remodel and persist at longer timepoints. Our two week
study demonstrated more robust engraftment of hiPSC-CMs when perfused in vitro, but
studies out to 4 weeks or greater must be performed to understand if long-term engraftment
is maintained, and importantly the impact of prevascularization on maintenance of the im-
plant. Further, our work represents relatively acute intervention, but further studies must

understand how implant integration is impacted in patient populations with chronic HE.
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5.4 Conclusions

This dissertation research accelerates hiPSC-CMS therapies for remuscularizing the
heart post-MI. Our innovations across each of the 3 Specific Aims are advancing areas of
cardiovascular tissue engineering not yet adequately explored at the large animal and clini-
cal levels and will greatly impact the field. Future work spurred by our foundational studies
will enable greater study of mechanisms how of vascularization improves engraftment and
thus mechanical benefits in the post-infarct heart, and drive further clinical applications of

cellular therapeutics for HF using dual revascularization-remuscularization treatments.
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Supplementary Information Related to

Chapter 3

Material in Appendix A is reproduced with permission from R. J. Kant, C. F. Bare, and K.
L. K Coulombe, “Tissues with patterned vessels or protein release induce vascular chemo-

taxis in an in vitro platform”, Tissue Eng. Part A, 27 (19-20), 1290-1304, Oct 2021.
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Figure A.1: Wet spinning of sacrificial alginate fibers. (A) Wet spinning apparatus to
create and dry alginate fibers. (B) Diameter of dry and hydrated fiber as a function of
alginate extrusion speed. Hydrated (n = 25-30), Dry (n = 7-10). *: p < 0.05.
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Figure A.2: Engineered vessel cross-section and regression. (A) Cross-section of engi-
neered vessel with a sprout showing full wall coverage (20x magnification). (B) Angio-
genic sprout adjacent to a regressed sprout (30x magnification). (C) Live/dead stain of an
engineered vessel at day 7 exhibiting a non-angiogenic phenotype with regressed sprouts
(10x magnification). (D) Phase contrast image (4x magnification) of a channel describing
observed sprouting morphologies and (E) quantification of sprout morphologies that arose
throughout the experiments. + EC (n = 13), + ECg (n = 6).
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Figure A.3: Population outgrowth metrics. (A) Average outgrowth distance and (B) area
per day. (C) Average and (D) per-day population velocity (days 2 and 3 emphasized in Fig.
3D). (E) Cumulative release of model protein from construct gels. + EC (n = 17), — EC (n
=15),+ECr (n=11), - ECg (n=11), - ECgrg (n =8). *: p < 0.05, **: p < 0.01, ***: p <
0.001. #: Significance between + EC and — EC. !: Significance between — ECgg and — EC.
. Significance between — EC and + ECg. @: Significance between + EC and all groups
except — ECgg.
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Figure A.4: Outgrowth metrics comparing + EC group to setups containing engineered
vessels and EGM-2 media supplemented to 10% FBS (+ ECyopgs). (A) Total outgrowth,
(B) area, (C) IF region outgrowth, and (D) RM region outgrowth per day. (E) Regional
velocity. + EC (n = 17), + ECyopgs (n = 4). *: p < 0.05, **: p < 0.01, ***: p < 0.001,
*k*% p < 0.0001.
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Figure A.5: Representative images of vascular outgrowth from distinct interface (IF) and
remote (RM) regions adjacent to the aortic ring for each condition at day 7, with general
outgrowth angled towards the left for IF regions and to the right in RM regions (4x magni-
fication). White arrows indicate networked structures.

236



237

W+ EC B+ ECr O - ECre

N &

)

+ EC Relative Percentage

0

VOO OWOOWOoOWooWw
9E3Y 9837 OIoeY

Outgrowth Angle (Degrees)

cwo
<

N 'S o -_
90
-45

- EC Relative Percentage

o

0

VOO OWVOO OWOOoW
ISPy NS 9eY

cwo
<o

90
-45.

Outgrowth Angle (Degrees)

Number of Neighbors TR0

C D_
_ g_ *ok
8 Es g 0.25 .
*x < &
6 + Se 2020
) 3 0.15
4 T 4
2 2 0.10
2 22 =
% é 0.05
0 Z0 20.00
IF RM IF RM 2 IF RM
iii v
S &
S g
é 6 5 6
5 5
a4 a4
s 2
® 5
ﬁ 2 K] 2
3 2
2 g0
‘ 4

OOV O VOO O VOO O °©

[t:)
tooY <

o

0

SVSs WO Vs Vo Vwos

w0 no
CENA LN

-90
-45

w0
9533

90
-45

<05 ¥ oo § <

Outgrowth Angle (Degrees) Outgrowth Angle (Degrees)

3

o

M IF Inner mIF Outer
®mRM Inner m RM Outer

- ECg Relative Percentage

Outgrowth Angle (Degrees)

Figure A.6: Regional nuclear characterization. Nuclear analysis for (A) density, (B) num-
ber of nearest neighbors, (C) nearest neighbor, and (D) number of neighborless cells. (E)
Nuclear orientation histograms for each group, with 0° indicating perpendicular orientation
relative to edge of the ring and + 90° indicating tangent orientation to the ring. + EC (n =
8), — EC (n=38), + ECg (n=6), — ECg (n =6), — ECgg (n =5). *: p < 0.05, **: p < 0.01,
¥ p < 0.001, #*F**: p < 0.0001.

Figure A.7: Representative histological stain of vascular outgrowth marking endothelial
cells with isolectin B4 (IB4) and all other cells with the intermediate filament protein vi-
mentin (10x magnification).
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Figure A.8: Subpopulation mask analysis of vimentin stains. Network mask quantification
for (A) interface and (B) remote areas. Single cell mask analysis for (C) interface and
(D) remote areas. (E) Vascular outgrowth from aorta separates into distinct layers (60x
magnification). + EC (n=35), — EC (n=7), + ECg (n =6), — ECg (n =6), — ECgg (n =5).
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Figure B.1: Viability and morphology of ECs and CMs. (A) Viability of ECs and CMs (B)
over 5 days of mixed media culture. n = 6-9 per group. (C) Histological staining of CMs

using « sarcomeric actinin (a-SA).
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Figure B.2: ECT compaction and contractile kinetics. (A) ECT compaction over one week
of mixed media culture. ECT contractile kinetics of (B) upstroke velocity, time to (C) 50%
and (D) 90% relaxation (T50 and T90), (E) force frequency response, and (F) maximum
capture rate. n = 18-21 samples per group.

*kkk

Figure B.3: Wetspun collagen microfiber bundles. (A) Wetspun collagen microfibers are
wrapped around themselves four times to create bundled fibers. (B) Collagen microfiber
diameter compared to individual microfibers. n = 16-18 fibers per group.
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Figure B.4: Echocardiographic metrics of heart function. (A) Measurements of fractional
shortening, (B) ejection fraction, and left ventricular inner diameter in (C) systole and (D)
diastole. n = 4-6 animals per group.
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Figure B.5: Identification of human cells in implants. (A) Density of human cells in
implants by human-specific Ku80+ staining. (B) Ratio of human-Ku80+ to total nuclei.
(C, D) Proliferation assessment of hiPSC-CMs by staining for human-specific Ki67 and
cTnl. n = 3-4 animals per group.
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Figure B.6: Implant vascularization and human vascular morphology. (A) Representative
images of vascularization in the remote and infarct regions of the heart. (B, C) Human
endothelial cell morphology varies between implants and groups.
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Figure B.7: Optical coherence tomography imaging workflow. (A) Heart imaging setup
during intralipid perfusion for OCT acquisition and example scan area using the 5x lens.
(B) Corresponding preview image after acquisition and final image after contrast-mask
averaging of multiple volumes. (C) False-colored image of implant vasculature demon-
strating vessel depth.

244



245

EHM vs P vEHM

3] o=
;2 mxgg
:ggxww

E
A
boxE
TWSE
PABP
MALA
| A
| CRAY

A
1
N
B
2
7.
Al
4

10

Rted N e

-log10(FDR)
5

D . -.>- [ B ," H . . . i
A0 -5 0 5 10
B R log2(Fold Change)

EIF3C

i

WOONOMOOX z
mme £ =T <tam
MOX Do SEE
Fntn =t
I

@,

T D0Ox
L2ER

=
=,

i
el

NP vEHM vs P vEHM

‘f%IET#I_HqT=L = 1
bmng"ﬁi‘m‘m"ﬂb GNMODZ O
IERILPE=DZ ED

o e e

= %9”m o=

m TE o>

1
o]

10

B BOE

SO EGd
A=l
&
&

T (R,
[}

o
trs

-log10(FDR)

[
ZHEOE RN
Hmﬂghgam‘
Y2 g o 8
- M
(=]
!
€

T B
Ey
IS

(=)

m R
BuEsy

003 (OB T 0 M2 ==
E

log2(Fold Change)

D00 D
O f
Gl

m-'n'nc}.} OO DO AGOZZEZ OO0 T
[

93

EZD

- R

WH3Ad

WH3
WH3A N

Figure B.8: Supplemental RNASeq analysis of implants. (A) Heatmap of differentially
expressed genes across all implant groups. (B) Volcano plots showing significantly differ-
entially expressed genes for EHM vs. P vEHMs and (C) NP vEHM vs P vVEHMs.
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Figure B.9: Gene ontology term analysis. (A) Biological processes, cellular component,
and molecular function term analysis for EHM vs. P vEHMs and (B) NP vEHM vs P
vEHMs.
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