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Abstract

It has previously been adeonstrated by our lab that allogeneic MSCs prolong corneal
allograft survival however syngeneic MSCs fail to do so. The aim of this study was to
investigate if pretreating syngeneic MSCs with pirflammatory cytokines (licensing)

can enhance their immumoodulatory properties and enable them to prolong corneal

allograft survival.

The first part of this work focused on tlegtimizationof anin vitrolicensing strategy to
most potently enhance syngeneic MSCs immunomodulatory properties. It was
determined tat licensing MSCs with a combination of TNF I yMR LA 4" {9

was optimum to stimulate their immunomodulatory properties. MSC ¥4 Ipotently
suppressed CD4nd CD8T cell proliferation in addition to significantly inhibiting the
MHC Il epression of CD11bfcantigen presenting cells. The immunomodulatory
capacity was primarily mediated by NO and also included significaregupation of
other immune modulatory molecules {ll0, PBL1 and 6). Further characterisation of
TNFh k- [ erfséd ®MSCs demonstrated an increase in surface expression of migration
and adhesion associated molecules (ICANWCAML, CD47, CD44 and CD73) and their
enhanced migratory potential was confirmed by transwell experiments. Moreover,
microarray data indicat an increase in chemokine expression on licensed MSCs
identifying an enhanced ability to recruit immune cell populations to their

microenvironment.

The second part of this work investigated the abilityro¥itrolicensed syngeneic MSCs

to prolong cornal allograft survival. Alterations to the timing strategy demonstrated

untreated syngeneic MSCs could increase the allograft survival rate to 50%, an effect

that was further enhanced to 70% by TNk-u[ f A OSyaAy3a 2F (KS a{/ a
graft survial was associated with an initial increase in BZ2Qulatory macrophages

and Foxp3regulatory T cells in the lung and spleen padministration (day 9),

culminaing in an increased proportioof Foxp3regulatory T cells in the spleen, lung

and crucidy in the draining lymph node at the average time point of rejection (day 17

19). Finally, we confirmed that NO plays a critical role in mediating licensed MSCs ability
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to prolong allograft survivalas TNFk-u] f A OSyaSR a{/ & -sbtRMAY 4 RdzOS |

lentiviral particles lost the ability to significantly prolong allograft survival.

In summary, this work demonstrates that TFNFK-ia | L2GSyate SyKFyoO
immunomodulatory properties of syngeneic MSCs biotlvitro and in vivg mediated

primarily by theproduction of NOIn vivg MSCNF" x-kitherapy was associated with

increased proportions of regulatory cells which resulted in a significant prolongation of

corneal allograft survival. Therefore, this project identifies-pritammatory cytokine

licenshg as a strategy to enhance syngeneic MSC therapy for the promotion of

allogeneic tissue transplant survival.
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1.1 Cornea

1.1.1 Anatomy and Function

The cornea is a cleacurvedlayer of connective tissue which provides a physical barrier
between the eyeand the outside environmen#s a physical barrier it protects the eye

from harmful substances and pathogens. Its curvature and transparency means it is the
most important refractive component of the eye, focusing light onto the retina at the
posterior ofthe eye[1]. The cornea consists of five layetsree cellular layers (the
SLIAGKSE Adzyx aGNRYF YR SyR2GKSt Adzyo FYyR

membrane and Descemet mdarane)which aredevoid of cell§1](Figure 1.1).

The epithelial layer provides the first barrier for the eye to the outside environment. On

top of the epithelial layer liethe tear film which protects the cornea from microbial

invasion and supplies factors critical for proliferation and repair of the epithelial layer

[1]. The epithaum consiss of 68 celllayers.The outermost layers of cells are exposed

to the environment and regularly undergo apoptosis and are shed. The deepest layer of

the epithelium known as basal epithelial cells are capable of mitosis and replace the
peripherallayers, he total epithelial layer is replaced eversi® dayg1].¢ KS . 246 Yl y Qa

membrane sits between thepithelial layer and the strom@igure 1.1)

The stromas the thickest Iger of the corneamaking up to 85% of the corneal thickness
Made up of densely packed collagen fibers it is integral to the structure of the cornea.
Interespersed within the collagen fibers are quiescent keratocytes capable of repair
functions followingnjury [2]. Beneath the stroma is the Descemet membrane which is
secreted by the endothelium underneath(figure 1.1)The emothelium is the basal

layer of the cornea and it acts as a physical barrier between the cornea and the aqueous
humour (AH) It consists of a layer of polygon shaped endothelial esltsiscrucial to

the maintenance of corneal function. As the only pahtontact between the avascular
cornea and theAHit has two main functions. Firstlyt provides the avascular cornea
with nutrients from theAHand secondly it maintains the cornea in a detuiged state

by removing excess fluid and reducing swel[BjgThe endotheliums characterised by
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an abundance of Na/K ATPase pump sites winatsport sodium and potassium across
the cell membrane resulting in the transport ekcess fluidout of the corneaand
maintainng the deturgescencdg4]. Humancornealendothelium cannot regenerate as
theydo na have mitotic activity in vivo. Endothelial cellsstead expand to occupy the
space of lost cellshhowever, this still leads to a 0.6% decrease in endothelial thickness

each yeal1]. The reduction in densitgan leadto dysfunctionalfluid regulation.This

NEBRdzOGA2Y OFy o6S | OOStSNIGSR o6& (NI dzvl =

endothelial dysfunction leading to irreversible decline resulting in edema, corneal
clouding and loss of visidh, 6]. In the context of cornea transplantation it is important

to note that although all three cellular layers aressaptible to rejection episodethe
epithelial layer can be restored by recipient caltsl topical steroids can reverse stromal

damage buendothelialdamage caused bynmunologicakejection cannot be repaired

[1,7].

A
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Figure 1.1 Structure of the cornea and anterior of the eye
(a) The anterior of the eydemonstrating the curved layer of the cornea. (b) Cornea section
showing the 5 layers including the 3 cell layers (epithelium, stroma and endothelium) and 2
YSYONIySa o.26YFyQa f I &S NaddpgtRrontNadata@amSeliaba Y SYo N
20158].




Chapter One

1.1.2 Resident Immune Cells of the Cornea

The central cornea had previously been assumed to be devoid of bone marrow derived
antigen presenting cells and this, in part, was believed to contribute to ocular immune
privilege[9]. The assumption was based upon observations that central corneal cells
lacked MHC Il expression, therefore, were not cdpaif functioning as professional
APCs. More recently, immature APCs such as MHC Il negative dendritic cells (DCs) have
been described in the epithelium and stroma of the corjé@&13]. DCs have the
capacity to act directly as effector cells of the innate immune response or they can
regulate the adaptive immune response by stimulating T cell responses via major
histocompatibility complex (MHC) molecules interagtinith the T cell receptor (TCR)
and caestimulatory molecules CD40, CD80/CD86 interacting with CD40L and CD28
respectively{14]. Their ability to uptake, process and present antigen to T cells makes
them essential mediators of the adaptive immune respofisg. DCs ability to regulate

the adaptive immune response is further augmented by their capacity to teigra

directionally from tissues to lymphoid organs where they stimulate T cell respfi¥es

Langerhans cells (LCs) a population of CizDt1bepithelial dendritic cells (DCs) have

now been described in both the peripheral and central cornea, however, while in the
peripheral cornea there are MHC Il posit and MHC |l negative populations of LCs, the
central cornea LCs are exclusively MHC |l negative and do not expressidatory
molecules CD80 and CD&83]. Similarly, in the peripheral stroma there exists a
population of CD4%D118CD11K DCs which positively express MHC Il and co
stimulatory molecules CD80, CD86 and CD40 however in the central cornea the stromal
DCs are exclusively MHC Il negative and dexporess CD80 or CDB#A]. Lacking MHC

Il and cestimulatory molecules CD80 and CD8t&se immature LCs and stromal DCs
are incapable of priming T cells. The presence of highly immature APCs is not unique to
the cornea Theyhave also been described in lymphoid organs and bhlbod/ever, the

central cornea is the only tissue where the APCs are exclusively of a highly immature
phenotype[9]. Furthermore a high proportion of the CD11cells of the central cornea
stroma also express CD14 Y I NJ SNJ 2F 'y GAYYLlF GdzNBé 2 NJ LN
constitutively expressed on monocyt¢$0, 11]. This CD1Zcprecursor population

further signifies the immature nature of APCs of the central cornBarling

-5-
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inflammation the highly immature APCs of the central cornea have been shown to be
activated up-regulating MHC 1l expression as well astmulatory molecules CD40 and
CD80/CD8§12, 13]. In the context of corneal transplantatipih has been demonstrated

that donorderived DCs begin a centrifugal migration to the graft border following
transplantation whee they become activated by interleukinfll,) granulocyte
macrophage stimulating factor (GRISF), tumour necrosis factor (TNFY I YR / 5nn |
produced by dying cells at the graft bordér2, 15, 16]. These activated and matured
APCs can migrate from the graft bed to the peripheral cornea, limbus and conjunctiva,
which,in contrastto the central corneaare endowed with blood and lymphatic vessels
enabling the migration of the donederived APCs to the lymphatic organs where they
can stimulate T cells through the direct pathway discussed in Introduction Secti@n 1
Simultaneously, resident APCs from the limbus and peripheral cornea can be recruited
to the graft bed where they can djake and process alloantigen before migrating to the
lymphoid organs to present and activate T cells through indireseortdirect pathways
(discussed in Introduction Section 1.1.3he sensitised CD4nd CD8T cells then
migrate to the ocular surface, infiltrating the cornaad resultingin corneal clouding,
delayed type hypersensitivity responses, cytotoxic T lymphocyte ressgso and
ultimately, graft destruction[17, 18].

As well as stromal DQ®sident populatios of CD11band F4/80 macrophages hae

also been described in the central cornea strofi&, 19]. Recently two distinct
populations of macrophagesbased upon their CCR2 expressimave een defined

in the cornea with contrasting effects on corneal inflammati@®]. CCRZorneal
macrophages differentiate directly to macrophages during embryonic development
without differentiating to monocytes and are preseimt the cornea from mouse
embryonic day 12.%20]. In contrast, CCR2corneal macrophages are derived from
monocytes and are not present in theornea until later in embryonic development
(mouse embryonic day 17.%520]. The CCR2orneal macrophages demonstrate self
renewal capacity however the CCR®rneal macrophages are repopulatedimost
exclusivelyby circulaing monocyteq20]. During inflammationa high proportion of
CCR2corneal macrophages are observed which express characteristic M1 macrophage

genes, while during resolution of the inflammatiaan increase in CCR8acrophags

-6-
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expressing M2 macrophage genes such-d®land Arginasé are observed. This recent
work demonstrates there exists diverse populasoof macrophages in the cornea

originating from distinct progenitors with both prand anttinflammatoryeffects[20).

1.1.3 Immune Priviege

The term immune privilege was coined by Medawar in 1948 upon discovering that skin
allografts transplanted to the anterior chamber of the eye or the brain did not undergo
rejection[21]. The eye, brain and testicles are all termed immune privileged due to the

fact that foreign grafts transplanted to these sites do not undergo immune mediated
rejection [22]. It is nowclear that maintaining immune privilege of the cornea is a

dynamic process involving physiological, anatomarad immunological adaptations

[18]. Disruption ofany one of the numerous processes involved leadsatdossof

immune privilege and in the context of transplantatjaan lead to immune mediated

graft destruction.The questionas to why immuneprivilege exists in the eye is an
interesting one. In 1987 Streilen stated the immune privilege Wids R y 3 S NP dza
O2YLINRYAAS 0SGgSSy (KS vheéréthelimfmRne$yktém dbes Y dzy S &
not attack foreign antigens in the eye preventing scarring efdhblicate tissue but with

the caveat that the eye is susceptible to infect[@8]. An example of the fragility of this
compromise idierpes simplexirus (HSY infection of the eye. HSV infectiai the eye

leads to termination of immune privilege followed by immune mediated inflammation

causing blindnesglL8]. However if the immune system did not respond to the HSV

infection, it would provefatal due to viral encephalitis therefor¢ghe immune system

sacrifices immune privilege and subsequéwt sight in order to survive [24].

Maintanence of immune privilege involves numerous mechanisms including inhibition

of both the affeent and efferent arms of the immune system and will be discussed

below.
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Blockade of the afferent arm of the immune system

The cornea is devoid of lymph vessels and blood vedséibiting the trafficking of
antigen presenting cells (APCs) and immaffector cells toand from thecornea.The
avascular nature of the cornea is maintained doyneal epithelial celexpression of
VEGFH which acts as a trap for prangiogenic factor VEG&while lymphangiogensis
promoting VEGIE is inhibited by keratoty and corneal epithelial csllexpressing
VEGFR [25, 26]. Anti-angiogenic factor endostatin is alsopegssed in the cornea and
inhibits both hemangiogeneisis and lymphangiogeng&i. As well as inhibiting the
trafficking of APCghe central cornea contains a logensity ofbone marrow derived
cells capable of functioning as ARCE 28]. The APCs that do exist in tbernea namely
epithelial Langerhans cells and stromal dendritic cells (DCs) display a highly immature
phenotype lacking expression of major histocompatibility complex Il (MHC II) and co

stimulatory molecules CD80/CDEH.

Immune privilege of the eye is further protected the bloodocular barrier consisting
of the bloodaqueous barrier and the bloegktinal barrier The bloodaqueous barrier
in the anterior of the eye and the bloedtinal barrier at the posterioof the eye are
made up of tight junctions between epitheliallsand between endothelial cells tightly
regulating the transfer of ions, proteins and watin and out of the eyd29, 30].
Together with the avascular cornea this creates a tightly regulelesed space where

the eye can create its own microenvironment.

Blockade of the efferent arm of the immune response

The cornea expresses an array of molecules capable of suppressing effector T cells and
complement activation. ExpressionDfcell inhiltiory factorsFasL (CD95), programmed
death ligandl (PDL1), and tumor necrosis factoelated apoptosis inducing ligand
(TRAIL) are all detected on corhealls[31-33]. These ligands interact with receptors

on the surface of Thl T cells leading to the inhibiton of T cell proliferati€ix

production and induction of apoptosis82, 34, 35].
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In addition to the cornea possessing immunosuppressive molecules it is positioned on

top of and bathes irthe immunosuppressive and immune regulat@kid. The Akvhich

fills both the anterior and posterior chambers of the eigea transparent plasma like

fluid of the anterior of the eyeaich in immunosuppressive molecules. Mediated by
neuropeptide h-melanacyted G A Ydzf F GAYy 3 K2 NY 2 yaffammatorp { | O |V
Oeli21AyS ¢DCin GKS 11 AyKAOAGA ¢ OStfa FTNRY
cells instead inducing them to become regulatory T 8. The AH also suppresses

the activity of iF f I YY I 0 2NB YI ONRLKI 3ISa | 3AFAY (KNRdzIFk
calcitonin geneelated peptide (CGRHP37]. Macrophage migtion inhibitory factor

(MIF) also present in the AH inhibits the maturation of NK cells and can contribute to NK

OStt feaia I38.2Addiondly doplehddi@ediated lysis which could

lead to destructive pranflammatory responses in the eye is regulated by complement

regulatory proteins expressed the AH[39].

Anterior chamber associated immune deviation (ACAID)

Combined with the physical barrielnd wealth of immunosuppressive molecules
expressed within the eye there exists a unique ocular phenomemeolved in
maintaining the ocular immune privilege. This phenomenon is knowrardasrior
chamber associated immune deviatigACAID and t describes a deviation in the
immune response to alloantigens introduced to the anterior chamber of the[4§e
ACAIDis inducedwhen alloantigen is introduced to the eyerollowing injection of
antigen into theanterior chamber of the eye (intracameral injection), the antigen is
processed by specialized F4786traocular macrophages resident in the iris and ciliary
body cells. The intracameral injection-tggulates TN® |y R1 expreission in the
agueous humor, triggering the infiltration of F4/8tacrophages which uptake and
process the alloantigefd1-43]. The anterior chambeg rich in immunosuppressive
molecules such as TGF¢ induces a tolerogenic macrophage phenotype, down
regulating 1E12 expression and upegulating 1E10 andmacrophage inhibitory facte?
secretion[44]. The F4/80macrophages then migrate witthe aqueous flow from the
FYGSNRA2NI OKF YOSN) G2 GKS GNIo6SOdzZ I NJ YSAKG2NJ
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circulation [45]. Once in circulationthe F4/80 macrophages migrate either to the
thymus or the spleerj44]. Both the thymus and spleen are cral to the proces®f
ACAID inductiomas the removal of either organ results in a failure to induce AGAID

46, 47]. In the thymusthe F4/80 macrophages induce regulatory natural killer T (NKT)
cells which migrate to the spleen and support the generation of suppressor T4&lls

47]. The essential role of the spleen in ACAID induction was demonstrated by temporal
splenectomy studies where its removal up to 4 daysraftegaocular inoculation failed

to induce systemic tolerandd0]. Moreover if the spleen was removed before 14 days
post inoculation systemic tolerance was not fully induced thusginingthe timeline of
ACAID induction from-44 dayq440Q]. In the spleen the F4/80nacrophagepresent the
antigen to clusters of B cells, NKT cells and*@bd CD8T cells which promote the
generation of CDZand CD8T regs resulting in the induction of systemic tolerarj2g,
37,4850]. Thesplenic B cellare essential to ACAID inductighQh NI T A2 YR bASR!
demonstrated invitro that only in the presence of B cells were ACAID APCs capable of
inducing ACAID regulatory T celleey hypothesizedhat antigenic peptles released

by the ocularF4/80" macrophages are uptaken by the splenic B cells and presented to
the T cells in a tolerance inducing manfégl® C2fft 26Ay 3 2y FNRBY (KA:
Mayhew and Niederkorn reported that splenic B cdilst cultured with OVApulsed
AQAID APC# vitro then intravenously administered to naive micgere capable of
inducing ACAID and suppressing the delayed type hypersensitivity (DTH) response to
sub-cutaneously administered OVAThis demonstraed that the splenic B cells
processed antign from ACAID APCs and presented the antigen to T cells in a tolerogenic
manner[51]. The Niederkorn group further refined this hypothesis in two subsequent
papers. Arst demonstrating that B cells capture and internalize antigen from ACAID APCs
through the B cell receptor (BCR) ahén demonstrating that the B cells must express
both MHC | and MHC Il to generate ACAID regulatory T[68]I§3]. These studies
outline an essential role of splenic B cells in ACAID induction through the uptake of
antigen from ocular APCs and presentation to splenic T cells to irsdwegpulatory T cell
population. The induced peripheral Treg populations modulate both the afferent and
efferent arm of the immune response. CDR regs inhibit the afferent arm by
suppressing Th1l T cell activation and CD&egs inhibit the efferent array inhibiting
delayed type hypersensitivity responses (DJ22) 50]. Interestingly ACAID has been

-10-
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implicated in corneal allograft survivaith intraocular inoculation of alloantigen prior
to transplantation prolonging graft surivival in both mouse and rat models of
keratoplasty[54-56].

In summary the mmune privileged nature of theyeis maintained bya combination
of: physical barriersthat inhibit the trafficking of immune cellsthe presence of
immunosuppressive molecules within thelosed microenvironment to modulate
resident immune cells; anthe unique phenomenorof ACAIDwhich induces systemic

tolerance to ocular antigens.

-11-
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1.1.4 Cornea Transplantation (Penetrating Keratoplasty)
Indications for cornea transplantion

The first successful full thickness penetrating keratoplasty was first perfomed ofer 11
years ago by Dr Eduard Zif&Y]. Today, it is the most common form of transplantation
with over 100,000 procedures carried out eagdar [58]. In the first pat of the 20"
century penetrating keratoplasty was performed mostly in casesfettions,trauma

and chemical or thermal burnsThe develgpments in antibiotics and antiviral
treatments in recent timeshas meant thatfewer of these patients require coea
transplantation[59]. In fact the Australian Corneal Graft Registry reported in 2015 that
less than 9% of penetrating keratoplasies in the past 15 years were due to trauma,
infection or corneal scarring0]. Today the majority of penetrating keratgsties are
performed in cases okeratoconus (corneal bulgingjegrafting due to failed grafts,
odzf £ 2dza {SNI G2L) GKé FTyR O2NYySIf REGRINRLKE 3

Immune mediated allograft rejection

Due to the immune privilegknature of the eyepenetrating keratoplasty isoutinely

performed without human leukocyte antigenHLA tissue matching or the use of
systemidmmunosuppressants and y#te survival rate within the first year is over 90%

[18]. However, he ten yeargraft survivais much lower at approximately 62Btit this
a0FGAaGA0 AYO2NLIR2 NI (Sa 02 (. aq 2206 NIAAE 16 LOFYOR
defined as having a nemflamed and avascular cornea with no previous episodes of
inflammation such as first time transplant keratoconus or corneal dystrophy patients

the graft survival rate 1@ears post operatively is as high as 9Bg® a1 A I K N &
patients defined as experiencing or previously having experienced inflammation of the

anterior part of the eye, having a vascularised graft beat having a seconar

subsequent regrafts the prognosis is much poorer witiv8 rejection within the first

yearpost transplantatior[63, 64]. It is in these patientsr whomthe immune privilege

status has been disrupt that new therapies are urgently required to inhibit the onset

of immune mediated rejection.

-12-
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TheexcellenttINE Iy 2aAad F2NJ | SN G202y dza hafthérf 26 N ;
corneal allograft surgemyself does not cause disruption of the ocular innne privilege.

It is the inflamed and vascularised graft bed which allows the immune mediated

rejection. Ocular inflammation or trauma attracts APCs to the central cornea, stimulates

the maturation of resident APCs and induces hemoangiogenisis and lynipgangsis

[64]. The matured APQgither host or donor derivedmigrate through the blood and

lymphatic system to the draining lymph noded the spleerwhere they present alle

antigen to naive T cells leadingTaell activation and expansion culminating in DTH and

cytoxic T lymphocyte (CTL) responses in the cornea causing graft destfd@iochhe

presentation of alloatigen to T ells known as alloecognition can occuvia three

pathways:

I.  Direct pathway of all@ecognition: Donor derived APCs migrate from the cornea
to the draining lymph node or the spleen and stimulate recipient derived'CD4
and CD8T cells (Figure )2MHC praeins and cestimulatory signals on the
surface of donor derived APCs activate T cells through their T cell receptors (TCR).
CD4 T helper cells mediate the expansion of CD8cells resulting in CTL lysis
and graft destructiorj69].

II. Indirect pathway of alldecognition: Recipient derived APCs process donor MHC
or nonMHC proteins (minor histocompatibility antigens), and present the- allo
antigen via MHC Il moleasd to alleantigen specific CD4ffector T cellgFigure
1.2) [65]. CD4 T cells can cause graft destruction primarily through DTH
responses through the secretiof interferon (IFN ,(nitric oxide (NO), tumor
necrosis factor (TNF 0O | YR | LJX S KPARMNmpatantyQieS Y21 Ay S
indirect pathway does not require donor derived cells and can occur at anytime
post transplantatior[65].

lll.  Semidirect pathway of alleecognition: Through direct cello-cell transfer or
through uptake of extracellular vesicledonor cells can transfer fully tiact
allogeneic MHC/peptide complexes to recipient AHEG8. The allogeneic
MHC/peptide complexes fuse to the surface of teeipientAPCs. Theecipient
APCs cantherefore, stimulate CD8T cells throughthe intact allogeneic

MHC/peptide complexegvia thedirect pathwayof allorecognition)while also

-13-
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internalizing, processing and presenting allogeneic histocompatiaiiiigens to

stimulate CDAT cellqviathe indirect pathway[66].

As the direct pathway depends on T cells capable of recognising allogeneic MHC
complexesit may be expected that thymic edation of T cells to recognise self would
result in a low frequency of T cells capable of recognising allogeneic MHC complexes
through the direct pathwayHowever, there exists a high frequency of T cells within the

T cell repertoire with direct donor alteactivity. This isdue to cross reactivity of the TCR
[67-70]. The direct pathwaytherefore, results in an acute immuneediated response

that occurs rapidly pst transplantation and requires the presence of donor APCs.
Importantly, the indirect and semdirect pathways of allorecognition do not require
donor APCs to be present aritence can occur at any time post transplantatif$6] To

date the preponderancef evidence suggesthat comeal allograft rejection is primarily
mediated by thendirect pathway of alleecognitionwhile the direct pathway is more
prevalent in highly vascularised graft bdd4-74]. Although here is little evidence of

the role of the semdirect pathway in corneal agraft rejection it may occur as
recipient APCs can acquire tlalogeneic MHC/gptide complexefrom donor APCs
(described inintroduction Section 1.2 to be present in the central cornea) from

cornealcellswhich remain present for the entirety of the graft lifespgg®).

-14-
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Figure 1.2Direct, indirect and semidirect pathways of allo-recognition following
transplantation.

Following transplantation allorecognition may occurdhgh three pathways. The direct
pathway of allorecognition involves the presentation of MHC | and MHC Il molecules on the
surface of donor APCs to recipient CBdd CDS8T cells. The indirect pathway is characterised
by the uptake of donor derived allotigen by recipient APCs which process and present the
alloantigen to antigen specific CD4cellsThe semddirect pathway of alleecognition involves
the transfer of intact MHC molecules from donor APCs to recipient APCs and also the
internalisation, pocessing and pesentation of donor alloantigen on recipient APCs.

Because of the redundancy within the immune system graft rejection can occur through
a number of pathways however it is clear that rejection is dependent on both APCs and
T celld17]. The essential role of APCs in corneal allograft rejection was demonstrated
by clodronoate containing liposome mediated depletion of ocular APCs prior to
transplantation resulting inincreasedgraft survival in both mouse and ratadels[75,

76]. Their role was further refined bgxperiments inmmunocompromiseadnice where
APCs alone werenable to induce graft rejectigrwhile adoptively transferred CD4T

cells from graft rejectors initiated rejection even if APCs were deplefBaus

demonstratingthat APCsa) alone cannotinitiate graft rejection and b) mediate the
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induction or afferentphase but not the efferent phase of graft rejecti¢i6]. The
evidence for theessential roleof T cellsin graft rejection is categorical asorneal
allografts in SClinice and nude mice have a survival rate of 1JA%. Moreover,
adoptive transfer of T cells from corneal allograft rejector mice into graft accepting SCID
mice resulted in rapid immune mediated graft destructidfithin the Tcell subsets
rejection is heavily mediated by CD4cells as demonstrated bplation of CDAT cells
resultingin a steep reduction imcidence of graft rejectiofi’7-79]. Furtherevidence of

the importance ofthe role of CD4 T cells includes the observation that there is
correlation between inhition CDA celldependent DTH responses and prolongation of
graft survival[54, 79]. Neverthlesscorneal allograft rejection although reducetbes

still occurin the absewge of CD4T cells indicating the role of othenechanisms
mediating graft rejection. CD8 T cells are also present in rejecting grafts and the
adoptive transfer of CDED8 T cel§ to nude mice induces graft jestion [17, 80].
However the role of CD8T cells is not crucial as evideddsy: monoclonal antibody
depletion of CD8 T cellsdoes not inhibit graft rejection CD8 T cellknockout (KO

mice andCTL associatqaerforin KO mice still reject corneal allograféed CTL activity

is not generally observed in orthotopic cornea transplants in animal models or in normal

risk transplants in humar{d7, 78, 81, 82].

Foxp3regulatory T cellsa population consiting of between 8L0% of the CD4T cell

subset have demonstrated a capacity to prolong allograft survival in modédena

marrow[83], skin[83], cardiac[83], liver[84], kidney[85] and cornea transplantation

[86]. Foxp3¢ NX 3Ia SE StalisplantBtdnid Ry ISWNG y OS¢ 6KSNBoe& (K
regulate the activation and prdération of corventional T cells against specific antigens

[87]. Chauhan et alecently demmstratedthat functional Foxp3T regs in the draining

lymph node were responsible for allograft survival in a mouse model of cornea
transplantatiorj86]. Further evidence of the importance of the draining lymph node in

corneal allograft €jection was observed by Yamagaghial, who in a couple of studies

excised the draining lymph nodarior to cornea transplantation resulting in 100%
adzNIDAGEE Ay af 26 NR A& moubedneyl altgraf rdoNgBs O f Ay
89]. Despite it being reported that alloantigen presentation can occur in the area of the

eye surrounding the cornea, the conjunctiva or the draining lymph ntieese reports
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demonstrate that the critical site of alloagen presentation is the draining lymph node

[86, 88-90).

In summary, immunemediated allograft rejection isnitiated by APCs presenting
alloantigen to T cells in the draining lymph node. This occurs primarily through the semi
direct pathway resulting in activation and proliferation of CB#ector T cells which
migrate back to the eye causing DTH responsésgaaft rejection. Despite the fact the
direct pathway involving the activation of Cld§toxic T lymphocytes can cause graft
destruction it is not the predominant mechanism of graft rejection. Finally the presence
of Foxp3regulatory T cells in the dramg lymph nodes can suppress the T cell response

resulting in graft survival.

1.15 Immunosuppressive therapies to prevent allograft rejection

l'a |t NBlIFIRé RA&aOdzaaSR (KS LINR3Iy2aria TF2N af:
immunosuppression issuffisiy & G2 FFEOAETAGEFGS 3ANI FG & dzNIDA DI
NAailé LI GASyla Ayg2t@Sa aeaidSYAO AYYdzy 2 adzL
mycophenylate mofetil (MMF)Both have demonstrated efficacy in prolonging graft

survival but with the caveathat they trigger considerable side effed®l, 92]. Side

effects following CsA therapy include nephmimty, altered glucose metablolism,
hypertension, hepatoxicity, hyperplasia and most worryinghcreased risk of
malignancies[91, 93, 94]. MMF also triggers side effects such as gastrointestinal

disorders, anemia, leucopenia, and increased risk of infeci@h®2]. The risk of such

side effects for a noflife threatening disorder is not desirable. Moreover systemic
immunosuppressive therapies do not indugeripheral tolerance rather some reports

indicate they may hinder the induction of FoxXpB cells[84, 95]. Therefore there

remains a need for alternative therapiesalleviate immune mediated graft rejection.

In recent years mesenchymal stem cell therapy has been trialled as a therapy for corneal
allograft rejection. To date a number of studies have demonstraefficacy with
mesenchymal stem cell8SCs)with varying reports of the mechanism of action. The
following section will discuss the characteristics of MSCs which make them appealing
therapies in transplantation and the proposed mechanisms of action.
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1.2 Mesenchymal Stem Cells (MSCs)

1.2.1Introduction

MSCs are a rare population of nblematopoetic stromal cells first isolated from the
bone marrow by feidenstein et al, who described population ofmulti-potent cells
with colony forming unifibroblast(CFUF) capacity96, 97]. Since then MSCs have been
isolated from numerous tissues includiambilical cord, adipose tissue, musgctiental
pulpand lung96, 98]. They are definetdy their self renewal cagity, their multilineage
potential and their ability to adhere to plastic culture platg39]. As of yet no putative
MSC marker has been discovered and so tiselation still depends primarily on plastic
adherence which risks hematopoetic stem cell lineage contamination. With
investigators also utilising different methods of isolation, expansion and
characterisation in 2006 the International Society for Celldlaerapy set out the

minimal criteria to define an MSC which states MSCs must:

1 Adhere to plastic in standard cell culture conditions
1 Express cell surface markers CD90, CD73, CD105 and lack expression of CD45,

/ 50nX /5mMn 2NJ/5mMm03 fatemdiéculeaNJ / 5md | YR
1 Demonstrate multilineage potential, differentiating to osteogenic, adpnic

and chondrogenic linead®9

MSCs multilineage potential means thegid great promise in the field of regenerative
medicine where th& reparative function has demonstrated therapeutic benefit i
clinical and preclinical modeiscluding myocardial infarction, hepatic failure, renal
failure, wound healing, retinal degeration, osteoarthritisand stroke[98]. In addition

to their regenerative properties MSCs in recent years have generated great interest for
their immunosuppressive properties. The following section will outline MSCs
immunosuppressive properties and their suitability as a therapy for corneal allograft

rejection.
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1.2.2MSG Immunomodulatory Capacity

MSCs have been demonstrated to have potent immunosuppressive and
immunomodulatory properties and can regulate components of both the innate and
adaptve immune systenj100, 101]. MS@ mechanisms of immune regulation are
numerous and include the paracrine release of soluble mediators andeieliontact
dependent mechaisms the most studied of which are outlined in Figure 1.4 and
detailed below. Soluble mediators that are implicated in MSGmunoregulatory
capacity and are currently under investigation include indolamine 2,3 dioxygenase (IDO),
nitric oxide (NO)IL-6, IL-10, interleukin 1 receptor antagonist {lIRA, tumour necrosis
factor-inducible gene 6 (TS, tranF 2 NY¥ Ay 3 IANR g GKO TFmgrik2 NJ | 0
metalloproteinases (MMP9B8, 100, 102-104. Importantly, a key divergence in the
mechanism of MS@ediatedimmune reguation is observed between specié¥hereas
human nonhuman primate and piylSCs primarily mediate T cell prolifecatithrough

the inductionof IDOrodent and rabbit MSCs utilize the secretion of NO to inhibit T cell
proliferation [105 106]. This evolutionary dvergence in the immunosuppressive
mechanisms ohuman and rodentMSCsmust be considered when translating pre
clinical model results to a clinical settinQther mechanisms of immune regulation
employed by MSCs includertact-dependent mechanismsuch asthe adhesion of
MSCdo target cells with ICAM,, VCAML1 and PEL1-PD1 interactiong107, 108§]. The
numerous mmunomodulatory mechanisms MSCs possess mean they can modulate a
multitude of immune effector cells. The following section will outline broadly how they

affectthe innate and adaptive immune systems.

MSCs modulate the innate immune response

MSCsc descrbed as sensors of inflammatianin response to inflammatory signals
acquire an antinflammatory phenotype capable of modulating inflammation via the
regulationof innate immune cell components including macrophages and dendritic cells
[109. Macrophages are a key component of tlearly innate immune response,
inflammatorysignals such a&N+ = [ t-{ ZI ¢ RCEMifferentiate macrophages

to an M1lor pro-inflammatory phenotypeexpressing high levels fm i 26 ahd[TNPR
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as well as reactive oxygen species and nitrogen intermediates includifhlJOMSCs
through the secretion ofsoluble mediators includingSG5, 11-6, NO andPGE2nhibit

the differentiation of macrophages to an M1 phenotype and promote tpelarization

to an M2 or anti-inflammatory phenotypeexpressinganti-inflammatory molecules
including IE10, IL-4 and 11:1RA[110, 111](Figure 1.4)The ability of MSCs to induce an
anti-inflammatory macrophage phemtygpe has been demonstrated both in vitro and in
vivo[111,117]. In vivo, Nemeth et al, reported that followingravenous injection (i.v,)
MSCs accumulated in the lung where they induced-iafitammatory IE10 producing
macrophages resulting in the attenuation of seddi$2]. The increasing evidence that
the majority of MSCs become enpieed in the lung upon i.v. administratiavith few if

any migrating to other organsdicates that this orgaplays an important rolen MSCs
immunomodulatory capacity113 114]. Moreover, the role of MSC modulation of
innate immune cells in the lung in M&G@bility to prolong corneal allograft survival has
recently been demonstrated by Ko et @heyreported that h(MSCs in a TS&dependent
manner enriched a population @D118B220 IL.-10 producingegulatory macrophages

in the lung that migrated to the draining lymph node to prolong allograft suryii|.

In additionto their modulation of macrophage®SCs also inhibihe differentiation of

5/ & @Al (GKS &S GNBandPEGERSS 116¢Ay@ée T4)DES ddkey
components linking the innate and adaptive immune systems by presenting alloantigen
to T cellsin the presence of MSCs the ®@ntigen presentation machinery molecules
MHC II, CD80 and CD86 are reduced afikD Iexpression is increased indicating th
induction of a regulatory DC phenotyf#8, 117]. MSCs also regulate the function of NK
cells, inhibiting tleir: proliferation; IFN©  LINE Ralz® éytoxacify through celtell

O2y Gl Ol yR a2fdzonfS YSHRANB d1B@EHuretld) @ther L 5 h
components of the innate immune system such as mast cellgeloid derived
suppressor cells (MDSCs) and monocytes are regulated by MSCs and their interactions

have been extensively reviewéti16, 120.
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Figure 1.3VISCs possess the capacity to modulate components of both the innate and
adaptive immune respons.
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MSCs modulate the adaptive immune response

MS@ immunosuppressive capacity wasffidiscovered in co cultures with activated T
cells where MSCs potently inhibited T cell proliferatj@®1-124]. Since then it has
become clear that the mechanisms of MSC mediated T cell suppressionetaseh
species with humanvSCs(hMSCs)predominantly suppressing T cell suppression
throughIDO and rodent MS@isrough secretion ohigh levels ohitric oxide to suppress

T cell proliferation[105]. IDO inhibits T cell proliferation by catabolising tryptophan
which is requiredor T cell growth and survival and further by producing tryptophan
metabolites that induce T cell apopto§i5. NO is a gaseous bioactive molecule which
rapidly diffuses and has a half life of just a few seconds in blood due to its affinity
haemoglobin[126]. NO is produced by nitric oxide synthases (N@Syhich three
isoforms exist irodents namely endothelial NOS (eNOS), neuronal NOS (nNOS) and
inducible NOS (iNOS) which mediate NO production in MSCs and also ipnzaa®
[127]. It was first described as a mediator of M&B€Lippression of T cell proliferation by
Sato et al. who also demonstratéitat it inhibited Stat5 phosphoryl&n in T cell§128].

The production of NO by MSCs was demonstrated not to be innate but acquired upon
pro-inflammatory cytokine stimulation which also stimulatetet upregulation of
chemokine expressigmllowing MSCs to recruit T cells to their vicinity where the locally
acting NO could exert its effeft02). Moreover,NOhas also been shown to induce a
CD4CD25 regulatory T cell phenotype from naive COB25T cellg129]. As well as

the direct inhibtion of T cells MSCs alsaodulate the adaptive immune response by
inducing and expanding Foxp@gulatory T cell{Tregs) (Figure 1.4)In vitro MSCs
induce the differentiation of Foxp3 regs from naive T cells a process that requires
t DO9H I ¢ Ddll-ceMcontagR30-087. In vivo, studiesn cornea, heart and renal
transplantationhave reported MSC mediated transplantation tolerance is associated
with an increase in Foxp3 regs[133-136. MSCs interactions with B cells, another
compenent of the adaptive immune response, are more complex, nuanced and
depencent upon the microenvironment as well as the phenotypic state of the B cell. In
basic co culture experiment®ISCs demonstrate the ability to inhibit the maturation
and proliferation of stimulated B csland also inhibit the secretion of immunoglobulins

IgG and IgM137-14(. However, a number of reports have demonstrated thatder
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certain conditions MSCs can enhance thgoliferation and differentiation oB cells
[139, 141]. Rasnusson et al, reported that MSCs promoted IgG secretion by B cells when
in culturewith splenocyted142 while Traggiai et al, and Rosaét al, both reported
that MSCscultured with highly purified B cell subsets, stimulated with T[Rd]or
soluble CDA40L, anfy and k2 [139 actually promoted the proliferationand
differentiation of B cells to immunoglobulin secreting celibe promotion of B cell
proliferation and differentiation when MSCs are cultured with higlyified B cell
subsets in these studies may indicate that the MSCs require an intermediary Enmun
cell population to suppress B cells. Indeete tstudy by Rosaml and colleagues
demonstratedthat, if T cells were presenthe effect was reversed andSCs suppressed
the proliferation and differentiation of CD40L, aigi and 12 stinulated B cells
indicating an intermediary role for T cell in MSCs regulation of B[&8BkFranquesa et

al also demonstrated that MSC mediated B cell proliferation was depgng®n the
presence of CD4I cellsHowever, the differentiation of the B ceilvas directly targeted

by MSCs and did not require the presence of T ddli&j. Interestingly, they
demonstrated that MSCs induced10-producing regulatory B cellRegulatory B cells
(Bregs)are a rare B cell subset with an ability to maintain peripheral tolerance and
induce regulatory T cel[444-146]. A number of studies have since reported that MSCs
can induce and maintain the survival ofll producing Bregs which can ameliorate-cell
mediated immune responses and autoimmune dse such as systemic lupus
erythematosus (SLEhd GvHL47-150 Taken together, the body of literature on MSCs
ability to modulate B cells indicates that MS@sinhibit stimulated B cell proliferation
and differentiationdirectly. Under some conditions with higkhbyrified B cell subsets
MSCs promote B cell proliferation and differentiatiblowever, this can be reversed by
the presence of T cells demonstratingn @antermediary role for T cellin B cell
suppression MSCganalso induce and maintain the differentiation of10-producing
Bregswhich canfunction as immunomodulatory cell€onsidering thigvidence,it is
clear that MSCs can potently modulate camngnts of both the innate and adaptive
immune response. Notably MSCs modulate the two key cellular components of corneal
allograft rejection- APCs and T celg both directly by inhibiting differentiation and
proliferation and indirectly by inducing regubry populations which actively regulate

the immune response.
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Licensing the immunmodulatory capacity oMSCs

As describedlaove MSCs have the capacity tacbeepotent immune regulatory cells

However, in their resting state MSCs do not possess poiemnhunodulatory properties.

MSCs in their resting staten vivo,reside inperivascular spaces where their role is in

maintaining tissue homeostati$104]. MSCs only acquire their immunodulatory

properties upon exposure to the inflammatory miliewhereby preinflammatory

cytokines such as IFN=-MIL[ | YR €hOSy asS a{/ a AYYdzy?2 & dzLILINE
[102 151]. Expasure to the inflammatory signals also enhances B$®0Gming capacity

and upregulates their chemokine secretion so the MSC can home to tkee odit

inflammation and once there thesecruit immune cés to their vicinity to exert their

acquired immunosuppresive effect [102. The acquired nature of MSCs
immunomodulatory capacity was first demonstrated Kyampera et al in 2006Ihey
demonstratedthat IFN©~ NBf S &SR 060& GKS I OGAQGFGiSR ¢ OS¢t
MSCs teexert theirimmunomodulatory propertie$152]. Ren et al demonstrated IFN

in cambination with TNP X -mb [ 20 LEIAGAYdz I GSR a{célla G2 &
proliferation and neutralising antibodies against the pmaflammatory cytokines

restored T cell proliferatiofil27]. In the same studyFN:  NB OSLIG2NI m RSTA O
0 L C B*M&BGs)lost the ability to suppress T cadroliferation in co culture again

demonstrating the requirement for prmflammatory stimulus in eliciing MSCs
immunomodulatory capacitp C dz{i K S NJ$Bs fdile@icbpreventgraft versus

host diseaseGvHD in miceandwild type MSCability to attenuate GvHDRvas reversed

by IFN! A Y K[AZY|ASinglai, Polchert et dund recipients of IFN-/- donor T

cells did not respond to MSC therapy and succumbed to GvHD while |IFNidEE:d

MSCs suppressed GvHD more efficiently thdéinme timeshighernumberof untreated

MSC4¢153. In the clinical settingUSCs administered during the efferent phasfeGvHD

(inflammatory environment) successfully improved outcome however when
administered at the time of bone marrow transplafmon-inflammatory environment)

MSCdailed to improve outcome indicating stimulus from the inflammatory milieu is

necessary for MSCs to become immunosuppresgl-156]. Taken together this

evidence demonstratesthat MSCs in their resting state are not potently
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immunosuppressive but acquire this capacity upon receivingftammatory cytokine

stimulus from the inflammatory milieu.

1.2.3 MSC source: Allogeneic Autologous?

The source of the MSCs (autologous or allogeneic) is important when considering their
use asatherapy with recent ewlence suggestinthat the immunoprivieged status of
MSCs may need to be revisgab, 157, 158]. Previous worky our groug134, 159 and

by others (reviewed by Griffin et f85]) has demonstratethat allogeneic MSCs invoke

an antidonor humoral and cellular immune response contrary to the previously held
belief that the low MHC | expression and lack of MHC |l expressiontedsti to MSCs
being immunoprivileged.The presence of an immune mediatedsponse isnot
necessrily associated with a negative outcome and allogeneic MSCs have been proven
efficacious in a number of disease mod@§]. In fact, in sme instances, the targeted
immune response to allogeneic MSCs may be beneficial in eliciting their
immunomodulatory propertiesas described above.However, in the context of

transplantation aranti-donor immuneresponse poses a long term risk of rejection.

A number of authordiave reported thatadministration ¢ allogeneic MSCs invokes
donor specific T cell respon$@5]. Studies to date have reported an increas the
presence of both CD4&nd CDS8T cells following allogeneic MSC administration with
reports that these T cell display a memory phenotjjp@0-162]. Despie this, allogeneic
MSCs in these studies have proven efficacious demonstrating the immunosuppressive
capacity overrides the cell mediated immune resporad least in the initial phase.
However little is known about the longerm effects of allogeneic MS@duced donor

specific memory T cell on allograft outcofi®60-162].

Similarly with regard to the humoral respons@antigen specific alloantibodies have
been déected in the serum following allogeneic MB€&atment indicating the presence

of a B cell mediated alloantigen specific respofi&g. Donor antigen specific Blts can
differentiate to bone marrow resident plasma cells providing a constant source of

alloantibody while activated B cells can also differentiate to memory B cells with a
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capacity to produce large volumes of alloantibody uporexposure to alloantige
[163. The fact that allogeneic MSCs elicit a humoral response increases the risk of initial
allograft rejection as well as an increase in the risk of chraniibody mediated graft

rejection and a loss of transplant functih64].

In contrast syngeneic or autologous MSCs pose no risk of causing a donor specific
iImmune responsd65]. However thaedisadvantage$o autologous MSC therapy include:

(@) MSCs sourced from an elderly patient may have decreased regenerative and
functional propeties; (b) MSCs from patients with systemic diseases such as diabetes,
systemic lupus erythematosus (SLE), rheumatoid arthritis or hematopoietic malignicies
may have deficiencies or abmoalities related to the diseasend (c) autologous MSC
isolation and expansion takes time hence hindering their use in an acute disease setting
such as myocardial infarctift65]. However in the context of cornea transplantation
thesedisadvantagemay not be a concern as: (a) in ma@ages patients areat elderly;

(b) many disordersvhich require cornea traqdant are not systemic diseaseand (c)
keratoplasty is generally an elective procedure allowing time to extract and expand the
patients MSC§#0]. Therefore,an efficacious autologous MSC therapy could progde
more attractive option than allogeneic MSC therapy for the treatment of corneal

allograft rejection.
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1.2.3Therapeutic Application of MSGs CorneaTransplantation

The immune modulatory properties of MSCs underlie tipsitential as a therapy to
prolong tissle transplantation. To date MSC therapy Hweeen investigatedin animal
models of rena[133, 136, 166, cardiad167], cornea[115, 134] , liver[168] and lung

[169 transplantation Moreover, MSC therapfpr organ transplantation has advanced

to the clinic with a number of studies demonstratitige safety and efficacpf MSCsn

renal allograft transplantatiof170-172.. MSC therapy across different transplanted
tissue demonstrates common mechanisms of systemic immune modulation including
expansion of Foxpg3regs, suppression of Thl effector cell papioins and shifiting the
balance of Th1/Th2 T ce|ls34, 136, 167, 170.

In the context of cornea transplantion MSC therapy has been demonstrated to prolong
allograft survivalTable 1.1 outlines the studies in the past 5 years investigating the
ability of MSCs to prolong corneal allograft survivllhese studiesare difficult to
compare as thewse different timing strategies, routes of administration, sources of
MSCs (syngeneic, allogeneicxenogeneic) and cell numherhe Prockop group have
focused orthe use of human MSCs (hMSCs) administémesl mouse modl of corneal
transplantation They first reported that i.v. administration of hMSCs suppressed the
early inflammation induced by surgery and suppressed the number of activated APCs in
the cornea anddraining lymph[173. The majority of hMSCs in that study remained
trapped in the lung where they increased F&@xpressiorwhichwas responsible for

the immunomodudtory effect observed[173. More recently, thesame group has
described a population of CD1B220 regulatory macrophages enriched by hMSCs in
the lung which remainin circulation and inhibit T cell mediated corneal allograft
rejection[115. Once again, hM&immunodulatory effect was TS8=dependent. The
authorsof this study demonstrate that CDiIB220 regulatory macrophages inhibit the

T cell response independently of Foxp&gulatory T cells and the CDIBR220
regulatory macrophages remain in circulation while the observed FoxpBlatory T

cells disappear within four days of MSC admintstra This Foxp3Tregindependent
mechanism of inhibiting corneal allograft rejection is interesting however the xenogenic
nature of the model raises questions whether MSCs of the same species may exploit

other mechanisms of immunomodulation. Indeed, poais work by Treacy et By our
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groupand by others (Jia et al) associated MSC mediated prolongation of graft survival
with an increase in FoxpJ regs[134, 135]. Treacy et al found that allogeneic MSCs
administered preoperatively (day-7, day O)increased the graft survival rate #80%
andthat was associated with increased Foxg3regs in the spleefi34]. Jia et al also
found allogeneic MSCs to be efficacious in prolonging grafivai[135]. In their study
allogeneic MSCs adminisesl postoperatively (day 01, 2 were associated with an
increased proportion of Foxp3 regs and prolongation of graft survival. Curiously, Jia et
al reported allogeneic MSCs administered-ppeeratively (day3,-2,-1) did not prolong
allograft survivalperhaps indicating thaa period of time between MSC administration
such as in the study of Treacy et al, (d@y 0) is optimum for MSC therapy to be
efficacious[134, 135. Interestingly, Treacy et al, reported that syngeneic MSCs
administered at the same timepoints as allogeneic MSCs- (&) failed to prolong
allograft surviva]134]. A report by Omoto et al, however did find syngeneic MSCs to be
efficacious when they were administered pamgieratively (day 0, day T174]. Treacy

et al, concluded that syngeneic MSCs failed to prolong allograft suasvéley were
adminstered to an immunologically identical namflamed host and hence did not
receive an activation stimulus whereas allogeneic MSCs were specifically targeted by the
host immune system and upon exposure to the inflammatory milieu acquired their
immunomodulabry properties enabling them to prolong graft survid34. As
described above syngeneic or autologous MSC therapy provides an attractive therapy
for cornea transplantion if of comparable efficacy to allogeneic MSCs. Therefore the aim
of this project was to optimize syngeneic MSC therapy to prolong corneal allograft

survival.
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Paper
Ohetal[173

Ko et al[115

Fuentes Julian et

al.[175

Omoto et al.[174]

Jia et al[135

Treacy et a[134]

Source
Human BM MSC

Human BM MSC

Human AD MSC
Rabbit AD MSC

BALB/c
BM MSC
GFPC57BL/6
Mouse BMMSC

Mouse

Wistar Furth Rat
BM MSC

Lewis Rat BM
MSC

Wistar Furth Rat
BM MSC

Dark Agouti Rat

BM MSC

Recipient Species

(Xeno, allo- or
syn- geneic)
BALB/c Mouse
(Xenogeneic)

BALB/c Mouse
(Xenogeneic)

New Zedand White
Rabbit
(Xenogeneic)
(Syngeneic)

BALB/c Mice
C57BL/6 Mice
(Syngeneic)

Lewis Rat
(Allogeneic)

Lewis Rat
(Syngeneic)
(Allogeneic)

Normal
or High

(HR) Model

NR

NR + HR

NR

NR

(NR)
Risk
Route (Timing of Administration)
IV administration (elL)
IV administration(el, d0)

IV administration (7, d-3)

NRg Sl administration (dO)
HR¢ IV administration (é7, dO, d3,
d14)

IV administration (d0)
IV administration (dO, d7)

IV administration (eB, d-2, d-1)
IV administration (dO, d1, d2)

IV administration (7, d0)

Number
Injection

(Number per kg body

weight)
1x1¢MSC
(58.8x10/kg)

1X1GMSC
(58.8x106/kg)

NR/HR; 2x1MSC
(0.666x10/kg)

1X1OMSC
(47.62x106/kg)

5x10MSC
(25x107kg)

116 MSC
(3.95x10/kg)

of MSC Per

Outcome

hMSCs through TS& reduced the surgery
induced inflammation prolonging allograf
survival in a dose dependent manner

hMSCs prolong allograft survival by enrichi
population of regulatory myeloid cells in the
lung mediated by TS&

Sl in the NR model and IV injection in the t
model lead to more rapid allograft rejectior
compared b controls

BALB/c MSC prolong allograft survival in
C57BL/6 host in a dose dependent manner

Allograft survival was prolonged by pesirgical

but not pre-surgical MSC administration

Co administration of MSCs with low dose C
(Img/kg) accelerated graft rejection while
administration with 2mg/kg CsA prolonge
allograft survival

MSCs derived from allogeneic sources (WF |
MSC and DA BM MSC) significantly prolahc
allograft survival while recipient derivec
(syngeneic) Lewis BM MSC failed to prolo
allograft survival

Mechanism of action

hMSC treatment reduced 4, Il-m | I yr2Revdls[and
infiltrating APCs in the cornea and dLN subsequer
inhibiting the adaptive CD4+ and CD8+ T cell immt
response

The effect was mediated by T$Gas demonstrated by
TSG6 siRNA knock down and recomant TS& IV

administration

hMSCs in a TS&dependent manner induced a MHC cla
1"'B220CD11b population of myeloid cells in the lung
which remained in circulation for up to 7 days post M¢
administration

This specific myeloid cell population suppressed T ¢
proliferation in vitro and could polong allograft survivi
when adoptively transferred

Sl or IV administration of hRARISC or rABMSC lead to an
increase in corneal edema and a higher number
infiltrating CD45+ leukocytes which could be attributed
MSCs production of inflammatory cytokinessland IE8

IV administered MSCs migrated to the transplant
cornea, conjunctiva and draining lymph nodes where th
suppressed the maturation of CD11c+MHC I+ AF
consequently inhibiting DCs direct and indirect all
sensitization of CD4+ T cells

Postoperative MSC administration inhibited T cell
proliferation both n vitro and in vivo decreasing
expression of Thi associated cytokines-{FN I y2RndL
increasing Th2 associated -4 while expanding
CD4+CD25+Foxp3+ regulatory T cells

AlloMSC inhibited the intrgraft infiltration of
CD3+CD8+CD161+ NKT cells, CD11b/c+ APCs, CD4+4
activated T cells and CD45RA+ B cells, whi#® .
expanding a population of CD4+CD25+Foxp3+ spl
regulatory T cells

DTH experiment demonstrated alMSC specifically
inhibit corneal donor alloantigen sensitization

Table 1.1 The application strategy and major findings from the most recent Mf&€apy in cornea trarsplantation studies
IV, intravenous; SI, stromal injection; NR, normal risk; HR, high risk; MSC, mesenchymal stem cell; BM, bone marradi Nedvaiting lymph

node.




1.3Research Hypothesis and Aims of Research

1.3.1 Research Hyjloesis

Proinflammatory cytokine licensing of syngeneic M$@ar to administrationin vivo

will stimulate their immunomodulatory properties enabling them to prolong corneal

allograft survival

1.3.2 Aims of this research work

This thesis addresses theltaing specific aims:

T

To develop and optimize a pinflammatory cytokine licensing strategy to
enhance MSCs immunomodulatory properties

To characterise thphenotype of licensed MSCs

To identify the mechanisms of immune modulation employed by licensed
syngeneic MSCis vitro

To investigate the functional effects of licensed MBGatro

To identify an efficacious strategy fiorvivoadministration of licensed syngeneic
MSCs to prolong corneal allograft survival

To evaluate then vivoimmunomodulatory poperties of licensed syngeneic
MSCs
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Methods
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All media, reagents, buffers, laboratory equipment, plastic and glassware used as part

of this project are listed in tables at the end of this chapter.

2.11n Vitro Cell Cultire Techniques

2.1.1 Rat MSC isolation

MSCs were isolated from the bone marrow of Dark Agouti (DA) and Lewis R&ts (8
weeks old). Animals were euthanized by.G@halation and the femurs and tibias
removed. The bone marrow was flushed from the bonesainMSC media to isolate
bone marrow progenitors. Cells were pelleted by centrifugation at 400 x g for 5 mins
YR 6l AaKSR ¢6A0GK 5dzZ 6S002Q4a t K2 aisiipennddd . dzF FSN
in rat MSAnediumand seeded at a density of 9¥1€ells/cn? in T-175 flasks with rat
MSC medim added to final volume of 25ml. Cells were inubated at 37°C, 5%a@D
90% humidity. 3 days after cells were seeded media andaaberent cells were
removed and fresh rat MSC miech was added to a volume of 25nMledia was changed
every 34 days until @onfluency of ~85% was reached tiis point adherent cella/ere
detached using 5ml 0.25%rypsin/ImM EDTA. MSCs were cultured and used in

subsequent experiments up to passage 6 (P6)

2.1.2 Rat MS@steogeneic differentation

To investigate the osteogenic capacity of rat MSCs, cells were plated in 6 well plates at
a density of 3x1cells/wellof a 6 well plate in rat MSC media. 24 hours after seeding
rat MSC media was removed and 2mls of fresh rat MSC mestBadded tocontrol

wells and 2mls of osteogenic differentiation meaasadded to test wells. Media was
replaced every 2 day€ells were monitored every day and harvested between days 10

and 17 before thetartto peel.

Alizarin Red #as employed to staimtracellular calcium in ostegenically differentiated
MSC. First the media was removed from the wells and cells were washed with
5dzf 6 SO002 Q& LK 2 a LBABY B fitleTdlSoNY methbndtiwasagdedd

for 10 mins at room temperature. Cells were thvice washed with distilled water for
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5 minutes. 2% Alizarin Red S solution was added to each well for 30 seconds at room
temperature. Cells were then washed with distilled water for 10 seconds. The monolayer
was then allowed to dry at room temperatureriér to imaging a layer of water was

added to the cells.

Calcium content per well was quantified using the StanBio Calcium Liquicolour kit. Media

was removed from wells and cells were washed with DPBS. 0.5m| 0.5M HCI| was then
added to each well, cells werharvested using a cell scraper and collected in a 1.5ml
Eppendorf tubeSolution was shaken at 4°C overnight. A working solution of 1:1 binding
reagent and working dye was prepared for each sample. Calcium standards ranging from
ocM>3AKkYE 6SNB YIRS dzLldd mn>ft 2F adlyRFENR 41l &
absorbance wareadon a plate reader at 595nm. Results were plotted against standard

curve to obtain calcium concentration.

2.1.3 Rat MS@dipogenic differentiation

To invesigate the adipogenic capacity of MSEslls were seeded at a densibf 2x10

cells per well in rat MSC media. Once cells became confluent 2 ml of adipogenesis
induction media was added to each test well and fresh rat MSC media to each control.
After 3 days in induction media it was replaced with 2ahhdipogenesis maintenance

media for 24hours.This induction maintanence cycle was repeated twice.

To confirm the presence of lipids in the adipogenically differentiated MSCs, cells were
stained with OiRed O. Avorking solution of Oil Red €bnsisting o6 parts Oil Red O
stock solution was mixed with 4 parts distilled water. Solution was allowed to stand for
10 minutes at room temperature before being filtered through a Whatman no.1 filter.
Media was renoved from the wells and cells washed with DPBS. 10% neutral buffered
formalin was applied to the cells for 10 minutes to fix them. Formalin was removed and
the cells were washed with distilled water. Oil Red O working solution was added to each
well and he plate was gently swirled and allowed to stand for 5 minutes at room
temperature. Oil Red O was removed and cells were washed with 60% isopropanol, then
gently washed with tap water. 20% hematoxylin solution was added for 1 minute then
removed and cellsvashed with warm tap water until tap water ran clear. Cells were

covered with a film of water and imaged.
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Oil Red O per well was quantified by absorbance measurement following imaging. The

water was removed from the wells and 100% isopropanol was addgeteells several

times to extract the Oil Red O. Isopropanol and Oil Red O was collected in a 1.5ml
Eppendorf tube Eppendorf was centrifuged at 500 x g for 5 minutes to remove cell

debrisH nn>f 2F &adzLISNYFdFyd o1 & G KSoybanceRBSSR (12 |

readon a plate reader at 520nm.
2.1.4 Rat MSC cell surface characterisation

The cell surface expression of rat MSCs was characterised by flow cytometAMBALH

per well of a 96 well plate were stained with antibodies for CD29, CD73,, CD3B,

al/ LLX al/ L FtyR /5np Ay pn>t 2F C!/{ 0dz
centrifuged at 400 x g for five minutes washed twice in FACS buffer. Cells were

NB a dza LISY RS R  Ahtffemnamsferfed t&@ FACE tuble fand analy$gdFACS

Canbo Il flow cytometer.

2.1.5 Preinflammatory licensng of rat MSCs

MSCs were seeded at a density of 7.5%d? in T175 or 6 well plate and allowed to

adhere for 12 hours. After 12 hours the media was removed and replaced with media
supplemented withproinflammtory cytokines IFN = -t b Ey Rxm2 NJSSLPK |4 |
concentrationof 500U/ml for 72 hours. €lls werethen harvested for in vitro and in vivo

testing.
2.1.6 Generation of rat bone marrow derived macrophag@&viDMs)

A Lewis rat was humanely sacrificetlats femur and tibias collected. The bone marrow
was removed by cutting the ends with a bone cutter and flushing with a needle and
syringe under sterile conditions. The marrow was collected in a Petri Dish, transferred
to a 50ml tube, centrifuged at 800g for 5 mins then washed with DPBS. To remove red
blood cells the cell pellet was resuspended in 5ml ACK buffer for 5 minutes at room
temperature. The cells were then centrifuged at 800 x g for 5 minutes, washed twice in
DPBS, resuspended in macrophagféectentiation media and countedBone marrow

progenitorswere then seeded at a concentration of 4.5%4@lls per well in 3 mls of
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macrophage differentiation media. 50% of the media was replaced ond&/and 5

and the differentiation was complete onag 6. The macrophage phenotype was
confirmed by flowcytometry confirming the expression of CD45, MHC Il, CD86 and
CD11b/c (all BioLegend). After 6 days macrophages were harvested by incubation with
0.25% Typsin ImM/EDTA for 10 minutes.

2.1.7Mousel-929 Cell Culture

Mousel-929 cels were obtained from Prof Afshin Sama&lpoptosis Research Cluster,
NUI Galway. Mouse-®29 cells producenacrophage colongtimulating factor (MCSF)
used to differentiate bone marrow progenitors to BMDM<=29 cells were thwed and
plated in T 175 flasks and cultured ¥929 medium. 24 hours later the medium was
changed. The medium was then collected every 72 hours and froz20°& to be used
in macrophage differentiation medium. The cells were passaged when conflaent a

medium was continued to be collected every 72 hours.

2.1.8RatMSC migration assay

The migration capacity of MSCs was investigated using a transwell migration assay.

MSCs were resuspended at a density of #x@0Sf f a k Y f Ay ha9ad af
fluorescentlystained by adding&@ceinAMi 2 G KS OSfttfta G2 | FAYLFE O
Cells were incubated for 30 minutes at 37°C in the dark, mixing every 5 minutes. Cells

were then washed with prevarmed serum containing medium and centrifuged at 400

x g for 5 mintes. MSCs were resuspended at a density of %oelld/ml in 1% FBS rat

a{/ YSRAIFL® cnn>f 2F NIG a{/ YSRAI gKAOK O2
gStt 2F F wn ¢Sttt (NI y3Zcels intl% EESlral SE median > 2
was added to thensertg A 1 K Iy y >and fdldgeNBn tap of % 10% FBS

containing rat MSC media in the 24 well transwell plate. Plates were incubated at 37°C

for 24 hours to allow cells to migrate. After migration cells which had not migrated were

removed by cleamg the upper well with a cotton bud. The migrated MSCs were

identified by imaging the transwell insert by fluorescent microscopy.

¢2 ljdzr yGATFEe (GKS ydzYoSNI 2F YAIAINI SR OStfta af

trypsin in a fresh 24 well plate. Tipdate was incubated for 10 mins at 37°C. Remaining
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MSCs adhered to the bottom of the transwell were dislodged by tapping plate against
LI fY 3ASyidted ¢KS pnn>t 2F GNBLAAY O2y il AyA
YAYdziSad a{/ & ¢ S NDbof mBSbdtternasdyqiastifRed ByyAccwrig-lowe

Cytometer.

2.2 In vitro immune assays

2.2.11solation and CFSE staining of tgmphocytes

Lymphocytesvere isolated from the lymph nodes and spleens of Lewis rats. The animal
was humanely sacrificed andeglymph nodes (cervical, submandibular, auxillary and
mesenteric) were isolated and stored in T cell media (T[CKg at 4°C. The spleen was
isolated and stored at 4°C in TCM alsoa Biological Safety Cabinet the spleen and
lymph nodes were mashed through @4Y OSf f té& a Bérile YW&rNdish Y
containing sterile PBS with 1ml syringe plunger. Cells were then centrifu@80 x g

for 5 minutes. The lymph node was resuspended in 10ml of PBS and stored at 4°C. The
spleen was incubated with 1ml of ACK lysis buffer for 5 tagan ice to lyse red blood
cells. 9ml of TCM were added to spleen solution to stop lysis and solution was
centrifugedat 800 x g for 5 minutes. Spleen was washed twice in PBS and centrifuged
each time. Cells were resuspended in 10ml of PBS and both iyogghand spleen were
counted. To provide a more immunological diverse cultutbe final number of
lymphocytes consisted of 95kimph node cells and 5% spleen cellee lymph node
consistgprimarily of B cells and T cells while the spleen consists aftehproportion

of APCs as well as B cells and T.c&lerefore splenocytesvere added to the cultures

as a source ahore diversemmune cellscreating a more physiologically relevant assay.
Total number of lymph nodes required was aliquoted and F6¢es was added.
Lymphocytesvere then washed with 0.1% bovine serum albumin (BSA) and stained with
Mn>Y2fkf 80Nl yd /C5! {9 o6/ C{90 Ay t.{knom
volumes of ice cold TCM was added to stop the reaction and cells were protected on ice,
in the darkfor 5 minutes. Cells were then centrifuged, washed (X3) with T&M,

resuspendedo correct concentration for use im vitro assays.
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2.2.2Induction of activation and poliferation of T cdls using CD3/CD28

stimulatory beads

Anti-CD3/CD28 stimulatory laels were used to activate T cells and induce their
proliferation. 1x18 pan mouse IgG Dynabeads were aliquoted to a 15ml tube and 3ml

1% BSA/PBS was added. The tube was held against a magnetic particle concentrator for

1 minute to concentrate the beads #he bottom of the tube. The supernatant was
gentyremoveda 2 | & y20G (2 RA &G dIDB puiifigdSmorio&@dndk a @ n dy
FyiGA02Re y5Riyn SLHZNRYFRIS R Y2y20ft 2yt | yiAo2RE
BSA/PBS. Beads were resuspended in solution asubated for 30 minutes at 4°C

vortexing every 5 minutes. Beads were then washed with 3ml of 1% BSA/PBS and

resuspended in 1 ml of 1%BSA/PBS ready for addition to T ariltooe wells.

2.2.3Mixed lymphocyteimmunosuppression ssays

2x10 CFSBtainedlymphocytesvere added to wells of a 96 well plate with a 1:1 ratio

ofantt/ 50k/ 5Hy 06SIFR& AYy wmnn>ft 2F ¢LR300@E{/a oS|I
OSttya{/ 0 AY pn>ft 2F NYa4G a{/ YGCHWKD28.(2 oS¢
Cultures were maintaied in standard culture conditions for 4 daggipernatants were

then stored for analysis by Gsg assayral by multiplex immuncassay. T cells were

harvested from 96 welplatesby flushing wel with PBS twice to dislodge suspended
lymphocyteswithout removing adherent MSCslarvested lymphocytewere antibody

stained and analysed by flow cytometry.

To test the effects of inhibition of inducible nitric oxide synthase (iINOS) on the
immunosuppressive capacity of MSCs the specific INOS inhibi@ttgylisohiourea
(SMT) was made up to afinalcoscd NI G A2y 2F wmnn>a -dujure¢c/ a | YR

wells.

Anti-CD3/CD28 bead stimulated T cells alone served as positive controls in all T cells
immunosuppression assays and unstimulated T cells in the absence -GEBACD28

beads served as negative caouis.
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2.2.4M3C ceculture with inflammatory BMDMs

Lewis raBMDMswere generated as describedMaterials and Methodsegtion 2.1.6.

Following trypsinization 5x¥BMDMswere seeded in wells of 9%ell round bottom

plate in macrophage media and allowenl adhere for 4 hours. Medium was aspirated

and replaced with macrophage media containing 100U/ml ofIFN I Y R Ay Odzo | { S
overnight. Medium was aspirated and replaced with macrophage media containing
Lipopolysaccharide (LPS) (10ng/ml) for 4 hours. Wells therewashed with PBS (x3)

G2 NBY2@S lyé NBaARdzaft [t{ YR mnn>t 2F YI
FRRSR G F NrXrdAz2 2F MYHI wMYp -bufuResweremn AY ¢
incubated at 37°C for 48 hours.

Following ceculture the cells werdarvested by trypsinisation for 10 minutes. The cells

were stained with flow cytometry antibodies and analysed by flow cytom&WDMs

were distuinguished from MSCs by staining with the pan antigen presenting cell marker

CD11b/c.
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2.2 RTPCR

2.2.1 RM isolation

Cultured cells or cells isolated from lung, spleen and lymph node tissues were
centrifuged at 800 x g after which the supernatant was removed and the pellet frozen

at -20°C until RNA isolation. The RNA was isolated from cell pellets usilspltite I

wb! aAyAYAG FNRBY . A2fAyS IYyR F2tft26Ay3 (K
NBadzaLSYRSR Ay nn>f 27F ydzOft SFasS FNBS 461 GSNI
2.2.2cDNA Synthesis

The cDNA was synthesized using the RevertAid First Strand cDNA Sykithesm
ThermoFIsher. The components of the kit were thawed and briefly centrifuged and

stored on ice. In a sterile, nuclease free tube the following reagents were added in the

indicated order:

Sample RNA M > 3
Oligo (dTgsprimer M > f
Water, nuclease free E>f G2

Sample was mixed and incubated at 65°C for 5 minutes. Sample was then immediately

replaced on iceThe following was then added:

5X Reaction Buffer n>
wAo2[ 201 wbl as M > f
10mM dNTP Mix H>T

RevertAid Ma dzf + w¢ O6H wm>f

The tube was mixed gently by pipetting and centrifuged briefly followed by incubation
at 42°C for 60 minutes. The reaction was terminated by heating the tube to 70°C for 5

minutes. The cDNA was diluted 1:10 in nuclease free water and stor80°4.

2.21 TagMan RP®R

MRNA gene expression analysis was performed using TagMaGRTTable 2.2 outlines

the full list of primers and probe sequences for the genes analysed in this study. mMRNA

-39-



Chapter Two

SELINBaarzy fS@St

The reaction mix was made up in each well of a MicroAmp Fast optical 96 well reaction

plate as follows:

~

a

-acinShSe k¢gepihglYderfe Al 8eR culiug

harvested cells and GAPDH for cells isolated from tissues.

Maxima Probe gPCR Master Mix (2x)
cDNA

Primer mix

Nuclease free water

H®p >t
m > §

H>f 2 NJsindicatedarsTablel2.2
E>f dzLJ G2

MH Op > f

Technical controls to ensure no contaminating DNA was detected included: water only;

reaction as above without cDNA; and reaction as above without primers.

TagMan RPCR was run on the STEP ONE PlustiRealPCRSystem (Applied

Biosystems). The plate was read using the protocol outlined in Figlre

Holding Stage

850 °C
10000

" A{ 0%

50.0 *C
-~ 0Z:00

100%

Step 1 Stap 2

Cycling Stage
Mumbar of Cycles: 40
Enable AutcDelia
Starting Cycle

5.0 *C

100%%: o015

Step 1

Step 2

Figure 2.1 &pOnePlus TagMarmgPCR run protocol
gPCR cycling protocol used to assess gene expression on StepOnePlus machine
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2.3Flow Cytometry

2.3.1 Stainingfor cell surface molecules for flow cytometry

Cells were prepared for the analysis of cell surface molecules by flow cytometry as

follows. Cells were removed from culture or isolated from tissue and resuspended in a

single cell suspension of PBS. Celleweunted and seeded in a 96 welbwuttom plate.

/] Stta o6SNB 6l aKSR gAUK wmnn>ft C!'/{ 0dzZFFSNI «
macrophages) or 800 x g (T cells, tissue isolates) for 5 minutes. Surface molecules were
stained with fluorescently conjugatdtbw cytometry antibodies for 10 minutes at 4°C

Ay pn>ft C!/{ o0dzZFFSNWY /Sftfa 6SNB 4l KSR oAl
onn>t 2F Cl!/{ O0dzZFFSNI YR GNIY&AFSNNBR (G2 | C

2.3.2 Live/dead staining of cells

Cells were first staireefor cell surface molecules as describe¥aterials and Methods

Section 2.2.1h y OS NB &adzZALISYRSR Ay onn>ft 2F C!/{ 0dz
SYTOX blue, SYTAXDvancear propidium iodide (PI) was added. The FACS tube was

vortexed and cells intbated at 4°C for 20 minutes in the dark prior to analysis by flow

cytometry. Cells were incubated with a 1% solution of Tridrsolution as a positive

control.

2.3.3Flow cytometric analysis of Foxp3 expression

Cells were first stained for cell surfacelecules as described Materials and Methods

Section 2.2.1Foxp3 was stained for using a commercial kit from eBioscience following

GKS YI ydzFl OG dzZNESNDa -biwdEniphtd® ddredresuspehdSdrvielir O St f 2
Hnn>ft 2F ME CAEFGA2YyKkt SNYSFOAfATIFGARZ2Y 0dzF FS
forl4hazNE® / Stfta 6SNB 61 aKSR O6EHUL 6AGK wmpn>ft
OSYyGNAFdzASR 4 ynn E 30 tSttSGSR O0Stta 6 SN
buffer containing antiFoxp3PE antibodiy and incubated at 4°C in the dark for 50 mins.

Cells wee then washed with 1x Permeabilization buffer and centrifuged at 800 x g. Cells

6SNB NBXadzaLISYyRSR Ay onn>f 2F C!/{ o0dzZFFSNJI |

analysis.
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2.4 Assays to measure secreted molecules

2.4.1 Griess assay

A Griess assay was usedquantify the nitric oxide levels in cell culture supernatants.

H>f 2F DNRARSaa | aaleé adlyRIFENR gta | RRSR (2
ONXB I G S solutienwlich served as thestistandard. Six 2 fold serial dilutions &f 1

standard n appropriate cell culture media was carried out to create standards and cell

Odzf G dzZNBE YSRAI It2yS aSNWBSR a | oflyl® mnn:
well of a 96 well flat bottom plate. Griess Solution A and Griess Solution B were mixed

ataNJ} G0A2 2F mYm G2 YI 1S dzLJ DNAS&a | aale ¢2NJ
solution was added to wells of 96 well plate. The absorbance was read at 540nm on a

plate reader.

2.4.2 Multiplex immunoassay

Cell culture supernatants were analysed byRat Cytokine Panel 14plex multiplex
immunoassay. The Rat Cytokine Panel 14plex multiplex immunoassay analytes included

GCSF, GMCSF, IFN Z-m L Em i L0, W=12p70, IE13, IL17A, IE2, 11-4, I1-5, 11-6 and

TNFh @ ¢ KS al YL Sa | yrRNBARI [yaR FLOERNE (aBsRIBes LYNIBFLI O b «

The multiplex assay was analysed usinglex system.

2.5 Microarray analysis afat MSCs

To prepare the samples for analysis by microareayMSCs were cultured as described

in Materials and MethodsSection 21.1 and licensed as described in Section 2.1.5. The
cells were harvested and the RNA isolated as described in SectionNAlwas sent

to Genomics Core Facility (GeneCore), EMBL, Heidelberg, Germany where it was

lylFfe@aSR o0& DSYS/ Kaylm wkid DSYyS won {¢ ! NNJ

The data was analysed by bioinformatics company Seqome Technologies. The data was
normalized and quantified using Robust Midtray Average (RMA) Algorithm.
Differentially expressed genes were identified as having a p value <0.05, a fold change
>1.2and a difference of expression > 100. Differentially expressed genes were analysed

for significantly enriched pathways, ontologies andaigam targets using GenMapp
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and GCElite. Enriched pathways, ontologies andsigam targets were then ranked

by Z sore.
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2.6 MSC lentiviral transduction

2.6.1 Lentiviral production

FourNos2Rat shRNA&xpression vectors ipGFPGshLenti plasmid@Nos2shRNA Lerti
plasmid)and one scrambled negative control neffective ShRNA cassette in pGEP
shLenti plasmidscrbtshRNA Lerfplasmid)were procured fromOriGene QriGene
Technologies, Maryland, USBat. No. TL70925hd TR30021 respectivelyrigure 2.2
illustrates the map of the pGFBshLenti ShRNA cloning vector.

Map of shRNA Cloning Vector pGFP -C-shLenti

Loop
Atc

c A
Target Sequence 1 s Target Sequence RC » Y
TTTTTIG GAA

——— [ —
29nt 29nt
of Sv.
o° 90p,
QAG
°

Q
pGFP-C-shLenti %

(8.7 kb)

cam’

Ori

RC " : reverse complement

Figure 2.2 Map of pGF&shLenti clonng vector
HUSH shRNA plasmid, p@FghLenti containing: Chloramphenicol and Puromycin resistance
markers; EcoRI and Xbal restriction digest sdesl GFP expression

2.6.2LB Agar Plates

Luria broth (LBRgar was pravarmed and chloramphenicol was addédo n >3k Yf 0 4| a
added. 500ml of the LB agar + chloramphenicol was poureiDtom dishesLB Agar

plates were allowed to set overnight.
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2.6.3Transformation

OneShot®Top 10competert cells were thawed on ice. 100ng Bibs2shRNA Lerti
plasmid orscrbkshRNALentiplasmid DNA wasadded toa vial of OneShot@&@op 10
competent cells and mixed by swirling and gently tapping the t\ieds were incubated
on ice for 30 minutes followed by 30 secondh@akK 2 O1 F2NJ on &aSO02y Ra&a | (
room temperatureS.O.CMedium wasaddedto each vial. Vials were shaken at 37°C for
1 hour at 225rpmFollowing transformation 10% from each vial v&iseakedon one

agar plate and 90% watreakedon another.Plates were incubated at 37°C overnight.

2.6.4Mini Prep Overnightiquid Culture

A sterile pipette tip was used to pick individual colonies from streaked agar plates
following overnight culture and dropped intdml of LBbroth O2 y i AyAy 3 on>13
chloramphenicolin a 15ml falcon tubeLBbroth were incubated at 37°C for 18lat

150rpm.!  3If @ OSNRE aiG201 ¢l a ONBFIGSR o6& FRRAYS3
>t 2F pxr ik 2nbsbi@w capdube/andRstorat-80°C

1ml of overnight LBroth was transferred to a microcentrifuge tube and cells were

pelleted by centrifugatiomt 12,000 x g for 1 minuteélhe plasmid DNA was isolated from

the bacterial culture using the GenElute Plasmid MiniPrep Kit following the
YIydzFl OGdzZNBENDR& 3JdzA RSt Ay Sao

2.6.5Restriction Digest

To verify the isolated DNA was the correct plasmid a restriction digest diagnostic test
was carried out500ng ofplasmid DNA from each of the four NesRNA Lerdplasmid

(A-D) and the scrshRNA Lemplasmidwere digested with restriction enzymes EcoR1
and Xbalwhich cut at26182624 and 42694275 respectively of an 8691 base plasmid
cutting a 165Ibase and 7040 base sized piethe reaction was made up as folloins

a 1.5ml tube as follows:

PlasmidDNA 500ng
Xbal M > f
EcoRl m > f
10X NEBuffer 3.1 H>f
NucleaseF NS 2| (S - > f
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The digest was incubated at 37°C for 12 hdallewed by heat inactivation at 70°C for

20 minutes.

2.6.6Gel Electrophoresis

A 1% agarose gel was made by adding 1g of agarose to 10QXI'AE andheated in

microwave for 33 mins until agarose was dissolved. Agarose gel was allowed to cool on
benchfortH YAy &a (GKSy wmn>ft 2F {, .w {IIFS 4l a | RRSR
waspoured into gel tray with well comb and allowed to set at 4°C fomtutes. The

solidified gel was placed in a gel electrophoresis box. 1XTAE was poured into box until

3St 41 a O20SNBR® mn>f 2F alyYLfS FyR u>t 27
GdzoS® w>f 2F 5b! 2 IRRRFIND &85> f yRE waterfweBbF! y[dzOf S
mixed in 0.2ml tube. DNA ladder and sample mix were loaded to each well of the agarose

gel. The gel was run at 150V for 45 minutes the gel was imaged usithgrChem

chemilluminescent imager.

2.6.7MaxiPrep

A sterile pipette was usedtscrape the frozen glycerol stock and used to streak an LB

agar plateO2 Yy i Ay Ay 3 on>3kThe pla@& weteNjrown dednigiit a2 f

37°C Single colonies were picked using a sterile pipette tip and dropped into an 250m|

of LBbroth O 2 y (i I A g/hyEEoramphenicol andultured for 18 hours at 37°C at

150rpm. The cultures were poured into 50ml falcon tubes and spun at 5,000 x g for 10
YAYy&ad ¢KS LIXIF&AYAR 5b! ¢l & SEGNY OGSR dzaAy3
F2tf2gAy3 GKS trictoysdThe ishlatdeNIRMIWEDNA waa verified by
restriction digest as described Bection 2.6.5expecting two bands of 1651 and 7040

in size(Figure 2.3. Plasmid A and PlasmidiBplayed @andbetween 30083500 base

pairs in sizeand wee discouned. Plasmid Cand scrbishRNA Lerdplasmid were

prioritised andbrought forward for transduction of MS(Bigure 2.3)
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Plasmid
1kb 1
ladder [A B C D ctrl

10000
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4000
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1500

1000
750

500

1% agarose

250

Figure 2.3 Gel electrophoresis imagerektriction digest ofmaxi prep plasmid DNA
Plasmid DNA was enzymatically cut with restrictenzymes Xbal and EcoRI and run on a 1%
agarose gel. A 1kb GeneRuler ladder was run in lane 1 followed by plasiidsadscrbttrl
shRNA.

2.6.8HEK 293T cell Transfection

1x10'HEK293T cells were seeded in 15cm dighd8mls of fresh HEK293T cell die
and alowed to adhere overnight. Mediunvas removed and 18ml of fresh HEK293T cell
mediawere added. In a sterile 15ml tube the following reaction was made up:

shRNA Plasmid DNA mMn >3
Packaging (psPAX2.2) mMn >3

Envelope (pMD2.G) c>1
Additional (pRSYev) c>3
DMEM Xml up to 1ml

In a separate 15ml tube PEI was made up. The concentration of PEI required is based on

oYM NIYGA2 2F toLo>30YG20Ff 5b! oOrecHiedis ! & G20
MHAPE® gl & YIRS dzLd 2 g/inl inOMEND &yl of REI sohudy 2 F M
was gently added to the tubef plasmid DNASolution was mixed and incubated at

room temperature for 20 minute2ml were added dropvise to each 15cm dish directly

and mixed by swirling. Dishes were incubated at 37°CC&6vernight. Medium was
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removed the following day and 15ml of fresh HEK293T cell media was added and dishes
were incubated for 24 hours. After 24 hours media containing lentiviral particles were
harvested by collecting thBO ml of supernatant from eacHlish in a 15ml tube. \at
supernatant was centrifuged @00 x g for 5 min to pellet cell debrSupernatant was
stored overnight at 4°C. 15mls of fresh HEK293T cell media was added to the dishes and
dishes were incubated for a further 24 hours. Sup¢ana was again harvested,
centrifuged and pooled with first harvest supernatant. Supernatant was passed through

I AGSNAES np>Y-8PAfGSNI YR aAG2NBR |0

2.6.9Lentiviral Transduction of MSCs

MSCs were seeded at a concentratiorlel® cells pemwell of a6 wellplatein 2 mls of

rat MSC media and allowed to adhemvernight. HEK293T cell producinral
supernatants were mixed with rat MSC mediaattosof 1:1, 1:2, 14 and 18 (rat MSC
media:lentiviral supernataniy 2 | FAY Il f @2 fl.odédumvds aspipated LIS NJ
from each well and replaced with viral supernatant solution. Plates were incubated at
37°C, 5% CQor 24 hoursAfter 24 hours the viral containing media was removed and
replaced with fresh rat MSC media and incubatedafdurther 48 hours. 72 hours after
transductioncells wereimaged by fluorescent microscopy to identify GFP+ ¢Eitgire

2.4, A) GFP expression was observed in bothNMos2shRNA (MS©s2shRNA and scrbl
shRNA (MSEPHhRNA transduced MSCs demonstratingesassful transductiofFigure
2.2.1). To test the transduction efficiency Gfeells were quantified by flow cytometry
(Figure 2.4, B)t has been reported that #ransduction efficiencyf greater than30%
increases the chances of more than one viraltgebeing inserted per transduced cell
thus increasing toxicity177]. Therefore, as a ratio of 1:4 MSC media to lentviral
supernatant demonstrated 32% and 22fansduction efficiencyn MS®E0s2shRNAgnd
MSCeshRNArespectively This ratio was used for large scale ®M8ansduction for FACS

sorting (figure 2.2.2).
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2.6.10FACS Aria Sorting of GHEentivirus TransducetMSCs

MSCs seeded at concentration of 5X&6lls per T175 and alled to adhere overnight.

Rat MSC media was mixed with viral supernatants at ratio of 1:4 (viral supernatant:MSC
media) to final volume of 12mis. Media was aspirated from T175 flasks and replaced
with 12mls of MSC media/viral supernatant solution and in¢etddor 24 hours. Media

was then aspirated and replaced with 25mls of fresh MSC media for 48 hours. MSCs
were harvested by trypsinising as described above and resuspendedGS$ Sorting
Buffer. SYTOX blue viability dye was added to resuspended cellsgsionting. Viable,

GFP cells were sorted based on tigating strategy in Figure 2.%5orted cells were

reseeded in T175 flasks and expanded for use witro andin vivoexperiments.

A pMSchoszshRNA pMScserbhshRNA B M SCNOs2 shRNA M SCSErbFshRNA

e

R - S,
% BATY

GFP

1:8 - - :ﬁ- » | . .‘7%_

FSC-A

\

Figure 2.4 MSCs were successfully transduced with Net#2NA oiscrblshRNA lentiviral
particles
MSCs were cultured with HEK293T media containing SbBANA or scridhRNA lentiviral
particles at ratios of 1:1, 1:2, 1:4 and 1:8. (A) Fluorescent microscopy images demonstrate GFP
successfully transduced MSCs at aliosat(B) Quantification of the transduction efficiency by
flow cytometry.
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Cell Gate GFP FMO Gate GFP+ M5CEobHhrna
3 E {vFP-uCth ,{.
2 2 / 2
FSC-A j GFP+ L GFP+
Single Cells Live Cell Gate GFP+ MSCN=2smRNA
g e
]I: = 3 El;?th
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e
%y
FSC-A ] FSC-A GFP+

Figure 2.5 Gating strategy for the sorting of NesBRNA and scridhRNA transduced GFP
MSCs by FACS Aria
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2.7 In vivoprocedures

2.7.1 Ethics statement

All procedures inveing animals were approved by the Animal Research and Ethics
Committee, NUI Galway and performed under a license granted by the Department of
Health. All animals were houd@nd cared for under Standard Operating Procedures of
the Animal Facility at the Nianal Centre forBiomedicalEngineeringScience, NUI

Galway.

2.7.2 Rat corneal transplantation

A well established, fully allogeneic major histocompatibility comghMkQ class /1l
disparate cornea transplant model was used for these studies. Male Axpolti (DA,
RT12Y) rats served as graft donors and Lewis (Lew1RTats served as recipients. All
animals were aged betweenB! weeks old and obtained from Harlan Laboratories UK

and houséd with food and water ad lib.

2.7.2.1 Surgical procedure

Corna transplantation was performed by a fully trained and licensed ophthalmic
surgeon. Briefly recipient rats were placed in aaesthesia box and the box filled with

a mixture of medical oxygen and isofluorane (5% anaesthetic in 2L/min medical oxygen)
until fully anaesthetized. The abdliment of limb withdrawal and eye reflexes
confirmed deep anaesthesia was achieved. Donor animals were humanely killed by CO
asphyiation and the corneas were excised with a 3mm trephine and scisBoesfirst
suture was itroduced to the donor cornea before it was detached from the eyeball. The
anaesthetized recipients were transferred to a heated operating table at 37°C.
Tetracaine and pupil dilating drops were applied to the recipient eye. The graft bed was
prepared by meking the central cornea with a 2.5mm trephine and this was excised
using a small angled scissorsl®interrupted sutures were used to suture the donor
cornea to the recipient graft bed he recipient eye was kept moist with the addition of

sterile sali. Antibiotic ointment containing chloramphenicol was applied to the ocular
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surface. Following surgery, transplanted animals were placed in clean cages lined with

tissueand environmental enrichmerdgnd monitored until they made a full recovery.

2.7.2.2 Post-operative monitoring of transplanted animals

Postoperativemonitoring wagerformed every 23 days using an operating microscope
at 25x magnification. Observations included monitoring of graft transparency and levels

of neovascularisation.

Graft trarsparency, as the primary indicator of rejection was observed evé&days

and was graded as outlined below:

0 ¢ Completely transparent cornea

0.5 ¢ Slight corneal opacity, iris structure easily visible
1 ¢ Low opacity with visible iris details

1.5 ¢ Modest opacity, iris details visible

2 ¢ Moderate opacity, only some iris details visible
2.5 ¢ High corneal opacity, only pupil margin visible

3 ¢ Complete corneal opacity, anterior chamber not visible

Grafts were considered to haveeenrejected ifthey had an opacity score of 2.5 or
above on two consecutive observations.

Neovascularisation was scored by dirgthe cornea into 4 quarter segments and blood
vessels identified within each segment adding a score dhé&refore,blood vessels in

all 4quadrants woud indicate a score of 4.

2.7.2.3 Intravenous administration of MSCs

MSCs wre isolated and expanded from Lewis rats as described in Section 2.1.1 and
where appropriate were licensed with pioflammatory cytokines TNF | yWR LI &
described in Section 2.1.5. MSCs were wash@in { 6 Eo0 FyR TAf iSNBR
filter before administration. Rats were aasthetized (2L/min @and 4.5% isofluorane)

and transferred to a face mask where the flow rate was reduced (0.8L/pam1.5%
isofluorane). MSCs (1xd€ells in 1ml PBS) were injected i.v. through the lateral tail vein

using a 25G needle.
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2.7.2.41solation ofrat tissues for analysis

The animals were humanely sacrificed by.@Sphyxiation dllowed by cervical

dislocation.

The ipsilateral sibbmandibular lymph node was excised by cutting away the fur and
making an incisiomalong the length of the neck. The submandibular lymph node was
identified, grasped with a forceps and the adjacent fat was cut away with a scissors
[17€). The lymph node was stored DPBS in a 15ml tube at 4°C.

The spleen was excised by cutting away the fur along the left sitteedfody midway
between the front and back legs. An incision was made into the body cavity. The spleen
was identified and using a scissors and forceps the adjacent fat was cut away. The spleen

was stored in PBS in a 15ml tube at 4°C.

To exise the lung tk skin was removed from the chest cavity. An incision was made to
open the body cavity at the bottom of the rib cage. Thecalge was cut on the left and
right side of the body up towards the shoulder to expose the lungs and heart. Holding
the trachea wih some forcepghe tissue connecting the lung to the diaphragm was cut
away. The blood vessels and connecting tissue between the heart and lung were

removed and the lung was excised. The lung was stored in a 50ml tube at 4°C.

Although the spleen and lympiode may be homogenised directly the lung must first

be digestedin order generate a cell suspensioBriefly, in a petri dish all fat and

connective tissue was removed from the lung usinglpel and forcepshe trachea and

bronchioles were cut away anthe right and left lung identified. The lungs were

transferred to a fresh petri dish and cut into small piecerin in size. The lung pieces

GSNE NBadzaLISYyRSR Ay oYf 2F 1ly1Qa .IFftlyOSH
Collagenase IV was added to thibé to a final concentration of 200U/ml. DNase | was

added to a final concentration of 200U/ml. The tube was incubated at 37°C for 2 hours

at 150rpmon a shaker

Following lung digestioall three tissues were homogenised by the same process. The
tissuevas placedinan>Y FTAf GSNJ gA0GK | wmYf &a@NAy3IS LI} d

on ice. The cell isolates were centrifuged at 800 x g for 5 minutes. The lymph node cell
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isolate was resuspended in 10mls and stored on ice. The spleen and lung isolates were
resuspended in 5mis of ACK lysis buffer and incubated for 5 minutes on ice. The cell
suspensions were then centrifuged at 800 x g and resupsended in 10ml of DPBS and
counted. 2x18cells per well were seeded in wells of a 96 well pfateanalysis by flow
cytometry as described in SectiorB2Remaining cell suspension was centrifuged and
the supernatant removed and the pellets stored-a0°C for RNA isolatidollowed by

RTPCR analysas described igection 22.

2.8 Statistical Analysis

All statisti@l analysis was performed using GraphPad Prism software (La Jolla, USA).
DatawereLINS A Sy SR |a YSIyp{9ad {GdzRSydiQa G G(Sa
was used for direct comparison between two samplewitro. Oneway ANOVA was

used for multiple corparison tests bottin vittoandin vivo¥F 2 f f 2 6 SR 06& ¢ dz] S& ¢
test. In vivodata was confirmed to come from a Gaussian distribution by appthieg
KolmogorovSmirnov testfor normality. KaplanMeier survival analysis was used for

analysis of allografsurvival and logank (Mantel Cox) test applie&ignificance was

RSY20SR FayY FLKn®npXE FrpLXndam YR FFFLYIDAN
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Rat MSC Medium 500ml

Reagent Final concentration
AlphaMEM medium 225ml
F12 Nutrient mix 225ml
Foetal bovine serum 50m|
Penicillin/steptomycin 1%
Macrophage differentiation medium 500mi
Reagent Final concentration
RPM11640 -
L-929 cell conditioned medium 15%
FBS 10%
L-glutamine (2 mmol/l) 2 mmol/l
Nonressential amino acids 1%
Sodium pyruvate (1 mmol/l) 1 mmol/|
Penicillin/strgptomycin 1%
Hka SNOI LIi2SGKE y2f

pp >Y2ftkf

T cell medium (TCM) 500ml

Reagent Final Concentration
RPM1640 -
FBS 15%
L-glutamine 2 mmol/|
Non-essential amino acids 1%
Sodium pyruvate 1 mmol/l
Penicillin/streptomycin 1%
H FMercaptoethanol

pp >IY2f K

Osteogenic differentiation medium

Reagent Final concentration
AlphaMEM medium -
FBS 10%

Dexamethasone 1mM 100nM
Ascorbic acid P 10mM pn>a
w 3If eO0OSNRLIKZ2aLIHN 10mM

Penicilin 100U/ml

Streptomycin

Mmnn>3kK Yt

Adipogenesis induction medium

Reagat Final concentration
DMEM (4.5g/I glucose) -
FBS 10%
Rabbit serum 5%
Dexamethasone 1mM M > a
Insulin Img/ml Mn>3kK Yt
Indomethacin 100mM HAn>a
500mM MIX pnn>a
Penicillin 100U/ml
Streptomycin

Mmnn>3k Yt

Adipogenesis maintenance medium

Reagen Final cancentration
DMEM (4.5¢g/1 glucose) -
FBS 10%
Insulin mMma>3k Yt
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Penicillin

100U/mi

Streptomycin

Mmnn>3kK Yt

Table 2.1 List of cell culture media used
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ACK buffer

Reagent Concentration/volume
Distilled water 500m|
Ammonium chlorid¢NH.CI) 0.15M
Potassium bicarbonate (KHEgO 10mM
Sodium EDTA 0.1mM
Alizarion red S solution (2%)
Reagent Concentration/volume

Distilled water

100m|

Alizarin red S

29

Oil red O stock solution

Reagent Concentration/volume
Isopropanol 100ml
Oil redO
FACS buffer (500ml)
Reagent Concentration/volume
DPBS 490ml
FBS 10ml
Sodium azide 0.005%

FACS sorting buffer
Reagent Concentration/volume
DPBS 480ml
HEPES (1M) 12.5ml
FBS 5ml
EDTA (0.5M) 2ml

Greiss assay stock standard solution

Reagent Conentration/volume
Distilled water -
Sodium nitrite (NaNg) 50mM
Griess solution A (300ml)
Reagent Concentration/volume
Distilled water 291ml
Phosphoric acid 9ml
Sulfanilamide 39

Griess solution B (300ml)

Reagent Concentration/volume
Distlled water 291ml
Phophoric acid 9ml
N-(1-naphthyl ethylenediamine dihydrochloride 0.99
50XTAE buffer
Reagent Concentration/volume
TRIS base 242¢g
EDTA (0.5M) 100ml
Glacial acetic acid 57.1ml
dH0 Upto 1L

Table 2.2 List of buffers

List of buffers and re

ages used as part of this project
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Antibody Fluorochrome Clone Manufacturer | Catalogue no.
Anti-rat MHC Class | FITC OXx18 Bio-Rad, Hercules, MCAS51FT
CA, USA
Anti-rat MHC Class Il FITC OX6 BioLegend, San 205305
Diego, CA, USA
Anti-rat MHC Class Il PE OX6 BioLegend 205308
Anti-rat CD4 APC W3/25 BioLegend 201509
Anti-rat CD25 FITC 0OXx39 BioLegend 202103
Anti-rat CD29 FITC Ha2/5 BD Biosciences, S4 555005
Jose, CA, USA
Anti-rat CD44H FITC 0X%49 BD Biosciences 550974
Anti-rat CD45 PE 30-F11 BD Bioscieres 561087
Anti-rat CD73 PE 5F/B9 BD Biosciences 551124
Anti-rat CD90 PE KW322 BioLegend 205903
Anti-rat CD8 PE OX8 BioLegend 201706
Anti-rat CD11b/c APC Ox42 BioLegend 201809
Anti-rat CD45RA FITC OX%33 BioLegend 202907
Anti-rat CD86 PE 3H5 BioLeged 200308
Anti-rat CD11b AlexaFluor 700 0OX42 Bio-Rad MCA275A700
Anti-rat CD45R (B220 PECy7 HIS24 ThermoFisher, 25-046082
Waltham, MA, USA
Anti-rat Foxp3 PE 150D BioLegend 320008
Anti-rat Foxp3 PECy7 FIK16s ThermoFisher 77-577540
Anti-rat CD47 PE 0X%101 BioLegend 204108
Anti-rat VCAM1 PE MR106 BD Biosciences 559229
Anti-rat ICAM1 PE CD54 BioLegend 202405
Annexin V APC A5 BioLegend 640919
Isotype control | Fluorochrome Clone Manufacturer | Catalogue no.
a2dzaS L3I APC MOPG21 BioLegend 400130
az2dzaS L3I PE MOPG21 BioLegend 400122
az2dzaS L3Q APC MOPG173 BioLegend 400222
az2dza$S L3l PE MOPG21 BioLegend 400112
az2dzzaS L3Q PE MG2b57 BioLegend 401208
az2dzasS L3 FITC MM-30 BioLegend 401607
az2dzaS L3l FITC MOPG21 BioLeged 400110
a2dzaS L3I FITC B10 eBioscience 11-4742-73

Table 2.3 List of antibodies
List of flow cytometry antibodies used as part of this project
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Gene C2 NI I-NR p ¢ Reversp0 Q |t NP 6-Fam pamrap ¢
i -Actin GTACAACCTCCTTGCAGCTCC|  TTGTCGACGAGECGC | CGCCACCAGTTCGCCATG(
o AACAGTAAAGCAAAAAAGGATG . | CGCCAAGTTCGAGGTGAACA
CATT c

16 TCAACTCCATCTGCCCTTCAG| AAGGCAACTGGCTGGAAG] AACACCTATOAAGTITCTETS
PdkL TGGAGTATGGCAGCAATGTC | CCTCCACAAACTGAATAA( ATGCAGATTCCCAGTABSAC
] AACAGCAATGGTCGGGACATA| ATTAGGAATAGTGCAGCCAT TTGACTTCACCATGGAACCE
AACACAGTAATGGCCGACCT

Nos2 TTCCCATCGCTCCGCTG CCGGAGCTGTAGCACGG oTTG

Table 2.4 List of TagMan designed qPCR primers
List of gPCR primers used as part of thisgubjAll primers were designed by Mikhail Nosov
and synthesized by Metabion Internation AG (Germany).

Gene Manufacturer Catalogue no.
Gapdh ThermoFisher Rn01775763 gl
Tnfh ThermoFisher Rn99999017 m1l

Table 2.5List of TagMan commercially designed GR primers
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Reagent Source Product code
10% neutral buffered SigmaAldrich HTS01320
formalin
Acetic acid SigmaAldrich 33209
Alizarin Red S SigmaAldrich A553325G
AlphaMEM medium Invitrogen 32561029
Ammonium chloride (NkCI) SigmaAldrich A9434
Ascorbic acie-phosphate SigmaAldrich 49752
BMR2 Peprotech 12002
Bovine serum albumin (BSA SigmaAldrich A2153
Bromophenol blue SigmaAldrich B552525G
Calcium chloride (Cafl SigmaAldrich C8106500G
CFSE Invitrogen C34554
Collagenase D Roche 11088882001
Dexamethasone SigmaAldrich D4902
Dimethylsulfooxide (DMSO) SigmaAldrich D2650
DMEM(4.5g/l) Invitrogen 31966021
5dz2 6 SO02Qa Lonza BE17512F
buffered saline PPBS)
Dynabeads Invitrogen 11041
Eosin Y SigmaAldrich HT11021600ML
F12 Nutrient Mix Invitrogen 21765029
Fast green Polysciences 02745
Ficoll GE Healthcare 17-544652
Fixation/permeabilisation eBioscience 00522356
buffer
Foetal bovine serum (FBS) SigmaAldrich F7524
Glycerol SigmaAldrich G5516500ML
Glycne SigmaAldrich G88981KG
GMCSF Peprotech 40023
Goat serum KPL 71-00-27
Harris hematoxylin SigmaAldrich HHS1600ML
HEPES Fisher BP3161
Hydrochloric Acid SigmaAldrich H1758500ML
Hydrogen peroxide SigmaAldrich H1009500ML
IFNH Peprotech 400-20
IL-m ] Peprotech 40001
TNFh Peprotech 40014
IL-4 Peprotech 40004
Indomethacin SigmaAldrich 17378
Industrial methylated spirits Lennox S10330716
(IMS)
Insulin SigmaAldrich 12643
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Isopropanol SigmaAldrich 19516
ITS+ Corning 354352
Lanthanunchloride SigmaAldrich 449830
L-glutamine SigmaAldrich G7513
Lipopolysaccharide (LPS) SigmaAldrich L2630
L-proline SigmaAldrich 81709
MACS anti rat OX62 beads Miltenyi 120-000-965
MACS antPE beads Miltenyi 130048801
al @SNDa KSY SigmaAldrich MHS16
MEM Non essential amino SigmaAldrich M7145
acids
Methanol SigmaAldrich 494437
MIX SigmaAldrich 15879
Molecular biology grade-2 SigmaAldrich 19516
propanol
Molecular biology grade SigmaAldrich C2432
chloroform
Molecular biology grael SigmaAldrich E7023
ethanol
Molecular biology grade SigmaAldrich w4502
water
N-(1-naphthyl SigmaAldrich N9125
ethylenediamine
dihydrocholride
Oil Red O SigmaAldrich 0-0625
Paraformaldehyde SigmaAldrich 533998
Penicillinstreptomycin SigmaAldrich P4333
Permeabilisation buffer eBioscience 00-833356
Phosphoric acid SigmaAldrich 43808
Potassium bicarbonate SigmaAldrich P9144500G
(KHC®Q
Protease SigmaAldrich P6911
Rabbit Serum SigmaAldrich R9133
RPMi1640 Lonza BE12702F
SafraninO Signa-Aldrich S888425G
Sodium azide SigmaAldrich S2002
Sodium chloride (NaCl) SigmaAldrich S76531KG
Sodium citrate SigmaAldrich S4641500G
Sodium dodecyl sulphate SigmaAldrich L3771
(SDS)
Sodium EDTA Fisher BP12061
Sodium nitrite (NaNg) Sigma
Salium Pyruvate SigmAldrich S8636
StreptavidinPeroxidase KPL 71-00-38
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Sulfanilamide Sigma S9251
SYBR Green master mix Roche 11610000
TGF o Peprotech 100-36
Tris ThemoFisher BP1521
TrisHCI ThemoFisher BP1531
Tritorn:X SigmaAldrich T9284
Trlzol Invitrogen 15596018
Trypsin Invitrogen 25300054
Tween20 SigmaAldrich P1379
Videne Medguard 3030440
Xylene Lennox SX002-1614
i -glycerophosphate SigmaAldrich G9422
I -mercaptoethanol SigmaAldrich M3148
LB broth SigmaAldrich L3022
LB agar SigmaAldrich L2897
Agarose SigmaAldrich A9539
Nos2 shRNA Lentiviral Origene, Rockville, MD, US TL709254
plasmids
S.0.C ThemoFisher 1554403
CalceilAM ThermoFisher C1430
SYTOX Blue ThermoFisher S34857
SYTOXADvanced ThermoFisher S10274
Collagenase IV ThermoFisher 17104019
DNase | ThermoFisher DN25
lFy1Qa . Fftty(d ThermoFisher 140025092
(HBSS)
EcoRl New England Biolabs, R0101S
Ispwich, MA, USA
Xbal New England Biolabs R0145S
NEBuffer 3.1 New England Biolabs B7203S
SYBR Safe ThermoFisher S33102
GeneRuler 1 kb DNA Ladde ThermoFisher SM0311
DNA Gel Loading Dye (6X] ThermoFisher R0611
Propidium iodide (PI) ThermoFisher P3566
One shot TOP10 Chemicall ThermoFisher C404003
competentE.coli

Table 2.6 List of reagents used during this project
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Item Source Product code
8um transwell insert Grenier BioOne 662638
1.5ml Eppendorf tube Sarstedt 72.690.001
15ml tube Sarstelt 62.554.502
1ml sterile syringe Fisher 005028233
24 well culture plate Fisher 142475
40um cell strainer Corning 431750
50ml tube Sarstedt 62.547.254
6 well culture plate Sarstedt 83.3920

96 well flat bottom plate Sarstedt 83.1835.300
96 well roundbottom plate | Sarstedt 83.1837

96 well V bottom plate Sarstedt 82.1583
Cell scraper Sarstedt 83.1830
Coplin jar SigmaAldrich S5516
Cryovial Fisher 368632
EDTA blood tube Beckton Dickinson 367525
FACS tube Sarstedt 55.1578
MACS LS column Miltenyi 130-042-401
Microscope slide SigmaAldrich S8400
Microscope slide (positivel| Fisher 22-037-247
charged)

Optical cover for PCR plate| Applied Biosystems 4360954
PCR plate Applied Biosystems 4346906
Petri dish Sarstedt 94.6077.331
Pipette tips (0.2L0ul) Sarstedt 70.760.001
Pipette tips (20a1000ul) Sarstedt 70.760.002
Pipette tips (2200ul) Sarstedt 70.762
Pipette tipsfiltered (0.2 | StarLab S11213810
10ul)

Pipette tipsfiltered (200 | StarLab S11221830
1000ul)

Pipette tipsfiltered (20 | StarL&® S11268810
200ul)

Pipette tipsfiltered (2-20ul) | StarLab S112061810
Serological  pipettesterile | Sarstedt 86.1254.001
(20ml)

Serological  pipettesterile | Sarstedt 86.1685.001
(25ml)

Serological  pipettesterile | Sarstedt 86.1253.001
(5ml)

T 175 cell culture disk Fisher 159910

T 25 culture flask Sarstedt 83.3910.002
T 75 culture flask Sarstedt 658175
Whatman Nol filter paper | Fisher 1001150

Table 2.7Plastics and consumables

List of plastics, glassware and other consumables used as part of the project.
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Kit Manufacturer Catalogue no.
GenElute Plasmid Miniprep Kit | SigmaAldrich, St. PLN70
Louis MO, USA
PureYield Plasmid Maxiprep Systeg Promega, Fitchburg A2392
WI, USA
Isolate Il RNA Mini Kit Bioline, London, UK B1052073
StanBio Calcium Liquicolour Kit ThermoFisher SB0150250
RevertAid First Strand cDNA ThermoFisher K1622
Synthesis Kit
eBioscience Foxp3/Transcription ThermoFisher 00552300
Factor Staining Buffer Set

Table 2.8List of kits used during this project
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Machine name Use Commany
ThermoForma Series Il|  Cell culture incubator (19% Fisher
Q)
New Brunswick Galaxy| Cell culture incubator (2% Eppendorf
170R
Telstar Bio Il Advance Biological Safety cabinet Telstar
UVM-26 Mineralight UV light source UVP
Perkin Elmer Victor3V Pate reader Perkin Elmer
Olympus BX43 Microscope (slide imaging) Olympus
Olympus IX71 Microscope (cell culture Olympus

plastic imaging)

StepOne Plus

gPCR machine

Applied Biosystems

Eppendorf 5424 Centrifuge (room Eppendorf
temperature, 1.5ml tubes)
Hettick Mikro 200R /| SYGNRFdAS on Hettick
Eppendorf 5810R Centrifuge (15ml and 50ml| Eppendorf

tubes)

BD FACSCanto

Flow cytometer

Beckton Dickinson

BD FACSCanto |l

Flow cytometer

Beckton Dickinson

BD FACS Aria Flow cytometer Beckton Dickinson

BD Accuri CBlus Flow cytometer Beckton Dickinson
Nanodrop 2000 RNA quantification Fisher
Bio-Plex 200 Suspension array system Bio-Rad

GeneAmp PCR System cDNA synthesis Applied Biosystems

9700

Vortex Genie 2 Vortexing samples Scientific Industries
Hotplate Antigen retrieval Fisher
MidiMACS Concentrating magnetic Miltenyi

particles

Table 2.9 Equipment used as part of this project
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ChapterThree

Investigatingin vitro the immunomodulatory

capacity of licensed syngeneic MSCs
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3.1 Introduction

Mesenclymal stem cells (MSCs) are a rare population ofimmatopoetic stromal cells
first isolated from the bone marrow that have since been isolated from many connective
tissues including umbilical cord, adipose tissue, muscle and [RB)P8]. They are
defined by their selffenewal capacity, their multilineage potential, and their ability to

adhere to tissue cultee plastic[99].

In vivg as tissue resident adult stem cell progenitors, the principal role of MSCs is to
maintain tissue homeostas[478]. In this resting state, MSCs dotrpossess potent
immunosuppressive properties. The potent immunosuppressive capabilities associated
with MSCs are acquired upon exposure to-prlammatory cytokine signals such as
IFNd = ®H@ELE [t {Z ¢[w aA3IylffAy3d cllaygattethsi KSNI R
(DAMPs) and pathogen associated molecular patterns (PAMPg}ro evidence that
MSCs are not immunosuppressive in a resting state was demonstrated by MSC:T cell co
culture experiments where, in the presence of blocking antibodies aggnst
inflammatory cytokines IFN = -t bICYM L [a{/ & 6SNB AyOlI LI of S
cell proliferation [102, 157. These experiments demonstrated that M$C
immunosuppressive ability is only acquired following exposure to the inflammatory
cytokines, in this case, generated by activated T &l 152]. In vivg administration

of MSCdas often been into an inflamed environment such as during the efferent phase
of graftversushost disease (GvHD), around the timk sepsis induction or into an
inflamed host following transplantatiofil12, 154, 179]. In these models, MSCs have
proven efficacious likely due to the MSCs entering an inflamed environment capable of
stimulating MSCs homing potential and immunosuppressive properties. In contrast
when MSCs were administered togment GvHD at the time of bone marrow transplant

- a norrinflamed environment they failed to improve the incidence of Grade IIl/IV GvHD
[156]. The lack of effacy when MSCs were administered to a 4nafftamed
environment suggests that the MSCs did not receive the inflammatory stimulus to
activate their immunosuppressive properties. Furthermore, as discussed in Chapter 1,
Krampera et al, Ren et al and Polchdrakall demonstrated that MSCs efficaayivo

required IFN' | OUGA QDI GA2Y GAGK2dz0 6KAOK[IGRHE, a{/ &a ¥
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153. Therefore, the evidence suggests that MSCs do not possess potent
immunosuppressive properties in their resting state but are licensed to become potently
immunosuppressi by an inflammatory environment. It is important then to consider

the internal inflammatory environment before deciding on a strategy for MSCs

administration.

In the context of cornea transplantation, the administration of MSCdianesplantation
meansthe MSCs are entering a namflamed environment. As discussed in Chapter 1,
previous work in our lab had reported that allogeneic MSCs (donor or third party
derived) significantly prolonged corneal allograft survival when administered 7 days
before and onthe day of transplantation, while syngeneic MSCs failed to prolong
allograft survival[134]. In this previous work, Treacy et ebncluded that allogeneic
MSCs (donor or third party derived) were targeted by the host immune system which
provided the required stimulus to activate their immunosuppressive properties, thereby
enabling them to prolong graft survival. In contrast, syngeneic MSCs were not targete
by the host immune system and did not receive sufficient stimulus to activate their
immunosuppressive propertigd34]. Therefore the hypothesis for thicurrent study

was that licensing MSCs with piiaflammatory cytokines and assessing the ability of
licensed MSCs to suppress syngeneic T cells would identify a licensed syngeneic MSC

therapy with the potential to prolong corneal allograft survival.

To tes the hypothesis, MSCs were licensed with different combinations of the pro
inflammatory cytokines IFN = -t bICYMR db [¢ K S afikeSigeasadaMSISsas
characterised to determine if licensing impacted the functaamd morphologyof the

MSCs. Licesed MSCs were emultured with syngeneic T cells to determine which
combination of cytokines induced the most potently immunosuppressive phenotype.
The most potently immunosuppressive MSCs were chosen as the syngeneic MSC
licensing strategy to be usedtime pre-clinical model of corneal allograft transplantation

in Chapter 4.
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3.2Hypothess and jectives

3.2.1Hypothess

I.  Syngeneic MSCs potent immunosuppressive properties are only acquired

upon sufficient prainflammatory stimulus

3.2.2Aims

|.  To licenseMSCs with pranflammatory cytokines IFN = ¢ bICyMR LI Y R

characterise the licensed phenotype

II. To test the immunosuppressive capacity of licensed MSCs to modulate

syngeneic immune effector cells
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3.4Results

3.4.1 Isolation and Characterisation of wes Rat MSC

MSCs are isolated primarily based on their capacity to adhere to plastic. In this study,
bone marrow progenitors were isolated from the femurs and tibias of male Lewis rats.
Bone marrow isolates were seeded in T175 flasks where the MSCs ddbdine plastic

while contaminating cells were removed during subsequent media changes. MSCs were
cultured in a monolayer where they exhibited characteristic fibroblast like morphology
(Figure 3.1).

Figure 3.1 MSC display a fibroblastic morpbgy
4x image of Lewis MSE&monolayer culture demonstratingfébroblastic morphology.
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Cell surface expression of classical MSC markers were analysed by flow cy{@jetry
Lewis and DA rafISCs stained positively for CD90, CD29 and CD73, and had low or
negative expression of CD45, MHC |, MHC Il and CD86 (Figure 3.2). To be defined as
MSCs, cells must also demonstrate a multipotent capacity. In specificmdcewis rat

MSCs were differentiated to an osteogenic lineage confirmed by Alizarin Red staining
(Figure 3.3M) and an adipogenic lineage confirmed by Oil Red O staiffiiggire

3.3D,B. Furthermore, calciumjuantification determineda significantly lgher calcium

content in osteogenic differentiation wells compared to controls and Oil Red O staining
per well was quantified and determined to be significantly higher in differentiated wells

compared to control (Figure 3.3Q,F

MSCs also demonstrate a chateristic ability to suppress inflammation and modulate
other immune cells. To confirm their immunosuppressive ability, Lewis and DA rat MSCs
were cacultured with CFSE labelled Lewis rat T cells at a ratio of 1:10 (\d&(Gim the
presence of antCD3anti-CD28 stimulatory beads for 4 dayscdll proliferation was
determined by quantification of CFSE dilution by flow cytometry (Figure 3.4). Results
demonstrated that while both syngeneic and allogeneic MSCs could inhibit T cell
proliferation (greater han 3 generations) compared to stimulated T cells alone,
allogeneic MSCs more profoundly inhibited T cell proliferation than syngeneic MSCs

(Figure 3.4).
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A
CD90 CD29 CD73
Isotype control
- M5Cs
CD86 CD45 MHCI MHCII
B
CD90 CD29 CcD73
Isotype control
- MSCs
CD86 CD45 MHCI MHCII

Figure 3.2 Cell surface characterisation of Leamsl DA ratMSG
MSCs isolated from Leésvrat (A) or DA rat (Bbone marrow were characterised by flow
cytometry for CD90, CD73, CD29, CD45, CD86, MHC | and Mbifi Lewis rat and DA rat
MSCs were characterised by flow cytometry at passaBéadk lines represent antibody stained
MSCsgrey shaded lines represent isotypentrols.
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Figure 3.3 Osteogenic and adipogenic differentiation of Lewis MSCs.
Lewis MSCs were cultured in specific osteogenic and adipogenic differentiation media (see
Materials and Methods for details). Alizarin Re@dolution was used to determine osteogenic
differentiation in (A) control or (B) osteogenic differentiation wells. (C) Quantification of calcium
content in control and ostegenically differentiated wells. Oil Red O solution was used to
determine adipogenidifferentiation. Phase contrast microscopy images of Oil Red O stained
(D) control and (E) adipogenically differentiated wells. (F) Quantification of Oil Red O solution
absorbance read by plate reader. Data presented as mean + SEM from threernddep
eELISNAYSyYyi(ia 6! yLI ANBBAGGIFT ol ¥ F ERKnDndeDy G Q&

74



Chapter Three

% Proliferation
(>3 Generations)
5
[1

2 u i T——
0- — =1
> X
5‘& an »@@é‘ w-*é‘
N R Q
& T ¢

Figure3.4 Syngeneiand allogeneic MSCs inhibit T cell proliferation.
Anti CD3/CD28 stimulated Lewis T cells were co cultured with Lewis MSCs (syngeneic) or DA
MSCs (allogeneic). Proliferation was assessed by CFSE dye diltihow cytometry.
Representative graph of one biological experiment with three technical replicates.
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3.4.2 Proinflammatory cytokine licensing of MSCs

LG KFa LINB@OA2dzate o06SSy RSY2yadN)» G§dSR GKI G
enhanced following treatmat with pro-inflammatory cytokineq127, 151, 180]. To

enhance their immunosuppressive capacity, Lewis MSCs were cultured in the presence

of pro-inflammatory cytokines IFN 6 p nn! Y t6pn nd k@t 0 ObYiR! Kt 0
individually and in combination for a period of 72 hours (Figure 3.5). Phase contrast
microscopy demonstrated 4 | f irlg @l6ng @MSEY), or in combination with IFN

(MSCEN k) or TNFP MBCNF/ILM) inducedmorphologicalchanges in the MSC as

well as a reduction in confluency compared to untreated MSC {MgEigure 3.6). The

most apparent morphological changes occurred in M3 k#lwhere the MSCs

exhibited an elongatedhorphologyFigure 3.6). That licensing induaszhformational

changein MSCNF" x4 iyas confirmed by flow cytometry where, although there was no

charge in FS@ (indicative of cell size), there was a significant increase iPASBC

MSCNF k4T indicating an increase in the graauty of the cell (Figure 3.7B
Furthermore, cell counts demonstrated MSE ¥4 1had a reduced denumber per well

(Figure 3.7 Changes in conformation, an increase in granularity and a decrease in cell
number may indicate that the cytokine treatmeimd inducing cell stress\ext, the

viability of the licensed MSCs was assessed to determine if there was an increafle i

death.

Cytokine
IFN-y, TNF-a, treated MSC
MsC 15 te

y ‘- 7 - V" ‘

>

T T |
-12 Hrs O Hrs 72 Hrs
MSC seeded Media replaced with MSC harvested
media + 500U/ml washed in PBS X3
cytokine and filtered

Figure 3.5 lllustration of MSC licensing protocol.
Lewis MSCs were seeded 12 hours pioocytokinepre-treatment. Cytokines IFN = ¢ b ICY R
Ikmi  6SNB IRRSR o6pnn!kYt0 F2NJ THK2dz2NA® a{/a &S
administered in vivo.
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_MsCI-18

Figure3.6 I-:1 licensing alone or in combination with IFNor TNFh induces
conformational changes iMSCs.
Phase contrast microscopy images of MSCs following 72 hour licensing withTIRR» and Il
1 . 10x representative images shown.
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Figure 3.7 TNF/IL-1 licensed MSCs display an increased granularity and a reduced cell
number per well.
Forward satter area (FS8) (A) and side scatter area (S9@f licensed MSCs were analysed
by flow cytometry. (C) Haemocytometer cell counts of untreated and licensed MSCs. (A and B
representative of 3 independent experiments, paired twd A f SR deStdriRySEM, &
FLXKndnpXZ / NBLINBaSydl (A Obpaigedtwal I My BRLISIHERIZRSH ( DE L
YSFEyYyp{9azZ FF LM1®nm0O &RandodaRye Ealhighlights MIBE" X I KGa a{/
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3.4.3 Assessing the viability of licensed MSCs

To test wlether the licensing of MSCs with piflammatory cytokines was toxic to the

cells the viabilitywas measured by flow cytometry.

MSCs either untreated or licensédr 72 hourswere harvested andstained with live

dead stain 7AAD as described Materialsand MethodsSection 2.3.2All licengd MSC
groups had >95% viability demonstratingtithe licensed MSCs used in futurevitro
assays or administered in vivo did not have increased percentages of dead cells
compared to untreated MSCs(Figure 3.8A, B). As TNP k-uf f A0Sy aSR
demonstrated significant changes in granularity and reduced cell number (Figure 3.7)

compared to MS&Rtheir viability was further examined.

Apoptosis assay analysietermined there was no increase in early apoptod?s
/AnnexinV) or late apoptosis(PI/AnnexinV}) in the harvested MSE™ «-4lcells
compared to MSER(Figure 3.8C,D).
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Figure 3.8 Cytokine licensing does rintrease markers otcell death or apoptosi®n
harvested MSCs

(A, B) MSCs were staphavith fluorescent intercalator -AAD, Triton x treated cells were used
as a positive control. Viable cellsAAD negative) were gated on (A)and graphed (B). (C, D) MSCs
were stained with fluorescent intercalating agent propidium iodide (Pl) and AnneXirit¥h x
treated cells were used as positive control. (C) A quadrant gate was used to gate on viable
(bottom left), early apoptotic (bottom right late apoptotic (top left), and necrotic (top right)
cells. (D) Earland €) late apoptic cell results wergraphed. (A&, representative of one
experiment).
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3.4.3 Phenaypic characterisation of licensd MSCs
Later in this chapter it will be demonstrated that MSE ““Iwere the most
Immunosuppressive cytokine treateMSCs and were selected as theatment mogs

likely to be efficaciousn viva Hence, phenotypic characterisation of licensed MSCs
focused solely on comparing M&€ «“land MSE™R

Given the conformational @nges induced by cytokine liceng, MSE™ <t 1were
examined phenotypically to dermine whether they still fulfilled the minimal criteria
for defining MSCE9]. MSCGNF" k-t lremained positive for CD90 and CD29, while CD73
expression wasicreased compared to MSTFigure 3.9). MSE™ /L™ 'remained weak

or negative expressors of CD86 and CbBakever, they did have increasédHC land

MHC llexpression (Figure 3.9).

CD29 CD90 CD73 Legend

Isotype control

MSCUTR

MscTNF-u,’IL-lﬂ

CD45 CD86 MHCI MHCII

Figure 3.9 TNF/IL-1i licensing increases MSCs expression of CIMA3C | and MHC II.
MSCs were stained with fluorescent antibodies CD29, CD90, CD73, CD45 CD86, MHC | and MHC
Il. Fluorscence was assessed by flow cytometry. Grey shaded histograms represent appropriate
isotype, blue lines represent M$€and orange linesepresent MSE&F/-Y ' Representative
graphs from three separate experiments are displayed.
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Licened MSCs maintained their ability to differentiate to an adipogenic lineage, as

indicated by the presence of lipid vesicles stained red by Oil Red O staining and imaged

using phase contrast microscopy (Figure 3.10). Quantification of the Oil Red O staining
demonstrated significantly increased levels in M&@nd MSEN™ -k Igifferentiation

wells compared to undiffereimted control wells (Figure 3.J.(However, licersd MSCs

failed to differentiate to an osteogenic lineage as indicated by the lack of Alizarin Red S

stained calcium deposits in M3€' k#Icompared to MSER(Figure 3.11 This is in line

with previous work, as prmflammatory cytokine licensing of 8Cs (particularly TNF

andforimi £ AOSYyaAy30 KIFa LINS@GAz2dzat e 0SSy NBLEN
[181-183.
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Figure 3.10 TNF/IL-1 licensing does nogaffect MSCs ability to differentiate to an
adipogenic lineage.
MSCs untreated or following TNHL-1U licensing were cultured in adigenic differentiation
media (as describeth Materials and MethodsSection 2.1.3 Oil Red O solutiowas used to
determine adipogenic differentiation. (A) Phase contrast microscopy images of Oil Red O stained
control, MS€™and MSE'™"-¥ adipogenically differentiated wells. (B) Quantification of Oil Red
O solution absorbance read by plate read®&epresentative of one independent experiment.)
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Figure 3.11 TNF/IL-1 licensing inhibits MSCs osteogenic differentiation.
MSCsuntreated or TNF k- [ f ell, @Beytdltured in osteogenic differentiation media (see
Materials and Methods for etails). Alizarin Red S solution was used to determine osteogenic
differentiation. Phase contrast microscopy images of Alizarin Red S stained contrBIRaMsIC
MSCNF «Ulgstecgenically differentiated well§Representative of onexperiment).
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3.4.4 Evaluation of the immunsuppressive properties of licersl MSCs

To determine which combination of cytokines elicited th@st immunosuppressive

MSCs, a T celinmunosuppression assay was employed. T cell immunosuppression

assays are the standard te3t¥ a{ / 4 Q A Y Y dzy 2 4[d84LWkecveér,indS OF LI
this study, it was the most pertinent immunosuppressive assay as T cells are the
essential mediators of corneal allograftejection [17]. Hence, the most
immunosuppressive MSCs in a T cell suppression assay may indicate the best potential

cellular therapy for prolonging corneal allograft survival.

MSCs were coultured with CFSE stained syngenbBimphocytes (as described in
Materials and Methods Section 2.2.ih) the presence of aMCD3/CD28 stimulatory
beads for four days (Figure 3.12). T cell proliferation was measured by analysis of the
CFSE dilution by flow cytometi@FSEovalently couples tantracellular molecule®f

the T cell, as the T cell divides the CFSE concentration per cell is halved each time
generatinga peak which can be measured by dye dilution anabysftow cytometry To
quantify the T cell proliferation kineticgn a more sasitive way T cells proliferating

more than three generations weinalysed. To do thjithe percentagef cellsafter the

third CFSE peakas quartified.

The results demonstrated that-ei Ay O2 Y0 A Y| RANB VHgCRIAXDOSRCh { / &
to significantlyinhibit total T cell proliferation (MS®Y/tv!¢ 20.84%, MSTF" k-l¢

10.25%, p<0.001) compared to stimuldteontrol (88.76%) (Figure 3.A3B). Moreover,

when T cell proliferation was analysed greater than three generations, it was
determined that Il-m i f A0Sy as k") alfo/ significartly inhibited T cell

proliferation (3.877%, p<0.05) as well as MS¢-"'(0.95%, p<0.01) and M3E® -1

(0.38%, p<0.01), compared to stimulatedntrols (43.23%) (Figure 3Ap MSER

MSEN | M and MSEN « &b gid not significantly inhibit T cell proliferation,

indicating that Ikm | Aa OKSY TESHYLINBNE Oed21AyS G2 &
immunosuppressive capabilities in this syngeneic modéle immunosuppressive

capacity of MSCscknsed with all three cytokines (MSE « ¢vCul \was also tested

However, these data are not shown as the results were inconsistent. Licensing with all

three cytokines resulted in a podSCyield and the cells failed to adhere in co culture
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wellsresulting in clumps of M3 the wells which did not have any effect on T cell

proliferation.

Both CD4and CD8T cell subsets have been implicated in corneal allograft rejection
and were first identified in rejecting corneal allografts by Pepose. @ 408580]. Since
then, the body of evidence has demonstrated that CD4ells are the crucial mediators
of corneal allograft rejection while the role of CDOBcells is more redundafit7, 185.

To determine whether licensed MSCs more potently suppress the TT&lisubset, the
proliferation of the CD#4and CD8T cell sbsets vere analysed individually. The most
potently immunosuppressive liceimg treatments MSEW/Lv! o 1#5) and MSTYF/IL-
I(pQ.01) significantly inhibited both the CDethd CDS8T cellsubsets to a similar extent
(Figure 3.14).

As MSCNF" x-klwere the most ptently immunosuppressive liceimg treatment and
were deemed the best potdral cellular therapyto promote corneal allograft survival

further experiments focused on this liceng strategy.

It has been reported that MSCs increase the proportions of Fokp&gsin vitro and

that this mediates their capacity to suppress T gaibliferation [130-132). To test
whether the immunosuppressiveapacity ofMSCNF" k-4lywas mediated by increasing

the proportions of T regs, MSC:T cell co culture assays were analysed for increases in
CD4CD25Foxp3 T cells. MSE&Rand MSEVF" «-tlwere cultured at ratios of 1:5, 1:10

and 1:50 (MSC:T cell) with CD3/CD28 skatea T cells for four days, as described
previously. The T cells were then harvest&dinedfor CD4, CD25 and Foxp3 antibodies

and the CD2%-oxp3 proportion of CDA4T cells was quantified by flow cytometry.

The results indicated thaioth MSE™Rand MSCN™" “ireduced rather than increased
the proportions of CD2%oxp3 cells of the CD4T cell subset at ratios of 1:5 and 1:10
and that there was no increase in proportions at a ratio of 1df@npared to control
CD3/CD28 stimulated T cells alafregue 3.15).This esult indicates that the capacity
of TNFh k- [ £ A OS ytd isthbit the prodiferation of syngeneic T cells not

mediated byan increase ifroxp3 T regs.
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MscC
+/-IFN-y/TNF-a/IL-18

+CFSE
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stimulate T cells

After 4 days T cells analysed
by flow cytometry
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Figure 3.12 lllustration of -Eell:MSC co culture assay.
T cellswere isoated from the lymph nodes of a Lewis rat, stained with CFSE and added to wells
of a 96well plate. AMCD3/CD28 beads were added to stimulate theells Untreated or
licensed MSCs were added to the T cells and co cultured for 4 days. T cells wetedcatielc
stained with antibodies CD4 and CD8. The CFSE dye dilution of the total CD4 and CD8 T cells,
CD4 and CD8 subsets were analysed by flow cytometry. Total proliferation was gated from the
unstimulated T cell peak. >3 Generations proliferation was dydtem the third peak of
proliferation of stimulated T cells.
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Figure 3.13 MSE’ , MSCEN -V and MSCENF/I-Y significantly inhibit T cell proliferation.
Untreated and licensed MSCs were co cultured wittells for 4 days.-Tell proliferation was
measured by CFSE dilution by flow cytometery. (A) Representative histograms of T cell
proliferation in the presence of MSCs (grey shaded line) compared to stimulated controls (black
dashed line). (B, C) Graphipatsentation of total Icell proliferation (B) and-€ell proliferation
greater than 3 generations (C). (Representative of three independent experiment&ane
ANOVA n=3, mean + SEM, *p=0.05, **p=0.01, ***p=0.001).
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Figure 3.14 Licensed MSCs suppriesth the CD4 and CD8 subsets.
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Figure 3.15. MS€Rand MSCN™ ¥lreduce the proportions of CD25+Foxp3+ Tregs in
stimulated T cell co cultures.
Lewis rat MS€Rand MSC'™ *“lwere cultured with aniCD3/CD28 stimulated Lewis rat
lymphocytes at ratios of (A) 1:5, (B) 1:10 and (C) 1:50 for 4 dayphbgytes were harvested,
stained with CD4, CD25 and Foxp3 and analysed by flow cytometry. Graphs are representative

of two independenexperiments.
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3.4.5 Identifying the mechanism of licered MSC immunosuppression

The immunosuppressive capacity of MSCs han katributed to numerous soluble

mediators including indoleamine 2,3 dioxygenase (IDO), inducible nitric oxide synthase
(NOS), 2 &0 3t F YRAY 9H 06t DOHOZI NI SKFSNSY A2yER BN
(HO) hepatocyte growth factor (HGF);10 and IE6 [100, 186]. In rodents, INOS has

been described as the key mediator of MSCs immunosuppressive cadaatyINOS

produces nitric oxide (NO) wdhi at high concentrations can inhibit T cell receptor (TCR)
signalling and inhibit T cell proliferatidda27-129. MSCs iNOS expression has been
previously demonstrizd to be stimulated/induced by IFN Ay O2 Yo Ayt GA2Y GA
or IL-=m i[127]. To determine whether prénflammatory cytokine licensing stimulated

Lewis rat MSCs to produce N@e supernatants of untréad and licensed MSCs were

analysed by Griess asdaltowing 72 hour licensing'he Griess assay demonstrated that
significantly increased levels of NO could only be detected uport TRM [ & G A Ydzf | G A 2
2F a{/ & 6c dc>ack Y {6} Surghsmgbmstimuiation VBth IBNEOHE or o d m

in combination with TNE  2-MJ L R tisRmulgt@ the MSCs to produce significant

levels of NO (Figure 3} Next, to determine whether NO was still produced once the

cytokine stimulation was removedMSCs were first cultured with medn alone

(MSE™) or with medium containingfNFh and IL-1 (MSCGNF'/I-V) for 72 hours The

media were then replaced with fresh medjahus removingany residual cytokine

stimulation The supernatants were then analysed by Griess assay at 24, 48 and 72 hours

post stimulation to detet the levels of NO accumuéal in the supernatantd_ow levels

of NO were detected in the supernatants of MStnly after 72 hours (Figure BB)

whereas increasing levels of NO were detected in the wells of MSEY at 24, 48 and

72 hoursfollowing removal ofthe cytokines(Figure 3.6 C). This result demonstrates

that MSCGNF'/I-V continue to produce NQfter the removal of thepro-inflammatory

cytokine stimulus.

Next, the supernatants from MSC:T cell co culture experiments (Figure 3.13) were
tested, NO was detected inlldicengd MSC wells, indicating the inflammatory milieu
produced by stimulated T cells provides an extra stimulus to the MSC which triggers

MSCs to produce NO (Figure BA). Significant increases in NO levels were detected in
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the supernatants of MSCscEIl @ cultures when MSCs were liceaswith [L-m | It 2yS

or in combination(MSC"'6 LANBG), MSEN «wig |QgK1) and MSTF x4 15 1QNKL)),

suggesting a key role for-iLi AY NIEHtY prodite NO (Figure BA). Contrary

to much of the published literature, IFN & ( A Y dzf | in EoEnpinatiof @it BNF 2 NJ

h RAR y20 adAvYdzZ 4GS a{/a (G2 AAIYAFAOLYylfEe
used herd127].
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Figure 3.5 MSCs require TNF and IL-:1 in combination to stimulate the production of NO.

(A) MSCs were left untreated or licensed with #FNE ¢ b EY Rmi2 NJOp fin! k Y S| OK
Following licensing for 72 hourkd supernatants were analysed by Griess assay to determine

the levels ohitric oxide present. Representative graph of three independent experiments: (One

way ANOVA n=3, mean + SEM, ***p=0.00He NO produced by the MSCs following removal

of the cytokines was also tested. Following 72 hour stimulation the supernatants wimgtai

cytokines were removed and replaced with fresh media. The accumulation of NO in the
supernatant was determined in the 24, 48 and 72 hours post removal of stimulation in the

untreated MSCs (B) and TRNHAL-1 licensed MSCs (C). Representative graph of one
experiment.
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The co culture wells where significant inhibition of T cell proliferation was observed
(MSCM! - MSEN k1ilgnd MSEN™ x4l Figure 3.13A) also displayed significant
increasesn NO levels (M3€', MSEN «uignd MSENF k41 Figure 3.7 A). A Pearson
correlation was used to assess whether there is a relationship between T cell
proliferation (¥axis; Figure 3 B) and NO production {xxis; Figure 371 B). The
Pearson orrelation demonstrated a significant negative correlation between T cell
proliferation and nitric oxide level, on a per well basis, suggesting NO is respdosible

liceneed MSCs inhibition of T cell proliferation (Figure7r3]).
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Figure 3.% Nitric oxide levels produced by MSCs negatively correlate with T cell
proliferation.
Supernatants from -€el:MSC co culture were analysed by Griess assay to determine the

amount of nitric oxide per well. Representative graph of three independent expetim@dne

way ANOVA n=3, mean tNsEp=0.05, **p=0.0). (B) Tcell proliferation (Yaxis) was graphed
against NO level (xxis) per well to demonstrate a significant negative correlation between NO
levelsand T cell proliferation. (Pearson Correlation,.85@28, p=0.0002)
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To confirm that TNE/IL-m i stimulated MSCs ability to suppress T cell proliferation is
mediated by NO, M$Rand MSE™ «-4lwere co cultured with syngeneic T cells in the
presence or absence ofrSethylisothiourea (SMT). SMT is a compound which itghib
INOS activity by competitively binding at thadginine binding sit§187]. Following four

day co culture, T cell proliferation was analysed as beforeolydi/tometry &s outline

in Figure 3.12). As M8®do not significantly inhibit total T cell proliferation (MS€
Figure 3.8 B), no restoration of proliferation was observed in the presence of SMT
(MSCETR*SMTEigure 3.8 B). In contrast, MSE&™ x#1do significantly inhibit total T cell
proliferation (p>0.001) compared to stimulated T cells (Figur8 B)1therefore, in the
presence of SMT, MIE" xuI(MSCENF -kl b{)aqbility to suppress T cell proliferation
was abolished and T kegroliferation was comparable to stimulated controls (Figure
3.18 B, C). These resultsmenstrate that the capacity of TNFk-ujf f A OSy a SR

suppress syngeneic T cell proliferatisrmediated primarily by NO.

Although NO is the primary mediatof MSCs immunosuppressive function, numerous
other soluble mediators and cell contadeépendent mechanisms are implicated in their
ability to modulate Thl, Th2 and Th17 c4l88]. Moreover, recently Zinécker and
Vaage demonstrated MSCs profoundly inhibited T cell cytokine production
independently of iNOS activity189]. Therefore, to examine how MSEC "W mlodulate
Th1/Th2 T cell differentiation in the absence of NO, the supernatants from co culture
experiments with MS€Rand MSEN™ x4 1in the presence or absence of SMT were
analysed using a Bioplex rat cytokine Th1/Th2 arrayalysis of tb supernatants from

co culture wells indicated that M8&and MSE'F" x4 lwere capable of modulating the

T cell phenotype, significantly inhibiting T cells from producing-imitammatory

a{l :

cytokinesIFN | yR @&/C 0 KS LINE a Sy OSure3/8 B), theréby OS 2 F

demonstrating that MSCs can inhibit pidflammatory cytokine secretion
independently of NO. Significantly increased levels & ilkere observed in the
presence of MST ¢" K¢dntPared to all other conditions (Figure 8.C). T ells in the
presence of MST " kdré hibited from proliferating and differentiating, hence the

build-up of I-:2 may be dueto alackofiwh 6/ 5Hp0 SELINB&aAAY3I RATT

the wells[19(. Interestingly, antinflammatory associated cytokines1B and IL10 are

significantly increased in the presence of M8C" x L [ (Fiduré 8.9 D, E) suggesting
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that when NO is absent, MSEC M« BF @i promote differentiation ofymphocytes to
ananti-inflammatory phenotype (Figure 3D, E).
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Figure 3.8 Inhibtion of nitric oxide abrogates MS®™"/“"Y capacityto suppressT cell
proliferation.
Anti-CD3/CD28 stimulated Lewis T cells were co cultured with LewiS"Re8®ISCN/-Y  at

ratio of 10:1 (T cell:MSC) in the presence or absence of nitric oxide inhibitor SMT for 4 days. T
cell proliferation was evaluated by CFSE dye dilution nredsiby flow cytometry. (A)
Representativdistogramsf T cell proliferation from three independent experiments. (B) Total

T cell proliferation quantified by CFSE dye dilution represented on a bar graph. (C) T cell
proliferation greater than 3 generatiorepresented on a bar graplRepresentative graphs are

from 3 independent experiments (Omeay ANOVA n=3, *p=0.05, *p=0.01, ***p=0.001).
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independent of NO.
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The inhibition of secretion of IFN | Y R ®®C ¢ OSf f & {10/aRd ILINR Y 2 { A ;

13 production in the absence of NO demonstratesithenunomodulatoryrepertoire of
MSCNF k-ulextends further than NO mediated inhibition of T cell proliferation. T
identify alternative mechanisms of immunosuppression utilized by MSC ¥ lRNA
transcript expression of immunosuppressive molecules was assessed-BERRTAs
further confirmation of the role of NO, INOS encodihigs2 mMRNA expressiowas
significanty up-regulated in MSEP ¢" X(hbrmalised td -actinand fold change relative
to MS®™S (Figure 20). MSCP C" x&l6d¢ had increased expression of transcripts for
immunosuppressive factod-11, [I-10 andl-6 (Fig 320).

These data demonstrate thaindependent of NO, other potential immunosuppressive
mechanisms are stimulatéd MSCs upon TNFk-u | fidgOSy a
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3.4.6 shRNA knockdown of MSCs NO production

As has been damonstrated the immunosuppressive properties of M&C«#Iwere
mediated primarily by NOn vitro. To investigate the role of NO in licensed MSCs

modulation of corneal allograft survivalNpbs2knockdown MSC was generated.

MSCs were transduced wittios2shRNA lentiviral particles (M$€2sRN4 or scrambled
negative control noreffective ShRNA lentiviral particles (MSZ"RNA as described in
Materials and Method$Section 2.6.1The GFHentivirus transduced MSCs were sorted
by FACS Aria as desedbinMaterials and Methodsettion 2.6.10.

A Griessassayof the supernatants demonstrated that N@oduction following TNF

k- EAOSYAAYI 6+ & & dz0ONSH R4k tlassduttigidvihl SR R2 6

the scrambled control sShRNA lentiviral particles did not affecCsBroduction of NO
(Figure 3.2 A). Furthermore, TNF k-] £ A OS Y&8Rdemofistrated an
impaired capacity to inhibit syngeneic T cell proliferation compared to untransduced
TNFh k-] fAOSY&aSRh miiJ &f & ¥ Ry&Bigurd 3/2, B). These
results demonstrate that MSCs production of NO was esefally knocked down by
transduction withNos2shRNA lentiviral particles. The ability of MS&E"RN4o prolong

corneal allograft survival will be investigated in Chapter 4.
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Figure3.21 Nos2shRNA transducedicensedMSCs do not produce signifintamounts of
NO and fail toinhibit T cell proliferation.
(A) Greiss assay quantifying level of nitrates in supernatants from MSCs (n=3, Oneway ANOVA,
¢dzl SeQa LkRad G§Sadtz FrpLIXndamod o6/ 0 t SNOSydGlr3as ¢
following co culture with MSCs (n=1).
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3.4.6 Investigation of the ability of MSE'F *“lto modulate the innate

immune system

As discussed in Chapter 1, innate immune cells such as macrophages are reported to be
present in rejecting corneal allografts atieeir depletion leads to reduced incidence of
rejection. More recently, a population of regulatory macrophages enriched by MSCs
with a capacity to prolong graft survival have been descridelb, 191]. Therefore,
enhanced capacity of licensed MSCs to modulate innate immune cells could increase
their ability to prolong allograft survival. To test whether MSC*4“1had enhanced
capacity to suppress components of the innate immune system, their ability to modulate
macrophages was tested. To generdiene marrow derivednacrophagegBMDMSs)

Lewis rat bone marrow progenitors were cultured for 6 days in medgplemented

with L929 cell conditioned media containing -GBF to induce macropbe

differentiation (Figure 3.2).

Following 6 day culture, thBMDM phenotype was characteesl by flow cytometry.
BMDMs had greater than 90% expression of CD45 and CD1Higlaré 3.3). Analysis
of the CD11b/t fraction demonstratedBMDMsexpressed greater than 90% MHC |
expression and moderate MHCexpression (37%) (Figure 3.22

Prior to co culture with MSCBMDMswere incubated in the presence of IFN | Y R [ t {
to stimulate differentiation to a matur&MDM phenotype. Immediately following LPS
stimulation, theBMDMswere co cultured with MSGRand MSE™ -lat a ratio of 5:1
(BMDMMSC) for 48 hours. Followig culture, the cells were harvested and analysed

by flow cytometry. The CD11b/c marker was used to distinguisiBMBMpopulation.

The median fluorescent intensity (MFI) of MHC | and MHC Il expressBiMbDMswas
assessed to determine whether MSCs caultlulate theBMDMphenotype.

MSCs did not significantly inhibit MHC | expressiorBMDMsas demonstrated by
stimulatedBMDMsalone or in the presence of MSCor MSCNF" k-4 lexpressiig similar
MHC | MFI (Figure 312A,B). StimulatedBMDMs displayed high levels of MHC 1l
expression indicative @ mature phenotype (Figure 31Z, D). Both M3Rand MSCVF

" k-4l inhibited the maturation of BMDMsto a mature phenogpe indicated by
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significantly inhibitindBMDMMHC Il expression (Figure 82, D). Compared to MHC I
expression on stimulateBMDMs MSCNF' -#1had a greater capacity to inhibit MHC II
expression (p<0.01) compared to MSp<0.05) (Figure 34D).
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Figure 3.2 lllustration of the generation of bone marrow derived macrophages.
Lewis rat femurs and tibias were surgically removed and the bone marrow flushed. The bone

marrow progenitors were counted, seeded in 6 well plates and cultured fay8 th MCSF
containing media. 50% of the media was replaced on days 1, 3 and 5. After 6 days cells were
harvested and characterised by flow cytometry.
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Figure 3.3 Bone marrow derived macrophage characterisation.
Lewis rat bone marrow derived magroages cell surface expression of (A) CD45, (B) CD11b/c,

(C) MHC | and (D) MHC Il was analysed by flow cytometry. Representative plots from 3
independent experiments are presented.
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Figure 3.2 MSCs suppression of syngen@DM MHC |l expressiois aigmented by TNF

h/IL-1 licensing.
MSC™ and MSE™/“V were co cultured with syngenei@BMDMs at a ratio of 1:5
(MSC:Macrophage) for 48 hours. Cells were harvested and stained with macrophage
distinguishing marker CD11b/c and MHC | and MHC II. (A) Histograms oféWpt€skion of
CD11b/c+ cells. (B) Representative bar graph of MHC | MFI of CD11b/c + cells. (C) Histograms of
MHC Il expression of CD11b/c+ cells. (D) Representative bar graph of MHC Il MFI of CD11b/c+
cells. Graphs represent one experiment with threehtgical replicates, representative of three
independent experiments. (Orgl & ! bh+! 3 {(dzZ] S8Qa YdzZ GALX S O2YLJ
**p=0.01).
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3.4.7 Genome wide analysis of the transpti expression profiles of

licened MSCs

BothIlkmi | y-R EBNBE RSEONAOGSR Fa LI SA20INRLIAOC Oeld
regulated the mRNA expression of many hundreds of géh@2 193]. Upon binding
their canonical receptors, a plethora of intracellular signalling cascades are initiated

which include NF . = Wb Y-MAPK &tgndlliogypathwajs92, 193].

To better understand the complex interactions resulting from licensing MSCs with 1L

and TN Ay O2Yo0oAYylFGA2Yy T | 3ISy2iiGarrag wa®S G NI y
performed. mRNA was isolated from M3&nd MSEN™ x4 1jn triplicate, quantified

and samples were sent to Genomics Core Facility (GeneCore), EMBL, Heidelberg,
Germany where the microarray was performed. The microarray utilised was Gerielzh

Rat Gene 2.0 ST Array which analyses over 27,000 RefSeq transcripts.

The datawere analysed by bioinformats company Seqome Technologies as described
in Materials and Method$Section 2.5. Differentially expressed genes were analysed for
significanty enriched pathways, ontologies and-gfyeam targets using GenMapp and
GO€Elite. Enriched pathways, ontologies andsipam targets were then ranked by Z
score.The Z score indicas how many standard deviations an observation is above or
belowthe normalized mean of zeroTable 3.1 lists the top twenty KEGG pathways with

differentially expressed genes in MSE «-“lranked by Zcore (Table 3.1).

TNFh k- &d0GAYdzZ FGA2Y Y2Rdz I 6S&a a{/&a YAINI (GAZ2Yy
associated gene pfibe as can be seen by the number of differentially expressed genes
associated with the KEGG pathways BERa&deptor Interactions (Zcore- 6.7877) and

Focal Adhesion {Zcore¢ 6.041766) (Table 3.1). Of the 178 Focal Adhesion associated

genes measured, 8447.19%) were differentially expressed (Table 3.1). 34 of the
differentially expressed genes were-upgulated and 5@vere downregulated (Figure

3.24 A). Analysis of the upegulated genes demonstrates a number of integrins (ltgaZ2,

Itgh8, Itga7, Itgab, ¢a8) and laminins (Lamb3, Lamc2, Lamcl, Lamab) have increased
expression in MSE™ «“1(Figure 3.2 B). While analysis of the down regulated genes

shows that ten collagen subunits (Col5a2, Col6a2, Colla2, Col6al, Col2al, Col5al,
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Col3al, Coll1lal, Col5a3 and Col6a3), a number of caveolin subunits (Cavl, Cav2, Cav3)
and integrins (ball, ltga4, Itga6) are down regulated in M'SC*“(Figure 3.2 C).

The increased expression of integrins and laminins coupled with the decreased
expression of collagens and caveolin subunits may indicakeage in the morphology

and an altered ngratory potentialof MSCN™ 41 The ECM Interactions pathway
overlaps extensively with the Focal Adhesion pathway, hence mahyg afp-regulated

and downregulated genes are similar.

Another pathway of interest was the Chemokine Signalling Pathvidsscare ¢
5.220354) which had 71 of its 168 (42.77%) associated genes differentially expressed in
MSCNF x-4l(Table 3.1). 54 of the differentially expressed genes wereegplated

while only 1Avere downregulated (Figure 32A). Of the upregulatedgenes, 11 had a
fold-change incrase greater than 20 (Figure 8.B). The chemokine genes-upgulated

in MSCNF" k-4lhave been reported to recruit B cells (Cxcl13, Ccll), T cell subsets (Cxcl16,
Ccl22, Ccl20, Ccl5), DCs (Ccl22, Ccl20), NKT cells6,(Cgaid), and
macrophages/monocytes (Ccl3, Ccl7, Ccl9, [@&4) An increased chemokine
expression profile suggests MSE ““Imay have enhanced capacityrecruitimmune

cells to their proximity where they can efficiently exert their immunomodulatory effects.
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Table 3.1 Microarray anabis of the top 20 differentially regulated KEGG pathways in MSC
" k4lcompared to MSER.
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Figure 3.3 TNF/IL-1 licensingof MSCsndifferentially regulates a plethora of focal
adhesion associated genes.
Microarray analysis of KEGG Pathway:Focal Adhesion differentially regulated git®€Nh
"IV compared to MSER (A) Pie chart of nodifferentially regulated genes (purple),
differentially regulated genes (red) and the differentially regulated genesegplated (green)
and downregulated (grey)(B)Relative expression ofragulatd focal adhesion associated
genes in MSC*“? (O Downregulated focal adhesion associated genes in TWSE? .
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Figure 3.3 TNFh/IL-1i licensingof MSCdlifferentially regulates ECM associated genes.
Microarray analysief KEGG Pathway:Extra Cellular Matrix (ECM) differentially regulated genes
in MSCN™“Y compared to MSER (A) Pie chart of nedifferentially regulated genes (purple),
differentially regulated genes (red) and the differentially regulated genesegplated (green)
and downregulated (grey) (B)Relative expression ofregulated ECM associated genes in
MSCN*-Y (©) Downregulated ECM associated genes in WS
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| Chemokine Signalling Pathway (168 Genes)
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Figure 3.Z TNFh/IL-1 licensingof MSCdlifferentially regulates chemokine signalling
pathway associated genes.

Microarray analysis of KEGG Pathway:Chemokine Signalling associated differentially regulated
genes in MSB™/Y compared to MSER (A) Pie chart of nodifferentially regulated genes
(purple) differentially regulated genes (red) and the differentially regulated genesgplated
(green) and downregulated (grey). (B) Relative expression ofegulated chemokine signalling
pathway associated genes in M8T“Y. (O Downregulated chemokie signalling pathway
associated genes in M3€-Y
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3.4.8 Analysis ofthe migratory capacity of licersd MSCs

MSCNF x-uldisplay an altered morphology (Figure 3.6) suggesting rearrangement of
the cytoskeletal structure as well as differentially expegsgenes associated with Focal
Adhesion and ECM Interaction pathways (Table 3.1). This data suggests tHAf'MSCE

“'may have an enhanced migratory capacity compared toWfSC

Firstly, to confirm if the transcriptional increases in migration assediagenes
translated to an increase in functional protein expression on the cell surface V"MISC
and MSCENF x-ulywere analysed by flow cytometry for cell adhesion and migration
associated molecules. M8€' ““lhad significantly increased relativeudrescence
intensity (RFI) expression of CD7Bhis characteristic MSC marker is a glycosyl
phosphatidylinositol (GRlinked membrane bound protein. Associated with cell
adhesion and migration, CD73 inhibition has been demonstrated to inhibit MSC
migration [195] (Figure 3.8). Significantly increased RFI expression of CD44 was also
detected. CD44 is a cell surface hyaluronate receptor and a cell adhesion molextule th
mediates MSCs homing and migration to damaged ti§$96& 197] (Figure 3.8). CD47
expression was alsagsificantly increased. CD47 is a ubiquitously expressed marker of
self which has been implicated in a range of processes including adhesion and migration
[198. Recently, CD47 overexpressing MSCs demonstrated a gneatérg capacity

to sites of injunyf199|. Intracellular adhesion molecule 1 (ICAYand vascular adhesion
molecule 1 (VCAM), which are associated with cell adhesion and migration, also have

significantly increased expression on the surface of MSE4I(Figure 3.8).
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Figure 3.8 TNFh/Il-1 licensingincreases MSCs cell surface expression of migration and
adhesion associated molecules.

MSC™Rand MSE™/-Y were gained with antibodies fomigration and adhesion associated
markers (A) D73, (B) CD44, (C) CD47, (D) 1aAdid (E) VCAMI. Cell surface expression was
analysed by flow cytometry. Histograms (left) are representative plots from three independent
experiments. Bar charts (right) are the relative fluorescent intensity (RFI) tioee
independentexperiments Un paired twoi I A f SR &eStdrReSnfSEN An=3 *p=0.05,
**p=0.01, ***p=0.001).
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To test whether the increase in migration associated cell surface molecules enhanced
the functional migratory capacity of M3€" x-41 their ability to migrate in transwell
migration assays was assessed. CFSE labelledlf486 MSEN™ k4 lwere seeded in
transwell inserts in media containing 1% serum, the lower chamber of the transwell had
10% serum containing media. Thatrient gradient would attract the MSCs from the
low serum content to the high serum content. After 24 hours, the bottoms of the
transwell inserts were imaged by fluorescent microscopy to determine the number of
CFSE labelled MSCs which had migrated girahe transwell. The number of MSCs
which migrated was quantified by dissociating the MSCs from the bottom of the
transwell with trypsin and using the Accuri flow cytometer to count the number of CFSE

labelled cells.

Fluorescent imaging demonstrated a rkad increase in the number of MB3E' x-1

which had migrated through the transwell compared to MSGFigure 3.29 A).
Quantification of migrated MSCs by flow cytometry demonstrated a significant increase

in the total number of migrating MS@llowing TNFh k-] & G A YdzZ™NdEW 2y oa{/
Figure 3.2 B, C) compared to untreated MSCs (MST Figure 3.2 B, C). Taken

together, this data demonstrates TNFk-4 [ & A Y dméglilaies the expiasdion

of adhesion and migration associated molecules ba surface of MSCs, enhancing

MSCs capacity to migrate.
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Figure 3.3 TNFh/IL-1 significantly enhances MSCs migration capacity.
(A) Fluorescent microscopy imaging of transwells containing Calcein AM stained 8¢
MSCNF/ILT (B) Flow cytomiey gating strategy to quantify number of Calcein AM positive MSCs
which had migrated through transwell. (C) Quantification of MSCs that had migrated through
transwell by flow cytometry. (Unpaired twiailed students4i Sa G % YSI yg{ 9ax FfF LIPKnC
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3.5 Discussin

The data in this study confirm the hypothesis that MSCs capacity to modulate syngeneic
immune &lls could be enhanced by licemg with preinflammatory cytoknes IFN %
TNFh | yRmMi2®N) ¢ RS NBadzZ 64 2F / KIF LJG SNlusseds At £ 0 N

in more detail in Chapter 5 in the context of threvivoresults.

Licensing of MSCs induced morphological changes, an increase in cell granularity and a
reduction in cell number per well. These changes were most significant when MSCs were
licensed with the combination of TNF k- ® Ly GdSNBadAy3Ites NI
demonstrated that morphological changes following MSC licensing are indicative of the
MSCs immunosuppressive capad@@0]. Klinker et al demonstrated following IFN
licensing MSCs which acquired a more elongated structure were more
immunosuppressivg200]. The authors concluded that morphological changes in the
MSG may be predictive of their immunomodulatory capacity. It is interesting to note
thenin this studythat TNFh k-] €t AOSyaSR a{/ & RSY2yaidNI i

morphological changes and the most potéammunosuppressive properties.

(0p))
P

Conformationalchanges, an increase in granularity and a reduction in cell count may
indicate the treatment was inducing cell stress causing cell death or apoptosis.
However, MSE" k4ldid not have increased-AAD positive cells or PI/AnnexinV
positive cells indiding that cellsthat were harvested from the plate following 72 hour
licensing wereviable It must be noted that this assay only analysed the harvested cells
which were still adherent to the plate after 72 hours, the assay did not analyse the
apoptotic maker expression of any floating cells in the supernatant. Therefore, it cannot
be ruled out that the treatment induces apoptosis or cell death in some MSCs which as
a result are floating in the supernatant and are not analysed in this assay. However, as
the adherentMSCN™ k- lcells did not display an increase 7/AAD positive cells or
PI/AnnexinV positive cellst can be assumed that the licensed MSCs subsequently
administeredin vivodid not have an increase in apoptosis or cell deadimpared to
MSCVTR The apoptosis of MSCs following i.v. injection has recently gathered attention
with reports that MSCs immunomodulatory properties are dependent upon their

apoptosis and engulfment by AP{201, 202. In these studies the site of apoptesi
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appears to be crucial as MSCs which were alregaptoticupon administration failed
to confer their immunomodulatry properties[201]. Therefore, it was important that

licensed MSCs in this study were viadi¢he time of injection.

MSCNF kLdemained positive for cefiurface characterisation markers CD90 and CD29
while they had increased expression of CD73. MSCGL&lso remained negative for
CD45 (lymphocyte common antigen) andstonulatory molecule CD86. However, it is
important to note MS®&F *“Ihad inceased surface expression of MHC | and MHC I
which could cause an increased antigen specific donor response if licensed MSCs were
to be used in an allogeneic setting. The increase in MHC | and MHC Il increases the
likelihood that allogeneic MSCs coulcilan immune response from alloreactive T cells
through the indirect or semilirect pathway of antigen recognitiof65]. Therefore,

while licensing of syngeneMSCs can enhance their efficacy, licensing of allogeneic

MSCs could in fact be deleterious.

Examination ofhe multipotency oMSCN™ - Ishowed that adipogenic differentiation

was not affected by licensing, however, FNk-u[ f A OSy a A Lslostdogeiiid 6 A (1 SR
differentiation capacityFuthermore, analysis of the microarray data comparing mRNA

from MSE™Rand MSEF k-uldemonstrated that MSTF *“1had downregulated

expression of Runx2 and bone sialoprot2iiBSP) two key osteogenic diéntiation

factors (data not showfi203]. This observation is in line with published studies showing

that TNFP andI.mi € AOSyaSR a{/a t2a4S G§KSANI OF LI OA ( «
lineage, an effect which is thought to beSIRA I 1 SR 06& bCS. aAdayl ff
regulation of osteogenic trangptional regulator Runx2181-183. It must be noted

that the osteogenic differentiationexpeiment was only carried out once, the

experiment should be repeated at least twice more to confirm the observation. The

result is included as it is in line with the observations of others but should be considered

a preliminary result.

The key finding in tis study was that Lewis rat MSCs ability to suppress syngeneic T cells

was increased by licensing withhili > - k-@% | YR k-Bp CAY O2Y0oAYyl GA
MSEM! MSEN «ignd MSENF -k Igjgnificantly inhibited proliferation of both CD4

and CD8T cell subsets. Interestingly, in this studymlL ¢ I & (-Wma®y LINE

-119



Chapter Three

cytokine in licensing MSCs immunosuppressive function, net IFN- & Kl & 06SSy NXBI
previously in the literatur¢102 151-153]. Many of the previous studies describing1FN

oA GKS 1S@e adAavydz F 2N KFE @GS dzaSRinthadzaS af{/
study that the difference may be a speciepecific one. However, similar to the rat

results shown in this study, experiments in house showed that licensing of BALB/c

mouse MSCs followed by co culture with BALB/c T cells demonstrated, similarly; that IL

Mi g & (K SngMSEGsimingnodugp@siyeiapaddydendix A Itis unlikely

that theinability of IFNN G2 f AOSyaS a{/a AYYdzy2adzLJLINB&aah
be attributed to a technical issue with the recombinant 4N LJdzNJO& IfoarS R

separate batches oecombinantratIFN ¢ SNBX LJIZNOKIF aSR 2@0SNJ 0 KS
FuthermorealthoughIFN £ A0Sy daAy 3 RAR y28G AyRdzO0S Iy AY
MSCs licensed with IPN | f 2 y-feguRte RHOQERRd MHC |l expression detected

by flow cytometry (d&a not shown).tlis well characterised that MSCs-tggulate MHC

molecules in response to IPN153, 204]. Therefore, tlesedata demonstrate that the

IFNY ¢ | -Beactvi. Bhe difference in key cytokine in licensing MSCs will be discussed

further in Chapter 51L.2

In this study licensing MSCs withFN k-Mi] BNRIk-u]f St AOAGSR G(KS
immunosuppessive MSC phenotypéds there appeared to be a trend increase in
immunosuppressive capacity MSCN™ «uicompared to MSEY «wicoupled with
only MSCNF x-kiproducing signicant levels of NO when licengpdor to coculture
with stimulated Tcells) MSCNF" - 1were selected as the MSC licensing treatment for
further analysis andn vivoadiminstration. To determine the mechanism of immune
suppression of MSE™ « their NO production was tested. NO was first demonstrated
to be criti@l to MSC mediated T cell suppresdiyrSato and colleagu¢$28§). Ren et al
further demonstrated that the production of NO was triggered by -prilammatory
cytokines IFN X -t bdCl¥f1 [10Z. Similarily to previous reports inhibition of NO
(through the addition of NO inhibitor SMT) abrogated the immunosuppressive ¢apaci
of MSCNF" kL §emonstrating that NO was the primary mechanism by wMGCNF" «-L [

" suppressed T cell proliferatiofihe mechanisrby which NO inhibits T cell proliferation
has been described extensively with regard to the interactions betweenolkaive

macrophages and T cellStrickland and colleaguetemonstrated thatT cellsin the
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presence of NQinitially undergo the normal activation sequende response to
mitogenic or antigenc stimuli, including normal calcium flux, TCR modulation, seameti

of I-2 and expression of {2R (CD25However, the T cellsubsequently fail teespond

to IL-2 and arearrested in GO/G1 phasentil the source of the NO is remov¢#05,

206]. The same group fther elucidated the uderlying molecular mechanism, showing
that NO disruptghe phosphorylation oflownstream targets of IER signallingJanus
kinase 3Jak3)yand STATS via activation of guanylate synthase resulting in higher cGMP
levels[207]. The high levels of cGMP can activate a number of downstream targets
capable of disrupting JAK/STAT signallZ@y, 208 Therefore, the high levels of NO
observed in wells wittMSCN™ L nost likelyinhibit T cell praferation by disrupting

the phosphorylation of downstream targets of-2R signallingesulting in arrest in
GO/G1 phaseThese findingsnay alsoexplainour observationthat IL-2 levels in the
supernatantswere significantly increased in th@esence of MSGNF" k-4 lcompared to

all other groups including stimulatdgmphocytesalone.In the presence oMMSCNF" k-L [
“ithe T cells aractivated to secrete 2 however theyare arrested in GO/G1 phased

IL-2R signalling is disruptedsulting in accumulatio of 11-2 in the supernatant.

While 11:2/IL-2R signalling plays an important role in the development and clonal
expansion of effector T cells is not essential. This was demonstrated 2 land IE2R
deficient mice which developed serious lymphopwigtive and autoimmune disorders
and not an immunedeficiency as may have been expecf@@9-213. It is now known
that the lymphoproliferative and autoimmuneagbrders in mice with disrupted -R/IL-

2R signalling is due to defective production of TIBR5Foxp3regulatory T cellf214].

It is also now well esablished that while H2/IL-2R signalling is important in the
development and function of effector T cells it is essential for the development and
function of CDACD25Foxp3regulatory T cellf214]. Therefore, the result observed in
this study that Foxp3regulatory T cell proportions are reduced in the presence of
MSCNF «uimay be explained by disruption of2LIL-2R signallingpy the high levelsf

NO resulting in a more significantor preferential inhibition of CD4CD23Foxp3

regulatory T cells over neregulatory effector T cells.

The addition of SMT however, did not restore the T cell secretion &f IFN- Y R &¢ b C

The inhibition of T cell prmflammatory cytokine secretion by MSCs has previously been
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reported to be NO independentl89. In this study it is also demonstrated that
lymphocytesin the presence of MSE™ -+ SMT secrete significant levels of the Th2
associated cytokines-l10 and L-13, howeverJymphocytesin the presence of MS&"

" Lithout SMT do not. In the presence of MSE ¥L lymphocytesio not proliferate,
seemingly remaining in a naive undifferentiated state. The addition of SMT inhibits NO
thereby allowing thdymphocytesto proliferate and the proliferatindymphocytesare
differentiated to a Th2 or anihflammatory phenotype by MS&™" L[ This result
indicates that MSTF" L have a capacity tanduce immune cells present in the
lymphocyte ceculture toproduceanti-inflammatorymoleculesvhenNO is absentThe
up-regulation of Pdl1, 1l-6 and 1I-10 mRNA expression on MB€' x-4Iprovide three
potential mechanisms by which licensed MSCs could induce a Th2 -anfEmtimatory

T cell phenotypePDL1 which has increased mRNA expression BSCNF" kL has
recently been shown to suppress CO4cell activation and 42 production and induce

T cell death10§], IL-10 produced by MSCs promotes Foxp&g differentiation and
inhibits Th17 differentiatior{215], and IL6 is reported to shift the Th1/Th2 balance
towards Th2[216]. Futhermore, aalysisof migration associated molecules on the
surface of MSTF" -4 idemonstrated a significant increase in the expression of CD73 in
this study. In addition to mediating MSC migration, CD73 functions as an
immunosuppressive molecule. CD73 is a grtucleosidase that converts AMP to
adenosine. CD73 functions with CD39 which first hydrolyses ATP/ADP to AMP followed
by CD73nediated conversion of AMP to adenosif2l7-219]. ATP functions to
promote proinflammatory responses whereas the CD73 produced-®&Rbolite
adenosine functions as an amiflammatory moleculd218]. Adenosine interacts with
one ofits receptos, A2A on lymphocytes preventing &igation and proliferation of
CD4T cells, inhibiting IFN  LINE Radeupprésying Th17 responsdshas also
been reported to induce FoxpJregs[220-222). Furthermore, recent studies have
implicated the ceexpression of CD39 and CD73 in M&liated T cell suppression and
modulation of Th17 respons¢®23 224]. This evidence suggests that CD73 may provide
an alternative mechanism of M8€" «#Imediated suppressioof T cell proliferation
andthat CD73 may ben part, responsible for the reduced prmflammatory cytokines

(IFNd [ YR OCHEGS @St a 20aSNISR Ay 02 OdzZ (dzNB
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The T celMSC co culture assay deveénl and used in this study as described in the
Materials and Methods Section 2.Zdnsisted of 95% cells of lymph node origin and 5%
splenocytes. As lymph nodes consist of a low proportion of Affllmnocytes were
added to increase the proportions of A®1@ the culture ando create an environment

more physiologically relevant to thawhich MSCs would encounter upom vivo
administration. However, the mixed immune cell composition of the assay does have a
number of drawbacks. Firstly, it cannot be sdéfinitively that MSE'™ L &re directly
suppressing T cell proliferatioh is possible the MSCs function through an intermediary
immune cellsuch as a splenic ARBat subsequently suppresses T cell proliferation. It
can also not be ruled out thahe NO detected in co culture wellgas produced by
immune cell components of the assay other than the licensed MSCs. Macrophages
produce NO in response to stimuli such asAFN -t bICYWR LKA OK YI & 065 NB
by the T cells stimulated by ar@iD3CD28 beadgL1(0]. In addition, the licensed MSCs
may interact with splenic macrophages in the culture and stimulate them to produce
NO. To answer this question, MSE " $hould be cultured directly with purified CD3

CD4 and CD8T cells to determine whether they can directly suppress T cell
proliferation and analysis of the NO levels per well would determine whether the
licensed MSCs alone are responsiblelierNO detected in co culture wells in this study.
Evidence from this study that the ability of MSE *{o suppress T cell proliferation

was inhibited in the absence of NO (in the presence of SMT) and that knockdown of
Nos2(MSos2shRNR jn TNFh g-ai  f AOSyaSR a{/a NBaGz2NBa ¢ O
indicates that the licensed MS@se likely to be the predominargource of the NO
mediating T cell suppression. Secondly, thecgltures performed in this study did not
investigate whether contacwas necessary for the T cell suppression exerted by the
licensed MSCs. Both contapendent anccontactindependent mechanisms of MSC
mediated T cell suppression have been reported. Cordapendent mechanisms of
suppression include: RDPDL1 interations and interactions between ICAM and
VCAML1 on MSCs and T cdli€2 108]. In addition, contact betweethe T cell and MSC
may be required to trigger the release of soluble mediatoyr$1SCsTo determine what

role contact between the T cell and MSC plays in licensed MSC mediated T cell
suppression, contact independent co cultures should be performeghich MSCs are

cultured in transwells where contact between the MSCs and T celisvented These
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experiments would further examine whether T cell:MSC contact is required to trigger

licensed MSCs to become immunosuppressive &hdther licensed MS@nediated

suppression was contackependent. Contactlependent and contactindependent

mechanisms of suppression could be further investigated by adding licensed MSC
conditioned media to stimulated T cells to determine if soluble mediators secreted by

the licensedVISCs prior to contact with the T aelere sufficient to inhibit proliferation.

As TNP k-uf tAOSyaSR a{/a It2yS LINRBRdzOS RSGSO
expected that contaeindependent cultures of MSEF k4land stimulated T cells

would alsoresult in T cell suppression.

Althoughthere may be some outstanding questions regarding the exact mechanism of
licensed MSC mediated T cell suppressiba assays performed here confirmed that

licensing of MSQsspecificallywithimi Ay O2 Y0 A Yl (2ANBdni@ibdesi K ¢ b C
their capaity to suppress syngeneic stimulated T cell proliferation tad this effect

was mediated by NO.

MSCNF -t lglso demonstrated an enhanced capacity to modulate components of the
innate immune system. Upon IFN | YR [ t { BEDMsYiftztertidteAt@ g >
mature phenotype characterised by increased MHC Il expression!T#Sghificantly
inhibited macrophage MHC Il expression and this effect was further inhibited by MSC

" k41 As macrophages are the primary innate immune cell involved in coaliegtaft
rejection, an enhanced capacity to inhibit macrophage differentiation could lead to
enhanced capacity to prolong corneal allograft survivd]. As dscussed above a
number of reports have recently reported that MSCs are phagocytosaidly in the
lung following i.v. administration which confers the MSCs immunomodulatory
properties to the phagocytg201, 202 225]. This along with evidence that MSCs through
TSG and PGE2 dependent mechanisms inducelOlLproducing regulatory
macrophages in the lung illustrates the importance of APCs as intermediaries of MSCs
immunomodulatory propertieg112, 115. Therefore the ability of MSCNF" k-4ltg
modulate BMDMs may indicate a more potent capacity to modubsCof the lung

following i.v. administration.
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Microarray analysis of M8 and MSE™ x4 Idemonstrated the EGG pathway
Chemokine Signalling was also differentially regulated in WM& I with numerous
chemokines capable of recruiting lymphocytes, NKT cells, monocytes and macrophages
displaying increased expression in MSCK41 The increased chemolkinexpression
profile indicates MSt" ¥-Lhave an enhanced capacity to recruit immune cells to their
vicinity where they can then exert their immunomodulatory effects. MSCs recruitment
of immune cells to their vicinity followinm vivoadministration wil be discussed in

Chapter 5.

The KEGG pathways Focal adhesion and -EECéptor interactions were also
differentially regulated in MS®F «#{ indicating TN® k- f A OSyaAiy3a O2dz R
the migration capacity of MSCs. Analysis of the cell surfabeMSCNF" k-l
demonstrated increased expression of adhesion and migration associated molecules

CD73, CD44, CD47, VGANMNd ICAML. The enhanced migratory capacity of MSC

"ku4lwas confirmed in transwell experiments where MSC*“! demonstraed

superior migration ability compared to MS® The migration of licensed MSCs will be

discussed in the context of the vivoresults in Chapter 5.

As summarised in Figure3®, this work has identified TNFk-u[ & GKS Y2ad LI
stimulator of Lews rat MSCs immunosuppressive capacity. -TNia [ f AOSyaay3
stimulates MSCs to: 1.) inhibit T cell proliferation mediated by NO; 2.) significantly inhibit
macrophage differentiation; 3.) enhance MSCs ability to recruit immune cells to their

vicinity through chemokine production; and 4.) enhance MSCs migration capacity. These
enhanced attributes make M3€" “lan appealing licensing strategy for vivo

administration to a corneal allograft model
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Figure 330 Summary of in vitro findings
TNFh k=i £ A OSy a A ¢riBanced MISCH ekpreSdioy af im&unomodulatory molecules
NO, IE10, CD73 and RDL. In additionMSC licensing also enhances the transcripts of numerous
chemokines. This results in a potently immunomodulatory MSC capable oftimdnih cell
proliferation and the expression of MHC Il by activaBdDMs Furthermore, TNF K-ia [
licensed MSCalso have enhanced migratory potential through up regulation of IGAMCAM
1, CD44, CD73 and CDA47 on the surfand,this translatedo afunctional capacity to migrate
in transwellassays.
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Chapter Four

Investigatng the ability of licensed syngeneic

MSCs to prolong corneal allogragurvival
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4.1 Introduction

Full thickness cornea transplantation (penetrating keratoplasty) is the wasimon

form of transplantation with about 100,000 procedures carried out each year worldwide
[58]. Although keratoplasty is generally carried out without tissue matching or the use
of immunosuppressant drugs, the survival rate in the first year is ove[ 8% he five

year prognosis, however, is much lowe0% survival) due to the increased risk of
NE2SOGA2Y Ay [BXK6KIKsteMk infhunosldpréssatis/hav@ been used
Ay GKS OFasS 2F GKAIK NRAalé LI GASydGa o6AGK NI
reducing e@isodes of corneal allograft rejectiof226]. However, systemic
Immunosuppressants are associated with serious sifiects such as nephrotoxicity,
altered glucose metablolism, hypertension, hepatoxicity, hyperplasia and increased risk
of malignancies [92, 226. Therefore, the lifelong administration of systemic
immunosuppressants for a ndiie threatening disorder is not desirabl€onsequently,
alternative thereapeutic measures to alleviate immune mediated corneal allograft

rejection must be explored.

Immunemediated corneal allograft rejection is caused by the presentation of
alloantigen by pofessional APCs (through the direct or indirect pathways of alloantigen
recognition) to allereactive T cells, resulting in delayed type hypersensitivity (DTH) and
cytotoxic T lymphocyte responses (CTL) reactibids The impotance of professional

APCs in graft rejection is evidenced by studieshichprofessional APCs are depleted

by clodronatecontaining liposomes, resulting in significantly reduced incidence of graft
rejection[75, 76]. While allografts may still reject without professional APCs, it is clear
that T cells are essential for graft rejection. T cell deficient SCI® and nude mice
demonstrate 100% graft survivil7]® LTI K2gSOSNE ¢ OSffa TN
allograft rejector mice are adoptively transferred to SCID mice, rejection occurs 100% of
the time, demonstrating that T cellseessential for corneal allograft rejection to occur

[17]. As discussed in Chapter 1, MSCs possess numerous mechanisms of immune
regulation in their arsenal including inhibition of T cell proliferation, suppression of T cell
derived proinflammatory cytokine secretion, expansion of regulatory T cells, inhibition

of B cell proliferation and differentiation, alternative activation of macrophages to an
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anti-inflammatory phenotype and inhibition of DC maturatid®©2 112, 117, 130, 137,
189. MSCs, therefore, hold great potential as a therapy for the prevention of corneal
allograft rejection, as they modulate the primary effeiccells of allograft rejection, T

cells and APCs.

To date, a number of groups have demonstrated MSC therapy to be efficacious in
prolonging corneal allograft survival. Jia and colleagues showed that allogeneic MSCs
intravenously administered post trankmtation were associated with an increase in
CD4+CD25+Foxp3+ regulatory T cells in the draining lymph node and a prolongation of
corneal allograft survival135. Omoto et al described syngeneic MSCs capable of
prolonging graft survival by migrating to the ocular surface where they suppressed the
maturation of DCs resulting in the iiion of direct and indirect allosensitisation of
alloreactive T cellgl74]. Prockop and colleagues have demonstrated that human MSCs
(hMSCs) can prolong allograft survival in mice by enriching a population of
CD11b+B220+ regulatory macrophages in the lung, which remained in circulatign for

to 7 days, suppressing the T cell response and prolonging allograft syiivigal 73.

Our lab has also previoustiemonstrated the efficacy of MSCs in prolonging corneal
allograft survival. Treacy et al demonstrated that allogeneic MSCs administered pre
transplantation (day7 and day 0) prolonged allograft survival and this was associated
with an increased proportionof Foxp3+ regulatory T cells in the splegiB4.
Interestingly, however, in this study syngeneic MSCs failed to prolong allograft survival
and although tle authors licensed the MSCs with#FN Al RAR y 203G Sy KI yOS
to prolong survival of the graftl34]. These observations laid the foundation ftret
current study. As discussed in Chapter 1, allogeneic MSCs are no longer deemed immune
privileged and have been shown to elicit a donor specific humoral and cellular immune
response. Therefore, an efficacious syngeneic therapy to prolong corneal dllograf

survival is desirable.

To this end, Chapter 3 focused on optimizing the capacity of Lewis rat MSCs to modulate
syngeneic T cells and APCs throughipflammatory cytokine licensing. The primary
aim of Chapter 4 was to determine whether the most potgnthmunosuppressive
licensed syngeneic MSCs identified in Chapter 3 {MS€¥4 could prolong corneal

allograft survival. To investigate the mechanism of action of syngeneic MSCs in
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prolonging allograft survival, their localisation and distributiosfedministration must

0S dzyRSNRAG22R® a{/ ax ¢KSyYy AYyUuNI @gSyz2dzfte |
diameter) to pass through the micro capilliaries of the lung and become trapped in
gKIFGQa 1y26y | a (KS [LidgUN® 950 NEMSGsintidieinouslyr 3a S ¥
administered have been demonstrated to be trapped in the lung and do not migrate to
injured tissue or organfl14]. It has been reported previously that MSCs can migrate
from the lung to other tissues or organs and preferentially to sites of inflammation,
including the corneal graft bed, following transplantatifhi74, 227-230]. However,

more recent evidence suggests MSCs surinvalois short lived and few, if any, viable
MSCs are detecteduside the lund113 231]. Moreover, it is in the lung where Prockop

and coeauthors describe the MS@sriching a population of regulatory innate immune
cells which then migrate to sites of inflammation such as the draining lymph node or the
spleen[115. Therefore, to understand the meahisms of MSC immune modulation,

the immune cell populations of the lung post intravenous administration must be
assessed. The size of the resident immune cell populations of the lung means, once
modulated by the MSCs, they can pass through the microagpsland migrate through

the blood vessels to other organs and sites of inflammation to exert their acquired
immune regulatory effect. One of the first organs these intermediary populations would
encounter is the spleen, a blood filtering organ with ttegacity to trap or sequester
immune cell populations from the blood232. Upon entering the spleen, the
intermediary populations could modulate the immune cells of the spleen creating an
anti-inflammatory environmen{232. Hence, the immune composition of the spleen
following MSC administration should be assessed to understand MSCs mechanism of
immune suppression. Finally, the draigilymph node, as discussed in the Chapter 1, is
the crucial organ in mediating corneal allograft rejection as it is at this site that
allosensitizaion of alloreactive T cells occurs. The draining lymph@iag®ortance is
evidenced byhe fact thatits removal prior to corneal allograft transplantation resulting

in 100% allograft survival in a normal risk mouse model of corneal transplan{&88pn
Therefore, the effects of MSE™" ®#ltherapy on the draining lymph nod@LN)were

also assessed to determine the mechanism of immune suppression associated with a

prolongation of graft survival.

- 130-



Chapter Four

4.1.1 Hypothesis and Objectives

4.1.2 Hypothesis
. TNFh k-] € AOSyaSR &eéy 3 Scgrieal Glogaft sutvivaD | Yy LINE f
4.1.3 Objectives

|. To investigate corneal allograft survival rates following MS@dMSCNF" x-L [

“itherapy

[I. To investigate the mechanisms of immune modulatamch mediate MSCs

ability to prolong allograft survival

lll. To determine the ole of MSCNF" k4 Iproduced NO in the prolongation of

corneal allograft survival
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4.2 Results

This study included a total of 10 allograft transplant control, 8 ¥M&@eated and 10
MSCNF x-uireated animals to assess the corneal allograft sunfisddwing MSC therapy
(Section 4.2.1)The same animals also provided the opacity and neovascularisation data

also presented in Section 4.2.1.

For the analysis of immune cells populatigpsesented in Sections 4.24), the lungs,
spleens and drainingdyph nodes from 5 animals for the control group, 8 for the MSC
treated group and 9 for the MSEF" k-4ltreated group were analysed by flow cytometry at

the day 9 timepoint. At the day 1¥9 timepoint 11 control animals, 13 MSTtreated
animals and 8 MS&" -ulwere analysed for the spleen, a subset of these animals (5
control animals, 7 i C™Rtreated animals and 6 M3®" - Itreated animals) represent

the lung and draining lymph node flow cytometry analysis at this timepoint. The increased
number of animals used for the analysis of the spleen was due to its size and the number of
cells recovered{6x1@). It was possible to recover enough cells for flow cytometry while
also preserving sections of the spleen which could be used for future histological analysis
andto store cell pellets for PCRor the draining lymph node-(x10 cellsrecovered) and

the lung (3x10 cells recovered), samples had to be either analysed for flow cytometry or
stored for histological analysis. In some catfesgraphs do not represent the total number

of animals analysed as sormampleshad to be excludeduk to technical issues such as a

high degree of cell deatbr lack ofantibody staining.

RTPCR results at both timepoints represent the analysis of processed lung, spleen or

draining lymph node tissue from 4 animals from each treatment group.

Finally, for the analysis of the corneal allograft survival following therapy with NOS2
knockdown MSCs (Section 4.2&animals treated with TNF k- [ G NB s8R g { /
and 8 animals treated with TNFk-1 [ G NB ING2SRRAvaae{used.
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4.2.1 Licensing further augments the capacity of post operatively
administered syngeneic MSCs to prolong corneal allograft swalviv

Previously in our lab it was demonstrated that syngeneic MSCs administered pre
transplantation (day-7, day 0) failed to prolong allograft surviyaB4]. In this study, we
investigated whether syngeneic MSC therapy could be enhanced to prolong graft survival.
To enhance the ability of syngeneic MSC therapy to prolong allograft survival two strategies
were adopted. Firstly, as demonstrated in Chapter 8gsyeic MSCs immunosuppressive
capacity was enhanced by licensing with INE-ujf ® { SO2yRfé&sx (GKS
administration of syngeneic MSCs was altered to a-pastsplantation regimerat post
operative days (POD) 1 and FOD1 was chosen because thenate immune response
begins within hours of the surgery and M8€ «-4lhad demonstrated a capacity to inhibit
innate immune cell maturation (Chapter 3.49), 233. Hence, their presence at this early
timepoint may inhibit the allosensitization of T cells by APCs. TMSc¢1 also
demonstrated a potent capacity to suppress the adaptive immune responap(€it8.4.4),
therefore, POD #as chosen for the second administration as this is around the time when

the T cell mediated adaptive immune response is beginning to rarfi7u@0].

A wellestablished fully allogeneic MHC | and Il mismatchedcfinécal model of corneal
allo-transplantation was used to investigate whether timing and licensing strategies could
be employed to enhance syngeneic MSC therapy to prolong graft sud84aR34]. Dark
Agouti corneal gra# were harvested and transplanted to Lewis rat recipients. 4x10
untreated (MSE™ or 1x16 TNFh k-u[ A OS yNd S'] Ledvia fal MSCs were
intravenously administered orPOD 1 and POD posttransplantation (Figure 4.1).
Syngeneic MStRand syngeneic MSE"/Y administration on POD 1 and POD 7 both
significantly prolongedaornealallograft survival rate compared to allograft controf)%o
survival L»Kn énd p0% survival §).001 respectively(Figure 4.2)Although here was no
significant difference in corneal allograft survival betwesgimals treated wittMSC'™Rand
those treded with MSCNF'/I-Y " there was a trendoward increase@ in survival in the
MSCNF/ILY treated group[70% survival compared to 50% in the M%@reated group
(Figure 4.2)
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o e
-
Dark Agouti (DA, RT-12') Lewis (LEW, RT-1))
Day 0
Corneal transplantation Day 3 - Day 30
Lewis rat receive DA : :
Evaluation of opacit Vi
cornea transplant p \ ¥ Day 30
and neovascularization End
I every 3-4days
I
A 4
Day +1 Day +7 Day +9 Day +17-19
Intravenous Intravenous Analysis of lung,  Analysis of lung,
injection of 1x10° injection of 1x10° spleen and dLN spleen and dLN
cytokine treated cytokine treated
MSCs MSCs

Figure 4.1 Schematic of pelinical model of corneal allograft transgantation
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Figure 4.2 Syngeneic M$€and MSCVF'/“Y administered post transplant prolong corneal
allograft survival
Lewis rats received a DA corneal allograft (allogeneic transplant) followed 3/ MERISCEN™ /-
¥ administrationon POD 1 (d+1) and POQdA7). KaplaiMeier survival curve analysis of allogeneic
transplant controls (black line) (n=10), corneal allograft + Wi§Blue line) (n=8) and corneal
allograft + MS€™/“? (orange ling ((=10. (Logrank (MantelCox) tet, *p=0.05, **p=0.00] NS
= not significant
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Corneal grafts were monitored for increases in opacity and neovascularisation between
POD 3 and POBD (predetermined end of observation). A corneal allograft is deemed to
have rejected if it has one opdy score of 3 where the pupil margin is no longer visible or
by 2 consecutive scores of J834]. While graft opacity was evident in both M8Rand
MSCNF" k-t ltreated graft recipients in both groups, opacity was reduced compared to
allogeneic transplant controls (Figure 4.3, A). Analysis of the maximum opacity score
recorded of graft recipients showed a significant reduction in both WiSd MSEVF" kLI
wItreated groups compared to allogeneic transplant controls, indicating both treatments
can suppresthe cellular infiltration associated with corneal allograft rejection (Figure 4.3,
B).

Interestingly, there appeared to be a trend increase in nsoutarisation in MSEF" k-l
treated graft recipients compared to MSCtreated and allogeneic transplant controls
(Figure 4.3, C). Although there is an increase in neovascularisation in the'f1Sil

treated group, it does not affect their abilito prolong allograft survival.

Representative images of corneal allografts demonstrate the difference in opacity observed
between allogeneic transplant controls (Figure 4.4, A), MStteated graft recipients
(Figure 4.4, B) and M3€" x-ultreated graft recipients (Figure 4.4, C). An opacity score of

3 can be observed in Figure 4.4 A (allogeneic control group0o&118 where the pupll
margin is no longer visible, indicating a rejected graft (Figure 4.4, A). Representative images
taken at the sameime-point of MSE™Rand MSEN™ x4 ltreated groups indicate that the

pupil margin was clearly visible, as were underlying iris vessels, indicating a score of 2 or

below.
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Figure 4.3 Corneal opacity but not neovascularisation was reduced significéoitlywing MSC™

and MSCV/I-Y administration.
(A) Opacity scores froOD4-30 for controls(n=10) MSE™(n=8 and MSEF""“V (n=10 treated
graft recipients. (B) The maximum opacity score reached for each recipient, graft rejectors are
marked (Oneg I @ ! bhx! X ¢dz] Se8Qa Ydz GALX S O2YLI NRazy
neovascularisation scores frofOD4-30 post transplantation of a controls (black line), MS®Ilue
line) and MSE™ %V (orange ling.
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POD 10 POD 15 POD 18 POD 25 POD 30

[ - Z _ S
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C

Figure 4.4 Representative images of allogeneic corneal allograft in allogeneic transplant controls
and MSE™and MSCENF'/IY treated transplant recipients.
Light microscopy images of corneal allografts from post operative day (POD) 10 tcOR®ODAB

allogeneic transplant controls, (B) M8@reated transplant recipients and (C) MSC"-? treated
transplant recipients.

To summarise, these results show that syngeneic MSCs that previously failed to prolong
allograft survival when administed prior to transplant have the ability to modulate
allograft rejection if administered pogtansplantation, thereby indicating the importance

of timing of administration. Next, to investigate the mechanism of immune suppression of
licensed MSCs, the mune cell populations of the lung, spleen and lymph node following

MSC treatment were analysed.
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4.2.2 A transient inflammatory event in the lung following MSE&™ -l

administration results in a potently antinflammatory environment

Following intravenous administration, the majority of MSCs become trapped in the lung
with recent evidence suggesting their primary immune modulatory effect occurs at this site
[112115]. Therefore, it is likely that the mechanism of MSCs immune suppression involves
modulation of immune cell populations at this site. To investigate tffeces of MSC
treatment, the lungs of control, M$®&Rand MSEF" «-ultreated graft recipients were

assessed.

The lungs were harvested and processedP@D9 (2 days after ® injection) and the

average time of rejection (TOR) as described in Chapter 2. The proportions of activated APCs
(CD45CD11b/¢MHC If), regulatory macrophages (CD€D116B220), B cells
(CD45CD45RA, activated T cells (CD4ED4CD2%) and regulatory T cells
(CD45CD4CD25Foxp3) were assessed by flow cytometagingthe gating strategy is

outlined in Figure 4.5. The analysis revealeigaificant increase in CD11HC It APCs

inthe MSE™RG LK dn p INFEKYARNR{ T SR 3INRdzLJA S6LIKndnnamOI O:
transplant controls (Figure 4.6, A). The NISC*-“Igroup also demonstrated significantly

increased proportions of CD11BMHCIt APCs, compared to the MS€ treated group

OLPKN dPnpUOOCAITdzNE ndc> !0d !'a RAAOMdzZA&ASR Ay (K
population of CD11b+B220+ monocytes/macrophages that were preconditioned in the lung

and capable of migrating to the draining lymph node and prolonging graft suftiigl In

concurrence with that work, in this study both MSC treatment groups significantly enriched
CD11b+B220+ monocytes/macrophages in the lu@@Dp 6 LPKn dnm0 0 CA I3 dzNB  n c
MSC groups significantly reduced the proportions of CD4BRzells in the lung &0D9

O2YLI NBR (2 Fftft23aNI T O2yiNRfa oLXKndnp0d OCA3
MSCETRG LItgh apa MSENF" k-4l | IM0A )desulted in increased frequencies of activated
CD3CD4+CD25+ T cells, compared to allogeneic transplant controls (Figure 4.6, D). CD25

(also known as 44 NJB O Shdin)zhakl previously been used to define regulatory T cells

capable of maintaining #etolerance, however, conventional T cells upon activation also
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express CD2R235. To test whether MSCF 4 hyere not only significantly increasing the

proportions of activated T cells but enriching a population of regulatory T cells, the
proportions ofCD3CD4+CD25+Foxp3+ cells were analysed. The results demonstrated that
MSETRULIKN dnp 0 ™FYRO KA Panmo AAIYATFAOLyildte AyONB
CD3CD4+CD25+Foxp3+ regulatory T cells in the luRQB®, compared to controls (Figure

4.6, E).
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Figure 4.5~low cytometry gating strategy for identification of immune cell populations of the
lung.
Lung tissues were processed as described in Materials and Methods. Lung cells were stained with
CD4, CD3, CD25, Foxg®45, CD11b, CD11b/c, and MHC Il.gopulations were identified as: (A)
CD11b/eMHC itcells of CD4%cellscactivated macrophages; (B)CD1RB20 cells of CD45+ cetls
regulatory macrophages; (C) CD45+CD45RA+ cells of liteRekdls; (D) CD@D25cellsof CD45
cells activated T cks and (E)CD25+Foxp3+ cells of CD4+CD3t Eekp3+ regulatory T cells.
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Figure4.6 MSCNF'/I“V significantly increase the proportions of monocyte/macrophages and
regulatory T cells in the lung of corneal allograft rpiEnts atPOD9.
Percentages of (A) APCs (controls n=5, WiSE=7, MSG™/~Y n=4), (B) regulatory
monocytes/macrophages (controls n=5, M8@=6, MS@'™/-? n=5), (C) B cells (controls n=5,
MSC™Rn=6, MSE@F"/-V n=4), (D) activated T ce(lsontrols n=5, MS€~n=7, MSE'™"~? n=4) and
Foxp3 regulatory T cells (controls n=3, MS&@=3, MSE"/“Y n=4) in the lung aPOD9 analysed
by flow cytometry (Ong | @ ! bh+! 3 ¢dzl S&Qa Ydzf GALX S O2 YL} NRA:

F F LKA & A X npn pupdy LD
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RTPCR analysis on the lung isolationP&@D9 of control, MSERand MSEVF" k-t igraft

recipients showed an increase in mRNA expression of inflammatory associated markers

(Figure 4.7). The mRNA expression of inflammatory medilitmri was sgnificantly

increased in both MSTRO LIXKN dn m OV KMARLIDEA dnp 0 AN FG NBOALI Sy
allograft controls (Fgure 4.7, A). Activated macrophagad MSGssociatedNos2ZmRNA

expression was also significantly increased in both MSC tredMé@ dzlL.Ja O LIKG dnp O |y
mRNA expression was also significantly increased in botfTASCIHKn &1 m INFKYER  a { /
OLPKNdnpov 3INFFdG NBOALASYGazr O2YLITNBRRNAZ2 | ff2
expression was also detected in the lung but thesswo significant increase in expression

in the MSC treated groups, although there appeared to be a trend increase in thé¢"MSC

group (Figure 4.7, A)in-  Ywb! SELINB&&A2Y ¢ PODdBBwWaSR T2 NJ .

not detected.
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Figure 4. MSC™and MSCVF/V increasethe expression of pranflammatory modulators in
the lung atPOD9.
RTPCR analysis of the mRNA expression within the IUR@EB (normalised t&Gapdh fold change
relative to allogeneic transplant controlsf (A) Tnfh, (B) II-1i, (C)iNosand (D)II-6,(Oneway
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Analysis of the immune cell populations present in the lung@D17-19 demonstrates that

MSC treatment results in an immune suppressed environment at the avetiage of
rejection TOR. At the TOR, a trend decrease in activated APCs (CD43b/¢MHCIt) was
observed in both the M$CRand MSE™ «-4ltreated groups, compared to controls gEire

4.8, A). The significant reduction in B cells observeld@D9 was no longer present and
there was no difference in B cell proportions (CD49RAthe lung at the TOR between
controls and MSC treated groups (Figure 4.8, B). The proportion of a&ctivatcells
(CB*CD4CD25) was significantlyncreasedin the MSEN™ «-ultreated group compared

to both controlsand MSE™Ro LIK n(Figars 4.8, Cyvhile there wasno difference inCD25
expression in CDBD4 T cell populationin the MSE™Rtreated groupcompared to controls
(Figure 4.8, C). Interestingly simlar trend was observed in the CDFoxp3 proportion of
CD3CD4 T cell population with a significant increase in the population of
CD4CD25Foxp3 regulatory T cells in the MS¢E" 413 NB dzLJ 6 LIDKn dnnam0O 6 dzi
MSC™Rgroup, compared to controlssignifying the more potent immune regulatory
properties of the licensed MSCs capable of enriching a population of regulatory T cells which

remain in the lung foat least12 days following MSC administration (Figure 4.8, D).
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Figure 4.8MSCNF'/“Y therapyenrich the proportion of FoxB+ regulatory T cells which remain
presentin the lung atPOD17-19.
Percentages of (A) APCs (controls n=5, Wf€3 MSC'™/“V n=3), (B) B cells (controls n=5,
MSC™Rn=3 MSCNF'/“V n=3), (¢ activated T cells (controls n=5, M8&h=3 MSC"™/~¥ n=3) and
(D)Foxp3 regulatory T cells (controls n=MSE™n=3, MSE"/“Y n=3) in the lung atPOD17-19,
analysed by flow cytometry (Oael @ ! bh+! > ¢dzl S@ Qa sy dzead+BEM, S O2 Y LJ
*XKN Ppp LK dnamo P
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The RIPCR data also demonstrate the existence of aniaffimmatory environment in

the lungs of MSC treated groups at the TOR. Most strikifigif, mMRNA expression was

significantly decreased in M%®treated graft recipig 1 & O2 YLI NBR (G2 O2y (NP

andits expression was further reduced in MSE 4 %reated graft recipients compared to

O2Yy GNRE & oL S dlnynR  © IMmAGRNS expreBsioh wds 0 @

significantly increased in the lungs oftbdMSC groups €®0D9, however, at the average

TOR there is no difference in the MS®group compared to controls, while there is a

significant decrease in expression in the MSCx4Itreated group compared to controls

GLIKn dnnm0 6 CiadydINGES expreshin wasdinbreasdd i both MSC groups at

POD9 but, at the average TOR, there was significant increase or decreaseNOS

expression in both MSC groups (Figure 4.9, C). Interestinglywhich has both pro and

anti-inflammatory furctions depending on the context, continued to have significantly

increased MRNA expression in both the M$6 LIKn ® n p UNF K-¥AtReated {groups
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Figure 4.9 R'PCR resultat the average TOR in theng demonstrate MS€™/-¥ suppress the
pro-inflammatory response observed in allograft control group

RTFPCR analysis of the mRNA expression within the luR§E&IL7-19 (normalised tdGapdh fold

change relative to allogeneic transplant controls) of TAfh, (B)Il-1 , (C)iNos and (D)II-6(One

gle& !'bh+! 3 ¢dz] SeQa YdzZ GALX S O2YLI NRaAz2y LRaid
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Taken together, these results demonstrate that MSCK-“Tadministration leads to an
increase imctivated immune effector cells and regulatory cells in the lung directly after
administration PODY9), but this is resolved andnaimmune regulatory environment
associated with an enriched population of Foxp&gulatory T cells is observed at the
averagg TORPOD17-19)in MSCNF" k-t lgraft recipients.
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4.2.3 MSC™Rand MSCN™ U ltreated graft recipients display an immune

regulatory phenotype in the spleen

A number of studies have described an MSC mediated increase in immune regulatory cells
in the spleen which waassociated with a prolongation of corneal allograft sunfi/a4,

135. To investigate whether syngeneic MSC ““Imediated prolongation of graft survival

was associated with modulation of immune cells in the eery, the spleens of control,

MS®ETRand MSENF - freated recipients were assessed.

The spleens of allograft controls, MS&nd MSEN™ %! graft recipients were harvested

and processed (see Maiafts and Methodssction 2.7.2 both atPOD9 andPOD17-19.

The proportions of activated APCs (COzI311b/¢MHC It), regulatory macrophages
(CD45CD116B220), B cells (CD46D45RA, activatedT cells (CD4&8D4CD25) and

regulatory T cells (CDABD4CD25Foxp3) were assessed by flow cytometry and the gating

strategy is outlined in Figure 4.10. ROD9, MSCENF" k-ultreatment more potently

modulated the immune cell populations of the spleéimn MSE™Rreatment. MSENF" k-4

treatment significantly increased the proportions of CD1IBECIT ! t / & O LKA dnmL
CD11BB220 NBE 3 dzf | (1 2 NB  dnd cfudiallyp CO¥D2BFonpE Egulatory T cells

OLPKN dnmu = O2 YdahtrblS(Rgraid2l1 A, BE). Zha MICHreated group only
significantly icreased the proportions of CD#AED11BB220 regulatory APCs
OLPKN®npOOCAIdzNE nodmmsE .0 FyYyR |fiK2dZAaAK (KSNB
increase theproportions of activated RCsor Foxp3 regulaory T cells (Figure 4.11,B,
Interestingly, there was no significant increase of TMR5 T cells in the spleen &OD9

in either MSC treated group (Figure 4.11, D).
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Figure 4.1(Flow cytometry gating strategy for identific&n of immune cell populations of the
spleen and draining lymph node

Spleen and dLN tissues were processed as described in Materials and Methods. Spleen and lung cells
were stained with CD4, CD3, CD25, FoxiI34RA CD45,CD11b,B220,CD11b/c, MHC II. Ce
populations were identified as: (A) CD11tHC Iicells of CD45cellscactivated macrophages;
(B)CD11tB220 cells of CD45+ cetlgegulatory macrophages; (C) CD45+CD45RA+ cells of live
cells B cells; (D) CD@D25 cellsof CD45 cells activated T cks and (E)CD25+Foxp3+ cells of
CD4+CD3+ cetld~oxp3+ regulatory T cells.
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Figure 4.1IMSCNF/“Y enrich the proportions of activated/regulatory macrophages, B cells and
regulatory T cells in the spleen &O0D9 post transplantation.

Percentages of (A) APCs (controls n=5, WiSE=6 MSCN™/-Y n=5 (B) regulatory

monocytes/macrophages gatrols n=5, MS€&Rn=8 MSC\F'/-V n=9), (C) B cells (controls 5=

MSC™Rn=6, MSCNF'/V n=g), (D) activated T cells (controls n=5, MSE=6, MSC"/-Y n=5) and

Foxp3regulatory T cells (controls nF78SE™n=6 MSC\™"-Y n=5) in the spleenat PODY analysed

by flow cytometry Ong | @ ! bh+! X ¢dz] S8Qa YdzZ GALIX S O2 YL} NAA:

PR LOKAOLDMBT,
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MSCNF k-4l glso significantly decreased the mRNA expression ofirflammatory
associated markeri$n-' 0 LIG), T 6 LKA Mos20 0IKN ¢ AlGd LKy ®RA MO O2 Y LI N
to allogeneic controls and decreastdds i mRNAexpression compared to M8Ctreated
IANI FG NBOALIASYGAa 0LIYKN P Migrafdrechisntziasl inorebsed 0 ©@  { dzN
Tnth 6 LOKN @odd-mi® LIKn dnam0  Ywb! SELINBGDD arglyid doy (G KS &

significantly reducédfn-', Nos2or II-6 expression compared to controls (Figure 4.12).
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Figure 4.1Proinflammatory cytokinemRNAexpression isuppressed intte spleen at POD of
MSCNF/IL-U treated graft recipients.
RTFPCR analysis of the mRNA expression withinsgiieenat POD9 (normalised toGapdh, fold
change relative to allogeneic transplant controls) oflfAy (B)Tnth, (C)II-1i , (D)iNos and(E)II-
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At the TOR, the percentages of COB25 activated T cells and CD45RR\ cells were
significantly increased in M3¥" k- ltreated graft recipients (Figure 4.13, B, C). Similar to

the results obtained in the lung, MSE" “Itreated graft recipients had significantly
increased CD€D25Foxp3 regulatory T cells in the spleen at TOR compared to both

O2Yy UNRf a oL onLDn dlnyiR & CA 3 dHRSgraftn rdaipieEs 5 0 P
demonstrated significant increases in CD1INECIH ! t / & 6 LYK ®/CDA | Y R
I OGAGFGSR ¢ OStfta O6LIKNdnpOSCAIdzNBE Yficanmo | X
modulate splenic immune cell poptians at the average TOR without a significactease

in the proportions of regulatory T cells whidSCNF" ¥#lhave a more potent capacity to

induce a regulatory phenotype (Figure 4.11, D).
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Figure 4.13 Analysis @ihnmune cell populations in the spleen at TOR demonstrates MS@--?
therapy enriches the proportion of Foxp3+ regulatory T cells.
Percertages of (A) APCs (controls n#@SC™Rn=7, MSC\™/“¥ n=5), (B) B cells (controls A=
MSC™Rn=7, MSC\F'/I*V n=5), (G activated T cells (controls n=1MSE™n=13, MSCNF/-Y n=8§)
and(D)Foxp3 regulatory T cells (controls BsMSE™n=12 MSCN™/-Y n=g) in the spleerat POD
17-19,analysed by flow cytometry (Ose - @ | bh +! ¥ ¢ dz] PafdsOrétet YnezniBENLYE S O2 Y

F LDKAFGFNLDEF ¢F MBKN dn MmO @
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Figure 4.14MSCNF'/'“Y therapy suppresses the pranflammatory responsen the spleen at the
time of rejection POD17-19) in corneal allograft recipients.
RTFPCR anatys of the mRNA expression within the spleen attherage TOR (normalised@apdh
fold change relative to allogeneic transplant controls) ofiféy) (B)Tnfh, (C)ll-1i , (D)iNosand (E)
Ik6(Oneg | & ! bhx! 3> ¢dzl S&Qa YdzZ Whddgr&p, OaNHSEMIp0D5, L2 & i
**p=0.01, ***p=0.001).

The RIPCR results demonstrate that both MSt@ind MSEVF" - isignificantly inhibit the
expression offn- 6 LOKA ® n n m InfFLdK Qv IEm I0DKRKA dm i m 2 LKA dn v
Nos20 LDKAL®KmEn nm0 Ay (G KS aLX SH.ytwisalsobbsSvedtiaty o0 CA 3 ¢
IL-6 expression was significantly increased in the ¥1&oup only and not in the MSt

" k- lreated group (Figure 4.14, E).

In summary, the results demonstrated that sygmeic MSE'F" k-#icould potently suppress
the inflammatory response in the spleens of corneal allograft recipients, an effect that was
most likely mediated by the presence of an increased proportion of regulatory macrophages

at POD9 and an increasedrpportion of Foxp3 Tregs aPOD9 and at the average TOR.
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4.2.4 MSC™R and MSEN™ x4 ltherapies result in higher proportions of
regulatory T cells in draining lymph nodes at the average time of
rejection

The draining lymph node (dLN) is the criticalorgn determining corneal allograft rejection

or acceptance. As described in the introduction, corneal alloantigen is presented to T cells
primarily in the dLN17]. The importance of the dLN is evidenced by the observatiorts tha
its removal results in 100% corneal allograft survi88]. Therefoe, the dLNs of control,
MSC®™R and MSCEN™ x-4lwere analysed to determine whether M3€' k-4 Imediated
prolongation of survival was associated with modulation of the immune environment in the
dLN.

The dLNs of graft recipients from the three groups were harvested and procesBe&xDat

and at the average TOR (see Materials and Methods 2.7.2.4). Lymphocytes were analysed
by flow cytometry and RIPCR. The proportions of activated APCs (CDINIBICIY),
regulatory macrophages (CD€D11bBB220), B cells (CD45RA activated T cells
(CD4CD2*) and regulatory T cells (CiD25Foxp3) were assessed by flow cytometry

and the gating strategy is outlined in Figure 4.10. AnalysBQiD9 posttransplantation
revealed no change in the proportions of activated APCs, ‘B2g0latory APCs, activate

T cells or B cells in MBE' - kreated graft recipients, compared to controls (Figure 4.15).
MSCRtreated animals only displayed a significant increase in the proportions of activated

T cells (Figure 4.15, C). Compared to allogeneic transplatrots®) there was no increase

in Foxp3 Tregs in either MSCRor MSCEN™ x4 lreated animals (Figure 4.15, E).

The RIPCR analysis showed no significant changiis-in Tnth , Nos2 orll-6in the dLN at
POD9 in either MSC treatment group comparemcontrols (Figure 4.16). There appeared
to be trend increases in the inflammateassociated mediatordn-', [I-m iand Nos2in the
MSCNF -t itreated group, however, the results were not statistically significant (Figure
4.16 AC).
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Figure 4.15 Analysis of the immune cell populations of the draining lymph node@D9.
Percentages of (Ajctivated APCs (controls n=5, M8@n=5 MSC'"/-¥ n=@), (B) regulatory
monocytes/macrophages (controls n=5, M3=8 M-V n=g), (C) B cells (controls n=5
MSC™Rn=5 MSCNF'/V n=5) (D) activated T cells (controls n=5, MSE=5 MSC"*/-Y n=6) and
Foxp3 regulatory T cells (controls n=MISE™n=6, MSC'"/"Y n=5) in thedraining lymph nodet
POD9 analysed by flow cytometry (Omel @ ! bh+! ¥ ¢dzl SeQa YdzZ GALIX S O2 YL
*p=0.05,***p=0.001).
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Figure4.16 Analysis of pranflammatory modulators by RIPCR determined there were no
signifcant changes in mRNAxpression in the draining lymph node &0D9.
RTFPCR analysis of the mRNA expression within the draining lymph néd@l& (normalised to
Gapdh fold change relative to allogeneic transplant controls) offgA) @B)rnth, (C)II-1 , (D)iNos
and (EJI-6, Oneg I @ ! bh+! 3> ¢dz] SeQa VYdzZ GALIX S O2YLI NRAaz2y L2
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Analysis of the dLN at the TOR demonstrated a significant increase in percentages of
activated T cells in both the M$®6 LDKn @mdMeEF <415 LIKn dnm0 G NBF G SR
recipients (Figure 4.17, C). However, the most striking result in the dLN at the TOR was the
significant increase in Foxp3+ regulatory T cells in theWWFBANB I G SR 3 NP dzLJ 06 LIKn d
most significatly, in the MSEVF" k41 NS 6§ SR INR dzLJ 6 LKndamov O2 Y LI N
4.17, D). This suggests that MSCs enrich a population of regulatory T cells in the draining

lymph node at the average time of graft rejection, potentially capable of inhibattfagptive

immune response associated with graft rejection.

The mRNA expression levels of the -prilammatory cytokineslfn-' and Tnfh were
suppressed by both METand MSE\F -k ktherapy in the dLN at the TOR (Figure 4.18, A,
B). There was little ffierence in mMRNA expression leveldlaf i 11-6 and Nos2in the dLNs

of MSC treated graft recipients compared to controls at this tpoent (Figure 4.18,-E).

Taken togetherthesedata suggesthat syngeneic MSCs administered ptransplantation
havelittle effect on the immune cell populations of the draining lymph natl®OD 9most
likely due to the immune response not yet significantly manifesting itself in tiatl this
time-point. However, by the TOR, both MSC treatments resulted in an earisbpulation
of Foxp3+ regulatory T cells in the draining lymph node which can suppress the T cell

mediated adaptive immune response associated with corneal allograft rejection.
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Figure 4.17 Significantly increased prapions of CD25+Foxp3+ regulatory T cells are observed
in the draining lymph node of MSE™/-? at the average time of rejection.
Percenages of (A) activated APCs (controls,id3E™n=7, MSC\F'“V n=5), (B) B cells (controls
n=2, MSE™n=7, MSCN""/"Y n=5) (Gactivated T cells (controls nFMSE™n=7, MSC\"/-¥ n=5)
and (D)Foxp3 regulatory T cells (controls BEMSE™n=7, MSC\F"“Y n=5) in the draining lymph
node at POD17-19, analysed by flow cytometry (Ongay ANOVA, TuS@ Q& YdzZ GALX S 02 VYl
ted 0 YSIFyp{9aX FEMIIMINPEpMOIEN DAME
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Figure 4.18 Prénflammatory cytokines IFN and TNF" are significantly inhibited in the
draining lymph node of MS€Rand MSCNF/V treated grat recipients atthe average TOR.
RTFPCR analysis of the mRNA expression within the draining lymphatdide TOR (normalised to
Gapdh fold change relative to allogeneic transplant controls) ofl{#), (B) Tnfh, (C)II-1 , (D)
iNos and (E)II-6, Oneg I @ ! bh+! 3 ¢dzl SeQa Ydz GALX S O2YLI NI a:
mean=SEM,***p=0.001).
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4.2.5 shRNA inhibition oNos2abrogates MSCs capacity to prolong corneal

allograft survival

Based on the results in Chapter 3 demonstrating that ithevitro immunosugpressive
properties of MS@F" x4 kyere primarily mediated by nitric oxide (NO) production, the role

of NO in the ability of MSE&™" k-4lto prolong corneal allograft survival was investigated.

As described in Chapter 3, NO production was knocked down by transducing LéW&0sit

with a Nos2shRNA lentiviral construct (MSE2"RNA and a scrambled shRNA lentiviral

construct as a control (MSTHhRNA M SHos2shRNAgnd MSE™shRNAyere licensed with TNF

h k[ F2NJ TH K2dzNBE LINPGDNI aid2POD gestifaysplantated, G A 2 y & |
MSNs2shRNA(n=8) or MSEPshRNAR=6) (1x1G¢ MSCs in 1ml of PBS) were intravenously
administered to Lewis rats receiving a DA rat corneal allograft. The results demonstrated

that MSos2shRNAfajled to significantly prolong agraft survival while MSEPhRNA
AAIAYATFAOLyGE e LINRf2y3aASR |ff23aNFFG &dzZNDAGDE T ¢
4.19). These results show that NO produced by licensed MSCs is critical to their ability to

prolong corneal allograft survival.
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Figure 4.19nhibition of INOS in MSCs abrogates the MSCs capacity to prolong corneal allograft
survival.

Kaplan Meier survival curve of allogeneic transplant controls, NOS2 shRNA transdué¢etLTINF
licensed MSC treated graft recipier{ts=8) and scramble control stN®\ transduced TNFIL-1i
licensed MSC treated graft recipier{ts=6)(logrank (MantelCox) test comparing MSeS=hRNAyy
MSCePshRNAG allograft controls, **pig.01)
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In this study we demonstrated that the ability of syngeneic MSCs to prolongalorn
allograft survival can be further enhanced by licensing the MSCs with theffammatory
cytokines TNE | yWR LAY O2 Y o AR/« {inkrapy enrichefd A population of
regulatory macrophages and Foxp3+ Tregs in the lung which were atsmpne the spleen

at POD9, creating an immunosuppressive environment in both organs. At the average TOR,
the Foxp3+ Tregs induced in the lung remained in circulation, present in the lung, the spleen
and crucially in the draining lymph node where they ldoguppress the expansion of
alloreactive T cells resulting in a prolongation of corneal allograft surfualhermore,

these results demonstrate a critical role for NO in mediating MSCs ability to promote

corneal allograft survival.
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4.3 Discussion

The esults generated in this part of the study demonstrate that syngeneicNfa@d
MSCNF/ILT administered post transplantation can prolong allograft survidéGENF /1LY
demonstrate a more potent immunomodulation of immune cells and-ipfammtory

cytokines in the lung, spleen and draining lymph node compared td’MSC

In previous studies in the same pcénical model of corneal allograft transplantation,
syngeneic MSCs failed to prolong corneal allograft survival when the MSCs were
administered pe-transplantation (day7, day 0)134]. Here, by altering the timing of
administration to postransplantation (day 1, day 7), syngeneic MSCs were capdble o
increasing the survival rate from 0% to 50%. This was an important result demonstrating
the importance of timing of MSC administration and will be discussed in detail in Chapter
5.1. In the previous study by Treacy et al, allogeneic MSCs (either danadder 39 party
derived) were capable of prolonging graft survival when administered ornapd day O

[134). This result demonstrates that syngeneiedaallogeneic MSC treatments require
different timing strategies and should be considered as distinct cellular therapies.
Moreover, TNF k- f AOSyaAy3a 2F aeyaSySAO a{/ a ¥FdzNI
prolong graft survival to 70%although the diference between this and the 50% survival
rate observed in theMSCRtreated group did not reach statistical significance
Nonetheless, ltistrend, combined with the significangreaterimmunomodulatoryeffects

of MSCGNF/ILT in the lung and spleemay indicate that pro-inflammatory cytokine
licensing offers a potential strategy to enhance the immmuoolulatory capacity of

syngeneic MSC therapy.

It is noteworthy that a trend increase in vascularisation was observed in"Sc !
treated animals. Lensing of MSCs has previously been reported to increase the secretion
of angiogenic factors and promote angiogenef86, 237]. An increase in corneal
neovascularisation is associated with an increased risk of allograft rejd2@3@&239. In

this study it appears that the risk factor posed by neovascularisation is overridden by the

potent immunosuppressive capacity of MSE ““Ihowever, if licensing strategies are to
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be used in a clinical setting the use of ieamigiogenic factors may also need to be

considered.

To understand the mechanism of immune modulation of synged@&™RandMSCNF" k-L [

! the immune cell populations of key organs such as the lung, spleen and draining lymph
node were assessed. Thebrg 8 Q A YYdzyS O2 YL &AUGA dointsgAsa |
recent evidence suggests that MSCs are short liweavq the first time point selected for
analysis was day 9, two days after the second MSC administration, to identify the immediate
effects MEs have on the immune cells of these key orddd§]. The second timgoint
selected was the averageme-point of rejection (day 1-49) in order to determine the
lasting effects MSCs had on the immune system either directly or through an intermediary

immune cell population.

Intravenous administration of M8®and MSEF" k4 lresults in an initial inlmmatory
environment in the lung with increases in activated macrophages and activated T cells, as
well as increases in piioflammatory cytokines and inflammato®ssociated molecules.

The creation of an inflammatory environment may be caused by the nmechlablockade

of the capillaries as a result of the large bolus of cells administered. It may also be due to
the recruitment of inflammatory immune cells via the secretion of chemokines by the MSCs
or could also be due to the release of soluble mediatmtvating resident lung immune
cells. This will be discussed further in Chapter 5. The detected inflammatory milieu following
MS®ETRor MSCNF' k-ulgdministration is transient, as by the average TOR there are no
significant increases in activated T Isebr macrophages in the M%Ctreated graft
recipients howeverMSCNF x-ukreated graft recipients demonstrate a significantrease

in activated T celland similarilya significantincrease in Foxp3+ TredSontrary to thein

vitro data, which denonstrated thatMSCN™ x“lreduced the proportions of Foxp3regs

in co-culture assaysn vivoMSCNF - lenriched the Treg proportions in the lung at both

day 9 ancht the average TOR. This suggéistg MSCNF' x-#Imay not directly increaserdg
proportions butmay modulate an intermediary immune cell population in the lung which

then enriches FoxpJreg. Evidence from the literature supports the idea that intermediary
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immune cell populations are necessary for M8€diated generation of Foxp3regs.
Melief et al demonstratedn vitro that MSCs enriched the proportions of human Foxp3
Tregs in PBMC cultures by inducing an-arftammatory phenotype in monocytes atiuat,

when monocytes were depletethe MSCs failed to induce Foxg3egq240]. Futhermore,

in vivoMSCs are reported to induce a tolerogenic or M2 phenotype in APCs of the lung
following i.v. administratiof112, 115, 201, 202, 225. This evidence suggests that the
Foxp3 Tregs observed in the lung MISCNF" k-4ltreated graft recipients may be the result

of MSCNF x4Imediated modulation of an intermediary APEvidence of such an
intermediary APC is demonstrated at day 9 in the lung with the increased proportions of
CD116B220 regulatory macrophages in both MS&and MSEN™ «4IKo et al recently
described a population of CD11b+B220+ regulatory macrophages enriched by hM&Cs in th
lung, which remain in circulation for up to 7 days and are capable of suppressing the T cell
response and prolong graft surviJalL5. In concurrence with this work, administration of
both MSE™ and MSENF" -4l enrich the proportion of CD11b+B220+ regulatory
macrophages in the lung at day 9, potentially contributing to the immunosuppressive
environment observed in the lung at the average TOR. Both'M&@ MSEVF" k-ulg|so
sigrificantly enriched Foxp3+ regulatory T cells in the lung at day 9. Foxp3+ Tregs play a
crucial role in modulating the immune system and are capable of promoting tolerance
following transplantation[241, 242]. Interestingly, a significantly increased proportion of
Foxp3+ Tregs persist in the lung at the average TOR following*MS®& therapy but not
MSC™R demonstrating an enhanced immune modulatory capacity of licensed MSCs to
enrich Foxp3+ Tregs in the lung. This result demonstrates that licensing of MSCs could be a
beneficial strategy not just in transplantation busalin disorders of the lung. For example,
acute lung injury can be attenuated by MB8€diated expansion of FoxpBregs If the MSCs
were licensed prior to administration, it could potentially further enhance the efficacy of
the therapy [243. The MS@nediated enrichment of CD11b+B220+ regulatory
macrophages and Foxp3+ Tregs in the lung and their role in corneal allograft survival will be

discussed further in Chaptér
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As recent evidence has suggested that because of their size, the majority of MSCs do not
migrate past the lung, coupled with the fact that thairvivoviability is short lived, it seems
plausible that intermediary immune effector populations modeldtby MSCs migrate to

other organs and sites of inflammation and exert imnmunosuppressive effects acquired from
interaction with the MSC113, 114]. Therefore, it is interesting to note that the proportions

of immune cell populations enriched in the lungs of MSTK-ltreated graft recipients at

day 9 are also increased in the spleen at day 9. CDINMBICIT activated macrophages,
CD11BB220 regulatory macrophages and Foxpidegs are afproportionallyincreased at

day 9 in the spleens of M3¢" k-t ltreated graft recipients. As these immune effector cell
populations are smaller than culture expardl®SCs they can, once expanded by MSCs,
migrate unimpeded through the capillaries of the lung and migrate through the vascular
system to the spleen. The spleen is a blood filtering organ and it can sequester immune
effector cells such as Foxp3+ regulatdrgells and CD11b+B220+ regulatory macrophages,
which then create an immunosuppressive environment as demonstrated by the decrease
iNIFN' = Abvhi{ 3 yIRE 8§BLOINBaaAz2y Ay GKS &LxX SSy a4 RI
average TOR, there remains grsficantly increased proportion of Foxp3+ Tregs in the
spleens of MSt™ k- ltreated animals. This result is consistent with previous work in our
lab and by others who have previously described increases in splenic Foxp3+ regulatory T
cells in MSC tieted animals, which was associated with prolongation of graft surii@d4

135. Analysis of the prinflammatay cytokines and inflammatory modulators at the
average TOR in the spleen demonstrates NSQreate an immunosuppressive
environment by suppressing the expression of-prilammatory cytokines IFN ~ -t B-CL [
M YR Abh{ FyR GKA& S™¥F Suxigatnierdt. Tesekdsyt©O SR T dzN
demonstrate a potent capacity of licensed MSCs talulate the environment of the spleen
following intravenous administration.The mRNA expression of airtflammatory
molecules PEL1 and £10wasalso tested for in the lung, spleen and dLN at both day 9 and
day 1719. However, the G valuesrecorded werebelow below thedetectabilitythreshold

of 40. This would indicate lower legaf MRNA expression of these molecules compared

to the proinflammatory cytokines. Repeating the -RCR analysis of atiflammatory
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molecules using an increased starting cemication of cONA may provideore accurate

resultsfor quantifyingthe expression of arinflammatory markers.

The critical step in immunmediated corneal allograft rejection, the presentation of
alloantigen from donor or host APCs to aléactive T ells, can occur in the cornea, in the
surrounding area of the eye and conjunctiva or in the draining lymph fi@dle Crucially,
removal of the draining lymph node inhibits graft rejection in both low risk and high risk
models, demonstrating its importance in the initial antigen preseptatphase and
subsequent expansion of alloreactive T cf8, 89]. This process of presentation to and
expansion of allaeactive T cells can take up to seven days to begin, therefore, the draining
lymph node at day 9 may not be a sufficiently inflamed environment capable of recruiting
MSCs or (more likely) secondary immune effector ¢8Hg]. This then would explain why
there is no observed increase in CD11b+B220+ regulatory macrophages or Foxp3+
regulatory T cells in the draining lymph nodes at day 9 of MSC treated graft recipients.
Furthermore, at this timeoint there are no significant changes in inflammatory cytokines
suchas IFN = -tH@L[ YR Abh{ZX I3FAYy airayirAFeiy:
draining lymph node at day 9. At the average TOR, increased proportions of Foxp3+
regulatory T cells are observed in the draining lymph nodes of bot’M&@i MSEVF" K-

W treated graft recipients and may be capable of suppressing the alloreactive T cell
expansion phase evidence by the decreased mRNA expression of adaptive immunity
associated cytokines IFN | Yy R &¢ b C

In summary, these results demonstrate that upotravenous administration MSCs (and
more potently MSEF x4 generate an inflammatory environment in the lung and
promote the generation of regulatory macrophages and Foxp3+ Tregs capable of creating
an immunosuppressive environment. The MSC expaifadegh3+ Tregs are observed in the
draining lymph node at the average TOR and this is associated with an immunosuppressive
environment, suggesting the MSCs can expand a population of Tregs in the lung which
remain in circulation up to day 119 and are capdb of suppressing immunrmediated

allograft rejection.
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In Chapter 3 it was demonstrated that MSE ¥#1had the ability to suppress T cell
proliferation, an effect that was primarily mediated by production of NO. To elucidate
whether the substantial NO production of MSE “Icontributed to their ability to
prolong graft survival, INOS andrte NO production was knocked down by NOS2 shRNA.
The results demonstrate that knockdown of INOS expression inhibits the ability dMSC

" k41lto prolong corneal allograft survival. The role of iINOS in ™8E& ¥ Imediated
prolongation of graft swival could be as a result of a number of mechanisms. For example,
as demonstrated in Chapter 3, NO mediates the capacity ofMSE Ito inhibit T cell
proliferation, is also necessary for MSC mediated modulation of macrophages tdl@n IL
producingM2 phenotype and has been reported to be involved in the differentiation of T
cells to a CD25+ expressing regulatory phenotype. The role it plays in mediating licensed

MSCs to prolong corneal allograft survival will be discussed in Chait&p,245|.
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Table4.1. Summary of immune cells and proflammatory cytokines at the POD 9 in the organs
of MSC™Rand MSCEN™" «¥ltreated graft recipients compared to allograft controls
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Table 4.2 Summary of immune cells and pfoflammatory cytokinesat the average TOR in the
organs ofMSC™Rand MSE'™ «*ltreated graft recipients compared to allograft controls
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5.1 Discussion

This study confirmed the original research hypothesis that licensing of syngeneipM8Cs

to administrationin vivowill stimulate their immunomodulatory properties enabling the

to promotecorneal allograft survivah the rat The optimized licensing strategy in this study
was determinedtobetui Ay 02 Y0 A Yy (ARNOMY pofetly ehlmaaed

the immunomodulatory capacity of syngeneic MSCs but also alterdd ghenotype and
migratory potential. The results here demonstrate that licensed syngeneic MSCs
immunomodulatory capacity is primarily mediated by NO while other umamodulatory
mechanisms are also implicatdd.vivolicensed MSCs ability to proloatiograft survival is
associated with increased proportions of FokpBegs and B220egulatory macrophages

in the lung and spleen post administration whistfollowedby an increased proportion of
Foxp3 Tregs in the draining lymph node at the timepoint of rejection. The results observed
in this study will be discussed below in relation to published literature and what future

experiments may further elucidate the meafiam of actionn viva

5.1.1 Proinflammatory cytokine licensing alters the morphology,

immunogenic profile and differentiation capacity aat MSCs

Licensing MSCs with IFNZ -t bICYMR LA[Y RdzZOSR O2y ¥F2NX I A2yl f OK
phase contrast neroscopy and also by an increase in granularity as measured by flow
cytometry. Morphological changes were most evident in MSC-#1where licensing

induced the cells to become elongated in structure. Interestingly, a recent report described
morphologcal changes in MSCs following #FN G NBF G YSyd |a LINBRAOI
immunosuppressive potentigR00]. Klinker et al reported that following IFN G NB I § YSy i =
hMSCs which displayed a low maximum feret diameter and low cell perimeter (narrow,
elongated structure) were associated with a greater immunosuppressive capaoily

Thus indicating that as MSCs acquire a more immunosuppeegbanotype they become

elongated and narrow in structuri20Q. Therefore, the narrow spindle like morphology
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observed in MSC™ ¥#Imay be an indication of their acquisition of an immunosuppressive
phenotype. Despite the increase in granularity, morphological changes and reduced cell

number, licensing did not increase the rate of cell death or apoptosis iS¢k !

MSCNF k- lexpressed classical MSC cell surface markers CD29, CD90 and CD73 and were
negative for leukocyte common antigen (CD45) and co stimulatory molecule CD86,
however, MHC | and MHC |l expression was increased upoh KNEE] & G A Ydzf I GA2y ®
licensing has previously been reported to-tggulate MHC | and MHC 1l expressj6B,

246-248. In a syngneic model such as in this study, where immunogenicity is not a
concern, upregulation of MHC | and MHC 11 is unlikely to affect therapeutic efficacy of the
licensed MSCs. However, in the context of allogeneic MSC therapy, it is important to
consider thatthe licensing procedure could enhance the immunogenicity of allogeneic

MSCs. In this regard, a number of studies have reported a heightenedardr immune

response to licensed allogeneic MSCs. For example, Rafei et al reported that IENA OSy & A y 3
abolished the therapeutic efficacy of allogeneic MSCs in an EAE model and increased CD4+

T cell infiltration[249]. Previous work in our lab reported a dorgpecific antibody

responsein vivoto both untreated and IFN  f A OSY4SR | f £t 23Sy SA0O a{/ a
responsein vitro to IFNY £ A O S y8GR59 . Rurthérmore,Cho and colleagues

reported that IFNN £ AOSYyaSR I ff 23Sy SAO -nedidted hudidral OA (1 SR
response compared to untreated allogeneic M$Z=0]]. This evidence of a heightened

donor specific sensitization in response to licensed allogene@sdM&hlights an important
consideration with regard to MSC licensing. While no immunogenicity issues surround the
licensing of syngeneic MSCs, there is evidence to suggest licensing increases allogeneic
MSCs immunogenicity, hence syngeneic (or autologangallogeneic MSC therapies must

be considered two separate therapies with different approaches to-tgratment

strategies.

In terms of differentiation potential following licensing, we found that NMISC«- ffailed
to differentiate to an osteogenic lineage. TNF I yMR L G A Ydzf | A2y KI & LINI

reported to inhibit the osteogenic differentiation capacity of MSCs. Lacey et al reported
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MSCs cultured in the presence of FNF 2-MJ L g S NS to dfijffdrentiate to an

osteogenic lineage due to the downregulation of the transcription factors runt related
transcription factor 2 (Runx2) and ostefik83]. Chang et al described TNF | VIR L[
a0AYdz FdAy3 LINE RdzO G ARGF . 2FF YRS .OKAAYIIAYSKAOLY S
differentiation, while Ding et al also described PNK-u[ &G A Ydz I GA2Y AYKAOD
[181-183]. The inability of licensed MSCs to differentiate to an osteogenic lineage is not

cause for concern in this studginceit is their immunosuppressive pacity that is the

necessity to prohibit allografspecific immune response#t is important to note though

that MSCs efficacy in a regenerative capacity may be impeded if administered to an
inflammatory environmentFor exarple, the use of MSCs in the field of bone regeneration

would mean they are ofte administered to an inflamed environment, potentially inhibiting

their reparative function[251]. Approaches to inhibit MSC licensing may amd®their

therapeutic efficacy in this field. Indeed, Chang et al demonstrated that inhibition of the
downstream effects of TNF | VIR byltdrgeting NE . aA Iyl f ft Ay3d SyKl yOS~
regenerative capacity of MS@svivo[181]].

In summary, thecharacterisationassays demonstrate that) the licensing strategy
employed in ths study is not toxic to the MSCHs) the cell surface characterisation
demonstrated M5Cs ratined a classical MSC phenotype;thg syngeneic nature of the
model meant increased MHC | and MHC Il would not increase immunogenicitiy;) asd
MSCs immunomodatory ability (and not reparative function) was of critical importance in
this study, the loss of osteogenic potential was not a concern. Therefore, it was deemed
that the MSCs remained functional following licensing and were safeirfovivo

administration.
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5121-mi A& O #nfammaBody cyitdkid in licensing Lewis rat MSCs
immunomodulatory capacity

A review of the literature shows that various combinations ofAFN -t b ICYMR LK I @S

been employed to license MSCs effectively in a variety of m¢#ti2k 152, 153, 180, 252,

253). To determine which combination of cytokines licensed the most immunosuppressive

MSCs in this study, their ability to suppress T cell proliferation was assayed. T cell
suppression assays are theimary metric by which MSCs immunosuppressive capacity is
evaluated[184]. In this study, the assay is particularly relevant as T cells are the primary
mediators of corneal allograft rejectid7]. Hence, the @pacity of licensed MSCs to inhibit

T cell proliferation would be a good indicator of their ability to inhibit allograft rejection.

The results demonstrated a profound ability of NFSC*%/land MSEN™ x4 1to inhibit total

T cell proliferation, while the more sensitive analysis (greater than three T cell generations)
demonstrated MSE' also significantly inhibited T cell proliferation. To date, much of the

published literatue describe akeyroleforIPN Ay &G A YdzZ F GA2Yy 2F a{/ a
capacity, augmented in combination with TNF 2-MJ[163 180, 184, 200, 254]. Here,

IFNd £ A0Sy aAay3a | nyivdh TRIMI RE RO EB@A YaAIAITAY2A TA O y i f
immunosuppressive capacity of the MSCs. In this modehilL ¢l & GKS {1S& O0e&i
licensing MSCs immunosuppressive capacity. At this point it remains uncleaf why

contrast to much of the published litature-IFN¢ A GA Y dzZE F GA2Yy Ff 2y S 2NJ A
less effective at producing NO and inhibiting T cell proliferation compared -koi IL

stimulation alone or in combination. The hypothesis that it may be spagesific variation

was disproved as TNFk-mi adAYdzZ I SR . ! [ . kO a{/ xellaA3IyArATFA
proliferation, while IFN Kk ¢tb CAGA YdzZE F GSR .1 [ . kO a{/a Ifaz
proliferation (Appendipd). Perhaps the difference in response to cytokine licensing is strain

specifi@ It has been reported that adipose tissderived MSCs from BALB/c and C57BL/6

mice have distinctly different immunosuppressive proper{@ss. Hashemi et aleported

that C57BL/&derived macrophages increased NO production in response to LPS, however
BALB/ederived macrophages did not. Hence, there is evidence that not just the species but

also the strain the cells are derived from determines their respoasetracellular stimuli.
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Therefore, the contradiction in licensing procedures in different studies such as this
compared to Ren et al may be a straand speciespecific differencg102Z. This is an

important issue to consider in the context of the clinic. Depending on the genetic
background and immunological makel,d 2 ¥ GKS a{/ R2y2NE GKS a{/
AKSETE 2N I dzi2f 232dza> iedtrdent BipedshtiNGimukate Thed S NB vy U

most effective/immunosuppressive MSCs.

Although the preinflammatory cytokines required to license MSCs immunomodulatory

properties differ between this study and others, the mechanism of immunosuppression

remains the sam[102]. That is, that licensed MSCs suppression of T cell proliferation was

primarily mediated by NQL02 128]. It is interesting that only the combination of TRIFK-L [

mMi fAOSyaSR a{/a G2 LINRRdzZOS bh Ay Y2y2ftl &S
activated T cells all MS@ogps produed detectable levels of NO. $Shdemonstragsthat

the T cell generated inflammatory milieu provides an extra stimulus, sufficient for all MSCs

to reach an activation threshold to produce NO. The importance of NO in mediating MSCs
Immunosuppresive properties was confirmed by the restoration of T cell proliferation with

the addition ofNO inhibitor SMT. Interestinglglthough T cells proliferated in the presence

of MSCNF" k-4l SMT they displayed a drastically different phenotype to activatecells

alone. T cell proliferation in the presence of MSCK“1+SMT was comparable to

stimulated T cells alone, however, ’FN | y R ¢3bSCONB A2y ¢l & &aAIYATFA
demonstrating, independently of NO, MSCs modulate the activation of Manadls. This

finding replicates the work of Zinocker and Vaage who previously reported that rat MSCs

inhibit T cell proliferation through NO but profoundly inhibit cytokine secretion in the

presence or absence of NQ@89. Moreover, increased secretion of amiflammatory

cytokines K10 and Ik13 was observed when T cells were co cultured with MSCG1

+SMT, thus indicating MS€" x-uIdifferentiate T cells to an anihflammatory or Th2 like

phenotype when NO is notlamiting factor forT cél proliferation.

In this study, it was also demonstrated that MYC ¥ Iinhibit the differentiation ofoone

marrow derivedmmaturemacrophages (BMDM8§) fully activated MHC Il higéxpressing
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mature BMDMsin vitro. The role the innate immune system playsmediating MSCs
immunomodulatory effect is becoming more apparent and will be discussBistussion

Section 5.1.9112 115]. One of the limitations of this study was that the phenotype of the
BMDMsfollowing coeculture with MSEF" «-#lwas notextensivelycharacterised. MSCs

have been shown to induce an amiflammatory or M2 macrophage phenotype, therefore

future co-culture experiments with licensed MSCs and macrophages shwuddtigatethe
macrophage expression levelstbe M2-associated markers410, IDO, TGFZ | NBAY | & S
and CD206, and M1 associated markers-TNFI yMR[112, P40.

Taken together the immune suppression assay results demonstrate that Lewis rat MSCs
capacity to modulate both adaptive and innate immune cell component is poteceiyded

by TNF» k-u[ Ay O2 Whild NO piirhagily mediates the abjliof MSENF" kU ltg

inhibit T cell proliferation, other immunomodulatory mechanisms play a role in inducing an

anti-inflammatory T cell phenotype.

5.1.3 Licensing theMigratory Capacityof RatMSCs

The microarray data demonstrating differential expliessof ECMassociated genes and
focal adhesiorassociated genes, combined with the cell surface expression of -ICAM
VCAM1, CD47, CD44 and CD73 indicated that-MNFu | f A @&yyeaantahe
migratory capacity of MSCs. The greatly enhanced migratapacity of MS®F" k-t lgyer
MS®ETRwas confirmed bgtudyingthe migration of MSEF" k-4 1tg an FBShigh gradient in
transwell experiments. The enhanced migration capacity of MSCs followinty TNEMJ L [
licensing has previously been described dras been associated with increased migration

to sites of inflammation in a D&8litis model[256, 257]. Hovever, the migration and
homing of MSCs following intravenous administration is still not fully understood. Although
many papers have described detecting MSCs in numerous tissues and sites of inflammation

following i.v. administration, it is not yet cleatether these cells ardlive andfunctional,
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or particles engulfed by APCs. This will be discussed in the context of the [Dhgpter 5
Section5.1.5.

Ren et al who firsteported that pro-inflammatory cytokine licensing of MSCs stimulated
their NO praluction, also reported that licensinmcreased MSC chemokine secretion,
further enhancing their immunomodulatory propertiegl02. The microarray data
generated irthis study also demonstrates tnegulated transcript expression of numerous
chemokines following TNF k-i | f A OS y"™8"Ay¥ Bup-regaldted chemokine
transcripts associated with the recruitment of APCs, T cell subsets, NKT cells and B cells
[194). The enhanced chemotactic potential of M&C -4lcould further enhance their
immune modulatory capacity via the recruitment of immune cells to their Mcinvhere

they could potentially induce a regulatory phenotype.

5.1.4 Timing and licensing strategies are critical to the efficacy of MSCs

The basis for this current study was the observation by Treacy et al that allogeneic MSCs
administered presurgery(day-7, day 0) prolonged allograft survival, however syngeneic
MSCs failed to do 4§d.34]. The rationale for administration at these tirp@ints stemmed

from work by Casiraghi et al who had demonstrated that syngeneic MSCs administered pre
transplantation on day7 and day-1 significantly prolonged allograft survival in a renal
transplant mode[136]. Treacy et al concludad their workthat syngeneic MSCs failed to
prolong allograft survival because they were not targeted by the host immune system,
hence they did not receive an activation stimulus and did not acquire an
immunomodulatory capacity, contrary to allogeneic ME(3]. The activation stimuk or

lack thereof, may also explain why syngeneic MSCs administeresupgery in a renal
transplant model are efficaciouand, in a corneatransplant they are not. Kidney
transplantation is an invasive procedure resulting in systemic inflammation inatedyl
postsurgery, thereby potentially providing a stimulus to the syngeneic MSCs that were
administered presurgery[258, 259. Conversely, cornea transplantation is a less invasive

procedure and rejection is primarily mediated by DTH responses, therefore, an
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inflammatory response providing stimulus to the i.v. administered syngeneic MSCs may not
manifest until7-10 days postransplantation[90]. In addition, Omoto et al demonstrated
syngeneic MSCs could prolong allograft survival in a mouse model of corneal allograft
transplantation when administered postperatively [174]. Therefore, in this study, in
addition to licensing syngeneic MSCs, the timing of administration was alteragost
operative strategy oPOD1 andPOD7. POD1 was chosen as the first injection tippeint
because the innate immune response, specifically APC mediated presentation of
alloantigen, begins within hours after transplantation and MSC<*had demonstrated

the potential to modulate APCs by potently inhibiting MHC Il expression. As the adaptive
immune response takes up to 7 days to be instiga@D7 was chosen as the second
injection timepoint so the MSCs could specificallyget the T cell response. Interestingly,
post-operative administration of syngeneic M8@increased thecornealallograft survival

rate to 50%. This was an important finding as it clearly demonstrated that timing of
administration is crucial to the efficg of the MSCs. As Treacy et al had demonstrated that
allogeneic MSCs administered pyperatively prolong corneal allograft survival, this result
demonstrates a contrast in the mechanisms of allogeneic MSC and syngeneic MSC therapy.
Furthermore, the incrased MHC | and MHC II cell surface expression on licensed MSCs
suggests that allogeneic and syngeneic MSC therapies should have specifically tailored
licensing strategies and timing strategies and should be considered as distinct cellular

therapies.

Syngaeic MSCs licensed witiNF" k-l [also prolonged corneal allograft survival and
although there was no significant increase in the survival rate following™Ngev!
treatment compared to MSE€R a trendtoward anincrease irthe rejectionfree survival
rate was observed.Adiscussed belowISCNF" k-4Imore potently modulated the immune
cell proportions of the dLN, spleen and lungpst significantly the spleen and lung at POD
9 compared to MSER The more potent immunomodulatory capacity MSCNF" k- ljn
centralorgans such as the spleen and lungyindicate that licensed MSC therapy could be
a more effective therapythan untreated MSCkr systemic diseases including GvHD and

other inflammatorydiseasesuch ascute lung injuryand sepsis.
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Taken together, theseresults further confirm the importance of timing of MSC
administration on their therapeutic efficacdlemonstrating that syngeneic MSC therapy can

prolong corneal allograft survival when administered post transplantation.

515 The importance of the Ilung in iv. administered MSC
immunomodulation

It is becoming increasingly clear that the lung plays a crucial role in mediating the
immunomodulatory effects of i.v. administered MSCs. Although numerous papers have
previously reported that MSCs disappear frone tung after 24 hours and migrate to the
spleen and liver or selectively to sites of injury, the identification of the MSCs in tissue other
than the Ilung have relied on techniques such as: PCR; bioluminescence;
immunofluorescence detection of DNA, fluocesit bbelling; or luciferase assays. However,
these techniques do not distinguish between live, functional MSCs and phagocytosed
particles of MS(4.74, 227,228, 230, 260]. A recent paper addressing theug of detection

of viable MSCs following i.v. administration found viable MSCs in the lung up to 24 hours
later, after which time thewere not detectedand althoughthe radioactive label used to
trackthe MSCs was identified in other tissues, no viab®dd were recovered. This would
suggest the radioactive label detecteehs not of entire, intacMSCsbut particles most
likely engulfed by APJ4.13]. The fact that Eggenhofer et al did not detect viable MSCs in
any other tissue does not rule out that some viable MSCs may have been present but were
undetected, but it does signify that the majority of MSQOnaé in the lung. Therefore, it is
likely that they predominantly exert their inmunomodulatory effects there. As a result, it
seems likely that MSCs exert their immunomodulatory effects via the modulation of an
intermediary immune cell. A role for regulatoT cells and APCs as intermediaries of MSCs
immune modulation is becoming increasingly appafdid2, 115, 131, 132, 24(. MSCs are
reported to induce regulatory macrophages in the lung through -6Sé@nd P&2
dependent mechanismgL12 115. Recently it has been reported that i.v. administered

MSCdransfer their immunonodulatory capacity to macrophages of the lung through their
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phagocytosig225]. Braza et al admisiered PKH26 labelled MSCs i.v. and found that the
majority of PKH26 cellsin the lung,at days 110 also expressed specific macrophage
markers[225]. They also demonstrated that the PKFBGt not the PKH26nacrophages

had an M2 like phenotype illustrating a phagocytosis dependent mechanism of MSC
immune modulation in the lung225]. Moreover, a mechanism of immune modulation
deperdent on the apoptosis of the MSCs and phagocytosis by APCs has recently been
described. Liu et al first reported that the majority of MSCs underwent apoptosis within 24
hrsin vivo[26]]. Leibacher and colleags have recently reported that i.v. administered
hMSCs rapidly increase AnnexinV, Pl and calreticulin expression, demonstrating a loss of
viability and an increase in apopto$02]. Similarily to Braza et al, the fluorescent MSC
label detected in the lung also expressed phagocyte specific markers again illustrating the
majority of MSCs are phagocytosed in the 14B8§2]. More recently Gallau et al have
reported that MSCs immune modulation was dependent upon apoptosis and transfer of
immunomodulatory properties to APCs. The engulfing of the apoptotic MSCs results in an
immunomodulatory APC which then delivers the M&Guired immunomodulatorgffect

[20]]. I.v. administration resulted in MSC apoptosis in the lung and induction of the
immunomodulatory APC there. Interestingly, i.v. administration &@4 that were already
apoptotic did not induce an immunomodulatory APC phenotype, possibly indicating that
the site at which apoptosis occurs is important in inducing the immunomodulatory
phenotype.Or perhaps indicating that MSCs first modulate the immsy&tem in an active
process prior to becoming apoptotic, something that the authors did not rule[20d].
Therefore, it appears that MSCs are viable in thagldor up to 24 burs post
administration. In this time it is likely they modulate an intermediary population of immune
cels and, through their apoptosis/phagocytosisnay further mediate their

immunomodulatory effects.

The question arises if apoptosisriecessary to confer MSCs immunomodulatory fungtion
why in this study is MSE™" *“Imediated prolongation of graft survival dependent on NO?
Firstly, the recent report describing MSC apoptosis as necessary for the MSC to exert their

immunomodulatory effect use hMSCs administered i.v. into a rodent model, as did the
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Prockop grap who described a TS&dependent induction of immunomodulatory APCs
[115 173 201, 202). The mechanism of immune modulation in a xenogeneic model is likely
to differ from an allogeneic or syngeneic model. Indeed, Galleu et al mention that h(MSCs
were specifically lmosen to avoid the prospect ah vivo licensing[201]. Hence, the
mechanism of immune modulation in a xenogeneic model may be an inactive process while
in an alogeneic or syngeneic model the mechanism may be an active process. Secondly, as
discussed in the introduction, MSCs efficacy is lost ifrthavopro-inflammatory stimulus

is inhibitedby cytokine blocking antibodies, cytokine receptor deficient MSGg/tokine
deficient T cellsthus demonstrating that MSCs actiaon vivois an active process at least
initially [102, 153]. Therefore, we propose that the fast diffusing NO creates a local
immunosuppressive microenvironment around MSC ¥4 1in the lung, thereby protecting

them from rapid clearance, while the enhanced chemokine expression profile recruits APCs
and T cells to the microenvironment of the MSE ““1 Once in their vicinity, MSE" «-L [
M'promote regulatory APCE8220 macrophages) and regulatory T cells (FOXp&gs)
through their increased expression of soluble mediators such as NO, Il-6 and PEL1

all demonstrated to be upegulated in MSCF" 4lin this study and perhaps other
mediators not tested fosuch as TGF = t D 9 #0. In guBport.df the hypothesis that

NO provides a protective antiflammatory microenvironment, there is evidence to suggest
that NO is involved in inducing both regulatory macrophages and regulatory T cells. The
reprogrammng of macrophages to an-1l0 producing antinflammatory phenotype
described by Nemeth et al was dependent on the presence ofIN@). While Niedebala

and ceworkers have reported that NO, in conjunction with TCR activation, elgaaive
CD4CD25T cells to CD€D25 regulatory T cell§245. In addition, MSCs are reported to
up-regulate Foxp3Tregs directly through numerous mechanssuch as PGE2,1Q, TGF

i FYR L5h RSLISYRSy( LI GKgl&da IyR AYRANBOGT &
indicating that MS& *“Imay induce the regulatory immune cell populations observed

in the lung through a combination of immune modwaey mechanism$§112, 130, 132, 240,

263.
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The increased expression gfro-inflammatory associated cytokindl-mi and iNos
pleiotropic cytokinell-6 and increased proportions of activated APCs in the lwidsoth
MS®ETRand MSEF x-kitreated graft recipients at POD ifdicates that MSC therapy

causes an inflammatory event upon i.v. administration. A nunab@otential explanations

may be offered to explain thenhancedinflammation observed. Firstly, the size of the
MSCs, too great to pass through the micro capillaries of the lung could cause mechanical
disruption of the capillaries leading to an embolianmd an innate immune respon$264].
Secondly, it may be an active MSC process, as discussed above, whereby the MSCs are
recruiting activated immune cells from ahsites to their vicinity through the secretion of
chemokines. The observed increases in activated APCs and APC or phagocyte associated
cytokinesll-m | iNosand -6 could be an indication that the MSCs are being phagocytosed

by the APCs adding weight tioe idea that, after the initial active immune modulation by

the MSCs, they may further modulate an intermediary immune cell through their
phagocytosisNotably,by the average TOR an immunosuppressive environment is observed

in the lungof both MSC treanent groups illustrated by a trend decrease in activated
macrophages and a significant reductionTinfh expression demonstrating the initial
inflammatory response is transienthe more potent immunomodulatory properties of
MSCNF k-t lgre demonstrated as significant reductions in the proportions CD2&lls and

Il-m iare observed along with aggiificantly increased proportion of FoxpBregs.

In summary and as outlined in Figures 5.1 andaf@ in Tables 4.1 and 4.RISCGNF k-]
induce an immune regulatoryenvironment in the lung at the average TOR by initially
enriching regulatory APCs aRdxp3 Tregs in the lung at day 9. The ability of MSCK-41

to enrich a greater proportion of regulatory APCs and Tregs in the lung at day 9 (in
comparison to MS€3 may be multfactorial and include: a) the increased chemokine
expression profile gsulting in recruitment of a greater number of immune cells; b)
increased NO production creating a protective microenvironment around the MSCs and
priming of recruited immune cells to an amflammatory phenotype; c) the increased

expression of soluble mediators further modulating recruited cells to an
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immunomodulatory phenotype; d) and finally M€ “Imay further modulate APCs

following their apoptosis and engulfment.

There exists a species variation in the primary mechanism of immune modulation employed
by human and rodent MSCE05. Rodent MSCs produce NO to suppress T cell proliferation
whereas human MSCimhibition of T cell proliferation is primarily mediated by the
production of IDO[105. The meditor may differ between speciefiowever, the
overarching mechanism may remain the same whereby the local immunosuppressive
environment created by NO/IDO protects the MSC from rapid clearance while also inducing
an anti-inflammatory phenotypein immune cells entering the MSCs vicinifyherefore,
hMSCs ability to prolong corneal allograft survival in the clinic may be dependent on IDO

production, similaity to rat MSCs ability being dependent upon NO.

It is important to note that, although we propose thatdue to the fact thatTNFh k-ia [
licensed MStPs2shRNA4j| to prolong allograft survivathe ability of MSEF" k-4ltg prolong
allograft survival mushvolve anactive production of NO. It cannot, however, be ruled out
that the MSCs immunomodulation is an inactiveratiiect process. The conditions in which
MSCs are cultured modulate their cell surface expression profile. Therefore, the inability of
TNFh k- £ A OSNE"®Ro peolpng allograft survival could be due to disruption

of a NQdependent pathway inculture, resulting in decreased expression of
immunomodulatory molecules on the surface and therefore, a lack of modulation of APCs
when phagocytosed. If M8&2shRNAyere stimulated with TNE k-u[ | YR | bh R2y 2N
as Snitroso-N-acetylpenicillamine(SNAP) it would replicate thén vitro conditions
experienced by MSE™ -t 1itherefore the cell surface expression would be comparable at
the time of administration. This would make it possible to identify whether the MSCs
production of NOn vivowas essential to their immunomodulatory capacity. The role of NO
should be investigated further by assessing the proportions of immune cells in the lungs of
TNFh k- £ A OS\y&"BReatmd graft recipients.

Increased proportions of regulatory APCstire lungs of MSCF “Itreated graft

recipients along with recent evidence that MSCs transfer their immunomodulatory capacity
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to APCs both directly112, 115 and indirectly[20]] indicate the importance of innate
immune intermediary cell populations in MSCs immunomatiah. To further examine the
role of APCs in the lung, their depletion by intratracheal administratibrclodronate
containing liposomes followed by i.v. MSC administration would further elucidate their role

as mediators of MSC immunomodulatifi65].
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Figure 5.1 Summarising the proposed mechanism of MS®-? mediated prolongation of
cornealgraft survival (Part 1).
The majority of MSCF"“Y once administered become sequestered in the lung (1), where they
increase the proportions of FoxpBregs and B2Z2@egulatory macrophage&®). The MSCs and/or

regulatory immune cells migrate to the sple@) , inducing armmune regulatoryenvironment(4).
CD11b+B220-HRegulatory macrophages; CD4+CD25+Foxp8ags.
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Day 1719
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Figure 5.2 Summarising the proposed mechanism of MSC*mediated prolongation of
corneal allgraft survival (Part 2).
Enriched proportions of Foxp3regs obsemd in the spleen and lung at day 9 (5) are observed in
the dLN at the average TOW) where they suppress DTH response (7) which results in a
prolongation of graft survival (8CD4+CD25+Foxp3¥regs; CD4+ T cefsctivated T cells.
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5.1.6 Licensed MbCs invoke an immunosuppressive splenic environment

As discussed above, it is becoming increasingly apparent that MSCs immunomodulation
occurs rapidly after administration and most likedccurs in the lung. Culturexpanded
MSCs are20>m in diameter, too big to pass through the micro capillaries of the lung where
up to 95% are trapped before being cleared within 24 hquis3 114]. This does not rule

out that a small minority of MSCs migrate from the lung to other tissues and sites of
inflammation to exert their immune modulatory effect. However, it is more Vikbat an
intermediary population reprogrammed by the MSCs are responsible for MSCs
immunomodulatory effect. Indirectly or directly, it is clear that i.v. MSC administraism
modulates the host spleei15, 201, 266]. In the context of cornea transplantation, Treacy

et al demonstrated that allogeneic M@@uced prdongation of graft survival was

associated with an increased proportion of FoXp@gs in the spleefi34].

In the current study, increased proportions bbth Foxp3 Tregs and B22Gegulatory
macrophages were observed in the spleen of W8T Itreated animals at day 9. As the
same immune cell populations were found to be increased in the lung at the same time
point, it is likely that MSTF" k-4lenrich the populations in the lung and the recipient cells

- small enough to migrate through the micro capillaries of the lurgter the vasculature
system and become sequestered in the spleen, as the spleen is a blood filtering28gan
Increased proportions of FoxpBregs and B220egulatory macrophages in the spleen is
also associated with a decrease in the expression cfrffammatory cytokines IFN =~ -¢ b C
h | YR LF[2 f t 2B KWiigrapy {Al the average TOR, when the immune response
to the corneal allograft is at ifgeak, thespleenof MSCNF" -4lreated animalsgain display

an immunosuppressed environment with decreased-mftammatory cytokine expression
and increase in Foxp3egulatory T cells, compared to allograft controls. This indicates a
peripheral immunomodulatory effect of MSEG™ x#Itherapy which remains intact after

the MSCs are likely to have been cleared.

The phenomenon of ACAID is discussed in the introduction, whereby alloantigen in the eye

is taken up by F4/80macrophages which migrate the spleen and induce alloantigen
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