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The Influence of Matrix Bound Nanovesicles on Inflammation-Driven Prosthetic Heart
Valve Failure
Madeline Claire Cramer, PhD

University of Pittsburgh, 2022

Bioprosthetic tissue valves consisting of glutaraldehyde-fixed bovine pericardium (gluBP)
are the standard of care for aortic valve replacement. However, failure of bioprosthetic tissue
valves typically occurs after 10-15 years due to structural valve degeneration (SVD), a gradual
process of stenosis or regurgitation resulting from calcification, fibrotic tissue deposition, or cusp
tearing. The mechanisms are not fully understood, but macrophage-driven inflammation is thought
to contribute to the pathologic remodeling of SVD.

Extracellular matrix (ECM) bioscaffolds promote an anti-inflammatory macrophage
phenotype and facilitate a constructive remodeling outcome in multiple clinical applications.
Extracellular vesicles embedded within the ECM, termed matrix bound nanovesicles (MBV), and
their associated lipid, miRNA and protein cargo have recently been shown to recapitulate anti-
inflammatory effects in macrophages. Alteration of the MBV intraluminal cargo can have dramatic
implications on their bioactivity. More specifically, elimination of the cytokine interleukin-33 (IL-
33) within MBV negates their anti-inflammatory effects.

The present dissertation first expands our current understanding of MBV and then
evaluates the therapeutic potential of MBV in altering cellular processes associated with SVD of
bioprosthetic valves, including macrophage activation, fibrosis, and calcification, both in vitro and
in vivo. The contribution of IL-33 cargo to MBV-mediated effects are also examined. Results show

that MBV are a distinct subpopulation of extracellular vesicle with lipid, protein, and miRNA
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composition that changes with cell source and disease progression. The anti-inflammatory effects
induced by MBV in macrophages is dependent on the repertoire of genes regulated by IL-33 cargo
independently of its canonical receptor. MBV direct phenotypical changes in fibroblast activation
and mineralization primarily through indirect, macrophage-mediated effects. In a rodent
subcutaneous implant model, systemic administration of MBV containing IL-33 cargo shifted the
host inflammatory response to a gluBP implant toward an anti-inflammatory phenotype but did
not significantly impact the calcification response. These results signify the importance of the
MBYV cargo protein IL-33 in eliciting an anti-inflammatory phenotype in macrophages and
provides guidance for the designing of next generation biomaterials and tissue engineering

strategies.
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1.0 Biomaterial Approaches to Aortic Valve Replacement!

1.1 Clinical Significance of Aortic Valve Failure

Over 100 million people worldwide are affected by valvular heart disease [1] and an
estimated 6.4% of people 65 years or older have undiagnosed moderate to severe valvular heart
disease [2,3]. Aortic valve disease (AVD) accounts for almost 50% of all valvular conditions and
is caused by aortic valve stenosis, regurgitation, or a combination of both [4]. Aortic stenosis is
the most common AVD diagnosis and is primarily caused by congenital defects in children and
young adults or calcific aortic valve disease (CAVD) in the aging population. In an Italian study,
an estimated 0.5% of primary school students had a bicuspid aortic valve, a congenital defect that
is the most common cause of aortic stenosis in young adults [5]. The prevalence of aortic stenosis
is approximately 4.3% in patients over 70 years old and is expected to double by 2040 and triple
by 2060 [3,6].

There are currently no therapeutic modalities available to slow or prevent progression
valvular disease, therefore implantation of a prosthetic aortic valve remains the standard of care
for severe AVD. In developed countries, CAVD resulting in aortic stenosis is the main indication
for aortic valve replacement [1]. Surgical placement of a mechanical or bioprosthetic tissue valve
(BHV) was the standard for more than six decades, however since 2002 transcatheter valve

implantation (TAVI) has become more prominent [7]. In the United States, the number of TAVI

! Excerpts of this chapter have been adapted from the following publication:

M.C. Cramer, J. Chang, M. Cox, H. Li, A. Serrero, M. El-Kurdi, F.J. Schoen, S.F. Badylak, Tissue response,
macrophage phenotype, and intrinsic calcification induced by cardiovascular biomaterials: Can clinical regenerative
potential be predicted in a rat subcutaneous implant model?, J Biomed Mater Res Part A. (2021) 1-12.
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procedures exceeded the number of open surgical replacements (72,991 vs. 57,626) as of 2019 and
the predominance of TAV1is expected to increase as the FDA approved TA VI for low-risk patients

in 2019 [7,8].

1.2 Current Standard of Care for Aortic Valve Replacements

Currently available prosthetic heart valves are broadly characterized into mechanical or
bioprosthetic tissue valves (BHV) based on the composition of the leaflet. Mechanical valves are
composed of materials such as titanium or carbon and generally fall under one of three basic
designs: ball-in-cage, bileaflet, or single tilting disc [9]. Mechanical valves offer improved long-
term durability over BHV, however they carry a high risk of thromboembolic complications for
which patients require lifelong anticoagulation therapy. Improved hemocompatibility of BHV and
the ability to deliver them minimally invasively with TAVI technology has led to their more
frequent use, accounting for approximately 80% of all aortic valve replacements [7,10,11]. Most
BHYV are xenogeneic in origin, though autografts and homografts are occasionally used in clinical
practice [12].

Clinically used xenogeneic BHV typically consist of porcine aortic valve or bovine
pericardium that has been crosslinked with glutaraldehyde. Glutaraldehyde fixation serves to
enhance the durability of the graft by mitigating collagen denaturation and to alleviate
immunogenicity by masking xenogeneic antigens [11]. Commercially available BHV are further
processed with anti-calcification treatments such as oa-amino-oleic-acid (e.g. Medtronic’s
Mosaic™, Avalus™, and Freestyle™), ethanol (e.g. Abbott Trifecta™ GT), or surfactants (e.g.

Medtronic Hancock™ 1I) to extend the lifetime of the device [13—17]. Despite improved



technologies throughout the years, commercial BHV are still susceptible to multiple modes of
failure that limit their efficacy to 10 - 15 years [11,18]. These mechanisms of failure will be
discussed in more detail below.

A wide range of strategies are being explored at the pre-clinical level in an effort to improve
long-term outcomes associated with BHV. These methods include, but are certainly not limited to,
using alternative non-glutaraldehyde crosslinkers (e.g. epoxy compounds, genipin, tannic acid, and
carbodiimide) [19-23], decellularizing the source tissue [24,25], and genetically modifying donor
animals to eliminate xenoantigens (e.g. a-Gal and NeuGc) [12,26-28].

The creation of tissue engineered heart valves (TEHV) has been proposed as an alternative to
the use of mechanical and BHV [29,30]. The classical approach to creating TEHV involves in vitro
seeding of cells onto a degradable scaffold in a bioreactor [31-33]. While some early studies have
shown promise, poor long-term pre-clinical results, high manufacturing costs, and complex
regulatory hurdles have hindered clinical translation [34-36]. An emerging strategy that addresses
many of the limitations of both BHV and in vitro seeded TEHV is in sifu bioengineering or
Endogenous Tissue Restoration (ETR) in which an acellular restorative device is implanted into
the body, becomes gradually infiltrated by host cells, and remodels over time [34]. Various
materials have been investigated as a template for ETR including decellularized matrices from
donor valves [37—41], small intestinal submucosa [42,43] or in vitro engineered ECM [32,44-46],
and synthetic bioabsorbable polymers [36,44,47-50]. Though ETR-based scaffolds have not yet
reached the clinic for aortic valve replacement, an electrospun supramolecular polymer graft
produced by Xeltis (Eindhoven, The Netherlands) has shown promise in early pre-clinical
application as an aortic valve [51], and in pediatric clinical studies as an extracardiac conduit [52]

and as a pulmonary valved conduit for RVOT reconstruction [53].



1.3 Mechanisms of Failure of Bioprosthetic Heart Valves

Clinical failure of BHV can occur by various mechanisms that are commonly classified as
thrombosis, endocarditis, nonstructural dysfunction and structural dysfunction [54]. Thrombosis
and infective endocarditis generally occur in the acute phase and are affected by patient and
procedural factors [4,55]. Nonstructural dysfunction is considered as alterations that are not
intrinsic to the prosthetic valve itself such as pannus formation, suture entrapment and perivalvular
leak. Pannus is a form of valve degeneration in which host tissue grows onto the BHV and can
contribute to valve stenosis by limiting leaflet movement. Pannus formation is stimulated by the
minor thrombus and inflammation that results from surgical implantation of the valve. The pannus
tissue is composed of a heterogeneous cell population that includes endothelial cells,
myofibroblasts, and various immune cells, including macrophages [56,57]. The mechanisms of
pannus overgrowth are not well studied, but likely involve transforming growth factor-beta (TGF-
) signaling which induces myofibroblast activation and excessive extracellular matrix deposition
[12]. Teshima et al. showed abundant infiltration of macrophages expressing high levels of TGF-
B and TGF-B receptor 1, and alpha smooth muscle actin (aSMA) positive myofibroblasts
expressing TGF-f3 receptor 1 within the pannus of explanted BHV, potentially indicating a role of
intercellular cross-talk in the pathologic fibrosis [57].

Structural dysfunction, or structural valve degeneration (SVD), is classified as permanent
intrinsic changes of the BHV, such as calcification or cusp tearing, that cause hemodynamic or
clinical failure. Calcification is the primary contributor to SVD and is the most important
pathology limiting the long-term success of heart valve replacement with BHV [18,58].

Calcification of BHV is a complex and incompletely understood process that is thought to involve



both passive and cell-mediated processes that are regulated by three primary factors: (1) biological
factors (local environment of function and recipient's metabolic state); (2) biomaterial factors
(structure and chemistry of the substrate biomaterial); and (3) biomechanical factors (degree and
locations of stress and strain) [11,17,18,59]. Both intrinsic and extrinsic mineralization of a
biomaterial are generally enhanced at the sites of intense mechanical stress [58,60], however the
mechanism of stress-induced calcification is not fully understood. Pre-treatment with
glutaraldehyde is considered an important biomaterial factor for passive calcification of
bioprosthetic tissue [61,62]. Passive calcification results from calcium binding to negatively
charged phospholipids within the scaffold which can be accelerated by release of cellular debris
induced by cytotoxic free aldehyde groups [63,64].

The role of host cells in calcification of biomaterials is uncertain [65]. However, multiple
studies have associated increased macrophage infiltration to calcification of BHV [66] and native
aortic valves [67,68], clinically significant processes with likely distinctly different mechanisms.
Li et al. observed significantly more pro-inflammatory (M1-like) macrophages and higher
expression of tumor necrosis factor alpha (TNFa) in calcified native aortic valves compared to
noncalcified valves [67]. Pro-inflammatory cytokines produced by M1-like macrophages, such as
TNFa, promote calcification of valvular interstitial cells in vitro through increased nuclear factor
kappa B activation, bone morphogenetic protein 2 expression, and alkaline phosphatase (ALP)
activity [69,70]. Conversely, it is hypothesized that anti-inflammatory M2-like macrophages are
protective against calcification by synthesizing increased inorganic pyrophosphate, a direct

inhibitor of calcium phosphate deposition, and downregulating ALP expression [71].



Despite studies correlating macrophage phenotype to calcific responses, the contribution
of macrophages to clinical SVD remains controversial in the field. Proponents for the relevance of
inflammatory processes in SVD cite the presence of antibodies against xenogeneic valve
components and brisk mononuclear cell inflammation within some failed BHV [72—74]. On the
other hand, areas of valve calcification are frequently not associated with inflammation and
calcification still occurs with similar severity in the absence of interaction with immune cells
[75,76]. 1t is likely that inflammatory processes are a primary contributor to SVD in only a small
proportion of patients. Nevertheless, understanding the potential impact of the pro-inflammatory

response to BHV is increasingly becoming an area of interest [77-80].



2.0 Extracellular Matrix Bioscaffolds and Their Influence on Cell Behavior?

Biologic materials composed of mammalian extracellular matrix (ECM) have been
effectively used for the repair and reconstruction of a variety of tissues, including skeletal muscle
[81-84], esophagus [85—88], tendon [89-93], lower urinary tract [94-98], and heart [99-104],
among others [105—108] in both preclinical animal studies and human clinical studies. These
studies have largely shown constructive, functional tissue remodeling with the partial restoration
of site appropriate tissue [109]. This deviation from the default tissue injury response of
inflammation and scar tissue formation is consistently associated with modulation of the host
innate and adaptive immune response [110—114] and the recruitment and differentiation of
endogenous stem cells [114-116]. However, not all studies in which ECM-based materials have
been used report this type of constructive healing response [117,118]. Alternative and less
favorable outcomes include serous fluid accumulation at the implant site, rapid degradation of the
material with associated mechanical failure in load bearing sites, or a lack of biomaterial
degradation and an associated foreign body response [117-122]. These alternative outcomes have
typically been associated with variations in manufacturing methods and/or source tissues. A partial
list of commercially available ECM bioscaffolds is provided in Table 1 to show the variability of
source materials and approved clinical indications. The present chapter provides an overview of
the immune response to appropriately prepared ECM bioscaffolds and the effects of production

methods upon the quality of the cellular response.

2 Portions of this chapter have been adapted from the following publication:
M.C. Cramer, S.F. Badylak, Extracellular matrix-based biomaterials and their influence upon cell behavior, Ann.
Biomed. Eng. 48 (2020) 2132-2153.



Table 1. Commercially available ECM bioscaffolds.

Source tissue, application focus and post-decellularization processing steps of common commercially available

ECM bioscaffolds.
Applicati Crosslinki Terminal
Product Manufacturer Source Tissue pplication — corm rossiinking e"f‘f"a.
Focus Agent Sterilization
lloD ft ti
QT(I\)/I erm BioHorizons Human dermis erft?zi;e’ Dry - —
AlloMax BD Bard Human dermis  Soft tissue Dry --- Gamma
AlloPatch HD  ConMed Human dermis  Tendon Dry --- ---
Bovi
Avalus Medtronic ov.lne . Valve Hydrated Glu Liquid Chemical
pericardium replacement
Biodesign . Porcine small .
Hernia Graft 0K BN jnggtine - Softtsue v = EHO
CardioCel Admedus BO\{lne . C.ardlac Dry Glu Propylene Oxide
pericardium tissue
DermaSpan Zl_mmer Human dermis Soft tissue, Dry --- Gamma
Biomet tendon
FI?XHD Mentor Human dermis  Breast Hydrated  --- -
Pliable
Fortiva RTI Surgical Porcine dermis  Soft tissue  Hydrated  --- Gamma
Porcine heart Valve
Freestyle Medtronic Hydrated Glu Liquid Chemical
valve replacement
Gentrix Porcine
Surgical Acell urinary Soft tissue 6 Layer E-beam
Matrix bladder
Wright . .
Graftlacket r|g. Human dermis  Soft tissue Dry - -
Medical
Grafton DBM  Medtronic Human bone Bone Powder - -
Azi . Soft ti 3
InteguPly _Z|yo . Human dermis orttissue Dry --- Gamma
Biologicals ~~ woundcare
Meso Porcine .
BioMatrix DSM mesothelium Soft tissue Dry - EtO
Porcine
MicroMatrix  Acell urinary Wound care  Powder --- E-beam
bladder
Miroderm Rfeprlse‘ Porcine liver Soft tissue Hydrated  --- E-beam
Biomedical
. . Porci Il
Oasis Ultra Cook Biotech . orcm.e sma Wound care 3 Layer -—- EtO
intestine ‘
Perl-guard Baxter Bov.lne . Soft tissue Hydrated Glu Liquid Chemical
Repair Patch pericardium
Permacol Medtronic Porcine dermis  Soft tissue Hydrated  HMDI Gamma
ProlLayer Stryker Human dermis  Soft tissue Hydrated - E-beam
Strattice LifeCell Corp.  Porcine dermis  Soft tissue Hydrated --- E-beam
. Bovi Val - .
Trifecta Abbott ov'lne . alve Hydrated Glu Liquid Chemical
pericardium replacement
. Bovi )
TutoPatch RTI Surgical ov_me . Soft tissue Dry - Gamma
pericardium
Tutf)plas.t Coloplast HurTlan . Soft tissue Dry - Gamma
Pericardium pericardium
Porcine Cardiac
VentriGel* Ventrix I. . I Hydrogel - -
ventricle tissue
XenMatrix BD Bard Porcine dermis  Soft tissue Hydrated  --- E-beam




2.1 Immune Response to Implantation of ECM Scaffolds

As described in detail below, there are many factors that contribute to the overall quality
of an ECM bioscaffold and each of these can affect the host response to the material. The
seemingly endless variables involved in producing an ECM scaffold and the wide range of clinical
applications make the definition of an “ideal” ECM bioscaffold impossible. However, when close
attention is given to the variables known to affect the host response the chance for a favorable
outcome can be maximized.

The term “constructive remodeling” has been used to describe the in vivo events that occur
following implantation of a thoroughly decellularized, sterile ECM bioscaffold
[81,82,84,85,109,112]. Constructive remodeling is characterized by degradation and gradual
replacement of the bioscaffold with site appropriate functional tissue. This type of in vivo response
is in stark contrast to the default response to an implanted biomaterial that is associated with a pro-
inflammatory environment and the deposition of dense scar tissue.

As stated above, the remodeling outcomes following ECM bioscaffold implantation have
not always been constructive [117-122]. A mild or intense inflammatory response and/or a serous
fluid accumulation have occurred with associated scar tissue formation as occurs with the default
wound healing response. Such results are commonly associated with ECM-based products that
have significant cell remnants, residual chemicals from disinfection and decellularization
processes, or the use of chemical crosslinking methods that alter structural and functional protein
constituents and that inhibit or delay degradation of the scaffold [111,112,123-125].

Though the specific mechanisms by which ECM bioscaffolds promote positive
constructive tissue remodeling are not fully understood, the following processes are consistently

associated with such outcomes: 1) degradation of the ECM bioscaffold to release bioactive
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signaling molecules [126—128], 2) modulation of the host immune response toward a pro-
remodeling and regulatory type 2 phenotype [110-114], and 3) recruitment and differentiation of
endogenous stem/progenitor cells [115,116,129]. The potential favorable response of immune
cells to ECM bioscaffolds is described in detail below.

Implantation of any material, including ECM scaffolds, is associated with the immediate
adsorption of proteins to the surface. Competitive protein exchange results in a dynamic mixture
of adsorbed proteins (Vroman effect) [130]. At early time points the composition is dominated by
high concentration proteins that are eventually displaced by proteins with a higher affinity for the
implanted material. Protein adsorption is followed by activation of the innate immune response,
including dendritic cells, neutrophils and macrophages [131,132]. The adaptive immune system
consisting of lymphocytes (B and T cells) may also be indirectly stimulated depending on the type
of biomaterial [133,134]. Both macrophages and T helper cells can assume diverse phenotypes
that are characterized by their gene and protein expression profiles, and associated functions. In
simplified terms, a pro-inflammatory (Type I) phenotype of macrophages and T helper cells is
associated with expression of cytotoxic signaling molecules, and a pro-healing and regulatory
(Type 2) phenotype is associated with anti-inflammatory and regulatory signaling molecules [135—
140]. ECM-based biomaterials that are devoid of cellular material, retain the ultrastructure and
bioactive components of the native ECM, and that can be readily degraded by infiltrating host cells
have been repeatedly shown to stimulate a strong pro-healing phenotype of both the adaptive and
innate immune systems [110-114].

A seminal study by Allman et al. in 2001 showed that there is a robust host immune
response to implanted ECM bioscaffolds with activation of T helper cells to a “Th2” phenotype.

Implantation of porcine-derived ECM in a murine host elicited production of anti-inflammatory
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cytokines, including interleukin (IL)-4 and IL-10, and noncomplement fixing IgG1 antibody
isotype. Both of these responses were consistent with recognition of the presence of the
biomaterial, acceptance of the decellularized xenogeneic scaffold, and lack of an adverse immune
response. The constructive remodeling response to the scaffold was reported as T cell independent
in this model although macrophage participation and macrophage phenotype were not examined
[141]. Importantly, the strong Th2 response induced by ECM scaffolds was maintained following
a secondary exposure to the scaffold [141] and therefore was not associated with an adverse
sensitization phenomenon. The same group subsequently showed that ECM bioscaffold
implantation did not cause generalized immune suppression, did not impair the antibody-mediated
immune response to viral or bacterial infection, and did not impair the cell-mediated immune
response to contact or xenogeneic skin graft rejection [110].

In 2009 Valentin et al. showed that ECM bioscaffolds induce a favorable host innate
immune response, specifically the macrophage phenotype component of the innate response. This
macrophage response was not only sufficient, but was required, for constructive remodeling of the
scaffold [128]. Further, the early macrophage phenotypic profile induced by degradation of an
ECM bioscaffold in vivo was predictive of downstream remodeling responses [111]. That is,
increased infiltration of M2-like CD206" macrophages and higher ratios of M2:M1 macrophages
within the implantation site at 14 days were associated with more positive remodeling outcomes
[111]. Macrophages exposed to the degradation products of ECM bioscaffolds can directly activate
macrophages towards an anti-inflammatory “M2-like” (iNOS7/Fizz1") phenotype [142,143]. The
ECM-induced macrophage phenotype has been extensively characterized and is broadly associated
with upregulation of anti-inflammatory genes and proteins [129,144,145], downregulation or

suppression of pro-inflammatory genes and proteins [146,147], high antigen presenting
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capabilities [148] and presence of damage associated molecular patterns (DAMPs) [149].
Increased presence of DAMPs is hypothesized to contribute to a constructive wound healing
response by amplifying endogenous wound-associated signaling pathways [149].

The macrophage phenotype induced by ECM bioscaffolds is complex and varies depending
on the source and/or processing of the ECM [143,147,148]. The phenotype in response to ECM
scaffolds is distinct from that induced by IFNy + LPS (classically activated), IL-4 (alternatively
activated), cellular xenogeneic scaffolds and synthetic scaffolds [147,149]. Importantly, the
phenotype elicited by ECM-based bioscaffolds is different from that of tumor associated
macrophages, another subset of M2 macrophages [150]. The activation of M2-like macrophages
by ECM bioscaffolds is dependent on the presence of Th2 cells [145,150]. Although the exact
mechanisms by which the ECM promotes a type 2-like immune response is only partially
understood, it is known that degradation of the ECM and subsequent release of cryptic peptides,
growth factors, matrix bound nanovesicles (MBV), and other bioactive molecules is required.
MBYV alone can recapitulate the immunomodulatory properties of the parent ECM [151,152].

Recent studies have characterized the ECM-induced immune cells infiltrating the
bioscaffold and in the adjacent native tissue with a multicolor flow cytometry panel and have
shown robust populations of macrophages, dendritic cells, T cells and B cells [145,148,149]. The
overall profile of infiltrating immune cells was significantly different between ECM bioscaffolds
prepared from different source tissues (bone, cardiac, liver, spleen and lung), but the general
pattern was similar [148]. ECM bioscaffolds in general elicited a higher proportion of T helper
cells than cytotoxic T cells [145,148,153]. Regulatory T cells (Tregs) were also recruited to the
site of and were associated with increased levels of anti-inflammatory IL-10 cytokine secretion

compared to autograft or saline [144,145,148,154].
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Wang et al. used a humanized mouse model to characterize the temporal human immune
response to xenogeneic and allogeneic decellularized myocardial ECM hydrogels. Although both
decellularized scaffolds elicited a Th2 and M2-like macrophage phenotype, the quantity of cells
and Th2 phenotype were more robust in response to the xenogeneic scaffold compared to the
allogeneic scaffold. However, it is unknown if the amplified type 2 response was due to the
xenogenecity of the bioscaffold or to differences in the source tissue, including older source age,
greater collagen crosslinking and a more vigorous decellularization protocol associated with the

allogeneic ECM [153].

2.2 Factors that Affect the Immune Response to ECM-Based Biomaterials

The efficiency of the decellularization protocol for ECM-based scaffolds arguably has the
most significant impact on the immune response to the material. Implantation of inadequately
decellularized materials that retain residual xenogeneic cellular components, including DNA,
mitochondria and cell membrane remnants, is associated with a potent pro-inflammatory reaction
and unfavorable downstream remodeling outcome [123,124]. The adverse response to cellular
debris is dose dependent [123] and although the exact threshold determining adequate removal is
not defined suggested criteria have been established as 1) less than 50ng dsDNA per mg of dry
weight ECM, 2) DNA fragment length less than 200bp and 3) absence of positive DAPI or
hematoxylin staining upon histologic evaluation [155]. The decellularization protocol must also
remove xenogeneic antigens to avoid an adverse immune response. Dalgliesh et al. recently
established that removal of at least 92% of lipophilic antigens is required to obviate an unfavorable

graft-specific humoral immune response [156].
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The composition of the ECM varies with factors of the source tissue, including the species,
anatomical location, and age of the donor, which can in turn alter the host immune and remodeling
response. Confounding variables such as different processing protocols required for each species
or source tissue anatomical location render systematic comparison of the immune response nearly
impossible. In general the immune response to ECM-based scaffolds from different species is
similar [111,112], likely due to high cross-species conservation of major ECM components
including collagens, laminin, fibronectin and glycosaminoglycans. The source tissue anatomic
location has been shown to influence the activation state of macrophages in vitro [143,147,157],
as well as the overall population of infiltrating immune cells in vivo [148]. Additionally, ECM
derived from young animals is associated with a more favorable anti-inflammatory macrophage
phenotype both in vitro [158] and in vivo [159] as compared to equivalent ECM prepared from an
older source.

Chemical crosslinking is commonly used as a method to increase the mechanical strength
and slow down the degradation of ECM-based materials. There are certain applications in which
crosslinking is warranted, however this processing step is generally associated with more
detrimental effects than positive. The broad cytotoxicity and pro-inflammatory nature of
glutaraldehyde, the most commonly used chemical crosslinking agent, is well established [160].
Alternative crosslinkers have been investigated primarily as an attempt to minimize cytotoxic
effects, however even ECM bioscaffolds that are crosslinked with “superior” mechanisms are still
associated with a pro-inflammatory immune response [161]. Inhibition of the degradation process
and therefore alteration of the release profile of bioactive byproducts such as growth factors,
matricryptic peptides and MBYV is thought to be the primary contributor to the unfavorable host

response to crosslinked naturally occurring materials.
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2.3 Matrix Bound Nanovesicles Recapitulate Anti-Inflammatory Effects

The identification of lipid bound extracellular vesicles embedded within the ECM, termed
matrix-bound nanovesicles (MBV) in 2016 provided new mechanistic insight into the bioactive
and immunomodulatory properties of ECM-based materials [152]. MBV have been shown to
largely recapitulate the effects of the whole ECM on macrophage phenotype in vitro. Specifically,
exposure of murine bone marrow-derived macrophages to isolated MBV alone induced expression
of genes and proteins associated with an anti-inflammatory M2-like phenotype [151]. MBYV also
downregulate pro-inflammatory cytokine expression in microglia, the resident macrophage of the
brain and spinal cord [162]. Though the exact mechanisms of MBV-mediated immunomodulation
have not yet been elucidated, multiple studies have revealed the potential contribution of their
potent miRNA, lipid and protein cargo [151,163]. Due to the close association of MBV with fibers
of the ECM, it is presumed that these vesicles are released during matrix turnover and remodeling
events and therefore their bioactivity would be inhibited by processing factors that prevent matrix

degradation such as chemical crosslinking.
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3.0 Significance

The host immune response to a biomaterial, and specifically the phenotype of responding
macrophages, is already well-recognized as a determinant of downstream outcome in other
anatomic locations [111]. More specifically, M1-like macrophages produce pro-inflammatory
mediators, secrete nitric oxide, and are associated with chronic inflammation and a poor
downstream outcome. On the other hand, anti-inflammatory M2-like macrophages act to promote
tissue repair and are associated with generally more favorable outcomes. In the context of
prosthetic heart valves, two recent studies showed that the M1-like macrophage response to
glutaraldehyde fixed bioprosthetic valves (BHV) was accompanied with robust calcification
[77,80]. Alternatively, stimulation of an anti-inflammatory M2-like phenotype by incorporation of
a functionalized coating on the bioprosthetic was associated with resistance to calcification
[77,80].

To date, there is no clinically approved therapeutic to prevent SVD of BHV. Some in vivo
[73] and clinical data [164] has indicated improved outcomes with immunosuppressive treatment,
but adverse effects associated with immunosuppression have prevented further investigation. A
systemically delivered immunomodulatory therapeutic that could be used to shift the immune
response to currently available bioprosthetic valves represents a novel strategy to prevent
bioprosthetic valve failure.

Emerging evidence suggests that MBV are liberated during degradation of the ECM
scaffold at which point they can exert bioactive effects on adjacent cells. Importantly, MBV have
been shown to contain potent effector molecules that can directly activate macrophages towards a
pro-remodeling M2-like phenotype [151,152]. It is plausible that this immunomodulatory property

16



of MBV could resolve the pro-inflammatory response associated with degradation of BHV to
extend their functional lifetime. The present work attempts to better characterize MBV and
determine their efficacy as a prophylactic for SVD.

Early published work describing MBV has established their bioactive and
immunomodulatory properties in vitro [151,163] and following local delivery in vivo [162,165].
The present research is innovative in that it expands our understanding of MBV in two major ways:
first, by completing an in depth characterization of the MBV to establish them as a novel
subpopulation of extracellular vesicle, and second, by broadening the clinical application of MBV
as a systemically delivered bioactive modality.

The ultimate goal of the present study is to develop a therapeutic to mitigate failure of
currently available bioprosthetic tissue valves. Current strategies to improve outcomes associated
with prosthetic heart valve implantation generally include novel anti-calcification treatments
[166], alternative functionalization [80], or entirely new material components [34]. However, these
methods are all incompatible with current commercially available BHV and would therefore face
significant regulatory hurdles and likely slow widespread adoption in the field. A pharmacologic
approach designed to modulate cellular processes, and in particular the immune response,

associated with failure of contemporary valve substitutes is therefore an innovative tactic.
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4.0 Central Hypothesis and Specific Aims

4.1 Central Hypothesis

The present study hypothesizes that MBV are a unique class of extracellular vesicles that
can modulate cellular processes via an interleukin-33 (IL-33) dependent mechanism to alleviate
fibrosis and calcification of a bioprosthetic valve material primarily via macrophage-mediated

effects.

4.2 Specific Aims

4.2.1 Specific Aim 1

Compare the structure and composition of MBV to other types of extracellular vesicles,

including fluid exosomes and calcifying matrix vesicles.

Hypothesis 1: Matrix bound nanovesicles represent a distinct subset of extracellular

vesicles with cargo that varies with tissue source and microenvironment.

Rationale: Other categories of extracellular vesicles such as exosomes found in bodily
fluids and calcifying matrix vesicles within mineralizing tissue have distinguishing features

including protein markers, function, and biogenesis [167]. However, defining characteristics of
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MBYV derived from soft tissue ECM have not yet been established. Since the ECM varies in
composition with each organ [168,169] as well as during disease [170,171], it is hypothesized that
the composition of ECM-derived MBV will also change with source cell and disease state

[151,152].

4.2.2 Specific Aim 2

Determine the direct and indirect (macrophage-mediated) effect of MBV upon macrophage
activation, fibrosis, and mineralization in vitro.
Sub Aim 2.1: Determine the contribution of IL-33 cargo to MBV mediated effects upon

macrophage phenotype and fibroblast behavior.

Hypothesis 2: Exposure to IL-33" MBYV, but not IL-33" MBV, will mitigate pro-
inflammatory activation of macrophages. IL-33" MBV will limit myofibroblast activation and
mineralization of fibroblasts, primarily via indirect effects of an anti-inflammatory macrophage

secretome induced by IL-33" MBV.

Rationale: ECM degradation products alleviate a pro-inflammatory phenotype of
macrophages in vitro [147], and MBYV largely recapitulate ECM effects on macrophages [151].
IL-33 cargo is required for MBV to induce an anti-inflammatory phenotype in naive macrophages
[163]. The secreted products of anti-inflammatory macrophages, such as those stimulated by IL-
33" MBV [151,163], are associated with decreased ECM production by fibroblasts [172] and are

protective against calcification [71,173].
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4.2.3 Specific Aim 3

Evaluate the ability of systemic MBV administration to modulate the host immune
response and calcification outcome to implanted glutaraldehyde-fixed bovine pericardium (gluBP)

in a preclinical rodent model.

Hypothesis 3: Intravenous (IV) administration of IL-33" MBV will modulate the host
response towards an anti-inflammatory state and thereby mitigate immune-driven calcification of

implanted gluBP.

Rationale: Preliminary data suggest that systemic [V administration of MBV can modulate
macrophage phenotype to alleviate inflammation in a model of arthritis and following implantation
of a surgical mesh. Though there has been little investigation of therapeutic prevention of immune-
driven SVD, steroids have shown potential for limiting SVD by suppressing the immune response
[73,164]. The effect of immunomodulation, rather than immunosuppression, has yet to be
evaluated in a pre-clinical setting. The present study examines the macrophage phenotype and
calcification response following implantation of prosthetic heart valve materials and IV

administration of MBYV in a rodent subcutaneous implant model.
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5.0 Matrix Bound Nanovesicles Represent a Distinct Subset of Extracellular Vesicle?

5.1 Introduction

The International Society of Extracellular Vesicles defines “extracellular vesicles” (EV)
as “particles naturally released from the cell that are delimited by a lipid bilayer and cannot
replicate” [174]. EV are produced by essentially all cell types and contain proteins, lipids, and
nucleic acids derived from the parent cell, and serve the primary function of cell-to-cell
communication [175,176]. It is plausible that EV exported into a provisional bone matrix vs. a
body fluid such as blood vs. a soft tissue extracellular matrix (ECM) would each have a distinctive
biogenesis, lipid membrane composition, and intraluminal cargo.

A variety of names have been used to distinguish subgroups of EV, including exosomes,
matrix vesicles, microvesicles, and apoptotic bodies, among others [167,177]. Despite numerous
studies that characterize the size, composition, biogenesis, and biologic functions of EV harvested
from a broad range of source tissues, there is no consensus regarding specific markers to
distinguish different subpopulations [174,176,178].

Some of the earliest descriptions of EV were published in 1967 when membrane bound,
nano-sized vesicles were identified within growth plate cartilage and bone by ultrastructural
imaging [179-181]. These structures, coined “matrix vesicles”, were subsequently shown to be

derived from mineral forming cells (e.g. osteoblasts) where they function as a nucleation site for

3 Portions of this chapter have been adapted from the following publication:

G.S. Hussey, C.P. Molina, M.C. Cramer, Y.Y. Tyurina, V.A. Tyurin, Y.C. Lee, S.O. El-Mossier, M.H. Murdock,
P.S. Timashev, V.E. Kagan, S.F. Badylak, Lipidomics and RNA sequencing reveal a novel subpopulation of
nanovesicle within extracellular matrix biomaterials, Sci. Adv. 6 (2020) 1-14.
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hydroxyapatite crystal formation [167,182]. As such, these calcifying matrix vesicles are enriched
for proteins such as annexins and tissue non-specific alkaline phosphatase (TNAP), and can often
contain amorphous calcium phosphate mineral [177].

The term “exosome” was first used to describe a subpopulation of EV isolated from normal
and neoplastic cells in vitro in 1981 [183]. Work by Johnstone investigating the biogenesis of these
EV showed that “exosome” specifically refers to EV of endosomal origin that are released by
fusion of multi-vesicular bodies with the cell membrane [184]. Subsequent studies have shown
that exosomes exist exclusively within the liquid-phase, including all body fluids and the
conditioned media of cells in vitro [176,185].

In 2016, a subpopulation of EV embedded within the extracellular matrix was identified
and termed matrix-bound nanovesicles (MBV) [152]. Unlike exosomes present in body fluids and
calcifying matrix vesicles present within mineralizing tissues, MBV are present within the ECM
of non-mineralizing soft tissues, such as the heart, urinary bladder, dermis, skeletal muscle, and
small intestinal submucosa [152,163]. The biologic effects (i.e., bioactivity) of MBV include anti-
inflammatory immunomodulation, stem cell differentiation, and collagen deposition, among others
[151,152,162,163]. The intraluminal cargo of MBV includes lipid, protein, miRNA and other
signaling molecules [151,152,163,186], but an in depth characterization of their defining
characteristics relative to EV present within bone matrix and within a fluid medium has not been
described.

The first objective of the present study was to compare these three distinct subpopulations
of EV, namely calcifying matrix vesicles (¢cMV), MBV and exosomes (Exo) by physical
characteristics, protein markers commonly associated with Exo and cMV subpopulations, lipid

composition, and miRNA cargo of each subpopulation. To more thoroughly characterize MBV as
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a unique subpopulation of EV, we also determined if MBV differ from fluid-phase exosomes from
a given cell type, if MBV vary with cell source, and if MBV cargo changes with the disease state

of the source tissue.

5.2 Materials and Methods

5.2.1 Overview of Experimental Design

A panel of parameters were used to characterize both the structure and composition of
MBYV and other extracellular vesicles including size, surface markers, protein and miRNA cargo,
and lipid membrane composition. Specific Aim 1 was designed to characterize MBV and
determine if they represent a distinct subset of extracellular vesicles by answering a series of
questions. The specific questions as well as the samples and planned endpoints to answer each are

summarized in Table 2.

5.2.1 Source of Vesicle Subtypes

Question 1- MBYV, exosomes, and cMV: MBV were isolated from C57BL/6 mouse
skeletal muscle. Quadriceps muscle was first decellularized with 0.02% trypsin and 0.05% EDTA
and disinfected with 0.01% peracetic acid prior to enzymatic digestion with Liberase TH in buffer

(50mM Tris pH 7.5, 5SmM CaCl,, 150mM NaCl) at 37°C overnight to release MBV from the ECM.
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cMV were isolated from 17IIA pre-odontoblast cells as previously described [187]. Briefly,
osteogenic differentiation of 171IA cells was induced with 10 mM Na—Pi buffer (pH 7.4) and 50
ug/ml ascorbic acid for 24 hr. The matrix deposited by 1711A cells was enzymatically digested
with 1mg/ml collagenase IA in buffer for 2 hr at 37°C to release the cMV.

Exo were isolated from C57BL/6 mouse plasma obtained from Innovative Research (Novi,
MI). The plasma was first centrifuged at 3,000xg for 15min to remove cells and cellular debris and
exosomes were isolated using the ExoQuick™ Exosome Precipitation Solution (System

Biosciences) according to the manufacturer’s instructions.

Table 2. Summary of experimental design for Specific Aim 1.

Vesicle size, TEM, surface
protein markers, cytokine
cargo, miRNA sequencing,
lipidomic analysis

Are MBYV distinct from 1. Mouse muscle MBV
exosomes and calcifying 2. Mouse plasma exosomes
matrix vesicles? 3. Mouse 171IIA cell-produced cMV

Do MBYV differ from Vesicle size, surface protein

L. IS gellaigiyed MIER markers, miRNA sequencing,

HITHE Ve s @it e 2. 3T3 cell-derived fluid vesicles

cell type? lipidomic analysis
MBYV derived from:
Do MBYV vary with cell 1. Bone marrow-derived stem cells Vesicle size, miRNA
source? 2. Adipose-derived stem cells sequencing

3. Umbilical cord stem cells

MBYV derived from:
1. Human non-failing heart tissue
2. Human failing heart tissue

Do MBYV change with
disease?

Vesicle size, cytokine cargo,
RNA sequencing
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Question 2- MBYV and fluid vesicles from a single cell type: Murine NIH 3T3 fibroblast
cells were seeded onto a 75-cm? cell culture flask at a cell density of 3500 cells/cm? and cultured
in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with exosome-depleted FBS
[188], 1% penicillin-streptomycin, and ascorbic acid 2-phosphate (Sigma-Aldrich) at a final
concentration of 50 uM for 7 days to allow deposition of ECM onto the tissue culture plate. At day
7, the supernatant from cultured 3T3 fibroblast cells was collected, and the culture plates were
washed three times with phosphate-buffered saline (PBS), decellularized using 0.5% Triton in 20
mM ammonium hydroxide for 5 min, and then rinsed three times with ultra- pure H2O. The
decellularized ECM was enzymatically digested with Liberase DL for 1 hour at 37°C.

Question 3- MBYV produced by distinct cell sources: Human bone marrow-derived stem
cells (BMSC), human adipose-derived stem cells (ASC), and human umbilical cord stem cells
(UCSC) ECM plates were provided by StemBioSys (San Antonio, TX) and prepared according to
a published protocol [189]. Briefly, human BMSC, human ASC, or human UCSC were seeded
onto a 75-cm? cell culture flask coated with human fibronectin (1 hour at 37°C) at a cell density
of 3500 cells/cm? and cultured in o-minimum essential medium (a-MEM) supplemented with 20%
fetal bovine serum (FBS) and 1% penicillin- streptomycin for 14 days. The medium was refreshed
the day after initial seeding and then every 3 days. At day 7, ascorbic acid 2-phosphate (Sigma-
Aldrich) was added to the medium at a final concentration of 50 uM. At day 14, plates were
decellularized using 0.5% Triton in 20 mM ammonium hydroxide for 5 min and rinsed two times
with Hanks’ balanced salt solution containing both calcium and magnesium (HBSS +/+) and once

with ultrapure H>O.
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Question 4- MBYV from healthy and diseased tissue ECM: Through the Human Cardiac
Tissue Bank bio-specimen study (IRB# 0404033), de-identified human left ventricle tissue
specimens from 1) non-ischemic failing hearts (failing, N = 6) and 2) non-failing, non-ischemic
hearts (healthy, N = 6) were obtained. The patient characteristics are included in Table 3. Tissue
samples were washed in sterile PBS and then enzymatically digested with Liberase TH at 37°C

overnight.

Table 3. Patient characteristics of human left ventricle tissue samples.

Group | Age  Sex | Group Age Sex
Healthy = 43 M Failing 66 M
Healthy = 13 M Failing 67 M
Healthy = 33 M Failing 56 M
Healthy = 28 M Failing 50 M
Healthy = 37 M Failing 54 M
Healthy = 59 M Failing 55 M

5.2.2 Isolation of Vesicles

After appropriate preparation as described above, samples were subjected to centrifugation
at 500xg for 10min, 2,500xg for 20min, and 10,000xg for 30 min to remove cellular and matrix
debris, and the supernatant passed through a 0.22 um filter. The clarified supernatant was then
centrifuged at 100,000xg (Beckman Coulter Optima L-90K Ultracentrifuge) at 4°C for 70 min to
pellet the vesicles. All vesicles were resuspended in 1X PBS, aliquoted, and stored at -20°C until

use.
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5.2.3 Transmission Electron Microscopy

Transmission electron microscopy (TEM) imaging was conducted on vesicles loaded on
carbon-coated grids and fixed in 4% paraformaldehyde as previously described [152]. Grids were

imaged at 80 kV with a JEOL 1210 TEM with a high-resolution Advanced Microscopy Techniques

digital camera.

5.2.4 Nanoparticle Tracking Analysis

Vesicle size and concentration were measured using a NanoSight (NS300) instrument
equipped with fast video capture and particle-tracking software. Samples were diluted with
particle-free water and dispensed at a constant flow rate using a syringe pump. Measurements were
performed from three captures of 45 s each sample. Data are presented as concentration versus

particle size for each of the evaluated samples.

5.2.5 RNA Isolation and miRNA-Sequencing

Total RNA was isolated from vesicle samples using the miRNeasy Mini Kit (Qiagen)
according to the manufacturer’s instructions. Before RNA isolation, samples were treated with
ribonuclease A (10 ug/ml) at 37°C for 30 min to degrade any contaminating RNA. The
concentration of RNA was determined by NanoDrop spectrophotometer, and its quality was
determined by Agilent Bioanalyzer 2100 (Agilent Technologies). The miRNA library preparation
was initiated following the manufacturer’s instructions. Briefly, mature miRNAs were ligated to

adapters on their 3’ and 5’ ends. The ligated miRNAs were then reverse-transcribed to
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complementary DNA (cDNA) using a RT primer with unique molecular indices. The cDNA was
then cleaned up to remove adapter primers, followed by amplification of the library with a
universal forward primer and one of 48 reverse primers that assign a sample index. Next-
generation sequencing of vesicle miRNA cargo was performed and bioinformatic analysis was

used to determine the differentially expressed miRNA between groups.

5.2.6 Characterization of Vesicle Proteins

The expression of protein markers commonly associated with exosomes was evaluated
using the Exo-Check™ Exosome Antibody Array (System Biosciences) with 50ug of protein as
measured by Micro BCA™ protein assay kit (Thermo Fisher Scientific). The cytokine content was
determined using the Proteome Profiler XL Cytokine Array (R&D Systems) according to the
manufacturer’s instructions. Prior to evaluation using the cytokine array, MBV were lysed with
1% Triton X-100 in the presence of protease and phosphatase inhibitors to expose surface,
membrane, and luminal cargo proteins and a loading of 200ug total protein was used. The relative
level of each protein was quantified using ImageJ.

For western blot analysis, samples were mixed with 2x Laemmli buffer (R&D Systems)
containing 5% beta mercaptoethanol (Sigma-Aldrich), resolved on a 4 to 20% gradient SDS—
polyacrylamide gel electrophoresis (Bio-Rad), and then transferred onto a polyvinylidene
difluoride membrane. Membranes were incubated overnight with the following primary
antibodies: rabbit anti-CD63, rabbit anti-CD81, rabbit anti-CD9, and rabbit anti-Hsp70, at 1:1000
dilution (System Biosciences) to evaluate expression of common exosome-associated markers, or
rabbit anti-annexin V, and goat anti-tissue non-specific alkaline phosphatase (TNAP) to evaluate
expression of common cMV associated markers. Membranes were washed three times for 15 min
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each before and after they were incubated with the appropriate secondary antibody. The washed
membranes were exposed to substrate and then visualized using a ChemiDoc Touch instrument
(Bio-Rad). Silver staining of gels was performed using the Silver Stain Plus Kit (Bio-Rad)
according to the manufacturer’s instruction and visualized using a ChemiDoc Touch instrument

(Bio-Rad).

5.2.7 Lipidomic Analysis of Phospholipids

Lipids were extracted from the vesicle samples. Mass spectrometry analysis of
phospholipids and lysophospholipids was performed as previously described [190]. The lipids
identified in each sample were categorized by class to determine differences in the overall

composition of each group.

5.2.8 Statistical Analysis

A one-way or two-way analysis of variance (ANOVA) and post-hoc analysis with Tukey
correction determined significant comparisons between groups. All statistical analysis was
completed with GraphPad Prism. Data is presented as mean +/- standard error of the mean

(SEM). *P < 0.05, **P < 0.01, ***P < .001.
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5.3 Results

5.3.1 MBYV are Distinct from Exosomes and Calcifying Matrix Vesicles

5.3.1.1 Vesicles Have Similar Physical Characteristics

The physical characteristics of cMV, Exo, and MBV were determined using TEM and
Nanosight analysis. Visualization of vesicle morphology by TEM showed no distinctive
differences between groups (Figure 1A). Quantitation of vesicle size distribution by Nanosight
showed that cMV range in size from approximately 80 —450nm, Exo range from 50 — 250nm, and
MBYV range from 75 — 500nm (Figure 1B). Comparison of the mode diameter for each vesicle
subtype showed that cMV are significantly larger than both Exo and MBV (Figure 1C). Exo also

have a significantly smaller mode diameter compared to MBV.

5.3.1.2 Vesicles Have Unique Protein Signatures

An antibody array for a panel of protein markers that have been associated with exosomes
[175] was used as a first metric to characterize vesicle associated-proteins of each group (Figure
2A). Overall, there was low relative expression of all exosome marker proteins in MBV, whereas
the expression of these same marker proteins showed no significant differences between cMV and
Exo. The expression of annexin V and tissue non-specific alkaline phosphatase (ALP), two
proteins commonly associated with cMV, were evaluated by western blot (Figure 2B). cMV had
the highest expression of annexin V, Exo had intermediate expression, and MBV had minimal

expression. Only cMV were found to express ALP by western blot analysis.
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Figure 1. cMV, Exo and MBYV have similar physical characteristics.
(A) Transmission electron microscope images of cMV, Exo, and MBV. Scale bars 200nm. (B) Representative size
distribution plots and (B) the mode diameter of cMV, Exo, and MBV as determined by Nanosight nanoparticle
tracking analysis. All values represent mean = SEM (N = 12).
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The cytokine cargo of cMV, Exo, and MBV was characterized using a mouse cytokine
array for 111 different target proteins. Principal component analysis (PCA) was used to compare
and visualize the results of the cytokine array (Figure 2C). The PCA showed high similarity within
replicates of each vesicle type but distinct differences between the three vesicle types. The
cytokines nearest to each vesicle type contributed most strongly to the distinction of that vesicle
type. cMV had significantly higher expression of osteoprogeterin and osteopontin while Exo
expressed adiponectin, epidermal growth factor (EGF) and pentraxin 2 (Figure 2D). Of the

cytokines evaluated, MBV were most closely aligned with myeloperoxidase.
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Figure 2. cMV, Exo and MBYV have distinct vesicle-associated proteins.

(A) Quantification of the relative expression of 8 markers commonly associated with exosomes as measured by Exo-
Check immunoblot array. (B) Western blot of annexin V and tissue non-specific alkaline phosphatase (TNAP). (C)
Principal component analysis comparing the cytokine cargo of cMV (blue), Exo (red), and MBV (green). (D)
Quantification of the top 10 differentially expressed cytokines as determined by immunoblot array. All values

represent mean £ SEM (N = 3).
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5.3.1.3 Vesicles Have Distinctive Lipid Composition

Lipidomic analysis was used to compare the lipid composition of cMV, Exo, and MBV.
Over 1370 individual lipid species were detected across the three vesicle types, with these species
belonging to 38 subclasses. Volcano plots were used to visualize the individual lipid species that
showed significantly different expression between each vesicle type (Figure 3A). Pairwise
comparisons showed distinctions in the lipid composition of MBV compared to both cMV and
Exo. Quantitatively, 165 lipid species were significantly different when comparing MBV vs. cMV,
and 110 species were different between MBV vs. Exo. Across all detected lipids, cMV and Exo
showed similar compositions with only 14 differentially expressed species (Figure 3A).

Given the established role of phospholipids and lysophospholipids (LPLs) in vesicle
biology and bioactivity [191,192], we further characterized the overall content of these major
classes. Pie plots also showed the similar lipid composition of cMV and Exo across the classes
phosphatidylcholines (PC), phosphatidylethanolamines (PE), phosphatidylglycerols (PG),
phosphatidylinositols (PI), phosphatidylserines (PS) and sphingolipids (SL) (Figure 3B). The
phospholipids of both cMV and Exo primarily consisted of PS and SL. Relative to the other two
vesicles, MBV were enriched in PC, PE and PI.

The content of lysophosphatidylcholine (LPC), lysophosphatidylethanolamine (LPE), and
lysophosphatidylglycerol (LPG) were significantly different between all three vesicle types
(Figure 3C). LPG was the dominant LPL class in cMV, Exo had nearly equal proportions of LPG
and LPC, and MBV were enriched in LPC. MBV also had a higher content of LPE compared to

both cMV and Exo (Figure 3C).
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Figure 3. Lipid composition of cMV and Exo are distinct from MBV.

(A) Volcano plots showing the differential expression of individual lipid species in pairwise comparisons of cMV,
Exo, and MBV. The criteria for significance were a two-fold difference in log2(fold change) with a P value < 0.05.
Pie plots showing the total content of (B) major phospholipids and (C) lysophospholipids. Data are presented as
percentage of total detected lipids. (N = 6)
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5.3.1.4 Vesicle Subtypes Have Distinct miRNA Cargo

Next-generation sequencing was used to compare the miRNA cargo of cMV, Exo and
MBYV. A heatmap with hierarchical clustering based on Spearman’s correlation distance was used
to visualize the overall similarities in miRNA profile of each vesicle subtype (Figure 4A). In
general, the miRNA cargo of Exo was more similar to cMV. MBV miRNA cargo had large
differences compared to that of Exo, but was more similar to cMV. As evidenced by the
Spearman’s correlation coefficients, the miRNA within Exo was very homogenous across the
biologic replicates while the cMV and MBYV replicates showed more variability. A heat map was
also used to show differential expression of individual miRNA species for each sample (Figure

4B). Exo had more highly expressed miRNA than cMV and MBV.
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Figure 4. miRNA cargo of cMV, Exo, and MBYV are distinct.
(A) Hierarchically clustered heatmap depicting Spearman’s correlation distances calculated pair-wise for

all samples. (B) Specific expression of individual miRNA species depicted as a heat map based on Z-score.
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5.3.2 MBYV are Distinct from Exosomes of a Given Cell Type

5.3.2.1 3T3-derived MBYV and Liquid-Phase Exo Have Similar Sizes

TEM imaging of liquid-phase EV (Exo) harvested from the cell culture supernatant (Figure
5A) and MBYV isolated from decellularized ECM (Figure 5B) showed that these two populations
of vesicles shared a similar morphology. Moreover, nanoparticle tracking analysis (NTA)
distribution plots showed similar vesicle size of both liquid- phase EV and MBV, with the majority

of vesicles having a diameter of <200 nm (Figure 5C).

5.3.2.2 3T3-derived MBV and Exosomes Have Unique Protein Markers

To determine whether MBV contained markers commonly attributed to exosomes,
immunoblot analysis was performed for CD63, CD81, CD9, and Hsp70 [193]. Results showed
that, in contrast to liquid-phase EV, the MBV had a marked decrease in CD63, CD81, and CD9
(Figure 6A). Furthermore, silver staining of electrophoretically separated proteins showed that
MBYV contained protein cargo that was distinctly different than the liquid- phase EV (Figure 6B),

suggesting that MBV may be a unique subpopulation of nanovesicle.
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Figure S. MBYV and liquid-phase EV from 3T3 cells have similar physical characteristics.
TEM of liquid-phase EV (A) and MBV (B) isolated from the 3T3 fibroblast cell culture model. Scale bars,
100 nm. (C) Size distribution plots from NTA of liquid-phase EV (top) and MBV (bottom) isolated from the 3T3

fibroblast cell culture.

5.3.2.3 3T3-derived MBV and Exosomes Have Unique Lipid Composition

Liquid chromatography-mass spectrometry (LC-MS)-based global lipidomics analysis
was performed to comparatively evaluate the phospholipid composition of MBV and liquid-phase
EV compared to their 3T3 fibroblast parent cells. Nine major phospholipid classes were detected
in all three types of samples, with the total number of detected molecular species of 536 distributed
between the following major classes: bis-monoacylglycerophosphate (BMP), 59 species;
phosphatidylglycerol (PG), 37 species; cardiolipin (CL), 117 species; phosphatidylinositol (PI),
33 species; phosphatidylethanolamine (PE), 102 species; phosphatidylserine (PS), 45 species;
phosphatidic acid (PA), 26 species; phosphatidylcholine (PC), 107 species; and sphingomyelin
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(SM), 10 species. There were significant differences in molecular speciation of these
phospholipids and their relative contents between liquid-phase EV and MBV. Quantitatively,
MBYV were enriched in PI, PS, PG, and BMP (Figure 7A). In contrast, the content of PE, PA, and
SM was higher in liquid-phase EV. PC was a predominant phospholipid in cells and liquid-phase
EV. The content of a unique mitochondrial phospholipid, CL, was significantly lower in liquid-

phase EV compared to MBV and parent cells (Figure 7A).
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Figure 6. MBV and liquid-phase EV from 3T3 cells have unique protein markers.
(A) Immunoblot analysis of CD9, CD63, CDS81, and Hsp70 expression levels in liquid-phase EV and MBV. (B)
Silverstain analysis of electrophoretically separated proteins in liquid-phase EV and MBV. M.W., molecular weight.
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5.3.2.4 3T3-derived MBYV and Exosomes Have Unique Lipid Composition

Liquid chromatography-mass spectrometry (LC-MS)-based global lipidomics analysis
was performed to comparatively evaluate the phospholipid composition of MBV and liquid-phase
EV compared to their 3T3 fibroblast parent cells. Nine major phospholipid classes were detected
in all three types of samples, with the total number of detected molecular species of 536 distributed
between the following major classes: bis-monoacylglycerophosphate (BMP), 59 species;
phosphatidylglycerol (PG), 37 species; cardiolipin (CL), 117 species; phosphatidylinositol (PI),
33 species; phosphatidylethanolamine (PE), 102 species; phosphatidylserine (PS), 45 species;
phosphatidic acid (PA), 26 species; phosphatidylcholine (PC), 107 species; and sphingomyelin
(SM), 10 species. There were significant differences in molecular speciation of these
phospholipids and their relative contents between liquid-phase EV and MBV. Quantitatively,
MBYV were enriched in PI, PS, PG, and BMP (Figure 7A). In contrast, the content of PE, PA, and
SM was higher in liquid-phase EV. PC was a predominant phospholipid in cells and liquid-phase
EV. The content of a unique mitochondrial phospholipid, CL, was significantly lower in liquid-
phase EV compared to MBV and parent cells (Figure 7A).

LC-MS analysis showed that lysophospholipids (LPLs) were present in all three types of
samples, albeit with their total content in MBV and liquid-phase EV being 1.7 to 1.8 times greater
compared to the parent cells. More specifically, seven classes of LPL have been identified:
lysophosphatidylethanolamine (LPE), lysophosphatidylcholine (LPC), lysophosphatidylserine
(LPS), lysophosphoinositol (LPI), lysophosphatidic acid (LPA), lysophosphatidylglycerol (LPG),
and monolysocardiolipin (mCL). MBVs were enriched in LPE, LPA, and LPG compared to parent
cells (Figure 7B). The content of LPI and mCL was significantly lower in MBV and liquid-phase

EV versus cells. The contents of LPA and LPG were found to be significantly higher in MBV
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compared to EV. The levels of mCL and LPI in MBV were 3 and 6.3 times higher than in EV but
3.3 and 1.9 times lower compared to cells. No significant changes in the contents of LPE, LPC,

and LPS between MBV and EV were found (Figure 7B).
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Figure 7. Lipidomic analysis reveals distinct lipid composition of 3T3 cells, MBV and liquid-phase EV.
(A) Pie plots showing the total content of major phospholipids. Data are presented as percentage of total

phospholipids. (B) Pie plots showing the total content of major LPL. Data are presented as percentage of total LPL.
(N=3)

5.3.2.5 3T3-derived MBYV and Exosomes Have Unique miRNA Cargo

Comprehensive next-generation RNA-sequencing (RNA-seq) was used to catalog
differentially expressed miRNA in MBV and liquid-phase EV relative to the 3T3 fibroblast parent
cell from which these vesicles were derived. The analysis was focused on differential miRNA
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Figure 8. miRNA cargo is selectively packaged into liquid-phase EV and MBV.
(A) Principal components analysis (PCA) comparing liquid-phase EV (green), MBV (blue), and cellular
(red) RNA-seq datasets. (B) Volcano plot showing the differential expression of miRNAs in liquid-phase EV, MBV,
and the parental cells. The inclusion criteria were a twofold difference of log2 (fold change) in either direction with
a P value of <0.05. Each dot represents a specific miRNA transcript; green dots to the right of the vertical dashed
line correspond to a relative increase in expression level, and red dots to the left correspond to a relative decrease in

expression level. Blue dots indicate miRNA with no significant change in expression level. (N = 3)
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signatures by conducting next-generation sequencing of miRNA libraries generated from the
parental cellular RNA, the liquid-phase EV, and the MBYV isolates (n = 3 per group). Principal
components analysis (PCA) showed that within respective groups, the replicate miRNA profiles
clustered close to one another (Figure 8A). However, extensive differences in miRNA content
were observed between the parental cell and the liquid-phase EV and MBYV isolates. Overall, 28
(50.91%) miRNAs were found to be differentially expressed in MBV compared to liquid-phase
EV by at least twofold (Figure 8B). In addition, respective liquid-phase EV or MBV and the

parental cellular miRNA profiles were clearly distinct (Figure 8A and B).

5.3.1 MBYV Vary with Cell Source

5.3.1.1 Cell Source Does Not Affect MBV Size

Nanoparticle tracking analysis was first used to determine the size of MBV from distinct
cellular origins. BMSC-, ASC-, and UCSC-derived MBV showed similar size distribution plots,

with the majority of vesicles having a diameter of <200 nm (Figure 9).
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Figure 9. MBYV from unique cellular origins are similar in size.
Size distribution plots from NTA of MBV isolated from BMSC, ASC, and UCSC decellularized culture
plates.
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5.3.1.2 MBV miRNA Cargo Varies with Cell Source

We next sought to determine whether MBV miRNA cargo is unique to the cellular origin.
We characterized and compared the miRNA composition of MBYV isolated from ECM produced
in vitro by BMSC, ASC, or UCSC isolated from different human donors using next-generation
sequencing methods. miRNA libraries were generated from the samples (BMSC, n = 3 human
donors; ASC, n = 3 human donors; UCSC, n = 3 human donors) and subjected to miRNA
sequencing. PCA showed that samples clustered primarily by the cell type from which they were
derived (Figure 10A). Of note, despite the use of three separate human donors for each cell type
used to generate the MBV samples, the PCA showed a high degree of homogeneity in the miRNA
profile within the respective groups (Figure 10A). In addition, volcano plots showed that fewer
miRNAs were found differentially expressed between BMSC- and UCSC- derived MBV than

between BMSC-ASC and UCSC-ASC (Figure 10B).
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Figure 10. MBV miRNA content varies with cell source.
(A) PCA comparing BMSC MBV (green), UCSC MBYV (blue), and ASC MBV (red) RNA-seq datasets. (B)
Volcano plot showing the differential expression of miRNAs in BMSC-, ASC-, and UCSC-derived MBV. The

inclusion criterion was a twofold difference of log2 (fold change) in either direction with a P value of <0.05. Each

dot represents a specific miRNA transcript; green dots to the right of the vertical dashed line correspond to a relative

increase in expression level, and red dots to the left correspond to a relative decrease in expression level. Blue dots

indicate miRNA with no significant change in expression level. (N = 3)
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5.3.2 MBV Change with Disease

5.3.2.1 MBYV Size and Abundance are Similar with Heart Disease

Nanosight particle tracking analysis was used to determine the size distribution of MBV
isolated from healthy and failing left ventricular tissue. Vesicles from both healthy and failing
hearts ranged in size from approximately 75 — 300 nm, consistent with the size of other MBV
populations (Figure 11A) [152,186]. Comparison of the mode diameter across vesicles isolated
from all patients showed a significantly larger diameter in MBV from failing hearts, but the
difference was small (114 nm in healthy vs. 135 nm in failing) (Figure 11B). The MBYV yield per
starting tissue weight was calculated to determine the relative abundance of MBV in healthy and

failing hearts. There was no difference in the MBV abundance during disease (Figure 11C).

5.3.2.2 MBYV Protein Cargo Changes with Disease

An immunoblot array for 111 different cytokines was used to determine if the protein cargo
of MBV varies with disease state. Visualization of the percent relative expression of all cytokines
evaluated using a heat map showed distinct differences in the protein profiles of MBV from healthy
and failing hearts (Figure 12A). Quantification of some of the top differentially expressed
cytokines showed significantly increased expression of apolipoprotein A-1 in MBV from patients

with heart failure and of C-reactive protein in MBV from healthy patients (Figure 12B).
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Figure 11. MBYV size and abundance are similar with heart disease.
(A) Representative size distribution plots from nanoparticle tracking analysis. (B) Mode MBV diameter across MBV
isolated from all patients. (C) Quantification of the MBV particle yield per weight of starting tissue. All values
represent mean = SEM (N = 6)
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Figure 12. MBYV protein cargo changes with disease state.
Quantification of an immunoblot array of 111 different cytokines. (A) Heat map depicting the relative expression of
all cytokines measured. (B) Quantification of the top 11 differentially expressed cytokines shows significant
differences in protein cargo between MBV from healthy and failing hearts.

All values represent mean = SEM (N = 4)

48



5.3.2.3 MBV miRNA Cargo Changes with Disease

Next generation sequencing was used to characterize differentially expressed miRNA
contained within MBV from healthy and failing human hearts. A total of 687 unique miRNA were
detected within the samples. Of the detected miRNA, 5% (34/687) had significantly different
expression between healthy and failing MBV. A volcano plot of the differentially expressed
miRNA showed that the majority of the significant miRNA were upregulated in MBV from

healthy patients and only 3 miRNA had higher expression in failing MBV (Figure 13).
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Figure 13. miRNA cargo of MBV changes with disease state.
Volcano plot of expressed miRNA in diseased vs. healthy MBV. The x-axis represents the log2 conversion
of the fold change and the y-axis represents the log10 conversion of the p-value. miRNA with significant differential

expression are in blue and red. (N = 6)
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Some of the top differentially regulated miRNA are shown in Table 4, with miRNA
enriched within failing MBV in red and those enriched in healthy MBV shown in blue. Ingenuity
Pathway Analysis (IPA) of miRNA cargo showed their involvement in inflammatory diseases,
organ abnormalities and dysfunction, cardiovascular system development and function, and
cardiotoxicity pathways (Figure 14). Further, 149 of the detected miRNAs have known targets to

294 mRNAs involved in Cardiovascular Signaling pathways.

Table 4. miRNA name, fold change, and p-value for a subset of the top differentially expressed miRNA.
miRNA in red are upregulated in failing MBV and miRNA in blue are upregulated in healthy MBV.

Name Fold Change P-value
miR-335-5p 5.05 2.38E-02
miR-654-3p 4.84 4.92E-02
miR-100-5p 3.61 1.95E-02
miR-223-3p -4.42 2.65E-02

miR-4516 -4.86 4.38E-02
miR-185-3p -9.37 3.04E-02
miR-4508 -9.70 1.07E-03
miR-1260b -10.37 2.82E-02
miR-378i -13.19 3.93E-03
miR-378a-3p -13.31 5.52E-03
miR-619-5p -14.46 1.30E-03
miR-490-5p -17.22 1.81E-02
miR-206 -19.34 4.38E-02
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Figure 14. Top pathways regulated by healthy vs. failing MBV miRNA cargo.
Top diseases and biological functions, physiological system development and function, and cardiotoxicity functions

associated with healthy vs. failing MBV miRNA cargo as determined by IPA analysis.

5.4 Discussion

The heterogenous population of EV has generally been categorized into subpopulations
based on size, biogenesis, and biochemical composition. Exo (30-250nm) [177], cMV (30-400nm)
[194], and MBV (50-400nm) [152] share significant overlap in size, and therefore this
characteristic alone is of minimal value in distinguishing the subclass of EV. In addition to size,
numerous studies have shown that Exo and cMV have similar protein and lipid composition [195—
197], however, MBV have yet to be included in these comparative studies. The present study first
compared the size, physical characteristics, protein, lipid, and miRNA composition of murine
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cMV, Exo and MBV. Although the three types of EV have similar size and physical characteristics,
the other measured criteria showed distinguishing features of the EV, especially MBV. Differences
in protein markers and lipid composition were most marked with MBV, while the compositional
differences between cMV and Exo were more modest. The small differences between Exo and
cMYV based on protein and lipid composition suggests that these two classes of EV are more similar
to each other than different from each other.

EV are commonly associated with proteins having a broad range of functions including
membrane organization (e.g. tetraspanins CD81, CD63, and Flotilin 1), chaperone activity (e.g.
HSP70), cell adhesion (ICAM, EpCAM), intracellular trafficking (annexins), and biogenesis
factors (e.g. ALIX and TSG101) [175,193]. Enrichment of these proteins was once considered the
benchmark for classification as exosomes, but subsequent studies have shown expression in other
subpopulations of EV, including cMV [196,197]. As expected, evaluation of a panel of these
exosome-associated proteins showed high expression levels in plasma-derived Exo and cMV
samples. MBV derived from 3T3-cell deposited ECM in vitro also showed lower expression of
these panels relative to fluid-phase Exo isolated from the same cell type. Consistent with previous
studies [152,186], MBV showed low expression of proteins commonly attributed to exosomes,
supporting the concept that MBV are a distinctly separate subpopulation of EV. In this part of the
study, MBV from skeletal muscle were most closely associated with myeloperoxidase which was
also detectable in heart and intestine MBV [163]. Though myeloperoxidase is most commonly
thought of as an antimicrobial peroxidase produced by leukocytes, it can also be produced by
fibroblasts and direct collagen synthesis suggesting a role for this cargo protein in MBV function
[198,199]. The minimal levels of proteins associated with the endosomal origin of exosomes, such

as CD63, CD81 and TSG101 [177] in MBV, suggests a different biogenesis pathway.
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cMV expression of mineralization-promoting proteins such as Annexin V and TNAP is
essential for their function as a nucleation site for bone formation [200-204]. Consistent with a
role in bone formation, cMV were also enriched in proteins associated with bone metabolism and
regulation of mineralization: osteoprogeterin [205] and osteopontin [206,207]. Plasma Exo
expressed similar levels of Annexin V to cMV but were devoid of TNAP, the other cMV marker
evaluated. Annexin V has previously been cited as a marker of exosomes, cMV, and generic small
EV, which consistent with the equivalent expression of Annexin V found in Exo and cMV samples
in the present study [178]. The low expression of Annexin V and absence of TNAP in MBV
signifies both the uniqueness of the MBV subpopulation and the importance of tissue source in
dictating characteristics of each EV subpopulation. That is, the ECM of mineralizing tissues
contain mineralization-competent cMV, while MBV found within the ECM of non-mineralizing
skeletal muscle tissue are devoid of common pro-mineralization proteins.

Similarly, differences in lipid membrane composition and miRNA cargo between Exo,
cMV, and skeletal muscle MBV suggest their divergent physiologic functions. Previous studies
have shown that cMV are enriched in acidic phospholipids such as PS [208-210], which is
consistent with findings of the present study. PS has a high affinity for calcium ions so is thought
to support a stable calcium phosphate-phospholipid complex, specifically when PS is present in
the inner leaflet [208,211]. MBV membranes on the other hand are enriched in PC, PI, PE, LPC,
and LPE—Ilipid precursors to metabolites with roles in macrophage recruitment and
immunomodulation [186,212-215]. These differences in membrane lipid composition and cargo
all support the concept that cells have evolved distinctive intracellular pathways, methods for EV

export, and physiologic functions for these three EV subpopulations.
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In the second aspect of the present study, we found that MBV isolated from the ECM of
3T3 fibroblasts contained a differential miRNA and lipid signature compared with liquid-phase
EV and with the parent cell. Recent studies have shown that polarized cells differentially secrete
distinct exosomes to the apical and basolateral sides [216] and specific miRNA motifs are involved
in exosome sorting and export [217]. The studies herein are suggestive of a similar scenario for
MBYV in which molecular sorting occurs during vesicle biogenesis and export to specifically
distribute miRNA and lipids to vesicles destined for solid-phase vs. liquid-phase extracellular
locations.

The lipid composition of MBV and Exo isolated from murine skeletal muscle and plasma,
respectively, differed from that observed in MBV and liquid-phase EV (Exo) isolated from murine
3T3 cells in vitro. One notable difference was the enrichment of cardiolipin (CL) in 3T3 MBV
compared to liquid-phase Exo. Because CL is a unique mitochondria-specific phospholipid
localized predominantly in the inner mitochondrial membrane [218], this finding represents a
possible link of the MBV biogenesis with the mitochondrial compartment of cells. It has been
shown that ether lipids, PE, and PC plasmalogens can facilitate membrane fusion [219] and
increase membrane thickness of EV [220,221] and therefore may play a role in nanovesicle uptake
by cells. The present study also found that high levels of LPL, hydrolytic metabolites of
phospholipids that are bioactive signaling molecules that modulate a variety of physiological
responses, including macrophage activation [222], inflammation and fibrosis [223], tissue repair
and remodeling [224], and wound healing [225], are a characteristic feature of 3T3-derived MBV.
As LPL may act as fusogenic lipids facilitating the transfer of the vesicular contents into cellular

targets, this important role of LPL found in MBV should be further explored.
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Results from the third aspect of the present study show that MBV isolated from ECM
produced in vitro by BMSC, ASC, and UCSC derived from different human donors contained a
distinctive miRNA signature specific to the cell source. In addition, fewer miRNAs were found
differentially expressed between BMSC- and UCSC-derived MBV than between BMSC-ASC and
UCSC-ASC, a finding that may be attributed to tissue-specific differentiation potentials of ASC
[226]. These findings further underline the cell-specific features of MBV miRNA profiles, which
were not significantly affected by the intrinsic variability of donors.

Similarly, the MBV isolated from left ventricles of healthy patients or patients with heart
failure showed disease-state dependent changes in the protein and miRNA cargo with high
consistency across donors. Significant differences observed in MBV composition with disease
across a broad range of ages and pathologies and the established involvement of identified miRNA
targets in inflammatory and cardiovascular signaling pathways suggests their ubiquitous
importance in progression of heart disease. The distinct cargo components identified between
healthy and failing heart MBV suggest pleiotropic effects of MBV on disease progression. For
example, MBV isolated from healthy patients had significantly higher levels of C-reactive protein
which is increased systemically in both ischemic and nonischemic heart failure and failing hearts
had increased levels of the atheroprotective protein apolipoprotein A-1 [227-230]. The
contradictory expression of these proteins during heart failure when associated with MBV versus
systemically signifies a departure of novel MBV signaling mechanisms from previously
established pathways. Of note, MBV isolated from healthy intestinal ECM were also found to
contain C-reactive protein which suggests an essential role of this protein in MBV bioactivity and
function [163]. Conversely, healthy heart MBV were associated with increased miRNA cargo that

support cardiovascular health and failing heart MBV miRNA likely contributes to disease
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progression. For example, healthy MBV are enriched for miR-206 which protects against
myocardial injury [231] and silences mRNA encoding ADAR and IGF-1 receptor, two proteins
associated with heart disease [232,233]. On the other hand, failing MBV have increased miR-335
which silences proteins that regulate cardiac cell contractility and cardiac regeneration, such as
paxillin and c-kit [234,235]. Therefore, the specific mechanisms by which MBV contribute to heart
failure remains to be elucidated.

One limitation of the first part of the present study is that the plasma derived Exo and
skeletal muscle derived MBV represent a heterogenous population of vesicles produced by a range
of cell types, while the cMV were produced by a single cell type in vitro. In order to eliminate
species-specific differences between the populations in this study, it was necessary to use this
established in vitro model to obtain cMV of mouse origin [187]. While previous studies have
shown that some MBV properties (e.g. protein and miRNA cargo) may vary slightly based on
tissue source [151], the majority of their cargo as well as their effects on macrophage phenotype
are similar among MBYV source tissues tested to date.

A limitation of the second aspect of the study is the use of a single cell line to evaluate
differences in cargo of liquid-phase EV and MBV produced in vitro. The 3T3 fibroblast cell line
used in the present study was chosen because it is a well-characterized and widely used cell line
in biologic research. Furthermore, results from the RNA-seq and lipidomic analyses showed that
multiple replicates of MBV derived from the 3T3 fibroblast model showed a high level of
consistency in terms of miRNA and lipid cargo and that this cargo is significantly different from

the cargo of the corresponding liquid-phase EV, which supports the fidelity of the results.
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The studies evaluating differences in MBV derived from human donors are limited in that
all donors were male and varied in age. Differential expression of EV miRNA has been observed
in human subjects based on variables including gender [236] and age [237]. Further studies to
determine sex and age-related variations in the miRNA cargo of MBV from the stem cell and
heart-derived samples are warranted. The study of heart-derived MBV is further limited in that
patient matching was not possible given the source and availability of the tissue. Further studies
characterizing the temporal changes in MBV cargo throughout the progression of disease from

healthy to failure would provide guidance on using MBV cargo as a biomarker.
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6.0 The Influence of Matrix Bound Nanovesicle Associated Interleukin-33 On Macrophage

Phenotype, Fibrosis and Osteogenesis*

6.1 Introduction

The innate immune system, especially macrophage activation, is recognized to play a
determinant role in the structural and functional outcome of engineered tissues following
implantation [238,239]. Macrophages are highly plastic cells that adopt different phenotypes in
response to microenvironmental stimuli. In a simplified paradigm, macrophage phenotype
assumes either a pro-inflammatory (M1) state or an anti-inflammatory (M2) state. However, in
reality macrophage phenotype spans a spectrum between these two extremes determined by the
many biophysical, biochemical, and molecular factors that constitute the local microenvironment
[240].

In the context of tissue repair, the pro-inflammatory M1 macrophage phenotype is typically
associated with either fibrotic scar tissue formation or a non-healing chronic inflammatory process
and a poor downstream outcome [111,113]. In contrast, the anti-inflammatory M2 phenotype is
generally associated with tissue repair and a more favorable functional outcome [111,113]. In the
context of cardiovascular biomaterials, M1 macrophages have been associated with promoting

calcification [67] while M2 macrophages are thought to be protective against it [71].

4 Portions of this chapter have been adapted from the following publication:
M.C. Cramer, C. Pineda Molina, G.S. Hussey, H.R. Turnquist, S.F. Badylak. The Influence of Matrix Bound
Nanovesicle Associated Interleukin-33 On Macrophage Phenotype, Tissue Engineering Part A. Under review.
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Biologic scaffolds composed of extracellular matrix (ECM) have been used in several
million patients to facilitate a constructive remodeling response for multiple clinical applications
[241,242]. ECM bioscaffolds, or more accurately their degradation products, direct functional
remodeling of site-appropriate tissue in part by inducing an appropriately timed transition from a
pro-inflammatory M1-like to an anti-inflammatory M2-like macrophage response [111,113,148].
The mechanism of this immunomodulatory activity is only partially understood, but it is known
that degradation of the bioscaffold with release of signaling molecules is required [128].

The degradation of an implanted ECM scaffold by endogenous proteases produces a
complex milieu of signaling molecules including growth factors, cryptic peptides, and the more
recently described matrix bound nanovesicles (MBV) [152]. MBV are nanometer-sized lipid
bound vesicles embedded within the fibrous structure of the ECM and released upon matrix
degradation. Notably, these vesicles, along with their associated protein, lipid, and miRNA cargo,
have been shown in vitro to recapitulate the immunomodulatory effects of the entire ECM [151].
More specifically, isolated MBV alone have been shown to direct macrophages toward an M2-like
anti-inflammatory phenotype and limit fibrosis [151,165]. Although the molecular mechanism of
MBV-mediated macrophage activation is not fully understood, recent work has shown that
interleukin-33 (IL-33) contained within the lumen of MBYV is a critical contributor [163,165].
Specifically, this IL-33 cargo is required for MBV-induced activation of macrophages toward an
M2-like phenotype and this activation occurs through a noncanonical, receptor independent
mechanism [163].

IL-33 is a member of the IL-1 family that has an N-terminus nuclear localization domain
with a chromatin binding motif [243,244]. IL-33 is constitutively expressed in endothelial,

epithelial, neuronal and stromal cells [245-249], and its expression can be augmented by
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inflammation [246,250,251]. IL-33 lacks a signaling sequence and therefore has generally been
regarded as an alarmin that is released following cell damage. Upon release, IL-33 activates the
canonical Stimulation-2 (ST2) receptor signaling pathway in a variety of ST2" immune cells to
stimulate broad responses including Type I, Type II, and regulatory immune responses [247,252].
Full length IL-33 has also been shown to intrinsically regulate gene expression mediated by its N-
terminal domain [246,253-256], however the nuclear function of IL-33 is specific to cell type
[257,258]. If nuclear IL-33 affects immune cell gene expression has not been established.

The objective of the present study is to establish if IL-33 delivered via MBV can modulate
the gene signature of macrophages following exposure to MBV, and specifically to identify genes
regulated in macrophages by IL-33 cargo independent of the ST2 receptor. Given that canonical
IL-33/ST2 signaling has also been associated with calcification [259,260] and fibrosis [261], the
effect of MBV-associated IL-33 on fibroblast activation and mineralization were evaluated. In
addition, the indirect effects of the MBV-induced macrophage secretome on modulating these

processes associated with pathologic remodeling were evaluated.

6.2 Methods

6.2.1 Overview of Experimental Design

First, RNA sequencing of wildtype and s#2”~ macrophages exposed to IL-33* and IL-33
MBV was used to identify genes regulated by MBV-associated IL-33 via the ST2 independent
signaling pathway in order to corroborate previous findings [163] and confirm the importance of

IL-33 cargo.
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The ability of WT and IL-33- MBV to modulate multiple pathologic processes associated
with bioprosthetic valve failure were then assessed in vitro (Figure 15). The potency of MBV-
mediated effects on macrophages was determined by inducing a pro-inflammatory phenotype in
macrophages and evaluating the effect of WT or IL-33" MBV on alleviating the phenotype
[80,147]. The direct effect of WT or IL-33° MBV and the indirect effect of MBV-induced
macrophage phenotype on modulating fibrosis and osteogenesis was also determined. Cardiac
fibroblasts were used as the in vitro model system for fibrosis and calcification in this aim since
valve interstitial cells primarily consist of fibroblast-like cells [262], and cardiac fibroblasts also
undergo pathologic processes associated with valve failure including myofibroblast activation

[263,264] and osteogenic differentiation [265].

Myofibroblast Fibrosis:
Can direct exposure to MBV prevent
myofibroblast activation?
WT and ? Macrophage phenotype - fibrosis:
IL-33" MBV I Can MBV-induced macrophage secretome

limit myofibroblast activation?
Macrophage
Macrophage phenotype

p Q \ What is the response of pro-
) inflammatory macrophages to MBV?

Macrophage phenotype 2 mineralization:

Can MBV-induced macrophage secretome
prevent fibroblast mineralization?

Mineralization:
Can direct exposure to MBV prevent
Mineralizing fibroblast mineralization?

fibroblast

Figure 15. Schematic overview of experiments to evaluate direct and indirect effects of MBV on pathologic

processes.
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6.2.2 Animals

Wildtype (wf) C57BL/6 mice were purchased from Jackson Laboratories. St27° mice
obtained from Dr. Anne Sperling (University of Chicago) were originally generated on a BALB/c
background [266] and backcrossed 10 times on a C57BL/6 background prior to use. C5S7BL/6 il-
337 mice were a gift from S. Nakae (University of Tokyo, Tokyo, Japan) [267]. Animal studies
were performed in accordance with all regulations set by the National Institutes of Health and the

Animal Welfare Act for use of animals in research.

6.2.3 Isolation of MBV

The small intestine was collected from wt or il-337 mice and washed thoroughly in
phosphate buffered saline (PBS) to remove all luminal contents. Small intestine was used as the
source of MBV in this study since IL-33 is known to be abundant in mouse intestinal MBV [163].
The tissue was comminuted into 1cm pieces and enzymatically digested with 100 ng/ml Liberase
TH (Roche) in buffer (50 mM Tris pH 7.5, 5 mM CaCl,, 150 mM NaCl) for 12 hr at room
temperature. The digested ECM was then subjected to centrifugation at 500 g for 10 min, 2,500 g
for 20 min, and 10,000 g for 30 min to remove cell and ECM debris, and the resultant supernatant
passed through a 0.22 um filter. The clarified supernatant was then centrifuged at 100,000 g
(Beckman Coulter Optima L-90K Ultracentrifuge) at 4°C for 70 min to pellet the now free
nanovesicles. The MBV pellet was resuspended in 1X PBS, aliquoted, and stored at -20°C until

further use.
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MBYV size and concentration was measured using Nanosight nanoparticle tracking analysis
(Malvern Panalytical). The Brownian motion of the vesicles was used to determine the size
distribution as measured across three replicates of 45 second videos for each sample. For all studies

herein, the vesicle dosage was based on particle count as determined by Nanosight.

6.2.4 Isolation and Stimulation of Bone Marrow-derived Macrophages

Bone marrow-derived macrophages (BMDM) were isolated from the tibia and femur of
C57BL/6 wt and st2”" mice as previously described [142]. Animals were euthanized by CO,
inhalation and subsequent cervical dislocation in accordance with the guidelines of the American
Veterinary Medical Association Panel of Euthanasia. Following euthanasia and the use of aseptic
technique, the skin of the inferior legs was completely removed, and the tibia and femoral bones
were isolated. Under sterile conditions, the ends of each bone were then transected, and the bone
marrow flushed with medium using a 30G needle. Harvested mononuclear cells were seeded at a
ratio of 2x10° cells/ml and monocytes were differentiated into macrophages by culture at 37°C
and 5% CO> for 7 days with macrophage-colony-stimulating-factor (MCSF)-containing media
(DMEM + 10% fetal bovine serum, 10% L.929 supernatant, 0.1% beta-mercaptoethanol, 100 U/ml

penicillin, 100 ug/ml streptomycin, 10 mM non-essential amino acids, and 10 mM hepes buffer).

Naive macrophages isolated from wt or st2”" mice were exposed to one of the following
treatments for 24hr: 1) LPS/IFNy to derive an M1-like, pro-inflammatory macrophage phenotype,
2) IL-4 to derive an M2-like, anti-inflammatory macrophage phenotype, 3) 20ng/ml recombinant
IL-33 (rIL-33), 4) 4.5x10° particles/ml WT MBV, or 5) 4.5x10° particles/ml IL-33" MBV. After

24 hr, RNA was collected with Trizol.
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6.2.5 RNA Isolation

Total RNA was extracted from stimulated macrophages with 800 ul Trizol reagent using a
cell scraper. The solution was mixed with 200 ul chloroform, vortexed for 15 seconds and
centrifuged at 12,000 g for 10 min. The aqueous phase was transferred to a new tube and the RNA
precipitated with 3M sodium acetate (1/10 of the volume) and isopropanol (1 volume), followed
by centrifugation at 18,000 g for 20 min. RNA was purified by washing the RNA pellet in 75%
ethanol with an additional centrifugation at 18,000 g for 15 min. The RNA pellet was air dried and
re-suspended in nuclease-free water. The concentration and purity were measured by NanoDrop

and Agilent Bioanalyzer 2100, respectively.

6.2.6 RNA-Sequencing and Bioinformatic Analysis

Library preparation and next-generation RNA sequencing was completed by the Genomics
Research Core at the University of Pittsburgh. Bioinformatic analysis was performed by Genevia
Technologies (Tampere, Finland). A pipeline in TrimGalore was used to automate quality control
by FastQC and adapter trimming by cutadapt. Reads with a minimum length of 35bp after
trimming were used for downstream analysis. Trimmed reads were aligned to the mouse reference
genome (GRCm38) and gene-level counts were obtained simultaneously. The DESeq?2 package in
R [268] was used to normalize read counts and perform downstream analysis. The Core Analysis
function of Ingenuity Pathway Analysis (IPA) software was used to determine the functional

relevance of genes differentially regulated by IL-33 cargo.
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6.2.7 qPCR Validation

To validate 16 of the top genes significantly regulated by MBV IL-33 cargo, 1000 ng of
isolated RNA was converted to cDNA using the SuperScript IV First Strand Synthesis System
(Invitrogen). Using a QuantStudio system machine, the qPCR was performed with the TagMan
Fast Advanced Master Mix and TagMan Advanced Assays for mouse GPR34, Retnlg, Slco2bl,
CD28, INPP5J, Klkb11, IL6, SHISA3, Nrxn2, MARCO, SYT7, IL12A, IL19, CD69, CCL4, and
CSF3. Mouse hprtl was used as the house keeping gene and fold change of WT MBYV relative to
IL-33" MBYV for each macrophage source using the AACt method. A 2-way Analysis of Variance
(ANOVA) was used to determine statistical significance of the logx(fold change) of WT MBV

versus IL-33" MBV treatment in each macrophage genotype.

6.2.8 Evaluation of MBV Effect on Inflammatory Macrophages

Two treatment schemes were used to evaluate the effect of WT and IL-33" MBV on pro-
inflammatory macrophages (Figure 16). In the first, macrophages were first activated to a pro-
inflammatory phenotype by exposure to LPS/ IFNy for 6 hr, washed with PBS, and then treated
for 18 hr with 1) MCSF, 2) WT MBV, or 3) IL-33° MBV. The second scheme simultaneously
exposed macrophages to LPS/ IFNy and WT MBYV or IL-33" MBYV for 24 hr to determine if MBV
can prevent pro-inflammatory macrophage activation. The phenotype of macrophages was

evaluated by immunolabeling.
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Figure 16. Schematic overview of experiments to characterize MBYV effect on inflammatory macrophages.

6.2.9 Immunolabeling of Stimulated Macrophages

Primary antibodies recognizing a panel of markers associated with naive macrophages
(F4/80), pro-inflammatory (iNOS) and anti-inflammatory (Arginase) macrophage phenotype were
used to characterize the macrophages. After the stimulation period, the cells were washed with
PBS and fixed with 2% paraformaldehyde. Macrophages were immunolabeled as previously
reported [143]. Briefly, the cells were incubated in blocking solution (PBS, 0.1% Triton-X, 0.1%
Tween-20, 1% goat serum, and 0.1% bovine serum albumin) for 1 hour. The incubation with the
primary antibodies was carried out for 16 hours at 4°C. The fixed cells were then washed in PBS
and incubated with fluorophore-conjugated secondary antibodies for 1 hour. The cells were
washed and counterstained with 4’6-diamidino-2-phenylindole (DAPI). Three images of the
immunolabeled macrophages under each condition were acquired using an inverted fluorescent

microscope and quantified using CellProfiler software analyzer.
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6.2.10 Characterization of Fibroblast to Myofibroblast Transition

Activation of cardiac fibroblasts to myofibroblasts was induced with exposure to
angiotensin II [269,270] (Figure 17). Primary rat cardiac fibroblasts were exposed to one of the
following treatments in DMEM with 0.5% FBS: 1) no treatment control, 2) 1luM Ang II, 3) 1uM
Ang Il + WT MBV, or 4) 1uM Ang II + IL-33" MBV to determine the direct effect of MBV on
fibroblast activation. To evaluate the indirect macrophage-mediated effects, fibroblasts were
treated with a 1:1 mixture of DMEM + 0.5% PBS and conditioned media from macrophages
treated with: 1) MCSF, 2) LPS/ IFNy as an M1-like macrophage control, 3) IL-4 as an M2-like

macrophage control, 4) WT MBYV, or 5) IL-33" MBV. After 48hr, the activation state was

determined by immunolabeling for collagen I and a SMA. Protein expression was quantified using

CellProfiler.
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Figure 17. Schematic overview of experiments to evaluate myofibroblast activation.
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6.2.11 Characterization of Osteogenic Differentiation of Fibroblasts

Osteogenic differentiation of cardiac fibroblasts was induced based on a previously
published method [271], with minor modifications (Figure 18). Primary rat cardiac fibroblasts
were treated with one of the following in aMEM + 10% exosome-free FBS: 1) no treatment
control, 2) osteogenic supplements (OS, 50uM L-ascorbic acid, 10nM dexamethasone, 3mM
sodium phosphate), 3) OS + WT MBYV, 4) OS + IL-33" MBV to determine the direct effect of
MBYV on fibroblast osteogenesis. A 1:1 mixture of aMEM + 10% exosome-free FBS and
conditioned media from macrophages treated with: 1) MCSF, 2) LPS/ IFNy as an MIl-like
macrophage control, 3) IL-4 as an M2-like macrophage control, 4) WT MBYV, or 5) IL-33- MBV
was used to determine the indirect effect of macrophage immunomodulation. Fibroblasts were
maintained for 3, 5, or 7 days. Osteogenesis was evaluated by gene expression (ENPP1, OCN,

ALP, Runx2, OSX), alizarin red staining, and calcium quantification.

Stimulation for 3, 5, 7 days
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A'gult Rlat C?:rdlllac 2) 1x10° p/ml WT Mouse MBV
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Figure 18. Schematic overview of experiments to evaluate MBYV effects on osteogenesis.
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6.2.12 Statistical Analysis

A two-way analysis of variance (ANOVA) was used to determine statistical significance
(p<0.5) of the treatments for each cell type. Post-hoc analysis with either Tukey or Sidak correction
determined significant comparisons between groups. All statistical analysis was completed with

GraphPad Prism. Data is presented as mean +/- standard error of the mean (SEM).

6.3 Results

6.3.1 MBYV are Internalized by Macrophages and Deliver IL-33 to the Nucleus

Previous work demonstrated that exposure of macrophages to IL-33" MBV resulted in a
pro-remodeling phenotype, although the molecular mechanism was not established [163]. Given
its localization in the lumen of MBV, IL-33 was used as an indicator to confirm internalization of
MBYV cargo by macrophages. Western blot of i/-33”" macrophages exposed to IL-33" MBYV, but
not IL-33" MBYV, showed intracellular IL-33 expression by lhr after treatment that increased in
intensity at 6 and 24 hr (Figure 19A). To further determine the subcellular localization, cytosolic
and nuclear fractions of i/-33” macrophages were extracted following exposure to IL-33* MBV.
Intracellular IL-33 was again detected at lhr, with the majority of IL-33 within the cytosolic
extract. At 6 and 24hr after treatment, IL-33 was increasingly present within the nuclear fraction
indicating translocation to the nucleus following delivery by MBV (Figure 19B). The nuclear
localization of IL-33 following delivery by MBV suggests that IL-33 may directly bind DNA to

direct macrophage activation.
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Figure 19. IL-33 translocates to the nucleus after uptake into macrophages.
(A) Bone marrow derived macrophages from i/-337 mice were treated with IL-33+ or IL-33" MBV for 0, 1,
6, or 24hr. Cell lysates were analyzed for expression of IL-33 using an immunoblot. (B) Cytosolic and nuclear
fractions were extracted from i/-33”- macrophages following exposure to IL-33+ MBYV. Subcellular localization of

IL-33 was evaluated with immunoblot and fraction purity was confirmed with Histone H3.
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6.3.2 MBV Alter Gene Expression in Macrophages Independently of ST2 Receptor

Next generation RNA-sequencing was used to determine the transcriptomic signature of
macrophages following exposure to MBV. Macrophages with (wf) and without (s#27°) ST2
receptor were exposed to MBV with (WT) or without IL-33 cargo (IL-33") to determine the genes
specifically regulated by ST2-independent signaling by MBV-associated I1L-33. Treatment with
rIL-33 was also included to identify MBV-specific effects. The number of differentially expressed
genes (DEGs), defined as + 2-fold change and p < 0.05, determined by RNA sequencing analysis
for each treatment group are shown in Table 5. Exposure of macrophages to MBYV resulted in over
2000 DEGs relative to naive untreated macrophages, regardless of the macrophage genotype or
the IL-33 content of the MBV. Visualization by both principal component analysis (PCA) (Figure
20A) and Pearson’s correlation analysis (Figure 20B) showed separation of clusters according to
group. The first principal component represented 61% of the variance between samples and
showed strong separation based on treatment. The second principal component separated samples
according to the genotype of the macrophages (wt vs. st27°), but only represented 11% of the
variance of the samples indicating minor contribution of the ST2 receptor to the overall
macrophage response. Along the first principal axis, there is a significant effect of MBV treatment
compared to naive untreated macrophages as well as a distinct contribution of MBV 1L-33 cargo.
In st2”" macrophages the non-treated and recombinant IL-33 treated samples formed two mixed
clusters indicating no significant differences between these groups, and the effect of rIL-33 on wt
macrophages was limited compared to MBV. A Venn diagram was used to compare the genes up
and down regulated by WT MBYV in wt and 527 macrophages (Figure 20C). Significant overlap

in MBV-regulated genes further establishes the ST2 receptor independence of MBV signaling.
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Figure 20. MBV IL-33-induced gene expression in macrophages is independent of ST2 receptor.
(A) Presentation of results of Principal Component Analysis (PCA). The first principal component (x-axis)
represents 61% of the variance in the data and the second principal component (y-axis) explains 11% of the
variance. (B) Hierarchically clustered heatmap depicting Pearson’s correlation distances calculated pair-wise for all

a

samples. (C) Venn diagram comparing up or downregulated genes by WT MBV in wt versus s¢2”" macrophages.
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Table 5. Number of differentially expressed genes (DEGs) with p < 0.05 between each treatment group.

Genotype Comparison Number of DEGs
wt WT MBYV vs. no treatment 2344
wt IL-33- MBYV vs. no treatment 4289
wt rIL-33 vs. no treatment 74
wt WT MBYV vs. IL-33- MBV 1202
st27 WT MBYV vs. no treatment 2011
st27 IL-33- MBV vs. no treatment 3862
st27 rIL-33 vs. no treatment 25
st2 WT MBYV vs. IL-33- MBV 1514
Treatment Comparison Number of DEGs
WT MBV wt BMDM vs. st2- BMDM 438
IL-33- MBV wt BMDM vs. st2- BMDM 1315
rIL-33 wt BMDM vs. st2- BMDM 55

6.3.3 IL-33 Cargo within MBYV Differentially Regulates Gene Expression in Macrophages

Exposure of macrophages to WT MBYV and IL-33" MBV enabled identification of genes

specifically regulated by MBV-associated IL-33. In total, WT MBV vs. IL-33° MBV treatment

resulted in 1202 and 1514 DEGs in wt and st2”° macrophages, respectively, suggesting the

significance of IL-33 cargo in regulating macrophage activation (Table 5).
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Figure 21. IL-33 content differentially regulates gene expression in macrophages.

(A) Volcano plot of regulated genes in wt (left) or s£27" (right) macrophages with the x-axis representing the log2
conversion of the fold change and the y-axis representing the log10 conversion of the adjusted p-value. Genes that
are significantly downregulated with the presence of IL-33 cargo are depicted in green and genes that are
significantly upregulated with IL-33 cargo are depicted in blue. Genes that have no significant dependence on IL-33
are shown in black. (B) A subset of 16 genes that are regulated by MBV IL-33 content were validated by qPCR. The
logx(fold change) of gene expression following WT MBYV treatment relative to IL-33- MBV treatment in wt and 527

macrophages is shown. All values represent mean + SEM (N = 3)
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Volcano plots of WT vs. IL-33- MBV in wt and sz2”- macrophages show the genes that are
specifically up or down regulated by IL-33 cargo within the MBV (Figure 21A). Validation by
qPCR for 6 of the top upregulated and 10 of the top downregulated DEGs of interest confirmed
results of the sequencing study and further demonstrated a similar response to IL-33 cargo in
macrophages with and without the ST2 receptor (Figure 21B). Genes upregulated in the presence
of IL-33 cargo are generally associated with pro-remodeling (M2-like) activity in macrophages
while those downregulated are associated with pro-inflammatory (M1-like) effects (Table 6).
These results suggest the importance of IL-33 cargo in MBV-mediated promotion of an anti-

inflammatory M2-like phenotype in macrophages.
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Table 6. Top regulated genes are associated with anti-inflammatory activation of macrophages.

L. 1L-33
Gene Gene Name Description Trend
GPR34 G prr:ézglt;)cro;;li)led Upregulated in IL-4 stimulated M2 macrophages [272] quL\_A;;h
RETNLG Resistin-like Expressed by alternatively activated M2 macrophages up with
gamma, FIZZ-3 [273] 1L-33
SLCO2B1 Sf;;;?cczgf; Generally associated Withztizsue resident macrophages quL\x;i;h
transporter 2B1 [274] i
. Increased expression in M2-like macrophages and up with
D28 (D28 antigen associated with reduced T-cell stimulatory activity [275] 1L-33
Inositol . . . .
Lipid phosphatase that is a negative regulator of up with
INPPSJ | polyphosphate 3- P P BK/AKT signalingg [276] ¢ IL.33
phosphatase J
KLKIBI1 Kallikrein 1-related Significantly upregulated by IL-4 in tissue resident up with
peptidase bl1 macrophages [277] IL-33
Pleiotropic cytokine with a role in both resolving acute down
IL6 Interleukin 6 phase inflammation and stimulating pathological chronic | with IL-
inflammation [278] 33
Antagonist of Wnt/b-catenin pathway [279], which is down
SHISA3 Shisa family expressed in M2 macrophages [280]. Upregulated in with TL-
member 3 kidney resident macrophages that express CD206, but are 33
associated with renal cyst formation [281]
. . down
. Monocytes have hypomethylation of the CpG site of .
NRXN2 Neurexin II NRXN? in ageing [282] w1t§131L-
Macrophage Class A scavenger receptor that is a marker of M1 down
MARCO receptor with macrophages [283] and is downregulated by IL-4 in with IL-
collagenous .
resident macrophages [277] 33
structure
. Involved in the ability of macrophages to engulf and take glown
SYT7 Synaptotagmin VII up foreign particles for phagocytic degradation [284] Wlt;l 3IL_
Encodes the p35 chain of IL12, a pro-inflammatory down
IL12a Interleukin 12a cytokine that activates natural killer cells and induces with IL-
differentiation of T helper 1 cells that produce IFNy [285] 33
Expression of IL19 in monocytes and macrophages is down
IL19 Interleukin 19 induced by pro-inflammatory stimuli such as LPS [286]. | with IL-
Associated with pro- and anti-inflammatory effects [287] 33
Increased in macrophages following stimulation with LPS, | down
CD69 CD69 antigen IFNy and TNFa [288]. Exerts pro-inflammatory function | with IL-
in disease pathogenesis [289] 33
C-C motif Chemotactic factor for macrophages in the tumor down
CCL4 chemokine ligand 4 microenvironment [290]. Expressed by M1 macrophages | with IL-
and inhibited by M2 macrophages [137] 33
Colony stimulating Encodes for granulocyte colony stimulating factor, a down
CSF3 factor 3 member of the IL6 family that stimulates the survival, with IL-
proliferation and differentiation of neutrophils [291] 33
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6.3.4 MBV-associated I1L-33 Regulates Pathways of the Inflammatory Response

The core analysis function in IPA software (Qiagen) was used to identify the top diseases,
canonical pathways, and signaling networks that are associated with DEGs induced by IL-33 cargo
within MBV (Figure 22). The top diseases and pathways showed a strong association of IL-33
with the inflammatory response and cell-to-cell signaling. The full list of the top canonical
pathways regulated by IL-33 cargo is shown in Figure 22B. Of note, many of the genes regulated
by IL-33" MBV have an established role in pathways of T cell differentiation, cellular
communication of both the innate and adaptive immune systems, and involvement in autoimmune
diseases. Analysis of predicted upstream regulators identified activation of the anti-inflammatory
IL10RA pathway and downregulation of pro-inflammatory regulators such as NFkB and TNFa by
IL-33" MBV regulated genes (Figure 22C). The repeated association of DEGs stimulated by IL-
33 cargo signaling to the inflammatory response highlights the importance of this cargo protein in

directing the immune reaction to MBV.
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Figure 22. Top pathways regulated by MBV-associated IL-33 are related to the inflammatory response.
(A) Top diseases and biological functions, (B) significant canonical signaling pathways, and (C) predicted upstream

regulators by WT MBYV vs. IL-33- MBV as determined by IPA analysis.
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6.3.5 IL-33" MBV can Alleviate and Prevent Pro-inflammatory Activation of Macrophages

Given the ability of MBV to modulate the phenotype of naive macrophages, the effect of
MBYV on pro-inflammatory macrophages was also investigated using two different treatment
schemes (Figure 16). To determine if MBV can alleviate a pro-inflammatory phenotype of
activated macrophages, bone marrow derived macrophages were first stimulated to a pro-
inflammatory M1-like phenotype with exposure to LPS and IFNy for 6hr. The pro-inflammatory
stimuli were then removed, and the pre-activated macrophages were exposed to WT or IL-
33 MBV for 18 hours. Quantification of the resulting macrophage phenotype with
immunolabeling showed that exposure to WT MBYV significantly decreased the percentage of M 1-

like iNOS+ cells relative to media and IL-33- MBV (Figure 23).
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Figure 23. MBYV containing IL-33 alleviate a pro-inflammatory macrophage phenotype.
Bone marrow-derived macrophages from wildtype mice were activated toward a pro-inflammatory phenotype with
IFNY/LPS for 6 hours followed by treatment with media, WT MBYV or IL-33- MBYV for 18 hours. (A) Representative
images of F4/80, iNOS and Arginase immunolabeling. Quantification of the percentage of (B) iNOS positive and

(C) Arginase positive nuclei as determined with CellProfiler. All values represent mean + SEM (N = 3)
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In the second treatment scheme, the ability of MBV to prevent pro-inflammatory
macrophage activation was evaluated using simultaneous exposure of macrophages to LPS/IFNy
and MBV. The presence of WT MBYV not only mitigated iNOS expression but also increased the
expression of M2-like macrophage marker Arginase (Figure 24). These results suggest that WT
MBYV, but not IL-33" MBYV, are able to both alleviate and prevent pro-inflammatory activation of

macrophages in vitro.
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Figure 24. MBYV containing IL-33 can prevent pro-inflammatory macrophage activation.
Bone marrow-derived macrophages from wildtype mice were simultaneously stimulated with pro-inflammatory
activators IFNy/LPS and media, WT MBYV or IL-33 MBV for 24 hours. (A) Representative images of F4/80, iNOS
and Arginase immunolabeling. Quantification of the percentage of (B) iNOS positive and (C) Arginase positive

nuclei as determined with CellProfiler. All values represent mean = SEM (N = 3)
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6.3.6 MBV-Induced Macrophage Secretome Limits Myofibroblast Activation

The ability of MBV to affect the activation of fibroblasts to myofibroblasts was next
evaluated both directly and indirectly (i.e., through macrophage mediated effects) (Figure 17). To
determine direct effects of MBV on fibroblasts, a myofibroblast-like phenotype was induced with
500nM Angiotensin (Ang) II, and cells were simultaneously stimulated with either WT or IL-33"
MBYV. Immunolabeling for Collagen I and aSMA were used as indicators myofibroblast activation
(Figure 25A). Exposure to Ang II resulted in significantly more aSMA™ myofibroblasts compared
to media alone. However, simultaneous exposure to WT or IL-33" MBYV did not significantly affect

the expression of myofibroblast markers (Figure 25B & C).
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Figure 25. Direct exposure to MBV does not affect myofibroblast activation.
Cardiac fibroblasts were activated toward a myofibroblast phenotype with Angiotensin (Ang) II and simultaneously
exposed to either WT or IL-33- MBV. (A) Representative images of collagen I and aSMA immunolabeling.
Quantification of the (B) relative intensity of Col I expression normalized to media control and (C) the percent of

aSMA positive nuclei as determined by CellProfiler. All values represent mean = SEM (N = 3)

The indirect effect of the MBV-mediated macrophage phenotype was also evaluated with
Col I and aSMA expression. Exposure of fibroblasts to conditioned media from macrophages
exposed to WT MBYV did not affect aSMA or Col I expression relative to the conditioned media
of naive macrophages (MCSF) (Figure 26). Conversely, the macrophage secretome induced by
IL-33° MBV resulted in significantly more aSMA™ myofibroblasts relative to both naive
macrophages and WT MBV- treated macrophages. Of note, the effect of WT MBV conditioned

media was equivalent to that of M2-like macrophage media, and IL-33" MBV conditioned media
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was consistent with M 1-like macrophage media. Collagen I expression followed similar trends but
did not reach significance. These results indicate that the macrophage secretome induced by WT
MBYV prevents myofibroblast activation in vitro and further corroborates the activation of

macrophages toward an M2-like and M1-like phenotype by WT and IL-33" MBYV, respectively.
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Figure 26. Macrophage secretome induced by WT MBYV prevents myofibroblast activation.
Cardiac fibroblasts were exposed to conditioned media from macrophages treated with media, IFNy/LPS, IL4, WT
MBYV, or IL-33- MBV. (A) Representative images of collagen I and aSMA immunolabeling. Quantification of the
(B) relative intensity of Col I expression normalized to media control and (C) the percent of aSMA positive nuclei

as determined by CellProfiler. All values represent mean + SEM (N = 3)
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6.3.7 MBYV Directly and Indirectly Modulate Osteogenic Differentiation

Fibroblast mineralization was used as an in vitro model to evaluate the direct and indirect
effect of MBV on osteogenic differentiation. Expression of a panel of genes commonly associated
with osteogenesis were evaluated following 3, 5, or 7 days of simultaneous exposure to osteogenic
media with 1x10° particles/ml of WT or IL-33- MBV. Changes in gene expression were observed
following WT and IL-33 MBV treatment relative to the osteogenic media control at all time points,
and the magnitude of the fold changes generally increased with time (Figure 27A). Similar trends
of gene expression were observed between MBYV types at all timepoints, however there was higher
expression of OSX with IL-33" MBV treatment relative to WT MBYV treatment at both 5 and 7
days.

Alizarin red staining was used to visualize mineral deposition in the fibroblast cultures.
There was no detectable alizarin positive staining in any of the treatments at day 3, but
mineralization was present in all groups receiving osteogenic media by day 5 (Figure 27B & C).
At 7 days, there was significantly more alizarin red when IL-33" MBV were added to the media
compared to osteogenic media alone and osteogenic media with WT MBV. There was no
difference with the addition of WT MBYV to the osteogenic media (Figure 27B & C). Quantification
of the calcium content in each well was used as an additional metric for mineral deposition. The
calcium content followed a similar trend as the alizarin red quantification but did not reach

statistical significance between any of the groups in osteogenic media (Figure 27D).
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Figure 27. Direct effect of MBYV on osteogenesis.

Cardiac fibroblasts were exposed to pro-osteogenic media supplements simultaneously with 1x10° p/ml WT or IL-
33- MBV. (A) Expression of genes commonly associated with osteogenic differentiation. Represented as fold
change relative to the osteogenic media control (B) Representative images of Alizarin Red staining. (C)
Quantification of the percent alizarin red positive area in each well. (D) Quantification of the calcium content of

each well as an indicator of mineral formation. All values represent mean + SEM (N = 3)
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The observation of increased mineralization with IL-33" MBV, but no change with WT
MBYV suggested that overall MBV cargo is associated with pro-mineralization effects while 1L-33
cargo acts to suppress those effects. Given this finding, we performed a dose response to determine
the limits of the IL-33 cargo effects, and also included recombinant IL-33 as an additional control.
Alizarin red staining and calcium content were undetectable in all groups at day 3 (data not shown).
Mineral deposition was present in all groups at day 5 with increasing severity at day 7 as evidenced
by alizarin red staining and calcium content (Figure 28). The percent alizarin red positive area and
calcium content were normalized to the osteogenic media control to observe changes based on
treatment group (Figure 28B & C). At day 5, both 20ng/ml rIL-33 and a low dose of WT MBV
(4.5x10® particles/ml) decreased mineralization, while a low dose of IL-33- MBV substantially
increased mineral deposition. At a higher dose (4.5x10° particles/ml), both WT and IL-33 MBV
promoted increased mineralization relative to the osteogenic media control and there was no
difference based on IL-33 content. Except for increased alizarin red with 1x10° IL-33 MBV, the
differences based on treatment group were most notable at day 5, with little further changes

occurring by day 7 (Figure 28B & C).
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Figure 28. Dose response of direct MBYV effects on osteogenesis.
Cardiac fibroblasts were exposed to pro-osteogenic media supplements simultaneously with 20ng/ml rIL-33,
4.5x108 p/ml or 4.5x10° p/ml of WT or IL-33- MBV. (A) Representative images of Alizarin Red staining.
Quantification of the fold change of the (B) percent alizarin red positive area and (C) calcium content of each well

relative to the osteogenic media control. All values represent mean + SEM (N = 3)
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The indirect effect of the secreted products of MBV-stimulated macrophages on
modulating osteogenic differentiation was also evaluated with gene expression, alizarin red
staining, and calcium content of fibroblasts. The expression of genes commonly associated with
osteogenesis did not show clear differences between any of the macrophage conditioned media
groups (Figure 29A). Relative to the osteogenic media control, all macrophage conditioned medias
generally promoted downregulation of ENPP1, OCN, and RunX2 at all timepoints. Alizarin red
staining for mineralization showed no positive staining at 3 days in any groups. At day 5, alizarin
red staining was present in the osteogenic media control, Mmcsr, Mvps/rny, and Mirs4 groups, and
the prevalence of the staining was increased at day 7 (Figure 29B & C). At all timepoints evaluated,
the conditioned media from macrophages treated with either WT or IL-33" MBYV prevented mineral
deposition. Both the percent alizarin red positive area and the calcium content of Mwt mBv and
MiL-33- mBv Were significantly lower than all other osteogenic groups and equivalent to the growth

media control (Figure 29C & D).
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6.4 Discussion

In the present study, transcriptomic analysis was used to determine the effect of MBV
associated IL-33 cargo on macrophage activation. Results show significant contribution of ST2
receptor-independent IL-33 signaling to the macrophage response to MBV. Specifically, MBV IL-
33 cargo plays an important role in promoting an anti-inflammatory M2-like macrophage
phenotype by up regulating M2-associated and down regulating M1-associated genes. The
repertoire of IL-33 mediated genes in macrophages are broadly related to the inflammatory
response and crosstalk between cells of the innate and adaptive immune systems. IL-33 cargo was
also revealed as an important contributor to direct and macrophage-mediated effects of MBV on
fibroblast activation and mineralization.

Implantation of an ECM bioscaffold is typically associated with a constructive remodeling
outcome characterized by site appropriate tissue deposition and absence of foreign body reaction
in multiple anatomical locations [81,82,84,85,109,112]. An early transition of responding immune
cells toward a type 2, anti-inflammatory phenotype is now recognized as a critical determining
factor of the positive downstream outcome to ECM scaffolds [111]. Though numerous constituents
of the ECM contribute to the overall cellular response to bioscaffold implantation, MBV have
emerged as an important, perhaps necessary, factor in directing the anti-inflammatory M2-like
activation of macrophages [151,152]. Further evaluation of individual MBV components
identified the determinant role of intraluminal IL-33 cargo in the MBV-mediated macrophage
response. Specifically, MBV containing IL-33 produced the expected M2-like activation of bone
marrow derived macrophages, and elimination of IL-33 within the MBV instead induced a pro-
inflammatory phenotype [163]. Owing to the potential clinical importance of IL-33 to MBV

effects, the secreted products of macrophages exposed to IL-33" MBV, but not IL-33" MBV,
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promoted myogenesis of skeletal muscle progenitor cells in vitro [163]. In a mouse heart transplant
model, IL-33 cargo was required for MBV to reduce the presence of pro-inflammatory
macrophages and mitigate immune-driven chronic rejection of the graft [165].

Consideration of the top signaling pathways predicted by IPA to be regulated by MBV-IL-
33 cargo may suggest additional or alternative contributions of IL-33 to the biologic and
remodeling effects broadly associated with ECM bioscaffolds. Wolf et al. showed that ECM
produced from urinary bladder matrix (UBM-ECM), known to contain IL-33" MBV [163],
synergized with PD-1 and PD-L1 checkpoint blockade to inhibit tumor formation by a macrophage
dependent mechanism [150]. “PD-1/PD-L1 cancer immunotherapy” is among the top pathways
regulated by MBV-associated IL-33 in macrophages. Exposure of LPS/IFNy activated microglia
to either UBM-ECM or UBM-MBYV inhibits production of pro-inflammatory cytokines, including
IL-33-regulated IL6, consistent with a role of IL-33" MBV in the “neuroinflammation signaling
pathway” [162]. Genes regulated by MBV-associated IL-33 direct pathways of T cell activation
and immune cell phenotype, including “communication between innate and adaptive immune
cells”, “cytokines mediating communication between immune cells”, “T helper cell
differentiation”, and “Thl and Th2 activation pathway”. Sadtler et al. showed that the pro-
regenerative, anti-inflammatory response to ECM scaffolds requires crosstalk between innate and
adaptive cells, specifically T helper 2 cells [145,148]. Overall, the connection of IL-33 signaling
by MBV to known effects of ECM and MBV suggest that IL-33 may be a significant, but
previously uncharacterized, contributor.

IL-33 is produced as a ~32kDa protein that lacks a signaling sequence for secretion but has
an N-terminal domain containing a nuclear localization sequence and chromatin binding motif.

Due to the nuclear domain, IL-33 is predominantly found within the nucleus and is constitutively
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expressed by endothelial, epithelial, and fibroblast cells with little to no basal presence in
hematopoietic cells including macrophages [244,292,293]. Following cell death, damage, or
mechanical stress, free IL-33 is released into the extracellular space and can stimulate the canonical
ST2 signaling pathway in ST2 receptor positive cells [247]. Of importance, the genes significantly
regulated by MBV-associated IL-33 in macrophages are unique from previously established
effects of IL-33/ST2 signaling in other cell types. For example, ST2 signaling by IL-33 increased
CSF3 expression in dendritic cells [294] and adipocytes [295], CD69 expression in CD8" T cells
and NK cells [296,297], CCL4 in mast cells [298,299], and IL-6 expression in intestinal immune
cells [300], bone marrow mast cells [298], adipocytes [295], and dendritic cells [294] : a stark
contrast to the downregulation of all these genes by MBV-associated IL-33 signaling in
macrophages. Canonical IL-33/ST2 signaling also decreases CD28 expression in mast cells [301]
while non-canonical signaling by MBV increased the expression of this anti-inflammatory marker
in macrophages. Activation of MyD88 and NF-kB signaling cascades are also stimulated by IL-
33/ST2 signaling in macrophages and other cell types [247,302], but are predicted to be inhibited
by MBV-associated IL-33 signaling.

IL-33 has previously been shown to be packaged within membranous vesicles in the
cytoplasm of fibroblasts [303] and within exosomes produced by Epstein-Barr Virus infected cells
[304], but the bioactive effects of vesicle-associated IL-33 cargo, specifically MBV, has not been
previously described. Previous work showed that encapsulation of IL-33 within the MBV lumen
enables bypassing of the ST2 surface receptor to stimulate changes in macrophage phenotype
[163]. Herein it is further shown that IL-33 cargo delivered by MBYV localizes to the nucleus of
macrophages and induces transcriptomic changes independent of the ST2 receptor. In other cell

types, nuclear IL-33 binds chromatin through protein-protein interactions and acts as a
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transcriptional repressor [244,253]. Full length IL-33 can bind directly to the p65 and p50 subunits
of NF-kB in HEK293 cells to dampen pro-inflammatory signaling [253]. In endothelial cells, IL-
33 has also been shown to suppress transcription of the pro-inflammatory cytokine IL-6 by binding
to promoter-bound proteins [305]. In the present work, IL-33 MBV cargo significantly decreased
IL-6 gene expression, and IPA analysis identified NF-kB as a predicted upstream regulator that is
downregulated by the presence of IL-33 within the MBV. The present results suggest a similar
mechanism of NF-kB inhibition following IL-33 translocation to the nucleus of macrophages.

The parallels between the role of nuclear IL-33 in other cells and the response of
macrophages to MBV informs a hypothesis that following uptake and translocation to the nucleus,
IL-33 interacts with chromatin to diminish pro-inflammatory activities in macrophages. In this
previously uncharacterized paradigm of signaling, MBV may act as a vector for nucleus-to-nucleus
transport of proteins to direct cell activation. Though results shown here apply specifically to IL-
33, this model of receptor-independent delivery of MBV cargo may also apply to other nuclear
alarmins and cytokines lacking a signaling sequence. Future studies will explore this novel
hypothesis and confirm that nuclear localization of IL-33 by way of MBV uptake in macrophages
is at least partially responsible for transcriptomic regulation.

To characterize the effects of MBV and the contribution of IL-33 cargo on stromal cell
phenotype, we evaluated myofibroblast activation and mineralization of cardiac fibroblasts. The
effects of recombinant IL-33 on these processes have previously been studied and therefore rIL-
33 was not included in the present analyses [260,261,306,307]. Direct exposure to MBV with or
without IL-33 cargo had no effect on modulating the activation of fibroblasts in the presence of
pro-fibrotic stimuli. On the other hand, the secreted products of stimulated macrophages did affect

fibroblast to myofibroblast transition. MBV derived from porcine vocal fold lamina propria ECM
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have been shown to directly inhibit TGF-betal induced myofibroblast activation of human vocal
fold fibroblasts in vitro [308]. The inability of MBYV to directly inhibit myofibroblast activation in
the present study may be due to differences in cell source, MBV tissue source [151,152,308] and
MBYV isolation method [309]. Consistent with the results of the present study, IL-33 content was
not expected to directly modulate fibrosis in vitro. 1L-33 signaling inhibited cell migration and
activated cytokine and chemokine expression in rat cardiac fibroblasts, but had no effect on the
expression of myofibroblast markers [307].

The indirect effect of macrophage-fibroblast crosstalk has not previously been studied in
vitro, but rIL-33 and IL-33" MBV have both been shown to limit fibrosis in various models iz vivo
[165,261,306]. Though a causative role was not specifically determined, decreased fibrosis was
associated with modulation of innate [165] and adaptive [261] immune responses. These studies
together with the present data support a role of IL-33 dependent MBV-induced changes to
macrophage phenotype in mediating myofibroblast activation.

Though direct biologic effects of MBV were not observed in the model of in vitro fibrosis,
the same cell type was affected directly by MBV, with IL-33 dependence, in a model of
mineralization. A dose dependent effect was observed with direct MBV treatment in which a low
dose of WT MBV prevented mineralization, an intermediate dose had little effect on
mineralization, and a high dose of WT MBV stimulated increased mineralization in cardiac
fibroblasts. Conversely, IL-33° MBV increased mineralization at all doses evaluated. These results
suggest that the anti-osteogenic effects of IL-33 cargo dominate at lower doses but are
overpowered by the pro-osteogenic effects of other MBV cargo at higher doses. Pleiotropic effects
of IL-33 signaling on mineralization and osteogenesis have been reported by other groups

previously [259,260,310-313]. The finding that IL-33 inhibits mineralization in rat cardiac

94



fibroblasts is consistent with findings by Kukolj et al. in which IL-33 treatment decreased ALP
activity, Alizarin Red staining, and calcium deposition in dental pulp and periodontal ligament
stem cells [260].

Identification of other cargo components that may be contributing to MBV-mediated
effects on mineralization is outside the scope of the present study. Hussey et al. previously
performed a cytokine array on mouse small intestine-derived WT and IL-33- MBV, the same
source as used herein [163]. C-reactive protein, cystatin C, and hepatocyte growth factor were
among the cytokines with the highest expression levels and have reported pro-osteogenic effects
[314-316]. The lipid, nucleic acid, and other protein composition of MBYV also likely impact the
mineralization response to MBV but have not yet been characterized for mouse intestine MBV.

The ability of the macrophage secretome induced by both WT and IL-33" MBV, but not
naive, M1, or M2 macrophages, to indirectly prevent fibroblast mineralization is a novel finding.
This supports an MBV-specific macrophage phenotype that occurs independently of IL-33 cargo.
Multiple studies have shown that ECM scaffold-associated macrophages have an activation state
that is unique from the established LPS/IFNy or IL-4 induced phenotypes [147-149,317,318]. The
present study identified specific genes regulated by IL-33 cargo in macrophages but did not
characterize the universal MBV-associated macrophage phenotype. Given the dose dependent
promotion of mineralization by MBV directly and the potent inhibition of mineralization
indirectly, future work using co-culture, or an in vivo model is necessary to determine the overall

effect of MBV on the mineralization response.
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The finding that receptor-independent delivery of MBV-associated IL-33 is sufficient for
directing an anti-inflammatory macrophage response highlights the importance of this cytokine in
determining the host response and remodeling outcome to MBV and ECM. Further, understanding
the importance of IL-33 signaling in macrophages activation and other cellular processes is

relevant for intelligent design of the next generation of ECM-based therapies.

96



7.0 MBV Modulate Host Response to Implanted Bioprosthetic Tissue Valve’

7.1 Introduction

The success or failure of a biomaterial in the clinical setting is ultimately dependent upon
the host tissue response following in vivo placement [319], a characteristic called biocompatibility.
A definition for biocompatibility, widely accepted in the biomaterials and medical device
communities [320,321], includes the phrase “the ability of a material to perform with an
appropriate host response in a specific application”, a concept that has been expanded to include
biologically active biomaterials [322,323].

The host immune response following implantation of a biomaterial is influenced by the
physical and chemical properties of the material [319]. While cells of both the innate and adaptive
immune system can contribute to the host response, the phenotype of responding macrophages is
arguably the most important determinant of the downstream remodeling outcome [238,239].
Specifically, persistent pro-inflammatory (M1-like) macrophages are associated with a less
favorable outcome characterized by dense fibrosis, scar tissue, and chronic inflammation
[324,325]. In contrast, a rapid transition of infiltrating macrophages from an initial M1-like
response to an M2-like phenotype is associated with a constructive remodeling response,
characterized by a resolution of inflammation and deposition of more organized, site-appropriate

tissue [111,113]. In the context of the host response to bioprosthetic heart valves, pro-

> Excerpts of this chapter have been adapted from the following publication:

M.C. Cramer, J. Chang, M. Cox, H. Li, A. Serrero, M. El-Kurdi, F.J. Schoen, S.F. Badylak, Tissue response,
macrophage phenotype, and intrinsic calcification induced by cardiovascular biomaterials: Can clinical regenerative
potential be predicted in a rat subcutaneous implant model?, J Biomed Mater Res Part A. (2021) 1-12.
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inflammatory M1-like macrophages and their cytokines are associated with promotion of
calcification, while anti-inflammatory M2-like macrophages are thought to be protective against
calcification [67,71].

The present aim used a subcutaneous rat model to investigate the in vivo tissue host
response to a biologic scaffold composed of glutaraldehyde-fixed bovine pericardium (gluBP),
which is the standard of care for valve substitutes for heart valve replacement [326]. The
therapeutic effect of systemic administration of WT or IL-33" MBV in modulating the host
response following gluBP implantation was evaluated by multiple metrics including inflammation,

neovascularization, macrophage phenotype, remodeling and calcification.

7.2 Materials and Methods

7.2.1 Overview of Experimental Design

A subcutaneous rat model was used to compare the tissue response, including macrophage
phenotype, remodeling potential and calcification propensity of gluBP following administration
of WT or IL-33- MBV. Three week old weanling rats received dorsal subcutaneous implants of
gluBP. To evaluate the therapeutic effect of MBV, animals were also administered saline, WT or
IL-33" MBV via tail vein injection. Each animal received a total of four material implants with two
placed bilaterally on each dorsal side. The time points for evaluation were 2, 14, 21, 90 and 180
days (n=3 animals per timepoint/group). The host macrophage and calcification response to the
test material was evaluated with histochemistry, immunolabeling and radiographic analysis. A

schematic overview of the animal study used in Specific Aim 3 is depicted in Figure 30.
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Figure 30. Overview of experimental design for Specific Aim 3.

7.2.2 Preparation of gluBP

To produce gluBP, fresh bovine pericardium was obtained from Innovative Research
(Novi, MI). Pericardium was rinsed in sterile saline and then fixed in a buffered 0.625%
glutaraldehyde solution (pH 7.4) for 7 days followed by storage in 0.2% glutaraldehyde until use
as previously described [77]. After fixation, gluBP was cut into 8mm discs with a biopsy punch in
an aseptic environment. The gluBP material was rinsed twice in sterile saline to remove residual

glutaraldehyde solution prior to implantation.
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7.2.3 Dorsal Subcutaneous Implantation in Rats

Animal studies were conducted in compliance with all regulations regarding the humane
treatment of laboratory animals as set forth by the University of Pittsburgh’s Institutional Animal
Care and Use Committee. Three-week old female Sprague Dawley rats were obtained from Envigo
(Indianapolis, IN). Rats were anesthetized and maintained at a surgical plane of anesthesia with
1.5-3% isoflurane in oxygen and prepared for aseptic surgical procedures. A midline incision was
made on the dorsal dermis of the animal and the dermis was undermined on each side to create a
pocket of sufficient size to accommodate the implants. An 8mm diameter disc of gluBP was
sutured to the adjacent panniculus carnosus muscle with 7-0 Prolene. Each animal received 4 total
subcutaneous implants, with two bilaterally on each dorsal side. The skin was closed with
absorbable sutures. The animals were recovered from anesthesia and allowed normal ambulation
and diet for the remainder of the study period. Animals were sacrificed by CO» asphyxiation at 2,
14, 21, 90, or 180 days after implantation. At the time of sacrifice the samples with surrounding

tissue were explanted and fixed in 10% neutral buffered formalin.

7.2.4 Intravenous Injection of MBV

Rats were anesthetized with isoflurane prior to tail vein injection of MBV. Animals
implanted with gluBP were injected with sterile saline, 1x10'° MBV particles from the small
intestine of wildtype mice (WT MBYV), or 1x10!° MBYV particles i/33”" mice (IL-33- MBV). Small
intestine was used as the source of MBV in this study since IL-33 is known to be abundant in
mouse intestinal MBV [163]. MBV were resuspended in 100ul sterile saline and injections were

administered at the time of surgery (day 0) and on post-operative days 3, 7, 10, 15, 30 and 60.
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7.2.5 Histologic Evaluation

At the designated time point samples with surrounding tissue were explanted, formalin-
fixed, embedded in paraffin and Sum serial sections were cut. Sections were stained with either
hematoxylin and eosin (H&E) or von Kossa stains according to standard procedures to visualize
general morphology, cellular infiltration, and calcification. Neovascularization of the implant was
evaluated by CD31 immunolabeling. Briefly, slides were deparaffinized and antigen retrieval was
performed with citrate buffer (pH = 6) at 95-100°C for 20 min. Slides were treated with 3% H20O>
in methanol for 10 min to quench endogenous peroxidase activity prior to blocking in 1% bovine
serum albumin, 2% normal horse serum, 0.1% Triton X-100 and 0.1% Tween-20 at room
temperature for 1 hr. Tissue sections were incubated overnight at 4°C with rabbit monoclonal
CD31 antibody (1:500, Abcam) in blocking buffer. Slides were incubated with horseradish
peroxidase-conjugated (HRP) anti-rabbit IgG secondary antibody (1:200, Sigma Aldrich) at room
temperature for 1 hr. Slides were developed with peroxidase substrate, 3,3’-diaminobenzadine
(ImmPACT™ DAB, Vector Laboratories) followed by hematoxylin counterstaining, ethylene-

xylene dehydration and mounting in non-aqueous medium.

7.2.6 Evaluation of Macrophage Phenotype

Tissue sections were deparaffinized and antigen retrieval was performed with citrate buffer
prior to blocking. Tissue sections were immunolabeled with primary antibodies for pan-
macrophage marker (mouse anti-CD68, 1:150, Bio-Rad Antibodies) and indicators of M1-like
(rabbit anti-TNFa, 1:100, Abcam) and M2-like (goat anti-CD206, 1:100, R&D Biosystems)

macrophage phenotypes and secondary antibodies goat anti-mouse HRP (1:100, Sigma Aldrich),
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goat anti-rabbit HRP (1:100, Sigma Aldrich), or rabbit anti-goat HRP (1:100, Sigma Aldrich) in
blocking buffer for 3 min in the microwave at mid-low power. Signal was generated with Opal
Polymer HRP (Akoya Biosciences), and nuclei were visualized with DRAQS (Thermo Scientific)
staining. Slides were imaged on the Zeiss Observer Z1 microscope with Axiocam MRc camera
and a 32x objective with the FITC/TRITC/DAPI/DRAQS filter set. Three fields of view per slide
were selected in areas of cellular infiltration into the implanted material to depict the phenotype of
the resultant host response. Quantification of macrophage immunolabeling was accomplished with
an image analysis algorithm in CellProfiler which verifies co-localization of positive

immunolabeling with cell nuclei.

7.2.7 Radiographic Analysis

Explanted samples with surrounding tissue were fixed in formalin and then rinsed in PBS
prior to radiographic analysis. Computed tomography (CT) scans were performed on tissue
samples using an EPiCA Vimago™ Veterinary CT scanner (Duncan, SC) . The volume of calcified
tissue was calculated from CT scans using the Region of Interest function in the Horos Viewer

software.
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7.2.8 Quantification of Calcium Content within gluBP Implants

Following radiographic analysis, a subset of gluBP samples were cleared of surrounding
tissue, thoroughly rinsed in PBS to remove residual formalin, and then washed in deionized water
to remove residual salts. The washed samples were then lyophilized and weighed. Inductively-
Coupled Plasma Mass Spectrometry (ICP-MS) for calcium content was performed by Huffman
Hazen Laboratories (Golden, CO). Calcium content was reported as ug Calcium per mg dry weight

tissue (n=3 per group).

7.2.9 Statistical Analysis

Quantitative outcomes were compared with a two-way ANOVA and post hoc Sidak test to
determine differences between groups. All statistical analysis were performed using GraphPad
Prism and p values <0.05 were considered statistically significant. Data is presented as mean +/-

standard error of the mean (SEM).

7.3 Results

7.3.1 Cellular Infiltration

Regardless of treatment group, implantation of the gluBP stimulated a mononuclear cell
response to the materials as early as 2 days post implantation, but the cells were limited to the

edges of the implant adjacent to the recipient tissue (Figure 31). At 14 days post implantation, the
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magnitude of the cellular response was increased in animals that received saline or 1L-33- MBV
injections compared to those that received WT MBV. After 21 days, the cellular response to the
gluBP in animals receiving saline was significantly higher than those receiving MBV derived from
either WT or IL-33" mice. The cellularity of WT MBYV treated animals remained similar from 2 —
21 days, while the IL-33" MBYV treated animals had increased cellularity at 14 days followed by a
decrease at 21 days. The magnitude of the cellular response was significantly diminished in all
treatment groups at 90 and 180 days post implantation. Across all groups and all timepoints, the
cells remained distributed primarily in those areas close to the edges with only a small number of

cells deep into the material (Figure 31).

104



>

90 Days

~—

WT MBV Saline

IL-33- MBV

B
1500 —
@ Saline
1000 @@ WT MBV
@ (L-33- MBV

500=

Nuclei per FOV

Day 2 Day14 Day21 Day90 Day 180

Figure 31. Cellular response to gluBP implantation.
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7.3.2 Neovascularization

Consistent with the spatial distribution of cellularity, the presence of CD31+ cells and
neovasculature were only present at the interface of the gluBP material with the underlying tissue
(Figure 32). There were no detectable differences between the extent of the neovascularization

between any of the treatment groups at any of the timepoints.
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Figure 32. Endothelial cell and neovascularization response to gluBP.
Representative images of CD31 immunolabeling of gluBP implants with injections of saline, WT MBV, or IL-33"
MBYV at 2, 14, 21, 90 and 180 days. Dotted lines define the interface of the material.
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7.3.3 Macrophage Phenotype

Macrophage phenotype was evaluated by immunolabeling for CD68*, TNFa." and CD206"
cells (Figure 33A). The total numbers of CD68"'CD206" and CD68 " TNFa " macrophages and the
ratio of M2-like (CD68'CD206") and MIl-like (CD68 TNFa") macrophages was used to
determine the dominant phenotype within the material (Figure 33B) and character of the
inflammatory response (Figure 33C).

The phenotype of macrophages present at the surface of the gluBP materials changed with
systemic administration of WT MBYV. Intravenous injection of WT MBV stimulated a more
dominant anti-inflammatory phenotype as indicated by a higher ratio of M2-like (CD68"CD206")
and M1-like (CD68 " TNFa") macrophages relative to saline and IL-33" MBV administration at
days 2, 21, and 90 (Figure 33B). There was no significant difference in the M2-like to M1-like
ratio between saline and 1L-33° MBV treatment at any timepoint, with the ratio being nearly
balanced. The overall number of macrophages of either phenotype was similar across treatment
groups at all timepoints. By 180 days post implantation, the magnitude of the macrophage response
was diminished and there were no significant differences in the phenotype based on treatment

(Figure 33C).
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Figure 33. Macrophage response to gluBP.

(A) Representative images of immunolabeling of pan-macrophages (CD68", red), pro-remodeling M2-like
macrophages (CD206", green) and pro-inflammatory M1-like macrophages (TNFa*, orange). Dotted lines define
the interface of the material. (B) Quantification of the ratio of M2-like: M1-like (CD68"CD206*: CD68 TNFa.")

macrophages. (C) Quantification of the number of CD68"CD206" and CD68"TNFo™ macrophages per field of view.
All values represent mean = SEM (N = 3)
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7.3.4 Susceptibility to Calcification

Histologic evaluation with von Kossa staining showed evidence of calcification in all
groups beginning at 14 days post implantation (Figure 34). The intensity of the staining increased
from day 14 to day 180 regardless of treatment. At 14 and 21 days, there was some evidence of
non-mineralized areas of gluBP in animals that received WT MBV whereas the full thickness of

the gluBP implants appeared fully encompassed following saline and IL-33" MBYV treatment.

>

90 Days

WT MBV Saline

IL-33- MBV

Figure 34. Histologic assessment of calcification.
Representative images of mineralization of gluBP implants observed histologically by von Kossa staining. Dotted

lines define the interface of the material.
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Figure 35. Radiographic assessment of calcification.
(A) Representative images of calcification of gluBP implants with radiographic CT scans. All images displayed with
the same viewing window. (B) Quantification of the volume of calcification within each test material as determined

by CT analysis. All values represent mean = SEM (N = 3)
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Consistent with the histologic evaluation, radiographic analysis with CT scanning showed
mineralization in all groups at 14 days that increased in intensity throughout the remainder of the
study (Figure 35). In general, the volume of calcification was lower with WT MBYV versus IL-33"
MBYV administration at days 21 and 90, however there were no statistically significant differences
in the volume of calcification between any of the treatments at any timepoint (Figure 35B).

ICP-MS analysis was used to quantify the calcium content within a subset of gluBP
implants as an additional metric of mineralization. No significant differences in calcium content

were observed at any timepoint evaluated (Figure 36).
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Figure 36. Calcium content of gluBP samples.
Quantification of the calcium content per dry weight of a subset of gluBP samples as determined by ICP-MS. All
values represent mean + SEM (N = 3)
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7.4 Discussion

The present aim used a subcutaneous implant model to determine the effect of WT or IL-
33" MBYV in modulating the host remodeling, macrophage, and calcification response to implanted
gluBP. Systemically administered MBV altered the magnitude and phenotype of the inflammatory
response to gluBP in an IL-33 cargo-dependent manner. More specifically, WT MBV containing
IL-33 cargo significantly decreased the magnitude of the cells responding locally to the gluBP and
promoted an increased the ratio of anti-inflammatory M2-like to pro-inflammatory M1-like
macrophages. Despite modulation of the immune response, intravenous MBV did not significantly
affect neovascularization or mitigate mineralization of the material relative to administration of
saline alone.

The observed temporal and spatial pattern of pro-inflammatory TNFa" macrophages to the
gluBP with saline administration was consistent with that of other studies in which chemically
crosslinked biologic scaffolds have been investigated [111,327]. These findings differ markedly
from the anti-inflammatory macrophage phenotype associated with non-crosslinked ECM
scaffolds studied previously [113,149,328]. Systemic MBV administration shifted the default
macrophage response to the gluBP implant and, consistent with previous studies and the work
presented in Chapter 6, intraluminal IL-33 cargo was required for this MBV-induced promotion
of an anti-inflammatory macrophage phenotype [163]. The finding that immunomodulation by
MBV-associated IL-33 occurs independently of the ST2 receptor is particularly crucial in the
context of the heart because levels of the soluble decoy receptor (sST2) are significantly increased
[79] and associated with worse prognosis [329] following implantation of bioprosthetic tissue

valves, thereby limiting the efficacy of IL-33 signaling through the canonical pathway [261,306].
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Calcification is the most important pathology limiting the long-term success of heart valve
replacement with bioprosthetic valves [18,58]. As described in detail in Chapter 1, calcification of
bioprosthetic heart valves during SVD occurs by both passive and active (immune-mediated)
mechanisms [11,18,59]. The observation that WT MBV administration dampened the
inflammatory response and shifted macrophages toward an M2-like phenotype but did not affect
the calcification response suggests that the contribution of passive calcification outweighed the
immune-mediated failure of the implant. Most commercially available bioprosthetic heart valves
are treated with an anti-calcification treatment following glutaraldehyde fixation to try to limit
passive calcification. The gluBP scaffold used in the present study was not decellularized prior to
glutaraldehyde fixation and, unlike clinically used bioprosthetic valves, also did not undergo any
anti-calcification treatment: two factors that likely exacerbated mechanisms of passive
calcification [328]. Future work is necessary to determine if the immunomodulatory properties of
MBV would impact the calcification response to a commercially relevant material that is less
susceptible to passive failure.

The model of subcutaneous implantation in rats, as used in the present study, is well
established [63,75,330,331] and generally predicts a calcification response similar to that observed
in clinical specimens [75,332]. Weanling animals were used in this study because of their more
active immune system [333], and rapid, robust calcification response [75]. The subcutaneous
implant model is more cost effective, less technically difficult and more reliable than valve
replacement in large animals [64,334]. Nevertheless, the subcutaneous implantation model used
in the present study does not subject the material to continuous blood flow, blood pressure or
dynamic mechanical stress which could influence the cellular and calcification response [36,335].

This model was further limited in that modulation of fibrosis or pannus formation of the implanted
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gluBP material by MBV administration could not be evaluated. Given the effect of MBV on
cardiac fibroblasts in vitro (Chapter 6), evaluation of the ability of MBV to modulate fibrotic
processes in vivo warrants further investigation.

The present study was also limited in that only one dose of MBV and one treatment regimen
was used. The MBYV dose and treatment schedule used in this study were informed by previous
studies performed in our laboratory evaluating the effect of systemic MBV administration in a
rodent model of rheumatoid arthritis but were not optimized specifically for our model of valve
calcification. Further, the effect of MBV administration may be partially dependent on the species
and tissue source of the MBV. For example, MBV derived from mouse small intestinal ECM were
associated with dose-dependent pro-calcific activity in vitro (Chapter 6) and contain cytokines
with pro-mineralization properties [163]. Conversely, the mouse skeletal muscle and human heart
derived MBV evaluated in Specific Aim 1 did not show substantial expression of calcific
cytokines. It is therefore plausible, yet unconfirmed, that a therapeutic effect of MBV in limiting
bioprosthetic heart valve mineralization could be achieved with further optimization of the model
parameters.

Further work evaluating the safety of intravenous MBV administration would be necessary
to pursue MBYV as a therapeutic. Though no adverse effects were observed with systemic MBV in
the present study, MBV biodistribution, toxicity, hemocompatibility and systemic off-target
effects are all parameters that still need to be evaluated. Additionally, potential translation to the
clinic would require multiple steps for large-scale manufacturing and commercialization.
Development of methods for bulk MBYV isolation, purification and sterilization, and identification
of appropriate benchmark bioactivity assays would need to be established to minimize lot-to-lot

variability and ensure reproducibility of results.

114



8.0 Dissertation Summary

The work presented in the present dissertation characterized matrix bound nanovesicles
(MBYV) as a distinct subpopulation of extracellular vesicle and evaluated the therapeutic potential
of immunomodulatory MBV in mitigating immune driven bioprosthetic heart valve failure. The
physical characteristics, protein cargo, and lipid composition of MBV were compared to other
subpopulations of extracellular vesicle, namely exosomes (Exo) and calcifying matrix vesicles
(cMV). The lipid and miRNA composition of MBV produced by 3T3 cells was also compared to
the fluid-phase Exo produced by the same cell type. In order to determine how MBV change with
cell source, the differences in composition of MBV produced by three different stem cells and the
changes that occur in MBV during heart failure were evaluated.

The contribution of MBV cargo protein interleukin-33 (IL-33) in directing transcriptomic
changes in macrophages was evaluated. The direct and indirect macrophage-mediated effect of
MBYV, and the contribution of IL-33 cargo, on modulating macrophage activation, fibroblast to
myofibroblast and fibroblast mineralization were evaluated in vitro. Finally, a rat subcutaneous
implant model was used to evaluate the host inflammatory, macrophage phenotype, and
calcification response to a glutaraldehyde-fixed bovine pericardium (gluBP) following systemic
administration of MBV with and without IL-33 cargo. The major findings of each aim are outlined

below.
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8.1 Major Findings

Specific Aim 1: To compare the structure and composition of MBV to other types of extracellular
vesicles, including fluid exosomes and calcifying matrix vesicles.

e Despite similar size and morphology, MBV isolated from non-mineralizing soft
tissue have protein, lipid, and miRNA cargo that are distinctly different from Exo and
cMV

e Even when produced by a single cell type, fluid-phase Exo and solid-phase MBV
have distinct cargo and composition

e Cell source type, not human donor variability, is a predominant contributor to
changes in MBV miRNA cargo

e MBYV cargo changes with heart failure and the resulting changes may contribute to

the progression of disease

Specific Aim 2: To determine the direct and indirect (macrophage-mediated) effect of MBV upon
macrophage activation, fibrosis, and mineralization in vitro.
Subaim 2.1: To determine the contribution of IL-33 cargo to MBV mediated effects upon
macrophage phenotype and fibroblast behavior.
e MBYV associated IL-33 cargo signals independently of the ST2 receptor to upregulate
genes associated with anti-inflammatory M2-like macrophages and downregulate

pro-inflammatory M1-like genes
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e The gene expression profile induced by MBV in macrophages is related to immune
cell crosstalk and other pathways that have previously been attributed to ECM
bioscaffolds

e The macrophage secretome induced by IL-33" MBV, but not IL-33" MBYV, inhibits
fibroblast to myofibroblast transition

e MBYV containing IL-33 are protective against fibroblast mineralization in a dose-
dependent manner

e MBV-induced macrophage secreted products inhibit mineralization independently of

MBYV IL-33 cargo

Specific Aim 3: To evaluate the ability of systemic MBV administration to modulate the host
immune response and calcification outcome to implanted gluBP in a preclinical rodent model.
e Intravenous administration of MBV dampened the magnitude of the local
inflammatory response to gluBP implants
e Treatment with MBV containing IL-33 cargo shifted the phenotype of responding
macrophages toward an anti-inflammatory M?2-like phenotype relative to
administration of saline alone
e Despite changes in the default immune response to the gluBP implant, there was no

significant effect of MBV administration on preventing calcification of the material
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8.2 Overall Conclusions

The work described in the present dissertation expands our understanding of MBV as a
subpopulation of extracellular vesicle. Compositional differences between MBV, fluid-phase Exo
and mineralizing cMV suggest unique biogenesis pathways and selective deposition of each
vesicle type. Within the MBV subpopulation of vesicles, the composition varies with cell source
and disease state of the tissue. In vitro, MBV direct macrophages toward an anti-inflammatory
M2-like phenotype that is dependent on transcriptomic changes specifically regulated by 1L-33
cargo within the MBV. The secretome of macrophages stimulated by MBV enact phenotypical
changes in fibroblasts that modulate their activation to myofibroblasts and their susceptibility to
mineralization. In vivo, intravenous administration of IL-33" MBV dampened the local
inflammatory response and shifted the phenotype of macrophages responding to implantation of
gluBP toward an anti-inflammatory state. Despite modulation of the immune response to gluBP,
MBYV did not inhibit the calcification response to the material.

This work supports a paradigm in which MBV and their bioactive constituent components
primarily target macrophages to direct an anti-inflammatory or pro-remodeling phenotype. While
the direct effect of MBV on other cell types is small, the MBV-induced phenotypical changes in
macrophages play a significant role in modulating other pathways associated with disease

progression (Figure 37).
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Figure 37. Schematic summary of MBYV effects on cellular processes.
Results of the present study suggest that macrophages are the main target cell for MBV. The anti-
inflammatory effects of MBV in macrophages result in downstream phenotypical effects of the macrophage

secretome on fibroblasts. The size of the gray arrows represent the magnitude of the effect.

The results of the present work may have significant clinical implications. Exosomes
harvested from biological fluids are being investigated for both diagnostic and therapeutic
applications. Identification of MBV as unique from fluid-phase exosomes provides a new
perspective in extracellular vesicle-based therapeutics and may guide next generation regenerative
medicine solutions. The understanding of how MBV cargo, composition, and most likely bioactive
effects vary with tissue source and disease state is imperative to inform the appropriate choice of
MBYV for the desired application as well as facilitate quality control metrics of the MBYV for clinical
use. The critical importance of IL-33 cargo to MBV bioactivity as evidenced throughout this work
highlights the importance of MBV cargo in directing phenotypical changes and encourages
development of tailored vesicles to enhance clinical results. Finally, the ability of systemic MBV
administration to modulate the local host immune response expands their potential clinical

application.
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