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Abstract

The immunomodulatorgapacityof mesenchymaktromal cells (MSCs) is well
established, anid being explored as a cellular therapy for the treatment of various
inflammatorybasedconditions. h recent yearghe role ofthe MSC secretomen
mediatingthe observed effacy of MSC has come to lighwith their £creted small
extracellular vesicles (sEV) recaig particular attentionMSC potency can be
enhanced by cytokine licensing, a strategy in which MSCs are exposed to cytokines
prior to administratiorto promotetheir secretion of various immunoregulatory
factors. However, the effects of cytokine licensing on the characteristics and
biomolecular cargo of MSGEV have not yet been well establish&iven that
cytokine licensingelevates the immunomodulatory status of the parent cell, it
should also be explored whether this also impart superior functionality to their
secreted sEVIhe aim of thigorojectwas to investigate the effectstafo different
cytokinelicensingstrategieon MSC-sEV, based on alterations in their cargo and

therapeutic poterydn vitro andin vivoin a murine model of corneal chemical burn.

In order to generate cytokine licensed céla] B/c MSCs were cultured with no
supplement, recombinant IBNor recombinanT G F flol 72h to generate MSC,
MSC™° and MSCCP, respectively. SEV, sSEW, and sEV™ werethen isolated
from the conditioned medium of the parental cedilg a combination of
ultrafiltration and size exclusioshromatographyMSC' ¢F,Pbut not MSCEF V°
yielded increased secretion of SEV compared to unlicensed N8fative to
unlicensed sEV, sEV Nexhibited increased expressionMHC | and PDL1 on
their surfacewhereas sEV® F&xpressed higher levels of CD44, CD29, and CD73.
Furthermoregytokine licensing resulted in enrichmentspecific miRNAs in the
secreted sEV, and the different licensing strategies aedaobed uniquéherapeutic
potentiak based on functional enrichment analysis oderexpressedniRNA

transcripts.

In order to assess the immunomodulatory capacity of thatésg sEV, sEVN?,

and sEVC™ were cultured with stimulated allogeneic macrophagesT cellsn
variousin vitro assaysOnly sSEV®™ was found to reduce macrophage expression
of antigen presentation machindHC Il and CD8Q andinduced the secretion of

M2-like cytokines to a higher degree than sEV and'SEVSEV®™ were also
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found to increase Tregxpansiorand FOXP3expression, indicative of enhanced
Treg suppressive activityin contrast, neither SEV nor sEVNelicited any
significantinduction of Treg activity. In a 2D scratch assay, €Y but not SEV
or sEV FNaccelerated wound healing in corneglithelial cells and corneal

endothelial cells.

Given the superior efficacy observed of SEVf it vitro, this product was brought
forward forin vivo testing in a mouse model of corneal chemical bQuwrneal
injury was induced by placing a 1.5rhfilter paper soaked with 1M NaOH on the
central cornea for 30 seconds|léwing which the eye was irrigated with PBS.
SEV' GFWere applied either topically (day 0, 1, and 3) or subconjunctivally (day 0,
and 3), and mice were monitored for 14 d&g/ ™, particularly when delivered
subconjunctivally,amelioratedburrrinduced structural damage and accelerated
restoration of normal corneal thickness, compared tof&ed controlsEV' ©F P

by either administration routdsoresulted in reduced inflammatomyediatorgIL -

1b, 1 NOS) and mi niassocatedcollagervirethecornedatday br osi s
14. Immune cells of the daining lymph nodesin mice that received
subconjunctival but not topicaladministration of sEV©F Bxhibited regulatory
profileswith reduced M1like macrophagesncreased Mz2ike macrophagesand

restored Treg function and balance of Tmeg/Th1l7axis

Overall, different cytokine licensing strategies were found to yield unique MSC
SEV phenotypeswith differing potencies in the context of immunodulation.
Cytokinelicensing withT G F fwas found to enhance the therapeutic efficacy of
MSC-sEV, with SEV' ¢F brepresentingan immunenodulatory therapy with

significant potential asraoff-the-shelfclinical prodict.
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Chapter One: Introduction

1.1 Extracellular Vesicles

1.1.1 Introduction

Extracellular vesicles HV) are a heterogeneous population woénosized
membranesnclosed structusesecreted by the parental célrstdescribed by Pan

and Johnstone in 1983 and describeldaagnga role incellularwaste disposal, EV
were originally found to be secreted by reticulocytes and released into the
extracellular spade€. Their work investigated the mechanism by which
reticulocytes recycle the transferrin receptor, a protein which is lost during
maturation. They found thieansferrin receptaio be packaged intemall vesicles
inside the cel]lwhichwere then secreted out of the maturing reticulocyte into the
extracellular spad®. The term 6exos ombéyylowsioeetd i r st use
describe these nanovesiéleSince these seminal studies, EV have Heandto

be secreted by virtually all cell typemnd EV populations have been isolated from
body fluids such as synovial fluid, saliva, blood, uribegnchoalveolar lavage
fluid, amniotic fluid and breast mifk’. In addition EV can be isolated from cell
culture supernataftarvested ttoughin vitro cell culture.The rapid growth of the

EV field has demonstrated that Eplay important physiological roles in mediating
various biological processes such as haemostasis, inflammation, immune
interactions and angiogenedis, transferring bioactive molecules and conveying

signalsthereby establishing a new paradigm in intercellular communiésfon

EV were originallygroupednto 3 major subtypet exosomes, microvesicles, and
apoptotic bodies categorised based on their method of biogef&sié However,

as the field has grown, additionslibtypes of EV havéeenidentified adding

further complexity to the isolation of pure EV subty{Jés. Dueto overlapping

size density,and compositionsin addition tothe absence of specific marker
expression in any one subtypiesolation techniques likelyresult in mixed
populations of thes&EV subtype¥’. Unless the subcellular origins of each
individual vesiclehavebeen identified and confirmed by a method such as pH
sensing reporter assays, the isolates cannot be definitively categorised as one EV
subtypé>® The small EV fraction which is 40-200nm in sizeand releasedvia
endocyticpathways s generally described as 0exo0so0me:
the focus of this thesis®# However, ISEV committeeshave encourage
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researcher s t oEVY s & Viiddlatdsterwiched indhsssizelrahge
to reflect the heterogeneitygs opposed texosomesandwill be referred tas sV
in this body of work”*8

1.1.2 sEV biogenesiscomposition and characteristics

1.1.2.1 Mode of biogenesis

sEVbiogenesis begins wiihvagination of the plasnmaembranend formatiorof

the early endosomé®!® Endosomes mature into late endoabmultivesicular
bodiesMVBSs) by further budding. The MVB undergoes successive budding events
to create intraluminal vesicles (ILVS) in the lumen of organghésch then fuse

with the plasma membrane, allowing for the release of their contents (i.ein$&V)
the extracellular space via exocytosisowever, lossof-function and gain-of-
function experimentas well as imaging techniquasave established the roles of
several proteinand lipidsin SEV biogenesis and secretjavhich are summarised

in Table 11.

The first SEV biogenesis pathway discovered was the ES@&RENndent pathway,
which involves the four ESCRT complexes (ESCGRT, -Il, and-IIl) being
sequentially recruited to the maturing endosome. ESCRIT and-II recruit and
sequestetransmembrane receptors to [12¥8. However, his is not the only
pathwayyielding SEV biogenesis. Indeed, knatdwnor silencing oESCRT
machinerydoes not result in complete inhibition o sEESCRTindependent
biogenesis of SEV mediated by thendecarsynteninALIX pathway, and the
role of lipids in controlling endosome biology have recently come to*fight
Ceramides have also been found to induce spontaneous invagination and
endosomal formation due to their cestgaped structure and potential to induce
negative membrane curvatéteThis highlights the complexity afEV

biogenesisand it is clear there is much yet to be discovered in thigtield

It is important to note thahé formation of the MVB does not necessarily result in
the release of sEV, as MVBs can afsse with thelysosome or autophagosome
resulting in their degradatiaand release into theytoplasm Only the MVBs which

are trafficked to and fuse with the plasma membrane result ifa@ation'%12
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Process Biomoleculesinvolved Ref
Early endosome ESCRTcomplexesyYps4, Clathrin, 10.20.2831
formation tetraspanins, RAB GTPasaholesterol

ILV budding and MVB | ESCRTcomplexesRAB GTPases, | 21:23252632
formation Syntenin, ALIX, Syndecan,
Tetraspanins, SMaskeatshock

proteins, ceramide

Trafficking to and fusion RAB GTPasesSNAREs, actin 3335
with the plasma

membrane

Table 1.1 Proteins involved in the biogenesis of sEV.ossof-function and gairof-
function experiments have identified the role of various proteins and their involvement in
the multistep process of SEV biogenesis.

However, he processes and signalling pathways which govern the fate of the MVB

are poorly understood.

1.1.2.2Characteristcs, composition, and cargo sorting

SEV exhibit a rounded morphology, typically-200nm in size, and have a floating
density of 1.1-1.19g/n.818 Although there are nepecific markers, sEV are
known tocontain potein families associated witheir biogenesigseeFigure 1.1).
Proteins involved in formation of the early endosome such as E®CRIbunit
TSG101 have been identified in sEMward buddingof the endosomalimiting
membrane tareatelLVs alsoresults in transmembrane protemesent on the
plasma membrangsuch as CD@&nd CD81) being sorted into the newly formed
vesicle$. The etraspanin CD63 often localised tintracellular endolysosomal

compartmentandis incorpordedinto ILVs during buddig.
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Figure 1.1 Cargo and composition of SEV.The processes in which sV are generated
result in several biogenesassociated proteins and lipids being incorporated into the
secreted vesicleddapted fromKalluri et al?®.

SEV are also rich in lipids such elolesterol, phosphatidylserine, sphingomyelin,
and ceramide which play varied roles in SEV biogenesis, and are important in
maintaining SEV structure and integfity®?’3° Membrane fusion proteins

including annexins and flotillins are also highly enriched in¥gv

The early studies oreticulocyte ecycling of the transferrin receptoighlights the
notion that seV cargo can also be dependent on the cell from which they are
derived-? All SEV share some commonality in their cargo due to their mode of
biogenesis, but their functions and activity are highly heterogenous due to the
specific cargoes loaded in different cell types. Furthermore, sV cargo will also
differ based on factorsish as physiological state, disease status, and afd#og

this reason, sEV hold great promise as biomarkers for several disease states as they
can provide information on the physiological state of the cell from which it was
secretedbased on the protein and RNA caty®f. The first invagination of the
plasma membrane results in eslirface proteins and soluble proteins in the
immediate vicinity being included in the early endosome. Therefore, cftevi
express surface markers unique to the parentét.cell
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It has long been debated whether cargoes are sorted into SEV selectively through
specific processes, or if by passive loadffrt¢*: It is currently unknown whether

cells package sEV witbarticularcontents in order to convey messages in a specific
and regulated manner, or are the SEV contentssetattive samples of parental

cell cytoplasm and membranes. There are several studies supporting the argument
for active cargo sorting in sE¥* ESCRT machinery specifically sequesters
transmembrane proteins to ILVs, creating sites of concentrated cargo which are
incorporated into budding ILVs. This action in itself suggests ESCRT complexes
are involved in specific cargo selection. Also, respsntge stimuli and post
translational modifications alter interactions between chaperone proteins cell states
and responses to external stimuli can have an impact on cargo‘Sdriffig

The level to which passive cargo loading occurs, whereby random inclusion of local
cytosolic proteins upon ILV budding takes place, is difficult to measure. In theory,
passively loaded cargo would increase or decrease based on cellular expression and
proximity to the MVBs. Overexpression of specific miRNAs has been found to
result in higher levels of that miRNA being present in secreted sSEV. It is not known
whether the higher cytoplasmic levels of miRNA lead to more being available for
active transport, oif there is simply more available to be passively loaded.
Interestingly, there havalsobeen a handful of studies showing SEV can acquire
soluble proteins in the extracellular microenvironment onto their surface, post
secretiof”*® The exact mechanisms of protein adsorption into/onto the sSEV
membrane and whether these proteins are still functional requires further

investigation.

Multi-omics technologies angkquencing analyses havaw revealed sSEV carry a
wide range of bioactive molecules, includprgteins small RNAs andipids which

can be delivered into the recipient agftoplasm inducing functional changé%*?

®1 The mechanisms of sEMediated intercellular communication will be discussed

in the following section.

1.1.3 seEV-mediated intercellular communication

We now know thathere are two major mechanisms through which sgV transfer

signals and messages to recipient ¢skeFigure 1.2). The first is through cargoes
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present on th&aceof the sEV, which can be presented to the recipient cell allowing
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Figure 1.2 The fate of SEV upon releasdrom the parent cell. SEV can interact with
recipient cells through various mechanisms. Intravesicular cargo can be delivered directly
into the cell cytoplasm or can induce signalling pathways by ligaceptor binding at the

cell surface. Adapted from Van Niet al!%.

for receptofligand interactions and activation of intracellular signalling
cascade¥!®2%4 The second major mechanism is through internalisation of the
SEV into the recipient cell, trafficking to the lysosome for degradation and release
of the intravesicular cargoes into the recipient cell cytoplagrch alter cell
signalling pathways, transcriptional regulation, and overall cell behaviour and
functionality’®. The roles of SEV secreted from virtually all cell types in maintaining
physiological states as well as pathophysiological process has become intreasing
evident, with established roles in cancer, immunomodulation, neurodegeneration

and neuroregeneration, and cardiovascular dis€48es

In a 1996 study by Raposo and colleagues, B cells were found to Sdef€td -
containing SEV*1. These vesicles were then shown to induce antgegificMHC
II-restricted T cell responses, indicating that these B cell SEV play a role in antigen
presentation and, for the first time, that SEV wei@ogically functionatl. This

work in particular captured the attention of many, and ultimately led to the

explosion of interest in SEV as mediators of intercellular communicdtiather
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studies on immune cetlerived sEVhaveestablished the role of these vesicles in

playing key roles in regulating the immune syst&ph

Functional transfer of the intravesicular cargo of SEV fivesconfirmedby Valadi

et al.in 2007°. In this studythey confirmed the presence of small RKKARNA
and miRNA)in seVisolated frommurineMC/9 mastcell line, which was resistant
to degradation by RNase and trypsin, thereby confirming the small RNA was
encapsulated within the sEFMunctionality of the MC/3EV mRNA wasevidenced
through translation of mouse proteindn recipient rabbit cells, suggestinga
previously undescribehtercellular communicatioparadigmfor which sV are
responsible Furthermore dendritic cell SEV loaded with exogenous siRNA by
electroporation and delivered to neuromsgroglia, and oligodendrocytes in the
brain resuled in a specific gene knockdowand efficacy of the sEvhediated
siRNA delivery was demonstratdy strong mRNA (60%) and protein (62%)
knockdown of the target proteff. The importance of SEV internalisation by
recipient cells, leading to thelease ofEV luminal conteneand delivery ottargo
into the recipient cell cytosah order to enact their mechanisms of communication
has been highlight&#°°,

SEV can enter the recipient cell by various routes, including endocytosis (clathrin
dependent, caveolidependant, or lipid rafnediated), membrane fusion,
macropinocytosis, and phagocytosseéFigure 1.2). ?The uptake mechanism
used by ay givensEV to gain entry into a target cefiay depend othe specific
proteins andlipids expressed on the surface of the vesicle and target cell
membran. Tetraspanins, integrins, lectins, glycans, and Jipidtling proteins

such as annexins have been identified on the sEV surface which play major roles in

their uptake by target celfs

A heterogeneous sEV population is likely to be internalised by several routes. Use
of blocking antibodies to test the role of specific ligands or receptors, and use of
chemical inhibitors to block specific uptake pathways can be used to tease out
moleculamechanism@’L This has allowed for growing list of specific protein
protein interactions that mediad&V attachment and uptake into cel$owever,
some inhibitordvave known (or potentially unknown) cressactivity with multiple

pathwaysThe pleiotropic nature of these compounds means that interpretation of
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such data must be tempered wittreme cautionFurthermore, frequent failure to
completely abrogate internalisation following treatment with any given inhibitor
indicates sEV uptake occurs through more than one mechasivhorigin is
thought to play a role in determining cell targets or the secreted’sEle
particularsEV surface coron# dependent on the parental cell asb indicates
that SEV may possessselective tropism for uptake by specific €ii’>"4 For
example, a recent study showed that cancer stert@elled sEV preferentially
target MHC 1l-negative macrophage ovéHC Il expressing macrophage
Furthermore,he potential organotropism of SEV upionvivo administration may

be predicted based on the surface profile of sEV and caenbancedby
engineering techniqué%’”. This should allow for highly specific uptake of SEV by
target cells and minimise uptake by other cell types, ensuring maximal response.

The sEV membrane is enriched in cholesterol, sphingomyelin, ceramide and lipid
raft proteins enabling membrane fusion with target cells and traffickirsf\éf
through the body, regardless of biological bartfeTetraspanins regulate
numerous biological functions such as cell adhesion, motility, activation,
proliferation, and vesicular and cellular fusi®@everaliruses and parasites depend

on tetraspanins for cell entry and spré& As discussed in the previous section,
these molecules are highly abundant onsthé surface, andeveral studies have
shownantibodiesblocking tetraspaninsduced uptake fEV by target cell$82
Formation of tetrasparienriched microdomains comprised of clusters of
tetraspanins, adhesion proteins and transmembrane receptors ptashea
membranenediate vesicular fusions and plays a rolesiBV docking and uptake
Ranaet al. have alsareportedthat selectivesEV uptake by cells and tissues is
critically dependent on the tetraspanin web compostidrherefore, changes in

the expression of specific tetraspanins may modulate selective targeting and uptake
of sEV, thereby affecting the cellular responkgegrinshaveestablished roles in
cell-to-cell adhesion, cell signalling, and antigen presentation, andiligal roles

in sEV docking at cell membranes and subsequetarnalisation.The role of
integrin avb3 in the adhesion and uptak
demonstrated when sEV uptake was significantly inhibited upon its block#de wi

a disintegrin inhibitarintegrin beta 3 (ITGB3has also been reportedfaxilitate

SEV uptakeby focal adhesion kinasmediated endocytosis in breast cancer ¥ells
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Targetingof U6 b4 and Uvb5 i nts&suifacesbyblockicgat ed on t
peptides has also been showrdexrease sEV uptakend played major roles in
tissuespecific targeting and metastasis to the lungs and tiv@lycans and lectins

have also been identified as regulators of SEV uptdke

1.1.4 Challenges associated with sV research

Despite substantial progress in the sEV field, there are considerable challenges
associated witlsEV research('8. sEV released from different cell types, species,
and strains are highly heterogeneous in size and composition. The separation of
SEV from other EV populations is further complicated by the complexity of the
extracellular milieu. The presence of otherragéllular structures such as LDLs

and chylomicrons, extracellular proteins and RNA, is difficult. There are several
methods to isolate EV populations, such as ultracentrifugation, ultrafiltration, size
exclusion chromatography, FPLC, density gradient. él@x, obtaining a totally

pure SEV population is technically challenging and no one method allows for
complete separation of sEV from all other components of the s&ifleEhis

results in different separation techniques enrichingskV with variable purity,
resulting in variable content and function. It is often a balancing act between
optimising sSEV yield and purity. For these reasons, potency and functionality of
SEV isolated from the same cell types can be highly variable acroasctegeoups,

given that one product is likely to be highly heterogeneous compared to &hdther
Meaningful interpretation of results will rely on transparency in reporting of
parameters employed to isolate and characterise th&'3EV

Although it is possible thatraisolatethat contains nosEV structures and other

components otell secretomein fact, be mordunctionally potentthan a pure

population of SEV, we cannot definitively associate seV functionality and efficacy

unless a high level of purity is achieved. Misattribution of SEV function is highly

common where low purity products are used, and major conclusions in several

articles on sgV biology are not sufficiently supported by the information provided.

There is a need to deteine the sole contribution of SEV to the experimental
outcome, and not the O6contaminatingd compor
the specification of function andvel of characterisatioa regulatory body might

require when bringing a SEV product toward clinical trans|&idh

10
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1.1.4.1Standardisation of sEV reporting

Due to the high level of variation of SEV isolation and storage techniques between
research groups, as well as inconsistencies in EV vernacular and nomenclature,
comparisons between studies is a major challenge in the sV field and has
hampered the progression of the f#éff. For these reasons, in 2014 the
InternationalSociety for Extracellular Vesicles (ISEV) board members introduced
the first guidelines on the minimal experimental requirements required to define EV
(MISEV guidelines) and their functions, in order to provide guidance on the
standardisation of protocotnd reporting in the EV fiefd. A major goal of the
recommendations was to improve the reliability and reproducibility of EV research,
further promoting the advancement of the field. An update to the criteta
releasd in 2018 to revise the recommendations based on discoveries and advances
in the EV field, and a 2023 update is pending

EV-TRACK (Transparent Reporting And Centralising Knowledge in EV research),
established in 2017, is a database which allows the recording of various parameters
of any given study on E¥. The goal of this consortium is to facilitate the
standardisation of EV research by increasing systematic reporting on EV biology
and methodologyThe EM-METRIC is a scoring paradigwhich was created as

part of this consortium as a measurdlwf level of transparency in reporting of
experimental parameters. It is presented as a percentage of fulfiled components
form a list of nine, which were identified as indispensable uoambiguous
interpretation and independent reproduction of EV experiffeiResearchers in

the EV field are encouraged to obtain the-M¥TRIC of their work prior to
submitting a manuscript for peer review, which will then be uploaded and an EV
TRACK ID assignedData repositories such as Vesiclepedia and Exocarta have
alsobeen established to allow researchers worldwide to upload published data on

EV composition and car§®®®

Despite initiatives such as EWVRACK, MISEV, and EV databasesansparency

in reporting and standardisation of methodology remain two of the greatest
challenges for th SEV field®. Successful translation of sEV for therapeutic
purposes will rely on the establishment of rigorous standards for SEV isolation and

characterisation.

11
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1.2Mesenchymal stromal celderived sEV

1.2.1 Mesenchymal Stromal Celland the role of their secreted seV
Mesenchymal stromal cells (MSCs) are a heterogenous population of multipotent
progenitor cells that play a critical role in tissue repair and regeneiati7irio.

First identified by Friedenstein and colleagues in a series of studies in the 1960s
and 1970s, MSCs were originally described as a subpopulation of non
hematopoietic cells present in bone marrow distinguishable by their adherence to
tissue culture plagj fibroblasticlike morphology, and tendency to form colonies
duringex vivoexpansio#”1%1 Under specific conditions, these cells were capable
of differentiating into several cell types of the mesenchymal lineage, namely
osteocytes, adipocytes, and chondrod{tesUpon furtherinvestigation, the cells

were found to have a high proliferative capacity while still maintaining their
multipotent differentiation potential. Given their stéike characteristics of self
renewal and multipotency, the term mesenchymal stem/stromal cetoieed by
Arnold Caplan, circa 19942

While originally isolated from bone marrow, MSCs have since been identified in
most tissues and have been isolated from adipose tissue, umbilical cord blood,
skeletal muscle, lung, and dental pulp, among several 8thewSCs reside in
perivascular spaces surrounding almost every ti€suehysiologically, MSCs are
thought to play an important role in maintaining tissue homeostasis by sensing

tissue damage and promoting refait%

Despite the extensive research into MSC biology following their initial discovery,

a putative MSC marker has not yet been identified. This led to purity issues when
sorting MSCs from heterogenous populations in early studies, causing variable
outcomes in ptency assessments. In 2006, the Mesenchymal and Tissue Stem Cell
Committee of the International Society for Cellular Therapy (ISCT) established a
set of criteria to define an MSC, amattempt to standardise and refine research in
the field®”. Firstly, the cells must adhere to tissue culplastic Secondly, the cells

must express cell surface markers CD90, CD73, CD105CBEa®, and must lack

the expression of CD45, CD34, CD14, CD11b, Cldrt§ MHC class IIFinally,

the cells must demonstrate a capacity for trilineage differentiatamtipogenesis,

12
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osteogenesis, and chondrogenesis. Standardisation of MSC characterisation by the

ISCT has significantly accelerated progress in the field.

Given their established multipotent differentiation potential, ease of isolation and
expansiorex vivg MSCs were identified as a promising cell therapy candidate in
the regenerative medicine fielflhe eparativeandimmunomodulatoryfunctions

of MSCs have beendemonstrated in several pcknical models including
osteoarthritis, myocardial infarction, cutaneous wound healing, renal failure, and
retinal degeneratidff 1'% MSCs were originally hypothesised to engraft directly
at the site of damaged or diseased tissuesaahdtethe extent of injury via direct

cell replacemenrtased on their capacity for multilineage differentiatibhas since
come to light that MS@nediated effects occur independent of cell differentiation
and engraftment. Rather, only a small fraction of administeredreetiginsat the

site of injury, with high levels of MSC apoptosis and clearance rapidly following
administration'>'2 The extensive research into understanding M&iated
therapeutic functionality has revealed thmportance of theitrophic factorsand,

in particular the role oftheir secreted sEVh mediating the observatierapeutic

effectd3117,

1.22 MSCs, MSGsEV, andimmunomodulation

As is the case with most cell types, sEV are constitutively secreted from MSCs to
mediate intercellular communication. MSEV have pleiotropic effects on
recipient cells given the large number of different nucleic acids (MRNAs, miRNAS,
tRNAs, DNA), protens, growth factors, cytokines, lipids, and various other
biomolecules they carty*'8 The cargo transported in MSKEV have been shown

to be involved in ceitell signalling, cell adhesion, angiogenesis, apoptosis, and
immune responseAs discussed in section 1.1.2, while there are commonalities in
cargo across all sV in terms of composition, SEV are often thought of as a
fingerprint of the parental cell and the exact cargo of an sEV is dependent on the
cell from which it is derivett®. Proteins natively present on MSCs suciCB¥3,

CD44, and CD29 are also expressed on their secreted 5V These adhesion
proteins are also involved in MSEEV homing toinjured and inflamed tissu¥s,

Given the established roles of integrins and glycoproteins, CD29 (infedripn a n d
CD44 likely play a role in MS&EV uptake by target ceft$!?2 Blockade of the

13
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glycoprotein CD44on MSGSEV has also been shown to downregulate their
internalisationby tubular cells!'®. The enzyme CD73 promotes immunological
tolerance by inducing regulatory T cell phenotypes, and promotesgiki2
macrophageshrough regulation of adenosine productidi?4 Functionality of

CD73 expressed on MSESEV has been established, a studyGrgnanoet al.,

found the potectiveeffects of MSGSEV onischemiaenaldamage in @re-clinical

rat model to be dependent on CD73 expression on the-8E912 The
immunomodulatory and regenerative capacity of MY has now been
extensively investigated in various disease models. Application of-BECwas
shown to inhibit osteoarthritis progression by promoting the induction elikéd2
antrinflammatory maasphages and suppression of inflammatory cytokine§, IL

IL-1 b, an'd® Rongé& El. showed MSGs EV suppressi-on of
cateninpathwayby inhibiting, -SMA and type | collagepreventedstellate cell
activation thereby reducing liver fibrosis andncreasing hepatocyte
regeneratiott’. A study by ShigemoteKuroda et al. directly compared the
immunomodulatory effects of MSCs and their secreted SEV in-alipieal model

of type 1 diabetes and uveoretinitis and found sSEV treatment to be as effective as
the parental cells in suppression inflammatory signaffhgThe specific
mechanism of action of MSEEV-induced immunomodulation is not well
understood and likely depends on several factors, and also may depend on the
disease state. However, mounting d&ttangly support the notion that MEEV

exert immunosuppressive effects on immune cells

miRNAs are small, single stranded RNAs whiggulate gene expression at post
transcriptional levelthrough interaction with 8|JTRs to cause translational
repression or degradatiomiRNAS constitute an importaritaction of MSGsEV

and have been widely studied due to their ease of identification and mechanism of
action. miRNAs are also of great interest in biomedical applications both as
biomarkers of disease and in terms of use as a therapy, and the miRNA content of
MSC-skEV are thaght to be major contriiors to their observed therapeutic
efficacy.miRNA cargo is also protected inside the EV membtariit is released

in a solubldform, it can be degraded very quickly. This is a major advantage of SEV
delivery of miRNA for intercellular communicationHowever, there are

contradictory reports on whether the miRNA content is stoichiometrically relevant

14
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and if their copy numbers are biologically releV&hiOne study found there to be
less than 1 copy of a given miRNA p&EV'°. Determining the relevant copy
number which needs to be delivered into a given cell to induce functional change is
hard to quantify, aslawer miRNA copy numbers would be requifed a miRNA
already close to the threshold in the receiving*€elFunctionally, MSC-sEV
mMiRNAs have been implicated in maogllular activities such as angiogenesis and
antiangiogenesis, immunomodulation, aapioptosis and antibrosis. miR-181c

in umbilical cordderived MSC-seV was found to attenuate bummduced
inflammation by suppressing thELR4 signalling pathwayand miR146a was
foundto be responsible fanacrophage polarization 2-likeéantrinflammatory

states whichattenuated inflammaty signaturesand improved survival in septic
micet*2133 miR-223in bone marrowderived MSGSEV has also been highlighted

as a mediator ofardioprotectiorin sepsignodel$32134 MSC-sEV-delivered miR

155, miR146a and miRR1 have been identified in promotimggulatory T cell
(Treg) maturation and functiorMSC-sEV expressingniRNA-181-5p and miR-

122 have been found to contribute to their obseraratiHibrotic effectsand the
amelioration ofliver fibrosist*>'3¢ Similarly, umbilical corederived MSC-sEV

were found to reduce scar formation during wound healing of skin defects in mouse,
and this was attributed to roless#V-deliveredmiR-21, miR23a, miR125b and
miR-145 in suppressing myofibroblast formation by inhibiting 62 / S ma d 2

signaling®”.

Given thatsEV carry a wide range of bioactive cargo and have the potential to
regulate several biological processes, they represent a dynamic therapeutic

treatment modality that supports various arms of the tissue repair response.

1.23 Employing MSC-sEV as therapeutics

1.23.1 Advantages of a ceftee product

Although MSCs have been proved to be safe in various clinical trials, there are still
concerns surrounding the many potential adverse effects associated with whole cell
therapy, and numerous advantages offte# derivates have been highlight&d

142 The malignant potential of MSCs has been highlighted, and while it remains a
low probability event, the risk is substantial and may have serious consedffences

145 The unpredictability of living cells and thepotential for malignant cell

15



Chapter One: Introduction

transformation cannot be nullified, and current technologies for definitive testing
for the presence of small numberstaforigenic cells are inadequfte Studies

have also suggested the role of MSCs in progression of tumorigenesis and
contribute to the immunosuppressive microenvironitént Given their
multipotency, another adverse event associated with MSCs is the potential for

spontaneous differentiatiéfi. In contrast, MS&EV are norreplicating.

The O6pul monary first pass effectod has
intravenous MSC delivery, in which the cells become trapped in the alveolar sacs
of the lung and do not reach the intended site of ihfi*® Furthermore,
embolization of lung vesselby MSC can be fatal, as evidenced in mouse
modeld**1*? Given the nanoscale size of SEV however, they are much less likely
to succumb to this fateAside from the safety benefits, ease of storage and handling
of MSC-seV compared to MSCs themselves are significantthermore, MSE

SEV can be mass produced.

The use of MSGSEV as a celfree therapy circumvents many of the issues
highlighted with wholecell therapy. For these reasons, MSEV represent a
highly desirable treatment modality for a wide range of diseases, and the promising

safety profile of MSGSEV should accelerate translational effGPts™

1.23.2 Autologous versus allogeneic MSEV sources

Diseased patients may have altered cellular activity, renewal, proliferative capacity,
immunoregulatory capacity, phenotype, epigenetic changes, and senescence. MSCs
derived from elderly patientsre not as efficaciod$2 Further, in terms of
feasibility autologousEV approaches are unrealistic. Time taken to harvest the
cells, expandn vitro to sufficient numbers, isolagEV, and characterise is a very
lengthy process. Some diseases can progress very rapidly and csiglifieantly
advanced at the point of treatment. Many patignésenting at the clinicequire
immediate intervention to minimise the risk of leregm complicationssuch as is

the case with severe burns and sttekeAn off-the-shelf therapy which is readily
available is crucial in these settings. For this reason, autologoussEé@erapy
would not be suitable, considering the extensive time required for MSC isolation,

expansion, andeV isolation of sufficient quantities.
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MSCs express MHC and there is a potential to elicit strong allogeneic immune
response in MH@nismatched recipients. HoweviHC | expression is low and
MHC 1l expression isabsent,and several prelinical and clinical trials have
confirmed the safety profile of using MSCs in an allogeneic setting indicating their
low immunogenicity. As a result, it has been assumed that-BCalso possess
low immunogenic profiles and should betable for allogeneic therapy. MSSEV
safety profiles have also been Gianed in several preclinical disease models, and

also in early phase clinical trials which will be discussed in the following séttion

1.23.3 MSGsEYV in clinical trials

MSC-sEV are an exciting novel celtee therapeutic strategy améve entered
clinical trials for the treatment of various diseases, including GvHD, chronic kidney
disease, osteoarthritis, COVDY, type 1 diabetesnellitus acute respiratory
distress syndrome, and macular degeneratiii>1>¢ Studies to date have been
centredon thefeasibility, safety andtolerability of MSC-sEV in patients, with
some detailing efficacy of the therapy

Clinical efficacy and safety @fllogeneicadiposederived MSCsSEV wasevaluated

as an adjuvant therapy after application of fractiona GSer for acne scais a
12-week prospective, doubldind, randomized, splitace trial 25 patients
received three sessions of laser treatment, following wdnietside of the face was
treated withthe sE\fcontaining @l and the other side was treated with control gel.
SEV treatment was associated with milder erythema and reduced scarring scores,

reduced pore volume and reduced skin surface roughness compared to'ébntrols

A case report on the potential benefiabbgeneiaVISC-sEV for preventing GvHD

was described in one patient, 2814, wherdoone marrowderived MSGSEV were
administered daily for two days, followed by an increased dose ev@ijags®e

Blood sampling revealed a reduction infméiammatory cytokinesL-1 b , TNFU,
and IFN"Y and GvHDassociated symptoms such as diarrhoea quantity were
decreased. Unfortunately, the patient died from pneumonia 7 months after therapy.
However, the promising therapeutic potential of MS&/ in treating GvHD
warrants further, more comprehensivaedses.
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The safety and feasibility of umbilical codrived MSGSEV were evaluated in a
first-in-human applicatiorfor the preventionof inflammationassociated with
cochlear implantatigrdescribed by Warneclat al in 20215, Delivery was found
to be safe, with no signs of acute systemic or ldoalcity during a5-day
observation period posurgery Furthermore,the patientshowed stability of
speech intelligibilityduring the 24month followup. This study confirmed that
safety and feasibility ointraoperative application dadllogeneicumbilical cord
derivedMSC-sEV.

The safety of nebulised adipederived MSCsEV was also established in healthy
volunteers, in which 24 individuals received a single dose ranging Zremi®
particles to 16 x particles(NCT0431364 7% All volunteers tolerated theEV
nebulization well, and no serious adverse events were observed from starting
nebulization to the 7th day after nebulizatiblebulised delivery of MSGEV is

of high relevance for diseases of the lung and would allow direct delivery of the

therapy to the site of injury.

Early phase trials evaluating the therapeutic effectiveness of$EMn treating
dry eye disease (NCT04213248 NCT0573862% retinitis pigmentosa and
correction of visual acuity NCTO05413148 macular degeneration
(NCT03437759 COVID-19 (NCT05787288 NCT04969172 NCT04313647,
ADRS (NCT0512712%, anal fistulas NCT05499156 NCT05402748 and bone
tissue defectsNCT05520125, are currently ongoingdowever, MSGsEV face
numerous challenges for their translation as an effective therapeutic prodist
discussed in section 1.1.4, extensive heterogenedgnsistent SEV isolation and
characterisation methodologgading to variationsin sEV size, composition,
functionand potencyas well avariable dosing strategiesmpromises intestudy
comparisons. Optimal route of administration and MSC source also refguiher
investigation in order to accelerate MSEV therapies.Nevertheless, the
promising safety profiles of these early clinical trialg igsromisingindicatorfor
the future of MSGSEV products
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1.24 Cytokine licensing as a strategy to improve MSGEV potency

1.24.1 Rationale for MSC licensing

The phenotype and function of MSCs is not fixed. MS@®sent high
immunoplasticity with mechanical and biochemical cues in #m®@vironment
having a significant impact on MSC actiVity, Furthermore, MSCs in their naive,
resting state are nogpically highlyimmunosuppressivé>1%° These cells acquire
this phenotype through activation by stimuli suclinlammatory cytokines in the
inflamedinjury siteor by the production of inflammatory mediators in afgnor
immune respons@’. Microenvironmental cues induce the expression and secretion
of various immunanodulating factors, allowing them to exert their powerful
immunoregulatory effect®®16214 |t should be noted that licensing can be induced
by various methods, such as incubation in hypoxic conditions and mechanical cues
via topographical chang@s-%1165167 This body of work will focus specifically on

MSC licensing via exposure to cytokines.

Enhanced MSC immunomodulatory functiotitgough preactivation was first

described byKramperaet al. in 2005, in which they assessed tiechanisms

behind MSC suppression of allogeneic lymphocyte prolifer#tionhey found that

this effect was not contact dependant requiredhe presence of T cetlerived

IFNo, which was secreted by the allogeneic T cells as part of thel@mir

response. This secretdNo st i mul ated MSC producti on
suppressor of proliferatiomMoreover, MSCs could suppress B cell proliferation,

which do not secrete IFN, only wh&N ewaoyg eandbdiesd t o t he
This further solidified that MSCs only have suppressive effects on immune cell
proliferation when actiied withIFNol n a st udy by Pol chert an
was found to induce MS@ediated T cell suppression in a daependent manner

in a rat nodel of GVHD', This antidonor immune response producing -pro
inflammatory cytokines induced by the administration of allogeneic MSCs and the
subsequent priming effect on MSC has now been described in detail. This prompted

our group and otherto investigate practivation or licensing of MSCs with

cytokines prior to administration, as a means enhancing potential therapeutic
efficacy by inducing high levels of secretion and expression of various

immunomodulatory molecules before they reach tite sf injury'#”:159.164.169
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Gven its abundance in the early phase of
highlighted early on as a potential cytokine for MSC licen$i§®1® 1-F No

licensed MSCéave been shown teduce levels of pranflammatory cytokines in

tissues, enhance cellular migration to injured tissues, and improved attenuation of

pathogenic inflammatory responses compared to untreated M&®E6in vitro and

in vivote317

Unfortunately, in addition to their enhanced immunosuppressive capacity, the use
of proinflammatory cytokines for licensing has been found to elevate the
immunogenic profile of the MSCsAs described in section 1.2.4.Zete is
extensive evidence to suggest the low immunogenicity of naive MSCs, as the cells
express low levels oMHC | and do not expressMHC II. However, studies
investigating the expression levels of immunogenic markers on MSCs following
cytokine treatment has elucidated significantly gptated expression dfIHC |

and Il on the surface of MSCs, making the cells more evident to host CD4+and
CD8+ T cells. This is particularly problematic when considering allogeneic MSC
therapy, as this heightened capacity for host immune cell recognition is likely to
culminate in db-MSC rejection and failure of therapeutic efficacy and potential for

harmful adverse effecd' 172

There is &0 asmall body of work investigating th@eiotropic cytokineT GF b 1
for MSC licensing®+1741”|t is not a conventional candidate, given that the original
rationale for cytokine licensing was utilising factors highly present in early stages
of inflammatory microenvironments. Howevér,G F fnds well established roles

in homeostatic regulation of several cellular processes including proliferation,
migration, apoptosis and wound healiffgPrevious work carried out by our group
has established the highly potent phenotypd d& F fiiceEnsed MSCs as evidenced
through their suppression of T cell proliferation, induction of regulatory T cells and
preventon of corneal allograft rejectiom vivo'®4 In addition, a study by Ghosh
and colleagues foun@ G F fiicensed MSCs to accelerate epithelial cell wound
closure by enhancing migration and engraftment of cells in -&lipieal biopsy
punch modéf’“. Interestingly, there is no upregulationNdHC | or Il molecules on
MSCs subjected to licensing with G F °#%* This is in contrast with MSCs

licensed with pranflammatory cytokines which typically exhibit elevated levels
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of immunogenic antigens on their cell surface. GivenTh&F ficknsing allows
for enhanced wound healing compared to unlicensed, but does not induce
iImmunogenic antigen expression, this licensing strategy is pdtgnhieghly

attractive for clinical settings.

Interestingly, allogeneic MSC have been found to have superior efficacy compared
to syngeneic MSC iim vivomodel$’51"7 Our group and others have hypothesised
that the recognition of allogeneic antigen by Mid@matched MSCs induces
immune responses, providing anvivo priming stimulus, allowing the MSC to
acquire immunosuppressive status, which would not occur with syngeneic MSCs
with the same MHC haplotypg$176.177

It is well established that different licensing strategies induce unique MSC
phenotype¥4174178179Thjs gives rise to the potential for specific MSC therapies
depending on the desired mechanism of action and outcome, which is highly
variable depending on disease state and patient presentation. Therefore, the optimal
choice of cytokine(s) for MSC liceing should depend on mechanism of disease,
phenotype of MSC following cytokine licensing, mechanism of MB&tliated

effects, and the desired therapeutic outcome.

1.24.2 Impact ofMSClicensing orsecreted BV

SecretedEV do not possess a nucleus and cannot respaytbiane licensingn

the same waas the parentalSC, whichelevate the secretion and expression of
various immunomodulatory factons response to licensihf*8%18! Considering

SEV cargo is dependent on the cell fromich they are derivedind that licensed
MSC have shown enhanced immunomodulatory potential compared to their
unlicensed counterpartsne would expect sV derived from licensed MSC to have
superior immunomodulatory capacity compared to those derived from unlicensed
MSC.

Differential SEV cargo has been identified in various cell types depending on their
activation state. SEV secretedi ke-O6mpmacr
i nfl ammat orlyi kveeinflaranmatoiskd@s have significantly altered

cargo profies'®2 TDO2activated skin fibroblasts secrete sEV with a functionally

distinct cargo compared to their quiescent countedSartthe sEV from these
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activated fibroblasts potently suppressed the secretion of-iffammatory
cytokines from macrophage, an effect which was found to be dependent on the
altered sEV small RNA card8®!®* These studies demonstrate that one cell under
specific conditions can secrete sV with differential cargo aaskd on the
hypothesis that sEV cargo is a fingerprint of the cell from which they are derived
and recapitulate the parental cell properties, one would expect the cargo of sEV

isolated from licensed MSC to yield enhancefficacy compared to naive
MSC150’162’18.5

Given that IFN is one of the most widely used stimuli for MSC licensing, it is
unsurprising that much of the work investigatM&C-sEV licensingalsoutilises
IFNo'8€. However, results have beasonflicting and inconsistentwith some
observing that IFBhas no meaningful effect on MSKEV functions®’. Serejoet

al. found IFNb licensing induced thexpression ofIDO mRNA in adiposealerived
MSC-sEV which was not found in naivelSC-sEV!8. However, IFN licensing
yielded nobenefit over unlicensed MSGEV with respect to their ability to
suppress T cell proliferatioprand neither group were able to promatipose
derived MSCmigrationin a 2D scratch wound assay 2020 study by Peltzest

al. found IFNb-licensing to have limited impact on theRNA landscape oMSC-
SEVE®¥ Kilpinen et al found IFNb-licensingresulted inunique proteome profiles
in MSC-sEV compared to unlicensddowever, these IFdlicensed sEV were less
efficacious than naive sEV promoting protection fnm renal reperfusion injury in

a rat modéef®. Takeuchiet al also found IFN-licensing to significantly alter the
MSC-sEV proteome compared to unlicensed M&Y/, but in contrast to the
studi es above, Iifichhtlyinproweghe fumctogal pnoperties s i g n
of MSC-sEV!®, Licensed sSEV potently suppressed -pritammatory cytokine
secretion from Mipolarised macrophages, and improved inflammation and
fibrosis scores in a model of cirrhosisstudy by Hackeét al.recently investigated
the priming potential of a cocktail of cytokinds F NToN F, &hd IL-16) on human
nasal mucosa MSEEV, and found mice treated with thesEV to have
significantly decreased clinical scores and improved survival rates in a mouse
GvHD model, compared to PBS contrl Unlicensed MS&EV yielded no

significant benefiin this model
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Aside from cytokine licensinghe effect of hypoxic culture conditions on MSC
phenotype and functionality has been widely studfed: As well as inducing

MSC secretion of various factors such as PGE2, IDO and BDNF, hypoxia has been
found to alter the cargo of sEX1%3 Functionally, hypoxignduced upregulation

of miR-21 expressiohas been foundtoincreasal T ¢ e | landgrorhoteu st i o n
polarisation of macrophage toward an ik phenotyp&+1% In another recent
study, hypoxia induced the expression of raiRin neuronal celf§% There are
reports of hypoxia inducing the secretion of seV from MSC and also fiexk
squamous cell carcinoma céfis However, there have also been several reports of
hypoxia haing no effect onMSC-sEV secretiot?®1% Furthermore Kay et al

found hypoxic conditioning to have no effect on sV protein cargo compared to
controlg®. The conflicting data reayding the effects of licensingay be dugo

cell typespecific response varying cell sourcesgs well asinconsistent sEV
isolation and charcterisation method$etween research groups. This further
highlights the importance for standardisation in the field, as progress in
understanding the effects of licensing secreted sEV is severely impacted by

incomparablestudies.

Based on work to date, it is clear that culture conditions and MSC state effects the
phenotype of secreted sEV. Howevae specific effects of licensing on MSEV

have yet to be understood. Whether licensing specifically alters cargo packaging
into the developing vesicles and the extent to which licensing may potentiate MSC

SEV therapeutic potentialarrantsfurther investigatiotf?

1.3 The Cornea

1.3.1 Anatomy and function of the cornea

The cornea is aansparent, highly organiséidsue structure located at the anterior
portion of theeye The role of the cornea is twiold, the first being that it actss a
physical barrier to the outside environmeptotecing the eye fromforeign
particles ancgpathogen®®. Thesecond function of the cornésto allow light to
enter the eye anfibcus onto the retinat the posteriopart of the eyewhich is

crucial fornormalvision and sharp visual acuity
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Figure 1.3 Anatomy of the eye and corneaimage adapted frorBantraet al2°%,

As shown inFigure 1.3the cornea is comprised of five layers; three cellular layers
(the epithelium, stroma, and endothelium) as well as two acellular basement

membr ane | ayers (Bowmanods 2%y er, and Descen

As it is the first line of defencagainst injury, ells of the epithelal layerare
constantly being sloughed aihd refenished by divisiorand migratiorof limbal

stem cellstoward the central corn€82° A tear film containing both IgA and
lysozyme is present in the epithelium to protect the cells from microbes, but also to
provide factors which are known to aid the proliferation and repair of the epithelial
layer®. The tightjunctionshereprovide a barrier functigrpreventingentry of
pathogenic material into the corndde stroma is théhickest layer of the cornea
andcontributego the majority of the cornea's structural framewdtks comprised

of highly organisedcollagen fibris bundled intohighly interwovenlamellae
creating datticearrangemenrdnd argoositionedn parallel to the corneal surf&éé

The arrangement and uniformity of the lamelgenaintained by proteoglycan

rich matrix The stromal layer is mostlcellular howeverone keratocyte may be
found every 50,000 cubic microfig Finally, the endotheliums a monolayer of
cells at the posterior most position of the coramdplays a vital role irmoving

water from the strom#o the anterior chambg&¥.
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1.3.2 Maint enance ofcorneal transparency

The unige microscopic ultrasucture of the corneallows the passage and
focusing of lightto the retinavhich is necessarfpr image production andormal
visior?®. There are severabmplexanatomical and physiologicéhctors which
regulate and maintain corne@dansparency such as uniformity and regular
arrangement of the epithelial layer, tight intercellular junctions, and preservation of
refractive index’”?%8 Stromal organisabn is also crucial for maintaining
transparency of the cornea and facilitating the passage af diglttisorganisation

of the lamellae alters the scattering of Ii§ht%2

Maintenance of corneal transparencgl®dependant on the relatively dehydrated
state of the stromal layelf water is allowed to accumulate it leadsitoreased
distance between collagébres,stromal oedema and clouding, thereby impairing
visior?®, This highlights the key role of the endothelium putagextrude water

from the stroma and ultimateiysion clarity. Given that corneal endothelial cells
have limited proliferative abilityin vivo, pathological processes which cause
dysfunction of the corneal endothelium can have devastating and permanent effects
on visual acuit$?*?!%® The mechanical barrier function of the epithelium and

endothelium prevergxcessive flow ofluid into the cornea

Keratocytes are relatively quiescent in the healthy adult cornea. However, upon
insultto the corneainflammatory signalling in the stroniaduces thesecretion of

several growth factorgytokinesand chemokinewhich activate keratocytes in the

microenvironment-o |l | owi ng i njury to the cornea,

induces keratocyte differentiation to myofibroblasts, which is associated with
corneal haze and disorganised ECM produétfoictivated keratocytes amso
thought to have d@ifferent refractive indexhan normal keratocyteswhich are
thought to be relatively quiescent in the adult cor@anges in refractive indices
increases light scattering amdn alter the path of light traveling to the retina

resulting in blurred vision

The cornea is an avascular structure, and @ygpears to be a balance between the
secretion of pro and antiangiogenic factorsvhich regulates the absence of
neovascularistioit’. The lack of vascularisation preverttsifficking of antigen

presenting cells and immune effector cells to and from the cornea, allowing it to
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remain in state of immune privilegén pathophsgiological states the balance may
tip in favour of preangiogenesis, resulting meovascularisatioand corneal haze
as a result oélterations in the spacing of stromal collagen between blood vessels

fluid leakagepedemaandimmune cell infiltrationinto the tissuét?12

1.3.3Corneal chemical burninjury

1.3.3.1 Overview

Chemical burns of the eye account for up to 18% of ocular injuries presenting in
emergency departments, and patients frequently face chronic complications and
life-long disability. Severe vision loss due smnificant damage to the cornea,
ocular surface epithelium, limbal stem cells, and anterior segmerioleadyterm
unilateral or bilateral vision [085. In severe cases, the retina and optic nerve can
be damagedand patients can h@edisposé to corneal infection and keratitié.
Widespread use of alkaline chemicals at home and in the workplace which can
readily penetrate the anterior ocular surface and compromise intraocular structures
such as the ciliary body, lens, and limbus allows for high risk of chemical injury to
the eyé'*25 The longterm complications ofocular chemical burns include
reduced or complete loss of visjooorneal scarring, dry eyes, symblepharon,
glaucoma, ueitis, and cataract formati®. Furthermore, dss of vision can

negatively impact quality of life, job prospects and lifestyle.

1.3.3.2Mediators of corneal injury

The major issue affecting recovery of oculenemical burns is excessive
inflammatiorf'®. Ocular injury caused by chemical agemgiate inflammatory
signalling followed by a wountiealing process that can cause scar formation and
opacification when uncontrollétl. Alkaline chemicalsdeeply penetrate the
cornea, reaching theorneal stroma and destroy proteoglycamd collagen
bundled!*?'® Damaged tissues then secrete proteolytic enzymes which lead to
further damageStrong alkaline agents penetrate into the anterior chamber and

cause widespread inflammation of iris, lens, and ciliary Bddy?

The cornea is home to several immune cell populations that reside in both the
central and peripheral corneal regipmscluding Langerhans cells, mast cells,
macrophages, T lymphocytes, and innate lymphoid %2R These
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heterogeneous immune cell populations form a complex immune netkak is
crucial for maintaining the immune privileged status of the?'éyé+22> CD11l"
macrophages in the cornea are the main resident immune cells in the emchea
are mainly distributed throughout the cornea, including the centre of the cornea and
the corneal limbu$®22t Immune cells are highly regulated in the cornea to prevent
inflammation and maintain corneal structure and transpaf&féy However,
upon serious insult such as is the case with chemical bsewegetion of
inflammatory cytokinegprostaglandins, leukotrienes, and interleukiom injured
cellsresults in the initiation of severissue inflammatioft*22422% Thisresults in

the recruitment of immuneells either locally and/or mobilized from the bone
marrow to produce more local inflammatory cytokines. However, mechanisms
underlying stromal cell activation and induction of inflammatory signalling in the
cornea are not cleaalthough sveral factors have been identified for playig
potential role in exacerbation of injury and scar formation such ag,N@81,

MK2, and MMPs?28230 Aggressive inflammatory responses following ocular
injuries often tend to impair corneal-epithelization which results in loss of
corneal transparency and impairment of vi$fnOne of the most recognized
immune signalling pathways is the inflammasome pathway which is activated in
the wound healing resporte Bian et al. described the NLRP3 inflammasome
signalling pathway which is activated in damaged corneal epithelial cells and
suggested that blocking this pathway could result in a reduced inflammation which

would improve the wound healing and the corneal transpaféhcy

Wound healing processes can turn pathological whereby myofibroblasts do not
undergo apoptosi¥. Instead, these cells undergo tralifferentiation to form
myofibroblasts and secrete excessive ECM proteins, leading to fibrosis and corneal
scarring!’. A delay in regeneration of the epithelial basement membrane (EBM),

due to damage, dystrophy or elevated levels of M\#Ad MMR9 can allow TGF

b and PDGF to continue entering the corn
perpetuates the generation ofafiproblast$®?2*2 Release off G F faffer injury

alsoinduces the production of extracellular proteins such as collagdaxcessive

production of collagen can compromise normal tissue function through fibrosis and

scar formatio®®23* Ongoing myofibroblast presence can lead to an abundantly

disorganized ECM, which contributes to corneal opacity and scaiting
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Myofibroblasts can also hinder the appropriate restoration of the anterior stromal
keratocyte population, which is critical to full recovery of the E&MOnly when

the EBM is appropriately restablished do proper stromal levels of T6F a n d
PDGF settle, causing myofibroblast apoptosis, keratocyte repopulation, clearing of

abnormal ECM and the restoration of corneal transpaféncy

The cytokinelL-1 U i s  sdrnealepithelial cellsand keratocytes, anid
passively released when the cell membrane is ruptured by infectious agents or
trauma'’. However, chroniclL-1 U s e drr oagdes such as chemical injury
whereby a large amount of cells undergo apoptosis at teeds, to leukocyte
infiltration and neovascularizatign resulting in damage to the surrounding
tissue$®>2%¢ Chronic inflammation resulting from corneal chemical burns can also
drive endothelial cell apoptodi$?®2 Given that the endothelium has limited
proliferative and regenerative potentialvivo, it is vital that immunemediated
inflammation at the ocular surface does not cause excessileraldamage

which may be irreparati¥.

Several cytokinesegulate themolecular mechanism at the basis of fibroaisd
Epitheliatto-Mesenchymal Transition (EMTJccurs in the context of the healing
process after inju’?*?3” If the injury is mild and acute, the healing process is
regarded as reparative fibrosis contrast in ongoing chronic inflammation
conditions, the abnormal formation of myofibroblasts causes progressive
fibrosis** In EMT, epithelial cells slowly gain myofibroblasts markers as they lose
their epithelial elementsresulting in cellular dysfunctidf/-234 This results in
weakening of the ocular barrier and integrity of the structure, allowing for immune

cell infiltration?%2

1.3.3.3Factors governing @rneal wound healing

Corneal wound healing is a complex and dynamic process involving several cell
types and a series of events culminating in replacement of injured tissue and
structure$'®. There are several unique characteristics ottraea which require
special consideration when choosing a treatment modality for promoting corneal
wound healingNamely, the immune privilege of the cornea and absence of blood

vesselsvhich describes the natural lack of inflammation in the céfiea
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Figure 1.4 Schematic of signalling pathways induced by corneal chemical burn
Signalling cascaddsduced by corneal injurinduce myofibroblast differentiatioiteadng
to corneal opacity in prolonged pathological stafetaptedfrom Kamil et al 232

When wound healing is taking place, the immune response needs to be modulated
and limited. Moderate inflammation facilitates wound recovery, while excessive
and continuous inflammation may delay wound healing processes and lead to
fibrosis and scarrirf§®?17 A tenuous balance of pinflammatory/preangiogenic

and antiinflammatory/antiangiogenic factors is required in order to restore
homeostasis. Targeting pathogenic -prtammatory signalling allows for
suppression of neovascularisation and modulatioceth signalling, and current
treatment options for promoting corneal wound healing will be discussed in the

following sectiog>218:238

1.3.4 Current treatment options

Chemical burns of the eye are an ophthalmic emergency and require immediate
interventiort®2%8 Conventional therapiegy/pically aim to promote corneal +e
epithelialisation, minimisénflammationand prevent scar formatibi. Firstline
treatmenthas traditionally beertopical corticosteroids which preventtissue

damage associated with acute or chronic inflammatioiowever,there are
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several pitfalls associated with topical corticosteroid Geeticosteroids are often
inadequate due to the barrier function of the corneal epithelium which leads to low
penetrance of topical drugs, necessitating high drug concentrations with frequent
application®® Severe injuries often require loAgrm treatment courses, and
prolonged use of steroids is associated with ocular hypertension, glaucoma,
impaired reepithelialisation and cataract formatior?23924L, Adverse effects
associated with corticostetbuse also contributes tow patient compliancé®
Non-steroidal antinflammatory drugs (NSAIDsarealso used clinicallyo reduce

inflammation associated with ocular injury.

Umbilical cord serum and platelath plasma have been used clinically to promote
re-epithelialisation and accelerate wound hedfihéf?244 These biological fluids

are enriched with growth factors such as epidermal growth fdxzeig fibroblast
growth factorPDGF, hepatocyte growth factoF GFb and nerve growth factéf?

244 \While these therapies do promote corneapithelialisation, PDGF and T®F

are known to contribute to excessive myofibroblast differentiation and corneal
opacity,as described in sectidn3.3.22922%7 Furthermore, umbilical cord serum is

not widely available and is unlikely to be present at most centres upon presentation

with an ophthalmic emergency such as ocular chemical burn.

More recently, egenerative medicine approachssch asimbal stem celland
corneal stromal celtransplamation have been evaluated as noveérapeutic
strategies to achieve losigrm clinical succe$®. Despite the promising potential

of cell therapiesposttransplantation complications have limited their clinical
successPoor vability and integration of administered cells at the targethate
been observed in several studt®$* Investigational approachesich as dig
release via contact lens and gene therapy technareeslso being evaluated for
several ocular disorderghronic injuries may require corneal transplantation as a
final resort to restore visual acuity. However, whilst it is the most common
transplant surgery performed worldwide and can offer significant improvement to
pati entsd vi si shortageofdinogtissaels antd high ejectidn rate e
in patients with ocular inflammation limits the success and feasibility of

keratoplasty as a lorgrm option for ocular chemical injuri}.
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Given thelimited range of viable treatment optiordevelopment of alternative
treatment strategies is urgently required improve management of corneal
chemical burn$3208238 The optimal treatment modality wouldallow for
concomitant inhibition of inflammation, fibrosis and angiogenesis, as well as

acceleration of wound healing by aiding in cell migration and differentf&tion

1.35MSC-sEV: A cell-free therapeutic strategy for treating ocular
inflammation

The wo main strategies for managing ocutéiemicalburn centre onpromoting
epithelial healing and suppressing inflammation during the acute ph&se3®
Given thediversenature ofMSC-sEV cargo, theyhave the potential ttarget both

of these strategiesas well regulation offibrosis and angiogenesdf$?4® As
discussed in section 1.2.3, MSEV have been found to modulate inflammatory
immune cellpopulationsto promote restorationf tissue integrity anghromote
wound healing invarious models including autoimmuneuveoretinitis GvHD,
myocardial ischemia/reperfusion injuryand cutaneous injury4128:249.250
Importantly, MSCSEV have anexcellentsafety profile, lackthe potential to
replicate, and can be easily stored for long periods of tM®C-sEV in an
allogeneic setting could be used as antlodfshelf therapy for immediate
intervention. This is of critical importance in the context of corneal chemical burns
where treatment must be applied as soon as possible following injury to reduce the
potential forlong-term damage and loss of vist6f#?® Cytokine licensing, as
discussed insection 1.2.4, enhances the immunomodulatory capacity of
MSCg0:164.180 However, the impact of licensing on their secreted sEV are not well
understood. Moreover, different licensing strategies elicit unique MSC phenotypes
and the particular cytokine(s) which induces the optimal producoforeal wound
healing has not been identified. This project soughicense MSCs with two
differentcytokines, in order to compare the differential effects on ME¥ cargo
Theimmunomodulatory effectsf unlicensed and licensed sE¥ére comparedy
culturing with allogeneic immune cedlto determine whether cytokine licensing
imparted any benefit to the functional efficacy of MSEV. Following this, the
optimalMSC-sEV productwas brought forwardbr in vivo assessmenm order to
evaluate itsherapeutipotentialand feasibility as &reatmenfor corneal chemical

burns.
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1.7 Hypothesis andaims of the thesis

1.7.1Hypotheses

1 SEV can be isolated from MSConditioned mediumn a reproducible
manner

1 Different gytokine licensing strategiesinduce unique phenotypef the
MSC-sEV cargo

1 MSC-sEV suppress inflammatory immune cell activijd these properties
can be enhanced through cytokine licensifithe parent cells.

1 Cytokine licensedMSC-sEV represent a therapeutic strategy for the
treatment of oculachemicalinjuries.

1.7.2Aims

1 Establish a method for efficient and reproducible isolatiosEdf derived

from (i) naive MSC gEV), (ii)) a proinflammatory cytokine licensing
strategy i.e. IFN (sEV'™9), and (iii) an antrinflammatory cytokine
licensing strategy i.&l G F (sEVTCFD).

Perform comprehensive characterisation of the surface and intravesicular
cargo ofMSC-derived €V, sEV™°, andsEVTeP,

Assess the immunomodulatory capacity of M&Zived €V, sEV™, and
SEVTEP on allogeneiémmune cellsn vitro.

Identify the optimal licensing strategy for potentiation of MSEY/ efficacy

and assesshe therapeuticpotential of the produdn a murine model of

cornealchemicalinjury.
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2.1 Animal strains and ethical approval

All procedures performed on mice were approved by the Animals Care Research
Ethics Committee of the University of Galway, and conducted under individual
authorisation licenses from the Health Products Regulatory Authority (HPRA) of
Ireland. Allanimals were housed a specific pathogefree facility, fed a standard
chow dietand cared for under standard operating procedures of the Animal Facility
at the Biomedical Sciences Biological Resources Unit, University of Galway. All

mice were purchased from Charles River Laboratories.

2.2 Isolation and culture of primary cells from mouse

tissues

2.2.1 BALB/c MSCisolationand culture
6-10 week old female BALB/c mice weesithanised Y CO, asphyxiation, and the

femurs and tibiae were harvested by surgical removal. Following confirmation of
death, the fur was sprayed liberally with 70% ethanol and then removed with a
sterile scissors. An incision was made to expose the base of the abdoratmgnd

the length of the hindlimb. Muscle and connective tisgsaeeremoved to expose

the pelviehip joint, and a cut was made to remove the entire hindlimb. The tibia
was then separated from the femand another incision made at the ankle joint to
remove the foot pad. Remaining muscle and tissue surrounding the femurs and
tibiae was then removed with sterile forceps and scissors before being placed in ice
cold PBS. In a sterile laminar flow hootietepiphyses of all bones were cut, and
the bone marrow flushed out using a 10mL syringe fitted with a 25G needle and
filled with ice-cold MSC growth medium (s€kable 2.1). Collected marrow was
passed through a d0mstrainer and clumps were gently dissociated using the
plunger of a 1mL syringe. Cells were centrifuged at 400 x g for 5 min, resuspended
in fresh culture medium, and seeded at a densify, 200 cells/cnt. Cells were
incubated at 37°Cn normoxic conditionsvith 5% CQ. Medium was changed
every 3 days until confluency was reached, upon wthielcells were subculture.

Full characterisation of the cells was carried out between pass8gasadthe cells

were not used beyond passage 13.
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The BALB/c MSCs used in this thesis welerived from bone marrow pooled from
10 donors to make one batch of BALB/c MS@4 experiments listed involving
MSCswere derived from this one batchMECs (n=1)

Subculture

MSCs were passaged onceBD% confluency was reached. Medium was removed
from the flask and cells were washed with PBS. Cells were detached from the flask
by incubating withomL 0.25% trypsiREDTA (Gibco) for 3 minutes at 37°C.
Trypsin was neutralised by adding 10mL growth medium and cells were collected
by washing the suspension over the flask several times. The cell suspension was
then transferred to a conical tube and centrifuged at 400 x g for 5 minutes to pellet
the cells. 8pernatant was removed ahe cells were resuspended in an appropriate
volume of fresh growth medium and counted usifgamocytometeMSC were
re-seeded at alensity of 1x10 per T175 flask in 20mL growth medium and

incubated at 37°Gn normoxic conditionsvith 5% CQ.

2.2.2 Bone Marrowderived Macrophage (BMDM) generation

6-10 week old female C57BL/6 mice were euthanised byas@hyxiation, and the
femurs and tibiae were harvested by surgical removal. Following confirmation of
death, the fur was sprayed liberally with 70% ethanol and then removed with a
sterile scissors. An incision was made to expose the base of the abdoratmgnd

the length of the hindlimb. Muscle and connective tissaeeremoved to expose

the pelviehip joint, and a cut was made to remove the entire hindlimb. The tibia
was then separated from thenigr, and another incision made at the ankle joint to
remove the foot pad. Remaining muscle and tissue surrounding the femurs and
tibiae was then removed with sterile forceps and scissors before being placed inice
cold PBS. In a sterile laminar flow hodtie epiphyses of all bones were cut, and

the bone marrow flushed into a petri dish using a 10mL syringe fitted with a 25G
needle and filled with iceold macrophage growth medium (s&able 2.1).

Coll ected marrow was passedpswdrergentyy h a
dissociated using the plunger of a 1mL syringe. A small aliquot of the cell
suspension was transferred to an Eppendorf tube, and centrifuged at 600 x g to pellet
the cells. Supernatant was remowed the cells were resuspended in ACK buffer

(Gibco)to lyse red blood cells. Following red blood cell lysis, progenitor cells were
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counted using a haemocytometer. The total cells isolated (without red blood cell
lysis) were then centrifuged at 680g for 5 min, resuspended in fresh culture
medium, and seeded at a density of 4.8x#lls per well of a 6 well plate, in a final
volume of 3mL per well. Cells were incubated at 37fCpormoxic conditions

with 5% CO; for 6 days to allow macrophage differentiation, with medium changed
every 2 days to remove naaherent cells. Following the-day differentiation
period, medium waemovael, and the cells washed twice with PB&25% trypsin

EDTA (Gibco) was added to the wells for 6 minutes at 37°C, and cells were
detached from the plate by flushing with a p1000 pipette. Macrophage medium was
added for trypsin neutralisation and the collected cells were transferred to a 50mL
tube. Differentiated macrophagewere centrifuged at 608 g for 5 min,
resuspended in fresh macrophage medium and inseédiatelyin experiments
outlined in subsequent sections. Macrophage differentiation was confisyned
expression of CD11b and F4/80 by flow cytometry.

2.2.3Lymphocyte Isolation

6-10 week old female C57BL/6 mice were euthanised by &pPhyxiation, and

lymph nodes and spleens were harvested and placed-aoltc#BS. Single cell
suspensions of the lymph nodes were obtained by dissociation with the plunger of
a 1mL syringe in a petri dish in a sterile laminar flow hood. Cells were ghasse
through a 40em strainer, then pelleted by c
were resuspended in T cell medium (sEable 2.1) and counted using a
haemocytometer before use in experimentiired below. Single cell suspensions

of splenocytes were prepared by gentle dissociation of the spleen using the plunger
of a 1mL syringe in a petri dish in a sterile laminar flow hood. The cells were passed
through a 46m strainer and pelleted by centrifugation at 800 x g for 5 minutes. The
supernatant was removed and the cells were resuspended in 2mL ACK buffer
(Gibco) for 5 minutes on ice in order to lyse red blood cells. The reaction was
neutralised by adding 10mL T cell medium. The suspension wagtiketed by
centrifuging at 800 x g for 5 minutes and the cells were resuspended in fresh T cell
medium. A 90% lymphocyte:10% splenocyte suspension was used for all T cell
assays outlined in the subsequent sections.
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2.3 Culture of cell lines

2.3.1 L929 cells

Mouse 929 cells were obtained from Prof Afshin Samali, Apoptosis Research
Cluster, University of Galway. This cell line produces macrophage colony
stimulating factor (MCSF), a protein necessary for differentiation of macrophages
from bone marrow progetars. L-929 cells were seeded at a density5¢f00
cellsen? in 25mL L-929 growth medium, and incubated at 37RCnormoxic
conditions with 5% CQO,. After 72h, the conditioned medium was collected,
transferred to 50mL falcon tubes and centrifuged a4t remove floating cells.
The aliquots were then frozen &0°C untii BMDM medium was prepared.
Thawed vials of L929 were stdultured at least once before collecting conditioned

mediumfor BMDM medium.

2.3.2 Human Corneal Epithelial cells

Immortalised mman corneal epithelial cells (HCEpi) weee gift from Prof.
Friedrich Paulsen University of ErlangesNuremberg The isolation and
characterisation details of thi®ll line are detailed i publication fromAraki-
Sasakiand colleagué&s®. HCEpi were seeded at a density of 2p@ér T175 in
20mL HCEpi growth mediurtseeTable 2.7), with medium changed every 3 days.
Once 8690% confluency was reached the cells were passage. Medium was
removed and cells were washed with PBS before adding 5mL 0.25% {BpP3iA
(Gibco) for 3 minutes at 37°C. Detached cells were collected and trypsin was
neutralised with HCEpi medium. Cells wereseededat the above densiipto a

fresh T175 to maintain culture.

2.3.3 Human Corneal Endothelial cells

Human corneal epithelial cells (HCEndo) weege gift from Bednarz and
colleague®? HCEndo were seeded at a density of Pxié T175 in 20mL
HCEndo growth medium (s@&ble 2.1), with medium changed every 3 days. Once
80-90% confluency was reached the cells were passage. Medium was removed and
cells were washed with PBS before adding 5mL 0.25% tryieBimA (Gibco)for

3 minutes at 37°C. Detached cells were collected and trypsin was neutralised with
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HCEndo medium. Cells were-seededht the above densiinto a fresh T175 to

maintain culture.
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Mouse MSC medium

Reagent Volume (for 500mL) Final Concentration

MEM-U 445mL -

FBS 50mL 10%

Penicillin/Streptomycin 5mL 100U/ml penicillin

100eg/ ml str

BMDM medium

Reagent Volume (for 500mL) Final Concentration

RPMI 1640 355mL -

FBS 50mL 10%

L929 conditioned medium | 75mL 15%

SodiumPyruvate 100mM 5mL 1mM

Non-essential amino acids | 5mL 1X

100X

L-Glutamine 200mM 5mL 2mM

b-mercaptoethanol 50mM | 50C L 50e M

Penicillin/Streptomycin 5mL 100U/ml penicillin

100X

100¢eg/ ml

str

T cell medium

Reagent Volume (for 500mL) Final Concentration
RPMI 1640 430mL -

FBS 50mL 10%

Sodium Pyruvate 100mM | 5mL imM

Nonressential amino acids | 5mL 1X

100X

L-Glutamine 200mM 5mL 2mM
b-mercaptoethanol 50mM | 50C L 50e M
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100X

100eg/ ml st

Penicillin/Streptomycin 5mL 100U/ml penicillin

100X 1 0 0 & gtreptdmycin
L-929 medium

DMEM (4.5g/L glucose) 445mL -

FBS 50mL 10%

Penicillin/Streptomycin 5mL 100U/ml penicillin

100X 100eg/ ml str
HCEpi medium

DMEM (1g/L glucose) 470mL -

FBS 25mL 5%

Hydrocortisong2.5mg/ml) | 20e L 0.5ug/mi

Insulin (Img/ml) 10Ce L 40 ng/ml

Penicillin/Streptomycin 5mL 100U/ml penicillin

r

HCEnNndo medium

100X

DMEM (1g/L glucose) 445mL -
FBS 50mL 10%
Penicillin/Streptomycin 5mL 100U/ml penicillin

100eg/ ml st

r

Table 2.1List of media recipesused for general cell culture
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2.4 Cytokine licensing of BALB/c MSC

BALB/c MSCs were seeded at a density of Sxddlls per well of a 6 well plate in
2mL MSC growth medium and incubated at 37fG)ormoxic conditionswith 5%

CQOp. After 24h, the medium was removed and replaced with 2mL fresh MSC
medium, MSC medium containing 50ng/mL recombinant murine 2IFN
(Peprotech) or MSC medium containing 25ng/mL recombinant mufin& F b 1
(Bio-techne)and cultured for a further 72t to generate MSC, MS®°, and
MSCT®™, respectively. After 72h, control and licensed MSCs were characterised

by the methods described below.

2.5 Characterisation of BALB/c MSC

2.5.1 Adipogenic Differentiation

MSC, MSC™, and MSCG®™ were seeded at a density of 2X&6lls per well of a

6 well plate in 2ml of MSC growth medium and incubated at 3#f@ormoxic
conditionswith 5% CO,. Once confluency was reached, medium was removed and
replaced with 2ml Adipogenic induction medium (Seable 2.2). Control wells
received MSC growth medium. Medium was removed fedimvells after 3 days,

and replaced with Adipogenic maintenance medium {sdxe 2.2), with control

wells receiving MSC growth medium. Medium wasweged every 3 days, allowing

a total of 3 cycles of induction and maintenance media. On the last cycle, test wells
were incubated with maintenance medium for 5 days. Following this, medium was
removed,and the cells were washed twice with PBS. The cells were then fixed in
10% neutral buffered formalifiSigma) for 30 minutes at room temperature.
Fixative was removed and the cells washed with distilled water until it ran smoothly
off the plate. Oil Red O working solution was prepared by mixing 6 parts Oil Red
O (Sigma)with 4 parts distilled wateiThe working solution was allowed to stand
for 10 minutes before filtering with a 0.
added to all wells for 5 minutes at room temperature, rotating the dish to ensure
complete coverage of the monolayer. The staia than removed, and the excess
cleared by adding 60% isopropa8igma)to the wells. The cells were rinsed with

tap water until it ran off the plate smoothly. A 1:5 hematoxylin:water solution was

added to the weddlfor 1 min. The stain was then removed, and the cells washed with
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tap water. Cells were covered with a small volume of water before imaging on an

Olympus inverted light microscope.

For gquantitation of Oil Red O staining, the dye was extracted by pipetting 99%

isopropanol over the surface of the well several times, until all dye was extracted.

The solution was then transferred to an Eppendorf tube, and debris was removed by
pelletingat 500 x g for 3 min. 200eL of the ext
added in triplicate to a flddottom 96 well plate, and absorbance was measured at

520nm on a Victor X plate reader (Perkin Elmer).

2.5.2 Osteogenic Differentiation

MSC, MSC™° and MSCC™ were seeded at a density of 2Xtells per well of a

6 well plate in 2ml of MSC growth medium and incubated at 3#f@ormoxic
conditions with5% CO». Once confluency was reached, medium was removed and
replaced with 2ml Osteogenic medium (Seable 2.3). Control wells received

MSC growth medium. Medium was changed every 2 days. The condition of the
monolayer was observed for 10 to 17 days, with media changed every 2 days, and
osteogenic differentiation was assessed before cells became detached from the
plate.

Osteogenic differentiation of the MSCs was determined first through Alizarin Red
Staining as follows. Alizarin Red working solution was prepared by dissolving 1g
Alizarin Red S(Abcam)in 50mL distilled water, and pH adjusted to between 4.1
and 4.3 with 1% ammonium hydroxi¢8igma) Medium was removed from alll
wells and the cells washed twice with PBS for 5 min. Cells were then fixedin ice
cold 95% methano(Sigma)for 10 min. After fixation, cells were rinsed with
distilled water and stained for osteogers with the alizarin red working solution

for 5 minutes at room temperature. The stain was rem@retithe cells washed

with distilled water until all the excess was removed. The cells were allowed to dry,
and a small volume of water was added to the wells prior to imaging on an Olympus

inverted light microscope.

Calcium content of test and control wells not stained with Alizarin Red was

measured using StanBio Calcium Liquicolour Kiisher Scientift), following

42



Chapter Two: Materials and Methods

manufacturerds instructions. Medi um was 1
with DPBS.
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Adipogenic Induction Medium

Reagent Volume (for 50mL) Final Concentration

DMEM (high glucose) 43.8mL -

FBS 5mL 10%
Dexamethasone 1mM 50uL 1uM

Insulin Img/mL 500uL 10 pg/mL
Indomethacin 100mM 100pL 200 uM
3-Isobutyt1-Methyl- 50uL 500 uM

Xanthine 500mM

Penicillin/Streptomycin 500uL 100U/mL penicillin
100X

100eg/ mL str

Adipogenic Maintenance Medium

Reagent Volume (for 50mL) Final Concentration

DMEM (high glucose) 43.8mL -

FBS 5mL 10%

Insulin Img/mL 500uL 10 pg/mL
Penicillin/Streptomycin 500uL 100U/mL penicillin
100X

100pg/mL streptomycin

Table 2.2Recipes forAdipogenic Induction and Maintenance Media

The cells wereollected by adding 0.5M HCI (Sigma) and using a cell scraper the
cells were detached from the plate. Cells were transferred to an Eppendorf tube and
placed in a shaker overnight atCG} Serial dilutions of the supplied 10mg/dL
standard were prepared in 0.5M HCI to generate a standard curve ranging from 0.05
t o 1 ¢ glLmfleach sta@dard and sample were added in triplicate to the wells
of a 96 well flat bottom plate, and 200 of the working solution (1:1 ratio of the
StanBio Binding Reagent and Working Dye) was then added to all wells. The plate
was incubated for 10 minutes at room temperature, protected from light.
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100X

Reagent Volume (for 50mL) Final Concentration
Iscoves MEM 43.8mL -

FBS 5mL 10%
Dexamethasone 1mM 5uL 100rv

Ascorbic Acid 2P 10mM | 25QuL 50uM
Betaglycerophosphate 1M| 1mL 20mM

L-thyroxine 250 50ng/mL
L-glutamine 500uL 2mM
Penicillin/Streptomycin 500uL 100U/mL penicillin

10Qug/mL streptomycin

Table 2.3Recipe forOsteogenic Differentiation Medium.

Absorbance was read at 595nm on a Victor X plate reader (Perkin Elmer). A

standard curve was then generated based on absorbance and the calcium content of

the samples interpolated.

2.5.3 Surface Marker Characterisation

MSC, MSC™™°, and MSCC™ were characterised by flow cytometry for the
expressiorof positive MSC markers(CD73, CD105, CD44, CD2%CA-1) and
absence of negativMlSC marker(CD45, CD11b, F4/80MHC II, CD86) as
reported by the International Society for Cellular Thet&pZells were cultured to
90% confluency, detached from the plate with 0.25% tryg&dT A (Gibco)for 3
minutes at 37C and resuspended in FACS buffer. Cells were counted using a

haemocytometer. 100,000 cells were transferred per well ofveeB6v/-bottom

plate andwashed twice with FACS buffer. Surface markers were stained with

Fluorochromeconjugated antibodies (s@able 2.4) diluted in FACS buffer in a

final vol ume

of 50¢ |

for 15 mi

nut es

staining, the cells we washed twice more with FACS buffer and then resuspended

in 150gL FACS
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Target Fluorochrome Volume Manufacturer Cat. No.
Anti-mouseH- PECy7 1:400 Biolegend 116520
2Kb
Anti-mousel- Biotin 1:80 Biolegend 116404
Ab StrepAPC 1:800 eBiosciences | 17-431782
Anti-mouse APC 1:80 Biolegend 127210
CD73
Anti-mouse APC 1:80 Biolegend 120414
CD105
Anti-mouse PE 1:160 Biolegend 102207
CD29
Anti-mouse PECy7 1:400 Biolegend 103029
CD44
Anti-mouse FITC 1:500 Biolegend 108106
SCA-1
Anti-mouse APC 1:80 Biolegend 124312
PD-L1
Anti-mouse APC 1:80 Biolegend 109814
CD452
Anti-mouse PE 1:80 Biolegend 105106
CD86
Anti-mouse FITC 1:250 Biolegend 123108
F4/80
Anti-mouse FITC 1:250 Biolegend 101206
CD11b
SYTOX-AAD PerCP 1:100 Invitrogen S10349

Table 2.4List of antibodies used for flow cytometric characterisation analysis of
BALB/c MSCs.

Samples were acquired on a FACS Can{Bdcton Dickinsonjlow cytometer and
analysed using FlowJo_V10 softwdfeeeStar Inc.)Positivity gates were created
based on fluorescence minus one (FMO) negative controls. Cell size and granularity
was determined by FS& and SSCA, respectively. Dead cells were gated based

on SYTOX-positive staining.
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2.5.4 RNA Sequencing

RNA sequencing analysis of MSC ahdG F fMEC was carried out by Dr Kevin
Lynch, as outlined in Lynchkt al. 2020%% In brief, BALB/c MSCs were cultured

in MSC growth medium alone or with 50ng/mL recombinant mufin® F fot

72hrs After 72h, the cells were scraped from the bottom of the plates and RNA was
extracted using the Bioline Isolate 1 RNA mini kit (Meridian) following
manufacturerds i nstruct i-8% until shippedIfoat e d
RNA sequencing. Sequencing was carried out by ArrayStdn brief, RNA
samples were quantified using a Nanodrop and qualified by agarose gel
electrophoresis. mMRNA ag enriched by oligo(dT) magnetic beads. lllumina kits
were used for the RNAeq library, which was prepared using the Agilent 2100
Bioanalyzer and samples were quantified by the RjRGsolute quantification
method. Samples were sequenced using the lllumina Hiseq 4000. Fragments per
kilobase of transcript per million mapped reads (FPKM) values were calculated and
differential expression (DE) analysis was performed with the R/Biocooduct

package Ballgown v2.8.4.1009.

2.6 Isolation of control and licensed MSGEV

The MSCs used in this thesis to generate sEV,8E\and sEVCE™ were grown

from the same original bataf isolated BALB/c MSCsi.e. 1 biological replicate.

This ensured the changes observed in the composition and functionality of SEV,
SEVFY and sEVC™ was due to the licensing process and not from donor
variability. MSC passages betweerdivere used for sEV isolatiom which one

SEV, sSEV"™°, and sEVC™ isolation was performed at passage 7, angassage 8,

and two at passage 9.

2.6.1 Preparation of EVAdepleted Medium

Small and large EV were depleted from MSC growth medium by
ultracentrifugation as follows. 32mL MSC growth medium was transferred to each
sterilisedpolyallomerultracentrifuge tube (Sorvall) and spun at 120,000 x g for 18h
at 4°C in a Sorvall 100SE Ultracentrifuge with a SureSpin 630 rotor. Supernatant
was removed slowly, ensuring not to disturb the pellet. The final 4mL
(approxmately) of medium was left in the tube to avoid potential contamination of
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FBS-derivedEV andlargeproteinaggregates the pelletCollectedEV-depleted
medi um was pool ed, passed through a 0.22em

weeks

2.6.2 Generation of CytokineLicensed MSC Conditioned Medium
BALB/c MSC were seeded at a density of 1%&6lls per T175lask andallowed
to adhere. After 24h, medium was remaoyead cells were washed twice with PBS

to remove all traces of growth medium.

18mL EV-depleted medium was then added to each flask, containing (i) no
suppl ement , (i) 50ng/ mL recombinant mur i ne
recombinant murind G F f(Bio-techne) to generate MSSEV, MSGSEVF\,

and MSGSEV'®™, respectively. MSCs were cultured for a further 72h in the
presence of the supplements in an incubator at 3i@°@rmoxic conditions with

5% COz. MSC, MSC™, and MSCC™ conditioned medium (CM) was collected
into 50mL falcon tubes and sEV isolated as detailed in ti@®se below. Licensed
MSCs were detached from the flask by incubating with 0.25% tryipBInA
(Gibco) for 3 minutes at 37°C and counted using a haemocytometer to confirm the
number of cells in culture at the point of CM collection. Cell death was detimin
using trypan blue (Sigma) to confirm cell viability of at least 95%. CM was

immediately processed for SEV isolation using the protocols below.

2.6.3 Isolation of MSGSsEV by Ultracentrifugation

Collected CM was centrifuged at 400 x g for 10 min, and then 2000 x g for 30 mins
to remove dead cells and cellular debris. T
filter to remove large particles. 32mL CM was transferred to each sterilised
polyallomar ultacentrifuge tube (Sorvall) and placed into a Sorvall 100SE
Ultracentrifuge with a SureSpin 630 rotor and spun at 120,000 x g for 90 minutes
at 4°C. Supernatant was removed slowly using a 10mL serological pipette until
approximately 4mL remained, ensurimgt to disturb theEV pellet. The remaining
supernatant was removed using a p1000, aneBWepellet was resuspended with

1 mL O -fikePed ioecold PBS. All PBSresuspended pellets were then pooled
into one conical ultracentrifuge (Sorvall), and purifisBV were pelleted by
ultracentrifuging at 120,000 x g for 90 minutes at 4°C. Supernatant was removed

slowly using a 10mL serological pipette until approx. 4mL remained, ensuring not
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to disturb the pellet. The remaining supernatant was removed using a p1000, and
the final pellet was resuspended in PBS to a final volume of 206EV were

aliquoted and stored eé80°C until further analysis.

2.6.4 Isolation of MSGSEV by Size Exclusion Chromatography

Collected CM was centrifuged at 400 x g for 10 min, and then 2000 x g for 30 mins

to remove dead cells and cellul ar debris.
filter to remove large particles. Amicon Ultid centrifugal filter units with

100kDa molealar weight cutoff (Merck) were then used to concentrate the CM

by centrifuging at 3,000 x g for 30 minutes in a centrifuge equipped with a swinging

bucket rotor. Total concentrated CM wasoled,and the filter units washed with a

small volume 0D.2um flteredPBS (Gibco) to ensure high yield. To elgteV and

remove free proteins, qEV Original columr{tzon) were used following
manufactureros instructions. Columns wer ¢
t hen washed wiiltdred PBS550€L Lof Gonc2rarated CM was added

to the column and, after a 3mL void volume, 8x &Q0ractions were collected.

The col umn was was h e dfiltened PBS aral tnothee®@& t 1 5 mL
of concentrated CM was added to the loading frit. Fractions were collected as
previous. Each column was used 5 times before discarding (as recommended by
manufacturer) sEV-containing fractions (F43 postvoid volume) were pooled,
concentrated using an Amicon Uldacentrifugal filter unit with 200kDa molecular

weight cutoff (Merck) and resuspended in PBS to a final volumé&@ie L The

sEV were then aliquoted and stored&d°C until further analysis.

2.7 Characterisation of MSGsEV

2.7.1 Nanoparticle Tracking Analysis (NTA)

NTA (NanoSight NS00) was employed to measure particle size and concentration.
The system was calibrated before use with 100nm polystyrene latex pastdles.
SEVF™ and sSEVC®Pwer e di | ut e ddwater to@llow &concedntration e r
appropriate for detection on NanoSight @D particles per frame). Samples were
loaded using a 1mL syringe, on a continuous syringe pump flow of 100. Five videos
each of ® seondsin length, were acquired for each sample with a camera level of

13 and a detection thshold of 6. Data were analysed usiNGA software.
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Nanoparticle concentrations were provided as total nanoparticles pé&wverage
number of nanoparticles secreted per MSC was calculated based on total number of
SEV isolated diided by final number of MSC#& culture at the point of CM
collection sV samples were originally sent Roof Adriele PrinaMellod group

at Trinity College Dublin in order to perform NTA measurements, where a NS500
instrument was used-ollowing acquisitionof a NanoSight NS300 instrument by

Dr Réisin Dwyerat the Lambe Institué for Translational Researddniversity of
Galway and her kindcollaboration,the remaining NTA was performday the

author using this instrument. Previously measured samples by the Trinity group

were revalidated on the NS30@ ensure consistent readings were made.

2.7.2 Transmission Electron Microscopy (TEM)

TEM was performed to assess SEV morphology. 13EY, SEV™™°, and sEVC™
were fixed in 2% PFA andhcubated or200 mesh gold formvar carbawoated
electron microscopy gridéAquilent) for 20 mins to allow attachmenSamples
were incubated with 1% glutaraldehy@gma)followed by negative staining with
2% phosphotungstic ac{@igma)for 15 seconds. Samples were analysed using a
Hitachi 7500 electron microscope, at a magnificatiom@f000X for widefield

view, 100,000X formorphological assessmeat,an accelerating voltage of 75kV.
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2.7.3 Flow Cytometryi Surface marker expression

2x10° sEV, sEVF™ and sEVC™®i n a final volume of 40¢lL
10¢lL of al dehyde/ @nvitrogeh)art @ 1.9mh tsaewtop b e a d s
Eppendorf for 15 minutes at room temperature. The suspension was made to 1mL
with PBS and incubated overnight on rotation at 4°C. Samples were taken off
rotation and 119 L1M glycine(Sigma)was added to each tube for 8nutes at

room temperature to minimise ngpecific antibody binding. Samples were then
centrifuged at 2,000 x g for 5 minutes to pellet the beads. Supernatant was carefully
removedand the bead pellet resuspended with 1mL 0.5% BSA/PBS. Samples were
washed 3 more tigs with 0.5% BSA/PB&nd resuspended in a final volume of

1mL 0.5% BSA/PBS. For surface staining of thieV, 1¢ Lof sample were
transferred per well of a 9%ell V-bottom plate and 40 Lantibody in 0.5%
BSA/PBS for 30 minutes at 4°C in the ddrlst of antibodies used for SEV analysis

are shown inrable 2.5 Samples were pelleted by centrifuging at 2,000 x g for 5
minutes, and washed twice before resuspending ig 1805% BSA/PBS and
transferring to FACS tubes. Adhalysesvere performed as single staitunstained

beads alone, unstained beaslsy, beads stained with antibodgnd beadssEV

stained with antibody isotype were all used for negative controls. Data was acquired

on a FAC&antoll (Becton Dickinsonpand analysed using FlowJo software V_10

(TreeStar Inc.)
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Antibody Fluorochrome Volume Manufacturer Cat no.
Anti-mouse PE 1:80 BD Pharmingen 564234
CD9
Anti-mouse PE 1:80 BD Pharmingen 564222
CD63
Anti-mouse APC 1:20 Biolegend 127210
CD73
Anti-mouse PECy7 1:20 Biolegend 103029
CD44
Anti-mouse PE 1:20 Biolegend 102207
CD29
Anti-mouse PECy7 1:20 Biolegend 116520
H-2kD
Anti-mouse FITC 1:20 Biolegend 108106
SCA1
Anti-mouse APC 1:20 Biolegend 124312
PD-L1

Table 2.5List of antibodies used for flow cytometric characterisation of MSGsEV
surface antigen expression.

2.7.4 Protein quantification

Protein concentration in SEC fractions was measured usin@idteee BCA

Protein Assay Kit(Thermo Scientific). Protein standards ranging from- 25

2000ug/mL were prepared as described ihe manuf act 28 leof 6s pr ot oc
each SEC fraction groteinstandardvas added per well of a flat bottom 96 well

plate. 20@ Lof working reagent was added to all wells and the plate was incubated

at 37C for 30 minutes, protected from ligAbsorbancevas measured &55nm

on a Victor X plate reader (Perkin Elmeahd unknowns were interpolated from

the standard curve in GraphPad Prism 8.0 software.
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2.7.5 Next Generation Sequencing of MSEV miRNA

Small RNA sequencing of isolated MSEV was carried out by TAMIRNA
GmBH. Overall quality of the nexgeneration sequencing data was evaluated
automatically and manually with fastQC v0.11.9 (Andrews 2010) and multiQC
v1.10 (Ewelset al. 2016). Reads from all passing samples were adapter trimmed
and quality filtered using cutadapt v3.3 (Martin 2011) and filtered for a minimum
length of 17nt. Mapping steps were performed with bowtie v1.3.0 (Langet@hd
2009) and miRDeep2 v2.0.1.2 (Friedlanadr al. 2012) whereas reads were
mapped first against the genomic reference GRCm38.p6 provided by Ensembl
(Zerbino et al. 2018) allowing for two mismatches and subsequently miRBase
v22.1 (GriffithsJones 2004), filtered for miRNAs of mmu only, allowing for one
mismatch. For a general RNA composition overview,-moRNA mapped reads
were mapped against RNAcentral (Sweeeeyal. 2019) and then assigned to
various RNA species of interest. Statistical analysis of preprocessed NGS data was
done with R v4.0 and the packadesmtmap VNA, pcaMethods v1.82 and genefilter
v1.72. Differential expression analysis with edgeR v3.32 (Robinson, McCarthy,
and Smyth 2009) used the qubkelihood negative binomial generalized lbgear

model functions provided by the package. The peaelent filtering method of
DESeqg2 (Love, Huber, and Anders 2014) was adapted for use with edgeR to
remove lowabundanmiRNAs and thus optimize the false discovery rate (FDR)

correction.

2.7.5.1 Pathway enrichment analysis

Pathway enrichment analysis was performed based on miRNAs enriched more than
2-fold in SEVF™° or SEV®™ compared to sEV. Validated gene targets of enriched
miRNAs were identified using the MIENTURNET web tool based on the
miRTarBase database. Only targets with strong evidence for miRNA regulation
were included in pathway analysis. Protpmotein interactio networks of
validated targets were generated in Cytoscape using a STRINGnpere a

0.95 confidence interval cuaiff was applied. Functional aashment was performed

using STRING and exported results were plotted in GraphPad 8.0.
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2.8 Fluorescent labelling of MSCEV

2.8.1 CFSE labelling

2x1P SEV, sSEVFW orsEV®™wer e resuspended in a final v
and added t o 35€&PBS40:KTMcEESEEeAproliferation Kit;

Invitrogen) in a 1.5mL scresmop Eppendorf. Samples were then incubated at 37°C

for 2h, protected from | ight. After staini
PBS and, in order to remove free CFH3%&,sEV were eluted using SEC columns

as described in section 2.48EV-containing fractions (FB postvoid volume)

were pooled and stored at 4°C until ready for use (@ghd. If needd,sEV were

concentrated using an Amicon UHldacentrifugal filter device and resuspended in

a small volume of medium. For negative controls, CFBEAstained PBS was used

prepared in the same way as #t8V, and also passed through the SEC column.

UnstainedsEV were used as a second negative control.

2.8.2 Confirmation of SEV fluorescence

2.8.21 SinglesteV analysis on CYTEK NL3000

Five 2-fold serial dilutions of CFSHabelledsEV were prepared in e rfiltered

PBS and placed into FACS tubes such that there veaenples of concentrations
ranging from 0.03x10to 1x1® CFSE sEV/mL, andfive samples of the same
concentrations of unlabellesEV. FSC and SSC voltages were set using Apogee
size calibration beads, to ensure size ranges from 1:03dNnm were resolved on

the acquisition screen. B2 voltage was set based on the fluorescent polystyrene
calibration beads in the Apogee Mix. Threshold setsoff the SS@H and SSEB-

H to keep event rate belowO®0/second and abort rate less than 10% of events, in
order to not swarm the detector.2®.nfiltered PBS was run to determine
background noise in the buffer and machine. GBlthed PBS was acquired to
determine levels of nespecific fluorescence, and unlabellg@V run to assess
levels of sEV autofluorescence. UnlabellestV were acquired from lowest to
highest concentration, ensuring increasing event rate was proportional to increasing
sEV number Number of CFSE negative events in the CH&kelledsEV samples

was compared to background levels in the PBS and &ESied PBS, such that

an increase in numbers indicaté® proportion of SEV that were not CFSE
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positive allowing determination of CFSE staining efficienckll samples were
acquired on lowflow rate for 45 seconds, and absence of swarm detection was
confirmed by consister@FSE MFIwith sample dilution. Samples were acquired

on a Cytek NL3000, and analysed using FlowJo software YTrE@Star Inc.)

2.9 Effects of MSCGEYV on allogeneic macrophagéen vitro

A rangeof assays were carried out to assess the effecs&\df SEVF™°, and
SEVI®™ on C57BL/6 macrophage functionality and phenoty@&7BL/6 BMDM
were isolated and differentiated as described in sectiod@h@.used immediately

in the experiments outlined below.

2.9.1 Uptake of MSGsEV by BMDM

2.9.1.1 Visualisation by microscopy

100,000BMDM were seeded onto a coverslip in £0bf medium and allowed to
adhere for 3h, following which the coverslips were carefully placed in a 6 well plate
and covered with 2mL of medium and incubated overnight at 37°C, 20%%0©

CQO,. sEV were labelled with CFSE as outlined in section 2.6.2. Medium was
removed from alBMDM wells and5x10° CFSElabelledsEV or unlabelledsEV

in 20 Lmedium were added directly onto the coverslips and incubated for 3h at
37°C. Medium was removed and the coverslipshedswice with PBSBMDM

were fixed with 4% PFASigma)in PBS for 20 minutes at room temperature.
Fixative was removed and the cells washed three times with PBS. Cells were
permeabilised by incubating with 0.1% Tritor2R0 (Sigma)for 10 minutes at
room temperature. Cells were then washed three times with PBS and blocking
buffer (1% BSA in PBS) was added for 1h at room temperature. Actin was stained
with 20 L1X Phalloidin555 (Abcam) diluted in blocking buffer at room
temperature for 1h in the dark. The cells were washed 3 timesPBi$ and
mounted using Fluoroshield with DAPI (Sigma) to visualise nuclei. Samples were
analysed using an Olympus CKX53 inverted fluorescent microscope and images

mergedn Image J.
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2.9.1.2 Analysis ofEV uptake by flow cytometry

BMDM were seeded onto 98ell round bottom plates at a density of 50,000 cells
per well i n and @lldveed to adbedeifau Bh. To induce-NKe pro-
inflammatory polarisation, ®0lo f r e c o mb i n a(Reprotechatafimae | FNO
concentration 100U/mL in was added to BMDM overnight.Thenext morning,
medium was removed and the cells washed gently with PBS. 10ng/m(Sigh%a)

in a final volume of 109 LBMDM medium was then added to tB&MDM for 4h.
After 4h, mediunwas removedrom all wellsandthe cells washed four times with
PBS.5x10° CFSElabelledsEV, sEVT™°, or sEVVP or unstainedEV wereadded

to M1-polarised wells. PBS and CF3#&belled PBS were added to wells as further
controls. Cells were incubated at 37°C, 20%%% CQ for 1h, 3h, 6h, 8h and 24h
to assessEV uptake over a time courseEV were then incubated foth in
subsequent uptake experiments after optimal uptake-gom¢ had been
determined. In order to evaluate uptake by flow cytom&WDM were detached
from the plats by incubating with 0.25% trypsiBDTA (Gibco)for 6 minutes at
37°C, then flushed from the wells by pipetting up and down several times with a
multichannel pipette. Samples were then directly transferred tanee®&-bottom
plate and centrifuged at 600 x g for 5 minutes to pellet the cells. Stg@rmas
removed and the cells washed twice with FACS buffer before stawithgantk
mouseAPC-conjugated antibodiesyainst CD11lfor 15 minutes at 4°C in the dark.
Cells were then washed twice with FACSfeuto remove excess antibody, and
resuspended in 180LFACS buffer containing SYTOX AADvanced dead cell stain
(Invitrogen). Samples were acquired on a FA@8to Il cytometer (Becton
Dickinson) with at least 10,000 events acquired per sample. PosiEWeaiptake
was gated based on fluorescenceBMDM incubated with PBS, CFS&tained

PBS, and unlabellesEV as negative controls.

2.9.1.3 Inhibition oBEV uptake wittwortmannin

Wortmannin (Sigma) stock solutions were prepared in DMSO, as per
manufacturer ds i n s-20°Q1 Wortmannin wasdilugd st or e d
appropriate cell growth medium to desired concentrations, and optimal
concentration was determined depending on the point at which viability was not

significantly reduced angsEV uptake was significantly reduced. Control welkre
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incubated ir0.1% DMSQin growth mediumin order to bloclsEV uptake by target
cells,inhibitors were added to the cells for 30 minutesditatedconcentrations,
prior to sEV addition. After treatment, the inhibitor was remoyvadd the cells
washed twice with PBS before adding HieV.

2.9.2 Macrophage surface antigen profile

DifferentiatedBMDM were seeded at a density of 50,000 cells per well of-a 96
well round bottom plate in 180Lof BMDM medium and allowed to adhere for 6h.
To induce Mllike pro-inflammatory polarisation, %0 Lof recombinant murine

| F NPeprotechht a final concentration 100U/mL in was added to BihvDM
overnight. The next morning, the medium was remoaed the cells washed gently
with PBS. 10ng/mL LP$Sigma)in a final volume of 106 LBMDM medium was
then added to thBMDM for 4h, following which thestimulus was removed and
the cells washed four times with PBS. 8¢08resh BMDM medium was then added
to the wells.1x10° SEV, SEV™°, or sEVV®™ (or PBS)were added to the welis

50c Lmacrophage mediuritheBMDM were cultured for 48h at 37°@®, normoxic
conditions with5% CQO,. Changes in surface antigen expression was assessed by
flow cytometry as described in section 2.5.A8ntibodies used for analysis of
macrophage surface profile are listed Table 2.6 Where sEV uptake was
inhibited, wortmannin(Sigma) was added to the wells at a final concentration of
leM for 30 nsEWViWdrtmaninpmwas removed amd the wells washed
twice with PBS before addirgEV, SEVF\°, or SEVC™,
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Target Fluorochrome Volume Manufacturer Cat. no.
Anti-mouse FITC 1:250 Biolegend 101206
CD11b
Anti-mouse APC 1:250 Biolegend 101212
CD11b
Anti-mouse PECy7 1:400 Biolegend 116520
H-2Kb
Anti-mouse Biotin 1:80 Biolegend 116404
I-Ab StrepAPC 1:800 eBiosciences | 17-431782
Anti-mouse Bv421 1:80 Biolegend 104726
CD80
Anti-mouse PE 1:80 Biolegend 105106
CD86
Anti-mouse APC 1:80 Biolegend 124312
PD-L1
Anti-mouse PE 1:80 Biolegend 107206
PD-L2
OVA257-264 PE 1:20 eBiosciences | 12-574382
(SIINFEKL)
peptide bound
to H-2Kb
Monoclonal
Antibody
SYTOX-AAD PerCP 1:100 Invitrogen S510349

Table 2.6 List of antibodies used for analysis dMDMs by flow cytometry.

2.9.3 Quantification of cytokine secretion inBMDM cell culture

supernatants

Supernatants from experiments outlined in secti®r2 2vere analysed for levels of
variouspro-inflammatory cytokines (CXCL1L-18, IL-23, IL-12p70, I1L-6, TNF
U, -12p40, and Ik1 pand ati-inflammatorytissuerepair cytokines (Free Active
TGFb 1CCL22 IL-10, IL-6, GCSF, and CCL1Y using theLEGENDplex
multi-analyte flow assay kitMouse Macrophagd®licroglia Panej Biolegend), as

per manuf act u$Bamplgs werd angsited on & RACSLCanso Il (Becton
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Dickson) and analysed ithe LEGENDplet Data Analysis Software Suite
(Biolegend).

2.9.4 Macrophage antigen processing and presentation
DifferentiatedBMDM were seeded at a density of 50,000 cells per well of-a 96
well round bottom plate in 180Lof BMDM medium and allowed to adhere for 6h.
To induce Mllike pro-inflammatory polarisation, %0 Lof recombinant murine

| F NPeprotechhat a final concentration 100U/mL in was added toBivDM
overnight. The next morning, the medium was removed and the cells washed gently
with PBS. 10ng/mL LP$Sigma)in a final volume of 100 LBMDM medium was
then added to thBMDM for 4h, following which the stimulus was removed and
the cells washed four times with PBS. 8¢00resh BMDM medium was then added

to the wells.1x10° SEV, sEVFN°, or sEVC™ (or PBS)were added to the welia
BMDM medium The BMDM were cultured for 24h at 37°Gn normoxic
conditions with5% COg, following which 5@ LDQ-OVA (Invitrogen)was added

at a final concentration of 1ug/mL. The cells were then cultured foa3h°C,in
normoxic conditions with5% CO,, protected from light. To assess levels of
presented antigen, the cells were prepared for flow cytometry analysisscribed

in section 2.5.3The cells were incubated with fluorescently conjugatedrantise
monoclonal antibodies against CD1fbb 15 minutes at 4C, protected from light.
The cells were washed twice and then incubated with a fluorescently conjugated
monoclmal antibody targeting +2Kb-bound SIINFEKL (Invitrogen) for 40
minutes at room temperature, protected from ligtgtails of the antibodies used
are listed infable 2.6 The cells were then washed twice and resuspended ¢n 1120
FACS buffer containing SYTOX AADvanced dead cell stain, transferred to FACS
tubes and acquired on a BD FACSCanto Il flow cytom@ecton Dickinson)

Results were analysed using FlowJo V_10 softWareeStar Inc.)

2.10 Effects of MSCEYV on allogeneic T cellsn vitro

A number of assays were carried out to assess the effesBVofsEVF™?, or
SEV'®® on C57BL/6 T cell functionality and phenotype. C57BL/6 T cells were
isolated as described in section 2.2.3 and immediately used in the experiments

outlined below.
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2.10.1 Uptake of MSCEV

2.10.1.1 Analysis aEV uptake by flow cytometry

T cells seeded onto 98ell round bottom plates at a density @1000 cells per
wel | i n 100elL medi um -COa/anhtiCB28 idynabkaad e d
(Gibco) 5x10° CFSElabelledsEV, sEV™, or sEV ©F br unstainedsEV were
added tothe wells PBS and CFSHabelled PBS were added to wells as further
controls. Cells were incubated at 37°C, 20% &6 CQ for 18h 24h, or 36hto
assess EV uptake over a time courseV were then incubated foB6h in
subsequent uptake experiments after optimal uptake-pgom¢ had been
determined. In order to evaluate uptake by flow cytometry, T cells were detached
from theplates by carefully removing the supernatant and resuspending the cells
with 15 LFACS buffer. Samples were then directly transferred to-avé€lbV-
bottom plate and centrifuged&Qa0 x g for 5 minutes to pellet the cells. Supernatant
was removed and the cells washed twice with FACS buffer before staining CD3,
CD4, and CD8 with fluorochromeonjugated antibodiegeeTable 2.7) for 15
minutes at 4°C in the dark. Cells were then washed twice with FACS buffer to
remove excess antibodgnd resuspended in @6 LFACS buffer containing
SYTOX AADvanced dead cell stain (Invitrogen). Samples were acquired on a
FACSCanto Il cytometegiBecton Dickinson)with at least0,000 events acquired

per sample. PositiveEV uptake was gated based on fluorescence of T cells
incubated with PBS, CFS&ained PBS, and unlabellsBV as negative controls.

2.10.2 Proliferation Assay

T cell proliferation was evaluated by staining the cells with CellTrace Violet (CTV)
(Invitrogen). 1x10 T cells were resuspended in 1mL PBS and stained with 1
CTV for 20 minutes at 37°C, with gentle mixing every 5 minutes. The staining was
ceased by adding 6mL T cell medium to quench free CTV. The cells were then
pelleted by centrifuging at 800 x g for 5 minutes, the supernatant was removed and
the cells washedith PBS. T cells were activated by adding €@b3/anttCD28
mouse Tactivator Dynabeads (Gib) at a concentration of 0.629 beads per
100,000 T cells. 100,000 CTFstained T cells were seeded per well of an@dl

round bottom plate, and 5XA8EV, sEV™?, or sEVV6™ (or PBS)in 50¢ LT cell

medium was added to the wells. Control wells received medium alone. Stimulated
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T cells alone served as positive controls, and unstimulated T cells served as negative
controls. The cells were incubated for 96h at 37°C, 20%6@ CQ, following

which levels of proliferation was evaluated by flow cytometedium was
removed from all wells and stored-20°C for further analysis. 180LFACS buffer

was added to each well and the cells detached by pipetting up and-d@ximtes.

The cell suspension was transferred ten@ V-bottom plates and cells pelleted

by centrifuging at 800 g for 5 minutes. Supernatant was removed and the cells
washed twice with FACS buffer. Surface staining was performed by preparing a
multicolour cocktail of fluorescentigonjugated antibodies against CD3, CD4, and
CD8 (seeTable 2.7). Cells were stained in a final volume ofe50Qper well for 15
minutes at 4°C, protected from light. Following antigen staining, the cells were
washed twice with FACS buffer and resuspended i I3ACS buffer containing
SYTOX AADvanced dead cell stain. Cells were transfermedACS tubes and
acquired on a FACS CANTO (Becton Dickinson)At least 100,000 events were
acquired per tube, and data was analysed using FlowJo softwarg MegStar

Inc.). Total proliferated cells were gated based on unstimulated controls. Percent of
cells proliferating greater than three generations were gated based on CTV dilution
per proliferative generation.

2.10.3 Regulatory T cell induction assay

T cells were resuspended in T cell medium and activated by adding@B3tant:

CD28 mouse Tactivator Dynabeads (Gibco) at a concentration of @ G2eads

per 100,000 T cells. T cells were seeded ontavel round bottom plates at a
density of 200,000 cells per well. 5¥SEV, SEV™, or sEVC™ (or PBS)in 50 L

T cell medium was added to the wells. Control wells received medium alone.
Stimulated T cells alone served as positive controls, and unstimulated T cells served
as negative controls. The cellere incubated for 120h at 37°C, 20% 6% CQ,
following which levels of Tregs induction were evaluated by flow cytometry.
Medium was removed from all wells and storee?@f C for further analysis. 150L

FACS buffer was added to each well and the cells detached by pipetting up and
down 510 times. The cell suspension was transferred tov€lbV-bottom plates

and cells pelleted by centrifuging at 800 x g for 5 minutes. Supernatant was
removed and the csllwashed twice with FACS buffer. Dead cell stagnimas

performed by incubating the cells with fixable LIVE/DEAD violet stain
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(Invitrogen) for 30 minutes at 4°C, in the dark. The cells were then washed twice
with FACS buffer. Surface antigen staining was performed by preparing a
multicolour cocktail of fluorescentigonjugated antibodies against CD3, CD4, and
CD25(seeTable 2.7). Cells were stained in a final volume ofe50per well for 15
minutes at 4°C, protected from light. Following surface antigen staining, the cells
were prepared for intracellular staining using teBiosciencE FOXP3 /
Transcription Factor StaininBuffer k i t (I'nvitrogen), foll owing
guidelines. The cells were incubated in dQ0fixation/permeabilisation buffer
overnight at 4°C, following which fixation buffer was removed and the cells washed
twice with permeabilisation buffer. Cells were incubated with-BaxP3 antibody
diluted in permeabilisation buffer in a final volume @t5Lper well for 60 minutes

at room temperature, in the dark. Ngpecific staining was controlled for by using
isotype antibody in control stimulated T cell wells. IEaVere washed twice with
permeabilisation buffer, resuspended in e30FACS buffer and transferred to
FACS tubes. Samples were acquired on a Fa&#oll (Becton Dickinson)with
100,000 events acquired per sample. Data was analysed in FlowJo software V_10

(TreeStar Inc.)
2.10.4 Quantification of cytokines in supernatants

Supernatants from experiments outlined in section 2.8.3 were analysed for levels of

12 Mouse cytokinedl(-2, 4,5, 6, 9, 10, 137A, 17F, 22, IFN  a n dU WhishF

are collectively secreted by Thl, Th2, Th®ND Th17 cells using the

LEGENDplexE multi-analyte flow assay kiteMouseT Helper CytokinePane]

Bi ol egend) , as per manufacturerds i nstruct
FACSCanto Il (Becton Dickson) and analysed ire thEGENDple Data

Analysis Software SuitéBiolegend).

62



Chapter Two: Materials and Methods

Target Fluorochrome Volume Manufacturer Cat. no.
Anti-mouse FITC 1:100 Biolegend 100204
CD3
Anti-mouse PECy7 1:400 Biolegend 100414
CD4
Anti-mouse FITC 1:400 Biolegend 116004
CD4
Anti-mouse APC 1:250 Biolegend 100712
CD8
Anti-mouse APC 1:400 Biolegend 104508
CD69
Anti-mouse BV510 1:80 Biolegend 102042
CD25
Anti-mouse PE 1:80 Biolegend 126404
FOXP3
SYTOX-AAD PerCP 1:100 Invitrogen S510349
LIVE/DEADE BVv450 1:800 Invitrogen L34955
Fixable Violet
Dead Cell Stain
Kit

Table 2.7List of antibodies used for flow cytometric analysis of T cells.

2.11 Effects ofMSC-sEV on corneal cellwound closure

2.11.1 Scratch assay

HCEpi or HCEndo were seeded at a density of 1g&0well of a 12 well plate and
cultured to confluency, with medium changed every 3 days. Once 100% confluency
was achieved, medium was removed and a linear scratch was made from the top to
the bottom of the well using a sterile 20Qpipette tip. Cells were washed gently
twice with PBS to remove cell debris. 1mL scratch medium (DMEM low glucose,
0.1% FBS, 1% penicillin/streptomycin) containing 1%t0ntrolsEV, sEV' F Nor

SEVT 6Fivas added to each well53@& Lmedium + 5@ LSEV in PBS). Control
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wells received PBS in place of sEV. Cells were incubated at 3idi°@rmoxic
conditions with5% CO,. Brightfield images were taken at Oh (diredityiowing
scratch), 18h, 24h, and 48h pgstatch using an Olympus CKX53 inverted
fluorescent microscope. Area of the wound was measured using ImageJ software,
and % wound closure was calculated using the equation below:

bOéo&E@AET 6ipQ— cp o

Where A(t) is wound area at timg and A(O) is wound area at Oh i.e. directly
following scratch.To ensure cells were imaged in the same location at each time
point, a straight line was drawn across the bottom of a 12 well plate, bisecting each

well, using an ethanaksistant marker and a rul@igure 2.1)

Direction of scratch

Area to
image

Figure 2.1 Plate setup for 2D scratch assays
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2.121n vivo mouse model ottorneal chemical burn

2.12.1 Ethics

All procedures involving live animals were approved by the Animal Research and
Ethics Committee in the University of Galway, and conducted under individual and
project licenses granted by Health Products Regulatory Authority (HPRA) of
Ireland. All animal experiments conformed to the Association for Research in
Vision and Ophthalmology (ARVO) Statement for the Use of Animals in
Ophthalmic and Vision Researdilice were fed a standard chow diet with water
ad lib, housed and cared for under standard openatoagdures of the Biological
Resource Unit, University of Galway. Female C57BL/6 mice were purchased from
Charles River Laboratories and werdBweeks old during the time of study. All
procedures were performed the author following fultraining and authosation

2.12.2 Cornealchemicalburn induction and interventions

Mice were placed in a clean anaesthetic chamber, which was then filled with 5%
isoflurane in 2L/minute oxygen for 2 minutes to indanaesthesid he mouse was

then transferred to a face mask with a mixture of isoflurane and oxygen flowing.
Surgical anaesthesia was reached once pedal reflex was lost, and dose of isoflurane
was adjusted betweer2Pb depending on respiratory rate and depth of anesist

A round piece of Grade I filter paper was cut using a 1.5trephine, anthe paper

was thernsoaked inl0s Lof a 1M NaOH solutiorfor 20 secondsExcess NaOH

was removed by gently touching the perimeter of the disk onto sterile filter paper.
Under a surgical microscope and using sterile forceps, the soaked filter paper was
placed onto the central cornea of the left eye for 30 seconds to geheratan.

The filter paper was then removeohd the eye was washed gently with 5mL PBS

for irrigation and to remove residual NaOAsingle investigator performed all of

the described proderes to ensure reprodutity. A pain management protocol

was implemented by administering 0:025mg/kg buprenorphine subcutaneously

30 minutes beforecularburn and every 8 hours for 72h following the surgery.

Subconjunctival administration of treatments was performed on Day O (directly
before burn induction), and again on Day 3. In brief, the conjunctiva was gripped

gently using a sterile forceps, and a &00nsulin syringe with a 29G needle
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attached and loaded with SAPBS or 1x18 sEV'®™ was injected laterallynto

the space between the conjunctiva and the sadletibthe bevel was completely
inserted. The fluid was then slowly administeraad the needle carefully removed.
Topical administration of treatments was performed on Day O (directly following
burn induction), Day 1 and Day 3 by droppinge 100f 1x1® sEV'®™ or PBS
directly onto the central cornea.

Animal group sizes were as follows: Topical PBS n=6; Tops&V'¢™ n=6;
Subconj PBS =5; SubcosfV'®® n=7.

2.12.3Injury monitoring and assessment

2.12.3.1 OCT imagingnddamage assessment

Optical Coherence Tomograph9CT) imaging was performed on Day 1, 3, 7, and

14. The uninjured contralateral eye served as the healthy control for each mouse.
Mice were placed in a clean anaesthetic chamber, which was then filled with 5%
isoflurane in 2L/minute oxygen for 2 minutes to indwanaesthesia. The mouse was
then transferred to a face mask with a mixture of isoflurane and oxygen flowing.
Surgical anaesthesia was reached once pedal reflex was lost, and dose of isoflurane
was adjusted betweer2Pb cepending on respiratory rate and depth of anaesthesia.
OCT imaging was performed with the assistance of Eanna Johnston, a PhD student
at the College ofPhysics University of Galway.A commercial spectral domain

OCT system (Telesto Ill; Thorlabs, Inc., New Jersey) an objective lens LSM03

(NA = 0.055, | at eperating at teexentrabmtavelength af 13003 € m)
nm with sensitivity 96 dB @ 76 kHz rateas usedo perform all imaging, and each
mouse was placed in the same position at the sast@nde from the leng.he
parametersisedfor 2D imageacquisition weré&00 A lines per Brame scan, with

a pixel size of 1um, and a fietaf-view of 2.5mm in X direction.

Corneal thickness measurement was performed using Image J, as described by Luisi
et al 202%% Tenlocationsweredrawn perpendiculdrom thebase of the cornea

to the surface of the cornemndwere measured and averdg@nterior chamber

depth was measured in the same fashwhereby ten locations were drawn
perpendicular from the lens to the corneal endotheliomasurementand

averagedDamage index of the corneas was based on four paramebensal
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oedema, deformation of the iris, detachment of the endothelium, and levels of
inflammatory material or debris in the anterior chamber. A sprantitdive
scoring chart wasonstructedand OCT images were designated a score -8f 0
based on levelsf damage to each structure (Jesble 5.1). Total score over the

four parameters was averaged, giving a final damage inde8.of O
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2.12.4 Isolation of mouse tissues for ex vivo analysis

On Day 14, mice werdwumanely sacrificed bynesthetising with isoflurane
followed by cervical dislocationCorneas and cervical lymph nodes were excised
in order to perform further analysis on molecular changes in control versG&EV

treated mice.

2.12.41 Pro-inflammatoryand fibroticmarkersin the cornea

gRT-PCR was employed to determine levels of inflammatory mediators in the
corneas of mice. Following sacrifice and under a surgical microscope, a 2mm
trephine was used to mark the corneal perimeter and vanas scissors were used to
extract the tissue. The cormseavereplaced into individual 1.5mL RNadece
eppendorfs with RNAlatefSigma)and stored at°€ for up to 5 days. The tissue

was homogenised iB5C LUysis buffer using a micro pestle (ThermBNA was
extracted from the homogenised tissue using the Bioline RNA Isolate Mini Kit
(Meri di an Bi osciences), f olSamples wage manuf act
eluted in 48 LRNasefree water andRNA contentwas quantified usinga
Nanodrop 200@Thermo Scientific)330rg of RNA was used for cDNA synthesis

using the RevertAid First Strand cDNA Synthesis K({Thermo Scientific),
foll owi ng manuf awthafimakevoluns of 20n_4ct LeDMNAWas o n s
usedper well to quantifmRNA levels ofiL-16 , i N 08, andRIGAL (see

Table 2.8 All gRT-PCR was performed according to the standard program using

a realtime PCR system (StepOne Plus, Applied BiosystemgermoFisher
Scientific). Gene expression was made relative to the housekeeping gene GAPDH

and fold change was relativettte average of thieealthy control corneas.
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Gene Source Assay ID Catalogue #

GAPDH ThermoFisher Mm99999915 g1 4331182
Scientific

IL1b ThermoFisher MmO00434228 ml 4331182
Scientific

Nos2 ThermoFisher MmO00440502_m1 4331182
Scientific

ARG-1 ThermoFisher Mm00475988 m1l 4331182
Scientific

COL3Al ThermoFisher Mm00802300_m1 4331182
Scientific

Table 2.8 List of gPCR primer probes used for analysis of mousmrneas.

2.12.42 Analysis of immune cell frequencies and levels of inflammatory mediators
in the draining lymph nodes

Following euthanasia,etvical lymph nodes were harvestfdm the mice and
prepared into a single celb described in Sectidh2.3 500,000 cells weradded

to each well of a 98vell V-bottom plate andtained withthe monoclonal antibogl
panelsshown inTable 2.9. Staining was performed as descrilie®ection2.5.3

All surface stains were incubated for 15 minutes®&t &or intracellular staining,

the samples were incubated with Fixable LIVE/DEAD viability dye (ThermoFisher
Scientific) for 30 minutes at room temperature, washed twice with FACS buffer
and then stained for surface antigens for 15 minutes at 4C. The samgpies
washed twice andhen ncubaéd in fixation buffer (eBioscience) overnight
followed by washing in permeabilisation buffer (eBioscience). The samples were
incubated with arkmouse CD20@&ndFOXP3at room temperatutfer 1h, washed
twice with permeabitation buffer, resuspended in 20Qbuffer and transferred to
FACS tubesAll samples were acquired on a FACSCant(Bedton Dickinson)

and analysis was done using FlowJo V_10 softWBreeStar Inc.)Healthy control
agematched mice were included as a baseline for immune cells in the draining

lymph nodes.
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Fluorochrome | Volume | Manufacturer | Cat. No.

Live cell panels

Panel 1

CD4 FITC 1:400 Biolegend 116004
CD8 PE 1:250 Biolegend 100707
CD69 APC 1:80 Biolegend 104508
CD44 PECy7 1:400 Biolegend 103030
CD62L BV510 1:80 Biolegend 104441
SYTOX-AAD PerCP 1:100 Invitrogen S10349
Panel 2

CD4 PECy7 1:400 Biolegend 100422
CCR4 APC 1:70 Biolegend 131212
CCRG6 PE 1:167 Biolegend 129804
CXCR3 Bv421 1:100 Biolegend 126522
SYTOX-AAD PerCP 1:100 Invitrogen S10349
Panel 3

CD11b APC 1:250 Biolegend 101212
CD19 FITC 1:250 Biolegend 152404
GR-1 PE 1:80 Biolegend 108408
Ly6G BV510 1:80 Biolegend 127633
SYTOX-AAD PerCP 1:100 Invitrogen S10349
Panel 4

CD11b FITC 1:250 Biolegend 101206
H-2Kb PECy7 1:500 Biolegend 116520
I-Ab Biotin 1:80 Biolegend 116404

StrepAPC eBiosciences | 17-431782
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CD80 Bv421 1:80 Biolegend 104726
CD86 PE 1:80; Biolegend 105106
1:800

SYTOX-AAD PerCP 1:100 Invitrogen S10349
Panel 5

CDl11c FITC 1:250 Biolegend 117306
H-2Kb PECy7 1:500 Biolegend 116520
I-Ab Biotin 1:80 Biolegend 116404

StrepAPC 17-431782
CD80 Bv421 1:80 Biolegend 104726
CD86 PE 1:80; Biolegend 105106
1:800

SYTOX-AAD PerCP 1:100 Invitrogen S510349
Intracellular

panels

Panel 1

CD4 FITC 1:400 Biolegend 116004
CD8 APC 1:250 Biolegend 100712
CD25 BV510 1:80 Biolegend 102042
FOXP3 PE 1:80 Biolegend 126404
LIVE/DEAD BV450 1:800 Invitrogen L34955
Panel 2

CD11b FITC 1:250 Biolegend 101206
CD206 APC 1:80 Biolegend 141708
LIVE/DEAD BV450 1:800 Invitrogen L34955

Table 2.9Flow cytometry panels used for analysis of draining lymph nodeast day 14
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2.13 Statistical Analysis

All in vitro experiments were performed73times.sEV characterisation data is

presented as-8individual SEV isolations per groupll data are presented as mean

+ SD, unless otherwise stated. Comparisons between two groups were analysed by
Studentdés T test. Comparisons between three
Way ANOVA, foll owed by -hootes foGae o Dunnett
multiple comparisons, as appropriaie. vivo experiments were performed in

groups of n&-7, to which mce were randomly assigdeAll data are presented as

meart SD, unless otherwise statddvooway ANOVA with Sidakodés cor
multiple comparisonsor Oneway ANOVA with Tukeyds correct
comparisonsvas employedto assess statistical significance between groaps
appropriateDifferences between groups were colesed significant where p<0.05.

For illustration purposes, levels of significance are denoteasbgriskssymbols

such that * represenfs<0.05, ** representp<0.01, *** represent$<0.001, and

***x representp<0.0001. All gatistical analyss wereperformed using GraphPad

Prism software Version 8.0 (La Jolla, CA, USA).
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3.1 Introduction

MSCs have well established immunoregulatiinyctionsand are being evaluated

in clinical trials for the treatment of various inflammatdrgsed disordef¥ 2> In
recent years, the role of MSSEV in mediatingthe effects observeldy the parental

cells has come to lightnd have been found to play significant roles in the
modulation of metabolism, immune cell signalling, and neurodegeneration, among
many other®%2%°. Therefore, MSGEV have been proposed as a -tralé
alternative to MSC, anpresenhumerousdvantages over MSBerapyincluding

ease of storage and handlimgprovedsafety profile, low immunogenicitygnd

reduced potential fdung entrapment and immune rejecfieth?®!

The phenotype and function of MSCs is not fixggon reaching a site of injury,
microenvironmental cuesuch as prénflammatory stimuliinfluence MSCsto
acquire an immunosuppressive phenotype, resulting in their expression and
secretion of various immunomodulatory factét4%1:262 Another hypothesis is that
MSCs can be primed by pinflammatory cytokines released during awkbnor
immune response to allogeneic MSC therapy. In fact, allogeneic MSC have shown
superior therapeutigotentialcompared to syngeneic M3gothin vitro and in pre

clinical model$81263

A simple and effective strategy for enhancing MSC therapeutic potisritimbugh
cytokine licensing, in which MSC are exposed to cytokines in culture prior to their
administration*’164188 Theeby wpondelivery to the site of injury, the MSCs are
already of the immunosuppressive phenotype and pg&ht modulatory effects
Cytokine licensing has proven to be an effective method for enhancement of MSC
function by our group and others, and represent promising cell thei@pien.that

SEV are thought to be major mediators of MSC activity, investigation is warranted
into the effects of cytokine licensing on the secreted sEV and to detenhate

impact licensing has ddSC-sEV therapeutic @ential.

Although licensing with pronflammatory cytokines is largely investigated in the
literature, a small body of work has also studied the use ofirdlaimmatory
cytokines as licensing todf$:178179.18 Qur group hasalso shown T G F fdl

significantly enhance the immunomodulatory capacity of MSC, as evidenced by
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reduced T cell proliferation and enhanced Treg indutifon G F ficensed MSC

also significantly improved corneal allograft survival compared to unlicensed MSC
in a mouse mod#¥. Different licensing strategies result in varying MSC
phenotypes and levels of activity, resulting in a wide variation in the types of
immunomodulatory factors being secreted and expressed on the MSC depending
on the licensing stratedf/ 154 Therefore, the optimal MSC licensing strategy for

the treatment of a given inflammatebpgsed disorder will likely depend on the

underlying mechanisms of pathogenesis.

Our group has observed that BALB/c M&@dMSC™ are unable tsuppresshe
proliferation ofstimulatedallogeneicC57BL/6 T cels when ceculturedin vitro.
MSC'™, however highly suppress allogeneic T cell proliferati¢hppendix
figure 1). Similarly, MSC™®™ were found to modulate allogeneic macrophage
phenotype by reducing expression levels of theipilammatory/MZxlike marker
iINOS, an effect was not observed with MSC or MS€treatmentand increasing
their expression of the artiffammatory/M2like protein CD208@o a higher degree
than either MSC oMSC™ (Appendix figure 2). Since the particular cargo of a
given sEV is dependent on the cell from which idlesived, it is possible that the
cargo of a SsEV secreted from an MSC will be different to that of an SEV secreted
from a licensed MSE. Moreover, different licensing strategies are likely to result
in distinct sV cargoed.herefore, it i2of interest tanvestigaé whether or nahe
immunomodulatorypotential of SEV secreted fronticensedMSC to modulate
inflammationcould alsobe enhanced compared to unlicensed.dEM crucial to
ensurean sV product is of high potency, and therefore should be derived from

MSCs of hightherapeutigotential.

This study sought to investigate how the therapgatientialof SEV, in the context
of immunomodulation and corneal wound healing, can be enhanced by cytokine
licensing. In this chapter, it was determined how cytokine licensing can affect the
characteristics and cargo of MSEV, and how two different licensing siegies

result in unique MSE&EV cargo profiles.
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3.2 Hypothesis andAims

Hypothesis

Cytokine licensing results in altered MSEV characteristics and cargo, and

different licensing strategies elicit unique MSEV profiles.
Aims

I Characterise BALB/cbone marrowderived naiveMSC, IFNa-licensed
MSC (MSC™), andT G F ficensed MSC (MSEE™).

1 Optimise the isolation of sEWrom the conditioned medium o¥1SC,
MSC™°, andMSCTe™P,
Evaluate the influence of cytokine licensingMBC-sEV secretion levels
CharacterissEV, SEVT™°, and sEV®™ secretedrom MSC, MSC™, and
MSCT®™, respectively.

f Comparehe surfacexpressiomprofile and miRNA cargo of sEV, sgVv ?
and sV ©F.P
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Figure 3.1 Overview of methodsusedto achieve the aims set oun Chapter Three.

(A) MSCswere cultured in growth medium alone or supplemented withh BfN' G F fol
generate MSC, MSE®, and sEV®™. Conditioned medium was collected after 72h and
SEV, sEV™°, and sEV®P were purified.(B) Routine characterisation of isolated sEV
samples and evaluation of the effects of cytokine licensing on sV characteristics involved
morphological assessment by TEM, size distribution and concentration analysis by NTA,
and confirmation of SEV markers bipiv cytometry.(C) To further investigate the effect

of cytokine licensing on SEV cargo, the miRNA content of sEV,"@E\and sEVC™ were
sequenced. Differentially expressed miRNAs were identified and functional enrichment
analysis was performed to evaluate pathways which may be highly targeted with licensed
SEV.Function.Created with BioRender.cam
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3.3 Results

3.3.1 Isolation and characterisation of BALB/c MSCs

Bone marrow was flushed from the bones of BALB/c mice and cultured in MSC
growth medium, with individual colony forming units appearing as the progenitors
differentiat@l. The isolated cells were fibroblastike in morphology and plastic
adherentCells were analysed by flow cytometry and confirmed to have positive
expression of CD29, CD105, CD73, CD44, &@©A-1, and negative expression of
CD45.2, CD11b, CD86, anMHC 1l (Figure 3.2) as outlined in the ISCT
guidelines for positive identification of MSCBALB/c MSCs were also found to

have high levels of expression for MHQHigure 3.2)

3.3.2 Characterisation ofcytokine licensedBALB/c MSC

3.3.2.1 Growth kinetics and morphology of MSC, M$Cand MSECP

MSCs were cultured in growth medium supplemented with 50ng/mLo I6iN
25ng/mL T GF bfdr 72h to generate MS®® and MSC ©F Prespectively.
Brightfield images were takeafter 72h to study morphological changéenfluent

naive MSC exhibited a cobblestoliee morphology, which is weltharacterised

in the literature(Figure 3.3 (A)!°”. MSC FNfook on a more spindiike
morphology, indicative of cell stress, while MSE" displayed an elongated shape

t hat arranged into Oswi(Figue®B3 @)l EFNe tissue
licensing did not have a significant effect on cell proliferation, with yields after 72h
culture and doubling time similar to unlicensed M3®Gwever cell viability was
reduced with this licensing strate@fyigure 3.3 (B. i, ii, iii)). In contrast, licensing

with T G F bedluced MSC doubling time thereby increashmegell yieldafter 72h,

and did not have any effect on cell viability levels compared to unlicensed MSC
(Figure 3.3 (B. i, ii, iii)). In order to further assess the morphological changes
induced by the two licensing strategies, the cells were analysed by flow cytometry
to determine cell size, based on forward scatter area-&jS&hd cell granularity,
based on side scatter area (S5CNeither licensing strategy altered tbeerall

size of the cells, though MSE Flere found to be more granular than unlicensed
MSC (Figure 3.3 (B. iv, V)
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Figure 3.2 Confirmation of positive and negative antigen expression profile of bone
marrow derived BALB/c MSCs. (A) Gating strategy for selection of cells for analysis.
(B) Representativéhistograms showing expression pbsitive and negative markers
outlined by the ISCT guidelines for identification of MSCs, in which cells stained with
monoclonal antibodies against various antigéyellow) were compared to negative
control FMOs (grey) assessed by flow cytometBxperiment was performed 3
independent tine
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Figure 3.3 Licensing alters MSC morphology and growth kinetics (A) Brightfield
images (4X magnification) of MSC, MSt®, and MSC®™ showing cell morphologgfter

72h licensing(B) Effects of licensing on MSC growth kinetics were evaluated based on
(i) cell yield after 72h culturgjji) doubling time, andiii) viability. Cells were harvested
and analysedby flow cytometry to measur@v) cell size and(v) granularity. Data is
presented as mean DSScale bain (A) = 2 0 Gtistical significance was assessed
using Oneway ANOVA wi t hhocTtesk p<f.05s** ppO0dE t**p<0.001
(n=3-6).
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3.3.2.2 Surface expression profile of MSC, M¥Cand MSCGC™

It was then investigated whether cytokine licensing had any effect on the expression

of positive and negative MSC m&Fbar s.

greater than 95% of celtemainedpositive for CD105, CD73, CD44ndCD29,

as well asvIHC I. However, there was a significant reduction in the percentage of
cells positive forSCA-1 expression followingl' G F flicensing.Less than 5% of

cells in all groups expressed the negative markd&/80, CD86, and CD45.2.
Median fluorescence intensity (MFI) pfoteins expressed on the MS@asthen
quantified as a measure of the intensity of expressiargiven markeper cell. As
shown inFigure 3.4 (B) T GF fiicensing increased the expression levels of
CD105, CD73, and CD44ndpotently reduced expression®€CA-1 andMHC I.

Inc o nt r a-icensingluprégulated the expression levelSGA-1 andMHC

I, and reduced the expression intensity of CD29, CD105, and CD73, and had no
effecton CD44] FNo2 has al so been reportsod i n
of theimmunoregulatory protein PD1 on their surfac€®264 Here, t was found

that MSC F Nexpressed high levels of PIOL, and thiswas not observed on MSC

or MSC' ¢F (Figure 3.4 (B. vi))
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Figure 34 Licensing induces unique antigen expressionrgfiles on MSC surface.

Following 72h licensing, MSCs were analysedfloyw cytometryto assess changes in

expression levels dfISC markers(A) Percentage of cellsxpressing positive (CD105,

CD73, CD44, CD29MHC |, and SCAl) and negative (F4/80, CD86, CD45.2) MSC

markers Expression of the immunomodulatory protein-BPD was also assesse(B)

Intensity of expression (MFI) of specific proteins on the cBlia is presented as mean +

SD. Statistical significance was assessed uSingway ANOVA wi t FhocTukey 6 s
test *p<0.05, **p<0.01, **p<0.001, ****p<0.001 (n=3).
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3.32.3Multilineage differentiatiorpotentialof MSC MSC™°, and MSCC™

The potential for differentiation into at least two mesenchymal lineages is a defining
characteristic oMSC<%’. To confirmthe cells after licensing were still MSCs and

did notcausedifferentiationand loss of MSC status|SC, MSC™, and MSGC¢P

were cultured in specific conditions in which multipotent cells should differentiate.
MSC, MSC™, and MSCC™ cultured in adipogenesiaducing conditions were
found to becapable of differentiating into adipocytieased orpositive staining of

Oil Red O and characteristic fat globule structyfegure 3.5 (A)). Oil Red O
stainingwas extracted and semuantified based on absorbance, krehsing was

not found to impair nor enhance the cells ability for adipogenic differentiation
(Figure 3.5 B)). MSC, MSC™ and MSC®™ cultured in osteogenic induction
medium could be seen to differentiate into osteocytes, as observed through Alizarin
Red S stainingFigure 3.6 (A)). Based on the calcium content of the cells,
MSC'™™ had a reduced potential for osteogenesis, WM™ had a higher
propensity for osteogenic differentiation compared to unlicensed (AigGre 3.6

(B)). While altered potentials for osteogenesis were observed, licensed cells
nonetheless retained the capacity for multilineage differentiation. Spontaneous
differentiation to osteocytes or adipocytes was not observed in any group.
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Figure 35 Adipogenic differentiation of BALB/c MSC s. MSC, MSC™°, and MSC¢P

were cultured in specific differentiation medium and their capacity for adipogenesis was

evaluated(A) Cells were stained with Oil Red O to observe adipocyte differentiation and

imaged byight microscopy (10X magnificationells cultured in growth medium served

as controls(B) Quantification of Oil Red O staining was determinednbgasuring the

absorbance of thextracedstain and compared to that of control wells cultured in regular

growth mediumData is presented as mean + SD. Scalaérbéd) = 2 00 & m. Statistice
significance in each group wastaladsttestssed usi ng
** n<0.01, ***p<0.001 (n=3).
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Figure 3.6 Osteogenicdifferentiation of BALB/c MSCs. MSC, MSC™°, and MSC¢m

were cultured in specific differentiation medium and their capacity for osteogenesis was
evaluated(A) Cells were stained with Alizarin Red S and imagedibltimicroscopy

(20X magnification}o observeViSC differentiation to osteocyte€ells grown in regular
growth medium served as controlB) Quantification of cellular calcium content
determinedusing the StanBio Calcium Liquicolour kiData is presented as mean = SD.
Sal e bar i nSt(uvAde rrt @9 Qadedytest wauded to assasatistical
significance in each group: **1<0.0001 (n=3).
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3.33 Characterisation of MSC grown in EV-depleted medium

MSC growth medium is commonly supplemented with FBS to promote cell
proliferation and expansiprand to reduce cell stress by providing necessary
nutrient$9 27 However, FBS contains abundant levelssofall and largesEV

which can contaminate the colleciell conditioned mediungCM) when isolating
MSC-derivedsEV. To ensure theEV eluted are of MSC origin and not FBS
derived, complete MSC growth medium was depletesEdfby ultracentrifugation

to generate EMlepleted (EVD) mediumn order to prepar€M from which sEV

could be isolated, MSCs were seeded in regular growth medium and after 24h
medium was removed and the cells washed twice with PBS to remaracat of

FBS. EVD medium was then added, and the cells were cultured for a further 72h.
EVD medium was not found to induce any morphological changes in MSCs
(Figure 3.7 (A) anddid not impact cellular viabilityFigure 3.7 (B. i)) Culture in

EVD medium didaffect MSC proliferation, witlihe cell yieldbeing reduceafter

72h compared to MSC grown in regular growth medium,iaagkased the MSC

While depletion methods significantly reduce the levelEfin FBS-containing
medium, they cannot ensure complete removabobparticlesin order to evaluate

the number of nanoparticles remaining in EVD medium, equal volumes of EVD
medium and MSE&M wereprocessed using the size exclusion chromatography
(SEC) method to isolate sEV. Nanoparticle tracking analysis (NTA) was employed
to measure the concentration of nanoparticles in each sample. EVD medium was
still found to contain nanoparticles in the sE¥esrange, though the number was
only a fraction of the concentration measured from M3@, specifically 0.3%
(Figure 3.7 (C)) This means that in a sample of SEV isolated from MB3C the

true number of MSE&EV may be closer to 99.7%, with 0.3% being contants

from the EVD medium.
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Figure 3.7 Evaluation of MSC growth kinetics when cultured inEVD medium versus

regular growth medium, and assessment of contaminating FBSEV in cell

conditioned medium (A) Brightfield microscopy imageat 4X magnificatiorof BALB/c

MSCs grown for 72h in regular medium or in fMpleted (EVD) mediun(B) Harvested

MSCs were diluted 1:1 with trypan blaed counted using a haemocytométedetermine

(i) cell viability, (ii) cell yield after 72h, anlii) MSC doubling timevhichwas calculated

based on th originally seeded number of cel{f€) Concentrationof sEV-sized particles

in PBS, EVD mediumand MSC CMwasmeasurd by NTA. Data presented as me&n

SD. Scale bar in (A) = 200 m Satistical significance wass sessed using St u
unpaired, twetailed ttest. **p<0.01; n.s. denotes naignificantresult(n=3).
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3.34 Optimisation of sEV isolation method from MSC-CM

Efficient isolation ofsEV with high purity and removal of nesEV components in

the collectedCM is crucial to avoid ovemnterpretation of results and misattribution

of functionaleffect£®’. Until recently, ultracentrifugation (UC) waensidered the
gold standard for sV isolation and wiag most common methodmployed by
researcherfor sV isolation UC is a coskffective anduserfriendly method for
SEV isolation. Howeverthere are many concerns associated with the isolation of
sEV by UC, particularly the higispeedcentrifugationwhich maycaug sample
aggregation and high levels of-swlates such as soluble protein comple3t8g®®

For this study,he efficiency of SEV isolation by UC was compared to purification
using a commercial SEC columaEV original,IZON Science). Isolated SEV were
analysed by NTA to obtain the size distribution profile and concentrafiskVvV
(Figure 3.8 (A)). Both isolation techniques resulted in the isolation of SEV in the
appropriate size range, withe modal size otJC sEV beingl113.6nnt10.7 in
diameter, and sEV isolated by SEC being 1048h81in diamete(Figure 3.8 (B.

1)). UC led to significantly higher concentrations of particles the samples
compared to those isolated by SHE&gure 3.8 (B. ii)). Transmission electron
microscopy (TEM) allows nanometre resolution to observe sEV morphology,
purity and quality’®. Representative images of sEV isolated by UC and SEC are
shown inFigure 3.8 (C). UC samples were found to have large amounts of
aggregates and deformed particles. Whether the structures observed in the UC grids
were SEV ruptured due to excessive force, or were protein aggregates, could not be
confirmed. In contrast, intact SEV couli readily identified in SEC samples,

which also had low background and enharmpeality.

Unl i cens ed-liceh§e@ MSC| &ndl & F ficensed MSC secrete sEV,
SEV FNand sEV ©F frespectively. Samplesolated by UC and by SEC were
analysed by flow cytometry through attachment to 4um latex bgadsrogen)
which allows their detection dnstruments which are not sensitive in the nanoscale
range of sEV. An issuenmediatelyidentified with samples isolated by UC was
high background signal in the scatter plots of SEV&nd, in particular, SEVCF P
groups(Figure 3.9). A plethora of molecules are secreted by M8@sn cytokine

licensing and it is crucial to remove all neitV constituent$o obtain high sample
purity164,168,18§
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Figure 3.8Isolation by UC and SEC result in differing purity and quality of sEV.sEV
were isolated from MSEM by either UC or SEC and characterised to compared isolation
efficiency. (A) NTA was employed to determine sample size distribution and
concentration(B) (i) Modal particle diameter, angii) concentrationof sV isolated
relative to the number of MSC culturd@) sV quality and purity was assessed by TEM
imaging.Displayedin (A) and (C)are representativienages formexperimers performed

3 independent timesScale bar in (C) = 100nnData shown in (B)i) is presented as
modetSD, and in (ii)is presented as mee®D. Statistical significance was assesgsiig
Student 6s -tailedtest peOd5(n=3).wo
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Figure 3.9 Samples isolated by UC, but not by SEC, exhibit high background signals
when analysed by flow cytometrysEV isolated by UC or SEC were attached to 4um
latex beads to enable visualisation on a FACSCanto Il flow cytometer. Beads alone without
SEV were used as controls, in which beads could be readily separated from background
noise.Displayed are representative contour plaoitexperimerg which were epeatedat

least3 times.
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The high background signal observed in licensed SEV groups isolated by UC was
deemed to be due to elevated levels ofsotated norsEV material. In contrast,
samples isolated by SEC did not have high background noise, even in licensed sEV

groups, again indi¢eng enhanced purity with this isolation meth@dgure 3.9).

The SEC isolation method allows removal of & components based on
particle size. In order to confirm removal of soluble protein complexes, which was
thought to be a major issue affecting the UC sV samples, SEC fractions were
quantified for protein astent and expression of the sEV marker CD9. Protein
content wasneasuredoy BCA assay orthe fractions without lysis to ensuring
measured protein was not affected by intravesicular protein content, and CD9
expression was measured by béaded flow cytomey. As shown irFigure 3.10

(A), sEV eluted in fractions-% based on expression of CD9 in these fractions, with
small amount detected in fraction 10. Soluble proteins were found to elute in later
fractions, with minimal levels in the sEsbntaining fractions. SEC fractions were
also quantified by NTA to determirgarticle concentration. It was found that the
detected particle number was not specific to sEV, andsi&dh particles were
picked up by the instrument and included in the total nanoparticle dosioem
(Figure 3.10 (B)) This may also have contributed to the higher particle number
observed in samples isolated by UC compared to SE@ure 3.8 (B. ii).

Given the significant issues observed with UC and the higher purity obtained with
SEC isolation, only the SEC method for SEV isolation was used for the remainder
of the project.
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Figure 3.10 SEC allows removal of nhorsEV components and soluble proteinl5
fractions wereollectedby SEC and analysed fand concentration as determined by NTA.

(A) SEC fractions were analysed for CD9 expression levels (MFI) and protein content to
determine the point at which sV and refV elute.(B) Nanoparticle concentration
measured by NTA was correlated with detected soluble protein in each fraction.
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3.3.5 Effects of cytokine licensing on levels of MSEEV secretion
BALB/c MSCs were cultured in EVD medium alone or supplemented with either
50ng/mL recombinant murine IEN o r 2 fecombinant murind G F fiol
generate MSC, MSC Nand MSC ©F.ffter 72h, the CM was collected and sEV,
SEV FNand seV ¢F fvere eluted by SEQn order to determine the effect of
cytokine licensing on levels of MSEEV secretion, sEV, sEV®, and sEVC™®
isolated by SEC were quantified by NTA and total concentration was normalised
to the number of cells in culture at the time of CM collectidhis was doné¢o
determine the average number of SEV secreted per MSC! M$&hd MSC ©F, P

and to ensure changes to sV secretion level was not due to differing numbers of
cells n culture. As shown irFigure 3.11 MSC'®™® were found to secrete
significantly more SEV per cell than unlicensed MSC and KI8CThe average
number of SEV secreted from MSC was 36&B3.4, from MSEN was
590.7228, and from MSE™ was 2025.7+674.MMSC'®™ secreted, on average,

5.6 times more sEV per cell than unlicensed MSC, and 3.4 times more than
MSCFN°. The secretion level oMSC™ was not found to be statistically
significantly different than unlicensed MSC, though there was found to biene$ t

more SEV secreted per MSENompared to unlicensed cells.

Given the increased SEV secretion profile of MSE these cells were investigated
further by evaluating their expression of proteins known to be involved in SEV
biogenesis and secretion. RNA sequencing analysis showed mRNA levels of
Rablla, VPS37b, SMPDL3b, HSP90a, STX6, and SDCBP2 to be upregulated in
MSCT GF tompared to unlicensed MSThe specific roles of the identified

upregulated genes are detailedable 3.1
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Figure 311 T G F petthances the secretion of MSGEV. (A) The sEV concentration

per group was measured by NTA and normalised to the number of cells in culture at the
time of CM collection in order to determine tireerage number of SEV secreted per MSC,
MSC FNand MSC ©F.°3 individual sEV isolations were used per gro(i®) mRNA
expression levels of genes involvedHV biogenesis and secretion was evaluate by RNA
sequencing of MSC and MSEF.Data is presented as meaBD. Statistical significance

was assessech i(A) by onewa y

Student 6s
denotes nossignificant (n=3).
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Gene Protein Role in sEV biogenesis Ref
RAB11A RABlla Promotes MVB trafficking and fusion 271272
with the plasma membrane
VPS37B Vacuolar Protein Subunit of ESCRT, regulates 21,29
SortingAssociated | vesicular trafficking and initiation of
Protein 37B MVB cargo sorting
SMPDL3B | Sphingomyelin Cleaves sphingomyelin into ceramid| 2526
Phosphodiesterase | which is involved in inward budding
Acid Like 3B of endosomes to form MVBs
HSP90AA1 | Heat Shock Protein | Chaperone protein; promotes fusion| 23
90a MVB to plasma membrane
STX6 Syntaxin6 SNARE protein; role in vesicular 33
trafficking and fusion with the plasmg
membrane
SDCBP2 Syntenin2 Regulates endosomal budding and | 2332

formation on ILVs

Table 3.1 List of SEV biogenesisrelated genes upregulated in MSC followind GF b 1
licensing.RNA-sequencing was performed on MSC and MS8E€fand various genes with
known roles in regulating the generation and secretion of SEV were found to be upregulated
with T G F flicensing
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3.3.6 Characterisation of sV, sE¥N°, and sEVI®F? jsolated by
SEC

Given their small size anceterogenous natureEV are intrinsically challenging to
characterise. Multimodal analyses are crucial in order to confirm the positive
presence of SEV in the product. In this project, SEV size distribution was determined
by NTA, morphology was confirmed by TEM, and expres®f SEV markers was

confirmed by flow cytometry.

3.36.1 Size and morphology

As shown inFigure 3.12, SEV, sEV"™, and sEV ©F &xhibited characteristic
rounded morphology when imaged by TEMze distribution of naive anitensed

SEV was measured by NT@&igure 3.13 (A)). Cytokine licensing did not impact
the size of secreted sEV, and thedal particle diameter for sEV, sEV®, and
SEVI®® was 102.3nm#4.9, 103.6nm+10.8, and 100.9nm+15.3, respectively
(Figure 3.13 (B)).

3.36.2 Surface expression profile

In order to assess expression of the stiS¥ociated markers CD9 and CD63, the
SEV isolates were attached to 4um beads in order to allow their resolution on a BD
FACSCanto ll(Figure 3.14 (A)) This method has been well established for bulk
analysis ofsEV profiles®2’4 Negative controls employed included beads alone,
beads with sEV but no antibody, beads with no sV but with antibody, beads
incubated with antibody only, and unstained beads. This was to ensure all
background noise was minimal and any fluorescence daix$eras truly due to
antibody bind to the specific protein on sEV. For illustration purposes, only beads
with sEV incubated with appropriate isotype controls are displayed in the figures.
As shown inFigure 3.14 B.i), SEV, sEV°, and sEV®™ were positie for both

CD9 and CD63. Interestingly, the overall intensity of CD9 expression was higher
in sEV F Nand average CD63 expression levels were higher of $EfFigure

3.14 B.ii)).
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Figure 3.12 sEV, sSEV™N° and sEV'®P can be visualised by EM. Samples isolated by
SECwere prepared for TEM imaging to assess morphcéoglguality. Imageswere taken
at 50,000X magnification for widefield view and at 1000@r observationof
morphology Displayed & representative images for each grodimm experiments
performed 3 times$0,000X scale bar = 26f; 100,000X scale bar = 10@.
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Figure 3.13 Cytokine licensing does not alter the size distribution profile of secreted

seV. were analysed by NTA in order to measiifd Representative size distribution
profiles of SEV, sEV™?, and sEV®™ measured by NTA(B) Modal diameter of detected
particles for 4 individual SEV isolations per group. Data is presentaddaSD, and was
analysed by On®Vay ANOVA with T-tedt e¢oy dvaluatep siasistical h o ¢
significance between group means.

Licensing has profound effects on expression of antigens on the MSC surface, as
seen inFigure 3.4, with unique phenotypes observed not just from licensed to
unlicensed MSC, but also between licensing strategies. As sholgure 3.14

(C), sEV positively expressed MSC markers, and the overall trends in expression
levels observed wetargelysimilar to those observed on the parent é&impared

to naive sEV, sE¥? exhibited increased expression @41, PDL1, andMHC

1, all of which were also uprecatied on MSEF NSEV' ©FRad increased expression

of CD29, CD73, and CD44 compared to SEV. Interestingly,'sSE\&Iso exhibited
increased PRL1 expression compared to naive sSEV. This was not an effect
observed on MSC®F.P
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Figure 3.14 FACS analysis ofantigen expression profile of MSGSEV. (A) In order to

allow detection on a BD FACSCanto Il flow cytometry, sEV, $&V and sEVC™ were
attached to 4um latex beads, and then incubated with various fluorescently conungated
antibodies against sEV and MSC mark@B3(i) Expression of tetraspanins CD9 and CD63

on sV surface. (ii) MFI of CD9 and CD63. (iii) Expression of M&Ssociated markers
onsEVsurface. Data is presented as ne&D. Statistical analysis was assessed by One

way
(n=3).
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3.37 Changes in MSGsSEV miRNA cargo profile induced by

cytokine licensing

The miRNA content of MSGEV has beerproposed as a@anajor mechanism
through whichthese secreted particlasediate intercellular communicatiofy 2’

In order to determine the effect of cytokine licensing on the miRNA cargo oFMSC
SEV, tree individual isolations each of sV, sEV, and sV ¢F{vere sent to
TAmMIRNA GmbH for Next Generation Sequencitgbrary creation, sequencing
and differential expression analysis was performed by TAMIRNA GmbH, and

functional enrichment and pathway analysis was performed by the author.

3.3.7.1 Differentialy expressethiRN/As

Read counts were normalised to 1 million mapped miRNAs (RPM),4&&d
miRNAs were found tdave aa RPMof >1 in all groups analysed, with varying
levels of expression/olcanoplots were generated identify miRNAs which were
differentially expresseth sEVFN° and sSEVCE™ compared to naive sEVhiRNA
expression was considered significantly different where the false discovery rate
(FDR) was less than 0.05. As shown kigure 3.15, | -lle@hsing induced
differential expression of 85 miRNAs in sV, 37 of which were upregulated
compared to naive SEV and 48 were significantly downregulat&iF ficensing
resulted in 86 differentially expressed miRNAs, 48 being upregulated and 38
miRNAs were downregulated compared to naive SERNAs enriched in sEVF N°
compared to sEVandthose enriched iSEV' ©F Bompared to SEV are listed in
Figure 3.16

100



Chapter Threeisolation and characterisation of sEV secreted from MSC, 'M%@nd
MSCe™

A
sEVIFNY yersus sEV
DiffExpr miRNAs (85)
= Up: 37
=  Down: 48
:
) ' ' * . ‘. :
| I RSN A B @ Not significant
. : : ; ] @ FDR<0.05
logFC
B

SEVTICFE yversus sEV

DiftExpr miRNAs (86)
= Up:48
= Down: 38

-log(FDR)

Figure 3.15 Differentially expressed miRNAs were identified in cytokine licensed sEV.
miRNA fold change (FCin expression ifA) sEV™>and(B) sEV'®™ compared to sEV
was plotted againgalse discovery rate (FDRanddifferential expression was considered
significant where FDR<0.05 (n=3 individual isolations per groMmlcano plots were

generated by TAMIRNA GmbH.
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Figure 3.16 Significantly upregulated miRNAs in sEV Nand sEV ¢F."miRNAs were
identified as significantly upregulated §A) sEV' FNand(B) sEV' ¢F Bompared to SEV
where FDR<0.05. Individual miRNAs are plotted against fold change in expression relative
to sEV (n=3 individual isolations per group).
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3.3.7.2 Pathway enrichment analygi§ miRNAs upregulated withIEN | i censi ng

Targets of miRNAs which had at least doRd increase in expression in sEN?
compared to sV were identified in the miRTarBase database. Only proteins targets
with strong validation were included subsequent pathway analy$s8 proteins

were identified as validated targets of miRNAs upregulated in"8&\and 129
protein targets were identified in miRNAs overexpressed by §E\The complete

list of the enriched miRNA targets are displayed in the appetidpendix
Figures 3 and 4). The proteinprotein interaction network of these proteins was
visualised in Cytoscapasing a STRING plugn with a 0.95 confidence interval
cut-off, and disconnected nodes were remairegure 3.17).

Functional enrichment analysis was performed in Cytoscape to assess pathways
targeted based on the protgirotein interaction networlAs shown inFigure 3.18

(A), gene ontology (GO) enrichment analysis demonstrated'™EWad
upregulated expression @hiRNA transcripts implicated irthe regulation of
biological processes such as metabolism, development, and celtdegthred to

SEV. Protein targets of miRNAs enriched in sE¥? were also largely involved in
cellular and metabolic processes, as welll@gelopment, bubot in cell death or
apoptosigFigure 3.18 (B)).

Signalling pathways targeted by upregulated miRNAs in'@2¥nd sEV ©FWere
analysed using two databasegpko Encyclopedia of Genes and Genomes (KEGG)
and Reactome (REACThe top 20 upregulated signalling pathways identified in
the REAC database for each group compared to sV are listeidure 3.19.

Seven of the top targeted pathways were common itf$End sEVC™ compared

to sV (pathways in cancer, miRNAs in cancer, regulation of stem cell
pluripotency, hepatitis B, colorectal cancer, human papillomavirus and herpes virus
infection).Several targets of sSEV N¥hich were not identified in sEVE Fiticluded
infectious and cancassociated pathways such measles, bremscer, Epstein

Barr virus, gastric cancer and prostate cancer. Apoptosis and p53 signaltang

also identified as a pathway targeted by miRNAs upregulatsg\h F I °
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Figure 3.17 Protein-protein interaction network of targets of miRNAs upregulated in
SEVFN® and sEV'®FP. Validated targets of upregulated miRNAgere identified in
miRTarBase, and the interaction networks of the identified targets gesrerated in
Cytoscape for(A) sEVP™ and (B) sEV' ¢F.POnly targets with strong evidence for
validation were included and(a95 confidence interval cuaiff was applied.
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Signalling mthwaysfound to be targeted by sE\?But not by sEV © NAcluded
FOXO, TGFb , -1T, toll like receptor (TLR), MAPK, Hippo, and AGEAGE
signalling pathways. Osteoclast differentiation was also found to be regulated by

protein targets of miRNAs enriched in sESF.?

The top 20 upregulated signalling pathways identified in the REAC database for

each group compared to sEV are liste&igure 3.20. Five of the top upregulated

pathways were common between §&%and sEV®™, namely signal transduction,

cytokine signalling in the immune system, signalling by interleukins, pathways of

the immune system, and cellular response to sifasgeting of cellular senescence

was found in sEV™° networks, while oxidative stress induced senescence
specifically was a pathway targeted by miRNAs in §8% Major pathways

targeted by sEVF Muhich were not identified in SENVPF tncluded apoptosis,

regul ation of the tumour s-ca@mnrsignalbng,r TP53,
and IL-4/IL-13 signalling. PTEN, Wnt, and AKT signalling pathways were also
determined to be regulated by miRNAs highly expressed in §E\Pathways

found to be targeted by sE FBut not by sEV 7 Ndcluded TLR4 signallig, TGF

b signalling, as wel kB axtvatidi.yWhiBe &poptasis c a d e s
was not a target of sSE\PF, ®leath receptor signalling was identified as a pathway

regulated by protein targets of miRNAs enriched in 5B%°
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Figure 3.18 Geneontology analysis of biological processes targeted by sEN? and
SEVTCFP, The top20 significantly enriched biological processdentified in(A) SEVFW
and (B) sEV'®™® based ondifferentially expressed miRNAwith greater than -fold

increasecexpression compared to SEV (n=3 individual isolations).
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Figure 3.19 KEGG Pathway targets for miRNAs enriched in SEWF® and SEVTCFP,
The top 20 targeted pathwaysere identified based on proteins targeted by miRNAs
upregulated by more thanfald in (A) sEV FNand(B) sEV' ¢F Bompared to sEV (n=3

individual isolations).
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3.4 Discussion

In this chapter, the effects of cytokine licensing on the profile of secreted MSC
SEV were evaluated. Two licensing strategies were investigated, the firstding

the proinflammatory cytokine IFN, and the second beingith the anti
inflammatory cytokinél G F Bitlvas shown that naive sEV, siE\?, and sEVC™

can be readily isolated from the conditioned medium of unlicensed MSCTMSC
and MSCC™, respectively by SEC Different cytokine licensing strategies were
found to induce altered surface amdRNA expression profiles compared to
unlicensed sEV, and the two different licensing strategies resulted in unique sV
cargo profiles.This indicates that SEV cargo can be significantly influenced by
licensing of the parental cell. Furthermore, functional enrichment analysis of SEV
cargo can provide information on particular signalling pathways that are highly
targeted by licensedEV andmay provide superior therapeutics depending on

disease mechanism and desired functional outcome.

Addressing the challenges associated with purifying and characterisines NS C

Multimodal analysis of SEV is imperativia orderto obtain a complete view of
their characteristics and purtfy?’® In this study, sEV were characterised by a
combination of NTA, TEM, and flow cytometry, and an initial comparison between
UC and SEC isolation methods was compared to identify which strategy yielded
the superior producMSCs in their resting statto not secrete large quantities of
cytokines, chemokines and immunomodulatory proteiHewever, gtokine
licensing induces high levels of secreted factors which mediate their enhanced
effects compared tdhe relatively quiescent resting M8G%4 The issue here is

that when isolating licensed sEV by UC, there is an increased potentiabuate
soluble protein complexedC has also been found to cag&®/ aggregation, shear
stress and destruction due to the high speeds required to pellet the p&ttloles

this study it was found that samples isolated by UC had reduced quality and purity
compared to those isolated by SEC. The TEM analysis of UC samples also
contained several nesEV structures, although whether the structures observed
were disfigured sE\due to highspeed centrifugation or protein aggregates could
not be deciphere&EV purified by SEC allowed increased purity of sV that did

not exhibit aggregation or loss of integrity when analysed by TEM.
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NTA is a commonly used toahat allows tracking of single particles in order to
assigrsize and concentratidff?® As with all SEV haracterisation method$iere

are limitations and caveats which must be consideaed t is important to
remembetthatNTA cannot discriminate betweesV and other particledn this

vein, when utilising NTA to measure the size and concentration of a sample, it is
crucial have aurified population to obtain accurate measuremekgsshown in

this chapterconcentratiormeasurementsy NTA did not correlate with the SEC
fractions where sEWere present. Fraction®mtaininglarge amouts of soluble
protein were measured as having large amounts of nanopantigtdsare not true

sEV. While UC samples had higher particle concentration detected by NTA
compared to those isolated by SEC, it is difficult to say what percentage of the
particles measured are true sERemoval of soluble protein by SEC ensured a
higher specificity for analysis of particle concentration compared to UC samples.
Aside from characterisation and quantificati@moval of norsEV components of
MSC-CM isalsovital in order to ensure any functional efficaatyserved in potency
assays is a direct result of sEV. Whilen-sEV components that are-@plated

may confer therapeutic activity, it is important to understand what is mediating the
observed effects to avoid misattribution of function, which has plagued the sV
field.

IncreasedSC-sEV secretionwith T G F ficknsing

T G F ficknsing was also found to increase the levels of SEV secreted per cell, with
5-fold more sEV secreted per cell compared to unlicensed MSC. Whether the
altered cargo o$EVTCP also results in functionally superior therapeutic potential
will be evaluated in the following chapters. A recent paper by Kobaydshli
showed thaT G F finduced the secretion of sEV from oral cancer cells-fylcB
compared to contral?’. It has also been proposed that the high levels GfF b 1
found in the tumour microenvironment is a major contributor to the high level of
SEV secretion from tumour celf® The SEV biogenesis genes identified in this
chapter that were upregulated in MS® belong to both the ESCRdependent

and ESCR1independent pathways and does not appear to specifically promote
SEV biogenesis by one specific mechani8mecent study by Marie and colleagues

suggested that SEV generated via Rakdd@endent pathways represent only a
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small population of SEV, however they appeared to possess highly potent signalling
activity compared to SEV secreted via Rabiridependent pathwa$/s. T GF b 1
licensing increased mMRNA levels of Rablla in MSC, and may have contributed to
the increased sEV secretion observed from W¥8CWhether this infers enhanced
functional capacity of SEV?™, as described in the aforementioned article, will be
evaluated in the following chapteissF N2 | i censing di d not

changes to sEgecretionlevels a finding which has also been reported by others

in the fieldH8%-282:283

Changes to sE¥urfaceomenduced by cytokine licensing

MSC-sEV harbour several proteins, receptors, and lipids on their surface which can
play significant roles in uptake by target cells and organotropism, and in mediating
intercellular communication directly at the sE¥ll interfacé® 4284 The particular
cargo of an sV is dependent on the cell from which it derives, and in this ¢hapter
it was foundhat MSGsEV express MSC markers CD29, CD44, and CarYgeir
membrane Moreover, changes in expression levels of these markers that was
observed orthe parental cellvas also observed on the secreted '$EV i.e.
increased CD44nd CD73on MSC©P resulted in increased CD4hd CD730n

SEVI®™ compared to unlicensed controls.

| F Nmduced upregulation of PEL1 on MSCsthrough activation ofSTATI1-
induced IRF1 transcription factohas been well described in the literatifeln
this chapter MSEN and also SEVFY? expressed PD1, and this could infer
capacity for sEVF Md impair T cellresponseshrough engagemeémnf the PD1
receptor on target cetls'#® Although not present on the surface of MSC, P
SEV' CFfid express PR.1 on their surface and to a similar level of SEWA
study by Chatterjeet al. found crculating SEV PD-L1 contentto be highly
correlated with tumoull G F fBetels, and ecombinantT G F bntlucel PD-L1
expression intumourderived SEVin a dosedependen mannef®®. Further
investigations into SEV cargo packaging and the influence of licensing on this
process will shed lightn the mechanism behifid G F fndluced upregulation of
SEV PDI1, although this was beyond the scope of the current dteiy-licensing
wasalsofound to upregulate the expressionMiiC | molecules on the surface of

MSCs and their secreted sB¥2% Although this should raise the question as to
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whet her | FN2 is a suitabl duetodheidcdredsed e f or
potential for MHC imediated alleresponseghere is extensive evidence to show
allogeneid F Nicensed MSCs potently suppress T cell proliferation and immune

cell activation inin vitro andin vivomodelg70173

SEVT®P displayed increased expression of several MSC markers which also play
roles in immunoregulatior€D44 is a glycoprotein with roles in cell adhesion and
migration, which was upregulated in the surface of S CD44 expression has
also been correlated with Mke macrophage phenotype and
immunosuppresidi®?® The enzyme&D73 is involved in the hydrolysis of AMP

to adenosine, which suppresses lymphocyte activitymodulates macrophage
polarisation toward the arnitiflammatory phenotypé*?°% sEV-associatedCD73

has been shown foromote immunomodulation, and the increased expression of
this enzyme on sENP™ may infer improved regulation of inflammation compared

to naive sEW23124

Standard flow cytometers are not sensitive enough to detect nanosized sV, and
analysis of the surface profile of the isolated sEV in this study was performed
through attachment to 4um latex beads in order to allow their detection. However,
there are somlemitations to this method that should be discds¥éhile there were

no significant differences between the mean diameter of SEV, si&hd sEV ¢F P

and equal amounts of each sample were incubated with equal volumes of beads, it
cannot be definitively ad that there is exactly the same number of particles per
bead between the sEV, sEVNand sEV ©F §roups. MFI of each bead will be
dependent on the number of sEV attached to it, and for this reason the results
obtained should be interpreted with cautiBarthermore, the percentage of events
positive for each marker analysed cannot be confirmed. If one out of 100 SEV on a
bead is positive for expression of the marker under investigation, the bead itself
may appear as positive on the cytometer even thd@890 of the events are
negative. Similarly, it cannot be said how many sV on a bead must be positive in
order for the bead to pass the detection threshold and be considered positive. This
will likely depend on sensitivity of the instrumeBingle sEV analysis on dedicated

cytometers, which was not available during the course of this studylhill for
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more thorough analysis will bperformed in future investigations order to
confirm the observations described in this ch&pté??

Changes to sEYhiRNA cargo induced by cytokine licensing

mMiRNAs are small noigoding RNAs (1921 nucleotidesthat act as key regulators

of gene expression by bindingto®eN] W UTR of target mRNAS
mRNA degradation and translational repres$tbrin general, each miRNA has
multiple target genes and regulates a wide variety of gene expré$sion
mMiRNAs are also packaged into sEV, with numerous studies describing the
functional transfer of sEVnIRNA to target cells in order to modulated cell
metabolism, immune responses, as well as cancer metastasis and prdgté%sion

299 The specific mIRNA content of SEV is also dependent on the state of the parent
cell. Tumourderived sEV have been shown to harbour molecular signatures of the
parent cell and are being investigated as biomarkers and prognostic indicators, as
the secretedsEV can provide information on the state of the tumour
microenvironmenit*°2 M1-like and M2like macrophages also have distinct
mMiRNA profiles, confirming that cell state can significantly influence the miRNA
content of secreted sE®. In this chapter, sEV, sEV®, and sEV ©FWere found

to exhibit significantly different miRNA signatures. Interestingly, the miRNA
content of SEV F \Was highly different to that of sSE\? , £onfirming that differing
licensing strategies result in unigue MSEV phenotypes, which are likely to have
differing functional efficaciesThe results observed also further highlight how
culture conditions can highly alter SEV biology. This is not only relevant to the
work presented here, but also provides ancatthbn as to why there may be
variability among results between labs. Slight alterations in culturing conditions,
media components, as well as the cell passage and source are likely to elicit major

changes in SEV cargo and differing potency as a result.

Functional enrichment analysis was performed based on miRNAs which were
enriched in either sEY° or sEVF ¢F tompared to SEV, in order to identify

potential signalling pathways which may be more efficiently targeted by sV
generated t hrough s Cgtakindsigralling in heimmunen g st r e
syst emo, 0signaldndgoéibmmuinret ey setuekmdnh swer e
REACTOME and KEGG databases for which both §fvand sEVC™ were
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enriched compared to naive sEV. As the objective of this thesis is to identify the
potential enhancement of immunomodulatory potential of SEV by cytokine
licensing, this was a promising early indicator for enharfoedtional efficacy

compared to naive sEV.

Several of the top signalling pathways identified as being targets of miRNAs
upregulated in SENA° were involved in cancer subtypes including breast, gastric,
endometrial, prostate colorectal, and liver cancers. Careful consideration of
potential pretumorigenic properties is crucial when proposing a novel
immunotherapeutic. One of the enriched pathsvialysEV F Neas transcriptional
regulation by TP53 and the p53 signalling pathway. The tumour suppressor gene
TP53, which is responsible for making the piotp53, is a criticategulabr of

DNA repair and cell divisiorand is esentialin preventing tumour formaticft.

p53 is frequently inactivated in cancer cells by missense mutatidmsh resuls

in uncontrolled celproliferation and damaged DNA replicati8h3°2 Regulation

of apoptosis was also identified as a major target of SE\Excessive apoptosis
induced by corneal chemical bumesults in secondary necrosisdrelease of pro
inflammatory intracellular contentsand regulation of apoptosis could be of
therapeutic benefit®3°2 However, if the mechanism utilised by SEVd reduce
cellular apoptosis is through inactivation of p53 signalling, this could have major
complications in terms of tumorigenesis. miRNAs involved in suppressing the
degr ad a t-datenin weré alsé upregulated in SEV'°and functional
enrichment analysis found degradation of bheatenin destruction complex to be

a pathway regulated by sE¢NTy os ol i ¢ a c c-cateninpraniote n o f
cellular proliferationwhich, particularly in the case of rezhd p53 signalling, has
strong implications itumorigenesi®+3% Although beyond the scope of this study,
further investigations into understanding the molecular mechanisms of miRNAs
highly expressed in sBV NA terms of potential preumorigenic induction, and if

the levels of miIRNA are stoichiometrically relevant for tumour induction will allow

confirmation of the safety profile of sEV N?°

Functional enrichment analysis of highly expressed miRNAs inf §EWentified
numerous signalling pathways highly relevant for immunomodulafidlk: is a

major preinflammatory cytokine that drivemflammatory gene expressiand
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contributes to cell deat?f3°” ExcessivelNF signalling is associated with chronic
inflammation and can lead to the development of autoimmune diseasdNF-
inhibitors are being considered for treatmerinimmatory diseasé¥ 38 |-17,

a cytokine produced by the T helper type 17 (Th17) subset, is alsm@ istducer

of inflammation, and dysregulated -lL7 signalling is well characterised as a
contributor to the pathogenesis of chronic inflammation conditions such as
psoriasis, rheumatoid arthritis, and multiple sclef83/° miRNAs targeting TNF

and IL-17 signalling were enriched in sE¥F Pas evidenced in the functional
enrichment analysis, and modulation of these pathways could contribute to
amelioration of inflammatory states, and exhibit superior therapeutic potential
compared to SEVHIPPO signalling was also a target of SE¥, andTAZ, a key
protein of the Hippo pathway, has been described as an inhibiteO¥P3
function, a transcription factor which is a key regulator of Treg differentiation and
functior®¥313 Overexpression of TAZ is alseported to favor the differentiation

of IL-17-producing cells rather than Tré§s*4 TLR signalling and NFB
induction was also identified as an enriched target of'SE\fThe transcription
factor NFkB is a pivotal mediator of inflammatory responses and is responsible for
the production of various inflammatory cytokines and chemokines, as well as the
activation and differentiation of inflammatory T cells. Taken togetsEl/" ©" P
have a promising profile as modulators of inflammatory responses and promotion

of Treg induction.

Several of the miRNA transcripts found to be most highly upregulated if°§EV
did not have any strongly validated targets, as of yet-6288 was the most highly
expressed miRNA in sEN?™, and was enriched 18ald over SEV. However, there

is very limited work done as of yet on this particular miRNA. While this may be of
interest in terms of novelty, it restricts our understanding at the present time into
our understanding of the activityf the miRNAs most enriched in sES®. A
recently published stydfound specific upregulation of miB238 in lungderived

EV following acute lung injury, and reported this miRNA as a previously
undescribed modulator of inflammatory responses in alveolar macropttages
When miR6238 inhibitors were applied, they observed marked upregulation of
inflammatory cytokines and chemokines throughkRisignalling, and identified
CXCL3, IL12a, IL1rap, IL6ra, IL6st, and IL10ms potential targets of miB238.
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Future studies will investigate the mechanism3 @ F fndluced upregulation of
mMiR-6238 in secreted SEV anits potential role in modulating inflammatory
responses. Furthermorehether changes in sV cargo are specifically altered due
to altered cargopackaging processes in response to cytokine stimuli, or if
expression levels of specific mMiIRNAs are altered in the parental cell cytoplasm and
passively packaged into SEV during biogenesis could not be determined. This will

be an interesting parameter thwestigate further in future studies.

While differential expression of several miRNAs was detected with both dirlN

T G F hicgénsing strategies, whether these changes are biologically relevant cannot
be ascertained as of Y&t Further investigations into miRNA stoichiometry will

be required to determine what is a functionally relevant copy number, although this
is likely to be highly dependent on the target’é®f’ Potency assays in which
SEV concentration and delivered copy numbers of specific miRNAs are known will
also improve dosing for future studiéaurthermore, it is important to note that the
mMiRNA profile and expression of MSC markers on sEV are only a snapshot of their
complete cargo. Future work on the proteomics, lipidomics, and more expensive
surface characterisation will provide further insight into the complete effect of
cytokine licensing on MSGEV argo.

Conclusion

Cytokine licensing infers unique surface and miRNA cargo profiles in {85,

and different licensing strategies result in diverse dHKctional potential
Depending on the desired outcome, sV derived from different licensing strategies
may be more suitable for the treatmentspgcific diseases, based on pathway

enrichment analysis of overexpressed sEV cargo.

With the knowledge that cytokine licensed sEV harbour significantly altered cargo
compared to naive sEV, the functional efficacy of the sEV,"8&%nd SEVC™in
the context of immunomodulation and wound healing thasevaluated through

variousin vitro assays, which are described in the following chapter.
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4.1 Introduction

Macrophages are innate immune cells that play a key role in reguladth the
innate and adaptivarms of thammunesystem. Theyerve as antigen presenting
cells (APCs) required for priming ofthe adaptive immune responsad drive
inflammation as well athe restoration olamaged tisss and promoting wound
healing®'®32%. Macrophages reside in almost all of the lymphoid andlymmphoid
tissuesandare part of thérst line of responséollowing tissueinsult Macrophages
are typically categorised as MO (resting), classically activated M1- (pro
inflammatory), or alternatively activated M2 (airtflammatory/wounerepair)
depending on their phenotype and functidd?® However, macrophages are highly
plastic and are not fixed in one stdfeThese cells can be reprogrammed to elicit
varying functions through intercellular communication and stimuli in their
microenvironment. Mdike macrophage can be polarised toward a more MO er M2
like state, and vice ver&a Although useful for discerning broad functioedfiects

of macrophagg it is important to note thathe M1M2 classification is
oversimplified and macrophage phenotyglgould instead be thought of as
spectrumwhich changes in accordance with relevant environmental stimuli and

intercellular signallingrather thamlistinct subsefd8322:323

M1-like cells are typically characterised by their high expressiodHC Il and
CD86, secretion of prmflammatory cytokinegsuch adlL-12, IL-1 b , -6, TNF

U), andproduction ofnitric oxide andreactive oxygen speci&s?* These cells aid

in host defence against several bactemal viralpathogensanti-tumour immunity

and activation of the adaptive arm of the immune sys@mthe other hand, M2

like cells are characterised by upregulation of CD206, arginask),lland TGF
[H319:325.326 \12-like cells are importarfor resolution of inflammationand promote
wound healing and tissue repair, as well as phagocytosis of cellular. 4&buaslls

are strong inducers of Th2 cells and Tregs, which further expand their regulatory
functions. The M1/M2 balance is important famaintaining tissudnomeostasis
ensuring that normal host defence by M1 responses is still intact, but kept in check
by M2 regulationto ensurat does not lead to excessive or chronic inflammation

which may inhibit normal tssue repaft®23032/ Conversely, excessive M2
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signalling can be equally as disruptive, causing excessive tissue remodelling and
fibrosis when dysregulatéd.

T cells play a critical role in inflammatory diseases and can act to drstgpress
immune responses, depending on their phendt§ype. T cells are activated by the
presentation of antigen on MHC molecuby binding to the Tcell receptor. The

T cells then mature into effector cells, which are Cib4he antigen is presented
on MHC IlI, or CD8§' if the antigen is presented dMHC |. Effector T cells can
directly kill pathogengCD8" cytotoxic cells) or secrete cytokines (CD&helper
cells) andattract otheeeffector cells, mainly macrophages, which are involved in
the destruction of pathogens and activate other inflammatory Gedlgs are a
specialised subpopulation of T cells and are criticeddulatorsof immune
homeostasisplaying an essential role in maintaining peripheral tolerance and
controlling the immune respon¥¥34 The role of Tregs in preventing
autoimmune diseases by promoting immune tolerance teastffen has been
extensively describecandFOXP3 lossof-function mutationdeadsto the severe
multi-organ autoimmune and inflammatory disoreown asIPEX33433 Tregs
restrain chronic inflammation and promote the resolution of wound healing,
preventing pathological destruction of tissu€sy inhibitory cytokinesecretedy
Tregs includdL-10 andTGFb, both of which ptently inhibit macrophage and T
effector cells In addition, high expression of CD25 by Tregs allows them to
compete for 1L2 with effector T cellsresulting in cytokine deprivatiomediated
apoptosis of effector CD4T cells®®. Interestingly,CD4" T cellsare highly plastic
and can alter their phenoty@ad functionin response to microenvironmental
cues®’. There is research into understanding how €D4ell plasticity could be
harnessed to promote specifith sibtypes ad how this may be utilised as a

therapeutic streateds/.

Corneal chemical burns upset the immpngilegednature of the eyegsulting in
inflammatory immune cell activation and infiltration, as well as complex signalling
cascades contritingto tissue damage and detalyepair!’?32338 Chemical burns
also upset the immunarivileged nature of the eye, resulting nrelenting and
dysregulated corneal inflammation andeovascularisationare common

consequencesf an alkali burn that can lead to persistent visual impairment and
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delay performing penetrating keratopladijovel approaches under investigation

to improve treatment of chemical burns include manipulating the inflammatory and
angiogenesiselated factors by means of monoclonal antibodies, receptor
modification, aptamers and inhibitors of candidate inflammatoryl/can
angiogenesis pathwa$-232338 seV have been found to exert immunosuppressive
functions in a wide range of disease motiéf$82°0.3324L However, there are
several challenges hindering the advancement of SBCproduct®342 Namely,

lack of standardised isolation and characterisation, as well as varying quantification
methods and dosing. Variable potency of M&&/ products has also been a major
obstacle in progressing sEV towatlihical use®**?343 Our group has previously
found cytokine licensing to significantly improve the immunomodulatory efficacy
of MSCs, bothin vitro and in vivo in a murine model of corneal
transplantatiotf’1®4 In syngeneic systems, we have found MSCs to induce
minimal changes on stimulated immune cell phenotype and activity. However,
allogeneic MSC which were fully MH@Gismatched to recipient cells potently
suppressed inflammation, indicating that mountingaof antidonor immune
response was required in order for MSC to exert their immunomodulatory
functiong 6181 Furthermore, syngeneic MSCs which were cytokine licensed before
co-culture with immune cells or administration into animal models potently
suppressed T cell proliferation and enhanced Treg expansion, and promoted corneal
allograft survivalin vivo. These data indicate the MSC require activation
stimulus in order to acquire their immunosuppressive phenotype. The efficacy of
MSC has been largely attributed to their secretome, with their released sEV relaying
intercellular communication messages. sEV, &asv, cannot alter their cargo post
secretion from the parent cell, meaning their cargo is dependent on the cell from
which they were derivéd For this reason, we expect sEV secreted from cytokine

licensed MSC to be superior to naive sEV in terms of immunosuppressive potential.

In Chapter Thregecytokine licensin@f the parental cellwas found taltersecreted

SEV profile and licensedsEV possess unique cargo compared to naive sSEV.
Furthermore, differential licensingith either the pranflammatory cytokine IFN

or the antinflammatory cytokineT G F belicited unique cargo signatures.
However, whether these differences in cargo lead to functionally distinct changes

in recipient cells and if these are positive or negative alterations must be evaluated.
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In this chapter, thdunctional capacity of SEV and the effect of parental cell
licensingon secreted sEV therapeutic potential in an inflammegpecific context
was investigatedsiven the issues surrounding autologous sEV therapy discussed
in section 1.2.3, this thesis specifically focused on the immunoregulatory potential

of SEV on allogeneic immune cells.

4.2 Hypothesis andAims

Hypothesis

Cytokine licensing enhances timmmunomodulatorypotential of MSCsEV and
induces regulatory and tissuerepair phenotype in allogeneic immune cell

populations
Aims

1 Isolate BMDMsand T lymphocytes from the tissues of C57BL/6 mice

1 Evaluate the functional potency of sEV in modulatiadjogeneic
macrophage and T cell responses throwagiousin vitro assays, and assess
the potential enhancement of efficacy in licensed sEV {$&vand
SEVTCR),

f Investigate the wound repair and migratory potential of SEV, SE\&nd
SEV' ©F8n injured corneal epithelial and endothelial cillsitro.

1 Determine the optimal SEV group to bring forwardifovivoassessment.
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Figure 4.1 Overview of methods to achieve the aims set aatChapter Four. (A) SEV,

SEVP™ and sEVC®™ were added to Mbpolarised C57BL/6 BMDMs for various
timepoints in order to assess impact of treatment on macrophage phenotype and function.
(B) SEV, SEVF™, and sEV®P were cultured with stimulated C57BL/6 lymphocytes to
assess changes in T cglienotype and functiofC) Human corneal epithelial cells and
human corneakndothelialcells were used irin vitro scratch assays to evaluate the
influence of sEV, SEV™°, and sSEV®™ on corneal cell migration and wound healing
potential.Created with BioRender.cam

122



Chapter Four:immunomodulatory efficacy and wound healing potential of SEV, 'sEV
and sEV ©Fih vitro

4.3 Results

4.3.1 Fluorescent labelling of MSGEV

In order to confirm uptake of SEV by target cells, methods such as fluorescent
labelling must be employedFDA-SE permeates biological membranes and is
processed to the fluorescent form, CFSE, by unspecific estgressent in the
lumen ofthe cell or in this casethe sEV. Fluorescent CFSE covalently binds to
primary amide groups of membrane protei@$SE allows the detection of intact
sEV and their content delivery. Further, CFSE does not alter the size or
biodistribution of SEV, unlike some lipophilic membrane dyes such as*#KH
Lipid dyes canalso form micelles,dye aggregates or artefacts which can be
misattributed as fluorescestV, leading to false positive result&nsuring the
fluorescence observed is in fesEV is crucial and for this reason CFSE was

investigated as a suitable labelling method.

Following a protocol published by Moral&sastresanat al, SEV were incubated

with CFDA-SE for 2 hours at 3T, following which free dye was removed by
SEC*. To ensure nospecific fluorescence did notcur, PBS was also incubated
with CFDA-SE, and unlabelled sV were also analysed to determine potential
autofluorescence. Labelling of the sV was confirmed on a NL3000 spectral flow
cytometer(Cytek), with the settings optimised for small particle analyBetection

of small particles was confirmed with ApogeeMix reference béadegee Flow
Systems) whereby 110nnpolystyrene beadsould be efficiently resolvedAll

samples were run for 45 seconds at a low flow rate.

CFSElabelling of the sEV was confirmed as evidenced through their fluorescence
in the CFSE B2) channel(Figure 4.2 (A)). No CFSE events were detected in
unlabelled seVand PBSsamples, ensuring a lack of natus&N autofluorescence

in the B2 channebr in the systemand that albbserved CFSEevents are a direct
result of sV staining(Figure 4.2 (A)). Efficient removal of free dye was
demonstrated by the lack of CFS&ents in CFSEtaining PBFigure 4.2 (A)).

The number of CFSEevents was directly proportional thet concentration of
labelled sEVin the sampleand &sence of swarm detection was confirmed by
demonstrating that the MFI of serially diluted CFSEV was consister{Eigure

4.2 (B.i)).
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Figure 4.2 Validation of CFSE-staining of seV. sV were incubated with CFD&E for

2h and excess dye was removed by S@F.CFSEstained sEV were confirmed tme
fluorescent in the CFSE channel (B2)d could be separated from background noise in the
machine. Controls for norspecific staining, falspositive results and background
autofluorescence were controlled for using unstained PBS, €Hbcubated with PBS
alone ft0LIFBS&dO6 PBS) , Shkowndn each gateasithe pedcentade \bf.
the total events record€B)(i) Incidence of swan detection was measured by MFI of the
particles at various sV dilution@)(ii) Number of CFSEeventswere correlated with
amount of sEV input.

Inherentnoise in the system and buffers could not be completely removed, given
that particles were still detected in 0.1um filtered KBi§ure 4.2 (A)). However,

event number in the Onoi sed
| abell ed sEV,
sample and that increasing togadent rate was a direct result of increasing CFSE
SEV (Figure 4.2 (B.ii)). This demonstrates that SEV could be efficiently labelled

with CFSE.

gate was

confirming that the
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4.32 Functional effects of naive and licensed MSC-sEV on

allogeneicmacrophages

4.3.21 Uptake of fluorescent seV by macrophage

In order to assess the functional effects of SEV on macrophage, progenitor cells
were isolated from the bone marrow of C57BL/6 mice and cultured in specific
differentiation medium to generate bone marndevived macrophages (BMDM).
After 6 days, cells exhited characteristic macrophatijee morphology and
successful BMDM differentiation was confirmed by flow cytometry analysis of
macrophage markers CD11b and F4fB@ure 4.3).

BMDM uptake of sV wadirst imaged by fluorescent microscqgpwhereby
CFSE sEV were incubated with Mfolarised BMDM for 6 hours, then fixed and
permeabilised and actin filaments stained with phalloifiigure 4.4 (A)).
Although sEV uptake could hesualisedsensitive uptake measurements could not
be madedue to the sensitivity of the instrumeitthough most studies reply on
fluorescence microscopyhe limited resolutiondue tothe wavelength of visible
light being390i 700 nmlimits sensitive measurementshérefore single seVor
clusters of vesicles that are less than 390 nm in diameter cannefidddy
distinguished®. For this reason, flow cytometry was employed as a more sensitive
method to discriminate levels of uptake between sEV!8E\and sEVCP-treated

groups.

In order to determine the point at which peak sV uptake could be observed, CFSE
labelled sEV were incubated with C57BL/6 BMDMSs for varying durations between
1h to 24h. BMDM were trypsinised to remove any sEV bound to the surface, and
were analysed by flowytometry to determine levels of SEV uptake. Percentage of
cells which took up sEV were measured based on CK@Eng and median
fluorescence intensity (MFI) was used as a relative measure of the amount of SEV
taken up per cell. Macrophage incubated VABS and unstained sEV served as

negative controls.
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4003

Figure 4.3 BMDMs after 6 days of differentiation. (A) Brightfield images of BMDMs
at day 6 imaged afi) 4X magnification and(ii) 20X magnification.(B) Successful
macrophage differentiation was confirmed by CDadb F4/80 expression at day 6, which
was analysed by flow cytometry. Scale bar in (A¥200um, and (A)(ii)is 50um.

Based on the percentage of cell uptake of §Eygure 4.4 (B.ii)) and MFI(Figure
4.4 (B.iii)), peak uptake of fluorescent sV found to be &h3following the
addition of the CFSESEV, with cellular fluorescence diminishing by 24h post

exposure to the labelled sEV.

For subsequenhacrophage uptake assays, celsanincubated with CFSESEV

for 4h as an intermediatymepointbetween 36h to ensure themeasurementsere

made during the peak uptake zora.order to compare uptake efficiency of the
different SEV groups, naive and licensed sEV were then incubated with M1
polarised BMDM for 4h. Uptake of the could be visualised by CHE¥DM by

flow cytometry (Figure 44 (C.i)). Both IFNo-licensing andT G F flicknsing
strategies were found to enhance the uptake of SEV bpddrised BMDM, as
evidenced though the increased percentage of cells which were positive for sEV
uptake compared to naig&V (Figure 4.4 (C.ii)), and also the relative amount of
SEV taken up by each cell i.e. M@Higure 4.4 (C.iii)).
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Figure 4.4 M1-polarised BMDM internalise SEV and uptake is enhanced withsEV'T™N?

and SEV'®? compared to unlicensed(A) BMDM were incubated with CFSBEV for 3
hours, fixed and stained wigihalloidin to visualise uptake by microscofg) CFSEsSEV
were incubated with Mpolarised BMDM for varying durations in order to determine the
point of peak uptake bff) percentage of cells positive or uptake of fluorescent vesicles,
and (ii) fluorescence intensity of the cells at each time pd@}. CFSElabelled sEV,
SEVY and sEVCP were incubated with Mpolarised BMDM for 4 hours, and then
analysed by flow cytometry fdi) percentage of uptake afig average cell fluorescence
intensity. Datais presented as meanSD. Statistical analysis was assessed by-\ime
ANOVA wi t h Thockestyp&0s05, p*tp<s0t001 (n=3).
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Figure 45 Wortmannin inhibits sV uptake by BMDM in a dose-dependent manner.
M1-polarised BMDM were préreated with varying doses of the phagocytosis inhibitor
wortmanninbefore the addition of CFSEEV. (A) Inhibition of uptake was measured by
reduction of CFSE fluorescence of the BMDM at increasing doses of wuorimé4B)
Percentage uptake inhibition was calculdiaded on the MFI per concentration relative

the MFI of macrophages incubated Wk SE sEV that did not receive wortmannin pre
treatment(C) Viability of the cells at increasing doses of wortmannin was measured using
trypan blue stainingData is presented as mean + SD. Statistical analysis was assessed by
Oneway ANOVA with Tuke y posthoc test: ***p<0.001, ****p<0.0001 (n=3).

Delivery of the luminal contents of SEV has been proposed as a major mechanism
for their mode of actiol">’® In order to determine the effect of uptake inhibition
on the functional changes induced in BMDMthg MSGSEV, cells were exposed

to a phagocytosis inhibitowortmannin for 30 minutes prior to sEV additioRre
treatment of sEV witlthe PI3K inhibitorwortmanninsignificantly reduced sV
uptake in a dosdependent manneas evidenced by reduced MFI of the cells
(Figure 45 (A)). Percentage uptake inhibition could be quantified based on the
MFI of the cells at each concentration relative to that ofrtaerophagemcubated

with CFSE sEV that did not receive wortmannin greatment. Inhibition of
uptake was 10.2%4.8 at 0.25 M 11.3%+1.6 at 065 M 27.2%1.5 at E M and
31.9%+1.2 at 2 M(Figure 45 (B)). However increasing doses wefeund to be
cytotoxic to the cellgiiven the reduced cellular viabilityhen measurely trypan

blue staining(Figure 45 (C)). It is also importahto note thathe highest dose
investigateddid not cause complete inhibition of SEV uptak®mmbinations of
different chemical inhibitors were investigated including chlorpromazing
dynasoreand EIPA However, due to high toxicitgven at low dosethis strategy

could not be utilised for functional assessmg@dta not shown)As a balance
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between efficacy and viability,e1Mwortmanninwas chosen as the optimal dose
for further studies to measure the role of sEV uptake in mediating their functional

effects in recipient BMDM, which will be discussed in the following sections.

4.32.2 Regulation omacrophage surface proteexpression

Naive CD4 T cells receive activation stimuli from APCs, such as macrophages and
DCs, which induce their maturation to effec@D4" T cells.MHC Il bindsto the

T cell receptorto present antigen, artthe castimulatory molecules CD80 and
CD86bind CD28 on the T cell surface whichrexjuired forefficientandsustained
T-cell activation as shown ifFigure 4.7 (A)*¢347 Expression of these proteins on
macrophage is crucial for signal transduction at the immunological synepse.
investigate if MSGSEV could modulatexpression of stimulatory molecules on
allogeneic macrophagethey were placed into ecultures with M1-polarised
C57BL/6 BMDM for 72 hours. The BMDM were then harvested and analysed by
multicolour flow cytometry to evaluate changes in expression of proteins related to
antigen expression and -stimulatory moleculesCD11b" cells were gated as a

parrmacrophge marker. All gteswere based on FMOs as showrFigure 4.6.

SEV, sEV"N°, and sEVC™ treatment of the BMDMs did not alter cellular viability,
and wortmannin prereatment did not significantlgffectBMDM viability (Figure

4.7 (B)). Neither naive nor licensed sEV altered the percentage of cells expressing
the antigen presentation molecule MHC II, which was consistently high across all
groups (>99%)Figure 4.7 (C.i)). However, RFlof MHC Il on BMDMs was
significantly reduced by sE¥and to a higher degree by sE¥, but notaffected

by sEV(Figure 4.7 (C.ii)). Interestingly, thigffect was not observed in BMDM in
which sEV uptake was blocked by greatment with wortmanniigFigure 4.7

(C.ii)). Wortmannin treatment reduced the frequency of Cz@ls in the cultures
compared to cells that did not receive wortmannintpgatment. However, no seV
group altered CD80cell frequencies compared to their respective fB&ted
controls (Figure 4.7 (D.i). SEVI®™ significantly reduced the intensity of CD80
expression on Mpolarised BMDM, as evidenced through the reduced Rigure

4.7 (D.ii). sEV and EVV™? had no significant effect on CD80 RFI. Similar to MHC

Il RFI, sEV'®™-induced downregulation of CD80 was not observed in BMDM that

received wortrannin pretreatment to block sEV uptakEigure 4.7 (D.ii).
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Figure 4.6 Gating strategy for flow cytometry analysis of BMDMsurface protein
expression profile BMDM were selected based on size and granularity, followed by single
cell selection, exclusion of dead cells and positive expressiagheoparmacrophage
marker CD11bMHC Il and CD80 positivity gates were based on their respective FMOs.

SEV, sSEVP™°, or sEVC™ did not significantly alter the percentage of cells positive
for expression of the estimulatory molecule CD86, nor the expression intensity
on the cellgFigure 4.8 (A.i and ii)). Expression of PEL1 and PDL2 was also
investigated, as these ligands pleymunosuppressiveéoles by binding their
receptor PBL to negatively regulatd cell activation proliferationand cytokine
production, as well amducing T cell apoptosi¥ 146348 Frequency oBMDM
expressing PEL1 was high across all groufBigure 4.8 B.i)), however RFI was

not significantly altered with any sSEV treatment gro(figure 4.8 @.ii)).
Similarly, PDL2" macrophage frequency was not increased with sEV treatment

(Figure 4.8 (C.i)), nor was expression intensity on the c@figure 4.8 C.ii)).
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Figure 4.7 sEV'®FP reduces BMDM expression of MHC Il and CD80.M1-polarised
BMDM were cultured for 72h with PBEcontrol), sSEV, sEV™, or sEV®™, with or
without pretreatment wittwortmannin(A) Schematic of the role of MHC 1l and CD80/86
in CD4" T cell activation and effector T cell differentiatiGereated with BioRender.com
(B) Viability of the cultured cells as determiné@) MHC 1l expression on BMDMs as a
measure ofi) total percentage of BMDM expressing MHC II, &ii§l relative intensity of
expression per cel{D) CD80 expression on BMDMs as a measuré)adbtal percentage
of BMDM expressing CD80, an(li) relative intensity of expression per cell. tBds
presented as meahn SD. Statistical analysis was assessed by-@wee ANOVA with
Dunn et tdt sest:p<0DT, ***p<0.001(n=3-4).
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Figure 48sEV, sEV™°, or sSEV'®"® do not influence BMDM expression of CD86, PD
L1, or PD-L2. M1-polarised BMDM were cultured for 72h with PBS (control), sEV,
SEVFN° or sEVP, and analysed for expression of thestimulatory protein CD86, and
T cell regulators PEL1 and PBL2. (A) CD86 expression on BMDMs as a measurg)of
total percentage of BMDM expressing MHC I, gjii§l relative intensity of expression per
cell. (B) PD-L1 expression on BMDMs as a measurg(ipftotal percentage of BMDM
expressing PRL1, and(ii) relative intensity of expression per c€{l) PD-L2 expression
on BMDMs as a measure ¢ total percentage of BMDM expressing 2, and (ii)
relative intensity of expression per cell. t®& presented as measD. Statistical analysis

was assessed by Onmea y

(n=4).
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4.32.3 Antigen processing and presentation

Processing of exogenous antigens and subsequent presentation on relevant MHC
molecules is a major mediatorantivation of the adaptive immune systéhoteins
ingested by APCs are processed into peptides which are then shuttled to the surface
and presented on MHC | or MHC I, which then induces activation of T cells and
effector cell differentiation, as shown Figure 49 (A). In order to assess the
effects of naive and licensed sEV a@nacrophageantigen processing and
presentation capacity)1-polarisedC57BL/6 BMDM swereco-cultured with SEV,
SEVFV or sEVICP for 24h, following whichDQ-OVA was added and the cells

were cultured for a further 24mQ-OVA becomes fluorescent upgmoteolytic
degradation, enabling detection and quantification by flow cytometry. SIINFEKL
(OVA257.264) is a peptide derived from OVA processing, which is trafficked to the
cell surface for presentation on MH&°3>? SIINFEKL presentation coulthenbe
detected with a monoclonal antibaatspecificallyreacts withSIINFEKL bound

to H-2kb, the MHC | haplotype of C57BL/6 mité Wortmannin could not be used

in this assay as it would interfere with the BMDM ability to uptake the @A

which would impact the assay.

Overall percentage of cells processing-DA, which was determineblased on
FITC fluorescencells,was not altered by sEV treatment from any gr¢kigure

4.9 (C.i)). However, the intensity of fluorescen@éFl) produced from DEOVA
processing was reduced by sBEVF, and sEVC™ suggesting that the SEV do
not inhibit cellular processing of antigen altogether but are capable of reducing the
levels of processin{Figure 4.9 (C.ii)). All SEV groups reduced the percentage of
cells which were presenting processed antigegure 4.9 (D.i))., and on the cells
which were presenting the antigen, the relative am@®Rht) was reduced in all
SEV treated groupgFigure 49 (D.ii)). In order to confirm that the sV were
actively inhibitingprocessed antigen peptides being trafficked for ptasen on

the cell surfaceand that the observed effects were not due to reduced MHC |
expression on the BMDM, thgercentage of BMDM expressifgHC | and the

RFI were determined. Both parameters weraltened by treatment with sEV,
SEVFY nor sEVP (Figure 4.9 (B.i and ii)).
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Figure 49 MSC-sEV alter allogeneic macrophage ability to process and present
antigens. M1-polarised BMDM were caultured withPBS (control)seV, sV, or
SEV'®P for 24h,upon which DQOVA was added fom further24hto assess levels of
antigen processing and presentat{@y) Schematic of antigen processing and presentation
by APCsfor activation of the adaptive immune systémreated with BioRender.com(B)
MHC | expression on BMDMsis (i) a percentage of CD11bells positive for MHC |
expression, andi) intensity of expression of the cell&) Percentage of CD11krells
positive for DQOVA processing, (i) BODIPY™ FL RFI of the cells, and(iii)
representative histograms for BQVA processing.(D) Percentage of CD11bcells
presenting SIINFEKL peptide via MHG (ii) RFI of SIINFEKL expressionand (iii)
representative histograms for SIINFEKL presentatdata is presented aseant SD.

Statistical significance was assessed using®@aey ANOVA wi t FhocTestk ey 6 s

*p<0.05, *p<0.01, ***p<0.001(n=4).
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4.3.2.4 Cytokine secretion profile of BMBM

The macrophage secretome can give further insights into their function and
downstream effects on other cells in their microenvironment. Therefore,
supernatants of Mpolarised BMDMs cecultured with sEV and sBEW¥°, and
SEVT®P for 72 hours, with or without preeatment with wortmannin, were
analysed for their levels of various prand antiinflammatory related cytokines
and chemokines. BMDM prgeated with wortmannin allowed investigation into

theimportanceof sEV uptake on thefunctionaleffectsin BMDM.

Although indicating a trend increase, no sEV group significantly altered levels of
pro-inflammatory cytokinesL-1 b or CXCL 1.7 SHEivhotaBVEN°s EV
increased secretion of 418 from the macrophagéBigure 4.10(A)). Wortmannin
pretreatment did not appear to haveedfect on the observealitcome although
theincrease in 118 secretion was no longer statistically significant in wortmannin
treated sEV and sEVFF §roups.

Levels antiinflammatory cytokine§ G F pIl1-10, GCSF, MDC and TARC were
all significantly increased in sE\? ~treated macrophage compared to controls.
SsEV F NfIso increased the secretionTofG F pll1-10, and GCSF, though not to
the degree of SEVF.SEV increased the secretion of8SF, but had no significant
effect on the secretion of any other analysed cytokine or chemokine. Wortmannin
pretreatment blocked the observed increases ifik2cytokines and chemokines,
and levels were consistent wghmulated controls. However, upregulation of IL
10 levels by sEV©F#ere not altered by inclusion of the sEV uptake inhibitor and
remained at a similar level to wells without wortmannintpeatmen(Figure 4.10
(B)). IL-6 is a pleiotropic cytokine, playing both prinflammatory and amni
inflammatory roles, depending on the contetin this assay, 6 secretion was
increased in SEV© ~freated wellsbut not with SEV or sEV" Yand this effect was
blocked when the cells were gireated with the SEV uptake inhibit@figure 4.10

(C).

Supernatant levels ¢f -12p40, I.-:12p7Q andIL-23were also analysed. However,
measurements were below the detection threshold in all groups and could not be

quantified.
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Figure 4.10 Licensed sEV alter the cytokine secretion profile of MZpolarised
macrophages and their effects are dependent on internalisation by target cells.

Supernatantffom M1-polarised BMDM cecultured with sEV, sEVF Yand sEV ¢ for

72h, with or without wortmannin preeatment were evaluated for levels of various pro

inflammatory(KC, IL-18, IL-1b , -6)lahd antinflammatory(T G F pIl1-10, MDC, G

CSF, TARC, IL:-6) cytokinesand chemokined.evels were quantifiedsing theBiolegend
LEGENDPIeX™ Macrophage Panel (33lex). Data is presented as meaish. Statistical
analysis was assessed by Twa y

*** p<0.001 (n=34).
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4.33 Functional effects of naive and licensed MSC-sEV on

allogeneicT lymphocytes

4.33.1 Uptake ofluorescent BV by T cells

In order to confirm that sEV could be internalised by allogeneic T cells and to
evaluate a potential enhancement of uptaké cytokine licensed sV, T cells
isolated from C57BL/6 mice weractivated with antCD3/CD28 beads and
incubated with CFSHabelled sEV sEV™, or SEV®™, and uptake was assessed
by flow cytometry, based on fluorescent sorting of the I5 ahich internalised
the CFSE nanoparticlesPrior to flow cytometricanalysis, T cells were stained
with CD3, CD4 and CD8 monoclonal antibeslto allow specific analysis of CD4
and CD8 T cell subsetsin order to determine the optimal incubation time and
point of peak sEV uptake, T cells were first incubated with CEEY for varying
durations (18h, 24h, or 36h)henanalysed for levels of sEV uptaks flow
cytometry The first parameter assessed was percentage of QFR&Hs,which is
indicative of the amount of cells whighternalised fluorescent sEV. The second
parameter analysed was CFSE MFI of the cells, which is a measurentaet of
average fluorescent intensity of the cells and, thereéorelative measure of the
amount of sEV taken up per cellFSE cells could be readily identified based on
gating with FMOgFigure 4.11 (A)). Absence of CFSET cells in the PBSreated
groups wasisedto confirm specificity of the assay and account for potential-false

positive results.

Uptake of sEV bytotal T cells i.e. CD4 and CD8, could be observed in a time
dependant manner, based on the number of cells which were @R&E indicated
time points(Figure 4.11 (B.i)). Percentage of T cells positive for uptake at 18h,
24h, and 36hwere15.1%t1.6, 20.2%+2.5, and2.1%t1.3, respectivelyfFigure
4.11 (B.ii)). The MFI of the cells also increased in a tidependent mannewith
MFI at 36h being significantly increased compared to 24h andidd@lating that
the amount of sEV internakd by a give cell also increased over tingEBigure
4.11 (B.iii)). When looking at the€D4" subsetspecifically, similar trendsof sEV
uptakewere observe@Figure 411 (C.i)). Percentage of CD7Z cells which were
positive for sEV uptaksignificantly increased with duration of incubation, with
1%+1.4, 24.75%=0.35, and 25.7%=+0d, cells positive for SEV uptake 48h,
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24h, and 36Hrespectively(Figure 4.11 (C.ii). MFI of theCFSECD4" T cellsalso
increased over timayith the peak amount of SEV internalisation occurring at the
36h time point, which was significantly higher than at 24h or (EBbure 4.11
(C.iii). The amount of sEV uptake by CD& cells was lower thamvhat was
observed in the CD4subset, with fewer cells CFSEositive at the given
incubation timegFigure 4.11 (D.i)). CD8" T cell uptake of fluorescent sV was
8.61%0.3, 9.77%=0.2, and 12.05%+2.48 at 18h, 24h, and 36hipngiation,
respectivelyFigure 4.11 (D.ii). Although indicating a trend increase in uptake with
length of duration, uptake between the different time points were not statistically
significant. CFSE MFI of the cells did increase with incubation time, with
fluorescence intensity of the cells highasthe 36h timepoiniFigure 4.11 (D.iii) .
Based on these result36h was determined as the optimal inculratiime for

analysis of SEV uptake by T cells.

Differences in sEV uptake depending on licensing status was then evaluated by
incubatingequal amounts of CFS&ainedsEV, sEV  Nand seV ¢ FRith T cells

for 36h and measuring acquired CF8&orescence of target cel(§igure 4.12

(A.i, B.i and C.i)). SEV and sEVF Niptake was 6.67%0.6 and 6.83%:z+0.6 of total

T cells (CD4" and CD8), respectively However, ptake efficiency was
dramatically increased in sE$-treated T cellsin which 86.27%7.1 cells were
CFSEfluorescent{Figure 4.12 (A.ii)) . CFSEMFI of the cells was also significantly
higher with SEV ©Feompared to sEV and sEV XFigure 4.12 (A.iii) . In the CD4
subset alone, uptake was significantly higher in T cells incubated with SEV
(81.57%+4.5) versus SEV (13.33%+0.8EV F Noptake (14.5%1) was not
significantly different to seE\(Figure 4.12 (B.ii). CFSE MFI wasalso highest with
SEV'®P, and there was no difference between sV and $EBigure 4.12 (B.iii) .

In the CD8 subset, uptake was detected with all SEV groups. Frequencies of CFSE
fluorescent cells in the sEV (6.35%z4.5) sV © N7.78%+0.8) groupswere
lower compared to CD4T cells, howeer sEV ¢F uptake remained high at
77.9%x4.6 cells positive for internalisatighigure 4.12 (C.ii). CFSE MFI was
again highest in the sE¥™ group, though not as dramatic as what was observed
in the CD4 subset MFI{Figure 4.12 (C.iii).
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Figure 4.11 SEV are taken up byT cellsin a time-dependant manner and are more
readily internalised by CD4" than CD8" T cells. C57BL/6 lymphocytes were stimulated

with ant-CD3/CD28 beads and incubated with CFSEV for 18h, 24h, or 36l(A) CFSE

T cells could be detected following incubation of stimulated cells with CSEBE Positive

gates were determined based on FMO cont(Bls(i) Representative histograms for total

T cells, represented as cumulative C#ad CD8 T cells, which were positive faEV

uptake at the indicated time pointdptake was quantified g8) percentage of T cells
which wereCFSE, and(iii) fluorescencéntensity of the cellSCD4* T cells(C) and CD8

T cells (D) were selectively gated to assess sEV uptake, with representative histograms
shown in(C.i) and(D.i). Uptakewas quantified a§i) percentage of T cells which were
CFSE, and(iii) fluorescence intensity of the cellBata are presented ameanz SD.
Statistical significance was assesbgdOneway ANOVA wi t HhocTestkoey 6 s p o ¢
correct for multiple comparisonsp%0.05, **p<0.01 (n=2 technical replicates).
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Figure 412 CD4" and CD8" T cells internalise sEV and uptake is enhanced with
SEVFN? and sEVT®F? compared to unlicensed C57BL/6 lymphocytes were stimulated
with antrCD3/CD28 beads and incubated with CESEV, sEVF™°, or sEV¢P for 36h.

T cells were harvested and stained with fluorescesgfjugated antibodies against CD3,
CD4, and CD8, and sEV uptake in each subsetamalysed by flow cytometry based on
acquired CFSHluorescence of total T cellD4" and CD8) , CD4 T cells only, and
CD8" T cells only.(A) (i) Representative histograms for total T ceflspresented as
cumulative CD4 and CD8 T cells, which were positive for when treated with sEV,
SEVFY or SEV®™, Uptake was quantified &i$) percentage of T cells which we@&SE,
and(iii) fluorescence intensity of the cells which were positive for up{@eCD4* T cells
were selectively gated to assess sEV uptake, with representative histograms sfijpwn in
Uptake by CDAT cells was quantified d8) percentage of T cells which wetéSE, and

(i) fluorescence intensity of the cells which were positive for upt@®eCD8" T cells
were selectively gated to assess SEV uptake, with representative histograms sfipwn in
Uptake by CD8T cells was quantified 48) percentage of T callwhich wereCFSE, and

(ii) fluorescence intensity of the cells which were positive for uptakéaare presented
asmeanz SD. Statistical significance was assesse®hgway ANOVA with multiple
comparisons*p<0.05, **p<0.01, *** p<0.001, ****p<0.0001(n=3).
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4.33.2 T cell proliferationand activation

T cell proliferation and expression of activation markers are indicators of T cell
status.In order to assess wheth#re isolatedsEV could modulate stimulate
allogeneic T cellactivity, and if cytokine licensing could enhance their effect
C57BL/6lymphocytes werstained with CellTrace Violet and stimulated with anti
CD3/CD28 beads. Cell Trace violet allows tracking of cellular proliferation given
thateach daughter cell contains half of the parent cell's fluorescérmals were
added to 96vell plates and then cultured alone or with sEV, §&yor SEVC™,

After 96 hours, T cells were harvested &i04" and CD8 subsets weranalysed

by multicolourflow cytometrywith the gating sategies showm Figure 4.13.

sEV did not induce alterations in the frequencies of TR} or CD3'CD8§" in

the cocultures after 96hHigure 4.14 (A)). Cytokine licensing with either strategy
alsodid not alteifrequencies of these populatioiaive sEV did not suppress total
CD3'CD4" T cell proliferation, and IFN licensing did not alter sEV activity
(Figure 4.14 (B.i)). sEV'®™ treatmentid not alter total CDID4* proliferation,
however there wasrson-significant trendowardssuppressiom the percentage of
cells undergoing more thanpBoliferative generations which was not the case with
SEV nor sEV™? (Figure 4.14 (B.ii)). Similar effects were seen in the CC®8"

T cell subset, in which sEV and sEN? did not have any effect on total proliferation
or highly proliferative cells which divided at least 3 timégg(re 4.14 (C.i and

ii)). SEVI®® were found to induce aonsignificant trend towards reduced
numbers of CD3CD8" cells undergoing more than 3 proliferative generations
(Figure 414 (C.ii)).

CD25 is a marker of activated and proliferating T cells, and CD25 signalling
regulates the differentiation of effector T c&lfs CD69 is an early activation
markerof T cells with ts expressiobeginning to decliné2 hourgoststimulus®™,
However elevated expression beyond this timepoint indicates anstveulated
exhausted T cell phenotyp&herefore, expression levels of these markers were
evaluated in the T cell cultures. SEV, sBY, and sEV®™ had no influence on
CD4'CD25" frequency(Figure 4.15 (A.i)), nor on CD25 expression intensity per
cell (Figure 4.15 (A.ii)).
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Figure 4.13 Gating strategy for analysis of T cell proliferation and activation status

T cells were collected after 96h and analysed by flow cytom€DB" cells were gated
based on FMOs, and CDdnd CD8 subsets were further selected based on respective
FMOs. Proliferative generations were gated basedCellTrace Violet dilutions in the
CD3'CD4"and CD3CDS8" gates.

Low levels of CD69 cells were detected in the cultures, and frequencies were
consistent across all SEV treatment grolpgure 4.15 (B.i)) RFI of CD69 on the
cells also did not change with sV, sEV, or sEVC™ treatment Figure 4.15

(B.ii)).

142



Chapter Four:immunomodulatory efficacy and wound healing potential of SEV, 'sEV
and sEV ©Fih vitro

A
()] (i
100 100
80 + 80 .
*-é X : [ ] stimutatea
i ) hd TFN:
40 40 1 't
: 2ofs 3o, B
S 204 s 20+ D SE\JTCﬁrp
0- 04
B .
i ii ii
( ) CD3*CD4* ( ) ( )
100 — 100
-% 80 f .E! E 80
Stim F— = o+
S 2 6o £ 2 o0
BV £ g
o -1} *
a 404 a 40
SEVIFN E ) m Qo LIS
= 204 £ 204
SEVTGER o
FH 3 5 0 0-
TV
C . ..
()] CD3°CD8* (ii) (iii)

80-|®

=]
=
1

+

60

D
=
S

1

Stim j\’\/\/\f \/\',\’ A

[
f
SEV |

40

CcD3 CDS8*
D
£
=]
1

% > 3 generations
+

SEVIENY J\ \/\/\/\ Ao

SEVTER

20

% Total proliferation
[
=)
L

=
=
L

L

CTV

Figure 4.14 SEV do notalter levels of stimulatedCD4* nor CD8* T cell proliferation.
CellTrace Violetstained C57BL/6 T lymphocytes were stimulated with -@3/antt
CD28 bead and cultured with sEV, sEV, or sEVV¢™ for 96h. Stimulated T cells alone
served as contral$¢A) Frequencies ofi) CD4*and(ii) CD8" T cells in the cultures after
96h. (B) Percentage of£D3* CD4" T cells which(i) underwent at least one proliferative
generation, orii) underwent more than 3 divisiongii) Representative proliferation
histograms foiICD3" CD4" T cells in each grougC) Percentage o€D3" CD8* T cells
which (i) underwent at least one proliferative generation(iiprunderwent more than 3
divisions. (iii) Representative proliferation histograms fob3" CD8" T cells in each
group.Dataarepresented asieant SD. Statistical significance was assessed using One
way ANOVA wit h-hoDtes{nrr®eA.t 6s post
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Figure 4.15 sV treatment does not affect T cell activationExpression of the T cell

activation markers CD25 and CD69 on CD4+ T cells was assessed by flow cytometry.

(A)(i) Percentage of CD3+CD4+ T cells expressing CD25,(i@nfluorescence intensity

of CD25 on these cell§B)(i) Percentage of CD3+CD4+ T cedigpressing CDGg%and(ii)
fluorescencéntensity of CD6%n these cellsData is presented as mean + SD. Statistical
significance was assessed using@ney ANOVA wi t h-hoDtest(n=6M).t 6 s post

4.33.3 Regulation of T helper subgditferentiation

Further phenotypic characterisation of the T cell cultaed differentiation of
CD4' effectorcellswas carried ouby assessintgvels ofsecreteatytokines which
are secreted by different Th subsets, summarisédbte 4.1 Supernatants of anti
CD3/CD28stimulated C57BL/6 lymphocyteso-cultured with sEV, sEV™°, or

SEVI®® for 120 hours were collected and analysed usingBialegend

LEGENDPIeX™ T Helper Cytokine Panel.

Secreted levels of ThA s soci at ed cyt ok3 Ih-6 sand ILEON 0 TNFU,
were unchanged in all sV treatment groups compared to stimulated controls
(Figure 4.16 (A, B, F, H, 1)).
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Thi Th2 Th9 Th17
| FNOo n
IL-5 n
TNFU n n
IL-2 n
IL -6 n n
IL4 n
IL-10 n n
IL-9 n
IL-17 n
IL-13 n

Table 4.1 Different T helper subsets have unique cytokine secretion profiles.

Levels of the Th2associated cytokine B were significantly reduced BEV'C™

wells, though a strong trend toward reduced secretion waslagsoved witlsEV
and SsEVF™° treatment(Figure 4.15(E)). Other Th2 cytokines H6, IL-4, IL-10,
and IL-13 were unchanged compared to stimulated confradsire 4.16 (B, C, G,
H, ). IL-9 was strongly induced BEV'®™, but not by SEV or sEM™ Nihdicating
a selective induction of Th9 cells BEV'®™ (Figure 4.16 (J)). Other Th9
cyt d@wereenst sighiNcBnily didferesht td chntrols

associated
(Figure 4.15(B, I)).

N o

changes

t o

Th1l76,ik-g0tandki nes

IL-17A were detected iSEV, sEVT™, or SEV®™ treated T cells compared to

stimulated controlgFigure 4.16 (A, B, D, H, I)). IL-22 secretion was also analysed,

however levels were below the detection threshold in all wells and could not be

guantified (data not shown).

Phenotyping of CD4T cells based on CXCR3, CCR4, and CCR6 expression also
allows detection of Thlike, Th2like, Th9like, and Th1l7like cells(Figure 4.17

(A)). Unstimulated T cells exhibited low levels of €hkll differentiation. Anti
CD3/CD28stimulated T cells promoted the differentiation of Thl and Th2 subsets
(Figure 4.16 (Bi and ii)) but did not induce Th9 or Th17 differentiation beyond

levels of the unstimulated contrdlBigure 4.17 (B.iii and i.v)) and may require

different stimuli.
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Figure 4.16 sV and sEV™N° do not induce significantalterations in the secretion of
effector CD4' T cell cytokines, though sEV®™ may induce the expansion of T
subsets.Supernatants of stimulated C57BL/6 lymphocytes treated with sSEV/SE®F
SEV'®™ and incubated for 120h were collected and analysed for levels of varieus Th
related cytokinesUnstimulated T cells alone served as negative contBelsteted levels

of (A)| F N(B)T NF (€) IL-13,(D) IL-17A, (E) IL-5, (F) IL-2, (G) IL-4, (H) IL-6, (1)
IL-10, and(J) IL-9 were quantified using th8iolegend LEGENDPIleXx™ T Helper
Cytokine Panel (1-plex). Data is presented aseanz SD. Statistical significance was
assessedusingOmeay ANOVA wi t h-hoDtes(nx®5).t 6 s post

Similar to the results of the cytokine secretion assay, no significant changes in Th
subset frequencies were observed when stimulated T cells were cultured with sEV,
SEV FNérseV GF(Figure 4.17 (B)).
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Figure 4.17 sEV do not alter Th subset frequenciesn vitro. (A) Gating strategy for
selection of Thdike (CXCR3), Th2like (CCR4CCRS6), Th%like (CCR4CCRG), and
Thl7-like (CCR4CCR6) CD4" Th subset frequencieB) Percentage frequency @j)
Thl-like, (ii) Th2like, (iii) Th9like, and (iv) Thi7like lymphocytes in cultures of
stimulated lymphocytes treated with SEV, $&% or SEVV®™, Unstimulated T cells were
included as a negative contrblata is presented aseant SD. Statistical significance was
assessedusingOmeay ANOVA wi t h-hoDtes{im=®.t t 6s post
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