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Mesenchymal stem cells (MSCs) are a common source febasi#id therapies due to their innate
regenerative properties. However, these cells often die shortly after injection and, if they do
survive, run theisk of forming tumors. Celsecreted nanoparticles known as extracellular vesicles
(EVs) have been identified as having therapeutic effects similar to those of their parental cells
without the safety risks. Specifically, MSC EVs have emerged as a protthisnageutic modality

in a multitude ofapplications including autoimmune and cardiovascular diseases, cancer, and
wound healingDespite this promise, low levels of naturally occurring &¥go may necessitate
repeated doses to achieve clinical benefitintering the advantages of EVs over MSUse
current techniques to combat low EV potency (e.g., loading external molecules or using chemicals)
are not agreeable to largeale manufacturing techniquaad would substantially increase the
regulatory burdn associated with EV translatioRortunately, mechanicalcues within the

microenvironment have potential to overcome these translational barriers as they can alter EV



therapeutic effects but are also eeffective and can bprecisely manipulated in &producible
manner.The goal of this project is to understand hivese cuegnpactMSC EV secretion and
physiological effectsWe showed that flovderived shear stress applied to MSCs seeded within a
3D-printed scaffold (i.e., the bioreactor) can sigrmifily upregulate EV production (EVs/cell)
while maintaining thén vitro pro-angiogenic effects of MSC EVs. Interestinghye demonstrated

that MSC EVs generated using the bioreactor system significantly improved wound healing in a
diabetic mouse model, thi increased CD31+ staining in wound bed tissue compared to animals
treated with flask cell culturgenerated MSC EV&.urthermore, for the first time, we showed that
mechanical confinement of MSCs within micropillars could augment MSC EV production and
bioactivity. Lastly, we demonstrated that soft substrates omeg of various
polydimethylsiloxane (PDMS) formulations could increase MSC EV production and activity as
well. Through the work performed here, we have laid the groundwalk¢alatethe relatonship
between cell mechanobiology and EV activity that will ultimately enable an adaptable and scalable

EV therapeutic platform.
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Chapter 1: |l ntroducti on

1.1 Extracellular Vesicles as Novel and Multiftional Therapeutics

Cell therapies (i.e., transplantation of stem/progenitor cells) have proven to be a
multifaceted, promising approachnomerous diseasgplications but are hindered by
short survival times after administration and risk of tumorigeigs2]. Recently, ceH

derived nanoparticles known as extracellular vesicles (EVs) have been identified as a
crucial factor underpinning the therapeutic valueadftherapies through the transfer

of bioactive cargo (i.e., DNA, RNA, lipids, and protginvith the additional benefit of
reduced safety and immunogenicity concd@s4]. Moreover, EVs are reported to
cross biological barriers and efficiently traverse various tissue microenvironfaents

7]. This has spurred an increase in-B&5ed researdat has since implicated EVs

not only as diagnostically and prognostically informative biomarkers, but also as
potential therapeutics and drug delivery vehi¢&s In particular, EVs secreted from
mesenchymal stem cells (MSCs) have demonstrated mulimal potential as they

often enact immunomodulatory, affitirotic, pro-angiogenic, amnapoptotic,
antimicrobial, and/or antioxidant effects in recipient cfls Ultimately, MSC EVs

are poised for therapeutic utility in a multitude of chronic anadtleapplications,
including autoimmune and cardiovascular diseases, cancer, sepsis, and chronic wounds

[9-13].



1.2 Limitations to MSC EV Clinical Translation

Despite the promise of MSC EV therapies, there are still many challenges that limit
MSC EV efficacy and translation, including a lack of scalable production methods and
low therapeutic efficiency (i.e., low levels of endogenous therapeutic cargoes).
Common techniques to combat low EV potency, such as exogenous cargo loading and
biochemical cell prinmg, have their merits, but they are generally fundamentally
limited with respect to scalability and would substantially increase production costs
and the regulatory burden associated with EV translafiirrnatively, mechanical

cues can be used to regtd and enhance EV therapeutic eff¢tts 15] Compared to
other approachesjechanicatues are easily characterized, esi$ective, and can be
manufactured with high reproducibility and scalabiliy6]. However, there is
inadequate knowledge as toaedy how these cues alter the EVs, as well as the extent
to which these cues can be used to control EV therapeutic effidacy, understanding

the relationship between mechanobiology and EV production and activity will enable
a rationally designed, sedlle EV manufacturing process and help unlock the full

potential of EVs.

1.3 Enhancing MSC EV Translational Potential by Modulating Mechanical Cues

Here, we investigated the individual effect of several mechanical cues (i.e; flow
derived shear stress, tebnstraint, and substrate stiffness) on the production and
bioactivity of MSC EVs. To assess bioactivitye vgpecifically focused on wound
healing abilities due to the wealocumented prangiogenic effects of EVs from

traditionally-cultured MSC417, 19§.



1.3.1. Flowderived Shear Stress

Previous work conducted in our lab demonstrated that human dermal
microvascular endothelial cell (HDMEC) EV production can be significantly
increased using a 3printed scaffoleperfusion bioreactdrl5]. In the present
study, we modified this 3fprinted scaffoleperfusion bioreactor and showed
that flow-derived shear stress, specifically at 3x1yn/cn?, can be used to
enhance MSC EV production while maintaining MSC EV -angiogenic

bioactivity bothin vitro andin vivo.

1.3.2. Cell Confinement

Cell morphology is avell-known regulator of cell phenotype, function, and
migration[19]. Importantly, cell morphology is a clinically relevant cue as it is
a function of the physicalonfinement that can occur within threvitro andin
vivo microenvironmerg [20]. To our knowledge, onlytwo studies have
explored the association betwessll confinemenandEV activity and thus this
remains a largely unexplored relationship, especially when studying 3Cs
22]. Present, we demonstrated that physically confining MSCs significantly

increased EV production and EV bioactivity.

1.3.3. Substrate Stiffness

Finally, we investigated the effect of substrate stiffness on MSC &iMsstrate
stiffnessis an important mechanical cwapable of driving cell behavior and
fate[23]. Tissue stiffness has been found to have profound implications in many

pathologies including canci4, 25] cardiovascular disea§26], and fibrosis
3



[23]. Here, we found that as substrate softened, MS@i©duction increased
and that softer substrates (< 0.3 MPa) produced MSC EVs with enhanced

bioactivity.

1.4 Summary and Potential Impact

The results of this study inform a method to increase the production and potency of
MSC EVs through the manipulatiarf flow-derived shear stress, cell confinement, or
substrate stiffness. Overall, this work establishes a promising solution to major EV
translational issues (i.e., scalability and low potency) with potential for adaptation to
various EVtbased therapeutiesd capacity for improvement alongside the continuous

advancements in biomanufacturing technologies.



ChaptTehrer2apeuti c Potenti®al of

2.1 Introduction

Cell-based therapiedemonstrate &road potential that blankets numeralisorders

from cancer to autoimmune diseaf28|. These cetbased therapeutics are equipped
with the ability to target multiple pathways through parallel mechanisms,
demonstrating an innate biological intellect seemingly unobtainable with traditional
therapeutics. Unfortunately, cddased therapies face various challenges to clinical
translation that have yet to be resolved, including immunogenicity, short survival times
after administration, and risk of tumorigenesis, as well as several other cotsidera

[1, 2]. However, it is now widely recognized that cells exert much of their biological
function through trophic mechanisms, especially the secretion of-dgdichited
nanoparticles known as extracellular vesicles (H28) 29] In terms of translatnal
therapeutic potential, EVs possess several potential advantages compared with
traditional cell therapies, including increased safety (EVs do not divide or differentiate
after administration) and possibly reduced immunogenicity (studies indicateaBVs ¢

be administered across species and may not require-gd@iohing)[3, 4]. Moreover,

EVs are reported to cross biological barriers and efficiently traverse various tissue
microenvironmentsHigure 2.1) [5-7]. Cells are known tgelectively load EVs witla

variety of bioactive molecules and dictate EV surface characteristics (e.g., tetraspanins

and lipids), allowing EVs to behave as an extension of the origindl taljeting and

An portion of this workwas adapted frordronstadt, S.M., A.E. Pottash, D. Levy, S. Wang, W. Chao,
S.M. Jay. 2021. Therapeutic potential of extracellular vesicles for sepsis treatment. Advanced
Therapeutics. DOI: 10.1@%adtp.202000259.

E X 1



modifying near or distant tissuf0-32]. Thus, the utilization of EVs am alternative
therapeutic to cells has become an intriguing new strategy. However, the biological and
malleable nature of EVs can present issues during biomanufacturing involving
heterogeneity, potency, and scalable production. Understanding the intesachong

the microenvironment, cells, and their subsequently secreted EVs will lay the necessary
foundation for an adaptable and clinically translatable EV therapeutic platform that will

prove invaluable in many chronic and deadly diseases.
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Cell-specific “' Nucleic acids Proleins
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Figure 2.1.Schematic representation of the reported advantages of utilizing
EVs as a clinical therapy



2.2 Biolog of Extracellular Vesicles

The term EVs encompasses different subpopulations of vesicles that can be
characterized on the basis of their size, biochemical composition, and/or the cell of
origin [33]. These subpopulatiorisincluding exosomes, microvesisleand other$

can arise from either the outward budding of the plasma membrane or from the
endosomal system as irtaminal vesicles that are secreted after the fusion of the
multivesicular body with the cell membran&igure 2.2) [33]. Unfortunately,
overlapping size ranges coupled with the lack of uniqgue molecular markers makes it
unclear how to accurately differentiate among these subpopulations. Overall, EVs
constitute an endogenous system for paracrine and endocrine intercellular
communication viaell-to-cell transfer of their bioactive cargo (i.e., DNA, RNA, lipids,
and proteins) and/or the activation of target cell surface recéptb86]. This integral
involvement in cellular communication along with their ubiquitous presence
throughout the bod[32], portends a multifunctional role of EVs in a diverse array of
physiological processes, both healthy and pathological, that is driven by EV secretion

dynamics, composition, and uptake.
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Figure 2.2. Schematic depicting EV biogenesis.

2.2.1. EV Secretin

The mechanisms behind EV secretion remain poorly understood as they are
complex and can vary depending on tglie [37-39]. The best characterized
cellular mechanism proposed is known as the endosomal sorting complex
required for transport (ESCRT38]. The ESCRT machinery consists of twenty
proteins that form multiple setomplexes (i.e., ESCRT, -I, II, and -llI).
ESCRTO is responsible for sequestering ubiquitinated proteins into the
endosomal membrane, while ESGRB&nd-II deform the membrane torm

buds and initiates the uptake of cytosolic cargo, and ESIORAen drives

vesicle scissior{37, 38] This process is facilitated by ESCRT accessory
8



proteins including tumor susceptibility gene 101 (TSG101l) and -2LG
interacting proteirX (ALIX), which are often used as identifying markers of
EVs [38]. Select ESCRT proteins are also required for the formation of EVs
from the cell membranplO]. However, depletion of the ESCRT components
has failed to stop EV secretion from either the endosome or |#sma
membrane, suggesting an ESCRdependent biogenesis pathway. While less
characterized, different modes of ESCR@ependent pathways are known to
involve the seHorganization of lipids (e.g., sphingomyelin, cholesterol,
phosphatidic acid), the intactions of tetraspanins (e.g., CD9, CD63), or the
influx of calcium, all of which can promote regional membrane remodeling and
subsequent vesicle formati¢88, 41, 42] Intracellular trafficking of EVs is
largely governed by Rab GTPases (e.g., Rap2Wdilzh brings the EVs to the
plasma membrane. Once at the membrane, solubtyimaleimidesensitive
fusion attachment protein receptors (SNAREs) as well as altered actin
polymerization are integral in facilitating EV fusion and release. As it is likely
that these pathways and components work in concert, there is a need for
complementary methods to determine the exact origin of specific EV

populations.

The ability to establish the mode of biogenesis of a specific EV population
would be beneficial in undstanding pathological conditions. It is known that
EV secretion is often deregulated during human disease; a characteristic that is

exemplified in cancejd3]. Cancerous cells have been shown to generate EVs



at levels magnitudes higher than healthy celinterparts. Additionally, these
cancer cell derived EVs have been identified as vital in promoting cell cancer
expansion, potentiating metastasis, and establishing resistance to anticancer
treatment$44, 45] As biogenesis is thought to influence EV catgmposition

and thus ultimately EV functiorf46], a complete understanding of EV
biogenesis could help elucidate the connection between EV origin and specific

functional outcomes, allowing the identification of potential therapeutic targets.

2.2.2. EV Corposition

It is known that nucleic acids as well as proteins and lipids can naturally co
occur within a single population of E\J46, 47] Some proteins (e.g., CD63,
CD9, TSG101) and lipids (e.g., phosphatidylserine and sphingomyelin) seem
to be universallypresent in EVs while others are eslpe specific. In 2007, the
discoverythat EVs are capable of transferring functional RNAs to recipient
cells spurred an increase in Bésed research that has since implicated EVs
not only as diagnostically and progtically informative biomarkerg3, 48],

but also as potential therapeutics and drug delivery vehicles in a multitude of
chronic and deadly diseaspt9-53]. Specifically, EVs are known to ferry
microRNA (MiRNAs), which are molecules capable of epigenetic
reprogramming of cells under normal and pathological conditis4k and

have been associated with the development of numerous disorders including
sepsig55], cancelf56], and cardiovascular disea$¥]. miRNAs are one of

the most abundant regulatory lacules within the human body and, with the

ability to target various messenger RNAs (mRNAs), they can effectively
10



control multiple levels of a pathological procds8, 59] Additionally, it is
important to note that miRNAs, while powerful on their owiftel work
together as a regulatory network to ensure precise physiological resf@hses
61]. For instance, numerous miRNAs have been noted as critical in regulating
the nuclear factor kapgaht-chainenhancer of activated B cells (NFB )
pathway[60, 6264], which performs a central role in the regulation of both
innate and adaptive immunityné has emerged as an important therapeutic
target in numerous diseasb, 66] In 2017, Mann et al. demonstrated a
combined positive and negative feedback network governed by the interplay
between miRL46a and miRL55 that effectively controlled the agty of the
NF-eB pat hway i n m[60].ilthnvas demsonstrated that this s
MiRNA interaction was essential in enabling an effective yet controlled
inflammatory response crucial for functional immunity. Importantly, numerous
mMiRNAs that have beemiplicated in the regulation of N& B ( i -1d6a,, mi R
-155,-223,-21) [60, 6264], have been shown to -&xist in EV populations
derived from numerous sources (e.g., blood, urine, cerebral fluid). Moreover,
EV-associated miRNA transfer is not only impaittain mediating the
inflammatory response but has been implicated as an important driver in other
physiological processes including muscle cell differentiation, follicular
maturation, and osteogenic differentiation of human bone matesived
mesenchymaktem cells (MSCsJ46]. In terms of disease, E&ssociated
MiRNA transfer is weldocumented in pathological settings including various

pulmonary diseases (e.g., acute lung injury, asti@i&]) cancer[68], and

11



sepsis[69]. While, mIRNAs are indispensabia normal and pathological
processes, it should be noted that EVs can also be associated with many other
RNAs (e.g., long nortoding RNAs, transfer RNAs, ribosomal RNAs, circular
RNAs, messenger RNAs, etc[y0]. Overall, further dissection of EV
compositon will prove to enhance the understanding of the molecular

mechanisms in both health and disease.

2.2.3. EV Uptake

The manner of EV uptake dictates the interaction with the recipient cell and the
subsequent delivery of EV cargo, ultimately shaping tional outcomes.
Routes for internalization include phagocytosis, macropinocytosis, receptor
mediated endocytosis, and membrane fusion and seem to bpeell
dependent71, 72] Although, the most commoniseported route of EV uptake
seems to be clathritaveolinmediated endocytosi§71]. Furthermore,
numerous molecules are known to be involved in EV uptake including
tetraspanins, integrins, immunoglobulins, proteoglycans, lectins, and lipids
[71]. Notably, EV internalization is not always necessaryeaeptofligand
interactions on the cell surface has been shown to be sufficient in inducing
functional responses in the recipient cell. In addition, EVs may be degraded or
re-secreted, which could have powerful implications for the inferred functional
effects of EV cargd73]. Thus, just like the knowledge of EV biogenesis, the
understanding of EV uptake is limited and requires further exploration to

precisely understand EV fate and function.
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2.2.4. EVs in Disease

During the development of diseases, endogs EVs often undergo
fluctuations in relative quantities, composition, and functional effects, making
them integral in the progression of pathophysiological condi{iofs8]. For
example, in sepsis and subsequent organ damage, endogenous EVs have been
implicated as critical immunomodulatory factors that can regulate inflammation
[79-88], coagulation87, 8397], apoptosig95], and vascular dysfunctidg4,
97-101). The ability of EVs to trigger, amplify, and sometimes suppress
immune responses duringsdase can be attributed to the presence of distinct
membranous proteins or lipids (e.g., phosphatidylserine, integrins, major
histocompatibility complexes) and to differential luminal cargo (e.g., miRNAS,
proteins)[49, 102] There is much research distseg these attributes and the
mechanisms through which they work, as it can prove not only beneficial in the
development of an EV therapeutic but also in clarifying the complex
pathophysiology of the disease in question. For example, Xu et al. showed that
circulating plasma EVs in a cecal ligation and puncture (CLP) murine model of
sepsis were not only more abundant when compared with healthy mice but also
contained different miRNA and had pirdflammatory effects on bone marrew
derived macrophages (BMDM§9]. This immunomodulation was shown to

be partially mediated by E¥ssociated miRNAs (i.e., miB4a, miR122, miR

146a) that signal via a TLR-myeloid differentiation primary response 88
(TLR7-MyD88)-dependent mechanisif69]. This research led to furthe

investigation of the TLR7 signaling mechanism using a-tdgsinction
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approach by Jian and colleagues that showed TLR7 signaling contributes to
inflammation, organ injury, and mortality in murine sed4i83]. Thus, this
type of research is important nevealing insights into EV functions and is

essential in exposing the cellular mechanisms contributing to chronic disease.

In addition to disease progression, endogenous EVs can also lend protection
during illness. A study by Gao and colleagues fourat Huministration of

murine septic EVs into a CLP mouse model suppressed inflammatory cytokine
production (i.e., tumor necrosis fac@ipha; TNFU) , al l evi ated | i ve
tissue injury, and significantly prolonged surviyad4]. In rheumatoid arthrig

patients, neutrophil derived EVs were increased in concentration and enriched

with the antiinflammatory protein Annexin A1 (AnxAl). When applied in a

murine model of arthritis, these AnxAEVs were shown to significantly

reduce cartilage degradatidmaugh induction of transforming growth factor

beta 1 (TGFb 1) production and extracellul ar
inhibition of apoptosis of chondrocytg05]. In a separate study, patients with
inflammatory bowel disease demonstrated an increa$ealse oAnxAl1* EVs

and these EVs were found to activate wound repair casfiusOverall, the

clear importance of endogenous EVs in both the progression and mitigation of
disease demonstrates the efficacy of targeting or exploiting EVs as a potent

treatment platform.
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2.3 EV Isolation and Characterization

There are numerous methods when it comes to isolating EVs, each with its own
advantages and shortcomings. The most common is ultracentrifugation, which
separates particles based on their Eigg, 108]. This highspeed centrifugal method
results in casolation of contaminants, demanding further filtration and washing steps,
which can decrease EV yield. Additionally, it may induce deformation of EV
membranes and there is a risk for EV aggregatidnsion. The process is also time
intensive and requires expensive equipmgi@8]. However, ultracentrifugation
demands relatively few consumables and requires no addition of extraneous reagents
which ultimately simplifies the downstream purification pgeFiltration methods
such as ultrafiltration, tangential flow filtration (TFF), and size exclusion
chromatography (SEC) are also u$#d9-111]. They require less time, result in less
contaminants, and are scalable, but typically must be paired withsgeed
centrifugation and concentration st¢p87]. Notably, pairing these methods together
(i.e., ultrafiltration followed by SEC) can produce a high yield of relatively pure EVs
with functional effects[110]. Precipitation methods using polymers, spealfy
polyethylene glycol (PEG), are relatively quick and easy to perform but often leads to
retention of the polymer within the final EV samfl@8]. Isolation by immunoaffinity
entails separating EVs using antibodies tailored to specific EV surfaceinsot
allowing for high selectivity. However, as many EV subpopulations overlap in
membrane markers, more information about specific EV characteristics and about what
EV subpopulations are most desired will be needed to take full advantage of this

method [112]. Importantly, isolation methods have been shown to result in EV
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populations with significantly different membrane markers, RNA c§td®, 114]

purity [115], uptake potentigll16], and bioactivity117]. And recently, it was shown

that isolation arfacts can even lead to misinterpretation of observed bioactivity as
being exclusively dependent on EYKL8]. Thus, while isolation is a downstream
procedure in the development process, it may be critically beneficial to consider the
possible effects ofhie chosen methods much earlier in the course of therapeutic

development.

The characterization of isolated EVs is also challenging due to a high degree of
physicochemicaheterogeneity. Basic characterization involves immunoblotting for
common EV markers.g., CD9, CD63, CD81) to attempt to differentiate EVs from co
isolated contaminants like lipoproteins and cellular debris. EV morphology is
visualized using scanning or transmission electron microscopy techniques (i.e., TEM
or SEM), atomic force microscgAFM), or small angle xay scattering. The size

and concentration of EVs can be measured via several platforms. Dynamic light
scattering (DLS) and nanoparticle tracking analysis (NTA) utilizes laser beam light
scattering and Brownian motion to calculthe hydrodynamic radius of EVs. NTA

has become the most common method used as it can directly visualize individual EVs
and calculate concentration. However, this method suffers inaccuracies which arise
from a detection sensitivity that is limited to diaers greater than 500 nm.
Additionally, as it is labefree, NTA cannot distinguish from contaminants such as
lipoproteins. Other emerging techniques include an electrical based method known as

tunable resistance pulse sensing (TRPS) and special flomegty setup§l19, 120]
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In addition to size, concentration, surface markers, and morphology, EV
subpopulations can possess and be characterized by different optical properties (e.g.,
refractive index), buoyant densities, zeta potentials, and variousleicmar cargoes

[119, 121] It is important to note that the results and accuracy of the aforementioned
characterization methods rely heavily on the isolation method utilz@dnstance, a

study by Sharma and colleagues found that the EV size, pacticiet, and EV
topography (i.e., surface roughness) of breast caderared EVs differed significantly
across four methods of isolation (i.e., ultracentrifugation, sucrose density

ultracentrifugation, immune affinity, and polymeric precipitatifi9?2].

Much of what is thought to be known about EV biology is highly dependent on the
isolation and characterization methods. Thus, future EV therapies depend on a deeper
understanding of the relationship between EV properties and functions alongside

continuousadvancement of characterization and isolation methods.

2.4 EVs as Therapies

The diverse functions of endogenous EVs in disease, as well as their ability to cross
biological barrier$s-7], have spurred prelinical investigations in anticipation of EVs

as a forthcoming therapeutic in various disorders. Furthermore, the ubiquity of EVs has
directed this research to span multiple cell sources in search of an effective defense.
EVs derived from wide range of cell types including endothelial progenitor cells,
dendritic cells, and cardiosphere derived cells have been reported to demonstrate
therapeutic effects in numerous applications including pulmonary fibrosis, myocardial

infarction, and vascular rep4ik23]. Although some EV functions seem to be-tgtle
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specific, it is important to mention that a single source of EVs, potentially due to the
presence of multiple intraluminal cargoes, can have the capacity to modulate
pleiotropic functions across various target cells. As an example, regenerative medicine
has focused on the utilization of MSCs, which carry intrinsic clinical value due to their
multi-lineage differentiation capacity and natural regenerative abilities which confer
on them antfibrotic, antrapoptotic, preangiogenic, and immunosuppressive
properties[124]. Subsequently, much puotinical EV research focuses on MSC EVs
which have been shown to reduce the inflammatory response in multiple cell types,
including macrophages and cardiomyocytie2s, 126] Moreover, MSC EVs are also
powerful regulates of oxidative stress, proliferation, and phenotype in various
recipient cells, including endothelial cells and immune ¢&#3-130]. Following from

this preclinical work, MSC EVs have shown clinical promise in several applications
including steroid rigactory graftversus host disease, chronic kidney disease,
refractory macular holes, and acute ischemic stjd8d] and are actively being tested

as therapieseveral indications includin@OVID-19 associated acute respiratory
distress syndrome (ARDS)NCT04657458) dystrophic epidermolysis bullosa
(NCT04173650) retinitis pigmentosa (NTC05413148), and wound healing
(NCT05475418 Still, a number of reparable obstacles to clinical translation have left

promising EV therapies stalled in development.

2.5 Major Barriers to Clinical Translation and Possible Solutions

Several challenges limit efficacy and translation of EV therapies, including low
therapeutic efficiency as well as a lack of scalable and standardized production

methods. Research has shown #thtancements in the EV biomanufacturing process,
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such as the manipulation of EV cargo and EV production conditions, can potentially
overcome these obstacles. These, along with simultaneous advancements in the
mechanistic understanding of disease pathofpgieesent ample opportunities for the

development of a powerful and clinically translatable EV treatment platform.

2.4.1. Cargo Loading

As natural intercellular communicators, EVs have been targeted as vehicles for
the delivery of both native and noatve molecules (i.e., RNAs, DNA,
proteins, and nobiologic small molecule drugs) in numerous therapeutic
applications[132-135]. In comparison with current synthetic drug delivery
systems such as liposomes, lipid nanoparticles, and polymeric nanopatrticles,
EVs may provide a platform that offers several advantages including increased
biocompatibility, minimal toxicity issues, and intrinsic targeting abilifiZ6].
However, therapeutic molecules within EVs, such as miRNAs, may only be
present at relativelyolv levels (e.g., 1 miRNA per ~100 EV$}137].
Additionally, knockdown studies of a single cargo (e.g., a singular miRNA) to
affirm the protective EV mechanism never fully abolish the beneficial effects
[125], implicating the role of multiple cargoes. Toemgome these issues,
specific therapeutic molecules can be loaded singularly or simultaneously into
EVs either endogenously or exogenously. Endogenous methods involve
manipulation of the loading machinery of the parental cells (e.g., via
transduction or #&nsfection). However, in addition to being expensive,
transfection reagent residues may affect cargo fund@®. Furthermorethe

efficiency of these methods depends heavily on the biogenesis which could vary
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greatly among different cell type8ut, these methods may become more
attractive as mechanisms of biogenesis are revealed. For instance, by
incorporating specific peptide motifs (i.e., KFERQ), proteins can be
translocated by chaperons (i.e., LAMP2A) to muéisicular bodies where they

can be pakaged into EV$139]. Exogenous loading methods entail physically
disrupting the EV membrane (e.g., via sonication, electroporation, heat shock,
or freezethaw cycles]135, 140] which can produce high loading efficiencies
(e.g., 1,000 3,000 siRNA copis per EV)[141], but often induces degradation

and aggregation leading to reduced cargo functionditg].

Recently, a less disruptive loading method involving a transmembrane pH
gradient, originally used for loading liposoni&4 3], was modified for usin

EVs [144]. Using this technique, Jeyaram and colleagues demonstrated the
ability to load small interfering RNA (siRNA), singltranded DNA (ssDNA),

and miRNA into EVs derived from HEK293T cells. Similar to other exogenous
loading methods, the pH mdidiation method allowed the loading of thousands

of RNA molecules per EY144]. Additionally, due to the lack of introduction

of high energy into the loading process, the pH method preserved the integrity
of the unloaded cargo and allowed the moleculdsetoecycled for successive
loading procedurefl44]. This eliminates the loss of excess cargo resulting in

a more practical loading process. Furthermore, as dendritic cell EVs naturally
contain miR146a that is capable of inhibiting endotoxmluced inflammation

in mice[145], HEK EVs were loaded with doub&randed (dsiniR-146a and
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applied to BMDMs. Consequently, the BMDMs exhibited a significant
decrease in the expression of the proinflammatory enzyme intedgukin
receptorassociated kinase 1 (IRAKl)a key adaptor molecule in the
TLR4/MD-2/MyD88/NFa B p a t[146}; aay well as a reduction in the
secretion of the inflammatory cytokine-B.[144]. This study demonstrated an
improved EV loading technique as well as the successful embedding of a
desiredbut previously nonexistent, function (i.e., amtlammatory) into HEK

EVs using miR146a. Despite the promising attributes of this method, the

potential for scaleip using this technique remains to be seen.

2.4.2. Manipulation of the Producer Cell Emriment

EV activity can be impacted by strassluced adaptive responses of parental
cells to their environment, whether in a physiological setting or in a controlled
EV production environmerj211]. This phenomenon provides an opportunity
during the biophanaceutical development process to control EV efficacy
through the manipulation of upstream parameters (i.e., cell culture parameters),
which would potentially lessen the need to load synthetic drugs enatore
biological components (e.g., nucleic acids proteins) into EVs during
downstream procedures. This is significant as many loading methods, as
mentioned previously, require disrupting the EV membrane, potentially
damaging native structures and targeting features of[EAZ. Furthermore,
variousloading techniques require the addition of progetsted impurities

(i.e., unencapsulated cargoes) to the previously purified EV preparation,

demanding the implementation of supplementary purification procedures which
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can be costly, timeonsuming, andisk even further loss and possible

deformation of target EV materigl08].

Importantly, modification of cell culture parameters has previously been shown
to significantly reshape EV intraluminal cargo composifiztr-156], augment

EV production (e.g., imber of EVs produced per ceji)47, 148, 152, 157
159], and increase EV potency in a diverse array of applications including
neurological disorders and injuries, wound healing, cartilage repair, kidney
disease, ischemia/reperfusion (I/R) injury, myocardnfarction, and sepsis
[15, 116, 157, 158, 16064]. These changes can be produced through the
adjustment of numerous upstream variables including cell seeding density
[164], media composition (i.e., serditee media)149, 155, 158]collection
frequerty of EVs[164], architecture of the culture vessel (i.e., ®lmensional
versus thregimensional; 2D vs 3D|15, 116, 157, 160, 162, 16%7], fluid
shear stress (i.e., static versus dynamic fl¢@§, 168171] mechanical
stimulation (e.g., cyclic stteh) [172-175], exposure to hypoxi§l55, 161,
176], heat[177], oxidative stresq177, 178] electrical stimulation[179],
substrate stiffneg4.80], or coincubation with soluble signals (e.g., cytokines,

growth factors]15, 148, 156, 159, 181]

While the breadth of upstream factors affecting EV therapeutic potential is
extensive, each can be described as either biochemizaabtranicaln nature.

Biochemical priming consists of exposing cells to specific molecules (e.g.,
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growth factors, cytokines, hmones, soluble gases, and pharmacological
compounds) that are capable of modulating particular intracellular signaling
pathways and ultimately directing cell phenotype and behavior. Numerous
studies have demonstrated the power of biochemical priminghianemg
MSCEYV therapeutic effects in a number of applications including tendon repair
[182], sepsis[125, 183] diabetic cutaneous wound448], myocardial
infarction [184], and acute radiation syndronj@85]. Nevertheless, the
biochemical priming methods riddled with barriers to clinical translation.
First, ligand characteristics (e.g., type, concentration, duration of exposure), cell
origin (i.e., human or mouse), cell source (e.g., bone marrow, adipose, or
umbilical cord derived MSCs), and culture ddions (e.g., medium) all vary
considerably among studies which makes any beneficial effects difficult to
characterize and reprodufE86]. Secondly, as the elicited effects of priming

on the bioactivity of MSCs varies between dorj@&y7, 188] it is highly likely

this variability would be perceptible in the secreted EVs. Third, these priming
reagents can be expensive and may persist at low levels in the final EV product
even after purificatior{189], hampering adherence to good manufacturing
practices (MPs) and ultimately slowing movement into the clinic. Finally, it
has been demonstrated that despite eliciting different cell phenotypes
specifically in MSCs (i.e., either anthflammatory or inflammatory),
biochemical priming can produce EVs with the sammmunosuppressive
qualities. As there are conflicting reports as to which types of biochemical

stimuli leads to which MSC phenotyp#36, 190, 19]1]detailed analyses and
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consistent reporting of the effects of priming on MSCs will be critical in not
only understanding the immunomodulatory mechanisms of MSCs but also in

informing the most efficient way to produce therapeutic EVs.

A potential solution to these issues can be found in the aggregate structural and
mechanical properties of the surrounding mérvironment and adjacent cells,
which comprises a wide range ahechanical cues originating both
endogenously (e.g., substrate dimensionality, topography, stiffness) and
exogenously (e.g., shear stress, electromagnetic fields, tensile and compressive
stran) [192, 193] Research investigating the impact of these cues has
contributed immensely to the fields of mechanotransduction and cell behavior
and has the potential to bolster the translation of clinical therg8d$ With

such an overwhelming effean cells, it should come as no surprise that
mechanicakues have been shown to alMSC EV secretion dynamics and
MSC EV molecular cargoefl69-171]. Thus, in comparison to biochemical
cues,mechanicalcues demonstrate the capacity to modify downstredm E
therapeutic efficacy without the addition of external molecules. Moreover,
mechanicakues are often cosfffective, longer lasting, easily characterized,
and can be manufactured with high reproducibility and scalapil@}. The
burgeoning research iastigating these cues and their effects on EVs
demonstrates the integral need to understand the complexity of the cellular

microenvironment when developing future EV therapies.
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2.6 The Potential of Mechanical Cues in the Development of EV Therapies

In thebody, cells are continuously exposed to mechanical forces (i.e., stress, strain, and
stretch) and substrate architectures that can vary spatiotemporally during normal
physiological functions (e.g., blood vessel dilation, lung inflation, eye blinking) las we

as pathological conditions (e.g., atherosclerosis, hypertensidimerefore,
implementingmechanicatues in cell culture supports the ability to mimic itheivo

niche more closely, permitting more physiologically relevanttcetlell and celito-
extracellular matrix interactionand a more accurate recapitulation of cell behavior
[14]. Fortunately, lhe culture systems employed thus far have come equipped with
tunable characteristics (e.g., stiffness, specific architecture) enabled by engineering
advarcements (e.g., 3D printing) that has allowed a reductionist approach in
determining howmechanicatues are ultimately converted into intand intracellular
signaling cascades. These advancements are important because there exist numerous
contributing @rameters, particularly shear stress and substrate architecture, that need
to be carefully dissected to fully understand the relationship between the physical
environment and cell activity. As EVs serve as an important mechanism in intercellular
communicabn, understanding the effects of these cues on subsequently secreted EVs

will be critical.

2.5.1. Shear Stress

Due to its ubiquitous presence in multiple fluid compartments of the body (i.e.,
intravascular and interstitial) and its ability to influentieen potential effectors
(i.e., cellular stretch), the effect of shear stress on cells has been particularly

well-studied in a variety of contexf$95, 196] This research has shown that
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shear stress is an important regulator of gene expression, diidoentand

cell phenotype and is thus imperative in normal and pathological cellular
function[196], demonstrating promise for the manipulation of cultured cells. In
one such study, Liu et al. revealed that by applying intermittent fluid shear stress
to human bone marrow derived MSCs seeded in 3D poly tactglycolic acid
(PLGA) scaffolds they were able to upregulate the activity of focal adhesion
kinase (FAK)[197]. I n another study, the applic
regime (i.e., 5 min of flow/5 mimf no flow), stimulated the production of
prostaglandin E2 (PGEZ2), a principal mediator of inflammation and a primary
product of cyclooxygenase 2 (COX2pP8]. Indeed, COX2 has been shown to
indicate the ability of MSCs to attenuate neuroinflammationaarhatic brain

injury [199]. Moreover, FAK is a primary regulator of COX2 expression and
the mechanical stimulation of FAK is crucial in triggering the
immunosuppressive abilities of MSC200]. Protective effects of fluid shear
stress application (e.g.,ntkinflammatory, antioxidant) have also been
demonstrated extensively in endothelial cells (H28)1]. A study by Lee and
colleagues showed that shear stress was able to suppress the inflammatory EC
phenotype via inhibition of TAK1, a key mediator oétimflammatory TGFb 1
signaling pathway202]. Importantly, the type of flow (e.g., oscillatory vs
pulsatile), force of fluid flow (typically measured in dynesfnand timing

(e.g., continuous or intermittent application) can influence the subsequent cel
responsg201, 203205]. As an example, Hwang et al. found that, compared

with pulsatile shear stress, oscillatory shear stress significantly upregulated the
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MRNA and protein expression of two subunits of the reactive oxygen species
(ROS)producing enddtelial NADPH oxidase, Nox4 and Gp¥%, in bovine
aortic EC4203]. Consequently, a significant increase in superoxide production
as well as low density lipoprotein oxidation was observed, implicating
oscillatory shear stress as an important contribwt@@ inflammatiorf203].
Overall, these studies demonstrate a potentially powerful control mechanism
for the immunomodulatory potential of MSCs and ECs in the form of-flow

derived shear stress that warrants further investigation.

With the important role emonstrated in cell biology, there is evidence to
believe that the effects of shear stress can be used to control secreted EVs.
Previous work in our lab showed dynamic culture can significantly enhance EV
production from human EQ4&5]. Additionally, it was shown that, when paired
with ethanol conditioning, this dynamic culture environment induced pro
vascularization EV bioactivity that was associated with increased EV levels of
pro-angiogenic INcRNAs HOTAIR and MALAT[15]. It has also been shown
dynamicculture increases EV releagl7, 206208] and has been shown to
dictate EV intraluminal conter#tind EV function169-171, 206] In addition,
specific shear stress characteristics, such as magndadége important in
controlling EV function. Devue et.ashowed that the magnitude of flow that

the producer cells experienced could affect the uptake of the EVs by other cells
(i.,e., B and T lymphocytes)208]. Furthermore, the strength of flow also

dictated the miRNA content of EVs, with lower flow resudtim an increased
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packaging of miR24 into EVY208]. This is notable as miR4 is an important
molecule in cardiovascular diseasesd other inflammatorpased disorders
due to its ability to block the NBB pat hway effectively

inflammatory response in endothelial c¢#69].

It should be emphasized that, although they are intimately connected, flow and
shear stress are two separate phenomena. Shear (&gt ) is defined as the
force per unit area that is applied parallel or tangential to a surface and can be
calculated usinfP 0o i s e u |l It # W@/ AiL;avikere( is shear stress, Q is
flow rate,h is viscosity of the culture medium, and r is thdius of the culture
vessel)[210]. While flow generates shear stress, it can also create tensile and
compressive stresses across the cell memUeil. Additionally, besides
inducing stress on the cell surface, flow can modulate the surrounding
environment by augmenting diffusive exchanges (i.e., oxygen, nutrient, waste
metabolites) [212, 213] which can in turn affect cellular metabolism.
Importantly, previous work in our lab has shown that, in 3D static culture,
inhibition of glycolysis and oxidativehosphorylation reduced both MSC EV
production capacity and EV p@angiogenic activity (unpuldhed data).
Therefore, further investigation is needed to understand the extent to which
each componertt.e., flow or shear stresspntributes to EV composith and

therapeutic effects.
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2.5.2. Substrate Architecture

While most cell research utilizes monolayer cell culture in-tkivoensional

(2D) flasks, the use of 3based architecture is gaining traction as it allows the
development of an extracellular mat(kCM) resembling that which is found

in native tissue[14]. Subtle variances in microarchitectural features like
grooves, pores, and pillars have been shown to influence crosstalk among cell
types[214, 215] gene expression, and cellular adhesion, uteigananifesting
downstream as changes in cell growth, phenotype, migration, and
differentiation [216, 217] Additionally, 3D substrates developed with -bio
inspired topographic features can constrain cells into spatial arrangements that
can dictate morphoby and how the cells experience various mechanical cues,
including shear stress and strfi5, 218] Specifically, cell morphology can
determine cytoplasmic organization and has been shown to be a potent mediator
of cell physiology and functiofi9, 219 220} In fact, morphology has been
used to accurately predict the immunosuppressive abjRgd and osteogenic
potential of MSCq4222]. The ability to engineer cell shape usimgchanical

cues would enable explicit control over functional effects aigphificant
improvement in the ability to develop cellular therapies tailored to specific

clinical applications.

Importantly, the implementation of 3D culture systems (e.g., bioreactors,
microcarrierbased systems, spheroid culture) has been proven rcedha

increase EV production when compared with cells cultured in a traditional 2D
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system[15, 116, 147, 223]demonstrating a more promising avenue to scale
up. Strikingly, in one study it was estimated that 53 T175 culture flasks
producing 800nL of media would be needed to match the amount of EVs
produced in a single collection from a holldiver bioreactor gstem[147].
Furthermore, 3D culture has exhibited the ability to substantially boost the
purity of EVs (i.e., ratio of number of EVs to ug of protein) when compared
with their 2D counterpar{d5, 158] As large doses of EVs are typically needed
to achiee biological outcomes in mouse models (i.e% 10 EVs per mouse)

and purity can affect EV bioactivifit16, 224] 3D culture may prove integral

in the clinical translation of an EV therapy in many disease applications.

Significantly, the effects of ¥s can be conserved and translated from 2D to 3D
culture systems where the EV therapeutic efficacy is often enhanced. EVs
produced from 3D conditions have often demonstrated the ability to strengthen
the angiogeni¢15], antiinflammatory[162], antiapopbtic [158], reparative

and regenerative (e.g., cognitive and osteochon{it&B, 162, 225]Jeffects
observed with EVs generated from 2D culture. As an example, Lamichhane and
colleagues found that exposing human dermal microvascular endothelial cells
(HDMECSs) and human umbilical vein endothelial cells (HUVECS) to ethanol
significantly enhanced E@erived EV vascularization bioactivity. Moreover,
they found that in HUVEC:Ss this effect was largely mediated by the upregulation
of IncRNAs HOTAIR and MALAT1[163]. The same research group was then

able to recreate the ethaniotluced IncRNA EV cargo changes while
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enhancing prangiogenic abilities and yield of EVs by culturing HDMECs in

a perfusion bioreactgi5]. Even so, it is critical to note that 3D culture edso
transform the therapeutic profile of EVs. For instance, EVs from MSCs derived
from human exfoliated deciduous teeth cultured on largonated 3D alginate
micro-carriers in a bioreactor were able to alleviate oxidative sinessed
apoptosis in hmnan dopaminergic neurons, an effect that was not elicited by
EVs isolated from the same cells grown under standard 2D conditi66s

The observed shift in therapeutic effect may be due to the enhanced delivery of
alternate molecular cargo, as 3D cellltare has been recognized to
considerably modify the intraluminal contents of EVs as well as augment
cellular uptakd116]. However, any change of this caliber during research and
development would certainly hinder progress in the manufacturing pipeline.
The study also portends the potential to overlook specific contributions of EVs
to an efficient therapy during traditional pcknical research and emphasizes
the importance of considering how timechanicatues experienced during the
inevitable scalaip process (i.e., the shift in culture systems) may affect the

therapeutic quality of EVs.

Lastly, with its prominent role in cell function, morphology has also been
proven valuable in EV activity. In 2020, Liang and colleagues manipulated ECs
into an elongted shape by culturing them on pilmethylsiloxang(PDMS)
membrane surfaces decorated with microgroovesey showed that in

comparison with ECs with a more cobblestone form, the spsidiped ECs
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were able to suppress the activation of monocytes. &uithvestigation
revealed that this aniinflammatory effect was regulated by EAgsociated
miR-10a[21]. This studywas the first to demonstrate thbility to control EV
functional outcomes through manipulation of cell shape and, with further
investigaton, promises a unique and powerful opportunity in the regulation of

EV therapies.

2.7 Conclusions

The intrinsic capability of EVs to shuttle bioactive compounds and the advantages they
possess over cell therapies has generated a surge in EV researds thatdvered
numerous therapeutic applications. Despite promising preliminary data,- FDA
approved EVbased therapies remain elusive. This translational bottleneck seems to be
largely driven by low therapeutic efficiency (e.g., low levels of specific cangd)he

lack of a scalable biomanufacturing platform.

To date, most EV biomanufacturing approaches utilize platforms originally designed
for whole cell expansion (e.g., hollefiber, multilayered culture vessels, stirreahk
bioreactors), during whickells can experience numerous mechanical stressors. As
EVs can reflect the physiological status of celach of thesestressors must be
considered when optimizing EV manufacturing techniques. However, a limited
understanding of the relationship betweetiutar mechanobiology and EVs hinders

the rational design of an effective ESpecific biomanufacturing platform.
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The connection between mechanobiology and EVs is evident based on the
physiological roles of EVs and the growing indication that EVs are étedaby
mechanical cuegxperienced by cellrior researchhas demonstrated that flew
derived shear stressd substrate architectucan be used to augment the production

as well as alter composition and functional effects of B8s168171, 206, 208]This

level of control over EVs is important as it is thought that the endogenous EV cargoes
are heterogenous and present at exceptionally low levels (e.g., <1 miRNA per EV)
[137], likely requiring multiple high doses to achieve therapeutic effects.
Unfortunately, thecommonly usedechniques to combat low EV potency typically
induce membrane damage, involve extraneous reagents, or are not conducive to scale
up techniques. The utilization ahechanical cuedike shear stres®r substrate
architecturgo aker EVs is advantageous as they can be precisely manipulated within
a controlled setting in a reproducible manner. Therefoeep understanding tife
relationship between thmechanical environment and EWgll help alleviate EV
potency issues withostcrificing scalabilityand will be essential in the advancement

of EV therapies.
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3.1 Introduction

Extracellular vesicles (EVs), specifically those from mesenchymal stem/stromal cells
(MSCs), have emerged as an intriguing therapeutic alternative to-aélbtberapies

in a multitude of applications (e.g., sepsis, cancer, wountinbeavith additional
promise as efficient drug delivery vehic[@85, 226] With an improved safety profile

[4], favorable storage requiremeif227], and the ability to traverse biological barriers
[228, 229] MSC EVs represent a promising and effecalternative to their parental
cells. Howeverthere exist fundamental obstacles that hinder the translativts6f

EVs, including a lack o& rationally designed production platfoemd low therapeutic

potency (i.e., low levels of endogenous EV cargos).

Numerous methods have been employed to attempt to combat these issues, including
MSC EV cargo loading and biochemical priming of parental Ells159, 230]These

approaches have their merits, but they are generally limited with respect to scalability

¥ A portion of this work is adapted froironstadt, S.M., D.B. Patel, L.J. Born, D. Levy, M. Lerman,

B. Mahadik, S. McLoughlin, A. Fasuyi, L. Fowlkes, L.H. Van Heyningen, A. Aranda, S.N. Abadchi,
K.H. Chang, A.T.W. Hsu, S. Bengali, J.Warmon, J.P. Fisher, S.M. Jay. 2022. Mesenchymal stem cell
culture within perfusion bioreactors incorporating-piinted scaffolds enables improved extracellular
vesicle yield with preserved bioactivity. Biomaterials. Submitted.
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andcould substantially increase production costs and the regulatory burden associated
with MSC EV translation. Alternativelymechanicatues such as flowderived shear
stress, intrinsically exist in established biomanufacturingigstand can betilizedin

a highly reproducible and cesffective mannef16]. Importantly, dynamic culture
conditions have been shown to augment stem cell EV production and bioactivity. For
example, using GMompliant serumand xenefree cell culture media, Gobin and
colleagues were able to utilize a holldNver bioreactor system to significantly increase
MSC EV production across multiple donors while maintaining the functionality of the
parental cell§171]. In a separate study, EVs from human dental pulp stem cells
(DPSCs) grown in dynamic conditions on a fideased scaffold significantly increased
axonal sprouting in neurons when compared with DPSC EVs from static conditions
[170]. However, in addition to flovderived shear stress, these systems introduce other
cues ashe topographical, chemical, and mechanical attributes of the membrane itself
can affect cellular behavior, which ultimately convolutes the true effectors at play
[231]. Recent studies have utilized simpler systems (e.gplfid¢ bioreactorg)L69],
allowing a more precise approach to understanding and harnessindeftoned shear
stress but still lack the tunability necessary for dynamic manufacturing and exploratory

research needs.

A promising solution exists in 3Pprinting technology, which, witlihe ability to
precisely control scaffold geometry and architecfdB2], allows for more adaptable
systems as well as more precise computational fluid modeling. As the therapeutic

profiles of EVs are often shaped by the st@daptive responses of thparental cells
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[177, 233] a tunable platform is vital in the ability to understand these responses and
subsequently adjust EV formulations for specific applications. In a previous study, we
employed a 3Bprinted, biocompatible scaffold coupled with aigtitic pump, which

we termed the bioreactor, to enhance the production of human dermal microvascular
endothelial cell (HDMEC) EV§L5]. We also demonstrated that ethanol conditioning
mediated preangiogenic effects of HDMEC EVs, previously demonstrateshgu
conventional culture techniqupl63], were maintained when cells were cultured in the
bioreactor. In the current investigation, we utilized a similar bioreactor to assess the
effects of flowderived shear stress on the production and bioactivity/sf $ecreted

by bone marrowderived MSCs as they are a common therapeutic cell s{2@3dé

We specifically focused on wound healing abilities due to the-adeelimented pro
angiogenic effects of EVs from traditionaktyltured MSCs[17, 18] Our results
suggest that this particular bioreactor -gpt can be used to increase MSC EV
production while maintaining prangiogenic bioactivity, effectively increasing the
potency of the EV formulation. Given the tunability of this system, the methods used
here havehe potential to be applied to various ¥sed formulations with the ability

to increase effectiveness without sacrificing scalability.

3.2 Methods

3.2.1. Cell Culture

Bonemarrowderivedmesenchymastem cells (MSCs passage)Zzand human
embryonic kidey cells (HEK293) were purchased frakiiCC (MSC: PCS

500012 HEK293: CRI:1573. A kit of MSCs from three different donors was
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also purchased from RoosterBio to assess donor variabilityO@d). All
MSCs wereculturedinu | beccobés Modi Madiona(ODMEMph o f
(Corning, 16013-CV) supplemented withLl0% fetal bovine serum (FBS
VWR, 89510186), 1% nonessential amino acids (NEAA; Fish8cientific,
11-140050), and1% penicillinstreptomycin (P/S; Corning, 302-Cl). All
MSCs wereexpanded so thewere at passage 4 upon seeding into the
experiments. HEK293 cells were cultured in DMEM supplemented with 10%
FBS and 1% P/S. During experiments, MSC or HEK293 culture media was
switched to media containing 10% HK\pleted FBS (referred to as EV
depleted media). EVtdepleted FBS was produced by centrifuging heat
inactivated FBS at 118,000gxfor 16 h and filtering the supernatant through a
0. 2 ¢ mtopbfiltdr ffol kater use in media supplementation. Human
umbilical vein endothelial cells (HUVECS) pooled from multiple donors (C
12203) and bman dermal microvascularendothelial cells (HDMEGs) (G
12212)were obtained fronPromoCell HUVECs orHDMECs were cultured

on tissue culture polystyrene flasks coated with 0.1% gelatin & 33t 1 h

prior to seedingdUVECs and HDMECsvere cultured itompleteendothelial
growth medium2 (EGM2; PromcCell C-22111)supplemented with 1% P/S
and used at passaged 3n experiments. During experiments, HUVECs and
HDMECs were maintained in endothelial basal medRi(@&BM2; PromocCell,

C-22221) supplemented with 0.1 % FBS and 1% P/S.
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3.2.2. 3Dprinted Scafftd Design and Fabrication

The scaffolddesign involved a seriesf small pillars thatwere 1 mm in
diameterand situate®.5 mm apartn a 50 cnt cell growth areawithin a 12

cm? volume construct. This design was chosen to provide a sufficient culture
surface area in a highlgrdered pillared arranat wasamenable to cell removal
and immunofluorescence imaging. The architectiise allowedior mediato
perfuse the circuit around anid-between the pillars, facilitating active
transport of nutrients andages from gas permeable tubing, and praviae
mechanism to control fluid characteristics predictably throughout.
Computational fluid modeling was accomplished usinge SolidWorks
(Dassault Systemes, Velidillacoublay, France)Flow Simulation addn.

Fluid flow was analyzed at flow rates of 1, 5, and 10 mL/min by modulating
the inlet volume rate with surface shear stress, flow profiles, and fluid velocity

(computed and recorded).

Scaffold designs were exported into stereolithography (.stl) files foitpw
computational design and scaffold models were oriented, fixed, and supported
using Magics 18 (Materialise, Leuven, Belgium). Solid objects were fabricated
out of a clear, biocompatible, acryldiased material @hell 300;
EnvisionTEC, Inc.) usinge@ommercially available stereolithography apparatus
(EnvisionTEC Perfactory 4 Mini Multilens; Gladbeck Germarggcess resin

was removed by submerging printed objects in 99% isopropanol (Pharmco

Aaper, Shelbyville, KY) for 5 min, followed by flowing 99% s@panol
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through the scaffolds, and blowing the interior dry Viiitered air. The process

was repeated until all excess material was removed from the interior of the
object. Complete resin curing was achieved with 2000 flashes of -broad
spectrum light (Gdflash, EnvisionTEC, Inc.). Scaffolds were cleaned in 100%
ethanol (Pharmeéaper, Shelbyville, KY) for >30 min to leach any remaining
soluble contaminants before proceedingthe sterilization and rehydration

stes described below.

3.2.3. Scaffold Stelization, Coating, and Cell Seeding

3D-printed scaffoldavere submerged in fresh 100% ethanol and sterilized in
anultraviolet sterilizer(Taylor Scientific, 171703) for 10 min. Scaffolds were
gradually rehydrated by submerging in sterile solutions wignogressively
increasing volume of pH 7.4 sterile 1X PBS (i.e., 25:75 PBS:EtOH for 5 min,
50:50 PBS:EtOH for 5 min, 75:50 PBS:EtOH for 5 min) and placed in 100%
sterile 1X PBS in the fridge until use. Once ready to use, scaff@dscoated
with 0.5 pg/om? fibronectin in sterile water for 30 min at ‘8 Open ends of
the scaffolds were closed usimiatinumcured tubing and binder clips to
prevent leakageScaffolds were drained and passadé@3ICs were seededto

the scaffolds at a seeding density &0 cell/cn? in 15 mL of EV-depleted
MSC mediaCells were allowed to attach for Pdat 37C before connecting
the scaffold to the bioreactor or replacing the media and keeping the scaffold
detached as a static contriol parallel, cells were also seetdi@ 75 cnt tissue
culture flasks at the same densitynathin the scaffolds in EVdepleted MSC

mediaas a additionalstatic contral
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3.2.4. Perfusion Bioreactor Assembly

After initial cell seeding, the 3fprinted scaffolds were connected to a
Masterflex L/S Digital Drive (ColeParmer)coupled with a pump heaib
circulate medium at 1, 5, or 10 mL/min. Open ends of the tubing on either end
of the scaffold were affixed ta media reservoir with 50 mL of Edepleted
MSC media. The pump head allowed for agttlines to be connected at a time

at a single flow rateThe assembly was then placed within a cell culture
incubator at 37C with 5% CQ, with the scaffold chamber secured on the
incubator sidewall with flow angparallel to gravity. The complementaitgsk
andscaffold controls were also incubated atG#vith 5% CQ. Scaffolds were

situated vertically to ensure complete submergence in medium.

3.2.5. Cell Staining and Imaging

After 24 h culture in the bioreactor, MSCs were fixed in the scaffolds With 4
paraformaldehyd¢PFA) and 1% sucrose for 15 min and washieede times
with 1X PBS. Prior to staining, cells were permeabilized for 5 min with a 300
MM sucrose, 100 pM sodium chloride, 6 uM magnesium chloride, 20 uM
HEPES, and 0.5% TriteX-100 solution Cellular actin was stained in a 1:100
dilution of AlexaFluor 488 Phalloidifinvitrogen, A12379)n 1X PBS for 20

min and visualized on Blikon Ti2 Microscope (Nikon, Minato City, Tokyo,

Japan).
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3.2.6. EV Isolation and Characterization

Conditioned medifrom MSCs cultured in EMlepleted media were collected

and underwent a series of differential centrifugation steps which entailed a final
centrifugation step of 118,000g«for 2 h as previously describ¢ti33, 235]

After resuspending the pelleted EVslX PBS, they were transferred to a
Nanosep 30&Da MWCO spin column (PalloD300C3% and centrifuged at
8,000x% g until all PBS was removed (=B min).The EVs were washed two
more times in a similar fashiokVs collected at the top of the column were
thenresuspended ia desired volume dEX PBSandsterile filtered using 0.2

pm syringe filters The total surface protein concentration of the washed EVs
was measured by BCA. EV size distribution and concentration were evaluated
using a NanoSight LM10 Malvern Instruments; Malvern, UK)with
Nanoparticle Tracking Analysis (NTA) software version E8ch sample was
measured three times wiltamera level set at 14 and acquisition time of 30 s.
Approximately, 20100 objects per frame with more than 200 clatgal tracks

were analyzed for each video. The detection threshold was set at the beginning
of each sample and kept constant for each repdét.were also quantified
based on the amount of total immunoreactive CD63 within isolated EV samples
using the EXEBLISA-ULTRA Complete Kit (System Biosciences, EXEL
ULTRA-CD631 ) per the manuf act 25ug of&E¥s pr ot oc
(based on BCA analysis) were used for the analysis. The number of EVs was

obtained using an exosomal CD63 standard curve calibrasgusadi TA data.
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Total number of EVs was then calculated based on resuspension volume and

final data was expressed as total # of EVs/cell.

Immunoblotting was then performed to confirm the presence of EVs and purity

of each sample. Based onthe BCAanalysi 10 e€g of protein f

sample was used for analysis and compared with cell lysate. The presence of
various EVfassociated proteins was assessed using primary antibodies for Alix
(Abcam, ab186429), TSG101 (Abcam, ab125011), CD9 (Abcam, ab92726),
CD63 (Proteintech, 25682-AP), actin (Cell Signaling Technology, 4970), and
GAPDH (Cell Signaling Technology, 2118), while the absence of
contaminating proteins were confirmed using antibodies for calnexin (Cell
Signaling Technology, 2679), HSP90 (Abcam]2492), and AGO2 (Abcam,
ab186733). All primary antibodies were added at a 1:1,000 dilution, except
GAPDH which was diluted 1:2,000. A goat ardbbit secondary (LCOR
Biosciences, 9282211) was added at a 1:10,000 dilution. Protein bands were
detectedising a LFCOR Odyssey CLX Imager. All EVs were used within three
days or frozen at20°C and used within 2 weeks with no more than 1

freeze/thaw cycle.

A portion of each EV s ampigmdePBRAQLOe | )
el) for 30 mitune. Foltowing dixation, & carbgeoatedecopper
grid with type 200 mesh (Electron Microscopy Sciences, CR20Q5) was

allowed to adsorb to the EV/PFA mixture for 20 min. The grid was then placed
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on a drop of PBS to wash and then laid upon a drop of lLtargldehyde in

1X PBS for 5 min. The grid was washed extensively times x 2 min) on
deionized water droplets, blotting gently in between each wash at a 45° angle
on a piece of filter paper. The grid was then placed on a droplet of uranyl acetate
replacement stain (Electron Microscopy Sciences, 22405) and let sit for 10 min.
The grid was allowed to completely dry prior to imaging at 200 kV dB@L

JEM 2100LaB6 TEM.

3.2.7. Gap Closure Assay

P4 HUVECs were seeded in gelatioated 96well plates afl.5x1¢ cells/well

in EGM2 and allowed to grow until a uniform monolayer was formed (24 h).
The cell monolayer was denuded using an AutoScratch (BioTek Instruments;
Winooski, VT, USA). Cells were then washed once with 1X PBS and incubated
with endothelial ell basal medium (EBM2; PromoCeltZ2221) supplemented
with 0.1% FBS for 2 h to serum starve the cells. After serum starvation, medium
was replaced with fresh EGM2 (positive control), EBM2 (0.1% FBS) without
EVs (negative control), or EBM2 with the additi of EVs at5x1® EVs/mL
based on NTA quantification or 200
guantification of surface protein. EBM2 or EGM2ated cells were used as
negative or positive controls, respectively. The closure of the cell gap was
imaged at 0 h an®0 h using a Nikon Eclipse Ti2 Microscope at 2x
magnification. The change in the gap area was measussdg ImageJ as

previously describefll64].
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3.2.8. Tube Formation Assay

24we | | pl ates were coated with 100 ¢l C
(Corning, 354230) and incubated at 37°C for 30 min. P4 HUVECs were then

seeded at 6xf@er well with EGM2 media (positive control), EBM2 media

(0.1% FBS) devoid of EVs (negative control), or EBM2 media (0.1% FBS)

with EVs Gx1(® EVs/mL) on top of the MatrigelAt six hours, cells were

imaged using a NikoEclipse Ti2 Microscopat2x magnification The number

of fully-closed loops formed by the HUVECs were counted and recorded as a

proxy for the formation of capillariike structures in wound healing.

3.2.9. B/ Uptake via Flow Cytometry and Confocal Imaging

MSC EVsfrom flask and bioreactozulturewere labeled separately wilipid

membrane PKH6dye (SigmaAldrich, PKH67GL) as previouslylescribed

[235]. Briefly, EVs in PBS suspension were spun down,@08x g in a 300

kDa MWCOfilterand resuspended in 200 €4 of Dil
related salts. EVs were then spun down again at 8aparxresuspededin

250¢l of Diluent C per200e g o f A ntodkslye treatment was prepared by

mixing PBS devadl of EVs with diluent CEVsand the mock dye solutiomere

labeled at 1:1 ratio usingdM of PKH67 dye diluted in di
incubated for 5 min with frequent mixing at room temperature every minute.

1% BSA prepared in diluent C was added#EV or PBSPKH67 dye mix at

1:1:1 ratio and incubated for another 1 min at room temperetupgench any

leftover dye. Samples were then concentrated using protein concentrators (100
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kDa MWCO; Ther moFi sher Scientift c, 8 8572
10,000 xg for 10 min at 4°C to remove any protein aggregates formed during
concentration. To remove any nr&V associated dye aggregates, the samples
were then run through size exclusion columns (Izon; gEV original 35 nm, ICO
35) per t he instractionst The firsu foue fraétisns after the void
volume were collected and used in further experimérture 3.1). These
fractions were concentrated (100 kDa MWCO), resuspended in 1X PBS, and
sterile filtered (0.2 ¢aemnned WaaNTA.i cl e <co
Approximately 5x18 HUVECs in a 6well plate were treated witBx10
EVs/mL of labeled flask or bioreactor EVs or equal volume of mock dye
solution in duplicates, while untreated HUVECs (PBS vehicle) were used as a
negative control. HUVEC#eated with the mock dye solution were used to
assess uptake of any dye aggregates. Aftér &43&C, media were collected
from each treatmenid collect nonadherent cells. Adhereali€ weredetached
usingl mL of Accutase (ThermoFisher Scientifi,111050), then added to

the collected nonadherent cells, and sgpovvn at220 xg for 5 min. Cells were
washedtwice in 500 ¢ | of FA Q% BRAuid IXeRBS)gnd then
resuspended in 250 | of F Addodbstrdined thiraugh a cell strainer (40

e m) furtleer analysisSamples weranalyzedon an Amnis ImageStream X
Mark Il Imaging flow cytometer and analyzed using lDEAS software. Live

cell gating was done first in forward light scatter/side scatter, and PKH67

populations were gated frothelive cdl population.
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Figure 3.1.Size exclusion chromatography (SEC) can effectively remc
PKH67 dye aggregate@) Fluorescence readings of each fraction from
only (no EVs), dyed EVs, and undyed EVs (no PKH67) subjected to
EVs elute in the first four fractions. (B) Fluorescence readings fro
pooled fractions. Dye aggregates appear to elute in later fractions

In a concurrent experiment, HUVECs were seeded onto geladted
coverslips (0.1%) in a-@ell plate. After 16 h, cells were treated with the
PKH67 mock dye solution or PKH@Zbeled flask or bioreactor EVEX1(
EVs/mL). Cells tread with PBS devoid of dye or EVs acted as an additional

control. After a 24 h incubation, HUVECSs were fixed with 4% PFA for 15 min.

Cells were washed three times with 1X PBS and then permeabilized for 5 min
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using a 0.5% TritotX-100 solution. Following peneabilization, HUVECs

were washed three times with 1X PBS and then blocked at room temperature
for 1 h with a 2.5% goat serum (Abcam, ab7481) solution. Cellular actin was
stained in a 1:100 dilution of Alexa Fluor Plus 647 Phalloidin (Invitrogen,
A30107) oupled with a nuclear stain using a 1:10,000 dilution of DAPI
(Cayman Chemical Company, 14285) for 30 min at room temperature.
HUVECs were then washed three times in 1X PBS and imaged using an
Olympus FLUOVIEW FV3000 confocal laser scanning microscopenipls,

Shinjuku City, Tokyo, Japan) at 60x magnification.

3.2.10. MALDITOF Mass Spectrometry

Fresh MSC EVs from the flask and perfusion bioreactor (5 mL/min) conditions

were washed in sterile deionized water to minimize the presence of-buffer
related sadls and were resuspended in a final
water. BCA and NTA were performed and EVs were subjected to MALDF

analysis on a MicroFlex LRF MALBTOF mass spectrometer (Bruker,

Bremen, Germany). Each EV sample was mixed 1:1 wittp&irecid matrix

(Millipore Sigma, 85429; 20 mg/mL in 50% acetonitrile, 50% water, 0.1%
trifluoracetic acid v/v/v) and 1 ¢l of
on a MicroFlex AnchorChip plate (Bruker, Bremen, Germany) in triplicate and

dried in a vauum. The analysis was performed under linear positive mode

using the following parameters as previously descrif236]: 70% laser

intensity, laser attenuator with 35% offset and 40% range, accumulation of 500

laser shots, and 10.3 detector gain. Massbredion was completed using
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cytochrome ¢ (2 mg/mL; Sigma Aldricig8857 and myoglobin (2 mg/mL;

Sigma Aldrich,M0630).

3.2.11. mRNA Isolation and Profiling

P4 HDMECs were treated with PBS (control) or 200 pug/mL MSC EVs from

flask or bioreactor (5mL/mingulture. After 24 h, HDMEC RNA was isolated

using RNeasy kits (Qiagen, 74106) and cDNA was prepared using the iScript

cDNA synthesis kit (BieRa d , 1708891) . Foll owi ng t !
protocol, approximately 5 ng of RNA converted to cDNA was used pet 10

well reaction in the Wound Healing PCR Array (Bad, 10034601). Real

time PCR reaction was prepared using SsoAdvanced Universal SYBR Green
Supermix (BieRad, 1725271). Quantitative PCR was performed using an ABI

7900 Fast HT machine, with recommendedrmal cycler settings for the

SYBR Green Supermix. Data were analyzed i ng t he aotiht met h o (
MRNA was used as a housekeeping corfgm@Ct = Ct 7itCd raci®)t gene
and results were normalized tiogpg@RBS ( gppC
PBS).Data are shown in a heat map, where negative values indicate higher
expression and positive values indicate lower expression compared to PBS

treated group.

3.2.12.In vivo Studies

All animal experimental protocolwere approved bythe Johns Hopkins
University Animal Care and Use Committaedfollowed the Johns Hopkins

University ACUC (Protocol RA18M86)A total of 24 db/db mice (480 Qg)
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from Jackson Laboratory (Bar Harbor, ME) were utilized (eight mice per
treatment)All mice wereanesthetized withh.5% isoflurane (Baxter Healthcare

Corporation, Deerfield, IL) and had thentire dorsum shaveghere a singular

8 mm punch biopsy (Integra, Plainsboro, NJ) was performed. Buprenorphine

(0.05 mg/kg) was given subcutaneously on days 0, 1, and 3 to help reduce any
unnecessary discomfort. Treatments (i.e., flask EVs, perfusioedutor EVs,

or PBS devd of EVs) were injected four times around the wound in a cross
pattern on day 3. Each dose contained 5
or 50 ¢l of PBS without EVs. Phot ograph
0,3,7,10,12, and 14 and wound size suaantified by digital processing using

Adobe PhotoshoOn days 7, 10, 12, and 14, the wounds were debrided of the

eschar to allow clear visualization. Wound size was calculated as the percentage

of area of the wound versus the wound size on day O.

3.213. Histology

On day 21, healed tissues were biopsied using a 12 mm punch biopsy. The

tissue was then cut down the center of the wound area and placed in a cryomold

(Tissue Tek, 4557), where it was covered with OCT medium (Leica, 3801480).

The tissueconiining cryomold was then placed onto a metal surface and

cooled with dry ice and ethanol until the OCT medium solidified. The samples
werestoreda8B 0AC for | ess than 1 week prior toc
a CM1950 Cryostat (Leica, Wetzlar, Gemya Tissue sections were fixed and

permeabilized in 1:1 methanol:acetone solutior28fC. Sections were then
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stained with H&E using a previously described protgtia]. In brief, sections
were washed for 2 min in deionized water, hematoxylin (VWR, G5&PR) for

3 min, deionized water for 1 midifferentiaedin 4% HCI in 95% ethanol for
1 min,washed for 1 min in deionized watéluing for 1 min in 1% NaCQO3,
washed for 1 min in deionized wat€&5% ethanol for 1 min, eosin (VWR,
75810354) for 45 s95% ethanol for 1 min, 100% ethanol for 1 rwnce, and
xylene for 2 mintwice. SubX Mounting Medium (Leica, 3801740) was used
to add a No. 1.5 micro cover slip (VWR, 483835) on top of the tissue section
and was sealed using clear fingernail polishe Tissue sections were then

imaged using a Nikon Ti2 Microscope at 10x magnification.

In addition,10 um tissue sectionsere subjected t€D31 stainingn orderto
detect newly formed blood vessels usingreviously established protogall].

In short slides were washedith tris-buffered saline (TBS) for 2 min, pre
blocked with 1% bovine serum albumin (Sigma Aldrich, A2058)/5% donkey
serum (Sigma Aldrich, D9663) in TBS for 30 min, inculatgith CD31
primary antibody (Abcam, 28364) at 1:50 in blogkisolution for 60 min at
room temperature, wastl with TBS for 5 min twice incubate with Alexa
Flour 647 donkey antiabbit secondary antibody (Invitrogen, A31573) for 60
min at room temperaturandwasled with TBS for 5 min twice Coverslips
were moungd over the tissue section as described in the previous section

Fluorescent imagesere takerusing aNikon Eclipse Ti2 Microscopat 10x
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magnification. The numbers of vessels were counted, and the area of tissue was

guantified using ImageJ.

3.2.14. Sthstics

Data are presented as meastandard error of the mean (SEMJormality of

each data set was tested and, when appropriate, parametriggesissed to

determine statistical differences (p < 0.05) among groups. Specificallty, o

way ANOVAwithTuk ey 6s or G2d8kos multiple comp:
determine statistical differences (p < 0.05) among groups in the EV
characterization data, the vitro tube formation assays, amd vivo vessel

density data Two-way ANOVA with Tuk ey 6 s -G?riddSHomuml t i pl e
comparisons testvereusedto detect statistical differences (p < 0.05) among

groups across dosing schemes initheitro gap closure assay, across donors

within the different culture conditions, and among groups inrttvévo wound
healingexperiments over time. All statistical analyses were performed using
Prism9.1 (GraphPad Software, La Jolla, CHSA). Notation for significance

in figures are as follows: risp>0.05 #,*, or§- p<0.05;880r ** - p<0.01;

*** - p<0.001; **** 8888 #### or A A A A< 0.0001.
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3.3 Results

3.3.1. Culture of MSCs in 3printed ScaffoldPerfusion Bioreactor

MSCs are physiologically subjected to interstitial flow that exerts low levels of
shear stress that has been shown to impact their glangtics as well as
differentiation[237, 238] We designed and 3printed scaffolds with a total
surface area of 50 drconsisting of a pillared arrayFigure 3.2A) that
permitted medium and gas flow through gas permeable tubiggré 3.2C).
Computaional fluid modeling was carried out for 1, 5, and 10 mL/min to
evaluate shear stres&igure 3.2D) and flow trajectories Higure 3.2E)
throughout the scaffold. Shear stress and flow trajectory heat maps show the
distribution of shear stresses acrossdtefold growth surfaces, with highest
values found closed to the entrance and exit of the scaffold. Average shear stress
values for 1, 5, and 10 mL/min were calculated to be 1.6x38103 and
1.2x10? dyn/cnt, respectively, all of which are below siglogical interstitial

shear stress levels of 0.k (0.1 dyn/crf) [239]. For cell viability analysis,
MSCs were fixed and stainedtivAlexaFluor 488 Phalloidiafter exposure to
dynamic culture at 0, 1, 5, or 10 mL/min. Images confirmed the preselmwe of
cells throughout the scaffold base and along the side walls of the pilguse

3.2F) that were subjected to no flow or flow raté 1 and 5 mL/minAt a flow

rate of10 mL/min flow rate very few cells remained adhered to the scaffold
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characterization. (A) Crosssectioned image of the scaffold gener
in SolidWorks showing dimensions of the scaffold as well as indiv
pillar height, diameter, and spacin@) Timeline of the perfsior
bioreactor experimental procedure. (C) Schematic representatior
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Inlet and outlet of the media circulataisl, 5, or 10 mL/min flow rat
(D) Visual representation of varying levels of shear stress and (E
trajectories at different areas within the scaffold as evaluatt
computational flow simulation are shown for 1, 5, and 10 mL/min
Images oflhe phalloidinstained scaffold seeded with MSCs after
of dynamic culturelmages courtesy of Dr. Divya Patel.
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3.3.2.MSC EV Production is Enhanced by Perfusion Bioreactor Culture

We first aimed to assess the impact of increasing flow rates on MSC EV
production. EVs were isolated frorMSCs cultured in flaskscaffold (O
mL/min), orperfusion looreactorconditions (1, 5, or 10 mL/mirfpr 24 h The

flow rates were selected based on CFD analysis to determine maximum shear
stress to not exceed physiological interstitial levels of 0.1 dyhstnich has
been show to induce MSC differentiation into osteogenic phenot{gis].

NTA revealedo significant difference iV size distributionPeak size values

for EVs from allcultureconditionswereapproximately 160 nrFigure 3.3A).

More than 90% of the total EVopulationsfrom all culture conditionsvere
within the typicalexosome diameter range (200nm) (Figure 3.3A) [34].

The highest level of EV production per cell occurred when MSCs were exposed
to a 5 mL/min flow rate (9.8E5 9E4), which was 83old, 28-fold, 3-fold, and
2.5fold higher than flask, 0, 1, and 10 mL/min, respectively (flask: 1.18E4
9.3E3;0 mL/min: 3.5E4+ 5.2E3;1 mL/min: 3.0E5 + 2.7E4; 1fhL/min: 3.9E5

+ 4.6E4) Figure 3.3B). This trend of elevated EV production as determined
by NTA wasretained across various tissue origins (i.e., boaerow and
adiposederived MSCs) as well as different dondfgy(re 3.4). EV production

per cell was also evaluated using a CBBp&cific ExoELISAwhich confirmed

the significant increase in EV output the bioreactor culture system at 1, 5,
and 10 mL/min compared to flask culture {f2&d, 43-fold, and 4#fold) and O
mL/min (23fold, 39fold, and 43fold), respectively Figure 3.3C).

Interestingly, exoELISA results showed higher CDE¥ production pecell
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at 10 mL/min compared to the total EV population per cell assessed by NTA
(Figure 3.3C). As measured by BCAaverageprotein content per EV
decreased-®ld in the 5 mL/min bioreactor compared to the flask culture, but
was not significant (p > 0.05 Protein content per EMwvas inversely

proportional to EV production ratéBigure 3.3D).

We observed a-ld, 5fold, and 4fold decline in protein content per EV
compared to O mL/min in the 1, 5, and 10 mL/min cultures, respectiMeM
images revdad no observable changes in MSC EV morphology when MSCs
were cultured within the bioreactor (i.e., 5 mL/minfrigure 3.3E).
Immunoblot analyses confirmed the presence of EV markers (Alix, TSG101,
CD63, and CD9) and absence of cellular debris markeraégial HSP90, and
Ago2) in MSC EV samples for flask, and 0, 1, 5, and 10 mL/min culture
conditions Figure 3.3F). The 5 mL/min flow rate was determined to be
optimal as it was able to significantly increase EV production without
dislodging cells Figures 3.2F and 3.3B), and was thus used for further

experiments.
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Figure 3.3 MSC EV production can be maximized in the bioreactor with a
mL/min flow rate. (A) Size distribution of MS@lerived EVs prodced in th
various culture conditions. Number of EVs produced per cell as measured u:
nanoparticle tracking analysis (NTA) and (C) a CBp&cific ExoELISA. (D) Th
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sigrificant increase in EV production (8compared to flask, * compared to
mL/min,#-c omp ar ed t o coipared tb Bnlymin) wis recorded,
a decrease in protein content (p < 0.001) was observed for the 5 mL/min cc
when compared witthe O mL/min condition. (E) TEM images of EVs from M¢
either cultured in the flask or 5 mL/min conditions. (F) Immunoblots of MSC
from the various culture conditions for EV markers (CD63, Alix, TSG101, (
cell markers (Calnexin, HSP90, and Ago2jhdacontrol markers (Actin ai
GAPDH). Data representative of at least three independent experiments (
Statistical significance was calculated using a-erey A NOVA us
multiple comparison tests (iig > 0.05: # *, or §- p < 0.05; 8§ p** - p < 0.01
¥ .p < 0.001; **** .p<OAMRA PangisiA#B#C, D,@nc
courtesy of Dr. Divya Patel.
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Figure 3.4 Flow-induced increase in MSC EV production is maintaine
across donors and tissue of origireV production fromtiree donors of (A) boi
marrowderived MSCs and three donors of (B) adipdedved MSCs ¢
measured by NTA and a CD63 ELISA. A significant increase in EV prodt
occurred when cells were cultured in the 5 mL/min bioreactor when con
with those maitained in flasks regardless of donor or tissue origin.
representative of three independent experiments (N = 3). Statistical signi
was calculated usingatwway ANOVA wusing Tuke)
tests (n§ p > 0.05: *p<0.05; *-p<0.01; **-p<0.001; ***-p<0.0001
Data courtesy of Dan Levy.
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3.3.3. Enhanced EV Production in Perfusion Bioreactor Culture is Not

Specific to MSCs

In an attempt to understand whether the observed boost in MSC EV production
is the esult of a celldriven mechanoresponse, we cultured HEK293 cells
within the system as they lack the abundance of mechanoreceptors inherently
present in MSCR40-242]. Interestingly, the HEK cells demonstrated a similar
and significant uptick in EV produon as well as a decreasing trend in protein
per EV as flow rate increaseigure 3.5.A, B). HEK EV morphology was not
altered by the culture conditionsFigure 3.5.C). And immunoblotting
confirmed the presence of EV markers (CD63, Alix, TSG101) ando$enae

of the cellular debris marker calnexifgure 3.5.D).
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Figure 3.5. HEK293 EV production increases when cultured in perfusic
bioreactor. (A) Size distribution of HEKderived EVs produced in the varic
culture conditions. (B) Number of\s produced per cell as measured u
nanoparticle tracking analysis (NTA). (C) The ratio of total surface protein a
(eg) to total number of EVs are s
- compared to flask, * compared to O mL/min, #compared to 1 mL/min) w
recorded, and a decrease in protein content (p < 0.0001) was observed 1
mL/min condition when compared with the 0 mL/min condition. (C) TEM im
of EVs from HEK cells maintained in the flask or bioreactor conditions
Immunoblots of HEK EVs from the various culture conditions for EV ma
(CD63, Alix, TSG101) and cell markers (Calnexin, GAPDH). Data represer
of at least three independent experiments (N = 3). Statistical significan
calculated usingaongay ANOVA using Tukeybds n
p>0.05: #* or §-p <0.05 ** 88§, or ### p < 0.001; **** or 8888 p <
0.0001).
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3.3.4. MSC EMn vitro Angiogenic Bioactivity is Maintained Following

Perfusion Bioreactor Culture

Bioactivity of MSC EVs isolated from the flask and optimal perfusion

bioreactor conditiorf5 mL/min) was subsequently assessed usino aitro

gap closure assay and a tube formation assay. In the gap closure assay, we found

that there was no significant difference between the activity induced by flask

derived MSC EVs and those from the sclfsowithout flow (i.e., 0 mL/min),

regardless of dosing scheme (i.e., particles per mL or protein concentration)

(Figure 3.6). Thus, in all subsequent experiments we compared the bioreactor

to flask conditions. When treated with flagdkrived MSC EVs baseon EV

count (i.e.,5x1F EVs/mL), HUVECs had significantly higher gap closure

when compared with the negative control that was treated with basal media only

(p < 0.01) (basal media: 22.23 + 3.659; flaskxt® EVs/mL: 48.49 + 1.737)

(Figure 3.7A, B). Using the same dosing scheme, bioreadsived MSC

EVs also significantly improved gap closure in comparison with the negative

control (p < 0.0001) and the flaslerived EVs (p < 0.05) (bioreactors%10

EVs/mL: 65.26 N 5.926). When dosed at 2
both the flask and bioreactor conditions significantly augmented gap closure in

HUVECs when compared with the negative control (p < 0.01 and p < 0.0001;
respectively) L(fl4®@skB1latN 200 469/ mi or eac:
52.72 + 1.318). This trend of maintained EV bioactivity was retained across

donors of bone marroerived MSCs, whereas we observed no angiogenic

activity from adiposalerived MSCs Kigure 3.8). Importantly, theravas no
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significant difference between the dosing schemes in the respective culture

conditions. Therefore, in all subsequent experimdi&C EVs were dosed at

5x1® EVs/mL.
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Figure 3.6. EVs from MSCs cultured in the static scaffolds and flasks perfor
similarly in the gap closureassay.Cell gap area after 20 h as a percentage ¢
area at 0 h. A significant increase in gap closure was observecdHANEBECswere
treated with either flask @tatic scaffold (i.e., 0 mL/min) MSC EMghen dosed
200 pg/mL (*- compared to basall.here were no significant differences dete
betweenflask-derived or static scaffolderived MSC EVs (p > 0.05All data art
representative dhreeindependent experiments (N3x. Statistical significance w
calculated usingtwawa y wi t h Ifiple koenpadisens test (risp > 0.05;
-p <0.05; **-p < 0.01).

In the tube formation assay, both flasknd bioreactederived MSC EVs
significantly enhanced the number of capilldike structures formed by the
HUVECSs (i.e., number of loops) when compared with the negative control (p <
0.01 and p < 0.05, respectively; basal: 18.67 + 3.93; flask: 43.00 + 6.110;
bioreactor: 35.67 + 2.300)Figure 3.7C, D). There was no significant

difference between the flask and bioreactor EVs.
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Figure 3.7. Perfusion Bioreactor culture maintainsin vitro pro-angiogenic
activity of MSC EVs. (A) Representative images of HUVECSs in the gap clc
assay at 0 and 20 h after tmeant with growth media (positive control), be
media (negative control), or 5E9 EVs/mL or 200 pg/mL EVs isolated from |
in the flask or bioreactor (5 mL/min) culture conditions. (B) Cell gap arec
20 h as a percentage of gap area at 0 h. Afigignt increase in gap closure \
observed when cells were treated with either flask or bioreactor EVs .
EVs/mL or 200 pg/mL (* compared to basal,+£ompared to flask). There w
no significant differences detected between dosing schemes. efitddentativ
images HUVECSs in the tube formation assay 6 h after application of growth
(positive control), basal media (negative control), or 5E9 EVs/mL EVs from
maintained in flasks or the bioreactor. (D) Results of the tube formatior
guantified as the number of complete loops formed by HUVECSs. Both flas
bioreactor EVs significantly increased the number of loops with no differ
between flask and bioreactor EVs-(¢ompared to basal). All images and dat:
representative of theeindependent experiments (N = 3). Statistical signific
was calculated using either a tway (B) oronevay ANOVA ( D)
multiple comparisons test (iigp > 0.05; *or# p < 0.05; *-p < 0.01; ***-p
<0.001; ****-p < 0.0001).
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Figure 3.8 Angiogenic bioactivity is maintained across donors of boi
marrow -derived MSCs. Cell gap area after 20 h as a percentage of ga
at 0 h. (A) Asignificant increase in gap closure was observed when HU
were treated with 200 eg/ mL of -
derived MSC when compared with basal media (negative control). (E
from adiposederived MSCs had no effect on gap closwgardless of cultu
conditions. There were no significant differences between-ftagkoreactos
derived EVs from either tissue source. Data representative of
independent experiments (N = 3). Statistical significance was calculate
atwoway ANOVA using Tukeyds inhp*Q.05
*** . p<0.001; ****- p < 0.0001)Data courtesy of Dan Levy.
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3.3.5.In vivoMSC EV Wound Healing Bioactivity is Enhanced via Perfusion

Bioreactor Culture

The wound healing bioactivity of EVs from flask and bioreactor caltuas
assesserh vivousing a diabetic mouse wound healing model. An 8 mm punch
biopsy excisional wound was created on the dorsum of each mouse. Three days
postinjury, mice wereinjec f our ti mes around the wour
MSC EVs, bioreactor MSC EVs, or a PBS vehicle control. EVs isolated from
MSCs cultured in the bioreactor generated a significant improvement in healing
overall when compared with the vehicle control (p 85).(Figure 3.9A, B).

CD31 immunohistochemistry revealed that mice treated with bioreactor MSC
EVs had significantly more CD31+ vessel structures when compared with
animals treated with flask MSC EVs or PBS (p < 0.05; PBSt 40.B84; flask:

5.876 £ 1.68; bioreactor: 12.02 + 2.423There was no significant difference

between the vehicle control and flask MSC EWg@re 3.9C, D).
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Figure 3.9. Perfusion bioreactor culture improves healing in a diabeti
mouse excisional wound healing mode(A) Closure evluated for wounc
treated with flask MSC EVs, bioreactor MSC EVs, or PBS. Bioreactor
EVs improved overall wound healing compared with the PBS control (p <
(B) Representative images of mice wounds over the length of the expe
(C) Number ofCD31+ vessels in healed tissues isolated from mice on ¢
with (D) representative immunohistochemistry images. A signil
enhancement of CD31+ vessels was apparent in mice treated with bic
MSC EVs (p < 0.05). Statistical significance was cllt@d using a (A) twk
way ANOVA or (C) oneway ANOVA with HolmG2 d § k 0 s
comparisons test (*p < 0.05; n ¥ ®ata courtesy of Dr. Louis Born.
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3.3.6. Assessment of Perfusion Bioreactor Cultnticed Enhancement of in

vivo MSC EV Bioactivity

To determine whethemy differences in MSC EV bioactivity observedvivo

could be attributed to disparate internalization into recipient cells, we evaluated
EV uptake. HUVECs were treated with PKHR@beled MSC EVs from flask

or bioreactor culture for 24 HFigure 3.10A). There was no difference in
uptake of the EVs from the bioreactor culture (96.7%) compared to flask culture
(98.6%) Figure 3.10B), which was visually confirmed with confocal images

of the recipient cellsRigure 3.10C). As flow has been shown to alteopein
corona composition of nanoparticles which can in turn affect up24ids 244]

we assessed the EV surface proteins using MALOF. However, the
resulting spectra showed no apparent differences between the flask and
bioreactor MSC EVsKigure 3.10C). MALDI-TOF spectra of MSC EVs were

highly reproducible over timd={gure 3.11).
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Next, to assess any variance in RNA profiles of recipient HDMECs due to flask
vs. bioreactor MSC EVs, we analyzed expression of 88 genes associated with
wound healingFigure 3.12A). Among the 88 genes, 34 were upregulated and
only 2 were downregulated more thatfioBd compared to PBS for both flask

and bioreactor EV groups. Between flask and bioreactor EV groups, 3 were
upregulated (EGF, FGF, and COL5A8hd 3 were downregulated (VTN,
ITGB6, and IL2) in the bioreactor EV group by more thdold, though none
showed significance (p > 0.0Fi¢ure 3.12B).
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Figure 3.12 RNA profiling of HDMECs treated with MSC EVs from flask vs
perfusion bioreactor culture. (A) Experimental schematic of wound hea
specific gene expression in HDMECs treated with MSC EVs from fla
bioreactor culture. (B) Heat map representing gene regulation profile of 8¢
associated with wound =h e(agGkordkidreadtai
Ct PBS), where @Gt -ashin).(No tsignificant difeeren
between RNA profiles of HDMECs treated with flask or bioreactor derived
EVs was observed (data not shown). Significance was tested usingay
ANOVAwith Bonferroni 6s mul tiple comp:
independent experiments (N = BPjata courtesy of Dr. Divya Patel.
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3.4 Discussion

The lack of a scalable manufacturing platform has remained a substantial hindrance t
the clinical translation of ENbased therapied 71, 245, 246] The most commonly
employed solution to this problem is the use of holftaer technology, which is
highly effective for optimizing yield171, 247] but has limited versatility with regard

to control of the various mechanical cues that can most influence EV properties, such
as shear stress and substrate architecture. Engineering advancements, such as 3D
printing, can allow for a more reductionist and tunable approach that enables control
ove these cues in a manner amenable to faogde production. In a previous study,

we leveraged 3fprinting to create a scaffoiderfusion bioreactor that significantly
increased the secretion of EVs from human dermal microvascular endothelial cells
(HDMECYy) [15]. Inspired by these results, we attempted to use the perfusion bioreactor
to enhance the therapeutic efficacy of MSC EVs, as MSCs are another
mechanosensitive cell type with many therapeutic applicadds 248] In this study,

the scaffold was designed to incorporate a pillar configuration previously
implemented to create a highkdylaptable and physiologicaliglevant
microenvironment specifically for human MS[249]. In addition, when perfused with
media, this design allowed for the use ofiflrates that produced shear stress values
well below levels previously reported for tie vivo stem cell niche (i.e., 0.1 1
dyn/cn?) and well below values known to induce MSC differentiaf8iz, 239, 250]

(Figure 3.2D).
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While implementing the bia@actor system, we found that a flow rate of 5 mL/min
(3x103 dyn/cnt) appeared optimal as it significantly increased MSC EV production by
83-fold when compared with flask culture and by-fb&l when compared with a flow

rate of 10 mL/min (1.2x1®dyn/cn?) (Figure 3.3B) without causing the significant

cell detachment that was observed in the 10 mL/min conditiogue 3.2F).
However, when an ELISA was used to examine the levels of tetraspanin CD63, which
is considered an indicator of EVs originatingnfrahe multivesicular body (i.e.,
exosomes)33], the 5 mL/min produced only a 48ld increase in CD63EVs while

the 10 mL/min condition produced a very similarféid increase in CD63EVs when
compared with flask culturé-{gure 3.3C). We also show aignificant reduction in

total protein content per EV as flow rate is increased from 0 to 5 mL/min, which seemed
to saturate at 10 mL/mirF{gure 3.3D). Protein per EV is often used as a proxy for
EV purity, with less protein per EV being considered aggaof higher purity251].

We have previously reported similar phenomena in which HDMECs within a perfusion
bioreactor produced a significant yet smaller increase in CB&3 in comparison

with total EVs along with a purer EV populatifirb]. Altogetherthese results indicate

that the bioreactor favors the secretion of other EV-paulations such as
microvesicles, which are known to originate from the cell membrane and may be
composed of a relatively lower amount of CDB3, 252] Indeed, shear stress
known to increase cell membrane tension which results in augmented exocytotic
activity [253, 254] Overall the increased MSC EV production we observed mirrors
the results of previous studies by other groups that hesesl dynamic culture

conditions tancrease EV productiofi47, 170, 253, 255, 256t is important to note
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that TEM images revealed no significant changes in morphology oFsized 3.3E).
Furthermore, immunoblotting revealed no presence of the endoplasmic reticulum
protein calnexin(Figure 3.3F), signifying that it is unlikely that the levels of shear
stress used in this study were causing physical disruption to the cell membrane and/or

instigating the release of apoptotic bodies.

MSCs monitor mechanical cues within their microeonment in order to initiate
adaptive and reparative responses; a capability governed by countless mechanosensors
including, but not limited to, adherens junctions, focal adhesions, integrins, and ion
channels [257-259]. Flow-derived shear stress is a mawital cue pervasive
throughout the physiological niche as well as many scalable manufacturing processes.
However, flow and shear stress are two separate phenomena in that, besides inducing
various stresses on the cell surface (i.e., shear, tensile, mpdessive stresses), flow

can also modulate the surrounding environment by augmenting diffusive exchanges
(i.e., oxygen, nutrients, and waste metaboli2s2, 213] After culturing the relatively
mechanicallyinert HEK293 cell ling242], we found a sintar increase in both EV
production and EV purity as was seen in MSEigifre 3.5A, B). HEK293 cells are

often used in overexpression studies investigating mechanazlisated channels

(e.g., Piezo2 and TRPV4) due to their low abundance of endogenramusettj242].

Coupled with our data, this could mean that the increased EV production we observed
in this bioreactor system is a result of fluid dynamics rather than a specific
mechanoresponse of the cells. However, in a recent study, while culturingiM&Cs

flat-plate perfusion bioreactor, Kang et al. found that flow increased intracellular
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calcium as well as calciwmelated proteins, and thus could be a mechanism behind the
increase in EV biogenesid69]. Separately, Guo and colleagues found that the
increased MSC EV production present within their perfusion bioreactor was dependent
on the expression of yessociated protein (YAP), a wdhown cellular
mechanotransducdd 70, 260, 261] As both of these proposed mechanisms exist
across celtypes (ircluding HEK293), it would be of interest to probe these particular

pathways within our system in future studies.

Of the various therapeutic applications of MSCs and MSC EVs elucidated thus far, the
role they play in tissue reparative processes (e.g.,0gegesis) has been well
documented262-265]. Moreover, it is known that flowderived shear stress can be
used to influence the regenerative properties of both MSCs and their secreted EVs
[169]. Across two orthogonal angiogenic assays (i.e., cell migratiod tube
formation), we found that the angiogenic properties of MSC EVs derived from the
perfusion bioreactor were at least as effective as those frorrgitasln MSCs Figure

3.7). We found that the same bioactivity pattern was apparent when using bone
marrow-derived MSC EVs from several donors, but not when using MSC EVs derived
from adipose tissueF{gure 3.8). This emphasizes the impact and importance of
choosing the optimal EV source for the desired applicait]. The observed
similarity in angiognic activity between the flasland bioreactederived MSC EVs

were supported by similar cellular uptake of the EVs by HUVECs and comparable
surface protein fingerprint&igure 3.10. Previous works have shown that cell culture

conditions (e.g., bioreaat vs. flask or 2D vs. 3D culture) can enhance EV efficacy,
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alter EV uptake by recipient cells, and change the EV proteome ja#8e256, 267]
Importantly, proteomic profiling of EVs utilizing the technique used in the current
investigation (i.e., MADI-TOF MS) can be sensitive. A study by Han and colleagues
demonstrates the utility of this methodology by using the MAILDIF mass spectra

of plasmaderived EVs to distinguislesteosarcoma lung metastasis from -horg
metastasi$236]. While we reveal pssible slight differences in the protein make
(Figure 3.10D), we only investigated the surface proteins of undigested EV samples
and thus further proteomic analyses (i.e.,-MS) may reveal more significant
differences. Additionally, it would be intes#ng to gauge how perfusion bioreactor
culture can alter the proteome of MSC EVs in comparison with parental cells, which
would be valuable information for the continued development of EVs in general for
both diagnostic and therapeutic applications.s klso important to consider that any
nuances caused by shear stress may alternatively lie within the EV metabolome,
lipidome, and/or transcriptome, all of which are known to be dynamic with changing

culture condition$14, 154]

As described above, théask and bioreactederived MSC EVs were similar in
numerous ways. However, there was a significant decrease in protein content per EV
from the perfusion bioreactor. Consequently, dosing by protein entailed appilying 5
times more bioreactor EVs (accordito NTA data) than flask EVs. Taking this into
account, we also dosed by EV count and found a similar pattern in the angiogenic
activity assays, indicating a possible saturation point and equal efficacy of the two EV

preparations Kigure 3.7.B). This agres with previous research showing that
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bioactivity of EVs can be maintained within bioreactor culture sysf&gjs Critically,

with the exaggerated EV production from the perfusion bioreactor, dosing by EV count

allowed the application ofamuchsmaleo | ume t o achieve the sam
of bioreactor EVs vs 80 ¢l of flask EVs).
perfusion bioreactor system may not enhance MSC EV efficacy but can be used to
increase MSC EV potency and thus has impaoriarplications in scaleip efforts

needed for clinical administration.

Intriguingly, when applied in a diabetic mouse wound healing model and compared to
a vehicle control, EVs from the perfusion bioreactor system significantly improved
healing in term®f percent wound closed and the number of new blood vessels formed,
while those from flask culture had no effeEigure 3.9A, C). The disparate results
between thén vitro andin vivodata are not to be unexpected as the physiological niche
is much moreeomplex than anything that can be recapitulated in a laboratory setting.
Particularly, wound healing a highlyregulated process that requires a dynamic yet
balanced interplay among various cell typexluding macrophages, fibroblasts,
endothelial cd$, and keratinocytd262, 268] Notably, MSC EVs are internalized by

all of these cell types and have been documented to influence critical events during
wound healing such as inflammation, collagen deposition, apoptosis, and re
epithelialization[262]. The in vivo results suggest that bioreactor MSC EVs may be
more efficacious in any number of these wound healing processes and thus, further
work is required to understand the exact role the MSC EVs play at the physiological

wound sitelt is also importanhto note that the bioreactor MSC EVs were able to alter
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the gene expression of HDMECSs, although not significafiigure 3.12B). While
the altered gene expression did not seem to impart any significaaingimgenic
benefits in than vitro validationassays, it remains to be seen how this translates to

physiological wound healing.

Overall, theperfusionbioreactoutilized in the current studgmbodies a means to both
enhanceMSC EV potencywhile providing the opportunity to exploithe effects of
sale-up procedures necessary for clinical translatidme modularity of the system
allows significant ability to tune the system to various needs, including the ability to
alterother important attributes such as #téfness and architecture of the @linted
scaffold.This investigation and further exploration of the system will ultimately inform
the design of a manufacturing platform capable of producing a potent MSC EV wound

healing therapeutic at the scale necessary for clinical use.
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Extracell8%Sl ar Vesicl es

4.1 Introduction

Within the body, cells experience various levels of mechanical confinement through
interaction with a dynamimicroenvironment consisting of neighboring cells, tissues,
and the extracellular matrix (ECM269]. Specifically, MSCs undergo mechanical
confinement in the physiological space as they migrate through the ECM to sites of
injury or in the biomanufacturingpace as they move through structures internal of
engineered scaffolds and vitro assays[270]. Cell confinement often leads to
cytoskeletal reorganization as well as changes in cell and nuclear morphologies which
ultimately result in variations in cellunction [271]. Although EVs have been
implicated as a critical factor underlying many cell functi¢246], confinement

remains uninvestigated in terms of the effegtscificallyon MSC EVs.

The investigation of confinement on EVs in general is scaiw®ur knowledge, only
two studies have explored the relationship between cell confinement and EV
functionality. In 2020, Liang and colleaguegere able to confine endothelial cells

(ECs) by culturing them onpolydimethylsiloxane (PDMS)urfacesetchedwith

$ Figure 4.1 and a portionf figure 4.2 were adapted from Doolin, M.T. and K.M. Stroka. 2019
Integration of Mesenchymal Stem Cells into a Novel Micropillar Confinement Assay. Tissue
Engineering: Part C. DOI: 10.1089/ten.tec.2019.0083.
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microgrooves. They showed that in comparison witbonfinedeCs theECs cultured

within the microgroovesvere able to suppress the activation of monocytes. Further
investigation revealed that this amflammatory effect was regulatedainly by EV-
as®ciated miR10a[21]. In a different study, the same research group then went on to
show that two different confinement conditions (i.e., electrospun -filarous
scaffolds with aligned fibers or microgrooved PDMS) produced EC EVs capable of
regulating thgophenotype of recipient smooth muscle cg8]. Altogether, these two
studies demonstrate the significant impact confinement can have on the resulting EV

population as well as the utility of this information for tissue engineering applications.

In addtion to tissue engineering applications, cell confinement may be leveraged
directly as a strategy to enhance EV therapies. Specifically, the effect of confinement
on MSC EVs would prove invaluable in understanding and overcoming translational
issues facingMSC EVs, including low potency and the lack of an adequate
manufacturing scheme. Previously, Doolin and Stroka designed a #Rd8 device
with micropillars distanced optimizetl for,the2 0,
physical confinement of boraarrow derived human MSJ272]. While methods to
induce confinement can vary widg69, 271] this particular device offermultiple
benefits over otheconfinementsystems. First, a wide range of micropillar spacings
can be used to successfully culMSCs over long periods of time (i.e., 3 weeks),
theoretically allowing for longerm EV collection. Moreover, the device allows
seeding of the cells directly onto the micropillar array. This feature enables tighter

control over thenechanicatues expednced by the cells, as the device can be placed
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into a noradherent plate, essentially ensuring that no cells are experiencing 2D culture
conditions[272]. Here, we have utilized these same devices to examine the influence
of mechanical confinement on M3Ys. Our results suggest confinement can be used
to increase both MSC EV production and alter MSC EV bioactivity. Given the
tunability of the device itselivariations on the micropillar spacing as well as possible
geometries can be readily explorethe framework of this work (i.e., using
micropillars to confine cells) can be recapitulated using other techniques such as 3D
printing. Thus, the results here lay the foundation for the implementation of
microenvironments conducive to desired EV functionalitthim a biomanufacturing

platform.

4.2 Methods

4.2.1. Cell Culture

Bonemarrowderivedmesenchymastem cells (MSCs passage)2and human
umbilical vein endothelial cells (HUVECSs; pooled donors) were obtained
commercially fromATCC (MSC: PC$500-:012 HUVEC: G12203. MSCs
were maintainedn Dul beccobés Modi fi cat iMEM) of
(Corning, 16013-CV) with 10%fetal bovine serum (FBS/WR, 89510186),

1% nonessential amino acids (NEAA, Fish&cientific, 11-140-050), and1%
penicillin-streptomyan (P/S; Corning, 3@02-Cl). MSCs wereexpanded so
they were at passage 3 upon seeding into the experiments. HUV&ES
cultured on tissue culture polystyrene flasks coated with 0.1% gelatin'@t 37

for 1 h prior to seedingdUVECs were maintaineth conplete endothelial
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growth medium2 (EGM2; PromoCellC-22111)supplemented with 1% P/S
and expanded so they were at passageidall studies. During experiments,
HUVECs were kept in endothelial basal medidnfEBM2; PromoCell, €

22221) supplemented with10% FBS and 1% P/S.

During MSC EV collection, cell culture media was switched to media
containing 10% EMlepleted FBS (referred to as KMpleted media). To EV
deplete the FBS, heatactivated FBS was centrifuged at 118,009 fer 16 h

after which thesupernatant was carefully decanted and filtered through a 0.2
e m b -dop filtér.eThe EVVdepleted FBS was then aliquoted and stored at

-20°C for later use in media supplementation.

4.2.2. Micropillar Device Fabrication

Polydimethylsiloxane (PDMS) d&es adorned with micropillars of various
spacings were fabricated as previously descrif@¥@-274]. Dr. Kimberly
Stroka supplied a mask representing the desired micropillar configurations as
she and her lab have previously verified that the followingdahon protocol
produced devices of the desired dimensions (i.e., micropillars space 5, 10, 20,
or 50 ¢ Fgue @.8 r[273]. Affer obtaining the mask, a photoresist
silicon master (University Wafer, 452; 100 mm diametetpD0 Ohmcm, 500

e m Kk)hdetailing the micropillar geometry was then created using
photolithographyFirst, the silicon master underwent a sequential cleaning with

acetone, methanol, and isopropanol, followed by water. The master was then
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dried with filtered air and baked atQ% on a hot plate for-20 min to allow
complete dehydration and adhesion of the subsequent photoresist. After cooling
to room temperature, a layer of 8J3010 negative photoresist (Kayaku
Advanced Materials, Y311060 0500L1GL) was spaated onto the lgon
master. The silicon master was then soft baked on a hot plate to teduce
residual solvent concentration of the photoresist film and prepare the master for
ultraviolet (UV) light exposure. To do this, the temperature was ramped to 95°C
at 1°C/minheld at 95°C for 5 min, and then cooled to room temperature. Then,
using a MA4 Suss mask aligner (SUSS MicroTec, Garching, Germany), the
micropillar mask was placed over the coated silicon master and exposed to UV
light to enable crosslinking. Excess 8U3010 was removed using S2J
developer (Kayaku Advanced Materia¥¥)20100 4000L1PJEand the master

was rinsed with isopropanol, water, dried with filtered air, and hard baked at
200°C for 10 min to stabilize the micropillars. The height of the microgillar
was measured using a Tencor Alpha Step 200 Profilometer (KLA Corporation,
Milpitas, CA, USA). Next, the master was silanized overnight in a vacuum
desiccator usingrichloro(1H,1H,2H,2Htridecafluoren-octyl)silane (FOTS,

97%) (TCI ChemicalsT2577%5G).
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Pillar spacing (theorized) Pillarspacing (mean+ SD) Pillar diameter (mean+SD) Pillar height (meanz SD)

5 um 5.861 £ 0.21 ym 9.160 £ 0.16 pm 12.82 £ 0.29 pm
10 pm 10.95 + 0.30 ym 8622 +0.19 ym 14.27 £0.21 pm
20 ym 20.35 + 0.25 um 9.217 £0.25 um 13.26 +0.20 pm
50 ym 51.57 + 0.60 ym 9.011 £ 0.51 ym 16.94 + 0.92 pm

SEM images of micropillar devices withpsaci ng of 5, 1
Representative SEM images. Adapted from Doolin and Stroka [272].

The silanized master consisted of micropillarsthatwete 4 ¢ m i n hei ght
had spacings of 5, 10, 20, and 50 &m.
designed and optimized by Doolin and Stroka for the mechanical confinement

of MSCs[272]. Using the silaized master, PDMS micropillar devices were
fabricated as previously describgd72]. PDMS (~50 g) (Sylgard 184;

Krayden DC2065622 was mixed at a 10:1 base:curing agent ratio and poured

over the silicon master. To remove air bubbles, the PDMS and mester

placed into a vacuum desiccator for ~45 min. Once air bubbles were removed,

the PDMScovered master was baked at 80°C for 1 h. After the PDMS cooled,

the master was cut out and carefully peeled from the PDMS to create a negative
PDMS mold. The negateyPDMS mold was then plasma treated for 3 min in a

plasma cleaner (Harrick Plasma, Ithaca, NY, USA) and silanized using FOTS

(97%) in a vacuum desiccator overnight. After silanization, 10 g of PDMS (10:1
base:curing agent ratio) was poured over the sgazold and degassed in the

desiccator. Once air bubbles were removed, the PDMS was baked at 80°C for
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1 h. The PDMS with the micropillar constructs was carefully removed from the
mold and micropillar devices about the size of a glass coverslip were ut fro

the PDMS and stored until use.

To deter cell adhesion to the top of the pillars, a thin layer of surfactant (Pluronic
F127) was applied using a PDMS stamp using a previously described
microcontact techniqug72, 275] To create a PDMS stamp, 15 g of @S

(10:1) was poured into a 150 mm petri dish and allowed to coat evenly. The
stamp was then degassed and baked for 1 h at 80°C. Once cooled, the stamp
was rinsed with ethanol, DI water, then ethanol, and dried with filtered air. The
stamp was coated witB% Pluronic F127 (SigmaAldrich, P2443250Q in

water. Then, the petri dish was sealed using parafilm and let sit overnight at
room temperature to allow the Pluronic to adsorb to the PDMS surface. The
next day, micropillar devices were cleaned with ethabblater, ethanol, and

dried with filtered air. They were then plasma treated with oxygen for 5 min.
Meanwhile, the stamp was rinsed with DI water and dried with filtered air. The
plasmatreated micropillar devices were immediately placed in conformal
contact with the cleaned stamp so that the top of the pillars were exposed to the
surfactant and let sit for 5 min. The micropillar devices were then placed
individually into sixwell plates and UV sterilized (Taylor Scientific,-1703)

for 10 min. Immeditely following sterilization, devices were coated with 20
eg/ mL col | aAddech, C386701\&) igRBS&. The plates were then

sealed using parafilm and let sit overnight at 4°C.
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4.2.3. Cell Seeding and MSC EV Collection

After sufficient coating, theollagen was removed and the devices were washed
twice with PBS before seeding MSCs at a density of 2.5edIB/well in E\-
depleted media. At the same time, MSCs were seeded into T175 tissue culture
flasks (VWR, 29188308) either urcoated or coatedwithO € g/ mL col | age
as well as featureless PDMS devices (i.e., PDMS without micropillars) as
controls. After 24 h, the media in the flasks were discarded and replaced with
fresh EVtdepleted media. The seeded devices were transferred to
compartmentalizedatri dishes (100 mmx15 mm; Celltreat, 229684) with 4 mL

of EV-depleted media per compartment. Devices were moved from tiagBix
plates to the compartments to maximize the volume of conditioned media while
keeping the device contained and restricted frertessive movement.

Conditioned media was collected and replaced every 24 h for three days.

For count data (i.e., to determine number of EVs produced per cell), four of
each type of device were seeded, along with one coated and uncoated flask. 24
h afte the initial media discard and replacement, conditioned media of the
groups designated for count data were collected and kept separate. Cells within
the devices were fixed, stained, and counted as described in section 4.2.4. Cells
from the flasks were dathed using trypsin (0.25%) EDTA (1X) (VWRBZ-
01540100 and counted as the average of three cell counts that were made

using a Countess 3 Automated Cell Counter (Invitrogen, Waltham, MA, USA).
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For imaging purposes, two of each type of device weeded. MSCs were also
seeded directly on two #1.5 high resolution glass coverslips. 24 h after seeding
the media was replaced and after another 24 h the cells were fixed, stained, and

imaged as described in section 4.2.4.

4.2.4. Immunofluorescence Staigiand Imaging

24 h after the initial media discard and replacement, cells within the devices
(with and without pillars) and those seeded directly onto coverslips that were
designated for imaging, as well as those cells designated for count data, were
fixed in cold 4% PFA diluted in PBS for 20 min on ice with gentle agitation.
PFA solution was removed and the cells were washed three times with PBS (10
min washes). Cells were permeabilized with 0.5% TritehOR in PBS for 7

min at room temperature with géntgitation. The permeabilization solution
was then removed, the cells were washed three times with PBS (10 min
washes), and blocked for nonspecific binding for 1 h at room temperature using
2.5% goat serum (Abcam, ab7481) prepared in PBS. For thoseuseiddor

count data, after blocking the cells were then stained using a Hoechst (Thermo
Scientific, 62249; 1:10,000) solution in PBS and incubated at room temperature
for 30 min with gentle agitation. The cells were then washed three times with
PBS and ilmged using an Olympus IX83 microscope (Olympus, Shinjuku City,
Tokyo, Japan). Images were imported into ImageJ and cells were counted using
the Biolnformant macro. These cell counts were later used to calculate the total

# of EVs/cell. For the rest of thixed cells, after blocking, a rabbit anti
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phosphepaxillin (Cell Signaling Technology, 69363; 1:100) was diluted in 1%
goat serum in PBS, added to the cells, and incubated at 4°C overnight on a

shaker.

24 h later, the primary antibody was removed atid eesre washed three times

in PBS (10 min washes) and incubated with Hoechst (Thermo Scientific, 62249;
1:10,000), Alexa Fluor Plus 647 Phalloidin (Thermo Scientific, A30107;
1:150), and a fluorescent secondary antibody for 1 h at room temperature with
gentle agitation. The secondary antibody used to detect paxillin was Alexa
Fluor 488 goat amtiabbit at a 1:200 dilution (Thermo Scientific, A32731).
Cells were then washed three times in PBS. The devices were inverted onto a
#1.5 high resolution coverslimlaced onto a microscope slide, and imaged
using a 60x objective on an Olympus FLUOVIEW FV3000 laser scanning

confocal microscope (Olympus, Shinjuku City, Tokyo, Japan).

4.2.5. MSC EV lIsolation

Conditioned media from MSCs cultured in ¥Mpleted media re subjected

to a sequence of differential centrifugation steps to clear the media of debris as
previously describefll1, 144] Briefly, the media was centrifuged 1,000x g

for 10 min to eliminate anyntact cells that may havéeen collectedThe
supenatant was then collected and centrifuged at 2Q9for 20 min toextract

any largerpieces ofcellular debris. This supernatant was then centrifuged at
10,000x g for 30 min to remove any large organekes apoptotic bodie3he

EVs from the clarifed conditioned mediavere then isolated using either
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ultracentrifugation (UC) or tangential flow filtration (TFF) as described below.
PurifiedEV samples were kept at 4°C and were evaluated within three days of

isolation

ForUC, the conditioned medianderwent a final centrifugation stept8,000

x g for 2 hat 4°Cin a Type 70 Ti ultracentrifuge rotor (Beckman Coulter). The
pelleted EVs wereesuspended in PBS atrdnsferred ta Nanosep 300 kDa
MWCO spin column (Pall, OD300C35) and spun at 8,8apuntil all PBS
passedhrough the membrane18-12 min). EVs were washdxy resuspension
two more timeausing PBSresuspended in PBS, and sterile filtettledugha

0.2 em syringe filter.

Isolation using TFRvascompletedvia a KrosFlo KR2i TFF system f@&ctrum
Labs, Los Angeles, CA, USA) equipped witl3@ kDa MWCO hollow fiber
filter madeof a modified polyethersulfone membrane (Spectrum Labs; D02
E10005-N). To remove the bacteriostatic reageht filter wasfirst cleaned
with at least three volumesf PBS. Samples were then processed at a
transmembrane pressure (TMP) of 5 psi andstear ratevas kepiat 4000 3

by keeping thdlow rate at acontinuousl06 mL/min.The samples were first
concentrated to a volume of ~25 mL and diafiltrated fivesinm PBS to change
buffers. After buffer exchange, the sample was then fudbecentrated to a
volume of8-12 mL. The sample was removed from the reservoir amthér

concentration was performed using a 100 MWCO centrifugal concentrator
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(Corning, 43148) to obtaina final volume of ~0.5 miwhich was thersterile

filleredthroughad . 2 e m syringe filter.

4.2.6. MSC EV Characterization

Total EV protein concentration of the washed EVs was measured using BCA

per the manufacturerodés protocol . Partic
were assessed using a NanoSight LM#alyern Instuments; Malvern, UK)

with Nanoparticle Tracking Analysis (NTA) software version £&ch sample

was measured three times walbamera level set aRlnd acquisition time of

30 sand a uniform detection threshold set across sampigseach video, at

least 200 completed tracks were analyzed witt1@0 objects per frame. The

total number of EVs was then calculated based on resuspension volume. Final

data was expressed as total number of EVs per cell.

Immunoblotting was then performed to confirm thesprece of EVs and purity

of each sampl e. Based on the BCA anal y:
sample was used for analysis and compared with cell lysate. The presence of

various EVassociated proteins was assessed using primary antibodies for Alix

(Abcam ab186429), TSG101 (Abcam, ab125011), CO®®teintech, 25682

1-AP), and GAPDH (Cell Signaling Technology, 2118), while the absence of

cell debris from EV samples was confirmed using an antibody for calnexin (Cell

Signaling Technology, 2679). All primagntibodies were added at a 1:1,000

dilution, except GAPDH which was diluted 1:2,000. A 1:15,000 dilution of a
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goat antirabbit secondary (LCOR Biosciences, 9282211) was added and

protein bands were imaged using aQ@OR Odyssey CLX Imager.

Fortransni ssi on el ectron microscopy (TEM) i
was fixed using 4% EMr ade PFA (10 €1l ) for 30 min
After fixation, the EV/PFA mixture was adsorbed to a carboated copper

grid with type 200 mesh (Electron Microscopgiences, CF20Cu-25) for 20

min. The grid was washed on top of a PBS drop and then placed on a drop of

1% glutaraldehyde in PBS for 5 min. The grid was washed extensivgly (5

times x 2 min) on deionized water droplets, blotting carefully in betwedn eac

wash at a 45° angle on a piece of filter paper. The grid was then laid on top of

a uranyl acetate replacement stain droplet (Electron Microscopy Sciences,

22405) for 10 min. After drying, the grid was imaged at 200 kV #B@L JEM

2100LaB6 TEM

4.2.7.Tube Formation Assay

Growth factor reduced Matrigel (100 ¢€l)
24-well plate which was then incubated at 37°C for 30 min. HUVECs were
passaged at 80% confluency and seededxa€‘6cells/well with complete

growth media (EM2 media; positive control), basal media (EBM2 media +

0.1% FBS) devoid of EVs (negative control), or basal media (EBM2 media +

0.1% FBS) with EVsEx1@ EVs/mL) on top of the solidified Matrigel. After

six hours of incubation, cells were imaged usingNi&on Eclipse Ti2

Microscopewith a 2x objective. The total number of fultyosed loops formed
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by the HUVECs was used as a proxy for the formation of capilikeey

structures in tissue regeneration.

4.2.8. mMRNA Isolation and Profiling in Recipient Gell

P3 HUVECs were seeded at 4%1@lls per well in a 24vell plate that was
previously coateevith 0.1% gelatin at 37 for 1 h After 24 h, HUVECs were
treated in quadruplicate usibgsal media (+ 0.1% FBS) spiketth EVs from

MSCs cultured on devicewithout pillars (i.e., no pillars) or devices with
micropill ars Spl@EWs/ihl). 24 Itlaer thagcaliular RNA

was isolated. To ensure that detached cells were analyzed, the media from each
condition was collected and placed into labeledartubes. HUVECs were

then washed once with warmed PBS and the PBS was placed into the same
conical tubes. The media/PBS solution was spun at 22fbx5 min at room
temperature to pellet the cells. While the cells were spinning, the cells in each
tred ment were quickly Iysed with 700 ¢l
79306) and pipetted into labeled 2 mL centrifuge tubes. Once pelleted, the
supernatants on top of the cells that were spun were discarded, the cells were
resuspended in warmed PBS tonowe all media components, and then spun
again. The PBS supernatants were then removed and the resulting cell pellets

were lysed using the same QIlAzol reagent from the appropriate treatments.

The HUVEC RNA was isolated using a miRNeasy kit (Qiagdr,001) and

cDNA was prepared using the iScript cDNA synthesis kit {B&xl, 1708891).
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Per the manufacturerodos instructions,
per 20 el r eac®™iAway Himan Angmngenedisa(fheraa
Scientific, 441407). The reactions were prepared using TagMaRast
Advanced Master Mix (Thermo Scientifidé444656) and reatime PCR was
performed usinghe QuantStudio 7 Flex Redlme PCR System (Applied
Biosystems, Waltham, MA, USA) with recommended thermal cycler settings
for the TagmaniM Fast Advanced Master Mix. TegpCt  mwas liseddo
analyze the dat&GAPDH mRNA was used as the housekeeping gen€ { =
Ct target gend Ct GAPDH) and results were normalized to the HUVECs
treated with the no pillar device EVo(pCt 5 @@t mi cropi | | ar
o Crio pillar device). Normalized fold change was calculate 2°*< Results
of the array were confirmed using the three most upregulated genes through
gPCR as described above. Primer sequences are shown below.
Primer sequences for gPCR of TIE1:

Forward: ATGGCTGCTCTTGTGGATCTGG

Reverse: CGGTCACAAGTGCCACCATTC
Primer sequences for g°PCR of COL4A1:

Forward: TGTTGACGGCTTACCTGGAGAC

Reverse: GGTAGACCAACTCCAGGCTCTC
Primer sequences for g°PCR of COL18A1:

Forward: GGAGAGATTGGCTTTCCTGGAC

Reverse: CCTCATGCCAAATCCAAGGCTG

Primer sequences for g°PCR of GAPDH:
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Forward:AACTTTGGCATTGTGGAAGG

ReverseGGATGCAGGGATGATGTTCT

4.2.9. Statistics

Data ardlisplayedas mean standard error of the mean (SEMJormality of

each data set was tested and, when appropriate, parametrionests twe

way ANOVA with G2 diglekcomsparisons tekts)kverg sed mu |
as appropriate to determine statistical differences (p < 0.05) among groups,
unless otherwise stated in figure captions. All statistical analyses were
completed usingrism9.1 (GraphPad Software, La Jolla, CASA). Notaion

for significance in figures are as follows:inp > 0.05 * - p<0.05; *-p<

0.01; *** - p<0.001; ****- p < 0.0001.

4.3 Results

4.3.1. Validation of MSC Culture in Micropillar Devices

The design of the micropillar device utilized in this istigation was previously

generated by Doolin and Strok&r2]. The spacings between the micropillars

(i .e., 5, 10, 20, or 50 e€m) were chosen
in vivotracks andn vitro scaffolds[272, 276] Doolin and Stroka were kbto

verify, using scanning electron microscopy, that the fabrication protocol

produced devices of the desired dimensions and that the devices could be used

to significantly alter MSC morpholog272]. Using confocal microscopy, we

were able to confirm #t, in our hands, MSCs could fully infiltrate into all of
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the micropillar designs and cause a visually perceptible change in

morphology Figure 4.2).
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Figure 4.2. MSCs can be cultured within PDMS micropillar devices(A)
Schematic depicting the top view (left) and side view (right) of the P
micropillar device in which MSCs were cultured. (B) Confocal images of |
cutued wi thin the micropillar devi
well as on devices without pillars and without any devisk.surfaces wer
coated with collagerifter 24 h, MSCs were fixed and stained for actin (i
paxillin (green),andtheucl| eus (bl ue). Scal e I
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4.3.2. Culturing MSCs within Micropillar Devices Increases EV Production

First, we investigatedhe influence of confined culture on MSC EV production.

After 24 h, EVs were isolated from control culture conditions (uncoated flask,
collagencoated flask, collagenoated PDMS without pillars) and confined

culture conditions (collagecoated PDMS devicdabricated with micropillars

spaced 5, 10, 20, or 50 em apart) Uusi ng
note that there were considerably less cells within the devices when compared

with flask controls (16L5,000 cells per device vs 250,000 cells fieesk) due

to the fact that not all of the cells infiltrated the pillars upon seeding and were
subsequently removed from the experiments. Despite this, cells within the

devices produced similar amounts of EVs, leading to an augmented EV/cell
measurement ch was used as a proxy for EV productiéig(re 4.3.A).

NTA showed no significant difference in EV size distributions with 100 nm
being the approxi mate mode size for all
em: 96 N 5.7 nm; 20 e€m: 94.1 N 8.1 nm;
+ 11.1 nm; flask with déagen: 99.5 + 7.4 nm; flask without collagen: 90.4 +

2.6 nm) Figure 4.3B). Greater than 90% of each population of EVs was less

than 140 nm in diameter; well within the characteristic exosome diameter range

of 40200 nm Figure 4.3.B) [34]. Western blotanalysis confirmed the

presence of EV markers (CD63, TSG101, and Alix) and the absence of the
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cellular debris marker, calnexin, in all EV preparatiofgijre 4.3.C). TEM

images showed no observable change in MSC EV morphdfegyré 4.3.D).
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Figure 4.3. EV production is augmented when MSCs are cultured within tt
micropillar devices. (A) Number of EVs produced per MSC as measured
nanoparticle tracking analysis (NTA). (B) Size distributidrEd's from MSC:
cultured in the various confinement conditions. (C) Immunoblots of MSC
MSC EVs from the various confinement conditions for EV markers (C
TSG101, Alix), cell marker (Calnexin), and control marker (GAPDH).
Representative transrsisn electron microscopy images of EVs from M
cultured within the most confine
one of the least confined conditions (i.e., flask with collagen coatMidfyDMS
devices were coated with collageBScale bag represent 200 nm. D
representative of three independent experiments (N = 3). Statistical signi
was calculated usingaomeay ANOVA using G2d§l
tests (n§ p > 0.05; **** - p < 0.0001).
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4.3.3. MSCConfinement Impacts EV Bioactivity

Bioactivity of MSC EVs isolated from all culture conditions was then evaluated
using anin vitro tube formation assay, a gap closure assay, and a cell viability
assay. In the tube formation assay, EVs from the uncoatestt ftulture
significantly increased the number of capilldike structures formed by the
HUVECSs (i.e., number of loops) when compared with the basal media negative
control (p < 0.001; basal: 12.00 + 3.210; flask without collagen: 49.00 £ 6.658)
(Figure 44). Compared with the flask without collagen, there was a significant
increase in the number of tubes formed when HUVECs were treated with EVs
from MSCs cultured on the flask coated with collagen (p < 0.05; flask with
collagen: 75.00 + 5.568). There wasgignificant differences in HUVEC tube

formation among the MSC EV preparations from flasks with collagen, PDMS

devices without pill ars, and PDMS devi c
apart (p > 0.05; device withou3x pill ar s
4. 33) . MSC EVs <collected from the PDMS

apart significantly increased the number of loops formed by HUVECs when

compared with EVs from PDMS without pill
+ 2.404) and with those fromtke0 e m device (p < 0.01). T
was maintained when HUVECs were treated with the EVs derived from MSCs

cultured in the devices with 5 and 10
significant difference betweddB3these tw
2.186; 10 em: 112 N 8.889). Interesting

devices produced MSC EVs that significantly improved tube formation relative
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to the positive control (p < 0.01, p < 0.0001, p < 0.05, respectively; growth

media: 68.33 #4.667) Figure 4.4).

A % %k

125+ * K

Loop Count

Figure 4.4. Mechanical confinemehduring MSC culture augments in vitro
tube formation activity of MSC EVs. (A) Tube formation results were quantif
as the number of complete loops formed by HUVECs. EVs from the MSCs ¢
in the PDMS devices with micropillar spacings of 5, 10, add 2e m s i ¢
increased the number of loops when compared with EVs from MSCs cultt
PDMS devices without pillars and when compared with growth media (pt
control). All PDMS devices were coated with collagéB) Representative imac
of HUVECs in the tube formation assay 6 h after application of growth
(positive control), basal media (negative control), or basal media with EV:
MSCs maintained in the various culture conditions (5>@&0s/mL). Scale b:
represents 25 and data.are feprésentativeadf three indepe
experiments (N = 3). Statistical significance was calculated using avay
ANOVA with G2dg§koés mulitpp0.05e* m<c0fF &4
p <0.01; ***-p <0.001, ***-p < 0.000}.
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Since the bioactivity of EVs has been known to be dependent on the chosen

isolation strategj116, 117] we investigated whether or not the augmented tube

formation activity observed when isolating via ultracentrifugation (UC) was

lost when isolating using utilizing tangential flow filtration (TFF); an emerging

scalable technique for EV isolatig@77]. Conditioned media was collected

from MSCs in the flasks with collagn and fr om MSCs withir
micropillar devices. The media from each condition was split and half was

isolated using UC while the other half was isolated using TFF. Results showed

that MSC EVs from the flask culture and isolated using UC significantly

improved tube formation when compared with the negative control (p < 0.0001;

basal: 17.67 £ 2.028; UC flask: 44 + 2.08B)glure 4.5. This effect was not

lost when the flask MSC EVs were isolated using TFF (p > 0.05; TFF flask: 52

+1.155). Again,wefoond t hat EVs from MSCs grown i n
devices and isolated via UC were able to augment tube formation in HUVECs

when compared with EVs from the unconfined culture condition isolated using

UC (p < 0.0001; UC 5 &m: ligBtQech@in N 2. 333
bioactivity when the MSC EVs from the 5
using TFF when compared with those isol
92 + 1.528). However, they were still shown to significantly upregulate tube

formation ativity when compared with the flask MSC EVs isolated using TFF

(p <0.0001). The results also showed that, regardless of isolation strategy, MSC

EVs from the 5 em micropillar devices s
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loops formed by HUVECs in comparisavith the positive control (UC p <

0.0001; TFR p < 0.01; growth media: 65 + 3.51Bidure 4.5).
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Loop Count

Basal media

on the observed tube format
enhancement facilitated by confinement.(A) Tube formation results we
quantified as the number of complete loops formed by HUVECs. Regard
isolation strategy (i.e., hcentrifugatiori UC or tangential flow filtratioin TFF).
EVs from the MSCs confined within the PDMS devices with micropillar sps
of 5 em significantly increased t
those cultured in flasksAll PDMS devies were coated with collage(B)
Representative images of HUVECs in the tube formation assay 6 h after apg
of growth media (positive control), basal media (negative control), or EVs
MSCs maintained in the various culture conditions (5>@0s/mL). Scale be
represents 250 &m. Al i mages and
experiments (N = 3). Statistical significance was calculated using avay
ANOVA with G2dg§gkdés mulitpi>p.05e * g <000p; & F
p<0.01; *** - p < 0.0001).

igure 4.5. EV isolation strategy has no effect
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In the gap closure assay, when treated with uncoateddsked MSC EVSs,
HUVECs had a significantly higher gap closure when compared with the
negdive control that consisted of basal media devoid of MSC EVs (p < 0.01;
basal: 29.37 + 3.081; flask without collagen: 43.53 + 2.0BiQufe 4.6.A).
However, there was no significant difference among any of the MSC EVs from
the various culture conditionsp (> 0.05). Additionally, there was no
improvement in viability when HUVECs were -cacubated with each of the
MSC EV preparations for 48 h compared with the basal media negative control

(p > 0.05) Figure 4.6.B).
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Figure 4.6. EVs from confined MSCs had no effect on the migratory potenti
and viability of recipient HUVECs. (A) Gap closure assay results quantifie
cell gap area after 20 h as a percentage of gap area at 0 h. Tren®wsignificar
difference in gap closure among the EV treatments. (B) HUVEC viability
measured using a WS assay. MSC EVs did not alter HUVEC viability after
incubation for 48 h when compared with the negative control (i.e., basal r
All PDMS devices were coated with collagddata are representative of th
independent experiments (N = 3). Statistical significance was calculated
oneway ANOVA with G2dg§kos nipl>0.05ptep
<0.01).
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4.3.4. EVs from Confined MSCs A&lt Gene Expression in Recipient Cells

In an attempt to understand the mechanism underlying the apparent enhanced
bioactivity in the tube formation assay, we screened for the expression of 72
genes associated with angiogenesis in recipient HUVEGsre 4.7.A). When
HUVECs were treated with EVs from the
micropillar devices, 20 of the evaluated genes were upregulated while 6 were
down regulated more thanf@ld compared with HUVECs treated with EVs
from the MSCs cultured on th®DMS without pillars Figure 4.7.B).
Logistically constrained by the array setup, only one technical replicate was
performed per gene, thus no statistical analysis was able to be performed.
Despite this, we moved forward and specifically analyzed sevetia @enes

(i.e., TIE1, COL4A1L, and COL18A1) using gPCR but were not able to replicate
the results from the arrayigure 4.8). TIE1, COL4Al, and COL18A1 were
significantly upregulated in HUVECSs treated with MSC EVs from the no pillar
devi ces o micrdpiiae dedceseirmcomparison with PB®ated
HUVECSs (p <0.0001). However, contrary to the mRNA array performed, there
were no significant differences in the expression of TIE1 and COL18A1
between the two groups of EVs (p > 0.05). Additionally, tkpression of

COL4A1l in HUVECSs treated with EVs from the devices without pillars were

significantly wupregulated when <compare

micropillar device EVs (p < 0.01)gure 4.8).
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4.4 Discussion

Mechanical confinement caalter numerous aspects of MSC physiology known to

regulate

cell function and phenotype, including morphology, metabolism,

differentiation, and the cell secretoff#¥1, 272, 278]Here, we aimed to understand

how confinement influences the production armhbtivity of MSC EVs. To do so, we

utilized a device previously optimized for the confinement of M$Z2] which

consi

sted of PDMS decorated with

micropi |

results suggest that culturing MSCs in the presence of the micropillars significantly

increased MSC EV production (i.e., number of EVs per ceijure 4.3.A). This can

be expected as confinement has been shown to inaethseembrane tensiomhich,
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in turn, can resulin amplified exocytotic activity253, 254, 279]Some studies have
found that this mechanicatipduced exocytotic activity is connected to théwation

of calciumion channels. For instance, a recent study by Li and colleagues showed that
activation of the mechanosensitive transient receptor potential vanilloid 4 (TRPV4)
channel enhanced exocytosis in melanoma cells and was dependent on xhefinflu
calcium ions from the extracellular spg280]. Indeed, TRPV4 channels are abundant

in MSCs, along with other mechanicalytivated calcium ion channels like Piezo 1
[281] and increased intracellular calcium has been shown to augment EV biogenesis i
MSCs [169]. In addition to mechanoreceptor stimulation, confinement can induce
nuclear membrane protein reorganizati@il, 278] It has been shown that this
reorganization can alter key regulators of gene expression, specificalps¥esiated
proteintranscriptional ceactivator with PDzbinding motif (YAP/TAZ), which has

been shown to be localized to the nucleus in physically confined NEB2% In a

study by Guo and colleagues, mechanicalifivated YAP was responsible for the
observed uptick in ¥ secretion when MSCs were cultured in dynamic conditions
[170]. For future studies, it would be interesting to see if YAP/TAZ and/or calcium ion
channels play a similar role in the increased MSC EV production observed when MSCs

are confined as in the pegg investigation.

Furthermore, there were no differences in EV production among the cells grown within
the different micropillar spacings, indicating more of a threshakked response rather
than a doseesponse to increased level of confinemémgyre 4.3.A. This may be

explained by the fact that multiple pathways may be activated during MSC confinement
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(e.g., YAP/TAZ, calcium signaling, etc.) with possible additive effects on EV
secretion, and thus a saturation in EV production could be expectede Btudies
should probe multiple pathways in order to understand the relative contributions to
confinementinduced MSC EV production. Additionally, experiments should confirm
the increase in EV production by quantifying known EV markers (i.e., CD63) via
ELISA. NTA and TEM images of MSC EVs from the different culture conditions
revealed similar size distributions and morphologies, respectiFaiyre 4.3.B, D.
Western blot analysis confirmed the absence of the cellular debris marker calnexin,
indicatingthat the confinement conditions were not promoting the release of apoptotic

bodies Figure 4.3.0.

In terms of bioactivity, we found that, in general, MSC EVs significantly increased the
tube formation capacity of HUVECS-igure 4.4). This is in line withnumerous
previous studies that have depicted similar results when applying MSC EVs in the tube
formation assajl127, 283, 284]Interestingly, there was a significant increase in tube
formation when using MSC EVs from the flask coated with collagen cadpaith

those derived from the uncoated flask condition. In the present investigation, collagen
| was dissolved in pH 7.4 PBS; as is often done in cells studies utilizing HPDR2S

285]. However, a study by Stanton and colleagues revealed that, in ceompiripH

3.4 acetic acid, collagen solutions of 7.4 pH PBS tended to form fibrous bundles and
exhibited greater heterogeneity when coated onto PDMS subg286sThe same
study showed that, depending on the solvent used, collagen could alter tizatiocal

of the transcriptional regulator Y APa welkknown mechanotransducer in MS[287]
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T and may affect how cells sense substrate stifff#&. In the present investigation,

we used the collagerpated flasks and collage&oated featureless PDMSwuiees (i.e.,
PDMS without pillars) as a means to decouple any effect of collagen coating.
Nevertheless, it would be interesting and important to investigate the effects of various

preparations of extracellular matrices on the bioactivity of MSC EVs indfgtudies.

The results from this study also indicate that confinement of MSCs significantly

increases the effect of subsequesttgreted EVs on endothelial cell tube formation

ability. This enhancement was observed when MSCs were cultured within deiices

mi cropill ar di st aFgeredsd). Mofablys MSCEVs,fronothe 5@ 0 & m (
em micropillar devices and the featurel ess
the collagercoated flask condition, suggesting that the observed increaseotiity

was not solely due to the PDMS substrate itself or to the collagen coating. The loss of

this enhanced bioactivity occurred betweer
likely due to the inability of the MSCs to appropriately sense the pillarsine 50 & m
configuration. In a study by Mills et al., it was discovered that MSC migration within

channels was only altered when the width of the channel approached the diameter of a

single cell[288]. As MSCsrange from 13 0 & m i n[28QliteBle me devi c e

may have been at too large of a scale to have this specific effect on the MSC EVs. The

l evel of confinement needed to elicit incr
was different from the level necessary for increased EV production i.i& 0 e m) . Thi
may indicate that these two phenomena require disparate levels of mechanical

stimulation and/or that they work through different mechanisms. Interestingly,
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previous research implicates that YAP and mechanoreceptors, both of which can also
be linked to increased EV production, can alter angiogenic properties of MSCs. For
instance, in a study by Bandaru et al., it was shown that the secretion of -the pro
angiogenic factor VEGF from MSCs is dependent on YAP act[2®p], which, as
previously dscussed, has been shown to be upregulated in confined M8&]sIn
another study, mechanical stimulation of Piezo calcium ion channels in adipose
derived MSCs was found to significantly enhance their therapeutic effect on vascular
density in a diabetierectile dysfunction rat modg291]. Thus, future knockdown and
inhibition studies should be performed to determine if these same pathways play a role
in both the increased EV production and augmented EV bioactivity observed in the

present investigation.

Next, as the MSC EVs were isolated using ultracentrifugation, we wanted to assess
whether the observed bioactivity in the tube formation assay could be retained using a
disparate method of isolation. TFF was chosen as it is a highly scalable and GMP
compdible technique that holds promise in the production of clirgcatie EV4277].

We found that, regardless of isolation technique, EVs from MSCs cultured in the most
confined micropillar devices (i.e.,t 5 &m)
tube formation in HUVECsHigure 4.5. This implies that the observed effect is indeed

due to the MSC EVs themselves and not an artefact of isolation.

Surprisingly, despite the improved activity observed in the tube formation assay, MSC

EVs from the vaous confinement conditions had no effect on endothelial cell
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migration in the gap closure assdyigure 4.6.A) or viability in the WST8 assay
(Figure 4.6.B). Although these assays (specifically the tube formation and gap closure)
are typically used inanjunction to evaluate the vitro effects of EVs on angiogenesis,

it is important to note that the underlying mechanics of each assay are different. For
instance, the formation of tubes in the tube formation assay depends on the
differentiation of the edothelial cells[292], an event that does not take place when
these cells are cultured in a monolayer on tissue culture plastic as is done in the gap
closure and WSB assays. Thus, the MSC EVs prepared in the present study may be
specifically influencingendothelial cell differentiation more so than endothelial cell
migration or viability. This, along with the fact that the tube formation assay involves
the use of basement membrane matrix (i.e., Matrigel) that is meant to simulete the

Vivo process, mape contributing to the discrepancy in the results.

Finally, we showed that, when compared with EVs from MSCs cultured on the PDMS
without micropillars, MSC EVs from the
angiogenic gene expression in recipient HUVEEgre 4.7). Specifically, TIEL,
COL4A1, and COL18A1, were a few of the most upregulated genes. TIE1 is essential
in angiogenesis and vascular integri93] while the deposition of COL4Al1 by
endothelial cells has been shown to be critical for vasculaivaliand maturatiofin
vivo[294]. Interestingly, a proteolytic fragment of COL18A1, known as endostatin, is
recognized as an ardingiogenic factof295]. However, angiogenesis is controlled by
intricate pathways regulated by both prand antiangiogeit factors [296].

Regardless, we were unable to recapitulate the array results using gPCR. This could be
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due to deficits in the quality of the genetic material used as well as the relatively low
accuracy and specificity which are both known issues inhayentcroarray analyses
[297]. More direct strategies such as proteomics or FRiEé on the MSC EVs
themselves, coupled with knockdown studies, should be used to identify the specific

EV cargoes responsible for the observed bioactivity.

To our knowledge hiis study is the first to highlight the influence of MSC confinement

on the production and bioactivity of subsequently secreted EVs. By culturing MSCs
within PDMS micropillar devices, we demonstrated that confinement can be used to
increase MSC EV productin and alter MSC EV angiogenic bioactivity. Additionally,

as many cells experience confinement within the physiological niche, these micropillar
devices can be used investigate the effect of this mechanical cue on EVs from various
cell types. This resear@nd future work will be instrumental in the design of optimal

EV biomanufacturing strategies as well as the fine tuning of tiesgmeered

constructs that enable cell phenotypes maximized for a given therapeutic application.
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5.1 Introduction

Within the bodytissue stiffness has been found to have profound implications in many
pathologicaktonditionsincluding cancej24, 25] cardiovascular diseasi6], fibrosis

[23], and chronic wound298]. This has spawned an interest in how substrate stiffness,
typically described as the elastic modulus, affects cellular behavior; much of which is
often focused on MSJ299]. These studies have revealed that substrate stiffness can
be a powerful driver of the immunosuppressive and angiogenic potential of MSCs
[300-302]. Numerous additional studies have demonstrated that substrate stiffness can
also cantrol MSC proliferation, morphology, and differentiati@93-305]. Despite the
clinical relevance and effect of substrate stiffnes&t biology, to our knowledge,

only one study hasdirectly looked at the effect of substrate stiffnessM#C EVs.
Lenzini and colleagues found that culturing MSCs on soft hydrogels (3 kPa) increased
MSC EV production while maintaining therapeutic activity in an {iiR@iced acute

lung injury mouse model when compared to EVs from MSCs cultured on stiff (20 kPa)
hydrogels andissue culture plastic (0.1 GHaB0]. Given these results and the clinical
relevance of substrate stiffness, further investigation into the effect of stiffnBAS®@n

EV activity is warranted.

111

S



In Chapter 4, we demonstrated that mechanical confinemerst PDMSbased
micropillar device was able to significantly alter MSC EV production and bioactivity.
Notably, PDMS has been utilized in numerous cell mechanotransduction studies
evaluating substrate stiffnef303, 306308]. In several of these studieeetPDMS

(i.e., Sylgard 184) was tuned by adjusting the ratio of the elastomer base to crosslinker
reagent to producelastic moduli reaching from 570 kPa to 3.7 MB@9]. An even

wider range of elastic moduli (i.e., 5 kPa to 1.72 MPa) was obtained whetifferent

types of PDMS (i.e., Sylgard 184 and Sylgard 527) were mj266, 308] In the
present investigation, we used these techniques to examine the effect of substrate
stiffness on MSC EVs. Our results suggest that PDMS stiffness can be harnessed to
augment MSC EV bioactivity and enhance MSC EV angiogenic bioactivity. As-a cost
effective, biocompatible, and ndaxic material, PDMS has a history of use in many
biomedical and biomanufacturing applications including microfluidic devices and
bioreactordesign[310-312]. As such, the results obtained here will contribute to the
optimization of an appropriate MSC EV biomanufacturing protocol as well as help
elucidate the interface between material science andbdséd therapeutic

development.
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5.2 Mehods

5.2.1. Cell Culture

Bone marrowderived mesenchymalstem cells (MSCs passage )2 were
purchased from ATCC (PC®00012) and maintainedn Dul beccoo6s
Modi ficati on of MEMA @obrEng,sle0N€Y) iwthra0% D

fetal bovine serum (FBSYWR, 89510-186), 1% nonessential amino acids
(NEAA,; FisherScientific, 11-140-050), and1% penicillinstreptomycin (P/S;
Corning, 36002-Cl). MSCs were seeded into experiments at passage 3 in media
containing 10% EMlepleted FBS (referred to as ¥Mpleted media)lo EV-

deplete the FBS, heatactivated FBS was centrifuged at 118,009 fer 16 h

after which the supernatant was carefully decanted and filtered through a 0.2

e m b -dop filtér.e

Human umbilical vein endothelial cells (HUVECS; pooled donors) #ar@C
(C-12203 were cultured on tissue culture polystyrene flg3k&) coated with
0.1% gelatin at 37C for 1 h prior to seedindtdUVECs were maintaineth
complete endothelial growth mediuf8@ (EGM2; PromoCell C-22111)
supplemented with 1% P/S and expahde they were at passages & all
studies. During experiments, HUVECs were kept in endothelial basal medium

2 (EBM2; PromoCell, €22221) supplemented with 0.1 % FBS and 1% P/S.
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5.2.2. PDMS Substrate Fabrication and Characterization

PDMS (Sylgard 184Krayden DC2065622 base and crosslinker reagent were
mixed at five different ratios by weight (5:1, 10:1, 20:1, 33:1, and 50:1), where
the 10:1 ratio represented the suggested formulation by the manufacturer. Each
mixture (~2 g) was poured into one of fowompartments of a
compartmentalized petri dish (Cell Treat, 229684) and allowed to coat evenly.
Care was taken to maintain 2 g within each compartment to keep thickness the
same across substrates. The compartmentalized dishes were utilized to allow
for collection of an adequate amount of conditioned media (~4 mL per
compartment) while still maintaining access to the substrate for surface
treatment procedures that were performed immediately prior to cell seeding (see
Section 5.2.3). The dishes with the PBMvere then placed into a vacuum
desiccator for ~30 min to remove all air bubbles and then baked at 80°C for 1

h. The dishes were then removed from the oven and let rest until experiments.

Additional experiments in which two types of PDMS, Sylgard 18¢ayKen,

DC2065622) and Sylgard 527 (Krayden, DC1696742), were then performed.
First, each type of PDMS was made accor
Sylgard 184 was mixed at a 10:1 base to crosslinker reagent ratio and Sylgard

527 was mixed at a 1:labe to crosslinker reagent ratio (by weight). Then, the

Sylgard 184 and Sylgard 527 were mixed at various weight ratios (10:1, 5:1,

1:1, 1.5, 1:10). Each mixture (~2 g) was poured into one of four compartments

of a compartmentalized petri dish and allow@doat evenly. The PDM#lled
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dishes were then placed into a vacuum desiccator for ~30 min to remove air
bubbles. All PDMS substrates were cured at 65°C overnight and then let cool.

All substrates were used within one week of fabrication.

After fabricaion and prior to cell seeding, PDMS substrates were cleaned with

ethanol, DI water, ethanol, and dried with filtered air. They were then plasma

treated with oxygen for 5 min. The plasttneated substrates were sterilized in

a UV sterilizer (Taylor Scientiic, 17-1703) for 10 min. Directly after
sterilization, devices were -Bldrieht ed wi th
C386%1VL) in PBS. The dishes were then sealed using parafilm and let sit

overnight at 4°C.

5.2.3. MSC Seeding and MSC EV Collection

The collagen coating was discarded and the PDMS substrates were washed

twice with PBS before seeding MSCs at a density of 18edl/compartment

in EV-depleted media. At the same time, MSCs were seeded into T175 tissue

culture flasks (VWR, 2918308) eitherun-coated or coe&td wi t h 20 eg/ m
collagen | at the same seeding density (~700 celf$/and acted as controls.

After 24 h, the media in all conditions were discarded and replaced with fresh
EV-depleted media. Conditioned media from each PDMS substrate was

collected andeplaced every 24 h for three days.
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For count data (i.e., to determine number of EVs produced per cell), four
compartments of each type of substrate were seeded, along with one coated and
uncoated flask. 24 h after the initial media discard and repladeooaditioned

media of the groups designated for count data were collected and kept separate.
Cells from all conditions were detached using trypsin (0.25%) EDTA (1X)
(VWR, 02-01540100 and counted as the average of three cell counts that were
made usin@ Countess 3 Automated Cell Counter (Invitrogen, Waltham, MA,

USA).

5.2.4. MSC Viability Assay

To assess if the PDMS mixtures were toXi
prepared as in Section 5.2.3 were pipetted into-aébplate in sextuplicat

Following plasma treatment and UV sterilization, substrates were collagen

coated overnight as in Section 5.2.3 as well as six wells without PDMS

(collagen control). MSCs were seeded into three of the wells coated with each

type of PDMS substrate, threéthe collagercoated wells without PDMS, and

three of the uncoated wells without PDMS at3d@® | | s/ wel | -in 200
depleted MSC media. Three additional wells were also seeded as a negative

control (i.e., DMSO treatment). Three wells of each treatment were left without

cells to serve as normalization controls for the assay. Additionallpnaastd

curve ranging from @ 10,000 cells/well in duplicate was seeded using serial

dilutions in order to quantify the number of cells/well at any point during the

assay if desired. The following day, the cells were checked for adequate seeding
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andaWST8 assay (Abcam; ab228554) was perf

protocol. In short, the WS8 reagent was diluted 10X in Edepleted MSC
media and warmed to 3Z° The medium within the wells was discarded and
115 ¢l of t-&reagettiwvhsiaddeddo aNdBthie wells (i.e., the wells
with cells and the correlating blank wells, as well as the standard curve wells).
The plate was then incubated for4 hah37. After incubation,
well was carefully removed as to not disturb the cells and pipetted into the wells
of a new 96well plate. The remaining WS& medium on the cells was

di scarded and -dfidled M3IC media was carefuilyppied

into each well. For the negative control, epleted MSC media supplemented
with 10% DMSO was added to induce cell death. All cells were then placed
back into the incubator. The plate with the -@@hditioned WST8 media was
centrifuged at 1,000 g to remove all air bubbles and then the absorbance of
each well was read at 460 nm. This process was repeated every 24-h for 4
days on all wells, except the standard curve which was only completed on the

first day.

5.2.5. MSC Identity Verification

As aubstrate stiffness has been known to differentiate M38],
immunoblotting was performed to confirm that the identity and multipotency
status of the MSCs remained relatively the same across substrates. To do so,
MSCs were cultured for three days (itbe longest time of any experiment in

the current investigation) on collagenated flasks, all of the Sylgard 184 base

to crosslinker reagent ratio substrates (i.e., 5:1, 10:1, 20:1, 33:1, and 50:1), and
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the Sylgard 527 substrate. The cells were then ethshce with 1X PBS and
lysed using RIPA lysis buffer (Thermo Scientific, 89901) supplemented with
1% protease inhibitor, 1% EDTA, and 1 mM phenylmethylsulfonyl fluoride
(PMSF). A BCA was performed to determine the cell lysate protein
concentrationand26g of cel | |l ysate was | oaded
of MSC markers were probed using primary antibodies for CD90 (Abcam,
ab92574), CD73 (Abcam, ab133582), and CD105 (Abcam, ab169545) as well
as GAPDH (Cell Signaling Technology, 2118). Primary antiéedor a
negative MSC marker (CD45; Abcam, ab281586) and a marker of multipotency
(SOX2; Abcam, ab133337) were also employed. All primary antibodies were
added at a 1:1,000 dilution, except GAPDH which was added at a 1:2,000
dilution. A goat antirabbit £condary (LICOR Biosciences, 9282211) was
added at a dilution of 1:15,000 and bands were imaged usingCORI

Odyssey CLX Imager.

5.2.6. MSC EV Isolation and Characterization

MSC-conditioned media collected from each culture condition was subjected
to several differential centrifugation steps to remove any unwanted debris as
previously describefll1, 144] Briefly, the media was centrifuged 1,000x g

for 10 min toremove any whole celthat may haveletached from the substrate
during media colleatin. The supernatantas thercentrifuged at 2,008 g for

20 min topelletany largempieces ofcellular debris. This supernatant was then
centrifuged at 10,008 g for 30 min to remove any organellaad apoptotic

bodies Finally, the supernatant from thispin underwent a final centrifugation
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step atL18,000% g for 2 hat 4°Cin a Type 70 Ti ultracentrifuge rotor (Beckman
Coulter). TheEV pellet was themesuspended in PB8ipetted intoa Nanosep
300 kba MWCO spin column (Pall, OD300C3and spun at 800 x g until

all PBS passedhrough the membrane 18-12 min). EVs were washebly
resuspensiotwo more timesusing PBS resuspended in PBS, and sterile
filleredthrougha 0. 2 ¢ m sAll EM pregaeatiofsiwere store.at 4° C

and used within three days of isolation.

Protein concentration of each of the final EV preparations was measured using

BCA according to the manufactdsizzr 6s pro
distribution were measured using a NanoSight LM#@lgern Instruments;

Malvern, UK) with Nanoparticle Tracking Analysis (NTA) software version

2.3. Three videos of each sample were captuilidd axcamera level set a¥l

and acquisition time of 30and a detection threshold af 8 minimum of 200

completed tracks were analyzed per video witHL@0 objects per frame. The

total EV count was then determined based on resuspension volume. Final data

was represented as total number of EVs/cell usingéfecounts previously

measured.

Western blot analysis was completed to verify the presence of EVs and purity
of each sampl e. Based on the BCA resul t s
or cell lysate was loaded into each well. The presence of varibasgociated

proteins was evaluated using primary antibodies for Alix (Abcam, ab186429),
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TSG101 (Abcam, ab125011), CD&Bréteintech, 25682-AP), and GAPDH
(Cell Signaling Technology, 2118), while the absence of cell debris from EV
samples was confirmedsimg an antibody for calnexin (Cell Signaling
Technology, 2679). All primary antibodies were incubated with samples at a
1:1,000 dilution, except GAPDH which was diluted at 1:2,000. A goat anti
rabbit secondary (LCOR Biosciences, 9282211) at a dilutiorof 1:15,000

was added and bands were visualized using@Q@R Odyssey CLX Imager.

To prepare samples for transmission el e
EV sample was fixed using 4% Efir ade PFA (10 ¢l ) for 3
temperatur e. After fixation, 10 ¢l of
carboncoated copper grid with typé@ mesh (Electron Microscopy Sciences,
CF200Cu-25) and was allowed to adsorb for 20 min. The grid was washed on

top of a PBS drop and then placed on a drop of 1% glutaraldehyde in PBS for

5 min. The grid was thoroughly washed7%imes x 2 min) using dpbets of

deionized water, blotting carefully in between each wash at a 45° angle on a

piece of filter paper. The grid was then laid on top of a uranyl acetate
replacement stain droplet (Electron Microscopy Sciences, 22405) for at least 10

min. After dryingcompletely, the grid was imaged at 200 kV od&DL JEM

2100LaB6 TEM

5.2.7. Tube Formation Assay

In preparation for the tube formation assay, a2l plate was coated with

growth factor reduced Matrigel (Corning
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centerof each well. Care was taken to ensure even coating of the Matrigel
without the formation of bubbles. The plate was then placed into an incubator
at 37°C for 30 min. HUVECs were passaged using trypsin and resuspended in
basal media (EBM2 media + 0.1% FB®) cell counting. To ensure full
deactivation of the trypsin, basal media supplemented with 10% FBS was added
to the cells prior to spinning and resuspension in EBM2 + 0.1% FBS. Cells were
then seeded with complete growth media (EGM2 media; positiveotpmiasal
media (EBM2 media + 0.1% FBS) devoid of EVs (negative control), or basal
media (EBM2 media + 0.1% FBS) with EVEx(1® EVs/mL) on top of the
solidified Matrigel at &10* cells per well Images of the cells were takei6h

later using a Nikorclipse Ti2 Microscop®iith a 2x objective. The number of
fully-closed loops the HUVECs formed were counted and used to measure

HUVEC ability to form capillarylike structures.

5.2.8. Gap Closure Assay

A 96-well plate was coated with 0.1% gelatin and iretied at 37°C for 1 h.

The gelatin was then discarded &HdVECs wereseeded at.5x1¢ cells/well

in EGM2 complete growth mediun24 h later, a scratch was made down the
center of each wellsing an AutoScratch (BioTek Instruments; Winooski, VT,
USA). CdIs were thergentlywashed oe timewith 1X PBS and incubatedr

2 hwith endothelial cell basal mean supplemented with 0.1% FBSd 1%
P/Sto serum starve the cells. After serum starvation, medium was replaced with
fresh EGM2 (positive control), EBM20.1% FBS) without EVs (negative

control), or EBM2 withEVs spiked in for a final concentration &k10
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EVs/mL. The cell gap was imaged at 0 h and 20 h using a Nikon Eclipse Ti2
Microscope at 2x magnificatioihe change in the gap area from 0 to 20 h was

determined usingmageJ as previously describdd4].

5.2.9. mRNA Isolation and Profiling in Recipient HUVECs

A 24-well plate was coatedith 0.1% gelatinand incubateat 37°C for 1 h

The gelatin was then discarded and HUVECs were seeded &t éeli$per

well and allowed to attach overnight. The next day, HUVECs were treated in
guadruplicate with just PBS, EVs from MSCs cultured on collagpaied
flasks, or EVs from MSCs grown on the softest PDMS substrate (Sylgard 527;
3 kPa)in basal media suppmented with 0.1% FBS and 1% Px1(
EVs/mL). 24 h later, HUVEC RNA was isolated. To ensure that all cells were
included in the analysis (i.e., attached and detached cells), the media from each
condition was collected and placed into labeled conicasubhe HUVECs

were washed one time with warmed PBS and the PBS was collected and placed
into the same conical tubes. The media and PBS solution within the conical
tubes was spun at 220g<for 5 min at room temperature to pellet the cells.
While the cellswere spinning, the cells in the wells were quickly lysed with
700 ¢l of QI Azol |l ysis reagent ( Qi agen,
centrifuge tubes. Once pelleted, the supernatant on top of the cells was
discarded, the cell pellet was washed withmL of warm PBS, and spun again

to ensure the removal of all media components which could disrupt downstream

analyses. The PBS supernatant was discarded and the pelleted cells were lysed
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in the same QIAzol reagent from the appropriate treatments. TheARN &en

isolated immediately as detailed below.

Immediately after collection, the HUVEC RNA in QIAzol was homogenized

by vortexing each sample for 1 min. The samples were then allowed to sit at

room temperature for 5 min to allow disassociation of thelemprotein

complexes. The RNA was then isolated using a miRNeasy kit (Qiagen,
217004). cDNA was prepared using 1 €g o
the instructions in the iScript cDNA synthesis kit (Btad, 1708891). Them i
alignment with the manuéat ur er 6 s recommendati on, app
cDNA was used per 20 &M Human®Amgiogemesis i n t he
gPCR Array Kit (ScienCell, GK017). The reactions were prepared using
GoldNStart TagGreen gPCR Master Mix (ScienCell, MB6018) with ROX

reference dye spiked in so as to obtain a final concentration of 50 nM of ROX

in each reaction of the gPCR analysis. As this procedure required running

multiple plates, an adequate volume of master mix with ROX dye for all plates

(plus 12% overage) was maded maintained on ice and protected from light.

The cDNA from each sample (enough for 170 ng per well) was mixed
thoroughly with the appropriate amount of master mix (including 12% overage)
immediately prior to loading onto the plate. The plate was allowe@ach

room temperature and the samgHamal wer e |
pipette and carefully pipetted up and dowbt 8mes within the wells to mix

(except the naemplate control well). Care was taken to completely dispense
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all sample into e wells and change tips between each well so as to not
introduce crosgontamination. The plate was then tightly sealed with an optical
plate seal and spun in a chilled centrifuge at 1,58@cx 2 min to remove any

air bubbles. After confirming that air bubbles were removed, the cover was
checked to ensure a very tight seal, and the plate was covered with foil to protect
from light. Immediately prior to analysis, the bottom of the plate was cleaned
with isopropanol to remove any dust particles. Reaé PCR was performed
usingthe QuantStudio 7 Flex Re@lme PCR System (Applied Biosystems,
Waltham, MA, USA) with the recommended thermal cycler settithgsial
denaturation: 95°C for 10 min; denaturation: 95°C for 20 s; annealing: 65°C for
20 s; extasion: 72°C for 20 s). Immediately prior to the run completion, the
next plate was prepared in a similar manner and this was continued until all
samples were processed. TdpapC t mwats hseddto analyze the data as
detailed by the array manufacturer s
GAPDH, NONO, LDHA, and PPIH were used as housekeeping gep€st (
HKG = Ct HKG, PDMS or flask samplie Ct HKG, PBS samplegp C tef for
PDMS or flask sample = averageC HKG1, pCH K G 2 C HKG5). The
results were relative to the PB®ated HUVECs for each gene of interest
(GOI) (pC&OI, PDMS or flask sampliegp C&OI, PBS samplep o GtgCt

GOlI, PDMS or flask samplie qiCt ref of PDMSor flask sample). Normalized

fold change was calculated a®2¢ Results of the array were displayed as log2

of the normalized fold change.
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Further analysis of the three most upregulated genes from the array was
completed using qPCR methods. First, tHVEC experiment and RNA
isolation was repeated as detailed above. 33 ng of cDNA from each sample was
used for each of thg PCR reactions (10 ¢€l) whi ch
SsoAdvanced Universal SYBR Green Supermix (Biorad-3270) per the
ma n u f a dnstwuctiens. dhe plate was loaded and bubbles were removed
by centrifugation as described above. Reak PCR was then performed using
the QuantStudio 7 Flex Redlme PCR Systenilhe reaction cycle was 95°C
for 2 min, followed by 40 cycles of 95°C fdi5 s and 60°C for 1 min.
Expression was normalized to GAPDH and was made relative to HUVECs
treated with PBS. Fold change was calculated®82Primer sequences are
shown below.
Primer sequences for g°PCR okElectin:

Forward: TCAAGGGCAGTGGACACAGCAA

Reverse: GGAAACTGCCAGAAGCACTAGG
Primer sequences for g°PCR of PLAU:

Forward: GGCTTAACTCCAACACGCAAGG

Reverse: CCTCCTTGGAACGGATCTTCAG
Primer sequences for g°PCR of PARD3:

Forward: CGGTCAAAAGAGAACCACGCAG

Reverse:CATTCACCCGAAGCCTTCCATC
Primer sequences fgPCR of GAPDH:

Forward:AACTTTGGCATTGTGGAAGG
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ReverseGGATGCAGGGATGATGTTCT

5.2.10. miRNA Isolation and Profiling in MSC EVs

RNA of EVs from the MSCs cultured in collagenated flasks and MSCs

cultured softest PDMS substrate (Sylgard 52kPg was isolagd and the

mMiRNA fraction was enriched following the appropriate protocols in the
miRNeasy kit (Qiagen, 217004). cDNA was prepared using the miRCURY

LNA RT kit (Qi agen, 339340) foll owing
maximum volume of RNA. Perthe maau€ t ur er 6 s i nstructi on:
diluted by 10X using sterile, nucleaBee water. Reactions were prepared

using the recommended Ah-Oné™ gPCR Mix (Genecopoeia, QP002) with

ROX reference dye spiked in for a final concentration of 50 nM in each neactio

well. As this procedure required running multiple plates, an adequate volume

of master mix with ROX dye for all plates (plus 12% overage) was made and
maintained on ice and protected from light. The diluted cDNA from each
sampl e ( enoughwdsmixed thoraughly with the apmdpriate

amount of master mix (including 12% overage) immediately prior to loading

20 el per wel ™Humam MSC Exdsene gPCR Aray plate e
(Genecopoeia, qm04&6) using a multichannel pipette. As the sale was

loaded, care was taken to thoroughly mix by pipettifg tdines and fully

dispense the sample into each well. Tips were changed between wells to avoid
contamination. Redime PCR was performed using the QuantStudio 7 Flex
RealTime PCR System (Apied Biosystems, Waltham, MA, USA) with the

recommended thermal cycler settings for theiddOne™ gPCR Mix (Initial
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denaturation: 95°C for 10 min; denaturation: 95°C for 10 s; annealing: 60°C for
20 s; extension: 72°C for 20 9heqppCt mwas Useddo analyze the data

as detailed by the array manufacturer6s

5.2.11. Statistics

Data ardalisplayedas mean standard error of the mean (SEMJormality of

each data set was tested and, when appropriate, parametrionests twe

way ANOVA with G2d8kods or Tukeyodos mul ti
as appropriate to determine statistical differences (p < 0.05) among groups,

unless otherwise stated in figure captions. All statistical analyses were
completed usingrism9.1 (GraphPad Software, La Jolla, CASA). Notation

for significance in figures are as follows:inp > 0.05 * - p<0.05; *-p<

0.01; *** - p<0.001; ****-p<0.0001.

5.3 Results

5.3.1. Altering Base to Crosslinker Reagent Ratio of Sylgard 1843°D

Changes the Elastic Modulus and is Moric to Cells

Varying the elastomer base to crosslinker reagent ratio allowed for PDMS
substrates with a range of elastic moduli. The stiffest PDMS (5:1) resulted in
an average approximate elastic modulus of 3RaMhe mediurstiff PDMS
(10:1) 2.4 MPa, the mediwsoft PDMS (20:1) 1.2 MPa, and the softest PDMS

(33:1) 0.3 MPaKigure 5.1.A).
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To examine the impact of PDMS manipulation on MSC viability, MSCs were
cultured on the different PDMS substrates and a V@ $8#&ll viability assay was
performed. MSCs were able to grow in all conditions, as demonstrated by the
positive slope of absorbance values, which contrasted those MSCs within the
condition meant to induce cell death (i.e., 10% DMSOQO). On the final day of
culture, there was a significant difference between the MSCs grown in coated
and uncoated flasks (p < 0.05) and between those cultured in coated flasks and

those grown on any PDMS substrate (p < 0.00Bjufe 5.1.B).
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A Mechanical Testing of PDMS
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Figure 5.1 Varying the elastomer base to crosslinker reagent ratio of Sylga
184 PDMS changeghe elastic modulus without inducing cytotoxicity.(A)
Elastic modulus of each of the four different PDMS formulations was me:
using a Q800 Dynamic Mechanical Analyzer. Data is representative t
different fabrications of the substrates with thneeasurements per formulati
(B) WST-8 colorimetric cell viability results of MSCs cultured on the var
PDMS formulationsAll PDMS substrates were coated with collagddata it
representative of three independent experiments (N = 3). Statisticaiedite
were calculated using either (A) a ewmaay ANOVA with
comparisons testsor (B)atwoay ANOVA with Tukey
testsora (x p <0.05; **-p < 0.01; ***-p > 0.001; *** - p < 0.0001).
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5.3.2. Culturing MSCs on Soft&ylgard 184 PDMS Substrates Improves EV

Production

We then examined the effect of the different PDMS substrates on MSC EV
production. Following 24 h of culture, the EVs were collected and isolated and
the cells were counted. Similar to the PDMS mictapitlevices in Chapter 4,
there were less cells cultured on the PDMS substrates compared with flasks as
the growth area of each compartment with PDMS (14.3) evas much less
than one flask (175 cfh Regardless, the MSCs cultured on the PDMS
substrates duced a similar amount of EVs leading to EV/cell measurements
that increased as the elastic modulus of the substrate decregsed 5.2.A).
Although MSC EV production (i.e., EVs/cell) increased when cultured on the
stiffest PDMS (3.0 MPa) (1ES 4E3), the increase was not found to be
significant until MSCs were cultured on the mediaait PDMS (1.2 MPa)
(2.6E5% 2.5E4), which was Hold higher than those cultured in the collagen
coated flask (1.7E4 6E2). This increase was comparable to what was wkder

on the softest PDMS (0.3 MPa) (2.3E5.5E4), which was 8ld higher than

the collagercoated flask Figure 5.2.A). Analysis of EV size using NTA
showed no significant difference in EV size distributions with 95 nm being the
approximate mode sizerfall conditions (flask collagen: 89.8 6.4 nm; flask

+ collagen: 97.2 3.1 nm; 3.0 MPa: 93.4 3.2; 2.4 MPa: 98.9 6.0 nm; 1.2
MPa: 98.1+ 7.2 nm; 0.3 MPa: 94.% 10 nm). More than 90% of each EV
population was less than 145 nm in diameter and witienrange of typical

exosomal diameterF{gure 5.2.B) [34]. Immunoblotting established the
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presence of EV markers (CD63, TSG101, and Alix) as well as the absence of
the cellular debris marker, calnexiRigure 5.2.C. TEM images showed no

perceptible cange in EV morphologyHigure 5.2.D).
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Figure 5.2. Culturing MSCs on the softest Sylgard PDMS formulatio
increases MSC EV production.(A) Number of EVs produced per MSC
measured using nanopatrticle tracking analysis (NTA). (B) Size distribui
EVs from MSCs cultured on the various PDMS formulatioA. PDMS
substrates were coated with collagé@) Immunoblots of MSCs and MSC E
from the various confinement conditions for EV markers (CD63, TS(
Alix), cell marker (Calnexin), and controlarker (GAPDH). (D) Representat
transmission electron microscopy images of EVs from MSCs cultur
collagencoated flasks and the softest PDMS formulation (0.3 MPa). Sca
represent 200 nm. Data representative of three independent experimel
3). Statistical significance was calculated using a Krdgkall | i s w
multiple comparisons test (iig > 0.05; *- p < 0.05).
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5.3.3. Culturing MSCs othe Softest Sylgard 184 PDMS Substrate (0.3 MPa)

Enhances MSC E\h vitro Angiogenic Bioactivity

MSC EV bioactivity was then assessed usingnantro gap closure assay and

a tube formatio assay. While all MSC EV formulations significantly improved
gap closure in HUVECs (basal media: 26¢68.913; flask collagen: 37.4&
2.536; flask + collagen: 35.311.332; 3.0 MPa: 46.753.718; 1.2 MPa: 40.34

+ 3.884; 0.3 MPa: 49.82 1.852), onlythe EVs from the MSCs grown on the
softest Sylgard 184 PDMS formulation (0.3 MPa) resulted in significantly
higher gap closure when compared with the collagmated flask (p < 0.05)

(Figure 5.3).

132



120
| Hokk ok |

100 T
E % % %
=1
?
o
o
o
©
O
B

Elastic moduli of
& PDMS (MPa)
B
Growth media Basal media Flask - collagen Flask + collagen

4

\

1 {
i
i
i
\

S

{
|

IO

20 h

Oh

20 h

Figure 5.3. Soft Sylgard 184 PDMS enhances MSC EV in vitro cell migtian.
(A) Cell gap area after 20 h as a percentage of gap area at 0 h. EVs fror
cultured on the softest Sylgard 184 PDMS formulation (0.3 MPa) signifi
increased the gap closure of HUVE@dL PDMS substrates were coated v
collagen.(B) Represntative images of HUVECs in the gap closure assay at
20 h following treatment with growth media (positive control), basal r
(negative control) or 5E9 EVs/mL of EVs isolated from MSCs grown o
different Sylgard 184 PDMS substrates. All imagad data are representativi
three independent experiments (N = 3). Statistical significance was cal
usingaonavay ANOVA with G2dg§kods mp+0oos;
-p <0.05; **-p < 0.01; ***-p < 0.0001).
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In the tube formation assay, EVs fragwery culture codition significantly
enhanced the number of loops formed by the HUViaien compared with

the basal media negative control (bagab0+ 1.67 flask - collagen:23.5+

2.60; flask + collagen: 183.51; 3.0 MPa: 24.64 3.06; 2.4 MPa: 23 1.15; 1.2
MPa:19.5+ 3.61; 0.3 MPa: 37.% 0.88. However, just as in the gap closure
assay, only the EVs from the MSCs cultured on the softest substrate (0.3 MPa)
were able to significantly improve tube formation when compared with those

from the collagercoated flaskcondition Figure 5.4)
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5.3.4. Additional Dilution of Crosslinker Reagent Reduces Elastic Moduli of

Sylgard 184 PDMS without Inducing Cytotoxicity

To test the limits of the observed effects on MSC EVs, the crosslinker was
further dilutedwith the base reagent (50:1). Following mechanical testing, it
was found that the 50:1 could reduce the elastic modulus to 0.005 MPa,
although this was not significantly different from the 33:1 (0.3 MF&@ufe

5.5.A). Next, we confirmed that the formtilan was not inherently toxic to the

cells using a WS cell viability assay. Again, MSCs were able to grow in all
conditions, as shown by the positive slope of absorbance values, which
juxtaposed those MSCs within the negative control (i.e., 10% DMS®O}h©

final day of culture, there was a significant difference between the MSCs grown
in coated and uncoated flasks (p < 0.01) and between those cultured in coated

flasks and those grown on any PDMS substrate (p < 0.06@uré 5.5.B).
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A Mechanical Testing of PDMS
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Figure 5.5. Further dilution of the crosslinker reagent (50:1) reduces tt
elastic modulus of the PDMS without inducing cell death(A) The elasti
modulus of each of the five PDMS formulations was measured using &
Dynamic Mechanical Analyzer. Data is representative of two diff
fabrications of the substrates with three measurements per formulatio
WST-8 colorimetric cell viability results of MSCs cultured on the various P
formulations. All PDMS substrates were coated with collagdbata it
representative of three independerperiments (N = 3). Statistical differen
were calculated using a (A) omeay ANOVA with
comparisons tests or a (B) twoay ANOVA usi ng
comparisons tests (rfisp > 0.05; **- p < 0.01; *** - p > 0.001; **** - p <
0.0002.
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5.3.5. Culure Conditions Do Not Impact Sylgard 184 PDMS Elastic Moduli

To ensure that culture conditions did not impact the elastic modulus of the
PDMS, the elastic modulus of each PDMS substrate was measured and then the
substrates were submerged in cell cultuegli@m and incubated at 37°C for three
days, followed by a final elastic modulus measurement. Results showed that
there were no significant changes in the elastic modulus of each formulation

following incubation with cell culture medi&igure 5.6).
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Figure 5.6. Sylgard 184 PDMS substrates maintain elastic modulus des
exposure to culture conditions.The elastic modulus of each of the five PC
formulations was measured using a Q8hamic Mechanical Analyzer. T
elastic modulus of each substrate was not affected by submersion in cell
media and incubation at 37°C for three days. Data is representative of two ¢
fabrications of the substrates with three measurement®pnulation. Statistic
significance was calculated using a tway ANOVA wi t h
comparisons tests (iigp > 0.05).
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5.3.6. Further Reduction of Sylgard 184 PDMS Elastic Modulus Maintains

MSC EVin vitro Angiogenic Bioactivity

In the gap closure assay, when treated with any MSC EV preparation, HUVECs
had significantly higher gap closure when compared with the negativ®icon
which consisted of basal media only (basal media: 23.98 + 3.704; -flask
collagen: 36.81 £ 2.903; flask + collagen: 37.04 + 2.563, 3.3 MPa: 42.73 +
5.441; 2.4 MPa: 45.62 + 2.669; 1.1 MPa: 47.19 + 2.090; 0.3 MPa: 63.70 *
1.411; 0.005 MPa: 60.87 £ 0.84&nly MSC EVs from cells grown on the
softest PDMS substrates (0.3 and 0.005 MPa) were able to significantly
improve gap closure compared with MSC EVs from collagested flasks (p

< 0.001 and p < 0.01, respectivelidure 5.7).
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Figure 5.7. Enhanced effect of MSC EVs in the gap closure assay
maintained as elastic modulus is reduced(A) Cell gap area after 20 h a
percentage of gap area at 0 h. EVs from MSCs cultured on the softest Syl¢
PDMS formulationg0.3 and 0.005 MPa) significantly increased the gap cl
of HUVECs.All PDMS substrates were coated with collag®).Representati
images of HUVECSs in the gap closure assay at 0 and 20 h following tre
with growth media (positive control), bdsaedia (negative control) or 5
EVs/mL of EVs isolated from MSCs grown on the different Sylgard 184 F
substrates. All images and data are representative of three inde
experiments (N = 3). Statistical significance was calculated using -avay
ANOVA with G2dg&8kods mulitpi>p.05¢-p& 6.08p*
-p <0.01; ***-p <0.001; ***-p < 0.0001).
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A similar trend was seen in the tube formation assay with all EV preparations
significantly augmenting the number of loops formed by the HUVECs when
compared with the negative control (basal media: 16.5 + 2.33]ifleskagen:

46.0 + 1.86; flask + collagen: 46.5 #5; 3.3 MPa: 43.0 £ 1.33; 2.4 MPa: 50.0

+ 2.03; 1.1 MPa: 45.5 £+ 4.58; 0.3 MPa: 76.5 = 7.23; 0.005 MPa: 75 + 5.51).
Only those EVs from the softest PDMS substrates (0.3 and 0.005 MPa) were
able to improve tube formation when compared with EVs from coltagated

flask culture (p < 0.01 and p < 0.05, respectiveyre 5.9).
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Figure 5.8. Enhanced effect of MSC EVs in the tube formation assay
maintained as elastic modulus is reduced(A) Tube famation results we
guantified as the number of complete loops formed by HUVECSs. EVs from the
cultured on the softest PDMS formulations (0.3 MPa and 0.005 MPa) signif
increased the number of loops formed by HUVECs when compared with EV
MSCs cultured on collagetpated flasksAll PDMS substrates were coated v
collagen(B) Representative images of HUVECs in the tube formation assay 6
application of growth media (positive control), basal media (negative contr
basal mediavith EVs from MSCs maintained in the various culture conditions (2
EVs/ mL) . Scale bar represents 250
three independent experiments (N = 3). Statistical significance was calculate
aoneway ANOVAwithG2 d 8§k ds mul ti pl eipc®di &p ¢
0.05; ** - p < 0.01; **-p <0.001; **** - p < 0.0001).
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5.3.7. Mixing Sylgard 184 and Sylgard 527 Allows for a Finer Elastic

Modulus Gradient that is Nehoxic to Cells

To obtain a more refined gradient of elastic mpdue mixed two different

types of PDMS (Sylgard 184 and Sylgard 527) at various ratios, as has been
previously dondg306, 308] We were able to obtain a more detailed range of
elastic moduli from 2 MPa (pure Sylgard 184) down to 0.003 MPa (pure
Sylgard 27) (Figure 5.9.A). Using a WST8 cell viability assay, we
demonstrated that MSCs were able to grow in all conditions, as shown by the
positive slope of absorbance values, which contrasted those MSCs treated with
10% DMSO meant to induce cell death. Onfihal day of culture, there was

no significant differences among the MSCs grown in any of the conditions (p >

0.05) Figure 5.9.B).
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A Mechanical Testing of PDMS
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Figure 5.9. Varying the ratio of Sylgard 184 to Sylgard 527 produces a refin
range of elastic moduli that is nortoxic to cells.(A) Elastic modulus of each
the seven different PDMS formulationsasv measured using a Q800 Dyne
Mechanical Analyzer. Data is representative of two different fabrications
substrates with three measurements per formulation. (B)-8/&Jlorimetric ce
viability results of MSCs cultured on the various PDMS forriates. All PDMS
substrates were coated with collagBata is representative of two indepent
experiments (N = 2). Statistical differences were calculated using a (Aya
ANOVA with G2dg&8kds mul ti piwayAbOVAwith
Tukey 6s mul ti pl e ciopmp0d5; k B <0M0S; **t -0 10.004
***% - p < 0.0001)Data courtesy of Emily Powsner.
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5.3.8. Culture Conditions Do Not Influence the Elastic Moduli of the Sylgard

184:Sylgard 527 PDMS Mixtures

To ensue that culture conditions did not impact the elastic modulus of the
PDMS, the elastic modulus of each PDMS substrate was measured and then the
substrates were submerged in cell culture media and incubated at 37°C for three
days, followed by a final elastimodulus measurement. Results showed that
there were no significant changes in the elastic modulus of each formulation

following incubation with cell culture medi&igure 5.10.
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Figure 5.10. Substrategcomposed of varying ratios of Sylgard 184 to Sylga
527 maintain elastic modulus despite exposure to culture condition3he
elastic modulus of each of the five PDMS formulations was measured (
Q800 Dynamic Mechanical Analyzer. The elastic modofusach substrate w
not affected by submersion in cell culture media and incubation at 37°C fc
days. Data is representative of two different fabrications of the substrat
three measurements per formulation. Statistical significance wasatattusin
atwoway ANOVA with G2dg§kods mmpbQ.05)Dat
courtesy of Emily Powsner.
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5.3.9. Culturing MSCs on Mixtures of Sylgard 184 and Sylgard 527 Maintains

the Trend of Increased EV Production and Angiogenic Bioactivity with

Decreasing Elastic Moduli

After 24 h, the EVs from every PDMS mixture culture condition were collected
and isolated and the cells were counted. As was reported in Section 5.3.2, the
amourt of EVs produced per cell increased as substrate softened. Specifically,
MSC EV production was significantly upregulated at a substrate stiffness of 1.4
MPa (6.7E5 £ 6E4), which was approximatelfo@l greater than those cultured

in collagencoated flask (7.2E4 + 1.5E3) and was comparable to the threshold
of 1.2 MPa reported in Section 5.3.2. This increase in EV production was
maintained when MSCs were cultured on the 0.8, 0.1, 0.05, and 0.003 MPa
PDMS substrates (0.8 MPa: 7.7E5 + 1.0E4; 0.1 MPa: 7.55E4; 0.05 MPa:
4.3E5 + 1.6E5; 0.003 MPa: 6.2E5 * 7.5E3), which were I}, 6-, and Sfold

higher, respectively, than EV production by MSCs in the collagated flasks
(Figure 511.A). NTA analysis revealed no significant difference in EV size
distribution (flaski collagen: 85.& 8.5 nm; flask + collagen: 104485.5 nm;

2.0 MPa: 93.86.9; 1.8 MPa: 88.6 7.7 nm; 1.4 MPa: 76.82.7 nm; 0.8 MPa:
85.3+£ 7.7 nm; 0.1 MPa: 79.% 1.5; 0.05 MPa: 83.% 6 nm; 0.003 MPa: 80.7

+ 8.2), with more than 90%f each population lying within the typical

exosomal diameter range (200 nm)[34] (Figure 5.11.B.
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Figure 5.11. Culturing MSCs on the softer Sylgard 184/52 mixtures
increases MSC EV production.(A) Number of EVs produced per MSC
measured using nanoparticle tracking analysis (NTA). (B) Size distribut
EVs from MSCs cultured on the various PDMS formulatioA. PDMS
substrates were coated with cobbagData representative of three indepen
experiments (N = 3). Statistical significance was calculated using -avay
ANOVA with Tukey®és mulitpi>p.05g* cp& h@Oi
*rx . p <0.0001).
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In the gap closure assay, HUVECs demonstrated significantly higher gap
closure when treated with any of the MSC EV preparations and compared with
the negative control (basal media: 36.94 + 1.609; flaskllagen: 42.66 *
1.508; flask + collagen: 43.30 £ 1.016, 2.0 MPa: 43.02 £ 4.774; 1.8 MPa: 48.15
+ 0.826; 1.4 MPa: 41.91 + 2.782; 0.8 MPa: 55.77 + 1.070; 0.10 MPa: 58.89 +
1.096; 0.05 MPa: 58.17 + 10B; 0.003 MPa: 62.44 4.137). Only when EVs
were derived from MSCs cultured on substrates of 0.8 MPa or less was gap
closure in HUVECSs significantly increased when compared with HUVECs

treated with EVs from MSCs in collageoated flasksKigure 5.12).
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Figure 5.12. Enhanced effect oMSC EVs in the gap closure assay
maintained as elastic modulus is reduced by mixing Sylgard 184 and Sylgi
527. (A) Cell gap area after 20 h as a percentage of gap area at 0 h. E'
MSCs cultured on the 1.4, 0.8, 0.05, and 0.003 MPa substratécaigfly
increased the gap closure of HUVECs when compared with MSC EV«
collagencoated flask culturédll PDMS substrates were coated with collag@)
Representative images of HUVECs in the gap closure assay at 0 ar
following treatment withgrowth media (positive control), basal media (neg.
control) or 5E9 EVs/mL of EVs isolated from MSCs grown on the diffi
Sylgard 184 PDMS substrates. All images and data are representative
independent experiments (N = 3). Statistical sigaifce was calculated usin
oneway ANOVA with G2dg§kés mypl>0.05p-@
<0.01; *** - p < 0.001).
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Similarly, in the tube formation assay, EVs froewery culture condition
significantly improved tube formatiofi.e., loop count when compared with
just basal medi¢basall7+ 2.97; flask- collagen’55.5+ 1.67; flask + collagen
48.5+4.93; 2.0 MPa: 75.55.17; 1.8 MPa: 68.% 3.18; 1.4 MPa: 84.% 3.38;

0.8 MPa: 103t 6.24; 0.1 MPa: 107.% 19.7; 0.05 MPa: 93.% 2.85; 0.003
MPa: 118.5t 2.19. However, only when the elastic modulus reached 1.4 MPa
or lower did the EVs signifantly improve tube formation when compared with

those from the collageooated flask conditionHjgure 5.13).
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Figure 5.13. Enhanced effect of MSC EVsn the tube formation assay i
maintained as elastic modulus is reduced by mixing Sylgard 184 and Sylg:
527.(A) Tube formation results were quantified as the number of complete
formed by HUVECs. EVs from the MSCs cultured on the 1.4, 0.8, 0.1, &t
0.003 MPa substrates were the only ones to significantly increase the nu
loops formed by HUVECs when compared with EVs from MSCs culture
collagencoated flasksAll PDMS substrates were coated with collagéB)
Representative images of MBCs in the tube formation assay 6 h
application of growth media (positive control), basal media (negative contt
basal media with EVs from MSCs maintained in the various culture coni
(5x1¢® EVs/ mL) . Scal e bar r e psr angs datat a
representative of three independent experiments (N = 3). Statistical signi
was calculated usingaomeay ANOVA with G2d8§kos
(nsi p >0.05; *~p<0.05; *-p<0.01).
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5.310. Substrate Stiffness Alters MSC EV Cargo and Gene Expression in

Recipient Cells

To investigate the mechanism underlying the entrd&C EV in vitro
angiogenic bioactivity, we screened for the expression of lg|&ific
MiRNAs in the flask and PDMSderived EVs (Sylgard 527; 0.003 MPa).
Relative to the flask MSC EVs, the EVs from the PDMS culture showed
considerable increase in thevéds of miR10a5p, MiR365a3p, and mIiR
548ar3p as well as downregulation of mB®133p (Figure 5.14.
Interestingly, miR8885p was wellexpressed in the PDMS EVs but
undetectable in the flask EVs. mi45p, -130a3p, -30e5p, and-411-3p

were expresed in flask EVs but undetectable in PDMS EVs (data not shown).
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Figure 5.14. Substrate alters the MSC EV miRNA profile
Expression of MS&pecific miRNAs in EVs derived from MS
cultured on the softesillagenrcoated®DMS substrate (Sylgard 5.
0.003 MPa) relative to EVs derived frompllagencoated flask
culture. Values were normalized to the small nuclear F
SNORDA47. Data shown as log2 of the fold change and calc

usi ngpC€themepa hod. PppCt = (i qpC
SNORD47) , where @Ct mi RNA Ct
flask EV).
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Next, we collected genetic material from HUVECSs treated with PBS (vehicle
control), EVs from MSCs grown on flasks, or EVs from MSCs grown on the
softest PDMS substrate (Sylgard 527; 0.003 MBad screened for the
expression of 75 genes associated with angiogenEgisiré 5.15.A). In
comparison with PB$reated HUVECS, the expression of many genes were
altered when treated with MSC EVs. However, we were particularly interested
in the relativechanges between the two EV formulations (flask vs PDMS). The
array showed that several genes were more upregulated in HUVECs when they
were treated with PDMS EVs, includingdelectin, PLAU, and PARD3; all of
which showed at least a twold difference fom HUVECSs treated with the
flask EVs or PBS. Notably, PTGS2 was downregulated more thafotad/an

the HUVECSs treated with the PDMS EVs than those treated with the PBS or
flask EVs fFigure 5.15.B. Logistically constrained by the array setup, only one
technical replicate was performed per gene, thus no statistical analysis was

performed.
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We thenspecifically analyzed several of the genes (i.esekectin, PLAU,
PARD3) using qPCR to attempt to confirm the array results but were not able
to replicate e results from the array. There were no differences in the
expression of Eelectin, PLAU, and PARD3 across the different HUVEC

treatmentsKigure 5.16.
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Figure 5.16.Gene expression of Eelectin, PLAU, and PARD3 in EV
treated HUVECs.HUVECs were analyzed after being treated with PBS (ve
control), EVs from MSCs cultured in flasks, or EVs from the MSCs cultur
the softestcollagencoatedPDMS substratg¢Sylgard 527; 0.003 MPa). Di
shown as fold change relative to HUVECSs treated with PBS and normal
GAPDH. Data was <calculated wusing
interest pCt GAPDH), where @mCt gene or
Ct PBS. Data is from one biological replicate withreetechnical replicate
Statistical significance was calculated using a-tway ANOVA U ¢
multiple comparisons tests (hg > 0.05).
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5.311. MSC Phenotype is Maintained Across the PDMS Substrates

Finally, we wanted to confirm thaté MSCs were not differentiating while on

the PDMS substrates. Immunoblotting revealed a relatively stable presence of
MSC markers (CD73, CD90, and CD105), a multipotency marker (SOX2), as
well as the absence of the negative marker CD45 across the raRM&

substratesKigure 5.17).

PDMS Elastic Modulus (MPa)

A
Flask PBS f3.3 24 1.1 0.3 0.005 0.003]
CD45 (147 kDa)
- - - ‘ ‘ ‘ ‘ CD105 (70 kDa)
|2 d
-
o ———
m S G e - 00
B
Flask + collagen
3.3 MPa
25000~ 2.4 MPa

20000 1.1 MPa

0.3 MPa

15000+ 0.005 MPa

ocapnOooOdO

0.003 MPa

10000

5000 “
0=

CD105 CD90 CD73 SOX2 CD45

Signal Intensity
(normalized to GAPDH)

Figure 5.17.MSC phenotype is retained when cultured orfPDMS ol
various elastic moduli.(A) Immunoblot showing the presence of M
specific markers (CD73, CD90, CD105) and the multipotency
SOX2, as well as the absence of a negative marker (CDA4Et
Quantification of the immunoblot normalized to GAPDH.
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5.4 Discussion

Substrate stiffness is a wédhown regulator of MSC fate and functif@13, 314]and

is inherently present in the engineering of tiskke constructs and the
biomanufacturing space. Despite this, little keown about the effects on the
therapeutic trophic factors secreted by MSCs, specifically MSC EVs. In the present
investigation, we sought to understand how substrate stiffness can impact both
secretion and bioactivity of MSC EVs. To do so, we culturedMiSCs on various
PDMS substrates. Specifically, we varied the PDMS substrates by either changing the
level of crosslinker in the PDMS (Sylgard 184) or by mixing two types of PDMS
(Sylgard 184 and 527). Through this manipulation we were able to obtanya o&
elastic moduli similar to previously conducted research (0.003 V8@ MPa)[306-

309] (Figures 5.1.A, 5.5.A, 5.9.Aand we were able to demonstrate that these values
could be maintained through the entire length of the experiment (i.e., 3 dayfune
conditions (i.e., in media at 37°C and 5% L igures 5.6 and 5.1 Importantly,

we showed that the MSCs were able to survive and proliferate on all PDMS substrates
(Figures 5.1.B, 5.5.B, 5.9.B which aligns with previous researf306]. Howe\er,
despite equal seeding densities, MSCs cultured on any PDMS substrate seemed to have
lower absorbance values in the cell viability assay. As all modified PDMS substrates
had comparable values to the control PDMS substrates (i.e., Sylgard 184 and Sylgard
527 made according to the manufacturerods p
little to do with our manipulation of the PDMS. These results could reflect differences
in the number of cells that were able to initially adhere to the PDMS. InherebiiS

has many surface characteristics that differ from traditional tissue culture plastic (e.qg.,
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roughness, wettability, surface charge), that could affect cell adhg3id). In
addition, the silicoroxygen links that make up the backbone of PDMS dfigh
mobility and thus promotes surface reorganization, making it difficult to maintain a
cell-adhesive layer that persists over tif@#6, 317] Future studies should involve cell
adhesion assays as well as live/dead assays to fully understand theakethét cell
viability experiments in the present investigation. Moreover, investigation of longer
term culture (i.e., > 3 days) will help elucidate the practicality of these techniques in
boosting MSC EV production in a scalad platform. If the celbdhesive properties
prove to be too transitory, steps to induce covalent linkages between the ECM and
PDMS can be taken (e.g., polydopamine eaif@nopropyl) triethoxysilane coating

prior to ECM coating]318, 319]

When we examined MSC EV production (j.eumber of EVs secreted by each cell),

our results suggest that, using either methodology, EV production significantly
increased when the elastic modulus decreased below a certain thrEgholes5.2.A

and 5.11.A. The threshold for the increase washmen 2.4 and 1.2 MPa when varying

the levels of crosslinkeF{gure 5.2.A) and between 1.8 and 1.4 MPa when using the
mixture of PDMS typesHigure 5.11.A). This indicates that perhaps the true elastic
modulus threshold for the increased EV productisoimewhere between 1.8 and 1.2
MPa. In Chapters 3 and 4, possible mechanisms proposed for the observed increase in
EV production during the application of flederived shear stress or mechanical
confinement were the increased nuclear translocation of YAP/&Ad increased

intracellular calcium signaling induced by the activation of mechanoreceptors and
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cytoskeletal rearrangement. Interestingly, previous research has demonstrated that
MSCs are often less mechanicastymulated on soft substrates. In factfady by Kim

et al. showed that MSCs cultured on soft polyacrylamide gels (<1 kPa) presented with
diminished cytoplasmic calcium oscillations that were mediated by the RhoA pathway
[320]. Additionally, it has been shown that on relatively soft substratdls often
display a decreased formation ofaktin bundles and low contractile forces which
causes inactivation of YAP/TAZ321, 322] Altogether, these studies indicate a
mechanism of EV production that may diverge from those previously discussed in
Chapters 3 and 4. A particularly interesting study conducted by Lenzini and colleagues
found that MSC EV production was significantly upregulated when MSCs were
cultured on soft alginate hydrogels (3 kPa) when compared with stiff hydrogels (20
kPa) or tissueulture plastic (0.1 GP4)80]. It was shown that knocking down foeal
adhesion kinase (FAK) in MSGsa mediator of ligandnduced signaling on the stiff
substrates triggered an increase in EV secretion. They supported these results by
showing that chemal interference with integrin binding as well as decreasing the
amount of celadhesion peptide on the stiff hydrogels resulted in an increase in EV
secretion. Using proteifusion techniques, they were then able to show that soft
hydrogels supported merapid transport of MVBs throughout the cell and more MVB
plasma membrane fusion events. This MVB transport could be enhanced by inhibiting
the actin related protein 2/3 (Arp2/3) complex, which is downstream of FAK. While
the mechanisms probed in thisdjuare interesting and should be considered in the
present investigation, there a few things to note. First, the change in EVs per cell

considered to be significant in the study are relatively very small (6E3) compared to
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what we reported here (> 2E5). Atldnally, they report that increased EV secretion is
due to higher trafficking of CD63VIVBs but comment that the number of CD@&V/s
across conditions were similar and that differences in EV secretion were only
perceptible when larger EVs (e.g., micraeéss; presumably not secreted through
MVB fusion) were included in the analysi€ontrary to Lenzini and the present
investigation, one study showed that stiff polyacrylamide gels (5 kPa) enhanced breast
cancer cell EV secretion in a YAP/TAdependent marer relative to soft gels (0.5
kPa)[323]. While the stark contrast in these studies is likely due to the cell type studied
(MSC vs breast cancer cell), it could also be due to the employment of different types
of substrates (alginate hydrogels vs polykmyde gels vs PDMS), or the chosen
method of EV quantification (NTA vs cryoSEM). Future work should include
orthogonal methods of EV quantification and different substrates of similar elastic
moduli to confirm the observed phenomenon, as well as prolitigeosuspected

mechanisms (i.e., YAP/TAZ, actin cytoskeleton organization).

In terms of MSC EV bioactivity, we found that culturing MSCs on PDMS with an
elastic modulus < 1 MPa resulted in MSC EVs with improved angiogenic activity in
vitro gap closureand tube formation assayBigures 5.3, 5.4, 5.7, 5.8, 5.12, 5)13
Specifically, we observed that when varying the crosslinker amount, MSCs produced
EVs with enhanced angiogenic activity when cultured on PDMS with an elastic
modul us Criglres 33, 34 %7, 58 When mixing PDMS types to achieve
various stiffnesses, we found that improvement in EV angiogenic activity in both

assays occurred when MSCs were cultured on PDMS substrates with an elastic
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modul us CFiglres&.12V8P1R Imporiantly, angiogenic activity of the EVs
does not increase further with incremental reduction in the elastic modulus. Taken
together, these data suggest that enhanced EV angiogenic activity occurs at when MSCs
are cultured on PDMS that is ~1 MPa and softbe fact that we observed a threshold
response in angiogenic activity rather than a gradient response may reflect either
maximized loading of prangiogenic cargo into EVs or saturation of the HUVEC
response to EVs. Interestingly, Lenzini and colleagueaddhat EVs from MSCs
cultured on soft (3 kPa) hydrogels were shown to reduce edema and vascular
permeability in LPSreated mice to a greater extent than those from flask NISBD§
Looking specifically at angiogenic molecules, a study by Ji et al. foatdwhen
cultured on polyacrylamide gels of a low elastic modulus (0.5 kPa), MSCs produced
significantly more preangiogenic factors (e.g., VEGF, HGF, bFGF, {GRhan those
cultured on gels of a higher elastic modulus (200 kPa). Conditioned medith&dnhb

kPa condition was able to enhance tube formation and chemotactic migration in
HUVECs when compared with the 200 kPa condifi8®0]. They went further and
showed that the enhanced secretion of most of the angiogenic trophic factors (all except
VEGF) could be recapitulated on the stiff substrate when cytoskeletal tension was
inhibited using blebbistatin or Rkessociated protein kinase (ROCK) inhibitor
Y27632. It is important to note that this study did not compare the gels to tissue culture
plasticso it is unclear if this trend is evident when looking at a much larger range of
elastic moduli. We did not show any further improvement of EV angiogenic properties
below 1 MP. However, the lowest elastic modulus we were able to obtain was 0.003

MPa (i.e.,3 kPa), which is much higher than the 0.5 kPa achieved in this study.
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Contrary to these results, a study by Nasser and colleagues, found that MSCs on
mediumstiff hydrogel scaffolds (5 kPa) secreted the most VEGF and tubulogenic
effect on HUVECs when conaped to MSCs on gels with either higher (23 kPa) or
lower (1 kPa) stiffness, demonstrating a sort of biphasic response to sti§dé$s

Given these contrasting results, further research will need to be conducted in order to
confirm and understand the s#yved phenomena. Namely, the utilization of
cytoskeletal inhibitors (e.g., blebbistatin) on MSC cultures on various PDMS substrates

to examine downstream effects on MSC EVs would be an important place to start.

Next, as miRNA cargo has been implicatedEi bioactivity [324], we explored the
MiRNA profile of MSC EVs as well as the mRNA profile of recipient HUVECs using
an unbiased array approach. Within the EVs, we found an upregulation-df0ap,
miR-365a3p, and miR548ar3p as well as a downregulan of miR-36133p in EVs
derived from MSCs cultured on the softest PDMS (Sylgard 527; 0.003 MPa) when
compared with those derived from flasksgure 5.14). Notably, E\fencapsulated
miR-10a can promote angiogenesis kbathitro andin vivo[325, 326]aswell as inhibit
apoptosis[327]. But, it is also known to inhibit some angiogenesis pathways (i.e.,
TGFDb 1/ 828k milR365a promotes cancer cell growth and invaf3@9] while
miR-3613 inhibits cell proliferatiof830]. Although undetectable in flaglerived EVSs,

we found miR8881 a potent promoter of cell proliferation and migratjd@1, 332]i

to be highly expressed in PDMS EVsterestingly, miR548ar was highly expressed

in PDMS EVs but has a potent aafigiogenic natur833]. miR-30e5p and miR-154

5p were found in flask EVs but not the PDMS EVs and are known for thetr anti
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proliferative and preapoptotic effects on cancer celg34, 335] On the other hand,
other miRNAs known to be involved in promoting cell proliferation and migration were
found in flask EVs but were not detected in PDMS EVs (i.e.-bd@a3p, miR411-

5p) [336, 337] Importantly,miRNAs often work together as a regulatory netwiark

alter various mRNAs, sometimes even regulating other miRidAsnsure precise
physiological esponse$60, 61] Thus, it can often be hard to predict and understand
the exact mechanism of action. The results of this analysis will need to be confirmed
via RT-gPCR and overexpression and knockdown studies will need to be completed to
confirm that themiRNAs detected are responsible for the effects seen in the recipient

cells.

When looking at the gene expression in the recipient HUVECs, many genes were
differentially expressed in the HUVECs across the two EV treatments (i.e., flask or
PDMS-derived EV$ when compared with the PB&ated HUVECs. However, only

a few were substantially upregulated (more thanfa) in the HUVECS treated with

the PDMSderived EVs, including prangiogenic factorsE-selectin PLAU, and
PARD3[338, 339](Figure 5.15. While E-selectin is often correlated with endothelial

cell activation, its expression in endothelial cells has also been found to increase in
proliferating endothelial cells independently of activa{i@0, 341] It is important to

note that, in the presestudy, the expression of other genes often associated with
endothelial cell activation (i.e., VCAM1 and ICAM1) were not upregulated across EV
treatmentsKigure 5.15. E-selectin expression has also been shown to correlate with

the amount of soluble-Belectin shed from HUVECSs in cultur42]. This soluble
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form of Eselectin has been shown to induce tube formation in both endothelial
progenitor cells and HDMECis vitro [343-345]. PLAU, also known as urokinase
type plasminogen activator or uPA, contributegroteolytic degradation of the ECM
during wound healing and has been shown to increase the migration of HUVECs
vitro (Song et al. 2019). And PARD3 (par3 family cell polarity regulator), also known

as PAR3, is vital to the tube formation ability efittred HUVECH339].

On the other hand, the afatingiogenic PTGS2 was downregulated by more than two

fold [346] in the HUVECSs treated with the PDMS EVs. This information can be tied

back to the miRNA cargos detected in the EVs themselves. For insRING&2 is

known to be positively regulated by the activationofNB and it just so he
several NFe B act i v atereukinl réceptorassaciateikinase 4 IRAK4;
TGFbetaactivated kinase ,ITAK1; a n dtrarfsducing repeatontaining protms 1,

BTRC) are all target genes of miRda[347]. Thus, the miRLOa in the PDMS EVs

may be downregulating PTGS2 in the HUVECs via inhibition of-a\NB . The
downregulationofNFe B has been | inked to increased t
other preangiogeit effects [348]. Future studies using mMiR) inhibitors and
overexpression plasmids will be required to confirm this mechanism. Finally, once the

results of the array are confirmed using-§HCR, biocomputational methods should

be utilized to understanché influence of each of the detected -Eivcapsulated

mMiRNAs, how they alter downstream gene expression in recipient HUVECs, and the

extent to which these pathways may influence the physiological wound site.
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Unfortunately we were unable to recapitulatee HUVEC mRNA array resultsising
RT-gPCR(Figure 5.16. This could be due tow-quality genetic material used as well

as the relatively low accuracy and specificity whente known issues inherent to
microarray analyses [297]. More direct strategiedhag proteomics or RN&eq on

the MSC EVs themselves, coupled with knockdown studies, should be used to identify

the specific EV cargoes responsible for the observed bioactivity.

Finally, we demonstrated that, regardless of substrate, MSCs were abtairtoare
relatively stable expression of MSC markers (CD73, CD90, and CD45) as well as the
expression of SOX2, a welhown marker of stem cell differentiation potential
(Figure 5.17. Importantly, SOX2 expression is often significantly decreased after
differentiation[349]. Changes in phenotype were not expected as the MSCs were only
cultured on the substrates for three days whereas, when cultured without specialized
differentiation media, differentiation on substrates of various stiffnesses has been
shown b take seven dayf304]. Nevertheless, future work should confirm this
undifferentated state by examining the presence of adipogenic (lipoprotein lipase,
LPL; peroxisome proliferatea ct i vat e receptor o-telatd®lP ARO2 )
transcription factor 2, RUNX2; alkaline phosphatase, ALP), and chondrogenic markers
(collagen type alpha 1, COL2A1; collagen type x alpha 1 chain, COL10A1l) using

RT-gPCR, flow cytometry, and immunocytochemistry.

The fact that we were able to produce similar results regarding MSC EV production

and bioactivity across two different PDMS fabrication mdtilogies supports the fact
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that substrate stiffness, rather than the other disparate characteristics of the substrates,
was the stimulus. For instance, according to the materials safety data sheets (MSDS),
while both Sylgard 184 and Sylgard 527 consist tijosf the same chemical
components (i.e., dimethylvingerminated dimethyl siloxane and dimethyl,
methylhydrogen siloxane), Sylgard 184 has several additional chemicals including
xylene, ethylbenzene, and silica nanopatrticles. Varying the base tordtessdtio can

result in an increased amount of rcnosslinked PDMS linear chains that then migrate

to the surface of the material which could, theoretically, affect cell funf3&0j. In
contrast, the mixing of the two PDMS types maintains propertstoietry and should

result in the lowest amount of namosslinked material. Forthcoming work could
examine the amount of namosslinked material in each preparation by weighing the
substrate, extracting the narnosslinked PDMS linear chains using hexamenoving

the solvent, and then-seighing[351]. Additionally, other mechanical properties of

the PDMS along with the elastic modulus may be changing as the formulations are
manipulated. Previous studies using the same methods have shown that surface
wettability, which is often used as a proxy for surface energy and which ultimately
affects protein adsorption, can change significantly among the formulf8®Hs308]
However, these studies did not use any sort of ECM coating on the PDMS. Research
by Pahelsko and colleagues found that differences in surface wettability among
formulations only exist prior to ECM coating and once the PDMS was coated with
fibronectin, these differences were lost and the wettability remained stable across
PDMS preparation806]. The same study also showed that fibronectin adsorption was

virtually indistinguishable across PDMS substrates and that surface roughness was < 1
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nm for all PDMS formulations; well below the detection limit for cE852]. Another

study by Brown etl. demonstrated that using polyelectrolyte multilayers to promote
cell adhesion can alter the wettability among PDMS formulations; an observation that
was lost when fibronectin was adsorbed to the sulffat@]. While it seems coating

with an ECM prior tocell seeding can help alleviate any significant deviations in
mechanical properties other than the elastic modulus, our method of coating was
slightly different (collagen). This is an important detail as seemingly innocuous traits,
such as ligand densitf the ECM coating, has been shown to enhance osteogenesis of
MSCs on polyacrylamide gels regardless of substrate stiffd&3k In the same study,

at l ow (1 eg/ mL) or high (10 eg/ mL) fibro
dominated by ligand density irrespective of substrate stifffg&3. Furthermore, in

some cases, it has been shown that protein tethering can also thargmlular
response to stiffne§854]. Thus, future work is needed to confirm that other material
properties (i.e., surface energy, roughness, ligand density, and protein adsorption) do
not differ significantly among the PDMS formulations. When compgarihese
different attributes, care must be taken in maintaining similar PDMS fabrication
methods as the elastic modulus of PDMS can also be manipulated by curing time and
temperature[355], as well as the method of sterilization (e.g., UV vs gamma
irradiaion) [318]. It would also be interesting to see if the results presented here change
when culturing on different types of substrates (i.e., PDMS vs hydrogel) with similar

elastic moduli or when using different ECM coatings.

167



This investigation demonstes that PDMS of varying elastic moduli can be used to
increase both the production of MSC EVs as weithagtro EV angiogenic bioactivity,
ultimately increasing both MSC EV potency and efficacy. Given the biocompatibility
and coskffective nature of PDM, this system can be implemented in
biomanufacturing processes to enable scalable production of therapeugtalbnt

MSC EVs. This research also contributes to a deeper understanding of the interplay
between EV biology and synthetic materials thatl wiltimately advance the

engineering of tissukke constructs for regenerative applications.
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Chapt 2@ummary, Conclusions, and

6.1 Summary and Conclusions

The intrinsic capability of EVs to shuttle bioactive compouan$ the advantages they
possess over cell therapies has generated a surge in EV research that has uncovered
numerous therapeutic applicatioj®. However, the translation of EVs as a clinical
medicine is hindered by the lack of a rationally designed morfaaturing system and

low therapeutic potency (i.e., low levels of endogenous therapeutic cargodate,

most EV biomanufacturing approaches utilize platforms originally designed for whole
cell expansion (e.g., hollofiber, multilayered culture veske stirredtank
bioreactors), during which cells can experience numerous mechanical stressors. As
EVs can reflect the physiological status of cells, these stressors must be considered
when optimizing EV manufacturing techniques. However, a limited urathelisiy of

the relationship between cellular mechanobiology and EVs hinders the design of an

effective E\tspecific biomanufacturing platform.

Thus, the studies carried forth during the completion of this dissertation project were
meant to reveal how EVspascifically those derived from therapeutic MSCs, are
influenced by the mechanical cues most pervasive in scalable manufacturing processes.
Specifically, we focused on establishing methods capable of alteringdéawed

shear stress, cellular confinemenhd substrate stiffness which we then used to
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investigate the impact of the cues on the ability of MSCs to produce EVs (i.e., MSC

EV production) and induce angiogenic effects in recipient deitgi(e 6.1).

‘ EVs Analyzed after MSCs Exposed to Various Mechanical Cues |

Chapter 3: Chapter 4: Chapter S:
Flow-derived shear stress Cellular confinement Substrate stiffness
L 4
g’ ] /,; &,{_/.\ >l
S < -
- ] /

Figure 6.1. Mechanical cues investigatedSCs were exposed to flederived shear stres
(Chapter 3), confinement (Chapter 4), or substrates of various stiffnesses (Chapter 5)
resulting EVs were analyzed

Chapter 3introduces a 3Eprinted scaffolccoupled with a peristaltic pungs a means

to controllably expose MSCs to flederived shear stress. Previous research has
demonstrated the utility of flowlerived shear stress in increasing MSC EV yield and
activity [169, 170] but none have implementedhighly-tunable 3Dprinting approach
amenable to scalable manufacturing practices. We successfully demonstrated that
applying flow to MSCs seeded within a dibinted scaffold can increase EV
production (i.e., the number of EVs secreted per cells) whilataining the pre
angiogenic effects of the EVs themselves. With the ability to adjust the scaffold
features using 3fprinting techniques, this work lays the groundwork for future
investigations into the synergistic effects of flow and substrate archédat@hapter

4, we implemented a PDMBased micropillar device previously optimized for the
mechanical confinement of MS@&72] and found that cellular confinement leads to
increased MSC EV production and changes in EV bioactivity. These experiments are
the first to assess the effects of cellular confinement on the downstream potential of

EVs. This portion of our work is not only relevant for the development of an EV
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manufacturing process but also holds powerful implications for the design of tissue
like constructs for regenerative applications. Notably, PDMS is a polymer widely used
in cell-based assays with an elastic modulus (i.e., stiffness) that is inherently different
from traditional substrates used in cell culture (i.e., plagit2, 356] This ked us to
investigate the effects of substrate stiffness on MSC EV production and bioactivity via
the manipulation of PDMS formulations @hapter 5. We revealed that PDMS with

an elastic modulus ~1 MPa significantly increased MSC EV production while PDMS
with an elastic modulus O 0.3 MPa augmente
PDMS is biomanufacturinfriendly, soft PDMS substrates could be integrated within
scaleup processes in order to increase MSC EV yield and therapeutic effects. Similar
to the micopillar device work, these results will also inform improved tissue

engineering techniques.

Overall, this work reveals how mechanical cues inherently present within the
biomanufacturing process can be manipulated to enhance EV potency without
sacrificingscalability. Given the ubiquitous nature of these cues and the tunability of
the developed methodologies, the research conducted here will be applicable to
essentially all Evbased formulations, regardless of the intended application and thus

has fafreachng benefits throughout regenerative medicine.

6.2 Future Directions

The work presented here provides the foundational knowledge required for the design
and implementation of an optimized biomanufacturing platform for MSC EVs.

However, deeper investigation specifically into the mechanisms underlying the
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observed effects, are needed to truly harness the cellular microenvironment and
ultimately enhance the clinical translation of therapeutic EVs. In general, future studies
will need to probe the cargos (g.¢jpids, noncoding RNAs, proteins) of the EVs
produced using RNAeq, liquid chromatography/mass spectrometry (LCHvERed
proteomics, and lipidomic techniques. This information will prove powerful when
coupled with the analysis of the target gene®aipient cells as well as the evaluation

of the related functional aspects of the recipient cells. It will also be interesting to see
if the same effects can be obtained when utilizing induced pluripotent stedede#dd

MSCs as they have lower heterogéy and greater clinical potentig857]. Then,
comparing EV cargos and recipient cell gene expression across the stimuli may help

pinpoint similar upstream regulators and pathways.

In terms of regulators and pathways, it is known that disparate meahstmmuli can

activate the same mechanotransduction pathways. Therefore, to understand the
underlying mechanism(s) as well as the potential of each mechanical cue in the
enhancement of EV therapeutics, a closer investigation of the results as a whole is
required. Interestingly, the maximal number of EVs were produced when MSCs were
exposed to lowevel shear stress (3xEa@lyn/cnt), confined conditions (cultured

within micropillars; 550 e m) , or softer substrates (PDM
utilizing bioreactor culture of MSCs has demonstrated that augmented EV secretion

could be explained by an increase in intracellular caldi®®], which is known to

trigger plasmanembrane EV biogenesis by initiating collapse of the membrane

phospholipid asymmaepr [358, 359] The increase in EVs observed when MSCs are
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placed under flow has also been shown to be dependent on an increase in the nuclear
translocation of YAH170]. But, previous work has also demonstrated the inhibitory
effect of increased intracelar calcium levels on YAP/TAZ activity mediated by the
Hippo signaling pathwalB860]. Yet, a study by Franklin et al. found that YAP can re
enter the nucleus after an initial spike in calcium and stimulate YAP target[§6tgs

which demonstrates the cplexity of the relationship. It is important to note that the
previously mentioned mechanistic studies concerning MSC EV production under flow
conditions utilized disparate systems to apply flow shear stress (i.eplafiat
bioreactor vs fibrous scaffoldioreactor), thus other mechanical cues inherent to the
different substrates may be at play. Nonetheless, just as thénfloaed increase in

MSC EV secretion was associated with nuclear localization of YAP and calcium levels,
a study by Bao and colleaggishowed that confined MSCs display an increased nuclear
localization of YAP/TAZ [282] and confinement has been shown to increase
intracellular calciunmj271]. These findings suggest that the mechanism for the increase
in MSC EV production across flow oorfinement conditions in the present study
could be of a similar origin and warrants further investigation in future work. It is
interesting to note that many of the same cellular processes are affected by both cellular

confinement and flovderived sheartgess in a similar manneFigure 6.2).
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Figure 6.2.Cellular processes govered by the mechanical cues of interest.

In terms of substrate stiffness, previous research has indicated that intracellular calcium
levels and YAP/TAZ nuclear translocation is increased with increasing stif2&3s

362]. However, we found that MSC\Eproduction increased as substrate stiffness
decreased; effectively arguing against any shared mechanism with the flow and
confinement cues discussed above. A recent study by Lenzini and colleagues also
showed that MSCs cultured on soft hydrogels weralgi@pof producing more EVs

than those on tissue culture pla$li80]. Interestingly, they found that decreasing FAK
could increase EV secretion. It would be interesting to see if a controlled depletion of
focal adhesion in MSCs under flow would affect B&cretion. Remarkably, many
processes governed by substrate stiffness are in exact opposition to those governed by

flow and confinementRigure 6.2). The only apparent shared characteristic among all
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three seems to be that all involve some sort of actimgemization. Given the

contradictory nature of the possible mechanisms, it would be beneficial to profile the

gene expression of the MSCs themselves under each mechanical stimulus. This type of
investigation will also help explain the increase in angiagactivity observed when

MSCs were exposed to confined conditions (
(PDMS O 0.3 MPa) pr od uangodeni€effects aniendbthelian c r e a s e
cells, whereas those exposed to flow maintained a similar angiqueriie to those

derived from static culture.

Once the mechanisms of each mechanical cue are interrogated, the ultimate goal will
be to synergize the mechanical cues into a singular optimizeg s€his can be done
partially by 3D printing scaffolds mmicking the optimal micropillar spacings using a
NanoScribe laser lithography system. However, as the softest resin we could use would
only reach 15.3 MPa and may not retain microscale topographies, it may not be possible
to integrate all three mechanicales (i.e., flow, confinement, and soft substrate).
Nonetheless, the combination of multiple cues (flow and confinement or flow and

stiffness) could be investigated.

Finally, as each of these cues are inherently complex, it will be important to examine
other cues that may be contributing to the results obtained here. For inftanead

shear stress adbstinct phenomenand they should be examined separatfgbtably,

shear stress experienced by cells can be controlled by the geometric featdres of t

surrounding physical environment (i.e., architecture, pore size, and pokabitgut
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adjusting flow ratg363, 364] Using CAD software and 3[printing techniques, the
geometry of the scaffold used here can be manipulated to induce varying lebelarof s
stress without altering the flow rate. The confinement within the micropillars may also
be introducing other mechanical cues including curvature, which has been shown to
alter MSC differentiatiofi365], so various pillar geometries could be invesgddiere

as well. Lastly, as mentioned earlier, other properties of the PDMS substrate including
ECM coating properties (i.e., ligand density and protein tethering) can affect cells and

should be investigatd@53, 354]

In summary, there are countless mves to investigate concerning cell
mechanobiology and EV potential. A thorough understanding of the
mechanoregulatory mechanisms in the context of the cues investigated in this
dissertation will be essential to the start of an adaptable and scalable EV
biomanufacturing scheme. Despite this, there still remain other obstacles to overcome
in the movement of EV medicines from the bench to the bedside. In particular, a
standardization of EV isolation and purification protocols is urgently needed as these
are ncredibly influential on downstream EV analyses and perceived therapeutic
abilities [116, 117] As such, the entire biomanufacturing process will need to be
considered early on in the development of an EV formulation in a manner that is both

conducive to salability and unrestrictive of exploratory research.

6.3 Scientific Contributions to the Field and to the Jay Lab

1 Determined that flowderived shear stress augments MSC EV angiogenic

activity in vivo (Chapter 3).
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Determined that increased mechanical gwrfient can be used to enhance
MSC EV production and alter EV bioactivity (Chapter 4).

Determined that reduced substrate stiffness can enhance both MSC EV
secretion and angiogenic bioactivity (Chapter 5).

Established photolithography protocols (providedy. Mary Doolin and

Kim Stroka).

Established PDMS micropillar confinement protocol (provided by Drs. Mary
Doolin and Kim Stroka).

Established mouse macrophage t$tigulation assay for testing EV

bioactivity.

Optimized endothelial cell tube formation ag$ar testing EV bioactivity.
Established tangential flow filtration and sierclusion chromatography
techniques as improved EV isolation strategies.

Established an updated protocol fordgpletion.

Executed coll aborati ons andDit Stevddr . | an
Priordés | ab (UMD).

Executed collaboration with Dr. Wei Chao (UMB) which resulted in one-peer
reviewed publication (see Chapter 6.4).

Trained and mentored 1 graduate student (Emily Powsner), 2 undergraduate
students (Zach Kasica and Laut¢oorens Van Heyningen), and 1 high

school student (Amaya Aranda).
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Appendi x A: Aslsnefslsamemmatt corfy ABiitd ac
Extracell ular Vesicles is Suscep

Component Contamination

A.1 Introduction

With the potential to mirror the functional effects of parental cellssanttle bioactive
cargoesintercellularly, extracellular vesicles (EVs) hold promise as eathge
biomarkers and therapeutic interventions for various diseases as well as grdfigien
delivery vehicle470, 366] As such, much effort has been expended in exploring the
production, isolation, and functional characterization of EVs resulting in various
methodologies that differ vastly across individual experiments and phasesasthese
(i.e., preclinical vs clinical)367]. In terms of EV productionthere has been a
collective movement to implement dynamic and/or 3D cell culture microenvironments,
as these techniques are often more scalable than traditional flask culture and can
produce EVs that resemble those within the physiological nithg Specifically,
bioreactorbased culture allows for the implementation of physiological parameters,
including flow-derived shear stress, and has been shown to significantly increase EV
produdion across numerous stud{@s, 147, 169171, 256, 36871]. Importantly, the

shift from static to dynamic culture is also known to cause dramatic changes in the EV
therapeutic profil¢116, 166, 169, 170, 256h some cases elucidating EV effects that
were not present when utilizing traditional flask cult{t66]. This phenomenon of

altered EV bioactivity can also be observed when implementing different EV isolation
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strategies such as tangential flow filtration (TFF), ultracentrifugation (UC), or size
exclusion chromatography (SEQ)16, 117] Thus,optimizing EV production and
isolation methodsmay be vital in creating an ideal EV formulation for a given

application.

Despite the important role that culture conditions and isolation strategies may play
only a couple of studies have explored the combinatorial effects of these techniques on
perceived EV bioactivity116, 372] In one such study, Haraszti and colleagues
demonstrated that EVs from umbilical ceatdrived MSCs cultured within a
microcarrierbased bioreactor and isolated via TFF were more efficient in delivering
functional therapeutic siRNA into neurons than those EVs isolated from the same
bioreactor culture using UC. They also show that bioreactor EVs isolated using UC
were no more effectiven siRNA transfer than EVs from traditional flask culture
isolated using UC or TFR.16]. Previous research also cautions over assuming that the
EVs are solely responsible for therapeutic activity, as many isolation strategies can
result in the casolation of process impuritig873]. Demonstrating this is a study by
Whitaker et al. in which the esolated and noiV associated VEGF within MSC EV
preparations had prangiogenic and prmigratory effects on endothelial cells that
could wrongfully be accuited to the EV$118]. Altogether, these studies emphasize
the importance of optimizing both cell culture conditions and isolation methods
simultaneously while implementing careful functional assessment to produce the most

viable EV therapeutic platform.
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As for functional evaluation of EVs, much interest is often paid to EV- anti
inflammatory capacity, as inflammatory dysregulation is ubiquitous in many chronic
diseases (e.g., sepsis, cancer, and autoimmune disorders) and tissue regeneration issues
[374, 375]. Recently, Pacienza and colleagues developead sitro LPS-stimulated

mouse macrophage assay to assess theénfiathmatory potential of mesenchymal

stem cell (MSC)erived EVs. Notably, results obtained in tini¥itro assay were able

to predictthe efficacy of different MSC EV preparations in suppressing&fftsulated
inflammation in micg376]. As such, this assay and derivatives of it have been used

regularly to test the anthflammatory properties of EM877-379].

In the present investitjan, we examined the combinatorial effects of cell culture
conditions (i.e., static vs dynamic) and isolation techniques (i.e., UC vs TFF vs SEC)
on the size, morphology, and functional characteristics of EVs from HEK293T cells

a highly scalable sourder the production of therapeutic E\J880]. Surprisingly,
depending on culture condition and isolation strategy, HEK293T EVs appeared to exert
immunosuppressive effects in an L-BtBnulated mouse macrophage model. We found
that this result was most liketue to FBS EV contaminants within the HEK293T EV
samples. Our results highlight the importance of recognizing and controlling for

potential contaminants in EV preparations when utilizing this assay.
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A.2. Methods

A.2.1. Cell Maintenance

Human embryonickidney cells HEK293T) were purchased from ATCC
(CRL-3216 and cultured in T175 flasks usiigu | beccodés Modi fi ca
Eagl eds (DMEM)i[+] A5 g/L glucose, Lglutamine, and sodium
pyruvate (Corning, 1:013-CV) supplemented with 10% fetal bovine wer

(FBS; VWR, 89516186) and 1% penicillirstreptomycin (P/S; Corning, 30
002-Cl). All HEK293T cells used in experiments were between passages 4
RAW264.7 mousenacrophages (ATCC, TH1) were cultured in T175 flasks

with DMEM [+] 4.5 g/L glucose, tglutamine, and sodium pyruvate (Corning,
10-013CV) supplementeavith 5% FBS and 1% P/S. RAW264.7 at passages
10-13 were used in experiments. Human umbilical vein endothelial cells
(HUVECS) pooled from multiple donors (PromoCelk1€203) were cultured

in T75 flasks coated with 0.1% gelatin at 3 for 1 h prior to seeding.
HUVECs were maintained in complete endothelial growth med(lBGM2;
PromoCell, G22111) supplemented with 1% P/S. During experiments,
HUVECs were cultured in endothelial basal medi2ificBM2; PromoCell, €
22221) supplemented with 0.1% FBS and 1% P/S. HUVECs at passages 3 and

4 were used in experiments.
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A.2.2. HEK293T Cell Culture Conditions

Flask and Scaffold Culture

As static controlsHEK293T cells were cultured within T75 tissue tuk
flasks (VWR, BD353136) or a 3printed scaffold. The scaffold was printed
from a biocompatible acrylateased material {Shell 300; EnvisionTEC)
using an EnvisionTEC Perfactory 4 Mini Multilens stereolithography apparatus
(EnvisionTEC, Inc., DearbornMI, USA). The 12 cri volume construct
contained a growth surface area (5¢)cwith small pillars (1 mm in diameter)
that were spaced 2.5 mm apart. This design allowed efficient cell removal and
immunofluorescence imaging as well as the facilitation utfient and gas
transport and a mechanism to control fluid parameters predictably. Following
printing, scaffolds were submerged in 99% isopropanol (Phakagper,
Shelbyville, KY) for 5 min to remove excess resin. The scaffolds were then
flushed with frest99% isopropanol until all excess resin was removed after
which the scaffolds were dried with filtered air. Resin curing was accomplished
using 2000 flashes of broagpectrum light (Otoflash, EnvisionTEC, Inc.).
Scaffolds were then cleaned in 100% eth&ool>30 min to eliminate any
remaining contaminants, after which they were plaoeiesh 100% ethanol

and sterilized in an ultraviolet sterilizer (Taylor Scientific;1703) for 10 min.
Rehydration was achieved by soaking the scaffolds in sterilé dgut@ons of
ethanol to 1X PBS (pH 7.4) for 5 minutes per step (75:25, 50:50, 25:75, 0:100
ethanol:PBS). Rehydrated scaffolds were placed in 100% sterile 1X PBS in at

4°C until use. When ready to use, scaffolds were coated with 3 fig/cm
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fibronectin in serile water at 3T for 30 min. Flasks and scaffolds were seeded

at a density of 2,500 cell/éin 15 mL of media.

Perfusion BioreactoCulture

For the perfusion bioreactor condition, select seeded scaffolds were hooked up
to a Masterflex L/S Digital Pesialtic Pump (Coldarmer; Vernon Hills, IL,

USA) using platinurrcured silicon tubing (Col®armer, EW0580204). The
scaffolds were operated at a flow rate of 5 mL/min which corresponded to a
shear stress value of 3x3@yn/cnt as determined previously lzomputational

fluid modeling via the Flow Simulation add for SolidWorks (Dassault
Systemes, Velizyillacoublay, France). The seip allowed the scaffolds to be
connected to a media reservoir containing 50 mL ofdeygleted FBS media.

The pump and stfalds were then placed within a cell culture incubator at 37°C

with 5% CQ.

A.2.3. Cell Staining and Imaging

After 24 h culture in the bioreactor, the scaffolds were filled with 4%
paraformaldehyde for 15 min at room temperature to fix the HEK293T cells.
Scaffolds were then washed three times with 1X PBS and filled with
permeabilization buffer (300 uM sucrose, 100 pM sodium chloride, 6 puM
magnesium chloride, 20 uM HEPES, and 0.5% Trxe00 solution) for 5

min at room temperature. AlexaFluor 488 Phdiloin PBS (1:100) was used

185



to stain cell actin and cells were visualized on a Nikon Ti2 Microscope (Nikon,

Minato City, Tokyo, Japan).

A.2.4. Media EVVDepletion Protocols

To produce EMdepleted FBS, hedmactivated FBS was centrifuged at 118,000
xgforl16 h and the resulting supernatant w
top filter for use in subsequent media supplementation. To produee EV
depletedvholemedia, DMEM with full supplementation (10% heéaactivated

FBS and 1% P/S) was centrifuged at D0® x g for 16 h and the supernatant

was sterile filtered (0.2 em) for direc

A.2.5. EV Isolation Techniques

During experimentsHHEK293T culture media was replaced with media made
with 10% E\tdepleted FBS and 1% P/S (i.e., fepleted FBS media) or EV
depletedvholemedia. Approximatelyl00 mL ofHEK293Tconditioned media
from each culture condition (i.e., flask, scaffold, or bioreactor) was subjected
to a series of differential centrifugation to clear the media of cellseatopsly
described11]. In brief, conditioned media was first centrifuged at 1,809

for 10 min to remove any cells that may have detached during collection. The
supernatant was then collected and centrifuged at 20@@or 20 min to
remove any largecellular debris. This supernatant was then centrifuged at
10,000x% g for 30 min to remove any large organelles remaining. The cleared

conditioned media was then subjected to the various isolation techniques
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described belowFinal EV samples were stored 4C and were analyzed

within three days of collection.

Ultracentrifugation

For ultracentrifugation (UC), the conditioned media was subjected to an
additional centrifugation step of 118,000g for 2 h in a Type 70 Ti
ultracentrifuge rotor (Beckman Coulle The resulting EV pellet was
resuspended in 1X PBS and placed into a Nanosep 300 kDa MWCO spin
column (Pall, OD300C35) and spun at 8,608 until all PBS filtered through

the membrane (0-12 min). EVs were washed two more times with 1X PBS,

resuspende i n 1X PBS, and sterile filtered

Tangential Flow Filtration

Tangential flow filtration (TFF) was performed using a KrosFlo KR2i TFF
system (Spectrum Labs, Los Angeles, CA, USA) equipped with a 100 kDa
MWCO hollow fiber fiter comprised of a modified polyethersulfone
membrane (Spectrum Labs, DB200-05-N). Prior to processing the cleared
conditioned media, the filter was first washed with at least three volumes of 1X
PBS to remove the bacteriostatic reagent. Each filterusad no more than

five times. To keep a shear rate at 4000tke flow rate was kept constant at
106 mL/min. All samples were processed at a transmembrane pressure (TMP)
of 5 psi. Samples were first concentrated to a volume of 25 mL and then

diafiltrated five times in 1X PBS to exchange buffers. Following buffer
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exchange, the EVs were concentrated to a volume-®fnéL. Further
concentration was performed using a 100 MWCO centrifugal concentrator
(Corning, 431486) to achieve a final volume of ~0.5 mLe Timal EV

suspension was sterile filtered using a

SizeExclusion Chromatography

EVs were isolated via sizexclusion chromatography (SEC) using qEV

Original columns (lzon Science, IC®5 ) per t he manufactur e
Briefly, the cleared conditioned media was concentrated to 0.5 mL using the

TFF setup and centrifugal concentrators described in the previous section.
After flushing the columns with 1X PBS,
applied to the top of the column atme first four 0.5 mL fractions after the void

volume were collected and pooled. The pooled fractions were then concentrated

using 100 MWCO centrifugal concentrators to 0.5 mL and sterile filtered (0.2

em) .

A.2.6. Media Testing

To assess the effects of di@ components, various media formulations were
subjected to the aforementioned isolation techniques. Unconditioned media test
formulations (i.e., media without exposure to cells) were defined as the
following: no cell (media without any cell conditioningy FBS (media
supplemented with EMepleted FBS), orFBS (media without FBS). To

evaluate the effects of EWepletion protocols used to remove contaminating
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EVs from the FBS componentdEK293Tcells cultured in flasks were exposed
to either EVdepletedFBS media or EMlepletedwhole media as previously

described (see Media Edepletion Protocols section).

A.2.7. EV Characterization

Protein and Particle Quantification

Total protein concentration was determined using BCA methods (G
Biosciences, 78671) and size distribution as well as particle concentration
were assessed using a NanoSight LM10 (Malvern Instruments; Malvern, UK)
with Nanoparticle Tracking Analysis (NTA) software version 2.3. For each
sample, three 368econd videos were captured with a eearlevel set at 12. EV
samples were diluted to obtain-200 particles per frame and at least 200
completed tracks per video to ensure accurate analysis. The detection threshold
was set and kept constant across all replicates and samples. The totalafumber
EVs was evaluated using the final resuspension volume and then divided by the

number of cells to give final data expressed as mtaiberof EVsper cell

EV Markers

Western blot analysis was used to determine the presence of specific EV
markers asve | | as the purity of each sampl e.
of protein from each EV sample was wused
of cell lysate. EV markers were assessed using primary antibodies for Alix

(Abcam, ab186429), TSG101 (Abcam, abd®h), and CD63 (Proteintech,
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256821-AP), while the absence of contaminating proteins were confirmed
using antibodies for GAPDH (Cell Signaling Technology, 2118) and calnexin
(Cell Signaling Technology, 2679). All primary antibodies were added at a
1:1,000dilution, excludingGAPDH which was diluted 1:2,000. A 1:10,000
dilution of a goat artrabbit secondary (LCOR Biosciences, 9282211)was
used Protein bands were imaged using adOR Odyssey CLX Imager and

analyzed using the associated software.

Transmission Electron Microscopy

EV morphology was visualized via transmission electron microscopy (TEM)
using a negative staining technique.
fixed in a 1:1 solution using 4% Effrade paraformaldehyde (Electron
Microswmopy Sciences, 154-1 00) f or 30 min at room
droplet of the EVPFA mixture was then allowed to adsorb to a cartmeated

copper grid (Electron Microscopy Sciences, CFZRO25) for 20 min. After a

brief wash using a of a drop of 1X PBBe E\-~coated grid was then placed on

a drop of 1% glutaraldehyde (in 1X PBS) for 5 min. The grid was wasited 5
times (2 min each wash) on deionized water droplets with blotting on filter
paper between washes. The grid was then positioned on a dropleingt

acetate replacement stain (Electron Microscopy Sciences, 22405) and allowed
to dry completely for 10 min. Once prepared, the grids were imaged at 200 kV

on a JEOL JEM 210DaB6 TEM.
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A.2.8. Bioactivity Assessment

Macrophage Stimulation Assay

To asgss the effects of EV isolation technique and culture method on
downstrearmapplications, a mouse macrophage stimulation assay was utilized

[376, 381] RAW264.7 mouse macrophages were seeded at 60,000 cells/well

in triplicate in a 48well plate. 24 h latertwo groups (i.e., six wells) of the
macrophages were pteeated with just media with PBS (vehicle control).

Another group was pretreated using media supplemented witinééxasone

at 1 eg/mL (resuspended in 1X PBS) whicl
SigmaAldrich, D490225 MG). The remaining macrophages weretpeated

with the HEK293T EVs (resuspended in 1X PBS) from the various culture and

isolation techniquest ®E9 EVs/mL diluted in cell culture media. After 24 h of

incubation, the préreatments were removed and the macrophages were washed

once with sterile 1X PBS. Cells were then either treated with just media spiked

with PBS (vehicle control) or media spikedth lipopolysaccharide at 10

ng/mL (LPS; resuspended in 1X PBS; SigAldrich, L4391:-1MG) for 4 h.

The supernatants were then collected from the RAW264.7 macrophages and

frozen at-80° C. Levels of secreted 46, RANTES,and TNRJ wer e assesse
using theappropriate DuoSet ELISA kit (R&D Systems, DY406, DY478,

DY410).
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Tube Formation Assay

HUVECs were used to evaluate effects on endothelial tube formation as
previously describef227]. In brief, HUVECs were trypsinized, counted, and
aliquoted into a tud marked for each treatment that was filled with 2 mL of
EBM2 supplemented with 0.1% FBS and 1% P/S. The cells were then pelleted
at 220 xg after which the supernatant was removed and the cells were aliquoted
to a final concentration of 120,000 cells/mhta complete growth media
(positive control), basal media (EBM2 plus 0.1% FBS and 1% P/S) devoid of
EVs (negative control), or basal media supplemented with EVs (5E9 EVs/mL)

and gently but thoroughly resuspended. The treatments were then applied in

tripicat e at 500 ¢l per wel I-wel plateecoated 6 0, 000

with growth factor reduced Matrigel (Corning, 354230). Cells were imaged at
6 h using a Nikon Eclipse Ti2 Microscope and the number of loops formed by

the HUVECs was quantified ugiimageJ.

Gap Closure Assay

To assess endothelial migration, HUVECs were seeded at 15,000 cells/well in
a 0.1% gelatircoated 96well plate and allowed to grow to confluency. The
monolayer was then disrupted using an AutoScratch (BioTek Instruments;
Winooski, VT, USA) to create a cell gap meant to simulate a wound. HUVECs
were gently washed with 1X PBS and serstarved for 2 h via incubation with
basal media. Following serum starvation, the media was aspirated and replaced

with complete growth media (pitise control), basal media (negative control),
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or basal media spiked with EVs (5E9 EVs/mL). The cell gap was imaged at 0
h and 20 h using a Nikon Eclipse Ti2 Microscope and the change in the gap

area was calculated using ImageJ as previously des¢tié€d

A.2.9. Statistics

Data are presented as mean * standard error of the mean (SEMjvaijwo

ANOVAs with Tukeyds multiple compari sor
statistical differences (p < 0.05) among groups across cell culture conditions

and EV isoléon techniques in thim vitro stimulated macrophage assay. ©One

way ANOVAs with Tukeyds multiple compar
statistical differences (p < 0.05) among groups inrhatro gap closure assay

and tube formation assay. All stattsti analyses were performed using Prism

9.1 (GraphPad Software, La Jolla, CA). Notation for significance in figures are

as follows: ng p > 0.05: * p < 0.05; **- p < 0.01; *** or ###- p < 0.001;

*kk Or #H#HE - p < 0.0001).

A.3 Results

A.3.1.Cell culure condition and EV isolation technique have no effect on EV

size or morphology

As various factors including cell culture methods and isolation techniques have
been shown to influence downstream EV efficf282], we set out to dissect

the effect of thestactors on HEK293T EVs. HEK293T cells were chosen based
on their proven ability to be integrated into scalable biotech processes as well

as demonstrated ability to be engineered for therapeutic EV prod{@80n
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383]. The EVs that they secreted are alsmught to be relatively therapeutically
inert, especially when compared with the EVs ather cell types(e.qg.,
mesenchymal stem cells; MSJ8, 384, 385] Thus, analysis of HEK293T
EVs in biological assays could reveal confounding factors in commaelg u
EV production and characterization strategies. In the current study, HEK293T
cells were cultured in a 3Pprinted, acrylatdbased scaffold hooked up to a
peristaltic pump and operated at a 5 mL/min flow rate (3xdgn/cn?),
constituting a setip whichwill be referred to as the bioreactor. Prior studies in
our lab have revealed that this specific flow rate allows adequate cell viability
and increases EV production (i.e., EVs per ¢&B). HEK293T cells were also
cultured in static scaffolds and T7adks as controls. Conditioned media from
the various culture methods were collected and EVs were isolated via
ultracentrifugation (UC), tangential flow filtration (TFF), or size exclusion
chromatography (SEC) as depictedrigure A.1.A. There were no sigficant
alterations in EV mode size as measured by NTA (Flask 9689 + 5.5 nm;
Flask TFH 86.3 + 6.4 nm; Flask SEC90.9 + 10.1 nm; Scaffold UC88.8 +

6 nm; Scaffold TFF 92.9 + 3.4 nm; Scaffold SECC90.9 + 9.5 nm; Bioreactor
UCT 98.7 + 5.6 nmBioreactor TFA 84.2 £ 4 nm, Bioreactor SEC90.1 + 2

nm) (Figure A.1.B). Additionally, greater than 90% of the EV population from
each sample were well within the range of acceptable exosomal diaméter (40
200 nm) Figure A.1.B) [34]. Immunoblotting emblished the presence of
specific EV markers (Alix, TSG101, and CD63) and the absence of cellular

debris indicators (Calnexin and GAPDHdure A.1.C). TEM images showed
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no effect of culture or isolation technique on HEK293T EV morphology

(Figure A.1.D).
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Figure A.l. Culture conditions and isolation techniques do not impa
significant effects on size or morphology of HEK293T EVs(A) Schemati
depicting the experimental workflow. (B) Size distribution of HEK29R¥ived
EVs generated and isolated via the various culture conditions and is
methods (ultracentrifugation, UC; tangential flow filtration, TFF; size excli
chromatography, SEC). (C) Immunoblotting of HEK293T EVs from flask
bioreactor conditionssolated via UC, TFF, or SEC for Especific markel
(CD63, Alix, TSG101) and cell markers (Calnexin and GAPDH). (D) -
images of HEK293T EVs isolated from the flask and bioreactor c
conditions using each isolation method. Data and images arseatatve ¢
two independent experiments (N = 2).
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A.3.2.Immunomodulatory activity of HEK293T EV preparations is altered by

culture condition and isolation method

HEK293T EV isolates prepared using the various culture conditions (i.e., flask,

scaffold, or bioreactor) and separation methods W€, TFF, or SEC) were

assessed in an LPSimulated mouse macrophage assay, with final-cedsl

being the secretion levels of several inflammatory cytokines (i.ef, IL

RANTES, TNFU) . These cytokines are known to
are correlad with EV immunomodulatorgctivity in vivo [376, 386, 387] It

was observed that levels of the secreted inflammatory cytokines differed
significantly when macrophages were exposed to HEK293T EV preparations

from the various culture methods and isolatechnique combination§igure

A.2). For every cytokine analyzed, there was a significant interaction of culture
technique with isolation method as determined by awayg ANOVA (IL-6: p

< 0.0001; RANTES: p < 0.0001; TN : p = 0.0056) y6sSuropri
multiple comparison tests revealed that HEK293T EV preparations from every
condition, except those from the bioreactor culture isolated using SEC,
significantly reduced the levels of 4& secretion compared with the Li®8ly

group Figure A.2.A). A similar trend, although not always significant, was

observed in the levels of secreted RANTER®)(re A.2.B). Isolating via the

UC method in particular produced preparations with a significantly increased

ability to suppress the secretion of inflammatory kites Figure A.2); an

effect that was often lost if cells were cultured within the bioreaéigu(e
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A.2.B, C). Notably, preparing EV isolates via TFF or SEC weakened the

observed suppression of cytokine secretion.
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Figure A.2. Culture conditions and isolation techniques alter th
immunomodulatory activity of HEK293T EVs. RAW264.7 mous
macrophages were pretreated with either HEK293T EVs from cells witt
various culture conditions (i.e., flask, scaffold, or perfusion bioreactol
isolated using different techniques (i.e., ultracentrifu@éC, tangential floy
filtration ¥ TFF, or sizeexclusion chromatography SEC) or with
dexamethasone (Dex) prior &iimulation with lipopolysaccharide (LP
RAW264.7 supernatants were collected and (ApJI(B) RANTES, and (C
TNF-U secretion was quantified vi

bars represent the standard error of the mean (SEM). Controls nae
represented as dashed lines with dotted lines representing the SEI
includes three technical replicates and data are representative

independent biological replicates (N = 2). Statistical significance
calculated using a twovay ANOVAus i ng Tukeyds mul

(*- p < 0.05; **-p < 0.01; *** - p < 0.0001 compared to LPS nega

control).
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A.3.3. Media compomnds influence the results of the macrophage stimulation

assay

To determine if media components affect the readout of the macrophage
stimulation assay, unconditioned media (i.e., media not previously exposed to
HEK293Tcells) and conditioned media collecfeaim HEK293T cells cultured

in flasks were exposed to the various isolation techniques (i.e., UC, TFF, or
SEC) and applied to RAW264.7 macrophages prior to LPS stimulation.
Interestingly, both unconditioned and conditioned media preparations
significantly and similarly reduced the secretion of8Lfrom the stimulated
macrophages regardless of isolation technidtigute A.3.A). Analysis of
RANTES concentrations reveals a reduction of the cytokine only in the cells
treated with the U@solated preparations with a significant reduction in
RANTES secretion when treated with the conditioned mdelgufe A.3.B).
However, when looking at TNB , the trends reabdily
concentrations were lost, except for a reduction when isolating with TFF

(Figure A.3.C).
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Figure A.3. Unconditioned media subjected to each isolation techniquadter
cytokine secretion in stimulated macrophages in a similar manner

HEK293T EV preparations. Unconditioned media (i.e., ho prior exposur
cell s; 6no cell d8) or media condi
exposed to each isolation pesture (i.e., ultracentrifugation UC, tangentic
flow filtration T TFF, or sizeexclusion chromatographly SEC). Either th
resulting preparations or dexamethasone (Dex) were applied to RAV
mouse macrophages prior to stimulation with lipopolysacdearfLPS)
RAW264.7 supernatants were collected and (ABJLB) RANTES, and (C
TNF-U secretion was quantified via
bars represent the standard error of the mean (SEM). Control me:
represented as dashed limeth dotted lines representing the SEM. Data incl
three technical replicates and data are representative of two indej
biological replicates (N = 2). Statistical significance was calculated using-
way ANOVA using Tuk e ytdsts (ngnp $ 0.05;ptlp &
0.05; **-p < 0.01; **** - p < 0.0001 compared to LPS negative control).
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To determine if these results weanfinedto the stimulated macrophage assay,
uncorditioned media were isolated via UC and applied in two orthogonal

vitro assays. Results showed that in both an endothelial gap closure assay and
an endothelial tube formation assay, unconditioned media did not induce any
significant response anderesimilar to the negative control (i.e., basal media)

(Figure A.4).
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Figure A.4. Unconditioned media do not elicit any significant response in
vitro angiogenic assays(A) Number of loops formed by human umbilical v
endothelial cells (HUVECS) in a tube formation assay after treatment with ¢
media (positive control), basal media (negative control), or unconditioned
following exposure to the ultracentrifugation isolation protocol along with (E
correspoding representative images at 16 hr. (C) Percent gap closure 16
treatment with growth media, basal media, or unconditioned media subje
ultracentrifugation. There were no significant differences betweer
unconditioned media treatment are thegative control (basal media) in ei
assay (p > 0.05). All images and data are representative of two bic
replicates with three technical replicates each. Statistical differences
analyzedusingaongay ANOVA wi t h Tukisondtest (nd
p > 0.05, **** . p < 0.0001).
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