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Abstract

For such a thin tissue, the aortic valve possesses an exquisitely complex, multi-layered
extracellular matrix (ECM), and disruptions to this structure constitute one of the earliest
hallmarks of fibrocalcific aortic valve disease (CAVD). The native valve structure provides a
challenging target for engineers to mimic, but the development of advanced, ECM-based scaffolds
may enable mechanistic and therapeutic discoveries that are not feasible in other culture or in vivo
platforms. This review first discusses the ECM changes that occur during heart valve development,
normal aging, onset of early-stage disease, and progression to late-stage disease. We then provide
an overview of the bottom-up tissue engineering strategies that have been used to mimic the
valvular ECM, and opportunities for advancement in these areas.
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Introduction

The extracellular matrix (ECM) is a complex system of molecules that form the physical
scaffolding to sustain tissues and organs. In addition to providing structural support, the
ECM supplies mechanical and biochemical cues that direct cell function during tissue
development, normal aging, and disease [1]. Depending upon the tissue, the ECM may
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be relatively simple and subjected to little stress, or it may possess highly complex and
stratified structures that are subject to strong mechanical forces.

The aortic heart valve endures some of the most dynamic and rigorous conditions in the
human body, opening and closing approximately 42 million times each year. The ECM

of mature aortic valves possesses a highly organized trilaminar structure across its ~300
um thickness; this arrangement provides the mechanical strength necessary to manage the
hemodynamic stresses and pressure changes that occur as blood flows between the left
ventricle and the aorta [2]. Disruptions to this structure are seen in calcific aortic valve
disease (CAVD) [3], the most prevalent valvular disease in the developed world. CAVD
progression is associated with extensive remodeling of the ECM, with unique patterns

of ECM disorganization seen during each stage of disease. This review will provide an
overview of the aortic valve ECM during development, aging, and disease, and highlight key
engineering-based efforts to generate in vitro models of the aortic valve ECM.

ECM in Aortic Valve Development

During embryonic development, the ECM regulates cellular differentiation and the
availability of soluble factors to create the aortic valve [4]. First, a cardiac jelly rich

in glycosaminoglycans (GAGS) is deposited by embryonic progenitor cells in the space
between the endocardium and myocardium (Figure 1) [5, 6]. The hydrophilic nature of
GAGs causes swelling and protrusion of the interior lumen of the primitive heart tube,
forming the endocardial cushions. These cushions are composed of endothelial cells that
undergo differentiation to mesenchymal cells (EndMT), and these mesenchymal cells, in
turn, are the precursors to the valvular interstitial cells (VICs) that comprise most of

the mature aortic valve [7]. Hyaluronic acid (HA) is required for endocardial cushion
formation; it has been shown that knockdown of hyaluronan synthase 2 (Has2) causes
reduced EndMT and no formation of endocardial cushions in chicken embryos [5, 8]. As
valvulogenesis continues, endocardial cushions remain rich in GAGs, HA, and versican, as
well as basement membrane proteins, while mesenchymal cells remodel and alter their ECM
by increasing production of multiple types of collagen (I, I, II, IV, VI, and 1X), aggrecan,
and periostin [6].

Mesenchymal cells are highly proliferative at the beginning of aortic valve development and
quickly begin to populate the endocardial cushions [5]. At the early stage of development,
the ECM is loosely organized. As valvulogenesis continues, mesenchymal cells remain
highly proliferative at the tip of the valve but exhibit attenuated proliferation everywhere
else, leading to elongation of the developing valve [9]. Mesenchymal cells then gain
expression of a-SMA and develop a phenotype more similar to aVICS [10]. These cells
facilitate the remodeling of the loosely organized ECM as seen in endocardial cushions into
a highly organized trilaminar structure, through the breakdown of GAG-rich endocardial
cushions and synthesis of ECM proteins. The aortic-facing side of the valve becomes
enriched in type | collagen fibrils, forming what will eventually become the fibrosa. As the
aortic valve continues to develop, HA concentration decreases, and the remaining HA and
chondroitin sulfate proteoglycans form the valve’s middle layer, the spongiosa. The small
amount of elastin present in the fetal valve localizes to the ventricle-facing side, creating a
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layer which will become the ventricularis. Further production, remodeling, and stratification
of the ECM continues in the post-natal valve, eventually forming the trilaminar structure of
adult aortic valves (Figure 1) [2, 4, 5].

ECM in Healthy, Adult Aortic Valves

The aforementioned three layers of the adult aortic valve each possess a unique profile of
ECM molecules, and this architecture is optimized to manage the mechanical stresses of
pumping blood from the left ventricle to the aorta. The highest concentration of fibrillar
collagen in the aortic valve is located in the fibrosa, which contains collagen types I and

I11. Collagen fiber bundles in the fibrosa provide the mechanical strength necessary to resist
the stresses from mounting blood pressure within the left ventricle [11]. Collagen fibers

are circumferentially arranged, which allows for complete closure of the aortic valve during
diastole as fibers uncrimp. When the valve is closed during diastole, the taut collagen fibers
transfer the stress load from the leaflets to the aortic wall [12]. Collagen also regulates the
phenotype of VICs, and is thought to support a quiescent (qVIC) phenotype [13, 14].

GAGs are found throughout the leaflet, but are the predominant component of the spongiosa
[2]. The most abundant GAGs in the healthy aortic valve are HA, chondroitin sulfate (CS),
and dermatan sulfate (DS). With the exception of HA, all GAGs in the aortic valve are
attached to core proteins to form proteoglycans. Versican, decorin, and biglycan are the
most prevalent proteoglycans, with biglycan existing at the highest concentration. The most
well-studied GAG in the aortic valve is HA. Prior work demonstrated that VIC culture

on HA coatings supports a phenotype that is resistant to calcification [15] and culture

on HA-containing hydrogels decreases VIC secretion of pro-inflammatory cytokines [16].
Moreover, enzymatic depletion of HA or inhibiting the ability of VICs to interact with HA
(via blocking of the HA cell receptor, CD44) in 3-D ex vivo leaflet culture leads to cellular
behaviors typically associated with valve pathology (e.g., VIC proliferation, apoptosis,
alkaline phosphatase expression, and mineralization) [15]. Far fewer prospective studies
have been performed to analyze the role of CS or DS in healthy valve function. However,
data from disease-inspired ECM environments indicate that CS performs similar functions to
HA with respect to maintaining a healthy VIC phenotype. Specifically, increasing levels of
CS were associated with decreased production of multiple inflammatory cytokines by VICs
[16]. Together, these findings suggest that the presence of GAGs is essential for supporting a
healthy VIC phenotype.

Elastin is located mostly in the ventricularis [2]. Elastic fibers and collagen fibers in the
ventricularis are oriented perpendicularly to the collagen fibers in the fibrosa. With this
organization, collagen is able to provide mechanical support, and the elastic fibers facilitate
leaflet recoil once the pressure from the ventricle is released [17, 18]. Most investigation of
elastin has focused on its mechanical role in the valve, so relatively little is known about the
biological functions of valvular elastin (e.g., how it interacts with VICs in the normal adult
valve or influences their phenotype).
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ECM in Aging Aortic Valves

Throughout the body, normal aging is accompanied by changes to the ECM, often resulting
in alterations to tissue function. For many years, aortic valve calcification was mistakenly
viewed as a degenerative process, where calcification was thought to be a consequence of
normal aging [3]. Thus, many prior studies that examined “healthy” elderly valves actually
included valves with calcification [19, 20], meaning that those data cannot be used to define
the characteristics of a normal, aged valve. A renewed characterization of the aging aortic
valve has started to emerge in recent years, although the majority of samples in these studies
have come from individuals <60 years old, which is earlier than the age of typical CAVD
onset.

Histological analysis of aged human aortic valves has revealed dysregulation of the
extracellular matrix organization and loss of the characteristic trilaminar structure [21].
During aging, there is an increase in collagen crosslinking and fragmentation of elastin,
concurrent with an increase in stiffness and decrease in extensibility [22—-24]. These changes
in ECM are due, in part, to changing hemodynamics, as an increase in diastolic blood
pressure is seen in normal aging. Circumferential stress increases significantly with age, and
it is possible that this increase in circumferential stretch drives the collagen expression and
remodeling seen in aging human valves [22, 25]. Although the overall amount of sulfated
GAGs does not significantly change between early and late adulthood, the expression

levels of individual GAGs have been found to undergo changes with age. For example,
enzymes that regulate HA synthesis and degradation are elevated in aged valves [26].
Immunohistochemical staining of 6-year-old pig valves revealed that decorin expression is
increased in the spongiosa and iduronate expression also increases in aged valves [27]. In
addition, Elastin becomes fragmented in the aging aortic valve [22], which is mediated by
increased expression of MMPs and cathepsins [23].

As noted above, historical misconceptions about the origin of valvular disease mean that
there has been relatively little characterization of normal, aged (>60 y.0.) human aortic
valves. However, knowledge of other aged tissues can provide us with some insight into
what other age-related changes might be occurring in the aortic valve ECM. A fairly
consistent age-related feature is ECM stiffening due to non-enzymatic crosslinking and
subsequent accumulation of advanced glycation end products (AGEs) [27-29]. Although
AGEs have yet to be quantified in aged human aortic valves, their accumulation likely plays
a role in the development of CAVD. In hypercholesterolemic rabbits, increased expression
of AGEs and their receptors leads to an inflammatory response and promotion of an
osteoblastic VIC phenotype [30].

ECM in CAVD

CAVD is the leading cause of valve replacement in the United States, affecting 2.5 million
Americans [31]. It is a fibrocalcific disorder in which valve thickening and stiffening can
ultimately lead to impairment of blood flow through the valve. The severity of CAVD

can vary from mild, asymptomatic valvular sclerosis to severe flow obstruction in valvular
stenosis, and prominent remodeling of the ECM is a critical hallmark across all of these
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stages of CAVD (Figure 2) [32]. Men are at greater risk of developing CAVD, and the
disease exhibits sexual dimorphism in its pathology, wherein women develop more fibrosis
and men have more prominent calcification [33, 34]; these differences provide further
motivation for understanding ECM pathobiology in CAVD.

ECM in Early CAVD

Otto et al. first described the histopathological hallmarks of early calcific lesions in their
1994 study which identified the leaflet thickening, lipid accumulation, collagen fiber
disarray, and calcific nodule formation in human valves that are characteristic of this disease
[35]. However, thorough characterization of even earlier stages of CAVD (i.e., prior to any
evidence of calcification) has been challenging due to the scarcity of human valve samples
at this stage, as these patients do not meet criteria for valve replacement. As a result, much
of what we know about early stages of CAVD has come from studying animal models. Work
with swine models and limited studies with sclerotic human valve samples have revealed

the presence of lipid accumulation, oxidative stress, inflammation, and significant ECM
disorganization during early CAVD [36-39]. These ECM changes drive valve thickening and
involve alterations in collagen organization, proteoglycan (PG) concentration, and elastin
arrangement.

Both human histology and multiple different large animal models have shown that one

of the earliest ECM alterations in CAVD is enrichment of GAGs and PGs [40, 41]. In
atherosclerosis, these ECM molecules can bind to oxidized lipid species and promote their
accumulation [42]; there is evidence that they are performing a similar role in CAVD [16,
35]. In addition, this increase in PGs and GAGs is associated with significant valvular
thickening [35]. Additional ECM changes, such as disruption of collagen alignment and
fragmentation of elastin, also start to emerge during early CAVD [43, 44].

ECM in Late Stage CAVD

Total valve replacement is commonly performed to treat CAVD, yielding valve samples

that can be assessed to understand late-stage disease processes. In late-stage CAVD, the
aforementioned early-stage alterations in ECM progress toward fibrosis and calcification,
which ultimately lead to significant obstruction of aortic outflow [45]. The formation of
calcific nodules tends to be localized to the fibrosa [46], while fibrosis occurs throughout the
thickness of the valve.

Fibrillar collagen is the primary marker for fibrosis and undergoes significant changes in
expression and crosslinking in end stage disease [44]. In the human valve fibrosa, collagen
fibers decrease in length and there is an increase in lysyl oxidase expression, an enzyme
that mediates collagen fiber crosslinking [47]. Collagen disruption is mediated largely by
increased expression of MMPs. MMPs 1, 2, 3, and 9 are all associated with late-stage
CAVD [48-50]. TIMPs 1 and 2 as well as cathepsins have also been associated with

late stage CAVD in human valves and contribute to remodeling processes that ultimately
cause collagen fiber disruption [49, 51]. Furthermore, the formation of calcific nodules

in late-stage CAVD further disrupt collagen organization [49]. Alterations to collagen in
CAVD are not isolated to the fibrosa. The spongiosa, which became highly enriched in
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GAGs during early CAVD, experiences a significant increase in fibrillar collagen as disease
progresses [47].

As the valve becomes enriched in collagen during fibrosis, PGs and GAGs correspondingly
make up a smaller proportion of the valve ECM. Late-stage CAVD is associated with
increased heterogeneity of PG and GAG distribution and focal enrichment of these ECM
components in the areas surrounding calcific nodules [26, 52]. Specifically, increased
concentrations of decorin and biglycan around pre-nodules and increased expression of
decorin, biglycan, versican, and hyaluronan around calcified nodules are seen in late-stage
diseased human valves [53]. Molecules involved in HA homeostasis, such as HAS2 (which
synthesizes HA), HYAL1 (which degrades HA), as well as HA-binding proteins and
receptors, also become highly dysregulated as disease progresses [26].

Finally, the ventricularis ECM is also altered in late-stage CAVD. As CAVD progresses,
elastic fibers become more fragmented and disorganized [44]. MMPs, including MMPs 2
and 9, modulate this fragmentation of elastin [48, 49]. Cathepsins S, K, V, and G are thought
to further degrade elastin in the ventricularis [54, 55]. This loss of elastin leads to aortic
valve cup distention, reduced extensibility and increased stiffness [56].

Engineering Valvular ECM

The dynamic and complex composition of native valve ECM makes it difficult to precisely
pinpoint the contributions of each component and the sequence in which physiological and
pathological events occur. Similarly, histological analyses of explanted human and animal
specimens offer only snapshots that cannot fully capture the mechanisms involved in the
many processes responsible for maintaining valve homeostasis. To better understand the
role of the ECM in regulating leaflet function in health and disease, engineers and material
scientists have endeavored to generate well-defined /n vitro environments that mimic the
native valve ECM. As described in the preceding sections, each stage of valve development
and disease has unique ECM characteristics. A variety of engineering approaches are
necessary to generate experimental platforms that accurately recreate the valve environment,
and such platforms may serve as critical tools in building a detailed understanding of
valvular (patho)biology. In the following sections, we focus our attention on bottom-up
approaches that have been used to engineer ECM-mimetic environments in the context of
the aortic valve (Figure 3).

Insights from 2D ECM Coatings

Some progress towards understanding the role of the ECM within the context of the
aortic valve has been achieved via the use of ECM coatings on traditional tissue

culture polystyrene (TCPS). Although TCPS does not capture many of the biophysical
characteristics of the valvular ECM (e.g., mechanics, microarchitecture), this approach
has yielded insight into the ability of the ECM to regulate VIC function. For example,
ECM coatings alone have the ability to drive or inhibit the formation of calcific nodules
by VICs. When VICs were seeded on TCPS coated with fibrin, laminin, or heparin,
VIC aggregation into nodule-like structures was promoted in a concentration-dependent
manner [57, 58]. Meanwhile, culture of porcine VICs on type | collagen, HA, or plasma
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fibronectin resulted in decreased nodule formation; for HA, this effect was dependent upon
HA molecular weight [15]. As a coating on TCPS, collagen I in particular appears to
provide a protective environment for porcine VICs, as its presence assists in maintenance of
a quiescent porcine VIC phenotype in vitro [14], and VICs cultured on type | collagen
coatings demonstrate reduced sensitivity to pro-calcific stimuli [57]. 2D studies have
revealed that the response of porcine VICs to various exogenous factors can vary with

the ECM environment. Specifically, ECM coatings affected VIC behavior in response

to the pro-fibrotic stimulus transforming growth factor beta-1 (TGF-B1) [58] and the
cholesterol-lowering drug simvastatin [59]. However, while 2D studies employing ECM
coatings have provided a foundation from which to build an understanding of the aortic
valve microenvironment, more mechanically and physiologically relevant environments are
necessary to develop adequate models of tissue function.

3D ECM-based scaffolds

Engineered models of developing and healthy valves provide a platform to investigate the
molecular mechanisms that maintain valve homeostasis as well as those that may regulate
transitions to diseased states. While many of these approaches first arose with the end goal
of engineering an organ for valve replacement, they provide an important foundation upon
which more complex or disease-inspired structures can be built. ECM-based systems may
be preferred over purely synthetic systems because they more closely mimic native valve
architecture, allow for the sequestering of growth factors and cellular signals, and inherently
promote cell adhesion.

Type | collagen was one of the first scaffold materials used in a tissue engineering context
[60]. Its historical usage in tissue engineering applications, combined with it being the most
abundant ECM molecule in the mature, healthy valve, have yielded a wide range of efforts to
apply collagen-based scaffolds to valvular tissue engineering. Collagen-based hydrogels can
be formed via several methods [61]. One common approach is to adjust the temperature and
pH of an acidified solution of native collagen to reach physiological conditions, and VICs
can be readily encapsulated during this gelation process. The resulting scaffold provides not
only the most prevalent ECM protein in the native valve but also fibrillar topography, which
is important for directing cell function. However, the elastic modulus of collagen-only gels
tends to be low (<6 kPa). The dominant usage of collagen-only gels in the context of aortic
valve investigations is to provide a platform for assessing VIC contractility in response

to stimuli. Although collagen type | coatings can promote the maintenance of a quiescent
VIC phenotype, this does not hold true for 3D collagen gels, where encapsulated porcine
VICs readily transition to a myofibroblast phenotype and contract the gels [62—65]. Collagen
gels have also been used to probe stiffness-dependent VIC behaviors; in the presence of
calcifying media, VICs on compliant (2 kPa) type | collagen gels tended to express markers
related to osteogenesis, while the stiffer (6 kPa) collagen gels supported transition to a
myofibroblastic phenotype and greater formation of calcified aggregates [66]. Collagen gels
may also be subjected to mechanical loading to investigate VIC response to applied strain
[67]; this approach has been used more often with porcine mitral valve cells [68, 69].
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Despite the advantages of collagen with respect to its biological and architectural properties,
the robust contraction of these gels by VICs, combined with challenges in tuning collagen
scaffold properties, can limit their applicability to mimic valvular conditions. Thus,
researchers have used modified gelatin as an alternative to collagen [70-72], as gelatin

is inexpensive and more amenable to synthetic modification [61]. Scaffolds made from
methacrylated gelatin (GelMA) possess cellular adhesion sequences, are easily modified,
and have tunable stiffness, which can be further enhanced through copolymerization or
reinforcement with other materials [61, 73]. GelMA scaffolds support porcine VIC viability
and spreading [70], although, similar to collagen gels, VICs in 5.7 kPa GelMA scaffolds
spontaneously differentiate into myofibroblasts [71]. Scaffolds made from GelMA have been
used to support VIC-VEC co-culture in an organ-on-a-chip system [74], and to examine
inflammatory and remodeling outcomes in response to chronic hyperglycemia [75].

To design culture environments that mimic multiple components of the native valve ECM, it
is becoming increasingly common to combine GelMA with modified HA. On its own, HA
has been attractive as a valve-mimicking biomaterial due to its critical role in valvulogenesis
and abundance in the spongiosa of healthy adult valves. With no high order structure

to maintain, HA can be easily modified to introduce crosslinking capabilities [76], and

the resulting scaffolds modified with adhesion peptides to better support cell spreading

[77]. Scaffolds fabricated from methacrylated HA (HAMA) support porcine VIC viability
and ECM biosynthesis [78, 79]; they also support maintenance of a less activated VIC
phenotype, as well as secretion of elastin, which can be difficult to achieve in vitro [77].
Hybrid scaffolds of GeIMA and HAMA offer many opportunities as a platform to further
explore valvular pathobiology. Porcine VICs encapsulated in GeIMA-HAMA scaffolds
(ranging from 2-100 kPa) retain a quiescent phenotype and require exogenous stimulation
to a myofibroblast phenotype, rendering this environment highly useful to investigate causes
of VIC activation and progression of early CAVD [71, 79, 80]. Bioprinting of GelMA

and HAMA has been used to create a multi-layered leaflet model that recapitulated layer-
specific mechanics [81]. These scaffolds supported the development of microcalcifications
in response to treatment with an osteogenic stimulus. GelMA can also be combined with
other GAGs to mimic the valvular environment. For example, chondroitin sulfate (CS) can
be modified in a manner similar to HA to enable methacrylate-based crosslinking. Using
this approach, scaffolds were constructed to mimic the GAG-enriched early disease state of
CAVD [16], and it was found that enrichment in CS did not directly induce pathological
behaviors in porcine VICs, but rather trapped oxidized lipids which, in turn, promoted
inflammatory outcomes. Meanwhile, enrichment in HA was not associated with significant
lipid entrapment, but did stimulate production of pro-angiogenic factors by VICs [16]. In
another study, a composite system of 20 kPa GelMA-HAMA was used to examine the
transition between porcine gVICs and osteoblastic VICs. Within these scaffolds, treatment
with osteogenic media and TNFa resulted in the formation of calcified nodules and
increased aSMA expression [80].

Finally, scaffolds may also be made to include elastin, the third major ECM category of
the aortic valve. Collagen and solubilized elastin have been combined to form scaffolds
via spontaneous assembly at physiological conditions, and these materials supported

culture of both VICs and VECs [82]. However, unlike other ECM molecules, the intact
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elastin molecule presents significant obstacles to its use /7 vitro, such as a high level
of hydrophobicity and a tendency to induce calcification [83, 84], which has limited its
implementation in tissue-engineered valvular materials.

Reductionist Approaches to Mimic the Valve ECM

Natural polymers may be ideal in mimicking the biochemical nature of the valve, but

they can be large, unwieldy, and difficult to precisely control. Although fully synthetic
polymer systems have shown promise in the development of an engineered valve [85,

86], a system that combines natural and synthetic elements may better capture the
biophysical and biochemical properties of the aortic valve microenvironment. A reductionist
approach, which involves the incorporation of ECM-derived peptides, rather than whole
ECM molecules, may be employed to simplify scaffold fabrication while maintaining
biofunctionality. Use of a reductionist approach also simplifies the isolation of variables

to gain mechanistic insight. The synthetic polymer polyethylene glycol (PEG) is frequently
used as the base material for reductionist approaches; bioactive peptides that regulate VIC
adhesion, proliferation, and differentiation can be appended to PEG-based matrices.

PEG-based scaffolds can be modified to include both adhesive sequences and degradation
targets that are reminiscent of the native ECM. PEG scaffolds containing adhesive peptides
and MMP-degradable peptide sequences support porcine VIC attachment, spreading, and
migration [87], and VIC behavior can be modulated via changing the peptide density or
identity [88, 89]. Meanwhile, tailoring the degradation of PEG-based scaffolds can influence
both the VIC ECM production profile and the distribution of ECM in the construct [90].
PEG-based systems have also been used to demonstrate that VIC responsiveness to adhesive
peptides varies with platform dimensionality, and that soft (<5 kPa) 3D PEG systems

can promote a more quiescent porcine VIC phenotype than their 2D counterpart [91].

A microarray-based gene expression analysis revealed further differences between VICs

on 2D vs. within 3D PEG-peptide scaffolds [92]. The response of VICs in PEG-peptide
scaffolds to exogenous soluble factors is consistent with physiological expectations, where
TGF-B1 increases myofibroblastic differentiation, while fibroblast growth factor-2 (FGF-2)
supports maintenance of a more quiescent phenotype [93]. Moreover, these scaffolds can

be combined with native ECM components (e.qg., fibrillar collagen) to yield more complex
biomimetic environments that can serve as platforms to assess not only mineralization,

but also the ability of drugs to stop this process [94]. Finally, PEG-peptide gels present

a useful platform for analyzing the effects of altered stiffness on porcine VIC function.
Consistent with findings on collagen gels, stiffer (10 kPa) PEG hydrogels supported more
myofibroblastic differentiation of VICs [95].

PEG-based systems are also amenable to spatial patterning and temporal regulation of
scaffold properties. For example, patterning of scaffold mechanical properties can be used
to mimic the anisotropic environment of the native valve [88] and has revealed that spatially
disorganized elasticity increased porcine VIC proliferation [95]. Meanwhile, adhesive ligand
patterning has been used to spatially pattern VICs and VECs in order to better mimic native
aortic valve architecture [96]. PEG scaffolds can also be dynamically tuned while in culture,
offering researchers the ability to further probe the impact of ECM microenvironment
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changes on VIC function. For example, dynamic stiffening may be employed to mimic

the progression of fibrosis and can be achieved by diffusing in additional PEG polymer

and initiating crosslinking [97]. Dynamic softening of PEG matrices can also be used to
modulate porcine VIC phenotype between myofibroblastic and more quiescent states [98]. A
summary of the different materials discussed herein is presented in Table 1.

Future Directions

ECM-mimicking 3D environments are becoming increasingly common as platforms to
examine valvular cell function and pathology. As discussed in the previous section, these
scaffolds can be constructed to mimic various compositional and architectural features of
native healthy and diseased valves. However, there remain many opportunities to expand
these engineering efforts to advance our understanding — and potential future treatment — of
valvular dysfunction.

Engineering Scaffolds to Mimic the Aged ECM

As with many diseases, advanced age is the primary risk factor for CAVD. Also, as

with many diseases, our in vitro culture approaches typically fail to account for this aged
environment. Because of the complicated history of valvular characterization, where normal
aging was thought to include calcification, a complete picture of the healthy aged valve
ECM is still emerging. But, our knowledge of aged valve ECM thus far suggests that we

can mimic these changes via a combination of tuning existing valvular scaffold platforms
and borrowing tools from other fields. Existing chemistries may be tailored to mimic major
ECM changes associated with aging, such as increased collagen and HA concentrations

and valve stiffening/thickening. In tumor engineering, interpenetrating networks of fibrillar
collagen I with other materials have been formed to modulate fiber density independently
of other scaffold features [99]; a similar approach was recently applied to valves [94]. With
respect to other aging features, it has yet to be determined how much AGEs and ECM
crosslinking enzymes are involved in forming the normal aged valve environment, and these
classes of molecules have not yet been combined with valvular tissue engineering. However,
work on other diseases and tissues has included strategies to form AGE-modified ECM
scaffolds [100] and lysyl oxidase-treated materials [101], which may be translated to inform
valvular approaches. Overall, the needs and targets for engineering the aged valve ECM will
evolve as we further quantify these features in native valves.

Moving Toward a Trilaminar Engineered ECM

The trilayered architecture of the native valve has been mimicked in valve scaffolds
constructed from synthetic polymers [102, 103]. However, current ECM-based valve
scaffold approaches rarely incorporate defined layers. The trilaminar valve structure helps
to dictate the mechanical behavior of the valve; moreover, valve pathophysiology occurs

in a layer-specific manner, so the presence of a layered structure may be important for
recapitulating this element of CAVD. It may be possible to modify existing approaches

to create a multi-layered valve scaffold, for example by photocrosslinking a GelMA-rich
fibrosa layer atop a spongiosa-mimicking HAMA scaffold. However, as with all efforts that
increase culture platform complexity, one should also be mindful of overengineering the
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system, weighing whether the increased complexity is necessary for the biological question
at hand [104].

Another element of the native valve that is infrequently represented in existing scaffolds

is the elastin-rich ventricularis. Engineering the ventricularis may receive less attention

in part because elastin-based scaffolds are less common in general, but also because this
layer is not the site for many pathological events in CAVD. Nevertheless, it is possible

that the ventricularis makes meaningful biochemical and biophysical contributions to CAVD
pathogenesis, which could be examined in an in vitro system. Self-assembling elastin-like
polypeptides (ELPs) have been used to mimic various features of elastin in other engineered
tissues [105], although it does not appear that ELPs have been used in valvular scaffolds. It
is also possible that the mechanical aspects of elastic fibers could be incorporated into valve
scaffolds via introduction of entirely synthetic fibrillar materials [106].

Engineering the Spectrum of Disease

Finally, it is expected that the current engineering approaches to mimic the valvular ECM
will evolve to recapitulate a continuum of disease states. As noted in a previous section,
the development of dynamic scaffold platforms enables one to simulate biochemical and
physical changes seen in disease progression. An important consideration as this research
moves forward is how to introduce fibrosis-mimicking architecture in these scaffolds. Many
of the scaffolds currently in use for VIC culture do not incorporate a fibrillar element;

or, if they do, the topography and arrangement of these fibers are not spatially controlled.
Methods such as bioprinting [107] or other fiber patterning techniques [108] may offer
opportunities to better mimic the fibrotic element of CAVD. More precise control over
collagen structure can also open the door to mimicking other valvular diseases, such as
congenital aortic valve stenosis [109].

Conclusions

Recent years have brought numerous advancements in engineering valvular ECM structures,
and continued characterization of both healthy and diseased valves enable further
biomimicry and refinement of these approaches. Opportunities exist to expand these efforts
to recapitulate the full continuum of valvular disease and decipher CAVD pathogenesis. The
treatment of CAVD is still limited to surgical valve replacement, so the further development
of engineered, disease-mimicking scaffolds could be transformative in the pursuit of novel
drug discovery and testing for this disease.
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Figure 1: ECM changes during Aortic Valve Development.
In early valve development endothelial cells undergo transition to mesenchymal cells in

a GAG-rich jelly. As valvulogenesis continues, endocardial cushions begin to thin and
elongate, remaining rich in GAGs. Lastly, the trilaminar structure of the valve begins to
emerge in the postnatal period with enrichment of collagen | fibrils in the fibrosa, HA and
chondroitin sulfate in the spongiosa, and elastin localized to the ventricularis.
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Figure 2: ECM changes in CAVD.
A healthy aortic valve has three layers: a collagen rich fibrosa, GAG rich spongiosa, and

elastin filled ventricularis. Early in CAVD, collagen fibrils are disrupted, there is an increase
in GAG concentration and elastin is fragmented. Late stage CAVD is associated with fibrosis
throughout the valve and mineralization of the valve ECM, primarily in the fibrosa.
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Figure 3.

An overview of the general approaches used to create ECM-inspired culture environments to

mimic the aortic valve.
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Common Biomaterials Used to Mimic Aortic Valve Architecture
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regulation
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. o easily contracted by
. Regulates VIC Provides fibrillar VICs
. phenotype topography
Colll Native ) Difficult to tune
. Abundant Well established for properties across wide
throughout valve; VICs range
increases in late
disease
No higher order
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HAMA Mata\(fe_ ” spongiosa; Easy synthesis and HA must be modified
odrrie increases in early gelation (e.g., HAMA) to form
disease . scaffolds
Tunable mechanical
properties
Uncommon to
: Can use self- c .
: 5;‘3/2'65 recoil of assembling elastin-like ﬁ;%rfggh%rl?itc?t;’
polypeptides to form introduces scaffold
Elastin Native ° gragments_/ | gels fabrication challenges
ecreases in late
disease Supports culture of Induces VIC
VICs and VECs calcification
Tunable stiffness across
. Denatured form of wide range
Native - gﬁ“:gsgdwnh Easily modified and Does not contain
GelMA Modified crosslinking synthesized fibrillar elements
abilities Can combine with other
polymers (e.g.,, HAMA)
Easy to modify with
tunable properties
i ; Not found in native
. Used as base for Modlf_led to contain valve
- many reductionist adhesive and
PEG Synthetic degradation targets Does not contain

fibrillar elements
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