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ABSTRACT

THE RIGHT VENTRICLE—THE FORGOTTEN CHAMBER

THAT DESERVES MORE LOVE

Right ventricle failure (RVF) is associated with serious cardiac and pulmonary diseases that
contribute significantly to the morbidity and mortality of patients. The prevalence of RVF is
significantly increased in the later stages of pulmonary hypertension, congenital heart disease, and
left heart failure with preserved ejection fraction. Moreover, the mortality rate of these patients has
not improved with currently limited treatment options. The persistent clinical challenge is mainly
due to an incomplete understanding of the structure-function relationships of the RV, partly

attributed to the lack of large animal models, as well as the lack of RV-specific therapies.

Therefore, the overall goal of the study is to fill knowledge gaps in the biomechanics of right
ventricle failure secondary to pressure overload and in the regenerative potential of mesenchymal

stromal cells (MSCs) regulated by RV mechanics. The specific aims are:

1. Assess the unique ex vivo biomechanics of the RV free wall in contrast to the LV free
wall.

2. Assess the ex vivo biomechanics of the “significant other” of the RV chamber — the
septum wall.

3. Establish anovel ovine model of RV failure and investigate RV biomechanical changes
during RV failure progression.

4. Investigate the pro-angiogenic paracrine effect in the context of mesenchymal stromal

cell mechanobiology to ultimately improve RV therapy.
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From ovine models, there was distinct anisotropic mechanical behavior of the RV compared
to the left side in healthy adults, and the low-strain mechanical behavior was correlated to collagen
III. Multiscale computational model indicated softer collagen fibers in the RV. The investigation
on the septal wall originally revealed transmural biomechanical changes and a significantly more
compliant wall than the ventricular free walls. A new ovine model of adult RV failure was
established, and there was stiffening of the RV in the outflow tract direction and altered tissue
anisotropy with RV failure progression. Finally, from prior and our own RV mechanical data,
biomimetic scaffolds that represent healthy and diseased RV mechanics were fabricated for the
first time. The pro-angiogenic potentials of MSCs on these scaffolds were assessed by cytokine
production and neovessel formation. There were synergistic effects of matrix stiffness and

anisotropy on MSC pro-angiogenic functionality.
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1. Introduction: Pressure Overload Induced Right Ventricle
Failure!

1.1 Overall Function and Structure of the Heart
1.1.1 Overview

Central to human life, the heart serves to maintain the systemic and pulmonary blood
circulations which provide nutrients and oxygen while removing wastes from all organs in the
body. The heart, often analogous to a ‘pump’, is made up of four chambers (i.e., left and right
atriums, left and right ventricles) and four valves (i.e., mitral valve, aortic valve, tricuspid valve
and pulmonary valve). In this unique architecture of the organ, the blood is ‘pumped’ out of the
heart into systemic or pulmonary circulation via the contraction of the left ventricle (LV) or right
ventricle (RV), respectively. The LV and RV chambers are divided by the shared interventricular
septum wall (Fig. 1.1). The open and close of the valves during systole (contractile) and diastole
(relaxing or dilated) phases are also important steps to ensure the sequential, unidirectional blood

flow between the chambers.

' Adapted by permission from Springer Nature Customer Service Centre GmbH: Springer. Cardiac Extracellular
Matrix. “Biomechanical Properties and Mechanobiology of Cardiac ECM”. Nguyen-Truong M and Wang Z, 2018.
https://doi.org/10.1007/978-3-319-97421-7_1



LV

Septum

Figure 1.1. Graphic representation of the myocardium. RV: right ventricle. LV: left ventricle. Adapted
from Stenemo - derivative work Diagram of the human heart (cropped).svg, CC BY-SA 4.0,
https://commons.wikimedia.org/w/index.php?curid=63920599.

1.1.2 Different Cardiac Cell Types

The composition of cardiac tissues varies depending on the location of the tissue. In the
myocardium (i.e., the muscular layer of the ventricular wall), the typical cell types include
cardiomyocytes (cardiac muscle cells), cardiac fibroblasts (CFs), endothelial cells (ECs) and
smooth muscle cells (SMCs). The cardiomyocytes occupy around 70% of the volumes of the
ventricular wall under normal circumstances'. However, the CF is the most abundant cell type in
the myocardium and the main role of fibroblasts lies in the synthesis and maintenance of the
extracellular matrix (ECM) in the myocardium?. The number of CFs (or the ratio of fibroblasts to
myocytes) varies depending on tissue regions, species and age>.

In the heart valves, the main cells include the interstitial cells and endothelial cells. The
interstitial cells are specialized cells that mostly exhibit the characteristics of smooth muscle cells
and myofibroblast cells. They are responsible for the synthesis and maintenance of ECM in the
heart valves*. Valvular ECs play essential roles in establishing the valve structures during
embryonic development and are important for maintaining lifelong valve integrity and function®.

2



1.1.3 Extracellular Matrix (ECM) Composition in Cardiac Tissues

The cells in the heart are supported by the architecture maintained by the ECM components
(Table A1). The conventional wisdom considers the ECM as a passive component that mainly
affects the mechanical properties of cardiac tissue. However, more and more evidence suggest that
cardiac ECM can play an active role in the tissue remodeling process in response to altered
mechanical loadings.

In the myocardium, the ECM consists of proteins such as collagen, elastin, fibronectin,
proteoglycan and laminin. Collagen is the most abundant ECM protein in the heart, with at least
5 different types of collagen (I, III, IV, V and VI) that have been identified in the myocardium'.
Whereas types IV and V collagen are mostly found in the basement membrane of the myocytes,
types I and III collagen are the main constituents in the ECM: type I collagen represents 75~80%
of total collagen content and type III collagen represents approximately 15~20% of the total
collagen®. A small percentage of collagen is composed of type V collagen (less than 5%)" 7. The
collagen content in the heart depends on species: the larger the mammal, the greater the collagen
content of the heart®. Cardiac collagen metabolism, i.e., the balance of synthesis and degradation,
is profoundly affected by various cardiac cells and secreted cytokines, growth factors, hormones,
enzymes and other reagents'. Lastly, because of the branching of cardiomyocytes and the spiral
orientation of these cells called the ‘myocardial band’, the investigation on the structure and
arrangement of ECM surrounding the myocytes as well as its interaction with the cells has been
challenging and remains a matter of debate.

The heart valves are leaflets that can be divided into three layers (the fibrosa, spongiosa and
ventricularis layers) when viewed from the cross-sectional structure. Each layer has a distinct ECM

composition that aids in normal mechanical behavior of the valve. The mechanical function of



valves is achieved by a highly organized and hydrated network of ECM proteins including collagen
(rich in fibrosa layer), elastin (rich in ventricularis layer), glycosaminoglycans (GAGs) and
proteoglycans (PGs) (rich in spongiosa layer)® °. Water comprises about 60-70% of the valves by
weight, which is similar to other soft tissues such as arteries, skin, cartilages, etc. The hydrated
nature may be especially important for heart valves because it enables the diffusion of nutrients
and oxygen through the valvular tissue, which is largely avascular in adults'®.
1.2 Right Ventricle Failure (RVF) Investigation

In both the U.S. and worldwide, heart failure is the leading cause of death!!. Among the
various types of heart failure, RV failure is gaining more attention in the clinical and scientific
communities. RV failure (RVF) is associated with serious cardiac and pulmonary diseases that
contribute significantly to the morbidity and mortality of patients'?. The prevalence of RVF is
significantly increased with the advanced stage of diseases such as pulmonary hypertension,
congenital heart disease, and left heart failure with preserved ejection fraction!*>>. Despite the
increasing clinical relevance, the management and treatment of RVF remains severely limited and
thus the mortality rate of these patients has not improved despite the advancement in therapeutic
interventions over the past few decades'*!8, During the current COVID-19 pandemic, reports have
shown a strong correlation between hospitalization/mortality and RV abnormality'®*!. The
persistent clinical challenge is mainly due to an incomplete understanding of the fundamental

structure-function relationships of the organzz’ 23

and that current surgical and pharmacological
treatments are only palliative remedies.
Despite the ample research output on the LV, the findings from the LV with regards to its

performance, treatment, etc. cannot be applied to the RV. For example, therapies that have been

developed for LV failure are not always effective against RV failure. The RV is a unique



chamber—it differs from the LV in embryologic origin, anatomy and function, and pathology>*?’.

In physiological conditions, the left ventricle (LV) and RV experience dramatically different
hemodynamic environments: while the LV experiences a high pressure, high resistance and low
compliance circulatory system, the RV experiences a low pressure, low resistance and high
compliance circulatory system>* %2, The RV has been long considered as a ‘compliant’ chamber
compared to the LV because of its larger chamber compliance, an extrinsic mechanical property
calculated by AVolume/APressure (AV/AP) over a cardiac cycle. However, the higher compliance
is mostly due to the lower physiological pressure range (0-25 mmHg) compared to that of the LV

(0-120 mmHg) (Fig. 1.2, Table 1.1, Table A2).

=)
T
:
~ LV
o
=2
0
0
o
o
RV
Volume (mL)

Figure 1.2. A sample graphic representation of ventricular compliance differences between the two
chambers.



Table 1.1. Differences between the RV and LV chambers®. AV/AP = AVolume/APressure

v RV

Pressure (mmHg) 0-140 0-40

Resistance High Low
Compliance (AV/AP) Low High
Wall thickness (mm) 7-11 2-5

Thus, these differences suggest that the unique understanding of the RV must be
independently investigated and that the chamber itself is distinct from the more extensively studied
LV. The incomplete understanding of the mechanisms of RVF and relevant treatments can be
attributed to some key factors: 1) the knowledge gap of how exactly the RV free wall differs from
the LV free wall in terms of the RV’s intrinsic mechanical properties, which is crucial for RV-
specific therapies; 2) the dearth of information on the intrinsic mechanical properties of the
interventricular septum, an important component of the RV chamber that is neglected in ex vivo
biomechanical studies; 3) the establishment of an adult RV failure in a large animal model and the
accompanying RV biomechanical changes with disease progression are not documented but are
critical to the study of this disease’s pathogenesis®*3%; 4) the response of mesenchymal stromal
cells (MSC) to a mechanical environment that mimics healthy and diseased RV tissue mechanics
is unknown, which potentially limits the optimal therapeutic outcomes of MSC delivery to treat a
failing RV.

In order to fill in the aforementioned knowledge gaps in RV failure mechanisms, I assessed
the ex vivo ventricular free wall and interventricular septum tissue biomechanics and established

an in vivo large animal model of RV failure which was used to study the changes of RV



biomechanics with disease progression. Lastly, I investigated MSC behavior on a novel, in vitro
platform mimicking right ventricle mechanics that furthers our understanding of MSC

mechanobiology and can potentially improve MSC regenerative treatment (Fig. 1.3).

RV failure

Potentials of
mechanism MSC Therapy

Aim 4:
Mechanical

Biomechanical

Aim 1: Aim 2 Aim 3:

Ovine model &
biomechanical
insights

Unique
biomechanics of
RV

Septum & RV

are different regulation of

MSCs

Figure 1.3. Overall diagram of workflow to understand RV failure in terms of biomechanical
mechanisms and regenerative treatment.
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2. Specific Aims

Assess the unique ex vivo biomechanics of the RV free wall in contrast to the LV free wall.
Hypothesis 1: The adult healthy LV and RV free walls have distinct passive anisotropic
biomechanical properties.

Assess the ex vivo biomechanics of the “significant other” of the RV chamber — the septum

wall.

Hypothesis 2: There are transmural differences between the LV-side and RV-side of the
adult septum, and these two sides are distinct from that of the LV and RV free walls,
respectively.

Establish a novel ovine model of RV failure and investigate RV biomechanical changes during

RYV failure progression.

Hypothesis 3: Animal-specific, graded pulmonary artery constriction (PAC) will lead to
chronic RVF in adult ovine, and the RV will stiffen in the longitudinal direction.

Investigate the pro-angiogenic paracrine effect in the context of mesenchymal stromal cell

mechanobiology to ultimately improve RV therapy.

Hypothesis 4: The pro-angiogenic potential of individual MSCs is highest on the substrate

with isotropic, diseased RV-like stiffness.
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3. Multiscale Contrasts between the Right and Left Ventricle
Biomechanics in Healthy Adult Sheep and Translational
Implications

3.1 Introduction

In both the U.S. and worldwide, structural heart diseases (SHDs) are the leading cause of
death. The progression of SHDs is associated with unique ventricular biomechanical alterations
that affect either single or double sides of the ventricles. Diastolic dysfunction is common in many
SHDs and confers poor outcome in both the left and right ventricular diseases including heart
failure with preserved ejection fraction and pulmonary hypertension. Despite the development of
modern therapies, effective treatments for diastolic dysfunction in heart failure patients remain
limited. As diastolic dysfunction is directly influenced by the passive biomechanical behavior of
the myocardium, a detailed knowledge of this behavior could facilitate developing new therapeutic
targets and personalized treatment approaches for diastolic dysfunction. Although several studies
have characterized the passive biomechanics of the myocardiuml, these studies often focus on
either the left or right ventricle and the key question of how different the passive behavior of the
two ventricles remains unanswered. This question becomes very important as often therapies that
work for left ventricle (LV) failure patients (e.g., valsartan and pirfenidone) do not achieve similar
effectiveness in right ventricle (RV) failure patients®*, which indicates that different failing
mechanisms, stemming from differences in baseline biomechanical behavior, exist between the
ventricles and calls for the development of chamber-specific treatment.

Under physiological conditions, the LV and RV experience dramatically different
hemodynamic environments: while the LV experiences a high pressure, high resistance and low

compliance circulatory system, the RV experiences a low pressure, low resistance and high
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compliance circulatory system. The RV has been long considered as a ‘compliant’ chamber (i.e.,
the ratio of volume change to pressure change from end-diastole to end-systole). However, whether
their intrinsic mechanical properties such as elastic modulus differ from each other remains a

knowledge gap® °.

Moreover, in hypertensive remodeling, the RV can face as high as ~5-fold
increase of afterload under pulmonary hypertension, but the LV only faces a ~1.5-fold increase of
afterload in systemic hypertension® ’ 8, Different baseline mechanics and mechanical afterloads
may be responsible for the poor adaptation of the RV to pressure overload compared to the LV**
10 The RV also has been shown to have higher collagen content (key contributor to ventricular
biomechanics) than the LV!!, which suggests that the extracellular matrix remodeling may be
different for each chamber. Therefore, it is crucial to investigate the baseline biomechanical
differences between the ventricles to further delineate the different mechanisms of and subsequent
treatment for LV- versus RV-associated SHDs.

To date, there are only a few studies directly comparing the mechanical properties of the LV
and RV. Among earlier studies, Humphrey et al. reported the equibiaxial mechanical behavior of
the canine epicardium tissues'?. The stress-stretch curves were similar between the LV and RV:
the tissues were isotropic at low strains and became stiffer and anisotropic at high strains. But there
was no further analysis of the elastic properties. Later, the canine RV biaxial properties were

measured and compared with the literature LV data by Sacks et al.'®. Their data, as well as the

human myocardium data from Fatemifar et al.'¥, both suggested a stiffer RV compared to the LV

1.15 1'16

in the main fiber direction. Javani et al.”> and Kakaletsis et al.”® measured adult ovine hearts by
equibiaxial and multi-modal uniaxial tensile/compression and simple shear mechanical tests,
respectively. These studies reported a stiffer material property of the LV than the RV in the main

fiber direction. This finding is contradictory to the former studies. Recently, human ventricles were
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examined by Sommer et al.!” and the results suggested a stiffer RV than LV, although the sample
size was small (n=3 for RV). Since both human studies included samples from patients with and
without cardiovascular diseases, the baseline information of healthy ventricles still remains
unclear. Finally, healthy neonatal porcine hearts were examined by Ahmad et al.'® and the RV was
shown to be stiffer than the LV in the main fiber direction in the developing myocardium.
However, the ventricular wall is different in functionality and structure between the neonate and
adult'®?°, Therefore, the mechanical difference between the RV and LV in healthy adults remains
inconclusive.

The lack of baseline biomechanics data for LV and RV and particularly in large animal species
has limited the expenditure of cardiac research in two main fields. Firstly, ventricular passive
biomechanical properties can serve as a benchmark for image-based inverse modeling
technologies to non-invasively estimate myocardial properties in the RV and LV?!">*, The image-
based inverse model technology offers a promising platform to measure tissue-level stiffness and
decouple fiber-level contributors to this stiffness. The information derived from this approach can
significantly improve the diagnosis and prognosis that are solely based on global functional
metrices (e.g., end-diastolic pressure-volume relation). Second, the design of biomaterials for
cardiac tissue engineering and regenerative medicine encompasses a wide range of substrate
elasticity from 20 kPa to 92 MPa, which represents the elasticity either at a small deformation of
~20% or that is non-physiological as we recently reviewed”. There are two layers of problems
here. The biomaterial stiffnesses are oftentimes outside of the physiological range of myocardium
stiffness, and most studies used the benchmark of LV stiffness, which leads to the lack of RV-
specific therapy development? in this rapidly expanding research field.

With the persistent need to establish computational tools for the estimation of large animal
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(including human) cardiac biomechanics and to guide cellular and tissue bioengineering research,
the goal of this study is to compare the biomechanical properties of the LV and RV in healthy
adults. We hypothesize that the adult healthy LV and RV free walls have distinct passive
anisotropic biomechanical properties. Sheep were chosen for their closer similarities to adult
human anatomy, function, and physiology26 than small animals, and thus the findings are more
translatable to human cardiac biomechanics. We measured the passive biaxial properties of ovine
LV and RV and quantified collagen distribution in the tissues. Moreover, there is increasing
agreement that a constitutive model that incorporates the microstructural information has greater

potential to characterize the heterogenous mechanical behavior of myocardium?’- 2. Equibiaxial

115,29 127

data were then fitted to a four-parameter Fung type mode and a structurally informed mode
with additional measurements from serial histology sections on the myo-/collagen fibers,
separately. Our results indicated significant discrepancies between anisotropic behaviors of the LV
and RV (relative to OT coordinates) that were concisely described by the anisotropic parameter K
derived from the Fung type model. The structurally informed model indicated stiffer collagen
fibers in the LV than the RV, which awaits further investigation. Furthermore, the elasticity at low
strains was correlated with type III collagen content in both ventricles. These findings advance the
fundamental understanding of the differences between LV and RV biomechanics, which can be
used to guide cardiac tissue engineering and regenerative studies with chamber-specific
mechanical environments and to develop image-based inverse modeling technologies to non-
invasively estimate myocardial properties in the ventricles.

3.2 Methods

3.2.1 Tissue sample preparation

14



Fresh hearts (n=11) were obtained from 4+ year-old female sheep with no known
cardiovascular disease or defects after the animals were euthanized for unrelated studies. Within
four hours of sacrifice, the tissues were immersed in physiological saline solution (PBS) at room
temperature until mechanical testing®®. The outflow tract (OT) direction was used as the
longitudinal direction as in previous studies*!**. A cruciform section (total dimensions: 30x30
mm; center square dimensions: 20x20 mm) was cut from each ventricle in a similar anatomic
region (anterior free wall, with similar distance to the apex and base) and free of fibrotic deposition
(Fig. 3.1). For both ventricles, we used the middle layer for mechanical tests after cleaning of the
endocardial and epicardial surfaces, including the removal of papillary muscles and trabeculae.
The tissue thickness was ~3 to 4 mm in all testing samples to achieve negligible shear deformation

requirement for the biaxial test®.

Figure 3.1. A representative image of the ovine heart with the labeling of the outflow (OT, longitudinal)
direction for each ventricle.

15



3.2.2 Biaxial testing

The sample was then mounted onto an in-house biaxial tester and then ex vivo mechanical
tests were performed at room temperature, with a regular spray of PBS solution to keep the tissue
moist. Prior to testing, graphite powder (AGS, MI) was dusted onto the sample for strain
characterization. Before testing, approximately 0.1 N of force was applied to pre-load the tissue in
both directions. Next, biaxial testing was performed at two different displacement ratios
(longitudinal:circumferential) in random order (2:1 and 1:2) and then at an equibiaxial test (2:2).
The first ratio test was completed with 15 cycles including preconditioning cycles. The following
ratios’ tests were completed with 8 cycles per ratio. Finally, the first ratio test was repeated to
confirm that no tissue damage occurred. Data acquisition was performed with an in-house
LabVIEW program?>.

Each sample underwent a maximum of 25% strain following the reported physiological
strains® and the maximum strain rate was 1% s™'. Sample images were taken with a CCD camera
(Nikon) at 1 fps and tissue deformations were obtained by digital image correlation®®. The digital
image correlation was applied to the region of interest (ROI), which was the central, square-shaped
region far enough from the boundaries, and we have verified that the deformation in the ROI was
nearly homogeneous. The Cauchy (o) and the second Piola-Kirchhoff (P-K) (S) stresses, and

Green strain (E) were calculated for each direction (0 = A;P, S = P/A;, and P =F /Ay, E =
% (A2 — 1), where Fis the measured force, P is the engineering stress, Ao is the initial cross-section

area, and 4; is the stretch in the i = L, C direction with L and C subscripts denoting the longitudinal
and circumferential directions, respectively), where the width and thickness were the original
dimensions at no load. The elastic moduli (M) were derived as the slopes of the stress-strain curves

at the low and high strain ranges (i.e., the first and last 20% of the loading stress-strain curve) *2,
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and the ratio M/e in the low or high strain range was used to assess the modulus (M) normalized
by the maximal Green strain () in the corresponding strain range and the respective direction .
3.2.3 Constitutive modeling

Next, we fitted our equibiaxial data to a phenomenological constitutive model (Fung type
model) and a structurally informed model. We used the phenomenological Fung type model to
assess the overall tissue-level stiffness and anisotropic behavior in the LV and RV in a comparative
manner; and the structurally informed model was used to provide insights into the differences
between fiber-level mechanical and architectural properties of the LV and RV myocardium. An
affine deformation was assumed within the samples under equibiaxial loading as commonly
adopted in biaxial soft tissue testing.
3.2.3.1 Fung type model

We calculated the shear deformations kzc and k¢ from our experimental data. (Table 3.1).
The shear deformation was minimal compared to the in-plane stretches along longitudinal (OT)

and circumferential (cross-OT) directions. Accordingly, shear stresses were assumed to be

negligible in our modeling work.

Table 3.1. Maximum stretches in the in-plane and shear directions during equibiaxial tests. Data
are presented as mean + SEM.

Ventricle AL Ac krc (shear) kcr (shear)
LV (n=7) 1.1440.02 1.19£0.02  1.04 £0.01 *, 1.0240.02 *}
RV (n=7) 1.201+0.02 1.1440.01 1.024+0.01 *,¥  1.03£0.01 *,¥

Ar: stretch in the longitudinal direction, Ac: stretch in the circumferential direction, kzc and kcyr:
stretches in the shear directions. *: p<0.001 vs. Az, T: p<0.001 vs. Ac.
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Furthermore, the relevant Green strain tensor (E) components were calculated as:

_ 1.2 _1:2
E =23 -1.Ec=2(2-1) (1)
where A; and A, are the stretch in longitudinal and circumferential directions, respectively.

115, 29

Next, a four-parameter Fung type constitutive mode with the following energy function

(P) was fit to the biaxial stress-strain data:
_B. 0 _ 2 2
Y= ;(e —1),Q =b,E,” + 2b;cE Ec + bcE, 2)
The 2" P-K and Cauchy stresses for an incompressible tissue were calculated as:
s=22_pcl, 6 =FSF’ 3)
ac
where F is the deformation gradient tensor, C is the right Cauchy-Green tensor, p is an unknown

hydrostatic pressure to enforce det(C) =1, and by, b;¢, b; and B are the material constants. The

stress-strain relationships in the L and C directions were derived as:

0, = (2E, + 1)(b,E, + bycE¢)BePLE L+2bicELEC+bcE? )

oc = (2E¢ + 1)(bycEy, + bcE¢)Be(b1F 1 +2bicEiEctbeE?c) 4)
The Fung strain energy function was fitted to the equibiaxial experimental data for each

specimen. The fitting was performed with a Levenberg-Marquardt least squares algorithm with the

tolerance of 10 in MATLAB. The sensitivity to initial guesses was checked for every fit and a

minimal dependency to initial guess was found for all the fits. The root mean square (RMS) was

calculated to assess the fitting results. Finally, the anisotropic parameter K and elasticity at zero

load in two directions (M, ; and M, ;) were calculated as described in previous studies'> 2% 37,

3.2.3.2 Structurally informed model

Next, we used a structurally informed model that incorporates the transmural changes of myo-

/collagen fibers to reveal the contributions of each fiber type to the tissue-level myocardial
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biomechanical behavior?” 3. Briefly, the total energy function (W) was written as the sum of the
mechanical contributions of the ground matrix and myo- and collagen fibers as,

Y(C) = p9PI(C) + p™¥™(C) + p“¥°(C) &)
where @9,@™ and @€ are volume fractions for the ground matrix (including non-structural
extracellular matrix proteins, fibroblasts, interstitial fluid, etc.), myo- and collagen fibers,
respectively, and W9, W™, and W€ are strain energy functions associated with each phase. The
volume fraction measurement is described in the next section (see §2.4.2).

At the tissue level, the 2™ P-K stress tensor (S) was described in terms of the energy function
Y(C):

S=22—pCl =89 +85™+5¢ (6)

The stress-strain relationships for ground matrix, myo- and collagen fibers were derived as:

S9 = $p9KkIT — pC-1 )
s = 20 % e, 2) Y0  exp [k (VI — 1)7) (™ @ n™)d6™dz
(8)
S¢ =
L[0T ™% 14 (8%, 2) x (€K — 1)(n° @ n)dO™dz, for E < Eyy
LT Te(00, [ (45T — 1) + Kk €455 (B — E,,)](n @ n)dO™dz, for E€ > Ey

©)

where I is the identity tensor, I = 2(n™ - En™) + 1, E€ = n¢ - En€ are the pertinent kinematic
measures, k’s are model parameters, and n’s are the defined unit vectors that describe the planar
orientations of the myo-and collagen fibers, respectively. We adapted the previous model and

derived the fiber orientation parameters 6™ and 6¢ (ranged from 0 to 7/2) from serial histology
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measurements (see §3.2.4.2). The parameters describing the transmural orientation distribution (I')
were derived for myo- and collagen fibers using a modified Beta distribution function®’. In the
transmural direction, the normalized tissue thickness was denoted as H and a value of 100
represents the entire tissue thickness. Ey is the upper bound of the transition region derived from
the average stress-strain curve calculated from each direction.

The myofiber model parameter k7" was estimated from the fit to experimental data in the low
strain region as described previously®!, and the parameter for amorphous ground matrix k9 was
fixed at a value of 10 kPa due to its much lower contribution to the mechanical behavior of
myocardium compared to that of myo-/collagen fibers®. The same fitting method was used as
described in the above Fung type model section.

3.2.4 Microstructural measurements

After biaxial testing, the samples were fixed in 10% buffered formalin and embedded in
paraffin for collagen content measurement. In some samples (n=3 for LV and n=4 for RV), the
tissue blocks were further sectioned into 4-8 serial sections (~125 um apart) from the epicardial to
endocardial side and stained for fiber orientation measurement.
3.2.4.1 Collagen content measurement

The tissue slices were stained with Picrosirius Red (PSR) and imaged and analyzed via a
transmission microscope (Nikon Eclipse E800) and Image Pro Premier software (Media
Cybernetics, Rockville, MD) for collagen content quantification. For each sample, three regions
were randomly selected under polarized light microscopy. An image thresholding method in which
yellow, green, brown and dark blue colors were chosen to represent type I collagen, type III

collagen, ground matrix and muscle, respectively. The amounts of type I and III collagen were
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quantified as the area percentage to total tissue area, and the amount of collagen content was
quantified as the total area percentage of type I and III collagen*®*!.

We further performed immunohistochemistry (IHC) to LV (n=4) and RV (n=4) specimens to
confirm the area fraction measurement of type III collagen in PSR staining slides. Tissue samples
were stained with rabbit polyclonal anti-human collagen III antibody (1:500 dilution, ab7778,
Abcam, Cambridge, United Kingdom). Image thresholding via ImageJ (U.S. NIH, Bethesda,
Maryland) was used to determine the area fraction of collagen III.
3.2.4.2 Myo- and collagen fibers orientation measurement

From the serial histology sections with PSR staining, the transmural change of fiber
orientation was measured using in-house MATLAB codes adapted from a previous study?’.
Briefly, each serial tissue slice was imaged under bright field light microscopy and separated by
the color of tissue component using ColorDeconvolution2, a plug-in in ImageJ. Fiber angle was
calculated for collagen and myofiber, respectively. The transmural fiber orientation distribution
was then represented by a Beta distribution function to fit a surface to the 3D data. The mean
transmural fiber orientations for both myo- and collagen fibers were calculated from the Hermitian
fit parameters?’. These data were used to derive the transmural orientation distribution (I') for the
structurally informed modeling.

3.2.5 Statistical analysis

Comparisons between directions (longitudinal versus circumferential) were performed with
the Wilcoxon signed-rank test for the paired equibiaxial data. For all other statistical comparisons,
the Mann-Whitney U test was used for the unpaired data. Pearson correlation analysis was

performed to investigate the correlations between the modeling parameters or collagen content and
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mechanical properties. All analyses were performed in GraphPad Prism (v8.0.2). Data are
presented as mean + SEM and p<0.05 was considered statistically significant.

3.3 Results

3.3.1 Differences in elastic behaviors along each direction

The average stress-strain curves from equibiaxial tests are shown in Fig. 3.2. The curves for
the LV were leftward of the curves for the RV in the longitudinal direction (Fig. 3.2A), indicating
a stiffer mechanical property of the LV in this direction. The opposite behavior was observed in
the circumferential direction (Fig. 3.2B), indicating a stiffer mechanical property of the RV in this
direction. Similar behavior was observed from the stress-strain data from non-equibiaxial tests
(data not shown).

We further investigated the elastic moduli at low and high strain ranges, which typically
represent the mechanical behavior of myofibers and collagen fibers, respectively®2. At the low
strains, the ventricles presented similar properties except that the LV showed a higher
circumferential M than the RV for the non-equibiaxial tests (Fig. 3.3B, p=0.052). At the high
strains, the LV had a higher M or M/e than the RV in the longitudinal direction, whereas the RV

had a higher M or M/g than the LV in the circumferential direction (Fig. 3.3).
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Figure 3.2. Average equibiaxial stress-strain curves in the longitudinal (A) and circumferential (B)
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directions in the LV and RV (n=7 per group). The shaded area is the variance of the stress data, and the
dash line is the variance for the strain data.
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Figure 3.3. (A-B) Elastic moduli (M) of LVs and RVs from the equibiaxial (A) and non-equibiaxial tests
(B). (C-D) Strain-weighted elastic moduli (M/e) of LVs and RVs from the equibiaxial (C) and non-
equibiaxial tests (D). For the equibiaxial tests, n=7 per group; for the non-equibiaxial tests, LV, L: n=4;
LV, C: n=5; RV, L: n=7; RV, C: n=6. *: p < 0.05 comparison between the directions and &: p < 0.05 and
&&: p <0.01 for comparison between the ventricles.
3.3.2 Differences in anisotropic behaviors

We compared the M and M/e between the two axes to examine the anisotropic behavior of the

tissue. For the LV, the M and M/e in the circumferential direction were significantly smaller than

those in the longitudinal direction (Fig. 3.3D), indicating that the LV was stiffer in the longitudinal
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direction. In contrast for the RV, the M and M/e in the circumferential direction were higher
compared to the longitudinal direction (Fig. 3.3D), suggesting that the RV was stiffer in the
circumferential direction. Therefore, the LV and RV had different anisotropic behaviors.
3.3.3  Experimental data fitting with Fung type model

We performed fitting of the equibiaxial stress-strain curves using the four-parameter Fung
type model. A good fit to the experimental data was observed for both ventricles and at both
directions (low RMS values), and the fitting results are summarized in Table 3.2. The simulated
equibiaxial stress-strain curves using the mean values of the estimated constants showed similar
behaviors as our experimental data: the LV and RV had different anisotropic behaviors (Fig. 3.4)

and the LV was stiffer than the RV in the longitudinal direction (Fig. 3.4).

Table 3.2. Fung model fitting results. Average data are presented as mean + SEM.

Ventricle b bc bic B (kPa) RMS
(kPa)
LV #1 145.67 25.16 440 x 10711 0.15 0.63
LV #2 41.63 17.91 0.01 0.09 0.09
LV #3 103.43 13.94 0.01 0.18 0.58
LV #4 96.74 53.68 0.01 0.17 0.14
LV #5 42.00 83.08 1.33 x 10710 0.10 0.28
LV #6 38.36 37.54 0.01 0.03 0.60
LV #7 33.51 27.33 0.01 0.88 0.25
LV (n=7) 71.62+16.52 36.95+9.17 0.007£0.002 0.23+£0.11 0.37£0.09
RV #1 17.44 35.07 8.48 x 10714 0.23 0.25
RV #2 45.49 20.05 0.01 0.38 0.24
RV #3 20.96 46.14 0.01 0.25 0.22
RV #4 57.19 79.55 1.55 x 10710 0.13 0.19
RV #5 51.30 99.99 0.01 0.07 0.42
RV #6 28.42 43.74 8.29 x 10711 0.15 0.10
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RV #7 20.95 48.57 0.01 0.07 0.17
RV (n=7) 34.5446.20 53.30£10.32 0.006+0.002 0.18+0.04 0.23+0.04

b;, bc, by and B are the material constants, and RMS is root mean square.

We further compared the zero-load modulus M, in each ventricle and in each direction, using
the model fitting parameters. The M, - was significantly larger than the M ; in the RV (p<0.05),
and there was a strong trend of larger M, ; compared to the M, in the LV, indicating different
anisotropic behaviors between the ventricles (Fig. 3.5A). Expectedly, the anisotropic parameter K
was significantly different between the LV and RV (Fig. 3.5B, p<0.01). Finally, we performed
correlation analyses and found that K was significantly correlated with the ratios of longitudinal

to circumferential elastic moduli (M and M/g) in both strain ranges (p < 0.05, r = 0.75-0.85, data

not shown).
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Figure 3.4. Simulated equibiaxial stress-strain curves generated by the four-parameter Fung model, using
the average values of the fitting parameters for both ventricles in two directions.
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3.3.4  Experimental fitting with structurally informed model

We fit the equibiaxial stress-strain curves with the structurally informed model to investigate
the different contributions of myocardial components (myo- and collagen fibers) to tissue
mechanics in these chambers. The fitting results are summarized in Table 3.3, and a representative
fitting result is shown in Fig. 3.6. The model fit our experimental data well, which is evident by
the small values of RMS. Compared to the RV, the LV tended to have larger stiffness for myo-
and collagen fibers (see k{* and k). Furthermore, the LV tended to have a larger transition strain

(Ew) than that of the RV.

Table 3.3. Structurally informed model fitting results. Average data are presented as mean + SEM.

Myofiber Collagen RMS

k' (kPa) kIt k{(MPa) kS Eup (kPa)

LV #1 5.04 384.38 21.61 56.70 0.14 0.25
LV #2 15.77 301.81 69.41 38.15 0.2 0.65

26



LV #3 54.65 304.28 12.52 26.35 0.10 0.27
LV n=3) 25.15+15.07 330.16+27.12 34.51+17.64 40.40£8.83  0.15+0.03 0.39+0.13
RV #1 25.10 10.07 9.73 34.54 0.14 0.87
RV #2 9.87 1.54 x 107° 10.08 68.37 0.09 0.37
RV #3 26.55 573.59 12.68 59.94 0.13 1.28
RV #4 18.05 263.93 28.63 25.34 0.14 0.68
RV (n=4) 19.89+3.82 211.89+135.14 15.28+4.50 47.05+10.20 0.12+0.01  0.80+0.19

k’s are model parameters, E, is the upper bond of the transition region.
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Figure 3.6. Representative fitting results using the structurally informed model.

3.3.5 Collagen content correlated with low-strain or high-strain elasticity in all ventricles

Next, we examined the difference in collagen content between the LV and RV. There were

trends of higher total collagen and type I collagen contents in the RV compared to the LV (Fig.

3.7A, p<0.1). Our immunohistochemistry measurement of collagen III isoform agreed with the

polarized light PSR measurement in collagen III (data not shown). Furthermore, we observed a

significant correlation between type III collagen percentage and the longitudinal M (My) at the

low-strain range in all samples (Fig. 3.7B, p<0.05). In addition, we observed a significant
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correlation between the total collagen and circumferential M/e at the high-strain range (Fig. 3.7C,

p<0.05).
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Figure 3.7. Histological measurement and correlation analysis for the collagen. (A) Variations in the
content of collagen isoforms and the total collagen between the LV and RV, and (B) Significant correlation
between the type III collagen content and longitudinal M (My) at the low-strain range. (C) Significant
correlation between the total collagen content and circumferential M/e at the high-strain range.
3.4 Discussion

In this study, we aimed to compare the passive biaxial mechanical properties of the LV and
RV in healthy adult ovine. We found that (1) the LV and RV had different anisotropic behaviors,
with the LV being stiffer in the longitudinal (OT) than circumferential (cross-OT) direction and
the RV showing the opposite result; (2) the RV was more compliant than the LV in the longitudinal
direction, and was stiffer than the LV in the circumferential direction; (3) the anisotropic parameter
K derived from the Fung type model provided consistent finding in the opposite anisotropy of LV
and RV as observed experimentally; (4) using the structurally informed model, the LV was
predicted to have stiffer collagen fibers than the RV; (5) the type III collagen played an important
role in the longitudinal elasticity in all ventricles, especially at the low strain range. These findings
provide fundamental information on the biomechanics of the LV and RV, which is valuable for

the design of tissue and regenerative engineering studies and the development of image-based

inverse modeling technologies to non-invasively estimate myocardial properties.
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3.4.1 Different anisotropic behaviors between the LV and RV

Both the LV and RV are reported to present anisotropic behaviors in prior studies, but the
anisotropic behavior is inconsistent even within the same animal species. For instance, studies
have found the healthy rat RV is stiffer in the longitudinal compared to circumferential direction®"
33, These findings are supported by longitudinal stress-strain curves being shifted leftward relative
to the circumferential stress-strain curves in rodent RV#?. However, another study reporting the
low and high strain M’s suggests that the rat RV was stiffer in the circumferential compared to
longitudinal direction, and the difference reversed and became larger in pulmonary hypertensive
animals®2. These studies used the same (anatomical) coordinate system as in the present study, yet
the anisotropic behavior of the RV still remains inconclusive. Moreover, it is unclear if the small
and large animal species share similar anisotropic behaviors in the myocardium, and thus it is
imperative to investigate the biaxial properties in large animal species independently.

In this study, we found that the ovine LV and RV had different anisotropic behaviors: the LV
had larger M in the longitudinal direction compared to the circumferential direction, whereas the
RV had the opposite trend of difference between these directions. The anisotropy parameter K
derived from constitutive modeling was significantly correlated with the experimental data,
confirming the different anisotropic behaviors. We speculate that the reason for this difference is
the different need to facilitate blood filling and ejection in each ventricle. The LV is more conically
shaped and is comprised of helical fibers that allows it to deform more circumferentially during
cardiac cycles (majority of LV contractility occurs due to circumferential shortening); in contrast,
the RV is crescent shaped and is comprised of wrap-around transverse fibers that deforms more
longitudinally (majority of RV contractility occurs due to longitudinal shortening)***¢. Thus, our

findings show a more compliant passive mechanical property of the wall in the main axis of cyclic
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deformation for both ventricles, which suggests that passive elasticity is maintained at a low level
to reduce the elastic ‘resistance’ and facilitate blood filling (as well as ‘pumping’ potentially). The
understanding of the differences in baseline anisotropy between the two ventricles will help to
develop chamber-specific therapies aimed at reducing wall stress along the main axis of
deformation.

3.4.2 Different elasticity at each axis between the LV and RV

To date, discrepant findings are reported on the comparison of elasticity of the LV and RV.
Please note that the intrinsic mechanical property measurements should be distinguished from the
general ‘consensus’ that the RV is a more compliant chamber (an extrinsic mechanical
measurement). In human myocardium, the RV tissue tended to achieve higher wall stresses in both
biaxial axes compared to the LV tissue, but whether the difference reached statistical significance
is unknown'’. In contrast, various mechanical tests (biaxial test, triaxial shear test, uniaxial
tensile/compression tests) on healthy ovine hearts showed that the LV was ‘overall’ stiffer
compared to the RV'> 1. Another recent study characterized neonatal porcine ventricles and found
no difference between LV and RV stress-strain curves nor peak engineering stress'®. Hence,
although all these studies used a different definition of biaxial axes (the main fiber and cross-fiber
coordinate system), it remains unclear if the LV and RV have distinct intrinsic elastic property and
how different they are.

The present study is the first investigation on the biaxial behavior of the ventricles in large
animal species using an anatomical coordinate system (more adopted in the RV research area).
Our results showed that the RV was stiffer than the LV in the circumferential direction, and the
opposite trend of difference (i.e., LV was stiffer than the RV) was shown in the longitudinal

direction (Figs. 3.2&3.3). Because of the different trends of comparison at different directions, it
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is not appropriate to simply conclude that the ‘LV is stiffer than the RV’ or vice versa at the tissue
level. Moreover, the heterogenous organization of myofiber layers and the nonlinear, anisotropic
nature determine that one cannot refer to a single value of mechanical parameter (e.g., elastic
modulus) to describe the myocardium. Unfortunately, such knowledge has not been well
recognized by emerging fields like cell and tissue engineering for cardiac research. There are also
mixed citations of ‘tensile’ and ‘compressive’ elastic modulus to represent the stiffness of
myocardium. As a result, a variety of elastic moduli (from ones of kPa to tens of MPa) has been
adopted for the matrix or bioscaffold to simulate ventricles in the tissue engineering or
mechanobiology studies®> *°. Lastly, there is no distinction between the LV and RV tissue
mechanics due to the lack of knowledge of baseline contrasts of their biomechanical properties.
Our data provides fundamental information on the LV versus RV passive, anisotropic mechanical
behaviors. The data collected on large animal species further offers valuable data for translational
applications in exploring mechanically regulated disease mechanism and/or regenerative therapy.
We highly recommend future studies to incorporate the anisotropic, nonlinear elastic behavior of
myocardium into considerations to better mimic in vivo conditions.
3.4.3 Insight from the structurally informed model

The phenomenological computational models typically provide good capture of the
macroscopic mechanical behavior; however, they lack detailed information on the structural and
material properties of the myocardium constituents!. Instead, the structural constitutive model,
such as the one used in this study, is formulated to capture the underlying microstructural
mechanisms for the macroscopic behavior of the tissue. From our results, the LV tended to have a
larger transition strain than the RV, which suggests that the LV recruit collagen later than the RV.

Furthermore, the LV tended to have a larger ki"* value (myofiber stiffness) and a larger ki value
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(collagen stiffness) than those of the RV, suggesting a stiffer fiber material property. This finding

is similar to the recent report of Kakaletsis et. al'®

. The cause for stiffer collagen fibers in the LV
than the RV awaits further investigation. The ventricular differences in the diastolic function and
the adaptation to mechanical loading conditions depend on microstructural characteristics like
myofiber and collagen stiffness. The structurally informed model here can help to highlight the
myofiber and collagen contributions to that of organ-level remodeling, which will in turn help to
develop targeted therapies that prevent or reverse maladaptive remodeling®.
3.4.4 Correlation between collagen content and ventricle elasticity

In this study, we also found novel correlations between collagen and ventricular
biomechanics. Firstly, we observed a trend of higher collagen content including type I collagen in
the RV compared to the LV. This is consistent with the prior report of collagen content in human
LV and RV determined from hydroxyproline assays*®. Second, although type I collagen is the most
abundant type of collagen in ventricles*’, the type III collagen content was significantly correlated
with the M in all ventricles and at low strains (Fig. 3.7B, p<0.05). This indicates that the
longitudinal elasticity partly stemmed from type III collagen recruitment. It is known that type III
collagen is mesh-like in structure and more compliant than fibrillar type I collagen*®, but how these
fibers are recruited during the nonlinear deformation is unclear. Our data suggest that the type III
collagen may play an equally important role as myofiber in low-strain tissue mechanics, which is
key to ventricular diastolic function2. It is also possible that type III collagen is recruited earlier
than type I collagen and presents a similar role as elastin in vascular tissues. Lastly, the total
collagen content was significantly correlated with the circumferential M/¢ in both ventricles and
at high strains (Fig. 3.7C, p<0.05). The strong influence of collagen fibers in high-strain elasticity

is likely the outcome of more fully recruited collagen at larger deformation.

32



3.4.5 Limitations

Several limitations were present in the study. Our samples were from female ovine. Sex
differences have been found in ventricular function in both physiological and pathological
conditions®, but its effect on the myocardium mechanical property has not been reported. Next,
the middle portion of the ventricles were tested to fulfill the plane stress requirement in biaxial
test. This was viewed as standard for biaxial tests of myocardium?°. But it resulted in an incomplete
characterization of tissue mechanics and transmural fiber orientation, especially in the LV wall.
Such limitation is not rare for ex vivo mechanical measurement of myocardium from large animals

or human patients due to a large tissue size. Prior studies typically sectioned the LV into two or

14, 15, 17 15, 18

three layers or at different anatomical regions , and then performed the biaxial tests.
However, the entire ventricle’s mechanical behavior is ‘interrupted’ by sectioning. Therefore, the
full description of mechanical properties of the LV (or hypertrophied RV) would require the
development of in vivo computational modeling using intact, complete structural information of
the patient. Third, the samples were sectioned in cruciform shape and mounted by clamps in our
biaxial tests, similar to a prior rat RV study>’. We chose this method based on a prior examination
of our in-house biaxial system on brain tissues®”. The impact of sample shape and mounting
method on biaxial tests has been explored by Sun et al.>’. We acknowledge that our methodology
is different than other studies with square samples and sutures mounting, but an examination of
the strain data indicates relatively homogenous deformation in the center region of the tissue. Thus,
we expect that the discrepancy induced by this methodology should be minimal. Furthermore, we
tested the samples at room temperature with a regular spray of PBS rather than immerse the tissue

in a relaxant solution at body temperature. We investigated the effects of these testing conditions

on the passive mechanical properties by using extra ventricles. We compared the stress-strain
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curves and observed no significant changes of the mechanical behavior between these two
conditions.

Lastly, myocardium is a nonlinear, orthotropic, and viscoelastic material. In order to fully
characterize the mechanical property, the combination of shear and biaxial tests and the inclusion
of viscoelasticity measurement are recommended!”->!. Nevertheless, the ex vivo planar biaxial test
is still widely performed in cardiac mechanical testing®?, and it provides an initial examination of
passive mechanical properties that are independent of physiological conditions such as in vivo
pressure and volume, heart rate, sympathetic nervous stimulation, etc. The study of biaxial planar
mechanics 1is critical to understand RV diastolic function as the deformation replicates the
physiological motion®*>>. The relatively simple testing protocol minimizes the testing time to
ensure tissue viability?® 33, Therefore, this method remains common to characterize myocardium
passive properties!# 15 18: 31,42, 56-58
3.4.6 Conclusions

In this study, we examined the biomechanical differences between healthy LVs and RVs in
adult ovine. We observed differences in the anisotropic behavior between the LV and RV, with
the LV being stiffer in the longitudinal (OT) direction and the RV being stiffer in the
circumferential (cross-OT) direction. Interventricular comparison showed that the RV was more
compliant than the LV in the longitudinal direction and was stiffer than the LV in the
circumferential direction, which suggests different impacts of passive mechanics of these
ventricles on the blood filling during diastole. These anisotropic properties were captured by the
zero-load elastic moduli as well as the anisotropic parameter K derived from the four-parameter
Fung type model. Results from the structurally informed model imply stiffer collagen fibers in the

LV than the RV, which awaits further investigation. Moreover, type III collagen content was
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correlated with the low-strain elastic moduli in the longitudinal direction in both ventricles. Our
findings provide significant insights for guiding cardiac tissue engineering and regenerative studies
and call for the development of RV-specific therapy based on its unique biomechanics. In addition,
our results can serve as a benchmark for image-based inverse modeling technologies to non-

invasively estimate myocardial properties in various types of heart failure patients.
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4. The Interventricular Septum Is Biomechanically Distinct
from the Ventricular Free Walls?

4.1 Introduction

Heart failure is the leading cause of death worldwide!. Among the many types of heart failure,
left and right ventricular (LV/RV) failure are the most common causes. The investigation of
ventricular dysfunction has mostly focused on the adaptation and remodeling of the ventricular
free wall, whereas the interventricular septum (Fig. 4.1), the dividing wall between the left and
right ventricles, has received much less attention. Therefore, an improved understanding of the

septum, including its biomechanical behavior, is needed.

Septum

RV-side | LV-side

Figure 4.1. Schematic of septum split into two even sides.

2Adapted from Nguyen-Truong M, Liu W, Doherty C, LeBar K, Labus KM, Puttlitz CM, Easley J, Monnet E,
Chicco A, Wang Z. The Interventricular Septum Is Biomechanically Distinct from the Ventricular Free Walls.
Bioengineering (Basel). 2021 Dec 15;8(12):216. doi: 10.3390/bioengineering8120216.
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The septum has been traditionally viewed as a single entity and a part of the LV chamber (e.g.,
the septal thickness is used as an indicator of L'V mass), having similar contribution to LV function
as the LV free wall>. However, the septum has also been shown to play an important role in RV
function. Evidence exists that RV function was maintained despite elimination or alteration of the
RV free wall*>, and the induction of septum dysfunction resulted in reduced RV function®’. An
excellent review of the septum’s contribution to RV function was provided by Buckberg et al. in
2014%. Moreover, it has been widely observed that in RV failure secondary to pulmonary
hypertension, the septal wall position is shifted towards the left side of the heart with intact LV
function® 1°. Therefore, the septum does not belong to any single chamber; instead, it participates
in the physiological function of both ventricles.

Furthermore, in vivo evidence suggests that the septum wall is a layered structure with
transmural variations. For instance, Boettler et al. reported from echocardiography an abrupt
change in echogenicity (acoustic reflectance) down the middle of septum, suggesting a shift in
tissue density dividing the left and right sides. In the left side of the septum, the longitudinal strain
and strain rate were larger than those of the radial direction, and the opposite was observed in the
right side of the septum!!. Their findings suggest that the septum wall may be structurally and
mechanically different between the LV- and RV-side. Moreover, Holland et al. observed different
ultrasonic properties that are sensitive to tissue structure and function between the two septal
sides'?. In another study, Lindqvist et al. virtually ‘divided’ the septum into three layers with equal
thickness and then observed from Doppler echocardiography that the two endocardial layers and
the middle layer showed different strain, strain rate, as well as tissue anisotropy'>. Although these

imaging studies arbitrarily ‘separated’ the septum into two or three layers without known anatomic
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boundaries, their results indeed imply a transmural variation of the mechanical behavior within the
septum.

Nevertheless, the full ex vivo characterization of the transmural biomechanical variation of
the septum is lacking. To date, only two studies reported the ex vivo mechanical properties of the
septum from canine or human samples. These studies tested either the mid-layer'* or non-specified
layer" of the septal wall. They found similar elasticity (by constitutive modeling) or maximal
stress values between the septum wall and the LV free wall'* ', with an underlying assumption
that there is no transmural difference in the septum. Therefore, the biaxial and transmural variation
of the passive mechanics of septum remains a knowledge gap.

The aims of this study are to characterize the biaxial and transmural variation of the passive
mechanical properties of the septum and compare them to their respective ventricle free walls in
healthy adult ovine. Sheep were chosen because of the similarities between human and ovine
cardiovascular anatomy, physiology and function!® . Because the septum is formed by ‘fusion’
of the bilateral tubes from two embryonic ventricles that have distinct embryological origins'®2°,
we chose to investigate the transmural variation by dividing the wall into two sides. We
hypothesize that in healthy adults, there are transmural differences between the LV-side and RV-
side of the septum, and that these two sides are distinct from that of the LV and RV free walls,
respectively. Using biaxial tensile mechanical tests and constitutive modeling, we found that both
sides of the septum were significantly softer than their respective ventricular free wall
counterparts. Additionally, we found that the collagen content in the septum was significantly less
than the ventricles. At low strains, the septum presented anisotropy in both sides, with a stiffer

material property in the longitudinal direction. At high strains, both sides of septum were isotropic.
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These biomechanical findings will fill a fundamental knowledge gap in cardiac biomechanics and
facilitate a more complete understanding of heart physiology.
4.2 Methods
4.2.1 Sample preparation

Fresh hearts were obtained from adult female sheep (36+ months old: n=12) with no known
cardiovascular diseases from unrelated studies at the Colorado State University Veterinary
Teaching Hospital. Within 30 hours after harvest, the hearts were placed in cardioplegic solution
(CPS) on ice or at 4°C to maintain tissue viability. The epicardial layer was extracted from the LV
and RV free walls. Next, the septal wall was cleaned with removal of trabeculae and papillary
muscles, and then sliced down approximately the middle into two halves to elucidate transmural
differences between the LV and RV sides of the septum. The ventricle and septal sections were
then cut into square sections (septum: 900 mm?, ventricle: 625 mm?) with thickness of ~3 mm and
kept in CPS and 30 mM of 2,3-butanedione 2-monoxime (BDM) at body temperature (37°C) for
at least 10 minutes to prepare for the passive mechanical tests in physiological conditions. The
long axis (apex-to-base) was defined as the longitudinal direction (90°) and the perpendicular axis
was defined as the circumferential direction (0° for LV-side or 180° for RV-side) in the septum.
The outflow tracts were defined as the longitudinal direction in the ventricular free wall samples?"

22, A protractor was used to measure the dominant myofiber angle in the septum samples (n=9)

(Fig. 4.2).
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Figure 4.2. Schematic of orientations for each side of the septum. The arrowhead (longitudinal direction)
represents the apex-to-base direction. The black, dashed line square represents the region at which samples
were taken for fiber angle measurements and mechanical testing.

4.2.2 Biaxial testing

After mounting on an in-house biaxial tester, the samples were preloaded with approximately
0.1 N and underwent 10-15 cycles of equibiaxial stretch for preconditioning. An additional 5
cycles of equibiaxial stretch at quasi-static testing frequency (ventricle: 0.01 Hz and septum: 0.02
Hz) were performed and the data from the last cycle were used for mechanical analysis. All
preconditioning and tests were performed in a tissue bath of CPS and 30 mM of BDM at 26-37°C
to ensure that the cardiomyocytes were relaxed, and passive biomechanical behavior was
obtained®* ?*. All samples underwent a maximum displacement of 20% of the reference
configuration to cover the physiological septal strain range?>2°. Deformations of graphite powder-
speckled samples were tracked with a camera (Nikon, Tokyo, Japan). Biaxial stretch forces were

obtained by 50-Ib load cells (Honeywell Sensotec, Columbus, OH).
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4.2.3 Constitutive modeling
Second Piola-Kirchhoff (P-K) stress - Green strain curves were then derived from the loading
curve of the last testing cycle. The formulas were as follows: Second P-K stress (S) (S = P/A, and

P = F/A,, where F is the measured force, P is the engineering stress, Ao is the initial cross-section
) ) 1 ) ) .
area, and A is stretch) and Green strain (E = 5 (4% — 1)). The elastic moduli (M) were derived as

the slope of the stress-strain curve in the low and high strain ranges (i.e., using the first and last
20% of data points of the curve, respectively)®*?’.

From our experimental data, we calculated the shear deformation and presented the average
normal strains and shear strains in Table 4.1. Because a majority of the samples had much smaller
shear strains than the corresponding normal strains, we neglected shear strain in the constitutive
modeling below. The Fung type model uses individual fitting results to predict an average
equibiaxial behavior as well as overall elastic and anisotropic properties of the tissues from the
same group. Thus, we adopted this constitutive model in our study.

Table 4.1. Maximum normal strains and the corresponding shear strains of the septum samples. & and &c

are normal strains in the longitudinal and circumferential directions, and &.c and &c; are shear strains in the
shear directions. Data presented as mean + SEM.

Group &L &c &rc &cr
LV-side (n=12)  0.1140.01 0.18+0.02 0.0310.02 0.05+0.02
RV-side (n=12)  0.1540.02 0.21£0.03 0.014+0.02 0.01+0.02

Green strain tensor (E) components were calculated by using the following equations:

Ey =W —1), Ec = (A — 1), (1)

T2
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where E}, and E are the Green strains in longitudinal and circumferential directions, respectively,
and A, and A are the stretches in longitudinal and circumferential directions, respectively.

As in previous studies %’

, a four-parameter Fung exponential strain energy function (‘) was
applied:

_B,. o _ _ 2 2
Y= 2 (e 1), Q = bLEL + ZchELEC + bCEC , (2)

where by, by ¢, bc and B are the material constants.
The Second P-K stress and Cauchy stress (6) for an incompressible tissue were calculated
using the following equation:

ov
s=222-

- pC~1,0 = FSFT, (3)
where F is the gradient tensor, C is the right Cauchy-Green tensor, and p is an unknown hydrostatic
pressure to enforce det(C) =1.

Then, the stress-strain relationships in the longitudinal and circumferential directions were
derived as:
0, = (2B, + 1)(bLEy, + by cEc)Be®LE L+2bLcELEC+beE  c)
oc = (2Ec + 1)(bLcEy + bcEc)Be(PLE L+2bLeELEC+beE?e), )
The Fung strain energy function was fitted to the experimental data for each specimen. The
fitting was performed with a Levenberg-Marquardt least squares algorithm with the tolerance of
10® in MATLAB. Every fit was checked with at least twenty different initial guesses and all
optimizations converged to the consistent values which indicated the optimization algorithm was
independent of the initial guesses. The root mean square (RMS) was calculated to assess the fitting

results.
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In order to further quantify tissue anisotropy, the stress-strain curves were numerically
converted to the equibiaxial stretch condition, where Ej} = Ec = E, and then the material

difference between the two directions was assessed by an anisotropic parameter K:

_ 2(bL—bc)
T (bL+bc+2bro)’ (5)

Therefore, a positive K value (b;, > b) indicated that the material is stiffer in the longitudinal
direction, whereas a negative K value (b;, < bc) indicated that the material is stiffer in the
circumferential direction.

By using the converted equibiaxial stress-strain curves, the elasticity at zero load in the

longitudinal and circumferential directions were:

do.Lequi
MO,L_ dE |E=0
do.cequi
Mo = dE |E=0> (6)

where the My ;, and M, ¢ are the zero-load elastic moduli derived from the four-parameter Fung
type model under the equibiaxial condition in longitudinal and circumferential directions,
respectively.
4.2.4 Histology

Tissue samples were fixed in 10% formalin, dehydrated, embedded in paraffin, sectioned, and
stained with Picrosirius Red. Histology images were acquired by an inverted microscope (Motic
AE31E, Motic, San Antonio, TX). Three regions of interest to represent the overall tissue were
randomly selected. To quantify collagen content, the areas positive for collagen (dark red) were
identified using a color thresholding function in ImageJ (NIH, Bethesda, Maryland, USA), and

collagen area fraction (%) was calculated as the ratio of collagen area to total tissue area. All
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images were analyzed by the same observer blinded to the group information. Because the
ventricle and septum tissues were stained in different batches, the non-specific staining in the
background was different and thus different thresholding values were set for these batches. But
this did not affect the identification of the positive staining of collagen fibers, and the images from
the same batch were acquired at the same setting.
4.2.5 Statistical analysis

Data are presented as mean = SEM. The Mann-Whitney U-test was used for myofiber angle
and mechanical comparisons in septum. One-way ANOVA and Tukey post-hoc tests were
performed between directions and between the septal and ventricular M and collagen data. p<0.05
was considered statistically significant.
4.3 Results
4.3.1 Transmural change in septum myofiber orientation

From the myofiber angle measurements, we observed a change in the fiber angle from the
LV-side to the RV-side of the septum. As shown in Table 4.2, the myofiber angle shifted from a
longitudinal orientation on the LV-side to a circumferential orientation in the midwall, and then
back to a longitudinal orientation on the RV-side of the septum. Therefore, the transmural
distribution of myofibers was to some degree symmetric (‘mirrored’) between the two sides of the

septum.

Table 4.2. Dominant myofiber angle of the LV-side, midwall, and RV-side of the septum. Longitudinal
direction was defined as 90°. Data presented as mean + SEM. *p<0.05 vs. LV-side and *p<0.05 vs. RV-
side.

LV-side (n=4) Midwall (n=9) RV-side (n=4)

Myofiber angle (°) 78+3 92 # 108+8
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4.3.2 Softer septal side compared to the corresponding side of ventricular free wall

The average stress-strain curves of the ventricular free walls and both sides of the septum are
presented in Fig. 4.3. In both sides of the heart chamber, the ventricular free wall showed stiffer
behavior compared to the corresponding side of the septum, which is demonstrated by the leftward
shifted stress-strain curves. This difference was clearly seen in both longitudinal and

circumferential directions of the respective septum side with its corresponding free wall.
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Figure 4.3. Average stress-strain curves of the ventricular free walls (LV, RV) and the LV-side and RV-
side of the septum. n=12 for septum; n=8 for ventricles. S-LV: LV-side of septum; S-RV: RV-side of
septum; L: longitudinal direction; C: circumferential direction.

Next, we compared the elastic moduli (M) between groups and between directions at low and
high strains (Fig. 4.4). In the low strains, the free walls had larger M than the corresponding side
of the septum in the circumferential direction only, indicating a stiffer ventricle free wall than
septum wall. In the high strains, the M was larger in the free walls than the corresponding septum

side in both directions, indicating stiffer ventricle free wall than septum wall at larger

deformations.
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Figure 4.4. Comparisons of elastic moduli (M) at low (A-B) and high (C-D) strains from the septal sides
and ventricles. Left columns show the M obtained in the longitudinal direction and right columns show the
M obtained in the circumferential direction. n=10-12 per group for septum; n=7-8 per group for ventricles.
S-LV: LV-side of septum; S-RV: RV-side of septum.
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4.3.3 Transmural differences in the septum obtained from experimental data

Similar anisotropies are shown from the low-strain elastic modulus (M) between the two sides
of septum (Figs. 4.5A&B). Compared to the M in the circumferential direction, the M in the
longitudinal direction was higher. There was stronger (p=0.002) anisotropy in the LV-side of the
septum compared to the RV-side (p=0.049). At high strains, however, both sides of the septum
presented isotropic behavior. Next, we compared the elastic moduli (M) of the two sides from the
same direction. There was no difference in the M between the two sides of the septum in all strain
ranges or in both directions, although there was a trend of a stiffer RV-side septum compared to

LV-side in the high strain range in the circumferential direction (p=0.06).
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Figure 4.5. (A&B) Comparison of elastic moduli (M) between biaxial directions in the left and right sides
of the septum. Significant anisotropy in both S-LV and S-RV at low strains, and the degree of anisotropy
was much stronger in the S-LV. *p<0.05 vs. circumferential in the same strain range. **p<0.01 vs.
circumferential in the same strain range. n=10-12 per group for septum; n=10-12 per group. S-LV: LV-side
of septum; S-RV: RV-side of septum.
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4.3.4 Transmural differences in the septum obtained from computational modeling

We fit the septum equibiaxial stress-strain curves using a four-parameter Fung type model
described previously in myocardium studies® ?°. A good fitting with the experimental data was
observed for all tissues and in both directions (i.e., with low RMS values), and the fitting results
are summarized in Table 4.3. We did not observe any statistical significance in the model
parameters (Table 4.3) between the LV-side and RV-side of the septum, indicating similar
material property (overall elasticity) of the tissue. The simulated stress-strain curves that were

numerically converted to the equibiaxial condition showed similar shapes as our experimental data.

Table 4.3. Model fitting results. Data presented as mean + SEM.

Septum 5L bc bic B (kPa) RMS (kPa)

LV-side 62.544+12.62 40.84+7.74 0.004+0.002 0.21+£0.04 0.21+0.04
RV-side 46.50+7.21 32.66+7.63 0.005+0.001 0.194£0.04 0.30+£0.04
by, bc, bic, and B are the material constants, and RMS is root mean square. L. and C represent longitudinal
and circumferential directions, respectively.

We further compared the zero-load elastic modulus (Mp) derived from the model fitting in
each ventricle type and in different directions. This parameter serves as an indicator of myofiber
stiffness. As shown in Fig. 4.6, there was a trend of larger M, |, compared to the M, ¢ in the LV-
side septum (p=0.08), indicating the LV-side was more anisotropic and stiffer in the longitudinal
direction than the circumferential direction (Fig. 4.6). There was no difference in the Mo between
directions for the RV-side septum. Moreover, the anisotropic parameter K was positive for both

sides (0.40+0.17 in LV-side and 0.25+0.28 in RV-side), which indicated a stiffer behavior in the
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longitudinal direction. These results agreed with our experimental data, especially at the low strain

range (Figs. 4.5A&B).
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Figure 4.6. Longitudinal (L) and circumferential (C) zero-load elastic modulus (M) at zero load derived

from the fitting parameters for each side of septum. n=9-11 per group. S-LV: LV-side of septum; S-RV:
RV-side of septum.

4.3.5 Difference in collagen content between septum and ventricular tissues

When comparing the overall collagen content between both sides of the septum, we found a
trend of higher collagen content in the LV-side compared to the RV-side, but the difference was
not significant. Furthermore, the collagen content in the LV or RV was significantly higher than
that of the corresponding side of septum (p<0.05), indicating a marked reduced collagen in the
septal wall compared to the ventricular free walls (Fig. 4.7). This may explain the difference in

elastic moduli between the ventricle and its respective septum side.
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Figure 4.7. Representative histology images (left) and the comparisons of collagen area fraction (right)
between the S-LV, S-RV, LV, and RV groups. Arrows show the positive staining of collagen fibers.
*#p<0.01, ¥**p<0.001. n=5 per group. S-LV: LV-side of septum; S-RV: RV-side of septum.
4.4 Discussion

This is the first study to characterize the ex vivo passive mechanical properties of the LV-side
and RV-side of the septum and compare them to their respective ventricles in healthy, adult ovine.
We found that the ventricular free walls were stiffer than their respective septal counterparts.
Histology examination showed that the collagen amount was higher in the ventricles compared to
their respective septal counterparts. This suggests that the septum has unique structure-function
relationships compared to both ventricles. Transmurally, the two sides of septum showed
symmetric distribution of fibers that shifted from longitudinal direction at the endocardial layer to
the circumferential direction at the mid-layer. Thus, similar anisotropic behavior existed in both
sides (i.e., stiffer longitudinal behavior than circumferential behavior), but the degree of the
anisotropy was stronger in the LV-side. The intrinsic elasticity was similar between the two sides

of septum and in both directions. Our results suggest that the septum should not be treated as a
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part of LV or RV, and the unique transmural distribution of biomechanical properties of the septum
will assist in the understanding of left and right ventricular function.
4.4.1 Different mechanical behavior between ventricle free walls and septum

The two ventricles have different embryological origins. The early heart ventricles, which are
formed from bilateral tubes, fuse to form the septum during cardiac developmentls'zo. Therefore,
it is reasonable to speculate that the transmural differences in mechanical behavior are likely
attributable to the different cell lineages*® and the growth patterns and demands between the two
ventricles’. To our knowledge, only two studies have performed ex vivo mechanical tests on the
septum, and both neglected the transmural variations in the septum. Novak et al. was the first to
compare the biaxial mechanical properties of the inner, middle and outer layers of the L'V and the
middle portion of the septum in canine'*. They did not find significant differences in the stored
strain energy — inferring similar elasticity of the tissues. But a trend of stiffer inner and outer LV
free wall than the middle layer of LV and septum was noted. More recently, Sommer et al. obtained
peak Cauchy stress in the human LV and RV free walls and septum'®. They found a higher stress
in the RV compared to the LV and septum, which had similar stresses. But the finding may be
compromised by two factors: first, the samples were from patients with cardiac related diseases;
second, the measurements of septum and RV tissues at high stretches were missing due to tissue
failure close to the hook, and there were only three RV samples. Therefore, a complete mechanical
comparison between the septum and the LV and RV free walls is not available from this study.

Our study is the first to examine the biaxial mechanical behavior of the septum wall in two
halves and compare each side of the septum to its respective ventricular free wall. We found
significantly stiffer ventricular free walls than the corresponding side of the septum, and the stiffer

behavior was more pronounced in the higher stretch (strain) regions. It is known that collagen is a
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load bearing protein and that more collagen is correlated with stiffer elastic behavior*°. The larger
collagen content in the ventricles than the septum may thus explain the observation. Other
structural differences such as myofibers may contribute to the tissue mechanics as well.
Unfortunately, there is a lack in understanding of whether the cardiomyocytes in the septum are
identical to those in the ventricle free walls.

Our data partly agreed with the previous reports noted above. For example, it is found that the

outer and inner layers of the LV free wall tended to be stiffer than the midwall of the septum'?,

and the RV free wall showed higher peak stresses compared to the septum for the same strain'>.
Akin to the former findings, we observed similar mechanical behavior between the LV and septum
at the low strain range in the longitudinal direction, and stiffer RV free wall compared to the
septum. We did not intend to make in-depth comparisons between our study and previous studies
because of the different layers of myocardium used and different biaxial orientations (outflow tract
or apex-to-base direction as the longitudinal direction in our study versus the main fiber direction
as the longitudinal direction in previous studies). The relatively new biaxial axes system has been
adopted by other studies, and it provides more information about the relation of tissue mechanics
to ventricle function (see our discussion in 4.4.3). Overall, our finding that the septum is
intrinsically more compliant than the ventricles should be further studied in different species and
with the use of multi-scale approaches (from organ to cell biomechanics).

The stark differences in the elasticity between the free walls and septum can explain in vivo
findings of different contributions of the septum and free walls to overall ventricular function.
Assuming similar mechanical property and contractility of the septum and LV free wall, we would

expect 16-35% of cardiac work contributed by the septum (versus 65-84% contribution by the LV

free wall) based on its volume fraction from sheep and human data*!: 2. However, Ostenfeld et al.
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reported that, in healthy subjects, the septum contraction contributed only ~8% of the stroke
volume, while the LV free wall contributed ~96% of the stroke volume>*. Similar findings were
shown by Stephensen et al. where ~7% of septal motion contributed to LV stroke volume3*.
Similarly, if we treat the septum as part of the RV chamber, it contributes somewhat similarly as
the RV free wall in pumping, where 36%-54% of cardiac work is attributed to the septum (versus
45%-64% contribution by the RV free wall)*! 32, Thus, the mechanical differences between the
septum and ventricles found in our study suggest that the septal wall is not ‘similar’ to the ventricle
free walls, and the mechanical difference may be linked to altered muscle shortening velocity,
leading to a ‘weaker’ contribution to the overall cardiac function than that of the ventricle free
walls.
4.4.2 Fiber orientation in the septum

It has been reported that the ventricle free walls exhibit a transmural fiber orientation shift>!:
3 In the LV free wall, studies have reported that the myofibers shift from a longitudinal
(endocardium) to circumferential (midwall) to longitudinal (epicardium) orientation® . Other
measurements of LV myofiber transmural changes using myocardial diffusion imaging®’ or a
protractor®® documented a total angle change of 120°-180°. In the RV free wall, the myofiber angle
changed from a circumferential to longitudinal orientation in the epicardium to endocardium,
respectively?!. Therefore, it is not surprising that the septum wall presents a transmural change in
myofiber orientation as well.

In the present study, we had a preliminary examination of the transmural change of fiber
orientation in the septum, and we originally found that the average fiber orientation shifted from

78+3° (LV-side) to 9+2° (midwall) and finally to 108+8° (RV-side). Our data showed a ~150° of

main myofiber angle transmural shift through the entire septum. The transmural change may be
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related to the individual support of the pumping demand for each ventricle. For instance, the
longitudinal myofiber orientation on each endocardial side potentially better aids in blood ejection
along the outflow tracts of each ventricle.
4.4.3 Anisotropy behavior of the septum

As we mentioned above, the ex vivo mechanical properties of the septum reported in prior
studies used the main fiber and cross-fiber directions as the testing axes. It is not surprising that
these studies reported similar anisotropy, i.e., a stiffer behavior in the fiber direction than cross-
fiber direction, probably due to the aligned myosin-actin cross-bridge and titin in the ‘fiber
direction’ (direction of myofiber shortening). However, such measurement cannot provide the
anatomic relations between the tissue anisotropy and ventricular deformation in systole and
diastole, thus preventing an investigation of the relation between the biaxial mechanical behavior
and the physiological function of myocardium. Furthermore, using the main fiber and cross-fiber
coordinate system for biaxial tests can be problematic for tissues that have a significant transmural
change in the fiber orientation. The myocardium tissue (LV/RV free wall) is composed of helical
and heterogenous myofibers that vary in orientations transmurally® *°; similarly, we observed
marked transmural changes in myofiber orientation in the septum (Table 4.2). Thus, it is difficult
to accurately determine the ‘main fiber’ direction of a myocardial wall in a single section plane.

In all septum tissues, we observed stiffer behavior in the longitudinal direction in the low
strain range (Figs. 4.5A&B, p<0.05), indicating a similar pattern of anisotropic behavior of the
LV-side and RV-side of septum. Because it is shown that the low strain mechanical behavior of

myocardium is primarily due to myofibers?% 4

, the appearance of tissue anisotropy only in the low
strain range indicates that myofibers are the main cause of septum anisotropy. Furthermore,

although the anisotropy is quite ‘mirrored’ between the two sides, the anisotropy in the LV-side
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of septum was highly significant (p<0.01), whereas that in the RV-side of septum was marginal
(p=0.049). The different degrees of anisotropy between the two sides have been evident by the
different in vivo strains (a surrogate of elasticity) between the longitudinal and radial axes of each
septum side. Boettler et al. found the global longitudinal and radial strain difference was larger in
the septal LV-side than the RV-side (LV-side: A strain ~ 13%; RV-side: A strain ~ 5%), indicating
a more anisotropic behavior of the left-side of the septum than the right-side'!. In the current study,
we did not obtain the mechanical property of septum in the radial (i.e., transmural) direction, but
we found a similarly stronger tissue anisotropy in the septal LV-side than the RV-side. This was
further confirmed by our modeling results of LV-side zero-load elastic modulus (Mo), which
tended to be larger than that of the RV-side. Given that two septal sides have different strains and
different degrees of anisotropy, it is reasonable to anticipate different elastic resistances in different
axes or septum sides, which results in varied impacts on the LV and RV diastolic functions.
Therefore, a further investigation of the relations of septum mechanics and ventricular function is
needed.
4.4.4 Transmural differences between LV-side and RV-side of the septum

We also compared the strain-dependent elastic moduli and modeling parameters of elasticity
between the two sides of the septum. We did not observe any difference in the intrinsic mechanical
property. We further examined the potential differences in myofibers and collagen fibers in the
septum sides. There was no difference in the zero-load elastic modulus (Mo) predicted from the
constitutive model, which suggests that the myofiber stiffness is comparable between the two
sides. The examination of the collagen fraction also showed no significant difference between the
two sides. Therefore, the main transmural change in the septum is related to the orientation of the

myofibers (anisotropy), not the material properties or tissue composition.
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4.4.5 Limitations

In this study, we sliced the septum into approximately two equal halves after cleaning the
endocardial surfaces. To our knowledge, there is no anatomic mark to distinguish the LV- and RV-
side of septum, although the two sides share distinct embryologic origins'® . The only data about
these thicknesses is provided by Boettler et al.'', which showed ~1 mm of thickness difference at
diastole (with the LV-side to be thicker). But this difference is about the typical required resolution
for medical ultrasound. Thus, due to a lack of clear data to guide the slicing, we tested the two
layers with similar thickness. Such methodology may lead to under or overestimation of transmural
differences of the septum. Another limitation is that the same long axis (apex-to-base) was defined
as the longitudinal direction of the septum on both sides. But it is possible that the two sides may
have different ‘shortening’ directions as we defined for the ventricular free wall (outflow tract
direction). Future studies should investigate the in vivo shortening axis for each side of the septum.
Finally, we assumed negligible shear deformation, but a certain level of shear deformation
occurred (as shown in Table 4.1). Since it is impossible to completely rule out the shear
deformation for anisotropic tissues in biaxial tests, a better characterization of the septum
biomechanics should also involve the shear or triaxial test to fully measure the 3D mechanical
behavior of the anisotropic tissue.
4.4.6 Conclusions

In summary, this original study investigates the transmural variation of the ex vivo passive
mechanical properties of the septum in healthy adult ovine. The septum sides were significantly
softer than their corresponding ventricular free walls, and the collagen content was less than that
of the ventricular walls. At low strains, there was similar anisotropic behavior between the two

sides, but the degree of the anisotropy was stronger in the LV-side than the RV-side. At high
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strains, both sides were isotropic. Our results suggest that the septum should not be treated as a
part of the LV or RV, and that the tissue presents distinct structure-function relationships from the
ventricle free wall. The investigation of septum biomechanics will further disclose the

biomechanical mechanism of ventricular function and dysfunction in heart failure progression.
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5. In Vivo Ovine Model of RV Failure Progression’

5.1 Establishment of Adult Right Ventricle Failure in Ovine Using a Graded,

Animal-Specific Pulmonary Artery Constriction Model

5.1.1 Introduction

Right ventricle failure (RVF) is associated with serious cardiac and pulmonary diseases that
contribute significantly to the morbidity and mortality of patients.! The prevalence of RVF is
significantly increased in the later stages of pulmonary hypertension (PH), congenital heart disease
(CHD), and left heart failure with preserved ejection fraction (HFpEF).>* Moreover, the mortality
rate of these patients has not improved despite proposed therapeutic interventions.>® The lack of
effective treatment can be attributed to the incomplete understanding of the mechanisms of RVF
and the lack of robust large animal models in adult RVF.”?

Preclinical (animal) models are powerful tools to investigate various human diseases
including RVF.” Compared to small animal models, large animal models better mimic human

10-13

physiology and pathophysiology and thus are advantageous in studying both the pathogenesis

and potential therapeutics that are more translatable to human patients'*. To date, various methods

have been used to establish RV pressure overload, the most common etiology of RVF. These

methodologies include pulmonary artery (PA) (Table 5.1) or pulmonary vein banding'® '3,

thromboembolic induction!! ' 17 chronic hypoxia'®, monocrotaline'® ?°, and the combination of

sugen and chronic hypoxia?'"?}. However, some of these models are essentially the models of

3Adapted from Nguyen-Truong M, Liu W, Boon J, Nelson B, Easley J, Monnet E, Wang Z. Establishment of adult
right ventricle failure in ovine using a graded, animal-specific pulmonary artery constriction model. Animal Model
Exp Med. 2020 Jun 14;3(2):182-192. doi: 10.1002/ame2.12124.

Adapted from Liu W, Nguyen-Truong M, Labus K, Boon J, Easley J, et al. (2020) Correlations Between the Right
Ventricular Passive Elasticity and Organ Function in Adult Ovine. J Integr Cardiol. 6. doi: 10.15761/JIC.1000294
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pulmonary hypertension (PH), which mainly focus on the pulmonary vascular disease and do not
necessarily involve the establishment of RVF. (Reviews of the PH models are cited here®*?.)

Compared to other RV pressure overload models, the PA banding/constriction (PAB or PAC)
model is a model of RV adaptation or dysfunction alone with no pulmonary vascular diseases.
While this model has been critiqued less realistic than the other PH models, it is unique and
advantageous since the changes in the RV are the sole effect of the hemodynamic insult, i.e., the
pressure overload. Such a model provides us an opportunity to investigate the biomechanical
mechanism of RV failure without other confounding factors such as altered systemic inflammation
from pulmonary vascular diseases?®. PAB/PAC has been used in different animal species and with
a mix of ages (from newborn to young adult) for RV adaptation or RVF studies (Table 5.1). To
our knowledge, the only large animal study of chronic, adult RVF was performed in canine in the
early 1990s, while the clinical standard of RVF was absent at the time?. Moreover, both adult and
non-adult large animals have been used in the literature, with mixed goals of studying pediatric or
adult RV diseases, as well as using PAC as a treatment option or means to induce RV dysfunction.
For instance, lambs were commonly used and the response of the RV was associated with
congenital heart diseases (CHD)**-*, In adult ovine studies, it was the acute changes of the RV
that were examined and the chronic remodeling and outcomes were not studied'® 3. Therefore,
despite the ‘apparently’ widely used PAC model in large animals, to date, no chronic RVF has
been established in adult ovine.

The goal of the present study is to adopt an animal-specific, graded pressure overload method
to establish chronic RVF in adult ovine and to investigate the structural and functional changes
with RVF development. Our hypothesis is that animal-specific, graded pulmonary artery

constriction (PAC) will lead to chronic RVF in adult ovine. Sheep were chosen due to the widely
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reported similarities between human and ovine cardiovascular anatomy, function, and

physiology!* 162> Our data suggest that the revised PAC method led to RVF development in sheep

and can serve as a large animal model of chronic, adult RVF.

Table 5.1. Review of prior small and large animal models of pulmonary arterial (PA) banding/constriction.
All studies adopted the same degree of constriction (i.e., with a fixed diameter, area reduction, or pressure
level) except for Leeuwenburgh et al.’**3%3* Ramos et al.*°, Gold et al.”’, Gaynor et al.*®, and Verbelen et
al.*®>, which used the same criteria as our study to elevate the RV pressure to the individual’s systemic

pressure.
Study Animal  Weight/Age Method Application Mortality Model
Rate (%) Duration
Heitmeier et al., Mice 20-25 kg/12  Titanium clip Assess ubiquitin  N/A 3 weeks
2019% weeks (adult)  around PA; reduce proteasome system in
cross sectional area right heart
to about 66% of hypertrophy; No
original area RVF reported
Kuroha et al., Rat 2-month, 7- Silk thread around Effect of age on RV N/A 3 weeks
19914 month, and PA; increase of RV  hypertrophy due to
18-month old pressure by 15 RV pressure
(non-adult mmHg in each overload; No RVF
and adult) animal reported
Schou et al, Rat 150-200 g Pulmonary trunk Establish rat model N/A 17 weeks
20074 (adult) clip; compressed to of right sided heart
outer diameter of failure and
0.9 mm characterize systemic
and cardiac changes
Bogaard et al, Rat 200 g (adult) PA  silk thread Investigate if N/A 6 weeks
200942 constriction; pressure  overload
tightened to outer alone can explain
diameter 18G  RVF associated with
needle pulmonary
hypertension; No
RVF reported with
PA constriction
Hill et al., 2014*  Rat 8 weeks PA surgical clip; Structural and N/A 3 weeks
(adult) uniform RV  mechanical
pressure of 45-50 adaptations of RV
mmHg free wall; No RVF
reported
Hirata et al, Rat 240-260 g PA clip or suture Comparison of 22 8 weeks
20154 (adult) ligation; tightened methods to constrict
to the outer PA; signs of RVF
diameter of an 18G indicated by fibrosis
needle and reduced TAPSE
but not CO
Jang et al, Rat 8 weeks PA surgical clip; RV  biomechanical N/A 3 weeks
20174 (adult) RV maximum and  hemodynamic
systolic pressure > changes under
50 mmHg pressure  overload;
No RVF reported
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Wang et al, Rat Neonatal PA constriction  Study of 25 7 days
201746 with nylon; pathophysiological
tightened to outer remodeling of RV
diameter of 30G due to congenital
needle heart disease with
RV afterload
Chery et al, Rat 200-225 g PAsutureover 18 G Human neonatal 33 100 days
2019¥ (adult) tube; PA band peak thymus stem cell
gradient of 25-60 therapy for RV; No
mmHg RVF reported
Axelsen et al, Rat 112+£12 kg Titanium clip; setto  Assess treatment of 5 7 weeks
201948 (non-adult) inner diameter of pulmonary
0.7 mm hypertension with 6-
mercaptopurine
McKellar et al.,, Rabbit 2.0-25 kg Weekly PA banding To establish chronic, Exact rate 43+1.6 days
20154 (non-adult) with cuff; RV end reversible RVF unknown; banding or
systolic pressure > model to study RVF several out 16.6+£3.3 days
25 mmHg progression and of 15died  recovery post
recovery; RVF RVF
indicated by RV
pressure and
morphology, septum
position, and
histology only
Ramos et al., Rabbit 3.00+£0.23 kg Adjustable PA  Early and late cardiac N/A 3-6 weeks
20183 (non-adult) banding with C- remodeling due to
shaped ring; weekly RV pressure loading
inflations to achieve and therapy with
systemic pressures endothelin-1 receptor
blockers; No RVF
reported
Gold et al., Rabbit 3.00+£0.23 kg Adjustable PA Relationship between = N/A 3-6 weeks
2019%7 (non-adult) banding device (C- RV  wall stress,
shaped ring); fibrosis, and function
weekly PAB under RV pressure
inflations to achieve loading; No RVF
systemic RV  reported
pressures by day 21
Hsieh et al, Dog 18-23 kg PA banding; RVF confirmed by 14 3 months
1992% (adult) increase of RVSPto fraction  shortening PAB and
50 mmHg at theend decrease and RV additional 4
of first month and dilation. Study the months
then by 20 mmHg reversibility of right recovery
monthly increase, if heart failure
necessary
Gaynor et al., Dog 20-25 kg PA banding; RA and RV N/A 3 months
200538 (adult) Weekly 0.3 to 0.5 hemodynamic
mL  of  saline adaptations to RV
injection (ARVP pressure  overload;
~10-20 mmHg) to No RVF established
achieve near-
systemic pressures
Barbera et al., Ovine 12141 day Inflation of vascular ~ Assessment of N/A 10 days
20003 gestation occluder around PA  myocyte maturation
to increase RVSP due to pressure load
by ~10-30 mmHg in fetal ovine
over first 3 days of
pressure loading
Hon et al., 20015  Ovine 3 months PA ligation with Acute effects of N/A 30 minutes

(non-adult)

band; PA systolic
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pressure > 60

contractile function;

mmHg No RVF reported
Leeuwenburgh Lamb 2-3 weeks PA constriction  Evaluation of 23 64+8 days
et al., 200132 (non-adult) with an adjustable biventricular systolic
occluder for up to function; No RVF
12-week  period; reported
RVSP matched to
systolic pressure
Leeuwenburgh Lamb 2-3 weeks PA constriction  Evaluation of 23 64+8 days
et al., 200231 (non-adult) with an adjustable biventricular
occluder for up to diastolic  function;
12-week  period; No RVF reported
RVSP matched to
systolic pressure
Leeuwenburgh Lamb 2-3 weeks PA constriction Test feasibility of a 23 6448 days
et al., 20033 (non-adult) with an adjustable device for PA
occluder for up to constriction as a
12-week period; treatment in children
RVSP elevated to with congenital heart
systemic level disease; No signs of
heart failure
Leeuwenburgh Lamb 2-3 weeks PA constriction  Evaluation of cellular 23 64+8 days
et al., 20083 (non-adult) with an adjustable and biochemical
occluder up to 12- myocardial response;
week period; RVSP  No RVF reported
matched to systolic
pressure
Yerebakan et al., Ovine 4 months 3 mm Dacron band Acute and chronic N/A Immediately
2009 (non-adult) on pulmonary response of RV to after PAB or 3
trunk; Elevation of pressure and volume months
RVSP to 50-60% overload; No RVF
above baseline reported
Verbelen et al., Ovine 10.5+0.8 PA constriction as Test ventricular N/A 10 minutes
2015% months much as  was assist device for
(adult) hemodynamically pressure overloaded
tolerated RV
Malinowski et Ovine 50-60 kg PA occluder; To establish acute N/A 15 minutes
al., 20181 (adult) increase RV peak RVF model with
pressure to >150% functional tricuspid
of  pre-occlusion regurgitation; No
value RVF with PA
banding alone
Gufler et al, Ovine 25 weeks PA banding; target Adaptive response of N/A 3 months
2019 (adult) maximal RVSP set RV  to  chronic
to 50-60% above pressure  overload;
baseline No RVF reported
Corno et al., Porcine 18.2+0.1 Adjustable PA  Evaluation of N/A 24 weeks; 10
200353 (mini- weeks; 8.6+ band; perimeter  FloWatch weeks
pig) weeks range = 23-30 mm (implantable device
(non-adult) for PA banding) as a
treatment for
congenital heart
disease; No RVF
reported
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5.1.2 Methods
5.1.2.1 Animal-specific and graded pulmonary artery constriction (PAC) in ovine

All procedures were approved by Colorado State University Institutional Animal Care and
Use Committee. Prior to surgery, §-month old male sheep (n=3) were placed under general
anesthesia with 3.3-5 mg/kg ketamine and 0.1 mg/kg midazolam. During the surgical procedure,
animals received 15 mcg/kg/min of ketamine and 35 mcg/kg/min of lidocaine. To induce RV
pressure overload, an adjustable hydraulic occluder (AUS-PORT 12x14 mm, Norfolk Vet
Products, IL)) was placed around the main pulmonary artery and secured with two 2-0 polybutester
sutures. Next, under pressure monitoring, saline was injected to the occluder acutely until the RV
systolic pressure (RVSP) reached an equivalent number of its left ventricle (LV) systolic pressure
as described previously**32 34 The amount of saline was recorded and the saline was withdrawn
from the occluder to allow the animal to recover from the surgical procedure for two days. This
minimized the ‘surgical insult’ to the RV and thus the response was mainly a result of
hemodynamic overload induced via saline injections starting two days post-surgery. Besides the
baseline measurements in the PAC sheep, age-matched, healthy intact sheep (n = 3) were used as
additional controls (CTL).

Animal-specific, graded filling of the occluder with saline was induced in awake animals at
weeks 0, 1 and 4 post surgery (Fig. 5.1). The amount of saline injections was determined by the
procedure described above as well as the RV morphology and function from bi-weekly
echocardiography. If we observed signs of heart failure (e.g., difficulty in breathing, anorexia,
grinding teeth, etc.), continuous RV dilation and RV hypertrophy (e.g., increased RV area or RV
wall thickness), or function decline (e.g., decreased flow velocity across the PA valve and

decreased TAPSE), we reduced the injection volume or did not inject any saline further (Table
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5.2). In a separate study, the chronic pressure overload was maintained for 20 weeks and thus

different phases of RV failure were included in these PH ovine (n=3).

Animal-Specific, RV Catheterization Tissue
Graded PAC Under Fluoroscopy Harvest

. :;\m,.m... m"!\
- F - ’-»

the AUS occhuder by the
Under blue boot

Anesthesia -
— Saline Cuff

!

Echo: Repeated Measures

Histology:
[ H&E and
Awake Picrosirius
Red
Ultrasound
Probe

Week
8

1. Echo 1. Additional 1. Echo 1. Echo 1. Echo 1. Echo 1. Echo
2. Induction saline 2. Additional 2. Catherization
of pressure injection to saline 3. Tissue harvest
overload to PAC sheep injection
PAC sheep to PAC

sheep

Figure 5.1. Visualized workflow of PAC sheep model and timeline of study. Saline cuff figure reproduced
with permission from Norfolk Vet Prodcuts (https://norfolkvetproducts.com/wp-
content/uploads/2019/03/NVP_Catalog_2019-01_email.pdf). Representative 4-chamber view images
obtained by echocardiography (echo) are from a PAC sheep at week 2 (left: diastole; right: systole).

Table 5.2. Volumes of saline injections for the PAC animals at three time points over the 11-week study.

Week 0 Week 1 Week 4 Total

Sheep 1 Injection (mL) 0.4 0.4 0.1 0.9
Sheep 2 Injection (mL) 0.6 0.6 0 1.2
Sheep 3 Injection (mL) 0.2 0.4 0.1 0.7
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5.1.2.2 Echocardiography

Transthoracic two-dimensional echocardiography was performed bi-weekly (weeks 0, 2, 4, 6,
8, 11) using a 2.5 MHz transducer on a GE Vivid 7 (GE Healthcare, Chicago, IL) ultrasound
machine. Briefly, parasternal images were obtained in the awake sheep in lateral recumbency,
using American Society of Echocardiography guidelines with minor imaging plane modifications
in the sheep54. Ventricular dimensions (such as RV area, septum diameter, and RV or LV inner
diameter; RVID/LVID), tricuspid annular plane systolic excursion (TAPSE) and flow dynamics
were measured.
5.1.2.3 Hemodynamic measurements and terminal procedure

Prior to euthanasia, the CTL and PAC animals were anesthetized and RV catheterization was
performed to obtain hemodynamic measurements. A 7 Fr Swan Ganz catheter (Edwards
Lifesciences Corporation, Irvine, CA) was floated to the RV through the jugular vein and cranial
vena cava under pressure monitoring and fluoroscopic guidance. Cardiac output (CO) and stroke
volume (SV) were measured using the thermodilution method'! '3, Finally, the RV systolic
pressure was obtained by a pressure-volume catheter (Millar, Houston, TX). Immediately
following the hemodynamic measurements, the animals were euthanized with pentobarbital (IV)
at 88 mg/kg and the hearts were harvested. RV tissue hypertrophy was measured by the wet weight,
Fulton index (RV/(LV+Septum)), and wall thickness using a digital caliper.
5.1.2.4 Structural measurements

RV samples from the center of the anterior RV free wall were fixed in 10% formalin.
Specimens were then dehydrated, embedded in paraffin, sectioned and stained with H&E for
cardiomyocyte morphology and Picro Sirius Red for collagen fibers. Cardiomyocyte morphology

was imaged by an inverted microscope (Motic AE31E) and quantified with AmScope software
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(AmScope, Irvine, CA); collagen content and fiber orientation were imaged under polarized light
by a transmission microscope (Nikon Eclipse E800) and quantified with Image Pro Premier
software (Media Cybernetics, Rockville, MD). Color thresholding method was used to measure
type I collagen, type III collagen and non-collagen areas, respectively's:>>.
5.1.2.5 Statistical and correlation analysis

One-way ANOVA with repeated measures and Dunnett’s post-hoc tests were performed by
Prism (GraphPad Software, San Diego, CA) to examine the functional changes of the RV during
the PAC. Unpaired Student’s t-test was performed between the CTL and PAC groups in Excel
(Microsoft). Pearson correlation analysis was used to investigate the correlations between the
structural and functional properties. Data are presented as mean + SD. P<0.05 was considered

d>%3% r >0.8 was considered as a

statistically significant and 0.05<p< 0.1 was considered a tren
strong correlation.
5.1.3 Results
5.1.3.1 Hemodynamic and functional changes in the RV with PAC

Eleven weeks post PAC, there was a significant increase in RVSP compared to the CTL group
and a gradual decrease of the ratio of pulmonary artery acceleration time/ejection time (PA AT/ET)
over time, with a significant reduction at the endpoint (Figs. 5S.2A&B, p<0.05). These results
indicate the successful induction of pressure overload and establishment of RVF in the sheep.
Moreover, there was a significant decrease in SV in the PAC group compared to the CTL group at
11 weeks (Fig. 5.2C, p<0.05). Lastly, we found that TAPSE was significantly decreased at week

11 compared to the baseline (Fig. 5.2D, p<0.05). These results indicate that pressure elevation was

successful, and RVF was evident in these animals.
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Figure 5.2. Decline in RV hemodynamics and function with 11-week PAC. A) Increase in RV systolic
pressure. B) Decrease in pulmonary artery acceleration time/ejection time. C-D) Decrease in stroke volume
and TAPSE in PAC sheep. * P < 0.05 vs. CTL group or Week 0.

5.1.3.2 Morphological changes in the RV with PAC

With the chronic pressure overload, there were significant increases in diastolic RV area and
RVID as measured by echocardiography (Fig. 5.3), suggesting a progressive dilatation of the
chamber. Some global changes of the hearts were examined after tissue harvest (Table 5.3). Both
the RV weight/body weight (p<0.05) and wall thickness (p<0.05) were larger in the PAC group,
and the Fulton index as a routine RV hypertrophy index was significantly increased as well

(p<0.05).
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5.1.3.3 Structural changes in the RV with PAC

From the H&E staining, we quantified RV cardiomyocyte width and found that there was a
significant increase in the cell width with PAC (Table 5.3, p<0.05). From the Picro Sirius Red
staining, we examined RV collagen content and fiber orientation in the CTL and PAC groups using
polarized microscope images. PAC tended to lead to more collagen accumulation (p=0.065),
especially type III collagen accumulation in the RV (Table 5.3, p=0.05) (Table 5.3). There was
no difference in collagen fiber orientation between the CTL and PAC groups (Table 5.3).
5.1.3.4 Changes in RV geometry and hemodynamic function with PH development (11-20 weeks
PAC)

The results of the individual RV geometry and hemodynamic function of 11-20 weeks PAC
were summarized in Table 5.4. There was a significant increase in RVSP and significant decreases
in SV and CO in the PH group compared to the CTL group (p<0.05). PH also led to a trend of
decrease in the AT (p = 0.07) and significant increases in the DT, ET, as well as the AT/ET ratio
compared to the CTL group (p<0.05). Lastly, the RV became significantly hypertrophic with the
PH development (p<0.05). These results indicate the successful induction of pressure overload of

the RV and the establishment of RV failure in the PH animals.
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Table 5.3. Overall structural changes in ovine hearts with PAC after 11 weeks. Data are presented as

mean + SD. *p<0.05; &p = 0.05.

CTL PAC

Body Weight (kg) 81.6+12.2 84.8+4.5
RV Weight (g) 61.7+109 84.1+13.1
RV Weight/Body Weight (g/kg) 0.8+0.0 1.0£0.1*
Fulton Index (%) 284+ 1.3  43.0+3.5*
RV Wall Thickness (mm) 5.9+0.2 7.4+0.6%
Myocyte Width (pm) 13.5+1.2 17.1+£0.7*
Collagen Fiber Angle (degrees) 540+£80 57.0+12.0
Type I Collagen Content (%) 29+£1.0 43+13
Type III Collagen Content (%) 0.7 +0.1 1.8+0.7°
Total Collagen Content (%) 36+1.0 6.1+14

Table 5.4. Individual hemodynamics, structure and function measurements of the ovine RV in CTL and
PAC animals (weeks 11-20). CTL: control group, PH: pulmonary hypertension group. RVSP: right
ventricle systolic pressure, SV: stroke volume, CO: cardiac output; TAPSE: tricuspid annular plane systolic
excursion, FS: fraction shortening, AT: accelerate time and ET: ejection time. /: unable to obtain the data.
*: p<0.05 vs CTL group.

Sample RVSP SV CO TAPSE FS AT ET DT AT/ET Fulton
(mmHg) (mL) (mL) (mm) (%) (msec) (msec) (msec) Index
(%)
CTL1 22.7 96 9.2 19 / 94 231 137 0.41 28.8
CTL2 23.8 99 13.3 21 / 73 160 87 0.46 29.5
CTL3 21.7 130 11.6 28 / 68 198 130 0.34 27.0
Mean + 23+ 1 108 + 11+ 23+3 / 78 £8 196 + 118+  0.40 £0.03 28 +1
SEM 11 1 21 16
PH1 35 69 6.5 17 32.7 / 321 / / 439
PH2 51 65 5.9 20 11.1 69 335 266 0.21 46.0
PH3 45 83 9.4 22 / 59 237 178 0.25 39.2
PH4 42 39 3.8 25 35.9 62 271 209 0.23 58.8
PH5 28 56 5.6 22 11.9 67 360 293 0.19 58.2
PH6 51 47 3.9 20 27.0 44 278 234 0.16 64.1
Mean + 42 +4" 60+7" 61" 21+] 24+ 60 +4 300 £ 236 + 021 + 52 +4*
SEM b} 19" 20" 0.02"
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5.1.3.5 Correlation analyses of the structure and function in the RV

We first examined the relations of RV pressure (RVSP) and the structures. As shown in
Figures 5.4A&B, we found a significant correlation between RVSP and the Fulton index (p <
0.05), which has been used to indicate RV hypertrophy at the tissue level®3; there was also a trend
of correlation between the RVSP and the width of cardiomyocytes. These correlations indicated
that the degree of RV pressure overload was associated with RV hypertrophy at both cellular and
tissue levels.

As we found that both Fulton index and width of the cardiomyocyte were correlated with the
RVSP, we further investigated the relations between these two hypertrophy indices. It was not
surprising to see that there was a significant correlation between the cardiomyocyte width and
Fulton index in the RVs of the experimental groups, suggesting that the enlarged cardiomyocytes
would contribute to increased RV mass (p < 0.05, Fig. 5.4C). Interestingly, we also found a strong
correlation between type III collagen and Fulton index (p = 0.05, r = 0.80, Fig. 5.4D), and this
relation was absent between the type I collagen and Fulton index (data not shown). These results
indicated that RV fibrosis, especially the accumulation in type III collagen, was correlated with
the RV hypertrophy. Next, we examined the relations between the RV hypertrophy or fibrosis and
its function indices. As shown in Figures 5.4E&F, we found a significant correlation between the
Fulton index (hypertrophy) and RV ejection time (ET) and a significant correlation between the
Fulton index and the stroke volume, respectively (p < 0.05). Furthermore, we found a significant
correlation between type III collagen content and ejection time and a trend of moderate correlation
between type III collagen content and stroke volume (Figs. 5.4G&H). However, there were no

correlations between type I collagen content and the RV function (data not shown).
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Figure 5.4. Correlations between the structure and function in the RVs of CTL and PAC groups. A - B)
correlations between the RVSP and Fulton index or width of the cardiomyocyte, respectively. C - D)
correlations between the width of the cardiomyocyte or the type III collagen content and Fulton index,
respectively. E - F) Correlations between the Fulton index and ejection time or stroke volume, respectively.
G - H) Correlations between the collagen type III content and ejection time or stroke volume, respectively.

5.1.3.5 Correlation analyses of between echocardiography and Swan-Ganz catheter

As any clinical diagnosis is preferred to be noninvasive, we sought to find correlations
between the non-invasive and invasive measures. The idea would be to use these non-invasive
measures to help be predictive of preclinical or clinical trends and outcomes that could traditionally
only be measured invasively.

We have observed several interesting correlations between non-invasive echocardiography
and invasive Swan-Ganz catheterization. RVSP and AT/ET showed significant correlation (Fig.
5.5A, p<0.05), suggesting that AT/ET was impaired due to the significant pressure overload.
Cardiac output and stroke volume were positively correlated with PV velocity, suggesting that
larger cardiac output/stroke volume is associated with higher velocity across the pulmonary valve

(Figs. 5.5B-D, p<0.05). Cardiac output was also significantly positively correlated with PV flow
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pressure gradient (Figs. 5.5E-F, p<0.05), suggesting the pressure gradient is larger when cardiac

output is larger.

Other trends of correlations included a correlation between echocardiography and Swan-Ganz
catheterization for cardiac output (Fig. 5.6A, p=0.069), as well as AT/ET and fraction shortening

with PV peak velocity (Figs. 5.6B&C, p=0.64 and p=0.05 respectively).

A AT/ET (Echo) vs RVSP (Swan-Ganz) B CO (Swan) vs PV Flow Mean Velocity
60 (EChO)
E 50 ® . 15
€ 40 e, @ oe = A.---"A’
E 30 e ° e £ 10 -
20 o oy 2 - oy
S r=-0.68 . S 5 =097 *e
= 10 p=0014 o p =0.00096
0
0 0.2 0.4 0.6 0.0 0.2 0.4 0.6 0.8 1.0
AT/ET PV Flow Mean Velocity (m/s)
C CO (Swan) vs PV Peak Velocity (Echo) D SV (Swan) vs PV Peak Velocity (Echo)
15 150
[ ] [ ]
—_ L ]
Elo ,. g 100 ___,,,..' »
g 5 r=074 co-s Ve @ 50 r=0.65 e T e ®
p = 0.006 p =0.02
0 0
0 05 1 15 0 0.5 1 1.5
PV Peak Velocity (m/s) PV Peak Velocity (m/s)
E CO (Swan) vs PV Flow PG (Echo) F CO (Swan) vs PV Mean PG (Echo)
15 15
] )
£ 10 ,, £ 10 oo
= . . = ey
g 5 r=0.94 9 5 r=09
p= 0.005 p= 0.002
0 0
0.0 2.0 40 6.0 8.0 0.0 1.0 2.0 3.0 4.0

PV Flow Pressure Gradient (mmHg) PV Flow Mean Pressure Gradient (mmHg)

Figure 5.5. Correlations between echocardiography and Swan-Ganz catheterization measurements: A)
acceleration time/ejection time and RV systolic pressure; B) cardiac output and pulmonary valve flow
mean velocity; C) cardiac output and pulmonary peak velocity; D) stroke volume and pulmonary valve
peak velocity; E) cardiac output and pulmonary valve flow pressure gradient; F) cardiac output and

pulmonary valve mean pulmonary gradient.
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Figure 5.6. Correlations of A) cardiac output between echocardiography and Swan-Ganz catheterization
measurements; B) acceleration time/ejection and pulmonary valve peak velocity from echocardiography;
C) fraction shortening and pulmonary valve peak velocity from echocardiography.

5.1.4 Discussion

In this study, we described a revised PAC ovine model of adult RVF secondary to pressure
overload. This model allowed for a customizable constriction between individual animals and at
multiple time points. RV hypertrophy and fibrosis were evident in the pressure overloaded sheep.

Surprisingly, the increase in type III collagen was more pronounced than the increase in type |
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collagen. Functionally, RV pressure elevation resulted in declines in RV SV and TAPSE, and
progression of chamber dilation and ejection dysfunction, indicating RVF development. The
degree of RV hypertrophy and the amount of type III collagen were correlated with the function
of the RV.
5.1.4.1 The revised PAC ovine model of adult RV failure

To date, this study is the first report of an ovine model of adult, chronic RVF. Historically,
lambs have been used in the study of RV dysfunction or therapeutics in pediatric patients (Table
5.1). Since ovine reach sexual maturity at 6-8 months old>, we explored the potential of RVF
establishment in young adults. From the prior literature, it can be found that not all PAC surgeries
induced RVF (Table 5.1). If the PAC induction is too mild, RV adaptation rather than RVF will
occur; on the other hand, if the PAC induction is too severe, animal deaths often occur prior to
data collection. In the present study, we adopted the same criteria as used previously>®3%3* to
induce a similar degree of hemodynamic insult in these sheep and then examined the remodeling
of the RVs. As aresult, different (customized) degrees of PAC were induced (Table 5.2) to ensure
that the proper degree of pressure overload was achieved for RVF establishment in different
individuals. Therefore, even with a small number of animals (n = 3 per group), we were able to
confirm significant structural changes (i.e., RV hypertrophy and fibrosis) and functional changes
(i.e., reduction in systolic function and ejection hemodynamics) in the RVs, from which RVF was
evident. This pilot study had 0% of mortality in the PAC animals, which was rare in the similarly
reported studies since the model is known for its drawbacks in surgical mortality, especially when
the goal is to induce RVF*. Furthermore, while prior pre-clinical studies examined the
development of RVF by either structural or functional changes of the RV, our study examined

both aspects comprehensively to fully validate the establishment of RVF in adult sheep.
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There are some advantages of the animal-specific, graded PAC methodology. First, this
method allows for a PA constriction that results in identical hemodynamic insult between animals.
As shown in Table 5.1, many preclinical studies used a fixed degree of constriction (i.e., increase
to certain pressure value, reduce to certain PA diameter, etc.) to induce pressure overload.
However, each animal responds uniquely to PAC and thus a fixed constriction may lead to varied
degrees of RV dysfunction (from adaptation to failure), which may complicate the assessment and
diagnoses of RVF among animals. In addition, various degrees of constriction were reported (see
Table 5.1) and there is a lack of guidance on the induction of PAC. Since RV pressure equivalent

F%0-61 we decided

to systemic pressure has been reported in clinical and preclinical studies of RV
to use this hemodynamic condition as the criterion of PAC in our model. Indeed, from our own
data it can be seen that each animal had its own amount of saline injection to elevate the RV
pressure to systemic pressure, suggesting that different thresholds are required to induce RVF in
individual animals. The animal-specific and graded approach also avoids potential unexpected
animal death due to a single, severe constriction as we can progressively increase or halt the insult
depending on the animal’s individual response.

Second, the use of an adjustable PAC method provides more flexibility in the degree of PA
constriction in large animals that is impossible in rodent PAC models. In a rabbit study with a
similar PAC method, reversible constriction was induced to investigate the progression and
recovery of RVF. This proof of concept study has shown the regression of RV chamber size,
hypertrophy and fibrosis by the removal of pressure elevation, which may support the postulate

that RVF is reversible®. Similarly, the graded or reversible PAC could be induced in large animals

such as in this ovine model to further investigate the pathogenesis of RVF, including the
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development from adaptive to maladaptive RV remodeling. Therefore, the model is very flexible
and can be adapted to investigate different questions regarding RVF.
5.1.4.2 New insights of RV failure from the study

In addition to the clearly adverse functional changes, we have observed morphological and
structural changes of the RVs in the PAC group that are characteristic of RVF'® - 13 Firstly, RV
dilatation and hypertrophy were evident and the RVID/LVID was gradually increased during the
progression of RVF (Fig. 5.3C). In a recent study, the ratio of end-diastolic volumes (EDVs) of
the RV to LV (RVEDV/LVEDYV) was found to increase with increased RV free wall stiffness in
PH patients, and this new index was strongly and inversely correlated with RV peak contractility®.
Thus, we speculate that the increased RVID/LVID may indicate a gradual reduction in RV
contractility and explain the impaired systolic function (SV) observed in the PAC sheep.

Moreover, RV fibrosis was revealed in the PAC sheep (Table 5.3). This is not surprising
because collagen deposition is universally reported in clinical and preclinical studies, large and
small animals, as well as from early to late stage of RVF'® 234464 However, it was the collagen
type 111, not type I, that was more markedly increased in the PAC RVs. This is unexpected because
type 1 collagen is the major isoform of collagen fibers in the RV%: , and provides more
mechanical strength than type III collagen®’. We do not know why RVF led to a more significant
increase in type III collagen, which will be examined in future investigations. Even in LVs, there
is no consensus on whether type I or type III collagen plays a more significant role in its
pathogenesis®> %8, Future studies should also delineate the role of different subtypes of collagen in
RVF.

Finally, we found some interesting correlations among the healthy and failing RVs. RV

hypertrophy and fibrosis were strongly correlated with RV function (Figs. 5.4F&H). This
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indicated that the severity of RV hypertrophy or fibrosis were linearly linked to the adaptation of
the RV and could be used as diagnostic parameters indicative of RVF. Indeed, both ventricular
mass and collagen deposition have been used in preclinical and clinical settings and were found to
correlate with the severity of ventricular dysfunction® 7°, These data also confirm that our ovine
model recapitulates the behavior and pathogenesis of human RVF. Furthermore, the amount of
type III collagen was strongly correlated to the Fulton index (Fig. 5.4D), indicating that certain
molecular mechanisms in type III collagen metabolism are linked with RV hypertrophy. To date,
the proof of a mechanistic link between fibrosis and RV dysfunction is insufficient®* ’!. Despite
the evidence that increased collagen accumulation is found in severe RVF, the treatment that
reversed the collagen deposition in the RV failed to improve the RV function’" 2. Here, we
observed that type III collagen content was strongly correlated with ejection time and SV (Figs.
5.4G&H). We suspect that the different roles of type I and type III collagen in RV dysfunction
may explain the discrepancy in the literature.
5.1.4.3 Agreements and other correlations of non-invasive and invasive measurements of RV
function assessment

The correlations between invasive and non-invasive may offer alternative load-independent
and load-dependent ventricular measurement methods over traditional invasive measurements.
AT/ET significantly correlated with RVSP suggests that reduction in AT/ET may be predictive of
pressure overload to the RV (Fig. 5.5A). AT/ET then could serve as a noninvasive way to estimate
RVSP, which is obtained invasively in order to be accurate. This would be due to a higher pressure
in the RV in response to the afterload which would cause flow to accelerate faster than normal,
resulting in the leftward shift of the maximum velocity and shorter AT, as well as sometimes longer

ET (but not always). Cardiac output with PV velocity indicates that a larger flow is correlated with
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larger velocity, which is intuitive (Figs. 5.5B-D). Similar findings were observed in the PV flow
pressure gradient (Figs. 5.SE&F). The correlations with cardiac output from catheterization could
be useful as flow velocities and pressure gradients could potentially be surrogates of ventricular
function, basically the ability of the ventricle to produce adequate blood flow. And while it is
known that cardiac output can be obtained from echo, that cardiac output is estimated from velocity
via the velocity time integral. With significant correlations as observed, then these findings suggest
that PV velocities obtained non-invasively could be used to validate cardiac output measurements
from echo and predict trends in cardiac output from traditional invasive catheterization methods.
The non-invasive measures can also be used to predict pressure elevation to the RV, which requires
invasive techniques and cannot be measured directly (typically estimated using a simplified
Bernoulli’s equation from flow velocity). Overall, our pressure and velocity measurements
correlated with cardiac output and AT/ET suggest an increase in afterload on the RV, but it is
unclear if these are indicative of ventricular function, and the echo measures should be validated
against standard measures of function obtained via pressure-volume catheterization (not Swan-
Ganz).

Other studies have attempted to correlate non-invasive imaging with invasive measurements
but have performed correlations with parameters obtained from pressure-volume catheterization.
A study in mice by Boehm et al. showed TAPSE, an indicator of systolic RV function, has been
shown to have trends in interrelations with Ees and significantly strong correlations with Ees/Ea,
end systolic elastance to arterial elastance. Isovolumic relaxation time to ECG derived R-R interval
and E/E’, transtricuspidal E peak velocity measured by pulsed wave Doppler to tissue doppler

derived E’ peak velocity, were shown to be well correlated with RV diastolic pressure’®. Together,
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these data suggest that indices of systolic RV function are better correlated with RV-arterial
coupling and that diastolic indices correlated with end diastolic pressure.

In pulmonary hypertension pigs, it was shown that non-invasive RV functional measurements
strongly correlated with ventricular-arterial coupling when compared to that of ventricular
contractility’*. These findings suggest that non-invasive indices for RV function will correlate
better with ventricular-arterial coupling than contractility.

Tello et al. showed that cardiac magnetic resonance imaging (cMRI) of RV strain was
associated with RV-arterial uncoupling and RV end diastolic stiffness in patients’>. This study was
able to use pressure volume catheterization and correlate the data with measurements from cMRI,
the gold standard for imaging RV function. Ideally, with pressure-volume catheterization in our
studies, such non-invasive measurements from echo could be used to correlate with key functional
parameters such as RV diastolic stiffness (Eed), end-systolic elastance (Ees), arterial elastance
(Ea), and Ees/Ea to determine RV-arterial coupling. Substitutes of these variables obtained
invasively from expensive and demanding procedures would be clinically beneficial.

Ideally, such non-invasive indices using pressure-volume catheterization (instead of only
Swan-Ganz catheterization) could be used to help determine ventricular contractility (determined
invasively), an important parameter reflecting the intrinsic ability of the ventricle. In the same
vein, our correlations can be used with pressure-volume catheterization to further identify if such
parameters are correlated with ventricular function. Additional data from pressure-volume
catheterization can be found in the Appendix, for which the parameters could potentially be used
for validation of non-invasive clinical diagnoses of RV function (Figs. A1-A3, Tables A3-AS).

5.1.4.4 Limitations
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There are a few limitations to this study. Firstly, we did not have 3D measurements of the RV
volume or strain, which are useful indices of RVF'!:13:76 Cardiac magnetic resonance imaging or
pressure-volume relations are the gold standard and should be used to investigate adult ovine RVF
in the future®- 77, Secondly, even though we observed significant functional impairment, other
clinical signs such as peripheral edema or body weight loss were absent> '3, These signs are
typically seen in the late stage of RVF and the RVF observed in this study may be in an early rather
than a late stage.
5.1.4.5 Conclusions

In this study, we reported a revised animal-specific, graded pulmonary artery constriction
model in adult ovine. The model led to successful right ventricle failure development with
significant structural and functional changes as well as some correlations between right ventricle
hypertrophy or fibrosis and functional decline. The model is robust and safe to induce various
degrees of pressure overload and at multiple time points, which enables the flexibility to adapt to
different protocols to answer various research questions related to the progression or treatment of

right ventricle failure.

5.2. Failing RV Free Wall Biomechanics

5.2.1 Introduction

The biomechanical changes of the failing RV in response to pressure overload has been
seldom investigated. To our knowledge, only four prior studies have examined such changes, and
all were performed in rats. Hill et al. showed that the myo- and collagen fibers became more
aligned with pressure overload and that the overall tissue stiffness increased, with a much larger

increase in the longitudinal direction (outflow tract) compared to the circumferential
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(perpendicular to outflow tract) direction*®. Later, Jang et al. showed a significant increase in
stiffness in the longitudinal direction at low strain compared to control animals*. No significant
differences were found at high strain. Velez-Rendon et al. showed that pressure overload led to
significantly larger longitudinal and circumferential stresses, but after decellularization (with
ECM remaining) only the circumferential stress was significantly larger’s. Recently, Kia et al.
showed that myofiber, longitudinal, and circumferential stiffness were all significantly increased
with pressure overload”. Together, these studies reported the biomechanical changes likely
resulting from RV remodeling, especially with significant stiffening in the longitudinal direction.
These unique findings in small animals compel us to determine if such results appear in a large
animal model that is more closely related to humans, with which there is no report of to date.
Thus, there currently exists a knowledge gap of large animal RV biomechanics, and especially in
the context of RV adaptation and failure to pressure overload.

The goal of the present study is to adopt an animal-specific, graded pressure overload method
to establish chronic RVF in adult ovine and to investigate the biomechanical changes with RVF
development. We hypothesize that the adult pressure overloaded RV will stiffen in the longitudinal
direction. Ovine were chosen due to the widely reported similarities between human and ovine
cardiovascular anatomy, function, and physiology'* !® %5, Our data suggest that the RVF
development in sheep led to biomechanical changes in the RV with significantly increased stiffness
in the longitudinal direction and larger degree of anisotropy compared to control animals.

5.2.2 Methods
5.2.2.1 Ovine model of pulmonary hypertension and RV failure development
All animal works were approved by the Colorado State University Institutional Animal Care

and Use Committee JACUC#17-7590A). Six pulmonary hypertension (PH) sheep and three age-
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matched health sheep were recruited in this study. Sheep was chosen for this study because its
anatomy and physiology are closer to human than those of small animals and thus the findings are
more translatable to human physiology and cardiac biomechanics®. PH was induced in eight-
month old male and female ovine using our recently established animal-specific, pulmonary artery
constriction model®°. Briefly, an adjustable hydraulic occluder (AUS-PORT 12x14 mm, Norfolk
Vet Products, IL) was placed around the main pulmonary artery trunk to elevate the pulmonary
pressure. The degree of constriction for each animal was determined by the amount of saline
injected to elevate the RV systolic pressure comparable to that of the left ventricle (LV) in the
same animal. The chronic pressure overload was maintained for 11-20 weeks and thus different
phases of RV failure were included in these PH ovine.
5.2.2.2 Ex vivo mechanical test and data analysis

Within four hours of sacrifice, the RVs were dissected and immersed in a physiological saline
solution (PBS) on ice. Because the RV free wall is relatively thin, almost the entire wall was used
for mechanical tests, after the removal of epicardium layer and the trabeculae from the
endocardium. To obtain the biaxial mechanical properties, the outflow tract (OT) direction of the
RV was defined as the longitudinal direction in the test axis. A minimal sample aspect ratio of 3:1
(length: thickness) was used to approximate a plane-stress condition, and a cruciform section was
cut to generate more homogenous strain distribution and minimize shear strains in the biaxial
tests3!-82. A ruler and caliper were used to measure the tissue size and thickness, respectively.

The tissues then underwent equibiaxial tensile mechanical tests, either with a regular spray of
PBS solution to keep the tissue moist in room air or with the bath of cardioplegic solution (CPS)
and 30 mM of 2,3-butanedione monoxime (BDM) at 26 — 37°C. Our supplement experimental data

confirmed that there were not significant changes of the stress-strain curves between these testing
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conditions (Fig. 5.7). Graphite powder (AGS, MI) was used for strain characterization via digital
image correlation. During the test, images were taken with a digital camera (Nikon) at 1 fps. A
MATLAB-based digital imagine correlation program was used to analyze the tissue deformation.
Two 250 b capacity load cells (Honeywell Sensotec, Columbus, OH) were used to obtain the

forces. A custom LabVIEW code was used to control the actuators and record the data®?.
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Figure 5.7. Comparison of the average stress-stain curves obtained from different testing conditions. (A-
B) stress-strain curves in the longitudinal and circumferential directions, respectively. N=3.

After mounting, a small preload (~0.1 N) was applied to define the zero-strain configuration,
and then the tissue underwent 15 cycles equibiaxial tests including preconditioning cycles (at the
stretch rate of 15 mm/min, with ~25% maximal stretch). Then the last cycle of the loading curve
was used to generate the Cauchy stress — Green strain curve to analyze the RV mechanical
properties as previously described®®>. We were unable to obtain complete mechanical data in one
control and one PH sheep. From the stress-strain curves, the RV passive stiffness (or elasticity)

was quantified by the elastic moduli (EM) at the low and high strain ranges, respectively®.
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4.2.2.3 Statistical and correlation analyses

All data were analyzed by the non-parametric statistical analysis, except for the EM which
were confirmed with the normal distribution by the QQ plot (GraphPad (v8.0.2)). Pearson
correlation analysis was used to investigate the correlations between the tissue mechanical
properties and RV function indices (Microsoft Excel). All the data were presented as mean + SEM.
P < 0.05 was considered statistically significant.
5.2.3 Results
5.2.3.1 Changes in RV geometry and hemodynamic function with PH development

The results of the individual RV geometry and hemodynamic function were summarized in
Table 5.4. There was a significant increase in RVSP and significant decreases in SV and CO in
the PH group compared to the CTL group (p<0.05). PH also led to a trend of decrease in the AT
(p=0.07) and significant increases in the DT, ET, as well as the AT/ET ratio compared to the CTL
group (p<0.05). Lastly, the RV became significantly hypertrophic with the PH development
(p<0.05). These results indicate the successful induction of pressure overload of the RV and the
establishment of RV failure in the PH animals.
5.2.3.2 Changes in RV passive elasticity with PH development

Figure 5.8 presented the RV passive, biaxial elasticity obtained from the control and PH ovine.
Despite a relative small number of the control animals, we observed significant stiffening of the
RV in the PH group: compared to the control RVs, the PH RVs had a larger EM at low strain range
(EMLow) in the longitudinal direction (Fig. 5.8A, p<0.05). A similar trend was observed for the
EM at high strain range (EMHnign) in the same direction, but the difference did not reach statistical
significance (Fig. 5.8B). In contrast, the changes in these EM in the circumferential direction were

absent with PH development.
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Figure 5.8. Different RV elasticities derived from the stress-strain curves. (A) the EM at low strain range

(EMLow) and (B) the EM at high strain range (EMmign) in both longitudinal (L) and circumferential (C)
directions. CTL: control group, PH: pulmonary hypertension group. *: p < 0.05.

Furthermore, PH led to a strong trend of increased EMiow in the longitudinal direction
compared to the circumferential direction (Fig. 5.8A, p=0.06). However, this was not observed in
the control RVs. These results indicate an alteration of the anisotropic behavior at the low strain
range with the progression of PH. We did not observe any anisotropic behavior from the high-
strain EM in both PH and control groups.

5.2.4 Discussion

We observed a change in the anisotropic behavior of the RV during PH development (Fig.
5.8). The stiffening of the RV in the longitudinal direction and the absence of stiffening in the
circumferential direction led to a more anisotropic behavior of the RV with the progression of PH.
We speculate that the biaxial mechanical changes may partially explain the development of RV

failure. Under persistent pressure overload, the RV typically remodels into a spherical shape and
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requires a higher wall strength in the circumferential direction to maintain the blood flow in the
pulmonary circulation. Alternatively, a failure to enhance the circumferential wall strength will
impair the ventricular function and result in RV failure.

In addition, the EMLow is @ measurement in the diastolic stress range and thus it has been
adopted as the diastolic stiffness of the RV*> # It is speculated that the EMiow is mainly
contributed by the myofiber stiffness, which is different than the EMpigh that is measured in the
high-strain range and contributed mostly by the collagen fiber stiffness*> 8% 86,

It is unclear whether the same degree of RV failure was achieved in the present ovine study
as in the previous rodent studies* *>: 787 While these studies had the banding or constriction for
three weeks, only Kia et al. claimed to have achieved RV failure through the uncoupling of RV-
PA function from Ees/Ea. While there is a lack of consensus on what RV failure is*, we defined it
as significantly reduced stroke volume and TAPSE. However, we have various durations of PAC
in the PH sheep, which may include different stages of RV failure in the animals. Between our
study and others, the stage of RV failure likely makes a difference in the ex vivo biomechanical
behavior we would observe. Compensated hypertrophy, where the heart muscle wall thickens to
normalize wall stress, precedes decompensated heart failure, where the heart muscle wall cannot
match the increased afterload and leads to ischemia. These different stages would likely differ
where decompensated heart failure would have the stiffest tissue with increasing collagen

deposition®*- ¥
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6. Mechanical Regulation of Pro-angiogenic Paracrine Effect
of Mesenchymal Stromal Cells*

6.1 Mechanical Considerations of Electrospun Scaffolds for Myocardial Tissue

and Regenerative Engineering

6.1.1 Clinical Significance

Heart failure is the leading cause of death worldwide and affects about 38 million people! 2.
There are mainly two types of heart failure, heart failure with reduced ejection fraction (HFrEF)
and heart failure with preserved ejection fraction (HFpEF), which involve left ventricular (LV) or
right ventricular (RV) or biventricular failures'. The pathological remodeling of the myocardium
often results in structural and functional changes of the cardiac tissue locally (e.g., in myocardial
infarction) or globally (e.g., in idiopathic cardiomyopathy). Currently, pharmaceutical or surgical
therapies are not completely satisfactory and fail to halt the continuous deterioration of the
myocardium. Consequently, heart transplantation or implantation of a ventricular assist device is
the last resort for severe heart failure patients. A preferred treatment is to restore the diseased tissue
instead.

Cardiac tissue and regenerative engineering, via the use of biomaterials with or without
cells/molecules to repair heart tissue, is an emerging, interdisciplinary field that aims to improve

outcomes and quality of life for these patients®. This new field has presented the opportunity to

4Adapted from Nguyen-Truong M, Li YV, Wang Z. Mechanical Considerations of Electrospun Scaffolds for
Myocardial Tissue and Regenerative Engineering. Bioengineering (Basel). 2020 Oct 3;7(4):122. doi:
10.3390/bioengineering7040122.

Adapted by permission from Nguyen-Truong M, Hematti P, Wang Z. Current status of myocardial restoration via
the paracrine function of mesenchymal stromal cells. Am J Physiol Heart Circ Physiol. 2021 Jul 1;321(1):H112-
H127. doi: 10.1152/ajpheart.00217.2021.
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renew and restore the diseased heart*®. In order to achieve optimal therapies, the right cell source
and the right microenvironment for the cells or their secretome to function are the most important
questions to answer. While other reviews have focused on the issues related to the stem/progenitor
cells to employ* %% in this review, our main interests lie in the ‘right microenvironment’ for
cardiac restoration that is identified or provided by the use of scaffolds.

The extracellular microenvironment is composed of two aspects: biochemical cues and
biophysical cues. The biochemical cues mainly refer to the neighboring cells, soluble factors,
extracellular matrix (ECM) proteins, oxygen levels, etc.”. The impact of biochemical cues in
cardiac restoration has been extensively investigated and reviewed!®'2. The other aspect, the
biophysical cues—often referred to as the mechanical environment of the native tissue or a
biomaterial (e.g., the elasticity, roughness, surface topology, etc.)—are much less reviewed. It is
generally accepted that the mechanical regulation of ECM plays key roles in maintaining tissue
homeostasis such as cell proliferation, differentiation, gene/protein expression, and function!! !>
22 In this review, we bring attention to the biomechanics of the native myocardium and the
microfibrous scaffolds in the consideration of myocardial restoration. We will summarize the
development of microfibrous scaffolds in cardiac tissue engineering and their mechanical
properties, the current understanding of the cellular responses to mechanical factors (i.e.,
mechanobiology) using microfibrous scaffolds, and the clinical relevance of the scaffold
mechanical properties in myocardial restoration. Finally, we further identify some knowledge gaps

to inspire future research and clinical applications of electrospun scaffolds for heart failure

patients.
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6.1.2 Types of Scaffolds in Cardiac Tissue Engineering and Regenerative Medicine

To date, the use of biomaterials in cardiac regenerative research is mainly to 1) serve as an in
vitro model system that allows for the mechanistic studies of cardiac and/or progenitor cells to
cultivate new treatment strategies; and 2) to be implanted into the myocardium in in vivo models
to assist tissue healing. In the latter application, the cardiac scaffolds have been demonstrated to
provide mechanical support of the ventricle wall, elicit healing responses, and/or enhance the
homing and retention of stem/progenitor cells or molecules in the injured tissue??. Despite
different etiologies of heart failure, the majority of regenerative research is limited to myocardial
infarction (MI) in the LV as a result of acute or chronic occlusion of coronary arteries>> 2.
Recently, there are emerging areas in the restoration of the failing RV associated with pulmonary

hypertension (PH)**

. These preclinical and clinical studies have indicated the potential of scaffolds
to restore the damaged myocardium (please see recent reviews™ * & 10-28-39) 'Tn the past decades,
we have gained significant knowledge on the manufacture and use of biomaterials in cardiac
regenerative medicine. For instance, it is accepted now that no single biological substance (e.g.,
fibrin) or synthetic biomaterial (e.g., polyurethane) would likely lead to an optimal therapeutic
effect in the MI tissues. Similarly, the delivery of stem/progenitor cells via intravenous or
intramyocardial injections alone often results in poor cell retention and cell survival. Therefore,
the current trends involve the combined use of a cardiac scaffold (‘cardiac patch’) and regenerative
cells or molecules to maximize the repair and healing of ventricles® 23,

Currently, there are three main resources of cardiac scaffolds: 1) the native polymers found in
biological tissues (e.g., collagen, fibrin); 2) the decellularized tissues; 3) the synthetic polymers.

Native polymers inspired by the ECM proteins in native tissues are advantageous due to the

absence of an immune response, but the lack of biomimetic mechanical behavior has limited the
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findings and interpretation of data with cells cultured in such non-physiological mechanical
conditions. In addition, the synthesis of 3D scaffolds is challenging and research on 3D-printed
matrix production remains at the bench stage® *°. The second approach, tissue decellularization,
offers a quick approach to derive scaffolds with attractive biocompatibility and desired structural
and mechanical properties. However, this method is limited by the massive scaffold production
with inconsistent qualities from batch to batch, thus preventing a broad use across labs or clinical
trials. In contrast to the above two approaches, synthetic polymers offer appropriate mechanical
behaviors similar to native tissues and enable ‘off-the-shelf” production for potential clinical
applications. Modifications in the fabrication protocol further enable us to adjust the degradation
rates, biocompatibility, porosity, mechanical and conductive properties of the scaffolds. Therefore,
in this review, we focus on the microfibrous scaffolds that are fabricated by electrospinning of
synthetic materials.
6.1.3 Electrospinning of Microfibrous Scaffolds

Electrospinning is a well-established fiber production method wherein a polymer solution is
fed through a high voltage electric field, resulting in coagulation and formation of micro- or
nanofibers. The set-up protocols serve bioengineers with the control over the individual fiber size,
porosity, alignment, and mechanical properties which are critical in guiding cellular attachment
and orientation and eliciting optimal cellular responses*® *’. For detailed discussions on the
methodology of electrospinning in general biomedical applications, please refer to these reviews>®
34.38-52 For reviews specific to cardiac applications, the following reviews are recommended?®: 3
3941 Below, we will only provide a summary of fundamental principles and recent adaptations of

electrospinning to cardiac bioengineering applications.
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In brief, a polymer solution is ejected through a syringe at a specific flow rate onto a metal
collector at a desired distance from the needle tip (Fig. 6.1). A voltage difference is provided
between the needle tip and the collector to supply an electric field to “draw out” the polymer fibers.
In the production of fibrous sheets, electrospinning is controlled via a variety of parameters in the
polymer solution (e.g., molecular weight, concentration) and in the operation of the apparatus
(voltage, distance from needle tip to collector plane, injection flow rate, and duration)® 2> 2% 38,39,
3334 These parameters allow for the fine tuning of the chemical (e.g. molecular structure),
geometrical or structural (e.g., porosity, fiber diameter, distribution, orientation, morphology), and
mechanical properties of the scaffold*®,

Some modifications in electrospinning can confer improved properties of the scaffolds. First,
the electrospinning process can employ either natural (collagen, silk, cellulose, etc.) or synthetic
(polyurethanes, poly(e-caprolactone), etc.) or a combination of both materials to achieve a variety
of structures and utility?® 3 3% 55 These polymers can be combined using either blended or
core/shell electrospinning to achieve desired biocompatibility, conductivity, and mechanical
strength®®38, For example, core/shell electrospinning has been used to fabricate a core polymer
(poly(lactic acid)/polyaniline) with electroactive property and another shell polymer (poly(lactic
acid)/poly(ethylene glycol)) with biocompatible interface>®. Supporting electrical conductivity is
important for synchronous cardiomyocyte contraction in cardiac scaffolds, and similar as well as
different fabrication methods have also been explored®- . Second, structural and mechanical
properties of scaffolds can be improved by the fabrication process. Typically, a stationary
collecting plate allows fibers to be collected in a random manner, whereas a moving plate or
rotating mandrel collector is used to create different degrees of aligned fibers>® 3 37-61-66 (Fig, 6.1).

The fabrication protocol can be adjusted to control scaffold fiber diameter/size,
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distribution/alignment, porosity, and other physical characteristics. For example, different rotating
mandrel speeds could lead to different fiber orientations and anisotropic mechanical properties®’.
Third, modification or treatment of the scaffolds with functional agents (e.g., biomolecules) within
or on the fiber surface can improve biological properties. These properties may support cell
homing, proliferation, function, differentiation, or survival?”> ¢7-%°  For example, matrigel and
laminin coatings have been used on electrospun scaffolds to promote cardiomyocyte attachment,
morphology, and sarcomere organization®.

Moreover, the combination of electrospinning with other techniques is able to confer more
specific and realistic mechanical properties similar to the native cardiac tissues. For instance, there
is a transmural change (100-degree shift) in the myo/collagen fiber orientation from the

endocardium to epicardium of the LV 7

, and such complex 3D anisotropic architecture was
achieved in the scaffolds fabricated by electrospinning and laser patterning’!. In other studies,
scaffolds with electrically conductive materials have been explored. Kai et al. presented a blended
polypyrrole/poly (e-caprolactone)/gelatin electrospun scaffolds with the polypyrrole being the
driving component for conduction®. Moreover, electrospraying of native biomaterial (e.g.,
decellularized ECM) when combined with electrospinning is an attractive option to better support
host cell recruitment while maintaining mechanical support, such as in a cardiac patch’ 7>,

Therefore, electrospinning offers the unique capability to fabricate scaffolds mimicking the 3D

geometries, mechanical and electrical properties of native myocardial tissues.
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Figure 6.1. Schematic of electrospinning with a plane (left) and a cylinder (right) fiber collector,
respectively. The movement of collectors (shown by arrows) enables the adjustment of structural
properties such as fiber diameter and alignment. Other modifications in the fabrication include blended
and core/shell electrospinning to include a hybrid of materials to control the scaffold properties.
Scaffolds can also be functionalized, stimulated, or constructed into 3D platforms.

6.1.4 In Vivo Studies: Electrospun Scaffolds in Cardiac Therapies
6.1.4.1 Cardiac Scaffold as a Mechanical Support

The use of a cardiac scaffold to treat heart failure patients arose before the emergence of stem
cell therapy. It has been found initially that the wrapping of a dilated heart with a biomaterial
scaffold could effectively prevent further dilatation, maintain ventricular cavity area, reduce wall
stress, and even enhance myocardial function®® 7*. Thus, the early generations of scaffolds were
mostly considered to provide mechanical support with acceptable biocompatibility”®. Currently,
the acellular scaffolds are typically in the stiffness range of tens of kPa to tens of MPa and are
made of natural or synthetic materials®> 7680,
For instance, the supportive role of cardiac scaffolds is evident in a study using the polyester

ether urethane urea (PEEUU) electrospun scaffold with the Young’s modulus of ~1-2 MPa?®. The

PEEUU scaffolds were loaded with adeno-associated viral (AAV) genes and then implanted to the
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ischemic rat LV. The treatment improved LV function (e.g., increases in ejection fraction and
fractional area change). Interestingly, despite this ‘hybrid’ therapeutic approach, the therapeutic
effects were found most likely due to the scaffold and not the AAV genes®. However, most similar
studies did not elaborate how much of the therapeutic effects were from the mechanical support of
the scaffold and how much were from the biochemical signals elicited by the scaffolds or delivered
cells/genes. In other words, none of the prior studies are designed to investigate the effect of
mechanical properties of scaffolds on cardiac restoration. Therefore, the optimal mechanical
properties of scaffolds remain unknown. Since the passive mechanical properties of the ventricles
are important contributors to the ventricular function®! #2, future investigations should delineate
the effects of the scaffold’s mechanical properties to improve the design of cardiac scaffolds.
6.1.4.2 Cardiac Scaffold as a Regenerative Support

The current perspective holds that the main mechanisms of scaffold-induced tissue restoration
lie in the altered biological functions achieved by the scaffold and/or its delivered biological
components, which can more proactively promote the healing of cardiac tissues. Particularly, when
loaded with cells or other molecules (e.g., exosomes), the ‘cardiac patch’ enables a more effective
induction of remodeling events for tissue renewal. Therefore, the scaffolds should provide a
suitable extracellular environment for seeded cellular adhesion, infiltration, and

differentiation/growth* 2> 74. 83

. Moreover, in order to minimize the invasive delivery of
stem/progenitor cells and reduce tumorigenic risks, therapies facilitated with injectable, cell-free
‘cardiac patches’ have recently gained increasing awareness® *°. Nevertheless, the ‘match’ of the
mechanical property between native myocardium and the ‘cardiac patch’ has not been a

consideration in the therapeutic mechanisms. That is, the biological responses to the altered

mechanical environment are often ignored in preclinical or clinical studies.
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The lack of the mechanical consideration of cardiac scaffolds is reflected by the variety of
Young’s moduli of the scaffolds reported in the literature. Table 6.1 summarizes the current
electrospun scaffolds used in cardiac tissue and regenerative engineering research. It can be seen
that the Young’s modulus varies from 20 kPa to 92 MPa, covering either myofiber level tensile
stiffness or supra-physiological ranges of cardiac tissue elasticity. For instance, Kai et al. showed
that a poly(e-caprolactone)/gelatin patch (with a Young’s modulus of 1.45 MPa), seeded with
mesenchymal stem cells (MSCs), improved the angiogenesis and cardiac function in myocardial
infarction (MI) rats’*. In another study, Guex et al. showed that a functionalized MSC-seeded
poly(e-caprolactone) scaffolds (with elastic moduli of 16—18 MPa) stabilized cardiac function and
reduced dilatation in rat MI LVs?®. While these findings are exciting, the therapeutic outcomes are
not completely satisfactory and it is difficult to compare these treatments. One of the challenges
to interpret and compare the results is due to the ‘random’ selection of scaffold stiffness. As we
have noted in the previous Section 6.2.4.1, there are a lack of studies on the effects of mechanical
properties of scaffolds on therapeutic outcomes. This lack of knowledge further leads to the
continuous neglect of this factor in the regenerative treatment, which forms a vicious cycle.
Moreover, the scaffold stiffnesses used in the above studies are in orders of magnitude higher than
the healthy myocardium, which calls into a question if the cellular performance is impaired by the
use of supra-physiologically stiff substrates. Thus, the overall therapeutic outcomes should not
only weigh in the multiple aspects of the healing response (angiogenesis, anti-inflammation, anti-
oxidant, etc.), but also in the effect of mechanical properties on these healing responses.
Additionally, the microstructure and mechanical properties of the substrate are known to form a
critical cue to a variety of cells including cardiomyocytes, cardiac myoblasts, and stem/progenitor

cells!'® 1684 85 " Qverlooking or failing to consider the scaffold’s mechanical impact on tissue
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remodeling can potentially hamper the development of optimal therapies for heart failure patients.
Therefore, it is necessary to explore whether the altered mechanical environment is suitable for the

new stem cells or existing cardiac cells to accelerate healing and maximize therapeutic outcomes.

Table 6.1. Various ranges of the Young’s modulus of electrospun scaffolds used in the cardiac tissue
and regenerative engineering studies.

Measurement . ,
Method Material(s) Young’s Modulus (E) Summary Ref.
Validation of structural finite element
AFM (individual model to examine mechanics of

fiber) and tensile test

Polyester urethane

7.5 MPa (initial E)

elastomeric fibrous biomaterials with

86

(sheet) urea or without smooth muscle cells
culture.
2.5-2.8 MPa (without
Tensile test Polyester urethane smooth muscle cells)  Integration of smooth muscle cells into 37
’ urea 0.3-1.7 MPa (with biodegradable elastomer fiber matrix.
smooth muscle cells)
15 wt% polypyrrole (in 0-30%)
Polypyrrole and exhibited most balanced
Tensile test poly(e- 8-50 MPa cardiomyocyte conductivity, »
caprolactone)/gelatin mechanical properties, and
biodegradability.
Poly(e- MSC-seeded PG patch restricted
Tensile test caprolactone)/gelatin 1.5 MPa expansion of LV wall, reduced scar 4
PG) size, and promoted angiogenesis.
PCL:
Poly(e-caprolactone) Dry: 2-28 MPa .
V(e Wet: 2-25 MPa Aligned PG scaffold promoted
Tensile test (PCL) and po y(g. cardiomyocyte attachment and 88
caprolactone)/gelatin . :
(PG) PG: alignment.
Dry: 10-49 MPa
Wet: 1-5 MPa
Construct used to study cardiomyocyte
behavior (beating observed) and
Tensile test Gelatin 20 kPa cardiac proteins expressed for studying 8
cardiac function in drug testing and
tissue replacement.
Polyester urethane . . .
Tensile test urea; polyester ether 1-2 MPa Cardiac patch to deliver viral genes to %
ischemic rat heart.
urethane urea
MSC seeded matrix showed stabilized
. cardiac function and attenuated 2%
Tensile test Poly(e-caprolactone) 16-18 MPa dilatation of chronic myocardial
infarction in rat.
Poly(L-lactic
azlfp)r_gg gglg/éf ) PLACL/collagen scaffold is more
(PLACL): poly(L- suitable compared to PLACL for
Tensile test lac{ic 10-18 MPa cardiomyocyte growth and attachment, %0
. as well functional activity and protein
acid)-co-poly(e- .
expression.
caprolactone)/collagen
(PLACL/collagen)
Tensile test Poly(L-lactide-co- 1—5 MPa Platform for cardiomyocyte culture 66

caprolactone) and

and coculture with fibroblasts.
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fibroblast-derived

ECM
Polyaniline and Development of electrically active
Tensile test poly(lactic-co-glycolic 92 MPa scaffold for synchronous ol
acid) cardiomyocyte beating
S;ﬁ%%?gﬁussz Contractile properties of
Tensile test & 93-373 kPa cardiomyocytes improved with carbon 92
poly(glycerol nanotubes and aligned fibers
sebacate):gelatin (PG) )
Polyethylene glycol;
polyethylene glycol Embryonic stem cell derived
and poly(e- cardiomyocyte differentiation (a-
Tensile test caprolactone) (PCL); Dry: 18 MPa myosin heavy chain expression 2!
PCL and carboxylated Wet: 0.7 MPa . yost vy chain expression,
intracellular Ca signaling) is promoted
PCL; polyethylene on softer substrates
glycol and PCL and ’
carboxylated PCL
Carbon nanotubes Cardiomyocyte protein production and
. embedded S physiological pulse frequency was 93
Tensile test poly(ethylene glycol)- 10-60 MPa promoted on core-sheath fibers loaded
poly(d,l-lactide) with 5% carbon nanotubes.
. . Different rates of cell attachment,
Digested porcine survival, and proliferation between
Tensile test cardiac ECM and 203 kPa »andp 94,95
. ECM patch, electrospun scaffold, and
polyethylene oxide
hydrogel.
Develop silk biomaterials using
Reduced eraphene controllable surface deposition on
Tensile test . grapher 12-13 MPa nanoscale to recapitulate electrical 60
oxide modified silk . . .
microenvironments for cardiac tissue
engineering.

3D hybrid scaffold using aligned
conductive nanofiber yarns within
hydrogel to mimic native cardiac
tissue structure induced cardiomyocyte 36
orientation, maturation, and

anisotropy, as well as formation of
endothelialized myocardium after

coculture with endothelial cells.

Tensile test Nanofiber yarns 20-110 MPa

6.1.5 Mechanical Measurement of Scaffolds

Regardless of the consideration of scaffold mechanical behavior in the study design or not,
this physical property is typically reported with one of the following mechanical tests discussed in
this section. The most frequently reported mechanical property is the elasticity or stiffness.
Furthermore, for implantation purposes, some scaffolds are fabricated to be mechanically similar
to the native cardiac tissues. Thus, a proper measurement and comparison of the mechanical

properties of scaffolds to those of cardiac tissues is of importance. We summarize the common
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mechanical testing methods used to characterize the mechanical properties of scaffolds as well as
cardiac tissues below.

Typically, a thin fibrous sheet of scaffold is measured using tensile testing or atomic force
microscopy, but these are 2D or 1D mechanical measurements. For cardiac tissues or 3D scaffolds,
it is critical to incorporate the planar and transmural mechanical measurements to better
characterize the 3D mechanical behavior®®®. We thus briefly introduce the proper mechanical
tests for 3D mechanical measurements. Finally, as the cardiac tissues are viscoelastic, we also
include a discussion on the measurement of the material’s dynamic mechanical property—
viscoelasticity.
6.1.5.1. Elasticity (Young’s Modulus) Measurement

For a linear elastic material, the most important mechanical property is its elasticity, which is
often referred to as Young’s modulus (E). Experimentally, the Young’s modulus is a measurement
of material’s ability to return to its original shape after a tensile force is applied. Based on this
definition, the direct measurement of Young’s modulus is via tensile mechanical tests. It is a
fundamental testing method that applies a tensile force (i.e., stress) to a material and then measures
the change in deformation (i.e., strain). The Young’s modulus (E) is then defined as the slope of a
stress—strain curve. However, native cardiac tissue often presents a nonlinear hyperelastic behavior
(see the ‘J-shaped’ stress—strain curve in Table 6.2), which means that the slope of the stress—
strain curve alters at different strains. Such nonlinear, elastic behavior of biological tissues is
absent in electrospun scaffolds. Thus, it is important to choose the Young’s modulus (E) at
physiological strain ranges to fabricate biomimetic scaffolds.

Moreover, depending on whether the material is isotropic or anisotropic, uniaxial or biaxial

tensile mechanical tests (Table 6.2) can be performed on the sample to determine E in one or two
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directions?:3!:34 6389 Since an electrospun scaffold is often a thin sheet with identical transmural
mechanical behavior, the three-dimensional mechanical measurement is generally not needed. For
a randomly aligned electrospun scaffold, the material can be assumed to be isotropic due to the
even distribution of the fibers in x and y (planar) directions, and thus a uniaxial tensile test is
adequate. But for the aligned scaffold, biaxial tensile testing is more appropriate to simultaneously
characterize its anisotropic mechanical behavior’* . The cardiac tissue (myocardium) is well
known for its anisotropic mechanical behavior, and thus a better fabrication and mechanical
characterization of scaffolds should incorporate multi-axial measurements.

Finally, atomic force microscopy (AFM) is a useful tool for the structural and mechanical
measurements of a material (Table 6.2). A cantilever tip “scans” the surface to obtain high
resolution images with topographical characteristics (e.g., roughness) of the material (e.g.,
scaffold). For mechanical measurement, the cantilever contacts and indents a fiber, and then the
force and indentation (deformation/displacement) are measured®” '°°. Because this method is
essentially an indentation mechanical test, it is the transverse mechanical property that is directly
obtained”. To convert the transverse mechanical behavior to the Young’s modulus (assuming
isotropic behavior), an axial or planar mechanical property of the “sheet”, different mathematical
models are developed and the material is assumed to be isotropic (e.g., the Hertz model is used for

isotropic and linear elastic materials)®

. However, cardiac tissues are orthotropic and nonlinear
materials, and electrospun scaffolds are not necessarily isotropic, either. Therefore, the Young’s
modulus derived from the AFM measurement may be inaccurate and in fact, it is typically smaller

than the modulus directly measured from the tensile mechanical tests'®! (see a further discussion

below). Furthermore, the AFM measurement is local and significantly affected by regional
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variability, and thus multiple measurements in different regions are required to derive a global
stiffness.
6.1.5.2. Shear Measurement

Sometimes a shear test can be performed to obtain the mechanical property such as shear
strength, and the Young’s modulus can be derived indirectly as well (assuming the material is
isotropic). While shear testing is not commonly performed on thin scaffolds, its combined use with
the biaxial tensile tests is becoming increasingly common to obtain the 3D mechanical property of
cardiac tissues, which is orthotropic and exhibits anisotropic shear properties”® . In the
development of 3D electrospun scaffolds to better replicate native cardiac tissues, this method
should be included to more accurately characterize multi-layered scaffolds. This methodology
should also be included in the investigation of the cellular response to a 3D mechanical
environment. As shown in Table 6.2, shear testing is the measurement of an angular deformation
of the object when a parallel force is applied to the object’s plane. For cubic specimens, shear
testing can provide triaxial shear moduli, which would be useful in the design of orthotropic
biomaterials.
6.1.5.3. Viscoelasticity Measurement

All the mechanical measurements discussed above are obtained from static mechanical tests
(i.e., the response to applied force or deformation is time-independent) and assume the material to
be perfectly elastic (i.e., there is no friction energy loss during deformation). However,
cardiovascular tissues are viscoelastic materials that experience pulsatile (time-dependent)
hemodynamic forces. Therefore, it is imperative to assess the tissue or matrix viscoelastic property

that exhibits both viscous and elastic behaviors.
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Viscoelasticity can be measured by applying dynamic mechanical loading in the same
mechanical testing system (e.g., tensile tests). The dynamic loading includes cyclic linear (triangle
shape) or non-linear (sinusoidal shape) forces applied on the material. Then, the hysteresis area
(the area between the loading and unloading stress—strain curves) can be obtained in order to derive
the viscoelastic properties. Stress relaxation and creep tests are other traditional methods to
measure viscoelasticity!>. Using a cylindrical geometry of the sample and a sinusoidal
compression force applied via a dynamic mechanical analysis (DMA) tester (Table 6.2), storage
modulus, loss modulus, and phase angle can be derived to characterize viscoelastic properties. The
storage modulus (E’) measures the energy storage, representing the material’s elasticity, and the
loss modulus (E’”) measures the energy dissipation, representing the material’s viscosity. Viscosity
can also be measured by the material’s damping ratio, the tangent of the E’’/ E’, or the phase angle,
the arctangent of E**/E’1%%1% The viscoelastic measurement is not commonly used for mechanical
analysis of myocardium or cardiac scaffolds, probably due to the neglect of viscoelastic behavior
or the thin sheet geometry (typically about tens or hundreds of um thickness) that is insufficient
for DMA testing (with the thickness of ones of mm). To date, there is only one study that
incorporated viscoelasticity into the design of the scaffold. However, this scaffold is made of an
ionically crosslinked transparent hydrogel, not by electrospinning’®. Since the implanted cardiac
scaffolds are subjected to pulsatile blood flow, future patches should consider and accommodate
for dynamic in vivo loading, and the dynamic mechanical properties should be taken into

consideration.

115



Table 6.2. Mechanical testing methods to derive elastic modulus of a material. Young’s modulus

=E.
Type Schematic Modulus Metlgu;dolo
Force
Eﬂ g % 1D or 2D
¢ N Tensile test: tensile
Tensile S Young's Modulus (pE)I llrlcr;g)
(upper row: (deformation) _a C
uniaxial test; Farce =< apphed.to a
lower row: Force (Y) ma(tlel:lal
biaxial test) a stre.ss, d:fr(l) . IItl a(:io
% ) g strain. .
H ) g2 nis
H g £ 5g recorded.
Strain
' Force I (deformation)
Change of Length
Young’s Modulus
derived from a
mathematical
model.
For example, The force
Photadiode usmg the Hertz
model: . and .
F indentation
- 4 E (deformatio
Indentation Vo = s \/76‘3 n/displace
(in AFM) 3(1-v?) ment) are
[ 5 | measured
% Displacement e SamP € from
——— indentation, .
= . cantilever
F: applied force, deflecti
. eflection.
E: elastic
modulus,
v: Poisson’s ratio
r: probe tip
radius.
T A Shear Modulus Shear, or
g -E (G) - % parallel
| _ tan(9) frictional
% % Fo: 1§o;r()GI)15 f(?rce,
Shear — matettal, b = applied to a
Shear 20+0) 3 material
(deformation) and thf.:
Force (F) F: force, Ch?“gf;"}
Area (A) d A: area, angle (6) is
v: Poisson’s ratio.  recorded.
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6.1.6 Discrepant Elastic Moduli Reported from Native Myocardial Tissues in the Literature

In this review, we would like to point out the important status of discrepant cardiac mechanical
data in the current literature. There are a wide variety of reports on the mechanical properties of
healthy and diseased myocardium as summarized in Table 6.3. Indeed, it is true that the elastic
modulus of heart tissue varies in different anatomic regions and the stage of injury’s. However,
even under the same condition, the reported values are quite different; for example, the elastic
modulus of healthy myocardium ranges from ones of kPa to hundreds of kPa!®-!!! These
inconsistent literature data complicate the selection of appropriate mechanical stiffness for the
myocardial scaffold design'!".

We noticed that the two most common methods for scaffold mechanical measurements are the
AFM (essentially an indentation test) and the tensile tests. It has been well noted that the
indentation and tensile mechanical tests generate very different Young’s moduli for the same type
of biological tissues (from ones of kPa to hundreds of MPa), with the indentation method

consistently yielding lower Young’s moduli'®! !

. This has been supported and thoroughly
discussed by McKee et al.!?!. Other factors that may contribute to the inconsistency include the

way the tissue is prepared (e.g., solutions used prior and during testing) or mechanically tested
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(e.g., equibiaxial versus non-equibiaxial testing, maximal strain used)!°!% While the other
factors can be controlled for, the inconsistency due to the intrinsic difference in methodology
between the indentation and tensile tests is unavoidable. In any case, the design of cardiac scaffolds
requires careful consideration of the myocardium’s mechanical properties (e.g., anatomic region,

health status, testing preparation, and methods) for which it replicates.

Table 6.3. Different Young’s moduli reported for the left or right ventricular (LV/RV) tissues. * are
data estimated from the original papers. Tissue mechanical property is measured either in main fiber
and cross-fiber (X-fiber) directions or in anatomical directions (L: longitudinal (long-axis of ventricle),
C: circumferential (short-axis of ventricle)).

Measurement . . Anatomic y
Method Species / Tissue Region Young’s Modulus Ref.
Embryonic: 12 kPa 105
AFM Mouse / LV N/A Neonatal: 39 kPa
Basal surface of
tissue section Healthy: 18 kPa 12
AFM Rat/LV parallel to long Infarcted: 55 kPa
axis
Healthy: 60 kPa 13
AFM Mouse /LV N/A Diseased: 144-295 kPa
Quail /
AFM Embryonic heart ~ Apical surface Healthy: 1-14 kPa 14
tissue
Healthy LV: 15 kPa
Healthy RV: 13 kPa 1
Custom Indenter Rat/LV&RV N/A Hypertensive LV: 12 kPa
Hypertensive RV: 22 kPa
Micropipette Rat / Whole Healthy:
opIp N/A Neonatal: 4-11 kPa 1s
aspiration heart Adult: 12-46 kPa
Healthy:

Low strain (L): 7-18 kPa
High strain (L): 464—1054 kPa
Low strain (C): 7-17 kPa
High strain (C): 421-965 kPa
Tensile test Rat/RV N/A Pressure overloaded: 108
Low strain (L): 18-45 kPa
High strain (L): 702-1157 kPa
Low strain (C): 5-9 kPa
High strain (C):

497-808 kPa
Healthy:
Middle of the Low strain: 46 kPa
Tensile test Rat/ RV RV free wall High strain: 7.16 kPa 109
between apex Hypertensive:
and outflow tract Low strain: 143 kPa
High Strain: 535 kPa
Healthy LV:
. L: 157 kPa 116
Tensile test Rat/LV&RV N/A C- 84 kPa
Healthy RV:
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L: 20 kPa
C: 54 kPa

RV: middle of
the free wall;
LV: between left

Healthy LV:
Apex-to-base: 125-875 g/cm

Tensile test Canine / anterior Circumferential: 250-1375 g/cm 1075
LV&RV descending Healthy RV:
artery and major Apex-to-base: 63—1000 g/cm
marginals of Circumferential: 125-2400 g/cm
circumflex artery
Healthy RV Sinus:
Fiber: 800 g/cm?
RV free wall X-fiber: 500 g/cm?
. Canine / sinus and conus Heglth?/ RV Con112s: 110
Tensile test LV&RV regions; LV Fl‘t.)er‘ .800 g/cm )
midwall X-fiber: 300 g/cm
Healthy LV:
Fiber: 600 g/cm?
X-fiber: 500 g/cm?
Healthy LV:
Anterior and )lzlf)ife'r% 123; 1;1;1
Tensile test Ovine / LV&RV  posterior regions : i 17
of LV and RV Healthy RV:
Fiber: 100 kPa
X-fiber: 40 kPa
Healthy RV:
L: 10-1000 kPa
Tensile test Ovine / RV RV free wall €: 30-2000 kPa 18

Hypertensive RV:
L: 80-2000 kPa
C: 30-3000 kPa

Anterior aspect

Healthy LV:
Fiber: 10-200 kPa
X-fiber: 100-200 kPa

. Neonatal porcine 119
Tensile test /LV&RV of 1};;]: 1‘/‘2311:\’ Healthy RV: *
Fiber: 100-200 kPa
X-fiber: 50-150 kPa
Mid ventricular
region of
Tensi Human / myocardial free Diseased LV: 70-120 kPa 106
ensile test . *
LV&RV wall where Diseased RV: 80-160 kPa
muscle structure
is uniform
Diseased LV:
Fiber: 80280 kPa
X-fiber: 80-160 kPa
Diseased Septum:
Tensile test Human / LV, N/A Fiber: 80—32% kPa 9 x

RV, and Septum

X-fiber: 40-200 kPa
Diseased RV:
Fiber: 160-280 kPa
X-fiber: 120-240 kPa

As seen in Table 6.3, depending on the selected ‘modulus’ range, the in vitro experiments may

lead to a different conclusion on the mechanobiology of cardiac or stem cells. A few studies have

used AFM to derive the mechanical properties of myocardium tissues in small animals (rats, mice,
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quail)!® 112114 From these studies, healthy ventricular tissue was reported to have Young’s moduli
in the range of ones to tens of kPa. Such mechanical data have been frequently used in the in vitro
experimental design as the ‘native myocardium stiffness’!® 105 114120 Op the other hand, elastic
moduli obtained from tensile mechanical tests are in the range of tens to hundreds of kPa range in
the same species!'?® 1% 1% These values are consistent with measurements in large animal species
and humang”® 196 110-117.119 ‘While most of the prior cardiac tissue engineering studies have adopted

the elastic modulus of the matrix as < 60 kPa!6 114 121-124

, the findings on the cellular response
should be confirmed in a more physiologically relevant stiffness range.
6.1.7 In Vitro Studies: Matrix Mechanics Dependent Cellular Functions in Regenerative
Research

The extracellular matrix or scaffold provides a “house” for cells and can regulate the cellular
function and behavior via cell-matrix interactions. The mechanical cues with which cells
experience are intimately related with the microstructure of the scaffold. A well-known example
is that stem cells differentiate into specific lineages (from neurogenic to osteogenic) depending on
the relevant mechanical properties of the matrix (from brain to collagenous bone) '°. Indeed, the
influence of matrix mechanics on stem cell behavior or its secreted exosomes has been reported in
numerous types of biological tissues. To date, the current cardiac mechanobiology research is
performed in a variety of matrix mechanical stiffnesses (macro-scale mechanical measurements).
In this section, we will mainly discuss the few mechanobiology studies using electrospun scaffolds
(Table 6.1). In this section, the purpose of our discussion is to highlight the importance of matrix

mechanical properties in cellular functions (not limited to progenitor cells), and to raise awareness

of the scaffold mechanical properties in future study designs.
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To find the optimized chemical and mechanical properties of an electrospun sheet for infarcted
myocardial regeneration, Gupta et al. examined the differentiation of embryonic stem cells (ESCs)
into cardiomyocytes in different combination of polymers (polyethylene glycol (PEG), poly(e-
caprolactone (PCL), and negatively-charged, carboxylated PCL). Interestingly, they found that it
was not the hydrophilic but the elastic property of the scaffold that mostly affected the cardiac
differentiation of ESCs. On the softest substrate (4% PEG - 86% PCL - 10% carboxylated PCL),
the ESCs had the highest a-myosin heavy chain expression and intracellular calcium signaling
dynamics as well as optimal functional cardiomyocytes 2!. Their data indicated that ESC-derived
cardiomyocyte differentiation and maturation can be promoted by tuning the mechanical properties
of the polymer scaffold. More importantly, the optimal electrospun scaffolds had a Young’s
modulus of 0.71 MPa (compared to others scaffolds of stiffness up to 0.98 MPa). The stiffness
range adopted in this study is similar that of the infarcted myocardium and thus the findings are
translational in the prediction of regenerative outcomes.

Another nice experimental study that demonstrated the importance of matrix mechanical
properties was the investigation of cellular responses to different 3D scaffolds composed of the
same ECM components (decellularized porcine myocardium)®. Using different fabrication
methods, a decellularized patch, electrospun ECM scaffold, and hydrogel ECM were produced
and hMSCs and 1PSC-derived cardiomyocytes (iIPSC-CMs) were separately cultured on these
scaffolds. The ‘stiff’ electrospun scaffold (E = 203 kPa vs. E = 137 kPa from decellularized patch
or 0.026 kPa from hydrogel) led to maximal cell viability after 28 days of hMSC culture.
Furthermore, the iPSC-CMs presented the maximal expression of connexin-43 when cultured on
the ‘stiff” electrospun scaffolds after 14 days, indicating an enhanced myocyte function. However,

the cardiac troponin I expression was minimal in the cells cultured in these scaffolds, indicating a
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reduced contractile function. While this study strongly advocates for the investigation of the effects
of scaffold mechanical properties in cardiac regeneration, similar in vitro research is rarely found.
Overall, the cellular response to matrix mechanical properties in the context of cardiac tissue
engineering is a largely unexplored area of research, and further investigations using electrospun
scaffolds are still warranted.

Other relevant matrix mechanical properties include fiber alignment and 3D structure. The
alignment of microfibers has been shown to affect cardiomyocyte behavior’’. Kai et al.
demonstrated that rabbit cardiomyocytes cultured on aligned scaffolds better promoted cell
attachment and alignment than those on the randomly aligned scaffolds®®. Moreover, the design of
a 3D scaffold confers the advantage of closely mimicking the orthotropic structure of native
myocardium. From such electrospun scaffolds, Wu et al. showed that the 3D structure conferred
greater cardiomyocyte alignment, elongation, and functional maturation over a 2D scaffold
structure®®. Therefore, these findings suggest it is critical to include the 3D mechanical property
into the scaffold design, with the goal of eliciting a constructive healing response (e.g., anti-
inflammatory, angiogenesis, anti-oxidant, etc.) and leading to appropriate cardiac tissue
restoration.

The matrix mechanics, which are measured on a macro-scale, are linked to the microstructure
of the matrix with which the cells interact. While biomaterials are commonly designed to mimic
the tissue of interest on a macroscale level, the micro- or mesoscales are less considered.
Ultimately, the cells interact with the matrix at the micro- or mesoscale, and therefore these smaller
scales should also be considered in the design of biomimetic matrices as well®® 125, D’ Amore et al.
showed that scaffolds with similar macroscopic biaxial mechanical properties—but different

mesoscale topology (i.e., lower fiber intersection density)—resulted in a higher amount of ECM
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synthesis from smooth muscle cells'?°. This finding was attributed to a change in the cell nuclear
aspect ratio. Other studies have developed models that can help to determine the effects of
fabrication variables, topology, and geometries on macroscopic mechanical test data using image
analysis algorithms alone or in combination with finite element modeling®® 126128, These efforts
are a push to understand materials across multiple scales in order to more closely and
comprehensively mimic the native tissues from micro- to macroscale. This consideration in
scaffold design will then provide a more precise and accurate control of the mechanobiology in
cardiac tissue engineering.

6.1.8 Are Current Scaffolds Mechanically Biomimetic Enough?

Besides the lack of consensus of the appropriate physiological mechanical property (i.e.,
elastic modulus), the neglect of other mechanical factors also hampers the complete understanding
of mechanobiology in cardiac tissue engineering. The first limitation is the neglect of the non-
linear elastic mechanical behavior of cardiac tissue, and thus only a narrow range of elasticity has
been chosen to represent the mechanical environment of the tissue. It is known that the
myocardium is a non-linear elastic, anisotropic material'!% 1617 The full capture of the native
tissue’s non-linear elasticity should incorporate a spectrum of mechanical properties (e.g., from
systole to diastole) in the design of biomimetic scaffolds. Next, the cellular response has been
mostly investigated in a ‘static’ mechanical condition, whereas in physiological conditions the
tissue is under cyclic stretch due to the rhythmic heartbeat. To date, only one pioneering study was
performed to reveal how cardiomyocytes respond to the dynamic mechanical environment using
electrospun silk fibroin scaffolds: it is found that the cyclic stretching (at 10% strain; 1 Hz) along
the cell orientation resulted in cardiomyocyte alignment and formation of sarcomeres and gap

junctions *. Such cellular responses were not observed in cardiomyocytes with the mechanical
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stimulation perpendicular to the cell orientation. Thus, the consideration of viscoelastic behavior
in electrospun scaffolds would advance the understanding of mechanobiology in myocardial
tissues. Overall, future studies should consider constructing scaffolds with more realistic
mechanical behavior similar to that of native tissue and investigate the mechanobiology of cells
under more physiologically relevant mechanical environments.
6.1.9 Conclusion and Other Future Perspectives

In this paper, we reviewed the applications of electrospun scaffolds in the myocardial healing
process which partially achieve restored functional cardiac tissue. While most prior reviews on
electrospun scaffolds focus on the biochemical aspects or fabrication methodologies, we would

like to bring attention to the mechanical aspects and effects of the scaffolds in cardiac tissue and

regenerative engineering. We briefly go over the electrospinning method, the characterization of
mechanical properties with the commonly used methods, and the in vitro and in vivo studies of the
application of electrospun scaffolds in cardiac research. We point out the discrepant reports of
mechanical properties due to different methodologies (especially between the AFM and tensile
mechanical tests), as well as the lack of consensus of the appropriate mechanical properties of the
scaffolds to represent the physiological and pathological conditions of the myocardium. Future
research should take into consideration the effect of substrate/scaffold mechanical properties on
cardiac tissue regeneration.

In addition to the consideration of mechanical and translational aspects as discussed above,
other directions are proposed here as well. Firstly, the fabrication of 3D scaffolds with similar
anatomic structure of the cardiac tissue (e.g., helically aligned scaffolds) is suggested, which would
allow researchers to create a more realistic in vitro model of the ventricle as both transmural and

anatomical regional variations of the fiber orientation can be controlled®> 1**:1*2, Second, the design
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of a more sophisticated and similar physiological mechanical environment is needed. Non-linear
elasticity or viscoelasticity of the microfibrous scaffolds have been considered recently but the
research is still at the infancy stage. The use of a static mechanical condition in cell culture
experiments is not representative of the rhythmic nature of the heart; the dynamic stretch of the
scaffold should be included for a more comprehensive study of mechanobiology. Together, the
suggested mechanical considerations and other future perspectives will help to strengthen our
understanding of cardiac mechanobiology and develop better therapeutics in regenerative
medicine. Pertinent to this Aim, the content in this review was used to guide the biomaterial design

for an in vitro platform to assess MSC mechanobiology to improve heart failure therapies.

6.2 Current Status of Myocardial Restoration via the Paracrine Function of

Mesenchymal Stromal Cells (MSCs)

6.2.1 Emerging Non-differentiating Roles of MSCs in Tissue Regeneration
Mesenchymal stromal cells (MSCs; also known as mesenchymal stem cells) are one of the

133 Over

oldest progenitor cells that have been introduced in medical therapy and tissue restoration
the past decades, more than 1000 phase I-III clinical trials worldwide (www.clinicaltrials.gov)
have been performed to explore the therapeutic potential of MSCs in a variety of diseases and for

different organ systems of the body!*.

MSCs were initially recognized as osteogenic
stem/progenitor cells, and attempts were made to differentiate these cells into bone or cartilage in
pre-clinical studies to promote tissue restoration'*>'’. One of the first clinical applications of these
cells was to promote recovery of hematopoietic stem cells post-transplantation given the major

role of these cells in the hematopoietic stem cell niche of bone marrow!3* 138, Later, regenerative

properties of MSCs for non-mesodermal tissues were recognized as a very appealing characteristic
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of the cells. This led to the expansion of the use of MSCs in other tissue injuries such as in brain

139, 140 142-146

and spinal cord diseases , impaired kidney'*! and myocardial infarction

Although various levels of improvements in organ function have been reported across these
studies, it is also found that the ‘progenitor’ function (proliferation and differentiation) of MSCs
was of limited scope in these tissues. In cardiac regeneration specifically, although the first in vitro
differentiation of MSCs to cardiomyocytes was reported in 1999, the in vivo evidence has been
rare in the literature (see historical review by Yan et al.'*’). Instead, the beneficial effects are
mainly attributed to other mechanisms referred to as ‘paracrine’ function'*®14°_ The first evidence
in cardiac restoration that the therapeutic improvement was related to the trophic factors released
by MSCs rather than cell differentiation and replacement was reported in a rat myocardial
infarction study in 2006'>°. To date, in all MSC cell therapy studies, including the recent reports
with intact or treated MSCs®* 13! 152 the beneficial effects of MSCs have pointed to reduced
adverse remodeling events (e.g., apoptosis, inflammation, loss of blood vessels), suggesting a
paracrine signaling of MSCs in the myocardium. The paracrine theory is also supported by the fact
that the beneficial effects of MSCs are observed in vivo despite different routes of delivery (local
or systemic injections). That is, even with the poor homing or rapid loss of MSCs in the
myocardium (lack of MSC differentiation), cardiac improvement is still noted'*’. Since then,
various mechanisms by which the MSC secretome promotes cardiac tissue healing and restoration
have been explored. Moreover, the use of conditioned medium, which includes extracellular
vesicles, is shown to promote healing without transfer of cells and avoids tumorigenic risk and
other concerns/limitations of cell therapies. Thus, the concept of cell-free therapy (i.e., using the
MSC-derived conditioned medium or extracellular vesicles) became an alternative option in the

current trends of regenerative medicine (see previous reviews!48 153-161)
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The aim of this review is to provide a brief overview on the use of MSC conditioned media
(MSC-CM) and MSC-derived extracellular vesicles (MSC-EVs) in myocardial restoration, the
potential mechanisms of action of MSC acellular therapy, and the strategies to optimize the
paracrine functions of MSC. Prior MSC based studies on both left and ventricles (LV, RV) and
ischemic and non-ischemic heart failure are included. While some aspects are shared across
different types of tissues or diseases, the individual paracrine effect on myocardial restoration is
likely tissue-specific or disease-specific, thereby motivating a customizable MSC derived cell-free
therapy in future research.

6.2.2 Unique Characteristics of MSCs

MSCs are multipotent cells in various adult tissues that possess diverse properties (pro-
angiogenic, immunomodulatory, anti-fibrotic, etc.)!®?. Recently, these cells were renamed as
‘mesenchymal stromal cells’ because ‘mesenchymal stem cell’ did not meet the criteria for a stem
cell (i.e., a self-renewing cell capable of differentiation into multiple and specialized cell types in
vivo)'®3. MSCs exist in almost all tissues and can be isolated from bone marrow (BM), adipose
tissue, umbilical cord blood, skeletal and heart muscle, pancreas, and many other tissues 62 164-168
However, the two most common sources for clinical applications are the bone marrow and adipose

tissue'%?

. MSCs from adipose tissue are also referred to as adipose-derived stromal cells (ASCs).
Bone marrow is easily renewed and adipose is typically abundant or unused, which makes the
MSC sourcing from these two tissues readily available and ‘off-the-shelf’!*”- 162, Thus, the BM-
MSCs and ASCs are ideal candidates for regenerative medicine.

MSC:s are the most studied progenitor cells for their paracrine effects. Both MSC conditioned

medium (CM) and extracellular vesicles (EV) have been investigated, and the main mechanisms

of action identified include promoting re-epithelialization and angiogenesis'®- 7%, lowering cell
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)170—173

apoptosis and oxidative stress (e.g., heart or kidney , reducing tissue (e.g., heart or liver)

172, 174-177 178-180

fibrosis or inducing collagen synthesis , as well as eliciting immunomodulatory and
anti-inflammatory regulations!’* 176- 181182 particularly, the modulation of immune response has
raised more attention recently as this feature has shown promise in a wide range of immune-
mediated disease clinical trials'®> ¥, Overall, while the paracrine effects have been investigated
in a wide variety of diseases including cardiovascular diseases, kidney injuries, liver fibrosis,

neurodegenerative diseases and ocular diseases!>

, most of the research is still at the preclinical
stage. The application of MSC-CM or MSC-EVs in myocardial restoration is very new such that
there has been no clinical trial to date. Therefore, in this review, we summarized both in vivo
preclinical studies and in vitro bench work related to myocardial renewal, which are important to
pave the way to future clinical applications. Our focus is restricted to the use of MSC-CM or MSC-
EVs to repair myocardial abnormalities including left and right-sided heart failures.

6.2.3 Acellular Components Derived from MSCs Emerging as a New Therapy

6.2.3.1 Conditioned medium (CM)

CM is a collection of the supernatant after centrifugation of the harvested medium from cells
cultured for a certain period of time. CM contains different cell-secreted products such as soluble
molecules and vesicle bound products (i.e., EVs) that include cytokines, growth factors,
metabolites, etc!# 185186 Since the preparation and generation of CM is quite simple, its use has
been more widespread than EVs as a cell-free therapy for cardiovascular restoration!”!: 183 187190
It is through the injection of MSC-CM into infarcted hearts that Gnecchi et al. first described the
paracrine effects back in 2006'*°. The CM offers a quick probing of MSC-EVs potential

mechanisms of action. Once a potential paracrine effect is identified with CM, the next logical step

is the isolation and characterization of EVs in the CM to further elucidate the functional molecules.
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6.2.3.2 Extracellular vesicles (EVs)

EVs are a collection of different size lipid membrane bound vesicles released by a cell. EVs
are released by many cell types and known to play important roles in cell-cell communications or
pathogenesis!*!"1%3, Various EVs released by resident cells in cardiac tissues in physiology and
pathology can be found here'¢!. These microvesicles are lipid membrane bound and serve as
vehicles to carry different types of cargos (lipids, proteins, cytokines, growth factors, miRNA,
etc.)!?+1%8 Based on the size of vesicles, EVs are classified into exosomes (with a size of 50-
100/200 nm), microvesicles (MVs, with a size of 100/200-1000 nm) and apoptotic bodies (with a
size of 50-5000 nm)'! 2199 The apoptotic bodies are involved in apoptosis by presenting the
contents to macrophages for cell engulfation'®?> and will not be a matter of further discussion in
this review. In contrast, the other two types of EVs (i.e., exosomes and MVs) are involved in
intercellular communications and emerged as a new, cell-free regenerative therapy for different
diseases.

EVs are classically isolated using ultracentrifugation methods (centrifuging at 10° — 10° rpm)
from CM supernatants, but there are also methods which employ ultrafiltration (by porous
membranes or concentration gradients), fractionation, size-exclusion chromatography,
coprecipitation, immunoaffinity, or microfluidics'** 220! However, any isolation method needs
to be evaluated based on the yield, purity, and efficiency?®. It has been reported that PEG-based
precipitation has the highest yield?*?, density gradient ultracentrifugation is the current gold
standard for purification’*®, and that any of the aforementioned methods can take hours to days to
complete?®.

After isolation, the EVs will be characterized by assessing morphology or their physical or

chemical properties?®*-2%!, The gold standard is the use of transmission electron microscopy (TEM)
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to study exosome morphology?®. Alternative methods include scanning electron microscopy
(SEM), cryogenic electron microscopy, and atomic force microscopy (AFM). EV detection
methods include nanoparticle tracking analysis (NTA) to quantify the concentration and size
distribution, western blot to delineate protein molecular weight profile and biological properties,
asymmetric-flow field-flow fractionation technology to quantify their hydrodynamic and density
properties, resistive pulse sensing to quantify electrical resistance, and flow cytometry for
detection of their membrane markers. Most EVs, including those from MSCs, have a set of binding
proteins that have an affinity to other ligands or cell membranes, or the extracellular matrix. For
MSCs, these proteins include members of the tetraspanin family (e.g., CD9, CD63 and CD81)!>>
170.172.192 “Therefore, the antibodies for these proteins are used to identify or separate the EVs. We
refer the readers to other reviews for more detailed information on EV isolation and
characterization, including the advantages and disadvantages of the above methods!'>% 1% 193,
6.2.3.3 Advantages of cell-free therapy

The cell-free therapy using CM or EVs has several advantages. First, it is a copycat of
‘nature’s delivery system’ that allows for the delivery of biological molecules without endosomal
pathway or lysosomal degradation. The cargo can enter into the cytoplasm (a.k.a. internalization
of EVs into the cells) more efficiently and effectively to induce the desired therapeutic effects.
There is also less of a concern about potential immune responses'®!. It is important to note that
every effort should be made for the use of CM or exosomes to be xeno-free, to alleviate safety
issues and variability associated with serum?*. Second, through appropriate ‘pre-conditioning’ of
MSCs, it is possible to regulate and derive desired EVs to elicit specific responses in the host
environment. For instance, anti-inflammatory profiles of EVs can be enhanced from MSCs

cultured in specified conditions and then delivered to an inflamed tissue region®®. Third, the

130



delivery of EVs instead of MSCs can avoid unwanted differentiation or tumorigenic (pathological
proliferation) responses, which makes regenerative therapy more controllable and safer to the

patients. Finally, the use of MSC-EVs may overcome the shortcomings that are due to loss of

206 134

viability during freeze-thawing of cells™, inconsistent doses of MSCs'”*, inhomogeneous

201 " and inefficient cell homing184 with current administration

distribution with injection issues
methods.
6.2.3.4 Challenges of cell-free therapy

However, it should be noted that there are a number of challenges for the application of MSC
CM or EVs. These include the inadequate understanding of the following aspects: 1)
characterization of the components of the CM or EVs, 2) the optimal/standard of preparation,
isolation and storage of EVs, 3) the optimal doses and delivery routes of CM or EVs, 4) the bio-
distribution, toxicity and clearance of EVs, and 5) the unclear long-term safety and therapeutic
effects. These challenges are relatively universal for all types of EVs therapeutics, and the readers
are recommended to these reviews for more detailed discussions related to clinical applications'>”
207209 Duye to limited information on the clinical trials of acellular therapy in cardiac regeneration,
our review here mainly focuses on the challenges on the mechanisms of action and the mechanical
regulation of MSC-EVs.

The specific challenges for myocardial restoration are discussed more in-depth in Sections
6.2.4&6.2.5. Since the cell-free therapy for cardiac restoration is at an infancy stage, we summarize
all preclinical and clinical studies using CM or EVs of MSCs in the following Tables as an
overview of the field. Table 6.4 summarizes the preclinical studies on the regenerative therapy of

myocardium infarction (MI), using CM or EVs from intact or genetically altered MSCs. Compared

to the direct use of MSCs, the administration of cell-free products from MSCs in clinical trials of
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any etiology of heart disease patients does not exist (from ClinicalTrials.gov). The most recent
clinical trials of heart failure patients with MSCs are still cell-based therapies®!*-2!!. Therefore, we
only list the clinical trials using EVs and CM of MSCs in other non-cardiac diseases in Table 6.5

and Table 6.6, respectively.

Table 6.4. Preclinical regenerative therapy studies for infarcted myocardium (in left ventricle) using MSC
conditioned medium (CM) or isolated MSC extracellular vesicles (EVs). hMSC: human mesenchymal
stromal/stem cells; ESC: embryonic stem cells; BM: bone marrow; UC: umbilical cord; CM: MSC-derived
condition medium; IV: intravenous injection; IC: intracoronary injection; IM: intramyocardial injection;
MI: myocardial ischemia/infarction; MI/R: myocardial ischemia/reperfusion.

Tissue Species | MSC EVs or CM | Method & | Findings Reference
Target Source | Preparation Dose
LV/Acute Rat Mouse | Akt transduction; | 250 uL | Acute effect of | Mirotsou et
MI BM Concentrated CM | (IM) reduced infarct | al.'®
(50x) size; via
regulation of
Want signaling
LV/Acute Porcine | Human | Concentrated CM | ImL (IV) + | Acute effects of | Timmers et
MI/R ESC (25x) 4mL  (IC) | reduced infarct | al.'”!
pre-  and | size and
post- improved
reperfusion | function; via
decreased

oxidative stress
and apoptosis

LV/1-week | Rat RatBM | CM post 4-day | 70 uL (IM) | Chronic  effect | Dai et al.'¥’
MI culture (4-week) of
improved EF in
all LVs treated
with fresh media,

CM and MSCs
LV/Acute | Mouse | Human | Concentrated CM | 3/0.4 pg of | 24hr post MI/R, | Lai et al.'®®
MI/R ESC (25x) or additional | proteins in | reduced infarct
HPLC fraction CM/HPLC |size in  both
fraction treated groups
av)
LV/Acute Mouse | Human | HPLC fraction of | 0.1-0.4 pg | Chronic  effect | Arslan et
MI/R ESC CM (50x) of proteins | (4-week) of | al.?!?
aIv) reducing dilation

and improving
function, reduced
inflammation
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LV/Acute Rat Human | Ultracentrifugation | 80 pg of | 2-day or 4-week | Bian et
MI BM proteins post  injection, | al.'®
(IM) improved cardiac
function and
angiogenesis
LV/Acute Rat Rat BM | Isolated by | 80 ug of | 4-week post | Teng et
MI ExoQuick-TC (50- | exosome injection, al.'™
100 nm) (IM) reduced fibrosis
and
inflammation
and  improved
function
LV/Acute | Rat Rat BM | GATA-4 Exosomes | 4-week post | Yu et al.'”
MI transduction; from 4x10° injection,
isolated by | MSCs (IM) | reduced
ExoQuick-TC apoptosis  and
fibrosis and
improved
function
LV/48-hour | Mouse | Mouse | GATA-4 20 pg of | Upto4 days post | He et al.?!
MI BM transduction; exosome injection,
serum-free, isolated | (IV) reduced
by ExoQuick TC apoptosis  and
improved
function and
angiogenesis
LV/7-day Rat Rat BM | CXCR4 Exosome- | 4-week post | Kang et
MI transduction; treated treatment, al.!”
isolated by | MSCs reduced
ExoQuick-TC delivered apoptosis  and
by improved
CellSheet function and
angiogenesis
LV/Acute Mouse | Mouse | Ultracentrifugation/ | 1 ug of | Ischemic Feng et
MI BM ExoQuick Exosome | exosomes | preconditioning | al.?!
(IM) for MSC
exosome
production led to
reduction of
cardiac fibrosis
LV/Acute Rat Human | Ultracentrifugation | 400 pg of | 4 weeks after | Zhao et
MI uC exosomes | administration, al.?b
aIv) improvement of
cardiac  systolic
function,
reduction of
cardiac fibrosis,
promotion of

tube formation,
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and migration of
endothelial cells

LV/Acute | Rat Rat BM | Ultracentrifugation | 400 pg of | Ischemic Cui et al.?!¢
MI/R exosomes | myocardium
Iv) protected
through Wnt/B-
catenin signaling
pathway to effect
antiapoptotic and
prosurvival
effects
LV/Chronic | Porcine | Human | Ultracentrifugation | 50 pg of | Enhanced Potz et
MI BM exosomes | capillary and | al.?!7
(IM) arteriolar growth;
activated by
protein  kinase
B/eNOS and
mitogen-
activated protein
kinase signaling;
increased cardiac
output and stroke
volume
LV/Chronic | Porcine | Human | Ultracentrifugation | 50 upg of | Promoted Scrimgeour
MI BM exosomes | angiogenesis and | et al.>'®
(IM) improved cardiac
function (cardiac
output and stroke
volume)
LV/Chronic | Mouse | Mouse | Ultracentrifugation | IV Increased Wang et
MI BM angiogenesis, al.?®
reduced LV
dilation and
fibrosis
LV/Acute Rat Rat BM | Total Exosome 20 pg of | Inhibited cardiac | Shao et
MI Isolation Kit exosomes | fibrosis and | al.**
(IM) inflammation
and  improved
LV function
LV/Acute | Rat Human | hMSCs 20 pg of | Increased Ma et al.?!
MI ucC transfected with exosomes | angiogenesis and
activated Akt; aIv) improved LV
Ultracentrifugation function
LV/Acute Mouse | Mouse | Ultracentrifugation | 20 pg of | Cardioprotection | Luther et
MI/R BM exosomes | against MI | al.??
before through
MI/R repression of
(pericardial | genes involved
sac cell death
injection)
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LV/Chronic | Rat Rat ExoQuick-TC 400 pg of | Cardioprotection | Luo et al.??
MI Adipose exosomes | through reduced
av) apoptosis,
inflammation,
fibrosis and
increased
angiogenesis
LV/Acute | Rat Rat BM | Total Exosome 5 pg of | Reduced Liu et al.?**
MI/R Isolation Reagent exosomes | apoptosis  and
(IM) myocardial
infarct size and
improved heart
function

Table 6.5. Clinical trials using MSC-Extracellular Vesicles (EV) for safety or efficacy as a treatment of
various non-cardiac diseases.

ClinicalTrials.g | Official Title Sponsor Exosome/EV Dose/route Enrollme
ov Identifier Preparation nt
NCTO03857841 | A Safety Study | United EVs  secreted | 20, 60, and 200 | 18
of IV Stem Cell- | Therapeuti | from human | pmol/phospholipid
derived cs bone marrow- | /kg body weight of
Extracellular derived MSCs | UNEX-42
Vesicles suspended  in
(UNEX-42) in phosphate-
Preterm buffered saline
Neonates at High
Risk for
Bronchopulmon
ary Dysplasia
NCTO04173650 | A Safety Study | Aegle AGLE 102: | Applied topically | 10
of the | Therapeuti | Allogenic to body for period
Administration | cs derived EV | of 60 days
of MSC from  normal
Extracellular donor MSCs
Vesicles in the
Treatment of
Dystrophic
Epidermolysis
Bullosa Wounds
NCT03608631 Phase I Study of | M.D. MSC-derived IV of MSC-derived | 28
Mesenchymal Anderson | Exosomes with | Exosomes with
Stromal Cells- | Cancer KRAS GI2D | KRAS GI12D
Derived Center siRNA siRNA over 15-20
Exosomes With minutes on days 1,
KrasG12D 4, and 10.
siRNA for Treatment repeats
Metastatic every 14 days for
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Pancreas Cancer up to 3 courses in
Patients absence of disease
Harboring progression or
KrasG12D unacceptable
Mutation toxicity
NCTO03384433 | Safety and | Isfahan Allogenic CVA patients who | 5
Efficacy of | University | MSC-derived have disability will
Allogenic of Medical | exosome receive 200
Mesenchymal Sciences enriched by | microgram  total
Stem Cells miR-124 protein of allogenic
Derived MSC-generated
Exosome on exosome
Disability of transfected by
Patients ~ With miR-124, one
Acute Ischemic month after attack,
Stroke: a via stereotaxis
Randomized,
Single-blind,
Placebo-
controlled,
Phase 1, 2 Trial
NCTO04276987 | A Pilot Clinical | Ruijin Exosomes Conventional 30
Study on | Hospital derived  from | treatment and
Aerosol allogenic aerosol inhalation
Inhalation of the adipose  MSC | of MSCs-derived
Exosomes (MSCs-Exo) exosomes
Derived  From treatment
Allogenic participants  will
Adipose receive
Mesenchymal conventional
Stem Cells in the treatment and 5
Treatment of times aerosol
Severe Patients inhalation of
With Novel MSCs-derived
Coronavirus exosomes
Pneumonia (2.0*10E8  nano
vesicles/3 ml at
Day 1, Day 2, Day
3, Day 4, Day 5).
NCT04313647 | A Tolerance | Ruijin Exosomes 1X level of MSCs- | 27
Clinical  Study | Hospital derived  from | Exo (2.0*10E8
On Aerosol allogenic nano vesicles/3 ml)
Inhalation of adipose  MSC | 2X level of MSCs-
Mesenchymal (MSCs-Exo) Exo
Stem Cells 4X level of MSCs-
Exosomes In Exo
Healthy 6X level of MSCs-
Volunteers Exo
8X level of MSCs-
Exo
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10X level of
MSCs-Exo

NCTO04356300 | Exosome of | Fujian Umbilical cord- | Exosome of MSC | 60
Mesenchymal Medical derived MSC | at a dose of 150mg
Stem Cells for | University | exosome will be given
Multiple Organ intravenously  to
Dysfuntion Patients in the
Syndrome After exosome of MSC
Surgical Repaire arm once a day for
of Acute Type A 14 times.
Aortic
Dissection: a
Pilot Study
NCTO03437759 | Mesenchymal Tianjin MSCs were | After air-liquid | 44
Stem Cells | Medical isolated  from | exchange, 50ug or
Derived University | human 20pg MSC-Exo in
Exosomes umbilical cord, | 10ul PBS was
Promote Healing and MSC- | dripped into
of Large and Exosomes were | vitreous cavity
Refractory isolated  from | around MH,
Macular Holes supernatants of | leaving 20% SF6
MSCs via | or air as
sequential tamponade.
ultracentrifugati
on
NCT04213248 | Effect of | Zhongshan | uMSC Participants ~ will | 27
Umbilical Ophthalmi | exosomes receive  artificial
Mesenchymal ¢ Center, tears for 2 weeks to
Stem Cells | Sun Yat- get the normalized
Derived sen baseline, followed
Exosomes  on | University by UMSC-exo
Dry Eye in 10ug/drop,  four
Patients ~ With times a day for 14
Chronic  Graft days. The follow-
Versus Host up visit will be 12
Diseases weeks.
NCT04388982 | Open-Label, Ruijin Exosomes 1. low dosage |9
Single-Center, Hospital derived  from | MSCs-Exos
Phase v allogenic administrated for
Clinical Trial to adipose MSC nasal drip Dosage

Evaluate the
Safety and the
Efficacy of
Exosomes
Derived

Allogenic
Adipose
Mesenchymal

Stem Cells in
Patients  With

From

(5 ug MSCs-
Exos/1 mL twice a
week for 12 weeks)
2. mild dosage
MSCs-Exos

administrated for
nasal drip Dosage
(10 pg MSCs-
Exos/1 mL twice a
week for 12 weeks)
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Mild to
Moderate
Dementia Due to
Alzheimer's
Disease

3. high dosage
MSCs-Exos

administrated for
nasal drip Dosage
(20 pg MSCs-
Exos/1 mL twice a
week for 12 weeks)

NCT02138331 | Phase 1 Study of | General Cell-free cord- | Exosomes: (Size) | 20
The Effect of | Committee | blood-derived 40-100 nm,
Cell-Free Cord | of MSC [CB- | (markers) CD63,
Blood Derived | Teaching MSC] CD9, Alix, TSG
Microvesicles Hospitals microvesicles 101, HSP 70
On B-cell Mass | and Microvesicles:
in  Type 1 | Institutes, (Size)  100-1000
Diabetes Egypt nm, (markers)
Mellitus Annexin V,
(T1DM) Patients Flotillin-2,

selectin, integrin,
CD40
metalloproteinase

NCTO04491240 | The Protocol of | State- MSC-derived 1. EXO 1190
Evaluation  of | Financed exosomes inhalation
Safety and | Health Twice a day during
Efficiency of | Facility 10 days inhalation
Method of | "Samara of 3 ml special
Exosome Regional solution contained
Inhalation in | Medical 0.5-2x10' of
SARS-CoV-2 Center nanoparticles
Associated Two- | Dinasty" (exosomes) of the
Sided first type.
Pneumonia 2. EXO 2

inhalation

Twice a day during
10 days inhalation
of 3 ml special
solution contained
0.5-2x10'° of
nanoparticles

(exosomes) of the
second type.
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Table 6.6. Clinical trials using MSC conditioned medium (CM) for safety or efficacy as a treatment of
various non-cardiac diseases.

for Cerebral Palsy in
Children

brought to cell
culture facility
immediately.
Upon  arrival,
pre-sterility
sample testing
was performed
to ensure the
sample was free
from
contaminant.
Every batch of
the cells was
monitored by a
series of quality
control testing
to assure the
quality of the
product.

ClinicalTrials.go | Official Title Sponsor | CM Dose/route | Enrollmen
v Identifier Preparation t
NCT04134676 Therapeutic Potential | Sukma The soluble | In this | 38
of Stem Cell | Skin components of | group, the
Conditioned Medium | Treatmen | the secretome | subjects will
on Chronic Ulcer |t are  separated | use
Wounds : Pilot Study from the | Conditioned
in Human microvesicle Medium
fraction by | topical
centrifugation, | therapy for 2
filtration, weeks The
polymer Conditioned
precipitation- Medium gel
based will be
methodologies, | applied to
ion exchange | the wound
chromatograph | and closed
y and size- | by
exclusion transparent
chromatograph | dressing.
y.
NCTO04314687 Allogeneic Umbilical | PT. The umbilical | MSC + CM | 78
Cord Mesenchymal | Prodia cord was | administered
Stem  Cells and | Stem Cell | removed from | via injection
Conditioned Medium | Indonesia | the donor and
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Conditioned
medium
collected from
umbilical cord

MSC (uc-
MSC) cultured.

NCT04326959 Implantation of | PT. Injection of | A patient | 24
Mesenchymal  Stem | Prodia Allogeneic will be given
Cell, Conditioned | Stem Cell | Umbilical Cord | UC-MSCs 2
Medium, or | Indonesia | Mesenchymal million cells
Triamcinolone Stem Cells. / cm®. After
Acetonide for Keloid 2 million | 3 weeks, the
Regression: cell/cm? in | patient will
Immunohistochemistr NaCl 1| be given CM
y, Histopathology and cc/million cell | 1 cc / cm’.
Imaging Study and booster | The

with maximum
Conditioned size of
Medium 1 | Keloid is 15
cc/em® in 3 | cm per
weeks later. patient.
Conditioned All
Medium treatment via
Injection of | intralesional
Conditioned injection.
Medium 1| The

cc/cm3 and | maximum
booster with | size of the
Conditioned keloid is 15
Medium 1| cm.

cc/em® in 3

weeks later. All

treatment  via

intralesional

injection. The

maximum size

of the keloid is

15 cm.

NCT04235296 Evaluation of the | Chinese | MSC CM- | Residual 30
Safety and | PLA derived wounds
Effectiveness of | General | pleiotropic from the
Mesenchymal  Stem | Hospital | factor same person
Cell Conditioned were divided

Medium-derived
Pleiotropic Factor in
Treating Residual
Burn Wound

into control
group and
experimenta
1 group. The
pleiotropic

factor is
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used to
control

group. Then
the foam
wound

dressing was
selected to
cover the
residual

wound, and
the dressing
was changed

every 2 days.
NCT04314661 Comparative PT. Umbilical cord | Injection 15
Effectiveness of | Prodia MSC CM with
Arthroscopy and Non- | Stem Cell Allogeneic
Arthroscopy  Using | Indonesia Umbilical
Mesenchymal  Stem Cord MSC 5
Cell Therapy (MSCs) million cells
and Conditioned in NaCL 5
Medium From cc, two
Mesenchymal  Stem weeks later
Cell Culture (MSCs) injection
for Osteoartrithis With with
Controlled Conditioned
Randomization in Medium
Phase I/I1 Derived
Umbilical
Cord MSC 2
cc/knee, four
weeks later
injection
with
Conditioned
Medium 2
cc/knee. All
injection via
Intraarticula
r injection.
NCT04234750 The Evaluation of the | Chinese | MSC CM- | The two | 20
Safety and | PLA derived donor areas
Effectiveness of | General | pleiotropic of the same
Mesenchymal  Stem | Hospital | factor patient were

Cell-derived
Pleiotropic Factor in
the Treatment of
Donor Sites

divided into
a pleiotropic
factor group
and a blank
group
randomly.
After
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placing a
coarse mesh
vaseline oil

gauze, then
cover a
certain

thickness of
sterile gauze
and pressure

bandage.
NCT04315025 Safety  Issues  of | PT. Umbilical cord | A total 2 ml | 18
Peribulbar Injection of | Prodia MSC volume of
Umbilical Cord | Stem Cell | conditioned Conditioned
Mesenchymal  Stem | Indonesia | medium Medium
Cell (UC-MSC) in derived
Patients With Retinitis Umbilical
Pigmentosa Cord MSC
will be
injected by
peribulbar
NCT03676400 Clinical Study for the | Medipost | Conditioned NGF-574H | 84
Assessment of the | Co Ltd. media of | is hair serum
Hair Growth Efficacy umbilical cord | with 5%
and Safety of a blood-derived conditioned
Cosmetic stem cells media of
Investigational umbilical
Product, After cord blood-
Repeated Applications derived stem

for 24 Weeks, Under
Normal Conditions of
Use, in the Asian
Adult Subjects With
Androgenic Alopecia

cells
containing
various
trophic
factors
help
alleviate hair
loss.

that

NGF-574H
will be
directed to
use on hair
and scalp by
subject
her/himself
at home
twice a day
(in the
morning and
evening) for
24 weeks.
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NCT04398303 A Phase 1/2 | Aspire 100 ml of | Conventiona | 70
Randomized, Placebo- | Health conditioned 1 treatment
Controlled Trial of | Science | media plus  ACT-
ACT-20 in Patients 20-CM
With Severe COVID- administered
19 Pneumonia intravenousl

y

NCT04235868 Clinical  Trial of | Chinese | All the | After 30
Mesenchymal  Stem | PLA bioactive debridement
Cell-derived General | factors and | , the wounds
Pleiotropic Factor in | Hospital | cytokines in | in
Treating Non-healing MSCs experimenta
Wounds secretions 1 group

constitute can | apply stem
be collected in | cell-derived
the conditioned | lyophilized
medium. In | powder, and
here, stem cell- | use foam
derived dressing to
conditioned wrap the
medium was | wound;
further  made | apply once
into a|every 2-3
lyophilized days.
powder.

6.2.4 MSC Paracrine Effect: Mechanisms of Action and Potential Enhancement Strategies
In this section, we will discuss the known mechanisms of action of MSC paracrine effect in
cardiac restoration (for both LV and RV) and the various approaches that have been explored to
enhance the individual paracrine effect (Fig. 6.2). Particularly, we bring in a less considered
perspective of the mechanical regulation of the MSC paracrine effect. The homing or
proliferation/migration of MSCs can be affected by different molecules or drug and thus paracrine
effect is indirectly strengthened/impaired'®" 2> 22, But this is beyond the scope of our below
discussion. The therapeutic outcomes have been demonstrated by preclinical studies, in vitro bench
work, or both. The miRNAs involved in these mechanisms of action for MSCs as well as other

progenitor cells are summarized in recent reviews,!3-161. 193197
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Figure 6.2. Various mechanisms of action for MSC paracrine effects from conditioned medium or
extracellular vesicles.

6.2.4.1 Pro-angiogenic effect

185,186 gych as vascular

The products of MSCs contain a variety of pro-angiogenic factors
endothelial growth factor (VEGF)'?> 22722 oplatelet derived growth factor (PDGF)**!,
angiopoietin®?’, metalloproteases®*° and micro-RNAs (miR-125a**!, miR-377%%?) that potentially
promote neovessel formation. The pro-angiogenic effect can be confirmed by downstream events
such as the proliferation of human umbilical vascular endothelial cells (HUVECsS) or capillary tube
formation!'®- 7% 174 This effect is particularly useful for cardiac restoration as cardiomyocytes are
very sensitive to reduced blood perfusion because of the reliance on oxygen supply. In a sudden
blockage of the coronary artery (acute infarction), the cardiomyocytes may die within minutes®**
234 In chronically infarcted myocardium, the central zone of infarction becomes decellularized and
fibrotic. The re-distribution of blood supply to this region is key to cardiomyocyte re-population

and function recovery. Indeed, an increase in pro-angiogenic factors has been found to promote
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LV healing!® 213, In non-ischemic heart failure such as pulmonary hypertension-induced RV
failure, chronic pressure overload causes a reduction in capillary density known as ‘capillary
rarefaction’. Capillary rarefaction is a hallmark of ventricular dysfunction®> 23 It is postulated
that chronic hypoxia triggers a ‘metabolic shift’ of cardiomyocytes and leads to contractile
impairment. Preclinical studies with MSC delivery have shown improved RV function associated

with restored capillary density?*>: 2%

, suggesting a pro-angiogenic effect of cell therapy.

To date, a number of approaches have been reported to promote the secretion of growth factors
via different cell culture conditions or genetic manipulation (i.e., chemical and/or biological
priming). For instance, hypoxia stimulation (i.e., 1-5% Oz vs. 21% O in normoxia) can enhance
the pro-angiogenic effect via the elevated expression of growth factors*’?*°. The stimulatory
effect of hypoxia is not limited to BM-MSCs but observed with MSCs from other sources too?*’.
This mechanism explains why the delivery of MSCs to the damaged, hypoxic tissue (e.g., infarcted
myocardium) elicits pro-angiogenic and healing effects in vivo'*> 19 174 In addition, MSCs
stimulated by nerve growth factor (NGF) are reported to improve cardiac angiogenesis from a
mouse MI study. The improvement was due to MSC paracrine effect rather than NGF itself'>.
Another way to enhance the pro-angiogenic effect is via the inflammatory stimulation. The
injection of CM from tumor necrosis factor-a (TNF-a)-activated MSCs was observed to promote
blood perfusion in the ischemic limb compared with the treatment with CM from control MSCs*.
In addition, the toll-like receptors (TLR) 2/6 on MSCs can be stimulated by the macrophage-
activating lipopeptide of 2kDa (MALP-2), which is a bacterial lipopeptide recognized by the innate
immune system. It has been found that CM derived from the MALP-2 stimulated BM-MSCs

increased endothelial cell proliferation and vessel angiogenesis in vitro and in vivo**!. Lastly, the

genetic alteration to induce over-expression of certain proteins (e.g., CXCR-4, GATA-4, Akt,
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SDF-1a) in MSCs!'# 150 170 172 ¢ pharmacological regulation of MSCs (e.g., angiotensin II,

diazoxide)'** ?*

was used to enhance the angiogenesis effect as well.

The above strategies mainly aim to ‘precondition’ MSCs via chemical or biological
modifications. In contrast, strategies that involve mechanical stimulation to ‘prime’ MSCs have
received much less attention. To date, the following studies adopted different ranges of substrate
stiffness and investigated the response in MSC pro-angiogenic function. In varied stiffnesses of
hydrogel scaffolds made of poly(ethylene) glycol diacrylate (PEGDA) and gelatin methacrylate
(GelMA), BM-MSC:s cultured on the matrix with a compressive modulus of 5 kPa had the maximal
VEGF expression, which then led to the most HUVEC proliferation and capillary sprouting
formation; whereas the BM-MSC:s on either higher or lower compressive modulus (at 1 or 23 kPa)
matrices did not have the optimal pro-angiogenic effect'?*. Such behavior is similar to the bi-phasic
dependence of cell motility on the 2D gel stiffness (i.e., with the highest motility on 3 kPa PDMS
and PA gels)'®. However, this finding is not consistent with other observations. The secretion of
VEGF by MSCs is higher in stiffer (15-20 kPa) than compliant (1-2 kPa) matrices made of 2D
hyaluronic acid and gelatin mixed gels®*. Similarly, the maximal expression of trophic factors is
reported on stiff 3D polyacrylamide matrix (40 kPa) compared to the softer matrices (0.5 and 10
kPa)'?!, and this effect was only observed in the matrigel functionalized with fibronectin, not with
collagen I or laminin. But in the Ji et al. study, human MSCs (hMSCs) on soft hydrogel substrates
(elastic moduli: 0.5 kPa versus 200 kPa) produced significantly more trophic factors (PDGFA,
KGF, Ang-1, IGF-1, VEGF, and bFGF)*?. Therefore, the maximal pro-angiogenic function of

MSC:s has been reported in various substrate stiffness and it remains unclear about the response of

MSC:s in a cardiac specific mechanical environment.
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Besides the substrate stiffness range and biochemical composition, another important factor
that interferes with the interpretation of these discrepant findings is the quantification of the pro-
angiogenic effect. The GelMA-PEDGA study measured the pro-angiogenic capability as the
amount of VEGF (in pg) per 103 cells, whereas the other two studies used the concentration of
VEGEF (in pg/ml) per 10* cells, normalized tube area (formed from HUVECs), or fold increases of
RNA expression over the glass culture. Therefore, for a better understanding of the mechanical
regulation of pro-angiogenic effects of MSCs, at least one identical measurement as used in
previous studies should be adopted for cross-study comparisons.
6.2.4.2 Immunomodulatory effect

Inflammation or recruitment of inflammatory cells in myocardium has been reported in
various etiologies of heart failure and contribute to the pathological remodeling in both left
ventricle (LV) and RV?*-24_Therefore, the immuno-modulatory effect of MSCs is another major
mechanistic effect considered to be beneficial in myocardial restoration. In a rat MI model, MSC
exosomes decreased inflammatory cell infiltration in the infarct zone!’*. The anti-inflammatory
mechanism was partly explained by the in vitro observation that MSC exosomes suppress
lymphocyte proliferation'™. In another preclinical study, within the first 3 days of acute
Ml/reperfusion induction, MSC-derived exosomes reduced the numbers of neutrophils,
macrophages and peripheral white blood cells in infarcted mouse ventricles>!2. For more complete
summary of MSC’s immuno-modulatory paracrine effect, the readers are referred to a recent
review by Yan et al. (see Fig. 6.5 and Table 6.4'*7). Below, we will mainly focus on the beneficial
effect on macrophages because this paracrine effect is more critical to cardiac repair remodeling,
as well as the known biological and mechanical factors that regulate MSC immuno-modulatory

paracrine effect.
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Because monocyte recruitment is one of the first steps of inflammatory response to tissue
injuries, the anti-inflammatory effect of MSCs has been investigated via their effects on activation
of circulatory monocytes into tissue macrophages. One consistently observed behavior of MSCs,
particularly in the MSC-EV's and MSC-CM, is the promotion of the M2 macrophage phenotype in
the activation (polarization) of monocytes®*”-2*8, With the treatment of MSC-EVs, the upregulation
of M2 (anti-inflammatory) macrophages or downregulation of M1 (pro-inflammatory)
macrophages has been observed in numerous disease models, including acute respiratory distress

249

syndrome mouse models?*’, the mouse Achilles tendon rupture model'®!, the hyperoxia-induced

)250 1177

bronchopulmonary dysplasia (BPD)~", mouse pulmonary fibrosis model ', mouse colitis

1251 1252

model~*, mouse abdominal aortic aneurysm model~~, rat pulmonary arterial hypertension

123, as well as cardiotoxin-induced skeletal muscle injury model®*. The altered activation of

mode
macrophages can be achieved through soluble factors or miRNA secreted by live MSCs (active
mechanism) and via dead MSCs (passive mechanism).

Not surprisingly, the immunomodulatory effect of MSCs is dependent on the external
environments. For instance, MSCs activated by lipopolysaccharide (LPS) or tumor-resistant MSCs
have altered secretory profiles (e.g., increased IL-10 when activated by LPS) or enhance the
migration of monocytes to tumor sites!®3. Higher concentrations of inflammatory cytokines in
infarcted myocardium (e.g., IL-1B, TNF-a) can activate the MSCs and polarize them to the
immunosuppressive phenotypes'#’. The effect of MSCs on T-cells also depends on the presence
of macrophages, which have been observed to prime MSCs towards the production of
immunomodulatory factors. This evidence implies that there is a ‘cross-talk’ between the MSCs

and macrophages (see review>>), either from a result of ‘paracrine signaling’ of the exosomes or

from the direct ‘cell-cell contact.’
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Furthermore, the immunomodulatory effects are regulated by matrix elasticity as well. It is
reported that the secretion of IL-8, which is classically associated with the innate immune
response, was initially higher in hMSCs seeded on stiff (~20 kPa) matrices compared to the soft
(~2 kPa) matrices. However, the difference disappeared after 8 days of culture®*”. In another study,
IL-6 and IL-8 were significantly upregulated on soft substrates (10 kPa) compared to that of glass;
nevertheless, no significant differences were found between 10 kPa and the 0.5 and 40 kPa
hydrogel matrices'?!. Ji et al. showed that hMSCs on soft (~0.5 kPa) substrates produced
significantly more immunomodulatory factors (COX2, TSG6, IDO, HGF, HLA-GS5, and PGE2)
and higher M2 macrophage polarization than those on stiff (~200 kPa) substrates**>. While the
regulation by biophysical cues is a relatively new area of research, these pilot studies provide
evidence that the anti-inflammatory paracrine effect is inherently linked with matrix mechanics.
6.2.4.3 Effect on collagen metabolism

Reduced tissue fibrosis has been reported as a therapeutic effect of MSC-EVs in cardiac!’®
172173 “Tung!'”", liver'™, kidney*® and cornea'’ tissues. Interestingly, in other tissues such as

cartilage or tendon, collagen synthesis is considered a beneficial outcome of MSC-EVs as well'*.

170.172. 174 and deposition'¥” of

Similarly, in the restoration of ischemic myocardium, both reduction
interstitial collagen in the infarct zone have been reported as a beneficial outcome; in hypertensive
ventricular failure, the decrease in collagen is considered a therapeutic outcome?®: 2. It seems
that researchers tend to report all ‘healing events’ that are anticipated for the specific tissue/organ
as the effects of MSC-EVs, whereas why both increase and decrease of collagen is seen as a result

of treatment remains unclear. Therefore, the exact mechanism of collagen modulation by MSCs

awaits further investigation.
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6.2.4.4 Anti-apoptotic effect

Cardiomyocyte apoptosis is a significant problem in advanced stages of heart failure.
Therefore, anti-apoptotic strategies are potential therapeutic targets for MI patients. Several studies
have shown that the EV's from MSCs with over-expression of GATA-4 or Akt elicited a significant
anti-apoptosis effect, which is evidenced by increased cardiomyocyte survival and/or proliferation
as well as reduced apoptotic activity (e.g., caspase-3)1°% 172189 Byt the anti-apoptotic effect of
intact MSCs is not commonly reported. To our knowledge, there is only one vascular study
addressing the anti-apoptotic effect of untreated MSC-EVs: in a rat model of hypoxic pulmonary
hypertension, the human umbilical cord MSC-EVs significantly inhibited endothelial cell
apoptosis in pulmonary arteries. The effect was confirmed by in vivo and in vitro observations>’,
The exact molecular pathways of MSC-EVs anti-apoptotic effect in cardiac or vascular cells awaits
further investigation.
6.2.4.5 Anti-oxidative effect

Oxidative stress is detrimental to cardiomyocytes through many mechanisms including the
loss of mitochondria®®. Therefore, the decrease of oxidative stress by MSC-EVs and MSC-CM
was speculated to explain the improved survival of cardiomyocytes in infarcted myocardium!”"
212 The anti-oxidative effect may be related to the increased expression of superoxide dismutase
(SOD). MSCs were shown to secrete SOD3 and reduce levels of reactive oxygen species (ROS)

29 Moreover,

in an in vitro model of ischemia-reperfusion injury of ventricular cardiomyocytes
SOD-adenovirus-infected MSCs sustained higher SOD3 expression, and the delivery of these
MSCs to mouse infarcted myocardium led to a reduction of oxidative stress and improvement of
cardiac function'*°.

6.2.4.6 Mechanosensing pathways involved in MSC paracrine effect
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A couple of pioneering studies have attempted to identify the mechanosensing pathway
associated with the pro-angiogenic effect of MSCs (Fig. 6.3). Bandaru et al. demonstrated that the
mechanical modulation of hMSCs was through the yes-associated protein (YAP), a transcription
factor that localizes to the nucleus from the cytoplasm when MSCs were cultured on stiff
substrates??® 2. When YAP signaling was inhibited, hMSC pro-angiogenic potential was
abolished. Another possible mediator pathway is through the cytoskeleton. Ji et al. showed that
the immunosuppressive and trophic function of hMSCs was modulated by the actin polymerization

and tension*®

. While these studies help to identify the mechanotransduction pathways, the
investigated mechanical range was much lower than the mechanical properties of myocardium.
Therefore, the translational implications of these findings need to be confirmed. Further studies
should identify and delineate the important genes and pathways involved in the mechanical
regulation of other paracrine effects. These findings could serve as the groundwork for the design

of in vitro substrates with appropriate mechanical properties to optimize the production of

paracrine-mediated cell products for cardiac restoration.
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MSC paracrine effect is dependent on physical
factors of the substrate such as porosity, stiffness,
fiber diameter or alignment, etc.

—
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Figure 6.3. Mechanical regulation of MSC paracrine effect can be probed by in vitro experiments. Left:
substrates with varying mechanical properties are fabricated and measured by biaxial tensile/compression
tests; Right: substrates are seeded with MSCs to investigate the mechanosensing pathways in MSCs and
downstream paracrine effects in EVs.
6.2.5 Remaining Challenges of MSC Mediated Paracrine Effects for Cardiac Restoration
Although the application of CM or EVs of MSCs in cardiac restoration is promising, many
obstacles remain, including the characterization of the components in these cell products, the
further elucidation of mechanisms of action, and the regulatory mechanism of cell products
including the mechanical controls. Similar challenges are also discussed in reviews!>161:193 or
position statements of the International Society for Extracellular Vesicle (MISEV2014 and
MISEV2018) and may or may not be specific to cardiac regeneration. In general, the specific

molecules responsible for the paracrine effect (e.g., miRNAs and growth factors) and whether they

are secreted as free molecules or packed into EVs need to be further investigated. Since more than
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one paracrine effect are involved, the therapy is likely a ‘cocktail’ treatment and thus the net effect
of the mechanisms of action should be evaluated.

Furthermore, as we have pointed out above, some ‘conflicting beneficial effects’ are noted
(e.g., the pro-fibrosis versus anti-fibrosis effects). Similarly, both pro- and anti-proliferative roles
of MSCs have been identified ‘simply’ from the therapeutic outcomes. In cardiac diseases where
capillary rarefaction is a problem, MSCs or their cell products are shown to promote angiogenesis
to improve oxygen supply, and thus the pro-angiogenesis role is more discussed?®: 237 238,
however, in pulmonary arterial hypertension (vascular disease), hyperproliferation of endothelial
cells contributes to the narrowing of small pulmonary arteries and disease progression, and thus
the anti-proliferative role of MSC-EVs has been reported in hypoxia induced pulmonary
hypertension mice or monocrotaline induced pulmonary hypertension mice*’. A better
characterization of the cell products and the mechanism of action should delineate the discrepant
function of MSCs in different disease settings.

6.2.6 Conclusions

The MSC secretome is an emerging and important exploratory area of research for myocardial
repair. This cell-free therapy, when appropriately harnessed, can lead to pro-angiogenic,
immunomodulatory, collagen regulatory, anti-apoptotic, and anti-oxidative paracrine effects.
Through some or all of the aforementioned pathways, the products released from the MSCs have
the potential to promote the healing and renewal of diseased myocardium. However, many
unanswered questions still exist: the characterization and preparation of MSC products are far from
standardized; the control over the conditioned medium or EVs, particularly in regard to their
mechanical regulation, is still relatively unexplored. Further research that aids in comprehensively

understanding its paracrine function will ultimately bring about more precise control of
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therapeutics and make significant inroads towards clinical use. Relevant to this Aim, key
knowledge gaps and strategies to improve MSC therapies were summarized in the above review,
which were then used to guide the study design of evaluating MSC mechanobiology to enhance

heart failure therapies.

6.3 Pro-angiogenic Potential of Mesenchymal Stromal Cells Regulated by

Matrix Stiffness and Anisotropy Mimicking Right Ventricles

6.3.1 Introduction
Right ventricle (RV) failure is common in the advanced stages of pulmonary hypertension and
is a useful predictor of mortality in these patients?®!. In the process of chronic pressure overload,

the failing RV becomes stiffer, more anisotropic?> 263

, and undergoes global capillary rarefaction
leading to myocardial inefficiency?* 264266, Unlike hypertensive remodeling in the left ventricle
(LV), capillary rarefaction plays a critical role in hypertensive RV maladaptation®*” 28 and thus
pro-angiogenic strategies could potentially offer a RV-specific therapy.

Mesenchymal stromal cells (MSCs) are highly active cells with immunomodulatory and pro-
angiogenic paracrine properties’* ?®, MSCs have been proposed as novel regenerative therapies
for various diseases including heart failure?®® 2’%, Previous in vitro studies have further shown that
cell behavior and function, including its pro-angiogenic paracrine effect, are dependent on (tissue)
substrate stiffness!?!-123-243:271.272 The mechanical regulation from cues such as substrate stiffness
is shown to play a dominant role in guiding MSC proliferation and secretory function compared
to biochemical components (e.g., adhesive ligands and/or GAGs)?’2. However, those prior

investigations are limited to a stiffness range (0.5-200 kPa)!?!-123.243.271. 272 that do not encompass

the complete range of RV tissue stiffness obtained from rat and ovine ex vivo mechanical tests
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(with the average tensile modulus of healthy and pressure overloaded RVs ranging from ones to
thousands of kPa)?®* 273274 Because of the nonlinear elastic behavior (i.e., nonlinear stress-strain

curves) of cardiovascular tissues?6% 273276

, it is imperative to include the MSC response to substrate
stiffness at higher physiological strains occurred during diastole to fully evaluate the MSC function
related to specific tissue mechanical environments.

Moreover, the myocardium tissue is anisotropic>’> 2. This means that the tissue elasticity is
different in different directions. It has been noted that the RV anisotropy (stronger fiber alignment)
increases with pressure overload in the remodeling process?$?. However, most of the MSC culture
systems, including hydrogel and tissue culture plastic (TCP) methodologies, use an isotropic
substrate. The physiological signature of anisotropy has thus been ignored in in vitro work. To our
knowledge, the only study that examined the effect of substrate anisotropy on MSC pro-angiogenic
function compared the effects of random, aligned, and mesh patterns of electrospun fibrous
scaffolds on MSCs?’7, although the mechanical property (i.e., stiffness) of these scaffolds was not
reported. Overall, the regulation of matrix anisotropy property and the potential synergistic effects
of stiffness and anisotropy on MSC function are largely unexplored.

Therefore, it remains largely unknown how MSCs respond to substrate stiffness and
anisotropy that simulate healthy and diseased RV tissues. Motivated by the knowledge gap and
clinical needs, the aim of this study was to investigate the effects of RV-like stiffness and
anisotropy on MSC pro-angiogenic function. Tissue engineered constructs offer an opportunity to
independently regulate these substrate mechanical factors and investigate the cellular responses.
We hypothesize that the pro-angiogenic potential of individual MSCs is highest on the substrate

with isotropic, diseased RV-like stiffness. In the present study, a class of nanofiber scaffolds was

innovatively fabricated to mimic the stiffness of healthy and diseased RVs and subsequently used
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to decouple the effects of matrix stiffness and anisotropy. The responses of MSCs to the
mechanical factors were examined by vascular endothelial growth factor (VEGF) production, cell
numbers, and pro-angiogenic secretome analysis from conditioned media, as well as in vitro vessel
tube formation assay. Our findings help to elucidate the effects of stiffening and tissue anisotropy
on individual MSC pro-angiogenic potential, which will inspire improved preparation and
manufacturing of MSCs or the cellular products for cardiac regenerative medicine.
6.3.2 Methods
6.3.2.1. Polyester urethane urea (PEUU) synthesis

Polyester urethane urea (PEUU) was synthesized and purified according to a protocol reported
previously?’8. Briefly, 10 g of polycaprolactone diol (Mn 2,000), 1.27 mL of 4-diisocyanatobutane
(distilled before use), and catalytic amount of stannous octoate were dissolved in anhydrous
dimethyl sulfoxide and reacted at 75°C for 3 h. This prepolymer was further reacted with 0.5 mL
putrescine (distilled before use) at 50°C for overnight. The final fine product (PEUU) was obtained
after being precipitated in excess cold distilled water, washed with isopropyl alcohol, and dried

under vacuum. The inherent viscosity of PEUU was 1.04 dL/g, which was calculated from the
equation In (tt—i) /Cp, where ts (s) is the traverse time of 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP),

tp (s) is the traverse time of PEUU solution in HFIP at a concentration of 0.1 g/dL, and Cp (g/dL)
is the PEUU concentration. The traverse time was measured using an Ubbelohde viscometer at 22
°C and five repetitions were applied for the calculation.
6.3.2.2. PEUU scaffold fabrication

The synthesized PEUU was used for fabrication of electrospun scaffolds mimicking RV
tissue mechanics. Polyester urethane urea (PEUU)* was completely dissolved (w/v%) in HFIP.

The solution was then loaded into a 5 mL syringe with a 20-gauge blunt end stainless steel needle
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(KT868280-2001; VWR, Radnor, PA). Fibrous scaffolds were then fabricated using a custom
electrospinning apparatus with a rotating mandrel (diameter: 7.46 cm). Four different scaffolds
mimicking normal (Norm) and failing (Fail) RVs at different degrees of anisotropy (isotropic: Iso;
anisotropic: Ani) were successfully fabricated. For the Fail&Iso scaffolds, we mixed soluble 0.5%
polyethylene oxide (PEO; 200,000 Mw) with 6% PEUU in HFIP to improve the isotropic behavior
and help with the clean removal of the electrospun mat off the foil when soaked in 1X phosphate
buffered saline (PBS). The fiber direction of anisotropic scaffolds was aligned with the mandrel
direction of rotation and the cross-fiber direction was perpendicular to the mandrel direction of
rotation. The fixed parameters used for electrospinning all scaffold groups are: voltage: 16 kV,
injection flow rate: 1.5 mL/h, and distance between needle to collector: 9-10 cm. Using the high-
strain elastic modulus of rat RVs reported previously, the key parameters leading to the different

scaffold groups are listed in Table 6.7.

Table 6.7. Key altered parameters for electrospinning of different scaffold groups.

- Isotropic (Iso) Anisotropic (Ani)

Normal RV
(Norm)

(~500 kPa) Solution: 12% PEUU Solution: 12% PEUU
Mandrel speed: 100 rpm Mandrel speed: 890 rpm

Failing RV

(Fail) NS
(~1000 kPa) Solution: 6% PEUU:0.5% PEO Solution: 12% PEUU
Mandrel speed: 1250 rpm Mandrel speed: 1250 rpm
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6.3.2.3. PEUU scaffold microstructural measurements

The average diameter of the electrospun fibers and surface porosity of the scaffolds were
quantified from scanning electron microscopy (SEM) (JEOL, Tokyo, Japan) images (n=6-10 per
group). Briefly, samples were sputtered with 10 nm of gold prior to SEM imaging. ImageJ (NIH,
Betheseda, MD) color thresholding and measurement tools were used for evaluation of porosity
and diameter, respectively.
6.3.2.4. PEUU scaffold mechanical measurements

To obtain the global mechanical behavior, scaffolds (30 mm x 30 mm) were then measured
using an in-house biaxial tensile tester after 24 h of 1X PBS soak at room temperature. The fiber
and cross-fiber directions were aligned with the biaxial axes. After mounting, samples were
stretched to a maximum deformation of strain of 20% at a speed of 3 mm/min. Deformations of
graphite powder-speckled samples were tracked with a CCD camera (Nikon, Tokyo, Japan) at 1
frame per second. Biaxial stretch forces were obtained by 50-1b load cells (FUTEK Advanced
Sensor Technology, Irvine, CA, USA). The Young’s moduli (E) along the fiber direction and
cross-fiber direction of the scaffolds (n=6-12 per group) were then calculated using linear
regression of the stress-strain curve. The anisotropy degree of the scaffold was represented by an
anisotropy index calculated as the ratio of the Young’s moduli in the fiber direction to the Young’s
moduli in the cross-fiber direction.
6.3.2.5. MSC culture and cell counting

Scaffolds were sterilized with 15 minutes of 70% ethanol soak and three subsequent 1X PBS
washes. Scaffolds were then soaked in 1X PBS for 24 h prior to cell culture. Human bone marrow
MSCs (hMSCs) (Lonza, Basel, Switzerland; or donated from Dr. Steven Dow at Colorado State

University) through passage 6 were cultured in Minimum Essential Medium (Cytiva,
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Marlborough, MA) supplemented with 10% (v/v) fetal bovine serum and 1% (v/v) penicillin-
streptomycin. hMSCs were seeded on the sterilized scaffolds and tissue culture plastic (TCP; as
control) in 24-well plates at ~1x10* cells/cm2 and incubated at 37°C and 5% CO2. Due to the
potential presence of pro-angiogenic biomolecules in the MSC culture media, we used the MSC
culture media alone as another control. The conditioned media (CM) derived from MSCs and the
culture media control were collected at 48 h and stored in -80°C.

After collecting CM, hMSCs were washed once with 1X PBS and trypsinized (TrypLE,
Thermo Fisher Scientific, Waltham, MA) from the scaffolds or TCP and then mixed in a 1:1
dilution of Trypan Blue (MP Biomedicals, Santa Ana, CA) and cell solution. Cells were visualized
using a brightfield microscope and counted via hemocytometer at 10X.
6.3.2.6. VEGF production measurement by ELISA

The CM was centrifuged at 1400 rpm for 1 minute to remove cell debris and the supernatant
was then collected for quantification of human VEGF using an ELISA kit (VEGF Human ELISA
Kit KHGO111; Thermo Fisher Scientific, Waltham, MA) per manufacturer’s protocol. The VEGF
concentrations of the samples (n=8-9 per group) were read for absorbance at 450 nm on a
microplate reader (FLUOstar Omega, Ortenberg, Germany). All results were normalized by the
VEGEF expression obtained from the MSCs cultured on the TCP group.
6.3.2.7. Angiogenesis profiling multiplex array

Pooled conditioned media of three independent experiments (n=3 per group) were stored at -
80°C. Upon thawing, supernatants were centrifuged at 2000 rpm for 10 min to remove debris. The
CM were subsequently analyzed by magnetic bead-based multiplex Luminex™ assays for 18-plex
angiogenic proteins which included: angiopoietin-1, bone morphogenetic protein-9 (BMP-9),

cluster of differentiation-31/platelet endothelial cell adhesion molecule-1 (CD31 (PECAM-1)),
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epidermal growth factor (EGF), extracellular matrix metalloproteinase inducer (EMMPRIN),
follistatin, fibroblast growth factor-2 (FGF-2), granulocyte colony-stimulating factor (G-CSF
(CSF-3)), heparin-binding EGF-like growth factor (HB-EGF), hepatocyte growth factor (HGF),
interleukin-8 (IL-8 (CXCLS)), leptin, lymphatic vessel endothelial hyaluronan receptor (LY VE-
1), platelet-derived growth factor-BB (PDGF-BB), Syndecan, TEK tyrosine kinase/angiopoietin-
1 receptor (TIE-2), vascular endothelial growth factor-A (VEGF-A), and vascular endothelial
growth factor-D (VEGF-D). The assay was performed according to the manufacturer’s instructions
(Angiogenesis 18-Plex Human ProcartaPlex Panel EPX180-15806-901; Thermo Fisher Scientific,
Waltham, MA) using Luminex xMAP™ (multi-analyte profiling) technology. Results were
plotted as picograms per milliliter.
6.3.2.8. Tube formation assay

Human umbilical vein endothelial cells (HUVECs) (ATCC, Manassas, VA) through passage
5 were cultured in endothelial growth medium supplemented with growth factors (R&D Systems,
Minneapolis, MN) and 1% (v/v) penicillin-streptomycin. 32 uL of Geltrex (Gibco Geltrex LDEV-
Free, hESC-Qualified, Reduced Growth Factor Basement Membrane Matrix A1413301; Thermo
Fisher Scientific, Waltham, MA) was added into 96 well plates and allowed to solidify for 30
minutes in an incubator. Then, ~2x10* HUVECs were plated onto the Geltrex and incubated with
CM collected from hMSCs in various scaffold groups. Brightfield images of neovessel tube
formation were taken at 22 h with an AmScope microscope at 4X. Total branching length and
number of branches (n=8-9 per group) were quantified using the Angiogenesis Analyzer plugin in
Image]J (NIH, Betheseda, MD). All results were normalized by the total tube length obtained from
the MSCs cultured on the TCP group.

6.3.2.9. Statistical evaluation
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Data are presented as mean + SEM. A one-way ANOVA and Tukey post-hoc test were
performed for VEGF concentration because the data were normally distributed and standard
deviations did not vary between the groups. PEUU scaffold mechanics, MSC count, VEGF
production per MSC, and tube formation data were compared using a Welch ANOVA and
Dunnett’s T3 multiple comparisons test because the data were normally distributed and standard
deviations were variable. A Kruskal-Wallis’s test and Dunn’s multiple comparisons test were
performed on the non-normally distributed data in the multiplex assay evaluation. p<0.05 was
considered statistically significant.

6.3.3 Results
6.3.3.1. PEUU scaffolds with varied stiffness and anisotropy

To represent the diastolic stiffness of the rat RV at high strains, we chose to fabricate the
scaffolds with the Young’s modulus in the fiber direction at ~550 kPa to mimic healthy RVs and
at ~1100 kPa to mimic diseased RVs2%*> 27 Moreover, the scaffolds at the same stiffness range
were fabricated with and without anisotropy to decouple the effects of stiffness and anisotropy on
MSC behavior. Mechanical test data confirmed the design of these scaffold groups: the Norm
scaffold groups had significantly lower Young’s moduli (E, p<0.05) than the Fail scaffold groups
(Fig. 6.4A). Next, we quantified the anisotropy index of the scaffold as the ratio of the E in the
fiber direction to the E in the cross-fiber direction. The anisotropic index showed a ratio of ~1.0 in
the isotropic groups and a ratio of ~1.7 in the anisotropic groups, with the two anisotropic groups

showing a significantly (p<0.05) larger ratio versus isotropic groups (Fig. 6.4B).
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Figure 6.4. PEUU scaffolds with varied stiffness mimicking healthy and diseased RV, in the absence and
presence of mechanical anisotropy. (A) Fail PEUU groups show significantly stiffer Young’s moduli
compared to Norm PEUU groups. (B) Ani PEUU groups show significantly larger anisotropy compared to
Iso PEUU groups. n = 6-12 per group. *p < 0.05. **p < 0.01. E = Young’s modulus. X-Fiber: cross-fiber.

Besides these mechanical properties, we also examined other physical properties of the
scaffolds such as the porosity and fiber diameter (Table 6.8). We observed no significant
differences in porosity between any groups, but the fiber diameter differed between the groups.
First, the anisotropic groups presented larger fiber diameters compared to their isotropic

counterparts at the same stiffness range; second, the stiffer, failing scaffold groups presented

smaller fiber diameters compared to their normal counterparts at the same anisotropy level.

Table 6.8. Representative SEM images and other structural factors in the electrospun PEUU scaffolds. The
horizontal direction is the main fiber direction in the anisotropic groups. n = 6-10 per group. *p < 0.05
versus Norm&Iso. ¢p < 0.05 versus Norm&Ani. *p < 0.05 versus Fail&Iso.
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6.3.3.2. VEGF production and MSC numbers regulated by scaffold mechanics

After 48 h of culture on the four scaffold groups, we measured the total VEGF concentration,
MSC count, and VEGF concentration per cell (Fig. 6.5). There was a trend (p=0.09) of higher total
VEGEF production in the Norm&Ani group compared to the Norm&Iso group (Fig. 6.5A), but there
were no significant differences or trends between the Norm and Fail groups or between the
Fail&Iso and Fail&Ani groups.. But when we examined the VEGF production per cell, the
Fail&Iso group had the largest value among all scaffold groups, and it had significantly higher
VEGF production per MSC compared to that of the Norm&Iso group (p<0.05, Fig. 6.5C). The
different trends between the total VEGF production and VEGF production per cell were due to
different cell populations after 48 h of culture. Lower MSC counts in the Fail&Iso scaffold group
were noted, and all other three scaffold groups had similar number of cells (Fig. 6.5B). Finally,
the stiffer scaffolds (Fail&Iso, Fail&Ani) led to higher values of VEGF production per cell
compared to the soft scaffolds (Norm&Iso, Norm&Ani) in general (Fig. 6.5C).

Moreover, we incorporated the measurements of MSCs cultured on TCP as the internal control

for all experiments. The total VEGF production was >1 in all groups except for the Norm&Iso
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group (Figs. 6.5SA&C), thus most scaffold groups seemed to result in an enhanced (although
insignificant) pro-angiogenic function. The cell count data clearly showed improved MSC
proliferation in all groups (~1.5x of the cell number seen on TCP culture) except for the Fail&Iso
group, suggesting that the MSC proliferation was suppressed by this scaffold’s mechanical
environment (Fig. 6.5B). Finally, the VEGF concentration per cell seemed to be enhanced (>1.5x
of VEGF concentration seen on TCP culture) in the stiff scaffolds, whereas in the soft scaffolds,

the concentration was comparable (~1x) to or even lower (~0.6x) than the TCP group (Fig. 6.5C).
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Figure 6.5. Effect of stiffness and anisotropy on total VEGF production, MSC count, and VEGF/MSC
normalized with TCP after 48 h. (A) VEGF expression data from ELISA. Trends of highest total VEGF
expression on Norm&Ani group versus Norm&Iso group. (B) MSC count. (C) VEGF per MSC is
significantly higher on Fail&Iso group compared to Norm&lso group. n = 8-9 per group. *p < 0.05.
6.3.3.3. Expression of various angiogenic factors regulated by scaffold mechanics

From the multiplex angiogenesis assay, we further determined six proteins (interleukin-8 (IL-
8), extracellular matrix metalloproteinase inducer (EMMPRIN), follistatin, leptin, VEGF-A,
hepatocyte growth factor (HGF)) that were markedly detected above the background values
(‘control’) obtained from the culture media alone. These data are shown in Fig. 6.6 and the
complete list of all proteins and their concentrations can be found in Table 6.9.

In the total expressions of these proteins, we found that the Norm&Ani group had significantly

higher EMMPRIN expression (p<0.05) and tended to have a higher IL-8 expression (p=0.09)
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compared to the TCP group (Figs. 6.6A&B). The TCP group showed significantly higher

concentration of HGF than the Norm&lIso group (p<0.05, Fig. 6.6F). We also examined the protein

expressions per MSC to measure individual MSC’s pro-angiogenic potential. We found that the

Fail&Iso group had significantly higher EMMPRIN expression per

MSC than the TCP group

(p<0.05, data not shown), whereas all other scaffold groups showed comparable expressions as the

TCP group. There were no significant differences among these groups for other proteins in either

total expression (Fig. 6.6) or expression per MSC (data not shown).
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Figure 6.6. Pro-angiogenic factors detected in the CM collected at 48 h from the multiplex assay. IL-8:
interleukin 8; EMMPRIN: extracellular matrix metalloproteinase inducer; VEGF-A: vascular endothelial
growth factor-A; HGF: hepatocyte growth factor. n =3 per group. *p < 0.05.
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Table 6.9. Mean + SEM of 18 cytokines from CM assessed via multiplex angiogenesis assay. n = 3 per
group. n.d. = not detected. IL-8: interleukin-8; EMMPRIN: extracellular matrix metalloproteinase inducer;
VEGF-A: vascular endothelial growth factor-A; HGF: hepatocyte growth factor; LYVE-1: lymphatic
vessel endothelial hyaluronan receptor; G-CSF: granulocyte colony-stimulating factor; VEGF-D: vascular
endothelial growth factor-D; EGF: epidermal growth factor; HB-EGF: heparin-binding EGF-like growth
factor; BMP-9: bone morphogenetic protein-9; TIE-2: TEK tyrosine kinase/angiopoietin-1 receptor; FGF-
2: fibroblast growth factor-2; CD-31: cluster of differentiation-31/platelet endothelial cell adhesion
molecule-1; PDGF-BB: platelet-derived growth factor-BB.

Norm&lIso Norm&Ani Fail&Iso Fail&Ani TCP (pg/mL) | Background

(pg/mL) (pg/mL) (pg/mL) (pg/mL) (pg/mL)
IL-8 75.0£22.9 186.8+6.6 75.3£21.8 120.7+£15.8 60.5£15.8 <2.5
EMMPRIN 107.1£26.5 197.6+66.8 135.4+42.3 121.2440.1 25.8+13.7 <4.7
Follistatin 247.0+173.4 487.7+£328.3 574.3£280.0 458.2+207.3 597.3490.0 <19.8
Leptin 34.545.1 41.9+8.1 42.5+3.4 37.845.9 422457 <15.9
VEGF-A 1214+4573.2 3054+1880 23241097 2402+1048 1580+691.0 <6.3
HGF 15.5+1.2 26.1£3.5 17.9+1.0 20.8+4.0 32.6+8.8 <6.5
Angiopoietin- | n.d. n.d. n.d. n.d. n.d. <32.4
1
LYVE-1 n.d. n.d. n.d. n.d. n.d. <10.6
G-CSF n.d. n.d. n.d. n.d. n.d. <10
VEGF-D n.d. n.d. n.d. n.d. n.d. <0.3
EGF n.d. n.d. n.d. n.d. n.d. <2.8
HB-EGF n.d. n.d. n.d. n.d. n.d. <1.3
BMP-9 n.d. n.d. n.d. n.d. n.d. <6.5
TIE-2 n.d. n.d. n.d. n.d. n.d. <31.2
Syndecan n.d. n.d. n.d. n.d. n.d. <16.9
FGF-2 n.d. n.d. n.d. n.d. n.d. <4.5
CD-31 n.d. n.d. n.d. n.d. n.d. <515.3
PDGF-BB n.d. n.d. n.d. n.d. n.d. <5.8
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6.3.3.4. Neovessel tube formation regulated by scaffold mechanics

The overall pro-angiogenic potential of the MSC-derived CM was assessed using a HUVEC
tube formation assay. There were no significant differences between the groups in terms of total
tube length (Figs. 6.7A&B) and this trend is similar to what we observed in the total VEGF
production (Fig. 6.5A). However, the total tube length formed per MSC was most pronounced in
the Fail&Iso group and it was significantly higher compared to the Norm&Iso group (p<0.05, Fig.
6.7C). Similar results were observed for the total number of branches formed per MSC (p<0.05,
data not shown). There was also a strong trend (p=0.07) of higher total tube length per MSC in the
Fail&Iso group compared to the Fail&Ani group (Fig. 6.7C). Therefore, as we observed in the
VEGEF production (Fig. 6.5C), the Fail&Iso scaffold’s mechanical environment led to the strongest

pro-angiogenic potential for individual MSCs.
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Figure 6.7. (A) Representative brightfield images of HUVECs in conditioned media from different groups.
(B&C) Total tube length and total tube length/MSC normalized with TCP determined from the tube

formation assay. n = 8-9 per group. *p < 0.05.
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6.3.4 Discussion

In this study, we assessed how two mechanical factors - RV-like diastolic stiffness and tissue
anisotropy - affect MSC pro-angiogenic potential. By fabricating PEUU matrices that had
decoupled matrix stiffness and anisotropy, we were able to investigate the MSC behavior in
response to the varied mechanical conditions. In terms of the individual MSC’s pro-angiogenic
potential, we found the highest values of VEGF production and total tube length from MSCs
cultured on the Fail&Iso scaffold group, and these values were significantly higher than the
Norm&lso scaffold group. Multiplex assays showed a similar peak EMMPRIN expression per
MSC in the same group (Fail&Iso). But in terms of the overall pro-angiogenic function of the
entire MSC population, the Norm&Ani group had the highest values in VEGF production, total
tube length, IL-8 and EMMPRIN expression, although the differences were not always significant.
Such differences were attributed to different cell numbers and these data suggested that the MSC
proliferation and pro-angiogenic potential are differently regulated. Finally, the presence of
anisotropy led to consistent trends of increased pro-angiogenic potential in the soft (Norm) scaffold
groups, but this ‘positive’ effect was absent on the stiff (Fail) scaffold groups. These results
indicate that the MSC pro-angiogenic potential is regulated by RV-like end-diastolic stiffness and
tissue anisotropy. Thus, these mechanical factors should be taken into consideration for the in vitro
or in vivo research involved with MSC pro-angiogenic functionality.
6.3.4.1. Biomimetic PEUU scaffold with RV-specific mechanical properties

The production of the four PEUU scaffold groups incorporating RV-specific mechanical
properties will aid in teasing out the effects of tissue stiffness and anisotropy on cell behavior.
The average stiffness range of our scaffolds from ~500 to ~1000 kPa represents the higher end of

stiffness in the non-linear elastic range of the healthy and diseased RV tissues in diastole?®* 274,
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which to our knowledge has not been investigated in the current literature. In fact, a limited
stiffness range has been used in the cardiac tissue engineering field'% 2’3, Moreover, the
inclusion of isotropic versus anisotropic characteristics in RV-specific stiffness ranges will help
elucidate how anisotropy (the real nature of RV tissue) affects cell behavior as well. This
innovative design also enables us to investigate the individual and combined effects of tissue
stiffness and anisotropy on MSC behaviors. Understanding how MSCs will respond to RV
mechanical changes with disease progression is valuable to improving our understanding of the
mechanisms of action regulated by the mechanical environment and determining ways to
optimize the overall production of therapeutic cytokines. Such approach and knowledge are not
only relevant to MSC treatments for RV failure, but may also be extended to cell or cell-free
therapies in the broader population of heart failure patients who exhibit altered myocardial
biomechanical properties.

The scaffold’s global mechanics are affected by microstructural properties of the matrix®% 27*:
280 ‘While it is critical to understand how micro-to-macroscale coupling replicates native tissue’s
biaxial mechanics, such knowledge is unavailable; and we firstly examined the regulation of MSC
behavior by the tissue-level mechanical properties. Thus, the scope of the present study was to
examine the role of the matrix global (macroscopic), not microscopic, mechanical properties on
the MSC response. Nevertheless, we examined the porosity and fiber diameter of the scaffolds
from the SEM images. Porosity did not vary between the groups, so the changes of stiffness and
anisotropy in the PEUU groups are not attributable to porosity. We did however observe significant
differences between the fiber diameters of the groups. When comparing different degrees of
anisotropies at a fixed stiffness, it was noted that the diameters were larger in the anisotropic

compared to isotropic groups. When comparing different stiffnesses at the same type (isotropy or
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anisotropy), the fiber diameters were smaller in stiffer scaffolds (Table 6.8). While larger fiber
diameters have been noted to correspond with larger stiffnesses in fibrous PEUU or PCL
scaffolds?’® 28! other factors such as polymer concentration, cross-link/fusion formation between
fibers, and fiber alignment also have significant impact on the overall scaffold mechanical
properties. Since the global mechanical behavior of the scaffold is the main goal of fabrication in
this study, we found the current electrospinning protocol best satisfied our needs to decouple the
changes of stiffness and anisotropy in the matrices. However, it is difficult to keep all other
physical properties constant and we observed a difference in fiber diameter. But we have not
observed any consistent ‘effect’ of fiber diameter on the MSC behavior from the in vitro data and
thus ignored the related discussion in the below content.
6.3.4.2. MSC pro-angiogenic function and count are affected by matrix stiffness
Matrix stiffness is an important regulator of angiogenic cytokine production!?!-123 243, 271.272
In this study, we originally examined the impact of RV-specific diastolic stiffness on the MSCs.
Both stiff scaffold groups (Fail&Iso, Fail&Ani) showed higher values of VEGF production per
cell than the soft scaffold groups (Norm&Iso, Normé&Ani) (Fig. 6.5C). We further found that the
Fail&Iso scaffold led to significantly higher (p<0.05) VEGF production per MSC compared to the
Normé&lso scaffold, indicating an enhanced angiogenic function of MSCs with increased matrix
stiffness. This finding was supported by significantly greater total tube length formed per MSC
(Fig. 6.7C). It was then logical to deduce that VEGF secreted from individual MSCs is a key player
in driving tube formation. But the multiplex assay showed that instead of VEGF-A or VEGF-D
protein, the EMMPRIN expression per MSC was the highest in the same (Fail&Iso) scaffold
group. It is known that EMMPRIN directly promotes angiogenesis through the paracrine

regulation of VEGF production in endothelial cells?®?. Therefore, the overall pro-angiogenic
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function of MSCs may be contributed from both factors and the interplay between VEGF-A and
EMMPRIN awaits further investigations.

However, despite the enhanced pro-angiogenic function per MSC, the overall angiogenesis
outcome was limited by the low cell counts in this scaffold group. Actually, this group had the
lowest cell numbers after 48 h of culture, which indicates minimal cell proliferation in this
mechanical environment compared to other scaffold groups. The ‘opposite’ potentials of cell
proliferation and pro-angiogenic function of MSCs remind us of the mechanical regulation on
MSC differentiation and proliferation. In order to promote the off-shelf regenerative therapy with
MSCs, it is important to establish the protocols to maintain cell population (i.e., proliferation) and
cell stemness (i.e., un-differentiation) at the same time. However, it has been shown from prior
studies that TCP (a stiff substrate with ~ 1 GPa stiffness) has improved cell proliferation over the
hydrogel matrix (a soft substrate with < 20 kPa stiffness)!”- 233, but the MSC stemness is impaired
in the TCP culture and better preserved in the hydrogel culture?*. Therefore, the challenge to
improve both aspects — MSC proliferation (or cell population) and its regenerative potential such
as pro-angiogenic function — needs to be further investigated prior to large scale clinical studies.

It 1s obvious that the overall pro-angiogenic potential of MSC-derived CM is a combined
outcome of the individual cell’s pro-angiogenic function and the total number of cells after the
mechanical ‘treatment’ of scaffolds. Therefore, the measurement of the total pro-angiogenic
outcome such as total VEGF production (Fig. 6.5A) or total tube length formation (Fig. 6.7B)
showed different trends than the individual MSC’s function. The Norm&Ani scaffold group, not
the Fail&Iso scaffold group, presented the highest values among all groups, although statistical
significance was not reached. Similarly, the multiplex assay also revealed that this group

(Normé&Ani) had significantly higher EMMPRIN expression and a strong trend of elevated IL-8
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expression than the TCP group (Figs. 6.6A&B), whereas other scaffold groups had comparable
expressions as the TCP group. The IL-8 production data is in agreement with Abdeen et al.'?!,
which showed that IL-8 was significantly higher on 10 kPa hydrogel substrates compared to the
glass substrate, and with Ogle et al.>’?, which showed higher IL-8 production on 30 kPa hydrogels
compared to TCP.

From our multiplex panel, we observed six significant factors (IL-8, EMMPRIN, follistatin,
leptin, VEGF-A, HGF). These data suggest that in an RV-like microenvironment, these cytokines
are more relevant angiogenesis promoters and should be closely examined when developing RV-
specific therapies.
6.3.4.3. MSC pro-angiogenic function and count are affected by matrix anisotropy

Matrix anisotropy is rarely investigated as a mechanical regulator of MSC angiogenic
cytokine production, except in a recent study by Su et al.>’’. But in cardiac tissues, the mechanical
anisotropy is an intrinsic property, and with disease progression, the degree of anisotropy is altered
(e.g., RV anisotropy increased in RV failure subjects). On the other hand, the common cell culture
systems (e.g., TCP, hydrogels) use isotropic substrates, and the impact of anisotropy or its coupling
with matrix stiffness on cell behavior is mostly ignored. Thus, it is critical to explore the effect of
substrate anisotropy on MSC behavior in the stiffness replicating healthy and diseased RVs to fully
reveal the in vivo responses after cell therapy.

In this study, the induction of anisotropy in RV-like mechanical scaffolds and the investigation
of its effect on MSC pro-angiogenic function are unique and highly innovative. The degree of
scaffold anisotropy was quantified by the anisotropic index, with the values ~1 to be isotropic and
>1 to be anisotropic. In all experimental data (VEGF production, tube formation, multiplex assay

for angiogenic factors), the addition of anisotropy consistently led to a trend of higher value
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compared to the isotropic scaffold when the stiffness was that of healthy RVs. We then speculate
that tissue anisotropy improves the MSC pro-angiogenic potential (no matter in overall function
or at individual cell levels). In other words, the substrate mechanics that best mimic the healthy
RV tissue (soft and anisotropic) seem to elicit improved pro-angiogenic function of MSCs than
the non-physiological counterpart (soft and isotropic). However, when the scaffold stiffness was
similar to failing RVs, the addition of tissue anisotropy showed different effects - it seemed to
suppress the total tube formation (Fig. 6.7C) or did not change the VEGF expression (Fig. 6.5C)
in individual cells. Because the increased stiffness and greater alignment represent a failing RV in
vivo, these results imply that the pathological environment may limit the MSC pro-angiogenic
potential to improve blood perfusion for the diseased RV. Lastly, these observations also suggest
that there may be some synergistic effect of matrix stiffness and anisotropy on individual MSC
behavior, which awaits further investigation.

To our knowledge, only one study has examined the effect of anisotropy on MSC pro-
angiogenic function. Su et al. compared different anisotropy patterns of electrospun scaffolds and
found that the highest pro-angiogenic factor secretion (e.g., VEGF, HGF, etc.) was on aligned and
mesh structures compared to that of random pattern and microplate patterns?’’. They also found
that tube length was significantly higher on the aligned and mesh pattern than the microplate and
random pattern. This suggests that anisotropy (versus isotropy) plays an important role in
promoting MSC VEGF production. Our results from Norm scaffold groups agree with their
finding, but the results from Fail scaffold groups do not. These data suggest that there is a
synergistic effect of matrix stiffness and anisotropy on MSC paracrine function, and the exact
molecular mechanisms (through the mechanosensing from integrins to actin fibers and the nucleus)

awaits further investigation. Overall, the matrix anisotropy—which is often overlooked in prior
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studies of MSC pro-angiogenic function—should be considered in future studies to optimize the
cell-based therapies.
6.3.4.4 Conclusions

In this study, we assessed how the MSC pro-angiogenic property is affected by RV-like
stiffness and tissue anisotropy conditions. We fabricated matrices that allowed us to decouple the
effects of stiffness (mimicking healthy and failing RVs) and anisotropy on MSC behavior. In
individual MSCs, we found significantly higher VEGF production and total tube length formation
when cultured on the scaffold with stiff and isotropic mechanics than those cultured on the soft
and isotropic group. But the cell number was compromised in this group. Moreover, in the soft
scaffold groups, the anisotropic group consistently had a trend of increased pro-angiogenic
function than the isotropic group, indicating a beneficial effect of anisotropy on MSC paracrine
function. However, this effect was absent in the stiff scaffold groups that mimic the diseased RV.
Taken together, these results originally reveal the evidence of mechanical regulation of the MSC
pro-angiogenic function in the context of RV-like mechanics and tissue anisotropy, which will

help to inspire the development of tissue-specific, MSC-based therapies for heart failure patients.
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7. Conclusions and Future Work

My research into the biomechanical mechanisms of right ventricle failure secondary to
pressure overload and stromal cell mechanobiology in the context of pro-angiogenic paracrine
effect fill critical knowledge gaps in the biomechanical mechanism of RV failure and will pave the
foundation leading to RV-specific treatment for RV failure treatments. With the completion of
Aims 1-4, these works establish the necessary groundwork in delineating the unique biomechanical
mechanisms of RV failure and will support biophysical strategies to improve MSC-based therapies
for RV failure. In summary, the ventricular free wall and septum biomechanics were investigated,
an in vivo ovine model of adult RV failure was established, and the MSC response to mechanical
cues of stiffness and anisotropy were studied on an established RV-like biomimetic platform.
Together, the completion of all four aims will make significant inroads in filling critical knowledge
gaps to more effectively manage and treat RV failure secondary to pressure overload.

Having observed biomechanical changes in the ventricular free walls and septum from ex vivo
biaxial mechanical testing, it would be of great interest to investigate the multi-scale changes such
as alterations in the myofiber and collagen fiber structure of the free walls and septum, as well as
those in the individual cardiomyocytes. Particularly, the microstructural changes of the RV free
wall and septum can help explain the macroscale tissue level biomechanics by understanding fiber-
level or cell-level adaptations to pressure overload. While the RV free wall has been a main focus,
more work needs to be done to elucidate the adaptations of the septum to pressure overload and
the specific contribution of septum to overall RV chamber function. The RV free wall and septum

have different biomechanical properties and different collagen content, and thus require specific
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investigation and subsequent treatment. The traditional view of the septum as a single entity also
needs to be further elucidated, as there are two reports that the septum shows different strain and
strain rates between two or three layers, suggesting that the septum is a layered structure that may
serve each ventricle differently. A future direction would be to tease out the structure-function
relationships of the septal layers. These can provide useful insights on RV therapeutic targets as
well as guide the development of RV failure therapies that alleviate wall stress and restore
ventricular function.

Another direction of future research would be a more in-depth study of the mechanobiology
of MSCs to understand the regulation of mechanical cues on the production of therapeutic trophic
factors. In contrast to the traditional route of regenerative therapy using MSC differentiation, the
emerging trend is to use its paracrine function to restore diseased tissues. The collective paracrine
function of MSCs (which yield therapeutic products) is dependent on their stemness and
proliferation. Prior research and our current study have shown a mechanical regulation of MSC
stemness and proliferation, which ultimately affect the paracrine function. However, the molecular
mechanisms underlying the mechanical regulation have not been fully understood. The yes-
associated protein (YAP), a key mechanotransduction protein, has been shown to regulate MSC
phenotype (i.e., maintenance of “stemness” or differentiation into specific lineages like osteogenic,
adipogenic, etc.) and proliferation. How MSC YAP regulation and the downstream events are
altered by the mechanical factors investigated in this study (i.e., anisotropy and RV-like stiffness)
is unknown. Future research could tease out the answers which will ultimately help to optimize
MSC therapy using their paracrine function in the context of RV mechanics.

With an improved understanding of MSC paracrine function, this knowledge can be harnessed

towards the implementation or refinement of cell-based or cell-free therapies for RV failure. For
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instance, the MSC conditioned medium or their secretome (e.g., extracellular vesicles) could be
used to repair failing heart. The growing research on the application of cell-free products can
promote healing by avoiding the limitations of cell therapies (i.e., simplifies the preparation and
execution of therapy and avoids risk of tumorigenicity when applied in vivo) and provide patient-
specific treatment plans. With the aforementioned novel biomimetic platform, we could explore
the strategies to improve the MSC yield of MSC cytokines (e.g., pro-angiogenic, anti-
inflammatory, anti-fibrotic, anti-oxidative, etc.) for RV failure therapy. Depending on the future
yields observed, these products could be applied in an in vivo model of RV failure to assess the
healing potential.

Taken together, there are many exciting and unexplored avenues to build off of this current
work. I am thrilled to have had the opportunity to push the boundaries of science and create
knowledge in my multidisciplinary research. I look forward to the future advances in improving
the understanding and treatment of right heart failure, as well as deepening the knowledge of
mesenchymal stromal cell mechanobiology and enhancing relevant cell-based heart failure

therapies.
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Appendix

Table A1. Overview of the roles of cardiac ECM in mechanobiology during cardiac remodeling”.

Effects on cardiac ECM

Passive roles (regulated

ECM mechanical properties

by surrounding cells)

ECM composition (different ECM proteins and their subtypes, cross-
linking formation)

ECM synthesis and degradation

Functions of cardiac ECM

Active roles

Contribute to mechanical properties of cardiac tissues

Contribute to passive tension and mechanical function

Provide scaffold and mechanical environment to surrounding cells

Alter cell function with chemical or mechanical cues

Assist mechanotransduction via cell-ECM binding sites (e.g., integrins,
focal adhesions, receptors)

Table A2. Hemodynamic and mechanical differences between the LV and RV>.

pressure overload

Properties LV RV

Mass (g/m?) 87+12 26+5

Wall thickness (mm) 7-11 2-5

Ventricular pressure (mmHg) 0-140 0-40

Ventricular elastance (mmHg/mL) 548 +1.23 1.30 £ 0.84
Vascular resistance (dyne/s/cm°) 1238 + 407 97 £ 55

Passive stiffness in normal strain (N/mm) | 5.2 (in porcine LV) 1.2 (in porcine RV)
Myocardial compliance (mmHg™") 0.006 £ 0.002 0.313 £ 0.084
Coronary blood flow (ml/min/g) High (0.5-2.0) Low (0.5-1.0)
Pressure-flow autoregulation Presence Absence
Accommodation to imposed load Better in response to | Better in response to volume

overload

5Adapted by permission from Springer Nature Customer Service Centre GmbH: Springer. Cardiac Extracellular
Matrix. “Biomechanical Properties and Mechanobiology of Cardiac ECM”. Nguyen-Truong M and Wang Z, 2018.

https://doi.org/10.1007/978-3-319-97421-7_1.
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Pressure-Volume Data from In Vivo RV Failure Animal Model

In vivo pressure-volume data were obtained from invasive catheterization at baseline and after
20 weeks of RV failure to derive other hemodynamic and biomechanical parameters such as
contractility by end-systolic pressure volume relations (ESPVR or Ees), stroke work (SW),
dP/dtmax and preload adjusted maximal power (PAMP). Other parameters we wanted to include
arterial elastance (Ea), total pulmonary vascular resistance (tPVR), total energy (pressure-volume
area; PVA) and elastic potential energy (PE), diastolic stiffness (end-diastolic pressure-volume
relations/EDPVR), wall compliance (AV/AP), relaxation factor 1, dP/dtmin and ventricular
vascular coupling (VVC; by Ees/Ea or stroke volume (SV)/end-systolic volume (ESV)).

A conductance catheter (1.9 Fr Pressure-Volume Catheter; Millar) was introduced via an
introducer and 6F guide catheter to the RV. The catheter output was processed (MPVS Ultra,
Millar) and analyzed (LabChart). Representative sample data from one ovine at baseline are shown
in Figure Al and Table A3 and at week 20 of RVF are shown in Figure A2 and Table A4. Table
A3 has average data from n=3 ovine at baseline and week 20 of RVF. Figures A3 and A4 show
representative vena cava occlusion pressure-volume loops at baseline and week 20 of RVF.

Currently, there still remain issues with the volume measurement on some datasets. The
pressure measurement is realistic. The generation of some loops is reversed (clockwise instead of
counter-clockwise) leading to negative stroke work, which is unrealistic (Table A3; Table AS).
Some animals present stroke volumes that are unrealistic (SV~10 mL) despite following protocol

(Fig. AS).
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Figure A1l. Representative pressure-volume loop of ovine at baseline.

Table A3. Pressure-volume data of one ovine at baseline.

Baseline

Loop #

SW (mmHg*mL)

CO (mL/min)

SV (mL)

Vmax (mL)

Vmin (mL)

Ves (mL)

Ved (mL)

Pmax (mmHg)

Pmin (mmHg)

Pmean (mmHg)

Pdev (mmHg)

Pes (mmHg)

Ped (mmHg)

HR (bpm)

EF (%)

Ea (mmHg/mL)
PowMax (mmHg*mL/s)
dP/dt max (mmHg/s)
dP/dt min (mmHg/s)
dV/dt max (mL/s)
dV/dt min (mL/s)
P@dV/dt max (mmHg)
P@dP/dt max (mmHg)
V@dP/dt max (mL)
V@dP/dt min (mL)
Tau (ms)

ESPVR (mmHg/mL)
Piso (mmHg)

1
-1119
7472
71.61
161.2
89.56
97.4
105
27.76
4.933
15.18
22.83
26.41
6.689
104.3
72.96
0.3688
1.41E+05
721.2
-627.1
5369
-7453
5.027
17.88
98.15
153.3
58.11

2
-1130
6578
63.81
154.9
91.07
94.49
104.8
27.54
4.933
15.19
22.61
25.88
6.814
103.1
65.14
0.4056
1.20E+05
752.5
-627.1
6947
-6877
5.215
18.07
97.95
153.3
57.05

3
-1094
6711
64.53
155.3
90.73
97.31
103.9
27.54
4.87
15.15
22.67
26.29
6.846
104
64.01
0.4073
1.52E+05
721.2
-627.1
5766
-7869
26.38
16.06
100.8
152
59.81

4 5
-1146 -1095
7046 6667
70.23 61.89
161.1 156.7
90.88 94.8
94.86 95.17
103.9 100.4
27.48 27.41
4.964 5.027
14.89 15.38
22.51 22.39
25.91 26.03
6.908 7.347
100.3 107.7
71.42 61.4
0.3689  0.4206
1.76E+05 1.82E+05
721.2 721.2
-627.1 -595.7
7840 7393
-7512 -8127
4.996 5.184
18.38 17.19
98.34 100.8
153.3 152.3
67.15 27.2

199

Avg
-1117
6895
66.41
157.8
91.41
95.85
103.6
27.55
4.946
15.16
22.6
26.1
6.921
103.9
66.99
0.3943
1.54E+05
727.4
-620.8
6663
-7568
9.36
17.52
99.21
152.8
53.86

Std
22.5
368.1
4.3
31
2.0
1.4
1.9
0.1
0.1
0.2
0.2
0.2
0.3
2.7
5.0
0.0
25440.5
14.0
14.0
1058.1
473.5
9.5
0.9
1.5
0.6
15.4

160

Min
-1146
6578
61.89
154.9
89.56
94.49
100.4
27.41
4.87
14.89
22.39
25.88
6.689
100.3
61.4
0.3688
1.20E+05
721.2
-627.1
5369
-8127
4.996
16.06
97.95
152
27.2

Max
-1094
7472
71.61
161.2
94.8
97.4
105
27.76
5.027
15.38
22.83
26.41
7.347
107.7
72.96
0.4206
1.82E+05
752.5
-595.7
7840
-6877
26.38
18.38
100.8
153.3
67.15
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Figure A2. Representative pressure-volume loop of ovine at week 20 of RVF.

Table A4. Pressure-volume data of one ovine at week 20 of RVF.

Terminal - 20 weeks RVF

Loop #

SW (mmHg*mL)

€O (mL/min)

SV (mL)

Vmax (mL)

Vmin (mL)

Ves (mL)

Ved (mL)

Pmax (mmHg)

Pmin (mmHg)
Pmean (mmHg)
Pdev (mmHg)

Pes (mmHg)

Ped (mmHg)

HR (bpm)

EF (%

Ea (mmHg/mL)
PowMax (mmHg*mL/s)
dP/dt max (mmHg/s)
dP/dt min (mmHg/s)
dV/dt max (mL/s)
dV/dt min (mL/s)
P@dV/dt max (mmHg)
P@dP/dt max (mmHg)
V@dP/dt max (mL)
V@dP/dt min (mL)
PVA (mmHg*mL)

PE (mmHg*mL)

CE

Tau (ms)

ESPVR (mmHg/mL)
Piso (mmHg)

2
1191
4213

41.36
182.4
1411
141.9
170.9

4
1090
4307

41.35
182.5
1412
142.4
175.8
53.61
5.329
25.76
48.29
53.61
6.582
104.2
23.78
1.297
2.90E+04
876.8
-845.5
1146
-1011
7.49
19.98
173.9
141.2
893.4
-196.4

52.12

9 10
1106 1239
4294 4262
40.72 41.98
182.4 182.6
1417 140.7
1423 141
176.4 170.3
54.65 55.96
5.674 5.924
26.49 27.41
48.97 50.04
54.62 55.81
5.705 9.118
105.4 101.5
23.44 24.01
1.341 1.329

2.79E+04 2.35E+04
908.1 845.5
-876.8 -1002
1030 982.2
-1165 -1454
20.58 9.525
19.8 24.77
173.7 174.9
142.1 140.8
936 1051
-170.4 -188
1.182 1.179
54.28 52.7

200

12
1225
4286

42.07
183.1
141
142.2
171.8
56.15
5.83
27.42
50.32
56.12
821
101.9
24.26
1.334
2.89E+04
7515
-782.8
1117
-1050
7.49
21.93
173.4

13
1383
4296

42.68
183.4
140.8
141.8
173.7

1150
4259
40.32
182
1417
1423
175.6
55.87
5.768
27.15
50.1
55.81
5.768
105.6
23.25
1.384
2.23E+04
908.1
-845.5
1165
-1117
5.768
20.2
173.4
141.9
974.5
-175.3

54.36

Avg
1227
4252
416
182.6
141
1418
172.8
55
4.314
26.39
50.69
54.93
8.087
102.2
23.89
1321
2.72E+04
834.3
-843.2
1107
-1114
10.86
22.85
174.1
1413
1007
-219.7

190
Std Min

83.8 1090
56.3 4149
0.6 40.32
0.4 182
0.3 140.6
0.4 141
1.9 170.3
1.5 51.45
19 1.039
0.9 24.77
1.7 48.29
1.5 51.36
16 5.705
17 99.67
0.3 23.25
0.0 1.224
2475.4 2.23E+04
43.6 7515
59.5 -1002
92.5 953.3
128.4 -1454
6.8 4.045
2.0 19.8
0.8 172.8
0.4 140.8
55.4 893.4
48.5 -309.4
0.0 1.161
4.9 41.29

200
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Table AS. Pressure-volume data averages and standard deviations (STD) of three ovine at baseline and

week 20 of RVF.

Baseline Terminal — 20-week RVF

(n=3) (n=3)

Average STD Average STD
SW (mmHg*mL) -778.0 388.4 935.5 650.6
CO (mL/min) 6406.0 625.0 2931.3 2187.0
SV (mL) 54.0 14.5 28.3 20.6
Vmax (mL) 97.6 66.4 66.6 60.3
Vmin (mL) 43.6 62.6 21.8 254
Ves (mL) 58.4 514 254 30.6
Ved (mL) 52.1 69.4 56.4 62.6
Pmax (mmHg) 26.3 2.9 50.9 16.3
Pmin (mmHg) 6.0 0.9 3.7 2.9
Pmean (mmHg) 14.2 1.3 26.3 9.6
Pdev (mmHg) 20.4 3.3 47.2 13.4
Pes (mmHg) 22.1 43 49.8 15.5
Ped (mmHg) 7.4 0.9 9.0 6.4
HR (bpm) 124.7 26.4 103.5 54
EF (%) -38.2 164.4 54.1 13.4
Ea (mmHg/mL) 04 0.1 -286.4 498.1
PowMax 78510.0 68252.1 27450.0 17829.5
(mmHg*mL/s)
dP/dt max (mmHg/s) | 804.8 121.7 999.6 398.8
dP/dt min (mmHg/s) | -639.4 346.0 -710.7 190.3
dV/dt max (mL/s) 3476.0 2875.3 1194.2 810.8
dV/dt min (mL/s) -3762.0 3426.9 -1097.0 709.8
P@dV/dt max 154 6.2 13.9 9.6
(mmHg)
P@dP/dt max 17.6 1.4 25.5 8.2
(mmHg)
V@dP/dt max (mL) |54.3 68.5 54.8 46.8
V@dP/dt min (mL) 93.6 64.7 25.9 29.9
PVA (mmHg*mL) 4159.5 2163.0
PE (mmHg*mL) 2849.0 2093.0
CE 0.4 0.2
Tau (ms) 45.0 21.9 44.7 6.2
VVC (SV/ESV) 0.60 0.13 3.31 3.19
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Figure A3. Representative pressure-volume loop during vena-cava occlusion of ovine at baseline.

Pressure = 36.359 mmHg, Volume = 20.245m
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Figure A4. Representative pressure-volume loop during vena-cava occlusion of ovine at week 20 of RVF.
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Figure AS. Pressure-volume loop during vena-cava occlusion of ovine at week 20 of RVF with
unrealistic stroke volume.
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