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ABSTRACT

The aim of this work was to investigate the role of Mesenchymal stem cells
(MSC) in the modulation of immune responses, focusing on suppression and
induction of immune toleranceTo date, MSC therapy has proved beneficial for the
treatment of inflammatory and autoimmune diseases, such as acute Graft versus Host
Di sease (aGv HD) and Crohnos di sease.
therapeutic benefit remain unclear. The keylgoa this studywereto identify the
role of MSC derived soluble and contact dependent factors and how these influence
innate and adaptive immune responses; to develop a novel humanised mouse model
of aGvHD; and to investigate the effect of MSC therapy tfee prevention or

treatment of aGvHD.

This study demonstrated that human MSC induced functional’ CI»25"
FoxP3 T regulatory cells from a purified population of human CD4sellsin vitro.
Induction was dependent on both soluble factors and directcaetact. MSC
derived TGFb1l amwereipvolvedin thigihdactiod.i MurineE MSC
suppressed dendritic cell (DC) maturation, antigen presentation and cytokine
production, inducing DC with tolerogenic attribut@svitro. MSC modulation of
DC function was also dependent on direct cell contdibocking studies revealed

that the Notch signalling pathway was essential for this process.

A humanised mouse model of aGvHD based on delivery of human peripheral
blood mononuclear cells (PBMC) to N@g2id IL-2 ™5(NSG) mice was developed
to allow robust exploration of the role of MSC in cell therapy. MSC therapy resulted
in the dramatic reduction of liver and gut pathology and significant increased
survival of NSG mice with aGvHD. Protection wdspendent on the timing of

MSC therapy with conventional MSC proving effective only after delayed
X



admi nistration. I n contrast, Il FNo2 stim
effective when delivered concurrent with PBMC. The beneficial effect of MSC was

not due to the induction of donor PBMC apoptosis, anergy or T regulatory cells in

this model; but likely due to the inhibition of donor CDRcell proliferation and the

significant reduction in systemic human

These findings contribute t@ broademunderstandingof immune regulation
by MSC and providea rational basis for ogoing and futureclinical studies

involving allogeneidiumanMSC as a cell therapy.
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1. INTRODUCTION



11 MESENCHYMAL STEM CELLS

Friedensteinwas first to describea rare fibroblasiike, non-hematopoietic
cell populationin the bone marrowhatformed plastic adherembloniesin vitro and
differentiat@l into osteocytes, adipocytes and chondrocyfegedenstein, 1966;
Friedenstein, 1974)Based on this gacity to differentiate, Caplan coined the term
AMesenchymal S t, omesddle thik gopulatioM& @Jtential agents
for regenerative medicinéCaplan, 1991). Caplan and Prockop extended the
concept of regegrative MSC by showing tha¥iSC hore to sites of injury and
secrete | arge amounts o f Atrophic facto
activation of other reparative cells or cytoprotective mechanisms (Caplan, 2006;
Prockop, 2009). These findings positioned MSC as key modulators alfskxt

tissue inflammation.

In the last decade, data from vitro andin vivo models of inflammatory
disease have indicated that MSC possess modulatory abilities that target the innate
and adaptive immune systems (Ryan, 2005; Barry, 2005; Uccelli, Zo0@in,

2010). These findings suggested a role for MSC in the induction of immune
tolerance and as potent therapeutic interventions. To this effect, there has been
interest in the use of MSC as a cell therapy for inflammatory mediated diseases. The
fact that MSC can directly suppress cells of the innate and adaptive inzysteens,
(Section 1.7.1 & 1.7.2), has led to the hypothésa& MSC induce immunological
tolerance, through the secretion of cytokines and the induction of regulatory cells
(Ryan, D05; Caplan, 2006; English, 2008; Uccelli, 2008). This hypothesis of
immunological tolerance induction by MSC will be explored in this thesis, at both an

innate and adaptive immune level, using both human and murine derived MSC.



12 THE HISTORY OF IMMUNO LOGICAL TOLERANCE

It is reasonable to assume thiag adaptiveimmune systenof mammalshas
evolved for protection against an exd#dranging population of microbial pathogens.
The innate immune system senses danger and initiates a rapid immune response
without evoking immunological memory (Hoffmann, 1999; Janeway, 1989). The
adaptive immune system in contrast generates specific receptors capable of detecting
a wide diversity of pathogens with fine specificity and with a capacity forlived
immune memaor (Burnet, 1957; Hozumi, 1976). Potentially harmful seHctive
|l ymphocytes are controlled by a mechanis

1953), one of the key forms of immune regulation.

The idea of specific immunological tolerance was firsbpppsed in the
19400s. Pi oneer i ng etwabdescribedahe phemothenan oft by
red-cell chimerism (Owen, 1945). Dizygotic twin cattle share a prolonged exchange
of blood for the duration of gestation. After birth, these twin cattle werad to
share a stable mixture of each siblingods
for this to occur, the exchange of red cell precursors and not just red blood cells
alone must have taken place during their gestation stage, as the redecelfsund
to be native to each cow. The implication of this was that the recipient calf was
tolerant to norself or allogeneic red cell precursors from the sibling (Owen, 1945).
Anderson and Billingham extended this idea of immune tolerance in dizygiatic
cattle by examining the transplantation of skin grafts between twin cattle. They
found that dizygotic twin cattle could accept skin grafts from one another, but third
party skin grafts were rejected (Anderson, 1951; Billingham, 1952). These 8nding
showed that some level of immune tolerance between twin animals allowed

successful transplantation.



Collectively, these findings led to the Nobel Prize winning experiment in
tissue transplantation by Billingham, Brent and Medawar in 1953 (Billingham,
1953). They performed a series of experiments, using murine transplantation models
where lymphoid cells taken from CBA mice (Black) were injected into an adult
strain of mice at that time called strain A (Whi{€jg 1.1). In thissituation, the
CBA cellswere identified as foreign and were destroyed. Likewise, if the strain A
mouse received CBA cells again, these too were destroyed. This led to the
hypothesis that if it were possible to recreate the same circumstances as dizygotic
twin cattle, (i.e. expsure in utero of CBA mice to strain A antigen) then tolerance
would prevent rejection. To explore this, CBA cells were injected into neonatal
strain A mice and surprisingly, these CBA cells were accepted resulting in the
development of chimeric mice. térestingly, adult strain A mice were found to
accept any later skin tissue grafts from a CBA mouse, as if the graft were autologous

(Billingham, 1953).

The induction of tolerance in this case was due to an alteration or acquired
feature in the host a@nnot an adaptation of the graft. Once tolerance was
established, tolerance was systemic through the whole mouse. However, Billingham
et al. found that tolerance could be destroyed through a mechanism known as
adoptive transfer. In this situation, ifstrain A mouse that had previously accepted
a CBA skin graft, received strain A lymphoid cells from a mouse that had not been
tolerised, these injected strain A cells would break the tolerant state and result in

graft rejection. These findings indicatdtht a major aspect of tolerance was due to

a central, rather than a peripheral, nded]i



Siratni Strain A Strain A Adult Rejection of
hraln Adult + CBA skin graft skin graft
neonate

-0 —Q%

—

Strain A neonate Strain A Strain A Adult Acceptance of
+ CBA lymphoid cells Adult + CBA skin graft skin graft
(Chimeric)

Fig 1.1 Billinghamé discovery of tolerance in a tissue transplantatiomodel.

(A) Adult strain A mice received a skin graft from a CBA straamar mouse. This
CBA skin graft was rejected by the strain A mouse. (B) Neonatal strain A mice
received CBA lymphoid cells, resulting in the development of a chimeric mouse.
Interestingly, when this chimeric strain A mice received a CBA skin grafsethe

mice did not reject the graft.



1.3 CENTRAL TOLERANCE

Central tolerance s now understood in great det

the repertoire of lymphocytesccurs inthe primay lymphoid organs: the bone
marrow and thymusProgenitor B cells whergo somatic diversification in the bone
marrow, while progenitor T cells undergo the same mechanism in the thymus.
Somatic diversification allows for the rearrangement of B cell receptor (BCR) or T
cell receptor (TCR) genes, containing variable (V)edsity (D) and joining (J) gene
segments for the generation of a diverse repertoire of lymphocytes each expressing a
different specificity for a particular antigen receptor, a process known as V(D)J
recombination (Cooper, 1965). This random rearrangenfénfD)J genes involves

the recombination activating genes, RAGand RAG2 and (as the resulting
sequence is not directly germ line encoded) inevitably this can lead to the generation
of lymphocytes with high affinity for self antigen (Yu, 1999). Insthiase, a
mechanism is required whereby sedfictive lymphocytes are deleted, while +saif
reactive lymphocytes are permitted to leave the primary lymphoid organs and
expand. This mechanism is central tolerane®wever, these mechanisms are not
perfect, as some selkeactive lymphocytes can escape central tolerance and enter the
periphery. Therefore, in order to prevent the development of autoimmunity, a
secondary mechanism exists in the periphery known as peripheral tolerance (Van
Noort, 1993; Lohman, 1996). This system of checkpoints and-dafes are
important for the maintenance of tolerance and keeping the risk of developing

autoimmune disease at a minimum.



13.1 B CELL DEVELOPMENT AND CENTRAL TOLERANCE

The development of B cells from heropoietic stem cells takes place in the
bone marrow (Hardy, 2001). Pre and 4®acells expressing rearranged B cell
receptors (BCR) with low affinity to self, progress into development through
positive selection. This results in the switching off of the A& genes and the
migration of immature B cells to the spleen and periphery (Buhl, 2000}B eetls
that are reactive to sedintigens are not permitted to progress into development and
subsequently do not switch off the RAG genes. These autoreactoatiBare
primed for programmed cell death primarily through apoptosis (Yu, 1999). Until
1993, it was thought that all sekactive B cells were deleted in the bone marrow
through apoptosis. However, Tiegs, Gay and Radic found that not all autor&@active
cells undergo apoptosis automatically. They identified a mechanism where
autoreactive B cells can eliminate a gelfctive BCR and express a novel, non-self
reactive, BCR through secondary V(D)J recombination. This process was coined
receptor editingTiegs, 1993; Gay, 1993; Radic, 1993). The strength of the BCR
signal when it encountered antigen determined whether antigen specific B cells were
eliminated, edited or developed (Ehlich, 1994; YA99; Hardy, 2001). Although
this mechanism of centrablerance in the bone marrow is successful, some self
reactive B cells do leave the bone marrow and enter the periphery. Along with the
induction of apoptosis and receptediting, two more factorBmit autoreactive B
cell responses in the peripheryirst, B cell responses typically require T cell help
(Parker, 1993) and so tolerance of the T cell compartment will limit autoreactive B
cell expansion and secondly, the induction of peripheral toler@eeebelow)an

also eliminate these B cells to maintanmunological tolerance.



13.2 T ceLL DEVELOPMENT AND CENTRAL TOLERANCE

T cells develop fronhematopoietigrogenitors in the bone marrdwut then
migrate to the thymuss CD4 CD8, double negative thymocytesihere they
mature Thymocytes fom the bone marrow enter the thymus through high
endothelial venules and migrate to the subglap region. Here these cells undergo
V(D)J recombination, creating a repertoire of T cells expressing TCR with different
antigen specificities (Miller, 1961; ddper, 1965; Cantor, 1976). These developing
T cells then ngrate to the cortex, where thegdergo a process of positive selection.
Here these cells express both CD4 and CD8 markers and are known as double
positive thymocytes (Cantor, 1976). T cellattheceive a signal through MHC class
| and a survival signal, retain CD8 expression, while losing CD4 expression (Cantor,
1976). While T cells that receive a signal through MHC Il and a survival signal,
retain CD4 expression and lose CD8 expression (Cah®76). T cells that do not
recognise selMHC are eliminated by apoptosis, with surviving T cells migrating to
the medulla, whereas those T celleakly recognisingselFMHC survive (positive
selection). In the medulla, T cells that strongly recagsslfantigen presented on
selFMHC by thymic antigen presenting cells, are eliminated by apoptiosssonly
nonreacting T cells are allowed to survive (negative selection) (Scollay, 1980;
Egerton, 1990). The remaining T cells are naive T cells, caphlbécognising self
MHC and norself antigen. These cells are permitted to leave the thymus and enter
the periphery where they can encounter antigen specific for their TCR (Goldrath,
1999). However, similar to B cell development, some autoreactivell§ @
escape central tolerance and enter in the periphery. In this case, any autoreactive T

cells should be eliminated through the induction of peripheral tolerance.



An obvious problem with bone marrow/thymus selection mechanisms is that
tissue speific proteins (e.g. pancreatic proteins) ardikely to be expressed in the
bone marrow/thymus. Over the last decade, it has come to light that many tissue
specific proteins are in fact expressed by some stromal cells present in the medulla
region of tle thymus (Anderson, 2005; Kuroda, 2005). This situation allows for the
negative selection of T cells that recognise-aaligens that are normally expressed
by tissues outside the thymic medulla, and helped to explain an inexplicable
autoimmune conditian In 1946, a severe autoimmune disease called autoimmune
polyendocrinopathy candidiasis ectodermal dystrophy (APECED) was described in
patients, presenting with chronic mucocutaneous candidiasis, hypoparathyroidism
and type 1 diabetes (Leonard, 1946; 8ddt, 1998). Although APECED manifested
itself in 1946, it was not until 1997 that the underlying genetic defect that caused
APECED was discovered (Nagamine, 1997; Gibson, 1998). Mutations in an
autoimmune regulator gene, AIRE, were responsible for theeldpment of
APECED. AIRE gene expression is restricted to primary lymphoid organs,
particularly the thymus (Gibson, 1998; Heino, 1999). In the thymus, AIRE is
expressed by medullary epithelial cells, important dellthe negative selection of
autoreative T cells (Kishimoto, 1997; Anderson, 2005). AIRE expression allows
medullary epithelial cells to express peripheral tissue antigens, allowing for the
deletion of autoreactive T cells specific for peripheral-aetigens before leaving
the thymus (Kein, 2000). Mutations in the AIRE gene do not disrupt thymocyte
development, as AIRE knockout mice have normal levels of thymocytes. However,
these mice develop autoimmune disease (Kuroda, 2005). This suggested that
mutations in AIRE affected thymic gbpelial cells and their expression of peripheral

tissue antigens. This mutation permits the development of resleeactive



thymocytes, which are permitted to leave the thymus and enter the periphery (Klein,

2000).

1.4 PERIPHERAL TOLERANCE

A supplenentary mechanism, peripheral tolergncentrols selreactive T
and B lymphocytes that may have escaped central tolerance and are circulating in the
periphery. There are numerous ways in which the immune system deals with self
reactive lymphocytes in éperiphery; these are by induction of 1) deletion, 2)
anergy, 3) ignorance and 4) suppression/regulation. Dendritic cells (DC), which are
important innate cells involved in the induction of adaptive peripheral tolerance are
located in the skin, airways$ymphoid tissues, other organs and blood (Steinman,
1974; Schuler, 1985; Holt, 1990). This distribution of DC strategically places these
cells for optimal detection of both foreign but alseif-tissuespecific antigen for
presentation to antigen speciftD4” T cells. The presentation of antigen (foreign
or self) by DC to effector T cells shapes the type of immune response that will occur

(Mosmann, 1986; Steinman, 2000).

The induction of selfolerance in the periphery is achieved in numerous
ways. Deletion inwlves the induction ofipoptosisin selfreactive T and B
|l ymphocytes (0O6Shea, 2001; Abbas, 2003) .
deletion of seHreactive lymphocytes is activationduced cell death (AICD) by the
Fas/Fas ligand pathway (CD@€3095L) (Fife, 2008), which results in the control of
autoimmune disease development. Mice defective in Fas receptor pemasyse)
or the Fas ligandg{d mouse) exhibit autoimmune lymphoproliferative and lupus like

autoimmune syndrome (Roths, 1984)t hlas also been hypothesised that the
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expression Fas ligand in immune privileged sites, such as the brain or the anterior
chamber of the eye, can lead to apoptosis of Fas expressing activated T cells and
inflammatory cells infiltrating these immune privgles sites (Griffith, 1995; Saas,

1997).

Anergy is defined as a state of lymphocyte unresponsiveness to specific
antigen and is associated with a marked decreased in Interleuki® fitgduction
and other effector functions (Schwartz, 1997). Anergic ellscpersist in the
periphery in an altered and unresponsive state, due to the absence of costimulation
between antigen presenting cells such as DC and effector T cells (Steinman, 2000;
Jonuleit, 2001). Costintation typically involves (CD80or CD86 but an also
involve IL-1, IL-12, Tumourne@si s f actor alpha (TNFU),
antigen presented to naive antigen specific T cells supports significant lymphocyte
proliferation when supported by costimulation (Lanier, 1990). However, in the
absence of costimulation, the induction otlassical form of anergy can occur
(Glennie, 2005; Zappia, 2005). These anergic T cell are refractory to activation,
even when their specific antigens are subsequently presented via APC expressing
costimulatory molecules (Jenkins, 1987; Glennie, 2005;ppi&a 2005).
Interestingly, this unresponsive state of classical anergy can be reversed through the
addition of exogenous 2 and this has been used as a defining characteristic to
measure anergy inductioex vivo (Glennie, 2005). The induction of anergl

and/or B cells provides a method of prolonged-s##rance via a peripheral means.

The induction of suppressor or regulatory cells assists in the maintenance of
peripheral tolerance through the active suppression of effector T cell populations.
These regulatory cells, such as T regulatory (T reg) celid suppressive DC

contributeto the suppression of autoimmunity by preventing the activation of self
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reactive lymphocytes. This can occur directly throwgl-cell contactmediated
suppression ofself reactive conventional CDA4T cells by regulatory T cells,
(infectious tolerance) (Jonuleit 2002; Kendal, 2011) or by killing effector cells or
through the creation of an immunosuppressive environment via the release of
regulatory cytokines (bystandeuppression). The besharacterised T ge cell
subsets c oe x4hais of the IE2Deteptort CDE5 abd the transcription
factor forkhead box protein 3, FoxP3 (Jonuleit, 2003; Yamazaki, 2006). delisg

can be further divided into natural T reg, which develop in the thymus andtlemter
periphery; and inducible T reg that are induced in the periphery from naive T cells
and aid in the maintenance of tolerance (Mills, 2004). Activated T reg can suppress
effector T cell proliferation via an antigen nepecific mechanism, which is
depemlent on direct cell contact but independent of immunosuppressive cytokines
(Thornton, 2000). However, both types ofefyrcan achieveuppression througihe
production of soluble factors, ILO and transforming growth

(Levings, 2002).

In bystander tolerance, T reg cells are activated through the recognition of
specific antigen and secrete cytokines, suchas @ and TGFbseof Thi s
proinflammatory cytokines results in the suppression of effector T cells present in
the local environment, irrespective of their antigen specificity (Jonuleit, 2002;
Masteller, 2005). In the case of infectious tolerance, the presence of T reg cells
stimulates the outgrowth of further T reg cell populations displaying a broader array
of antigen specificities distinctly different from that of the original T reg population
(Qin, 1993; Cobbold, 2009). The adoptive transfer of these T reg cells cantpreve
or treat type | diabetan vivoeven after the removal of the original T reg population

(Tarbell, 2007).
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Subpopulations of DC in the periphery can induce T reg from naivé TD4
cells (Jonuleit, 2000; Yamazaki, 2003). These DC populations typicdiipiean
immature phenotype with tolerogenic functions, including low levels of MHC
molecule expression, decreased1Rp70 and increased 110 production (Mahnke,
2002; Morelli, 2007). Tolerogenic DC can present antigen to ansigeaific T
cells, butfail to deliver adequate costimulation for effector T cell proliferation
(Morelli, 2007). A key factor involved in the induction of tolerogenic DC i€,
as the presence of this cytokine can reduce MHC Il expression aiiptoduction
(Bellinghausen2001; Mahnke, 2002). Tolerogenic DC expand CBD25 T reg
cells from CD4 CD25 precursors (Kretschmer, 2005). This results in the expansion
of antigenspecific T reg, which contributes to the prevention of autoimmunity

(Maldonado, 2010; Morelli, 2007

1.5 THE B7 FAMILY OF M OLECULES INVOLVED IN IMMUNE TOLERANCE

Anergy occurs when CDAT cells are stimulated in the absence of
costimulation (Jonuleit, 2001) and the B7 family of surface molecules are important
in this process (Collins, 2005). CD28jtatoxic T lymphocyte antiged (CTLA-4)
and B7 family can provide both stimulatory and inhibitory signals involved in the
activation of lymphocytes (Banchereau, 1998; Suzuki, 1999; McAdam, 2000;
Nishimura, 1996; Salomon, 2001for complete T and B cedictivation,antigen
recognition through TCR ligation requires an additional signal through B7 ligands.
The CD28 receptor is expressed on naive T cells and engagement of CD28 receptor

with B7.1 (CD80) or B7.2 (CD86) on APC results in a potent costimulaignal to
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activate T cells (Banchereau, 1998). Signalling through CD28 induces the

production of 12, upregulation of CD25 and the survival gene-Bcl

CTLA-4 (CD152) is similar in structure to CD28 and binds to the B7 ligands,
CD80/86. However, CTLA} is not expressed on naive T cells, but rather
upregulated on T cells following their activation. CTHAis a crucial negative
regulatory of T cell activation and is important in the reduction of T cell responses
and restoration of homeostasis afterlanfmation (Suzuki, 1999). This sliding
threshold between CD28 and CTi4Ais important for the regulation of immune

activation and the prevention of autoimmunity (Allison, 1998).

To date, there have been several other proteins identified as new members o
the CD28, CTLA4 and B7 families. The inducible costimulatory (ICOS) (CD278)
receptor which shares similarities to both CD28 and GHALACarreno, 2002).
ICOS is expressed on activated T cells, while itdiBg ligand LICOS (B7H2), is
expressed on APGMcAdam, 2000). While CD28 engagement induces2IL
production, costimulation through ICOS enhances the productiontd khy T cells

(McAdam, 2000).

The programmed deathmarker (PB1) is a member of the CD28 family and
is a negative regulator of Thd B cell activation. PEL receptor is expressed on
activated T cells, while its ligand®DL-1 (B7.H1) and PD2 (B7.DC) are
expressed on activated APC (Nishimura, 1996). Engagement-aft30Ots ligands
results in decr eased-10, Ib-4 and IE2eseceetion anédthema (|
reduction in adaptive immune responses (Freeman, 2000¢ interplay between

these receptors and ligands of the B7 family dictates the type of immune response
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that will occur, costimulation or coinhibitory (Collins, 2005). This identifies these

pathways as key players in the maintenance of immune tolerance

151 THE B7 FAMILY OF MOLECULES AND THE |INDUCTION OF REGULATORY

CELLS

Coinhibitory signals are important for the inhibition of T cell activation
against selfntigens and induction of peripheral tolerance. Dartdszeet al.
discussed a relatiship between the numbers of T reg cells in the periphery with the
number of DC present in lymphoid organs (Darraksee, 2009). This study
highlighted a feedback loop between DC and T reg cells, where altering the number
of DC directly correlated to th@umber of T reg (Darrasskze, 2009). The
induction of T reg cells by DC is not unidirectional, as ODB25FoxP3 T reg
communicate with DC influencing their maturation state, inducing a more
suppressive or tolerogenic DC expressing low levels of caktiory molecules and
suppressed 1 2 and TNFU production (Lar#®nier,
and TGFb by T reg is involved in the ind

Larmonier, 2007).

CD4" CD25' T reg cells depend on mediators, sashil-1 0 and TGFb f
their differentiation from effector T cells (Yamazaki, 2003). The balance between
effector and regulatory CD# cells involves the ICOS pathway. ICOS expressed by
CD4'T cells in target organs enhancesli production, supporting fieg induction
(Herman, 2004). Patients with deficient ICOS expression havé TRdlls that are
insensitive to tolerogenic signals from immature DC and have decreased levels of

IL-10 (Tuettenberg, 2009).
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The cross talk between DC and T reg cells ingslthe engagement of B7 on
DC and CTLA4 on T reg. CTLAA expressing T reg down regulated the expression
of CD80 and CD86 on DC inducing a more suppressive DC phenotype (Wing,
2008). CTLA4" T reg cells were less suppressive than CHAT reg cells in
coculture with DCin vitro (Tang, 2004). CTLA4 upregulated indoleamine 2; 3
dioxygenase (IDO) production from both human and murine DC, which in turn
promoted the induction of TGFDb producing
In the true sense of #edback loop, this induction of IDO activated T reg cells
increased the expression of P2lon DC, which in turn increased the production of

IL-10 by DC promoting a more tolerogenic environment (Munn, 2007).

CD4'CD25FoxP3 T reg cells and the RD: PDOL pathway are important for
the termination of immune responses and the regulation of autoimmunity. The
stimulation of naive CD4T cells with PDL-1-lg in the presence of ariD3 and
TGFB induced t h&FoxP8 Tireg (Brancisca) 20005. PEIDEC
were also less effective in the generation of GTR25 FoxP3 T reg from naive
CD4" T cells (Francisco, 2009). Theseaal@mphasised the importance of the PD
pathway in T reg cell induction. Interestingly, CDD25FoxP3 T reg express
both PD1 and PDL1. DC express PDil and upon encounter with naive CD&
cells, the expression of PDis enhanced, leading to theluction of T reg cells. As
T reg also express PBL, the encounter of naive CDA cells (PB1) and
CD4'CD25FoxP3 T reg (PDI-1) could result in the differentiation of naive T cells
into additional T reg (Francisco, 2010). The expression ofLRin DC could
negatively regulate (hinder) DC function against bacterial infections (Yao, 2009).
This suggested that PEL expression by T reg cells could indirectly suppress T cell

responses through the engagement oflPén DC, modulating DC function and
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immure responses. Ligation of the HADpathway has proved important in

diminishing effector T cell activation, while enhancing T reg cell induction.

Collectively, the above findings have highlighted the CT4.And B7 family
as key molecules for the regulatiof adaptive immune tolerance, primarily through
the induction of T reg cells and tolerogenic DC. These findings render these
pathways as interesting targets for immunotherapeutic interventions for the treatment
of T cell mediated diseases, especiallyramsplantation. The above data suggests
that MSC induction of regulatory cells, DC or T cells, could involve signalling

through the CTLA4 and B7 family pathways.

1.6 OTHER IMMUNE MOLECULES INVOLVED IN |MMUNE REGULATION

1.6.1 SiALIC -AcCID BINDING IMMUNOGLOBULIN -LIKE LECTINS

Siglecs are a family of typel sialicacid binding immunoglobulinlike,
lectins that are involved in immune cell: cell interactions and regulate the function of
cells in both the innate and adaptive immune systems through gigcagnition
(Crocke, 2007). Siglecs are one of the belsaracterised typ# lectins to date
Siglecsplay a role in modulating cellular functionlsrough cell: cell interactions
(Crocker, 2005).CD33relatedSiglecsare mainly expressed by maturelsalf the
innate immune system, such as monocytes, DC or NKpresent it is known that
humans express nine CD8ated Siglecs (CD33, Siglecs13 and Sigled4),
while mice express only five (CD33, Siglec E, F, G, H) (McMillan, 200Bach
Siglec hasspecificity for one sialyated ligand/glycan, suggesting that each Siglec

mediates a distinct function. However, more than one Siglec can be present on a cell
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at any one time.CD33 relatedSiglecshave been shown to modulate leukocyte
behaviour, includig the inhibition of cellulamproliferation, induction of apoptosis
and the induction of prmflammatory cytokines \(itale, 1999; Balaian, 2003

Lajaunias, 2005).

The maturation of DC results in changes in glycan expression, through a
process known aslygosylation (Bax, 2007). This change in glycan expression on
maturing DC can affect their recognition by Siglecs and galectins. @&&@d
Siglecs relay an inhibitory signal, which inhibits activatory pathways (Falco, 1999).
This suggests that sighiab through Siglecs could play a role in maintaining
immune tolerance. Siglec expression by MSC has not been shown to date.
However, as CD38elated Siglecs are inhibitory, the possibility of MSC expressing
Siglecs and these molecules interacting wit B3 highly plausible. It was also
feasible that MSC were acting as a type of aberrant APC (Rameshwar, 2008) and
therefore MSC expression of Siglecs could be involved in such an adaptive response.
Therefore, study of Siglec expression by MSC would infdine understanding of

immune modulation by this proposed cell therapy.

1.6.2 NOTCH SIGNALLING PATHWAY

During developmentzell: cell interactions are tical in deciding cell fates.
Notch signallingis a weltconserved pathway involved in cell fatect®ons during
development, stem cell maintenance, cell proliferation, differentiatchapoptosis
(Radtke, 2004 Fiuza, 2007). Notch signalling is evolutionarily conserved from
Drosphilia to mammals (Artavani§sakonas, 1999). There are fddotch gers
(Notch 1, 2, 3 &4) and five genes encodimdptchligands (Jagged 2, and Delta

like ligand 1, 3 &4) in both human and mous&lotch signalling is activated upon
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direct cell: cell interaction betweexotch receptors ananembrane bound ligands,
Jaggedr Deltalike (Baron, 2002). During signallingjotchreceptos are presented

to Notchligands as a heterodimer. Upon receptor/ligand binding, the proteolytic
cleavage of the receptor dimer occuinsough o-secretaseactivity, releasing the
intracellular domain of theNotch receptor (NICD), which translocates to the
nucleus. This cleavage of the receptor dimer is inhibitadvitro by o-secretase
inhibitors (GSI). Once, in the nucleu$\ICD associates wlt transcription factors
(CSL) and recruitcoactivators toactivate Notchtarget genes, such as Hes arey/H

family genes (Vujovic, 2007).

Interactions between Notaleceptors and ligandsrecrucial in the crosstalk
between cells of the immune system atieir surrounding microenvironment
(Radtke, 2004). BotiNotch receptors and ligands are expressed on DC and the
presence of bacterial productsich as lipopolysaccharide (LP&n up regulate the
expression ofNotch ligands on DC (Amsen, 2004). It hasdm demonstrated that
the activation of botiNotch 1 andNotch 2 receptors through ligand binding disrupts
the differentiation of mature DC or macrophages, leading to the accumulation of
immature myeloid DC (Cheng, 2003). Cheegal. have shown that th&lotch
ligand Jagged., on bone marrowlerived stroma cells, stimulated the accumulation
of DC precursors, while preventing their transition to termindifferentiated DC.

The ligand Rltalike ligandl was found to promotdhe generation of fully

differentiated DC (Cheng, 2007).

Various ligands demonstrate differential capacityNotch receptor binding,
which in turn regulate different T cell activatioBone marrow derived DC, instruct
T cell differentiation via Notch (Amsen, 2008orelli, 2007) Both Jagged and

Deltalike ligand4 are involved in the differentiation of naive CDR cells into
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effector cells. Amsenet al. found that signalling througibeltalike ligand4 or
Jaggedl promotes Thl or Th2 responses respectijAipsen, 2001 Deltalike
ligand1 and &ggedl inducel partial or complete inhibition of T cell activan,
respectively (Rutz, 2005). Notckigralling is involved in the induction of
immunological tolerance. Hoynat al demonstrated that murine DC over
expressing hunmaJaggeedl induced CDACD25FoxP3 T reg that were capable of
inhibiting both primary and secondary immune respons&s/r{e, 2000) Both
murine and human naive CD4T cells have been differentiated into FoxP3
expressing T reg following stimulation in tipeesence of TGHF 1(Fu, 2004; Rao,
2005). This induction of a FoxP3 expressing T reg population was dependent on
Notch signalling (Fu, 2004; Rao, 2005amon, 2008 These findings showed that
Notch signalling was required foTGFb linduced FoxP3 T reg cells (Samon,
2008). Collectively, these data, suggest thtte crosstalk between innate and
immune cells involves the Notch signalling pathway. This puts emphasises on the
Notch signalling pathway and its involvement on MSC modulation of immune

responss, especially through the induction of regulatory cells.

1.7 MSC AND IMMUNE REGULATION

MSC corstitute 0.010.001% of bone marrow cells (Friedenstein, 1966).
However,they have been foundt low levelsin virtually all organs and tissues,
including liver, adipose tissue and synoviuand within the pericyte population in
the vasculature wall (da Silva Meirelles, 20@isan, 2008).At present, no specific
marker or combination of markers has been identified which specifically defines

MSC. The Interndonal Society of Cellular Therapy (ISCT) proposed minimal
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criteria to define multipotent MSCDominici, 200§. MSC should be adherent to
plastic, express CD73, CD90 and CD1b&6tnotCD11b or CD14, CD1O
CD34, CD450r HLA-DR. Hnally MSC must be capable afifferentiaton into
osteocytes, adipocytes and chondrocytestro (Dominici, 2006) One of the major
attractions of MSC lies in the fact that MSC possess a umgedanism, which

allows them to escape allogenaieletion(Le Blanc, 2004). However, the exact
mechanisms involved in MSC modulation of immynin vivo are still unclear.
Understanding the interactions between MSC and allogeneic immunenceis

will be critical for the use of MSC as a therapeutic agent.

1.71 MSC AND INNATE |MMUNITY

MSC interact with both innate and adaptive immune cells which requires
both contact dependent and soluble factors (Fig 1.2 & Table 1.1). MSC affect DC
differentiation ad subsequent maturation. MSC produce several cytokines, such as
macrophage colony stimulating factor {&6F), which are involved in DC
differentiation from precursors (Djouad, 2007, Chen, 2006; Nauta, 2006). More
importantly, MSC interrupt three key feaes of DC transition from an immature to
a mature phenotype. Firstly, in the presence of MSC, the LPS driven upregulation of
costimulatory molecules, MHC class II, CD40, CD80 and CD86 on DC is prevented
(English, 2008; Jung, 2007). Secondly, MSC interfeith the ability of DC to
present antigen (English, 2008). Finally, in the presence of MSC, the migratory
capacity of DC towards CCL19 is affected, due to the down regulation of CCR7 and
the upregulation of Eadherin on DC, reducing the migration o€ Do lymph node
derived chemotactic signals (English, 2008). MSC modulation of DC function
involves both cell: cell contact and soluble factor dependent mechanisms (Table 1.1).

MSC secretion of It6 induces a senmature DC and partly inhibits the
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differentiation of bone marrow progenitors into DC (Djouad, 2007). By blocking
PGE synthesis by MSC using indomethacin, DC differentiation and function is
restored, suggesting Pglihivolvement in MSC modulation of DC differentiation
(Chen, 2007). Recently, éhNotch signalling pathway, as a possible candidate for
MSC mediated cell contact dependent mechanism has been hypothesised (Cheng,
2007, Zhang, 2009). The Notch ligand, Jagtiegrimarily expressed on bone
marrow derived stromal cells, stimulates thecuswulation of DC precursors,
preventing their transition to a terminally differentiated DC (Cheng, 2007).
Recently, Aldinucciet al. demonstrated that MSC required cell contact with human
monocyte derived DC for the inhibition of DC function. DC cocwdtuwith MSC

are unable to form active immune synapses, retaining endocytic activity and
podosomdike structure, typical of immature DC (Aldinucci, 2010). To date, the
exact cell contact signal involved in this induction remains unclear. Collectively,
these findings suggest that the Notch signalling pathway could play an important

role in MSC modulation of DC function.

1.7.2 MSC AND ADAPTIVE | MMUNITY

The immunosuppressive activity of MSC extends to adaptive immunity,
either indirectly through the modaian of cells of innate immunity as described
above or directly through the modulation of B or T cells. MSC actively inhibit the
function of B and T cell function through both soluble factors and cell contact factors
(Schena, 2010; English, 2009). B setlontribute to the adaptive immune response
through the production of antibody. The effect of MSC on B cell proliferation and
differentiation remains contradictory and controversial. Data to date imply that MSC
inhibit B cell proliferation by blockinghte cell cycle at the GO/G1 phase in both

human and murine studies (Corcione, 2006; Glennie, 20B®)wever, studies of
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systemic lupus erythematosus contradict this; Traggiail. suggested that human

MSC promote the differentiation and proliferation Bf cell from patients with

systemic lupus erythematosus (SLE) (Traggiai, 2008). In a more recent study, MSC
inhibited the differentiation and proliferation of plasma cells to B cellmumine

mo d e | of SLE. Thi s i nhi bi ti ®PB-1/PBha s I FN

pathway (Schena, 2010).

In vitro studies show that MSC abrogate T cell proliferation in response to
alloantigens and mitogens (English, 2007). MSC inhibition of T cell proliferation is
not MHC-restricted, as it occurs in the presence of autalegand allogenic MSC
(Ryan, 2007; Ramasamy, 2007; English, 2008; Le Blanc, 2008) and in some cases
this inhibition appears to be reversed by the addition of exogene2igDiL Nicola,

2002). Various immunosuppressive soluble factors have been implicaM8C

mediated T cell suppression, including1D, TGHb1, PGE, HGF and nitric oxide

(Di Nicola, 2002; Aggarwal, 2005; Sato, 2007; English, 2009). MSC do not
constitutively express | DO, however, upo
is induced (Meisel, 20QRyan, 200). This observation suggests thaSC require
proinflammatory cytokines for their activation and demonstrates an important

function for soluble factors present in the local microenvironment of inflammation.

Not only do MSC suppress T cell proliferation, but they are involved in the
induction of tolerance in the periphery through the generation of T regulatosyrcell
vitro andin vivo (Casiraghi, 2008English, 2009 Kavanagh, 2010 Cell contact,
PGE and TGFDb1l -redunglant ralee nin  MSC induction of
CD4'CD25""FoxP3 T reg cell in vitro (English, 2009).  Importantly,
CD4'CD25""FoxP3 T reg cells generated in the presence of MSC are fully

functional T reg, capable of suppressing alloreactiwtyen repurified (English,
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2009). IL-10 and an unidentified contact signal, induce secretion of -BLBy
human MSC to induce a T reg population (Selmani, 2008). Kaveaetaghfound

that MSC induced CD4FoxP3 T regin vivo capable of mediated both Idcand
systemic inflammation through the decrease o#lland increase of HLO in a
murine model of asthma (Kavanagh, 2010). @&eal. also demonstrated the
importance of MSC induction of CD@D25'FoxP3 T reg. Here, MSC induction of
regulatory T cells w&s associated with IDO expression by MSC, to prevent kidney

allograft rejection (Ge, 2010).

T reg cell
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Fig 1.2 MSC modulation of immunity. MSC regulate critical aspects of innate and
adaptive immune cells by suppressing their development or effector furfotagh

the release of soluble factors and contact dependent signals
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Table 11 Soluble factors involved in MS@ediated immune regulation

Soluble Factor Reference

Transforming Growth Factor beta 1 DiNicola, 2002, Tse, 2003, Ryan, 20C

(TGFb 1) English, 2007, English, 2009

Kynurenine DiNicola, 2002, Ryan, 2007, English, 2007

Prostaglandin E2 (PGE) Aggarwal, 2005, Ryan, 2007, English, 20(
English, 2009

Hepatocyte Growth Factor (HGF) DiNicola, 2002
Interferon gamma (IFN9 ) Polchert, 2008, Krampera, 2005
Interleukin 1 beta (IL-1 b)) Groh, 205

Tumour Necrosis Factor alpha English, 2007, Beyth, 2005
(TNFU)

Indoleamine 2,3dioxygenase (IDO) Krampera, 2005, Meisel, 2004, Ryan, 2007

Interleukin -6 (IL -6) Djouad, 2007
Interleukin -10 (IL-10) Jiang, 2005
Nitric Oxide (NO) Sato, 2007
Heme oxygenasd (HO-1) Cabannes, 2007
HLA -G5 Selmani, 2008
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1.8 TRANSPLANTATION AND TRANSFUSION; PROTYPIC CELL THERAPIES

The major histocompatibility complex (MHQ@r humanleukocyteantigen
system (HLA)in humanscontains importanpolymorphicgenes encadg proteins
that present antigen to se#stricted Tcells (Snell, 1948. The precisgatterns of
co-dominantly expressed MHC genes (the haplotype) are importantporsung the
discrimination of self and neself and the regulation of immune tolerance. The
MHC haplotype is almost unique to each individual and therefore, allogeneic T cells
(not tolerised through positive and negative selection against that haplargoe)
powerfully activated by mismatched MH@Golecules (Snell, 1948)For that reason,

allogeneic T cells recognise any neelf MHC as foreign and may reject it.

In the case of transplantation, cells that express MHC molecules different to
that of the reipient, are subject to recognition. This results in the rejection of the
tissues displaying these foreign MHC antigens. This was a key finding discovered
through a body of work carried out by Gorer, Snell, Daussett and others spanning the
1900s to the 180s which built on the earlier studies of ABO blood groups and
transfusion compatibility by Landsteiner (Landsteiner, 1900; Gorer, 1948; Snell,
1948; Daussett, 1958). Gorer found that human sera contained natural antibodies
that could distinguish betweerd blood cells between three inbred strains of mice
(Gorer, 1936). Following the immunisation of rabbits with inbred mouse sera, he
identified three different blood group antigens, one of which was similar to that
found in human blood. He called this use antigen, antigen Il (Gorer, 1936).
Gorer then went on to collaborate with Snell, who had discovered tumour
transplantation resistance genes, which he called histocompatibility genes or H
genes. They found that an-H4 | ocus encoded roe str

histocompatibility antigens, which induced rapid transplant rejection when compared
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to weaker or fAminoro histocompatibility

(Gorer, 1948; Snell, 1948; Snell, 1951).

These findings focused interest on MHC gemesl their role in human
transplantation. In 1958, Daussett discovered the first human HLA antigen by
screening patients that had received multiple blood transfusions. Daussett found that
certain sera caused the clumping of leukocytes. He then foungeaatthat could
detect an alloantigen present on human leukocytes, which he named MAC. This
human antigen has been renamed FAZ (Daussett, 1958). Ingeniously, at this
time, Daussett hypothesised that this human antigen and any further antigens to be
discovered would play very important roles in transplantation; in particularly bone
marrow transplantation between MHC mismatched donors. The discovery of HLA
genes by Gorer, Snell and Daussett (29868), and the concept of immunological
tolerance and ssue transplantation by Billingham, Medawar and Brent (1953), have
contributed hugely to the area of transplantation between mismatched donors, both
organ and bone marrow. This was revolutionised by the discovery of powerful
immunosuppressants such aslagporine A and tacrolimus, which have permitted
solid organ transplant even in the sago of significant tissue msatch (Messina,

2008).

1.8.1 ALLOGENEIC HAEMATOPOIETIC STEM CELL TRANSPLANTATION

Allogeneic haematopoietic stem cell transplantation@HBis a important
therapy, whichhas become widely used for the treatment of haematological
malignancies and inherited blood disorddReddy, 2003) The number of
allogeneic HSCTcarried out isincreasing, with more than ZE®0 procedures

performed (globally) annwally (Ferrara, 2009). Patientgceiving an allogeneic
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HSCT (recipient/host) first undergo a conditioning regime that can include
chemotherapy and/or radiatiomnd/or T cell depleting antibodiegShlomichik,

2007) This conditimingregimee di c at e s totvrel anddBcallpleaaengt 6 s
the recipienthighly immunocompromisednd ready for the engraftment dénor

bone marrow Donor T and B cells present in the graft reconstitute adaptive immune
capacity in therecipient (Trenado, 2003).Donor T cells have an additional
beneficial effect against any remaining leukaemic or tumour cells within the host, a
phenomenon known as graft versus leukaemia (GvL) or graft versus tumour (GvT)
(Horowitz, 1990; Trenado, 2003). However, donor T celfsalao cause pathology
involving the damage of host tissues called grafsushost disease (GvHD), which

is primarily due to varying degree$ @donor/host mismatch at both MHC and miHA
(Korngold, 1978). In effectGvHD represents a mirror image of trplant rejection,

in that it is the donor allogeneic T cells that recognise the recipient host cells bearing

recipient MHC antigen as #Aforeigno.
1.8.2 THE IMMUNE RESPONSE INGRAFT VERSUS HOST DISEASE

GvHD is a major complication following allogeneic HSCharacterised by
t he i nduction of an intense cytokine s
activation of CD#4 effector T cells which drive allogeneic reactivity. ~ GvHD
accounts for 180% of deaths that occur following allogeneic HSCT (Ferrara,
2009). In order for GvHD to occur, the donor graft must contain immune competent
T cells, be transplanted into an immunodeficient recipient unable to mount a
successful immune response against the graft and the recipient must express tissue
antigens that are nopresem in the donor transplantconditions now termed

Billinghamés triad (Billingham, 1966) .
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The development of GvHD occurs in three phases in humans. In phase | the
preconditioning regimen prior to transplantation causes tissue/organ damage,
especidl of the gastrointestinal (Gl) tract. Bacterial exposure (e.g. LPS) causes the
release of inflammatory cytokines and chemokines from monocytes, especially
TNFU ah dn phase Il these inflammatory cytokines activate endothelium to
promote tissue ithmmation, activate host APC (upregulation of MHC Il and
costimulation) and mobilise allogeneic effector cells to damaged organs. Here host
APC expressing MHC Il initiate the activation of the donor allogeneic*CDeells
present in the graft, enhancitite secretion of inflammatory cytokines, which leads
to further donor immune cell activation (Reddy, 2003). Finally in phase llI,
allogeneic donor CDBCTL and NK cells destroy host cells directly; CD® cell
drive tissue pathology and prime phagocytests ecr et e f urlimar TNF
positive activation cycle, leading to the amplification of damage in multiple organs

of the host (Reddy2003) (Fig 1.2).

There are two presentations of GvHD, acute (aGvHD) and chronic (cGvHD).
By definition, aGvHD acurs within the first 100 days post transplantation, while
cGVHD occurs after 100 days. However, this classification is unsatisfactory as there
are presentations of GvHD that include symptoms of both acute and chronic (Martin,
1990; Sullivan, 1991). Thieequency of GvHD development is directly linked to the
degree of mismatch between the recipient and donor HLA antigens (Loiseau, 2007).
Even when high levels of similarity are achieved between the recipient and donor
bone marrow HLA haplotypes, 40% oéfents develop systemic aGvHD, due to

differences at minor HLA loci (Ferrara, 2009).
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1.8.3 CLINICAL FEATURES OF AGVHD

Clinically, the target organs in aGvHD are the skin, Gl tractliamed (Table
1.2). Theskin is the most frequently affected organth 81% of patients affected,
while aGvHD of the Gl tract and liver can be seen in about 50% patients (Martin,
1990). Due to epithelial cell necrosis, the skin develops a maculopapular rash, which
is visible on the palms of hands and soles of the fembistpatients (Ferrara, 2009).
In severecases, the skin can blister and ulcerate causing extensive pain and
discomfort. Epithelial cell necrosis can also cause damage to th@adgl which
results in severe abdominal pain, presenting as diarr(ideain, 1990). An
increasan bloody diarrhoea can lead to anorexia, nausea and vomiting and result in
extreme weight loss in patients (Ponec, 1999). Damage to the liver caused by
aGvHD s difficult to distinguish from other causes of liver damage following
HSCT, (e.g. drugoxicity) (Ferrara, 2009). Howeveliver damage in aGvHD

typically presents as hyperbilirubinaemia and jaundice (Ferrara, 2009; Tolar, 2011).

The severity of aGvHD is characterised by the number of target organs
involved and the exterof damage made to each orgahhere are four grades of
GvHD development; grade | (mild), grade 1l (moderate), grade Il (severe) and grade
IV (very severe). The more severe the GvHD development, the poorer patient
prognosis can béerrara, 2009).Patents presenting with grade Ill aGvHD have a
25% longterm survival rate, whereas grade IV patients have only a 5%téonyg
survival rate (Cahn, 2005); suggesting that reductions in the level of GvHD

pathology might result in improved rates of survival.
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Table 1.2Symptoms of a&ute GvHD (Martin, 199Q Ferrara, 2009

Skin (81% patients) Macropapular skin rash (palms/soles)

Gl Tract (54% patients) Diarrhoea (bloody), nausea, weight loss

(anorexia), abdominal pain

Liver (50% patients) Hyperbilirubinaemia, Jaundice
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Phase |
Recipient conditioniny
tissue damage
IL-1 ¢

IL-6 e

TNF-a _.,. s

IFNV/ LPS
Monocytes
Host APC

Phase Il

Donor T cell
activation

DonorT cells Targetcell
\ c / apoptosis

IL-12 Phase Il

IFNy Cellular and
inflammatory

IL-2 Q induced damage

Fig 1.2 Development of Acute GvHD. Phase I; Preconditioning regime causes

IL-1
TNF-a

damage to the epithelial mucosa of the gastrointestinal tract, skin and liver, causing
loss of barrier integrity and exposure of monesyto LPS, gut bacteria and other
damage related innate immune activators. sTdaiuses the release of inflammatory
cytokines, -ITBNNFUwhainadh likLn turn activate
presenting cells (APC) and monocytes. Phase Il; Activated APC interact with donor
T cells and stimulate their proliferation and differentiatio The rel ease
IL-2 from donor T cells activates cytotoxic T lymphocytes (CTL) and natural killer
(NK) cells. Phase Ill; The activation of effector cells and the release of

inflammatory cytokines cause apoptosis and damage to target organs.
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1.9 THERAPEUTIC PREVENTION OF AGVHD

1.9.1 FIRST LINE TREATMENT FOR AGVHD

Despite recent advances in the reduction of GvHD through altering the
intensity of the preconditioning phase prior t@nsplantation (Levine, 2003),
effectivetreatments for GvHIprevention are still lacking.Currently, thestandard
first line therapes for aGvHD are glucocorticosteroids such as methylprednisglone
in combinaton with immunosuppressive drugs, sucltydosporine A or tacrolimus
(Messina, 2008) Steroid therapiesiave improved the outcome and increased
survival of patients with aGvHD (van Lint, 1998; van Lint, 2006; MacMillian,
2002). Steroids induce lysis of lymphocytes during interphase and promote anti
inflammatory responses, while immunosuppressive drugs kegjgnts in an
immunocompromised state, dampening the activation of immune responses (Deeg,
2007). Different types and doses of steroids are used to treat patients with aGvHD
and the grade and severity of aGvHD determines the response to steroid (h@napy
Lint, 2006; MacMillian, 2002). A typical steroid regime for aGvHD therapy consists
of methylprednisolone administered at 2 mg/kg per day for 7 to 14 days, followed by
a gradual reduction in dose depending on patient response rates (Messina, 2008; Van

Lint, 1998).

The major limitations to steroid therapy are the increased risk of infection,
hyperglycaemia, ost@orosis and growth defects whichay be life threatening
(Deeg, 2007). However, it is important to note that steroid therapies hawedprov
beneficial for very many patients to date (Van Lint, 2006; McDonald, 2006).
Depending on the patient and the severity of aGvHD, the systemic exposure to

steroid therapy can be tapered and the duration of therapy rgdic®dnald, 2006;
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Cragg, 2000). Conversely, there are patients who do not successfully respond to

steroid therapy (Deeg, 2007). In these cases, a second line of therapy is required.

1.9.2 SECOND LINE TREATMENT FOR AGVHD

In steroid refractory aGvHD, determining when to initiate secontterapy
is patient specific and depends on initial response to primary therapy. Typically, if
the manifestations of aGvHD worsen in any organ over 3 days of primary treatment,
if there are no clinical changes after 7 days, or if there is incompletensssafter
14 days, then a secondary therapy is considered (Deeg, 20@fycloRal and
monoclonalantibodiesare the most widely used secondary therafidemey, 1985,
Carpenter, 2002) The partial depletion or elimination of specific T cells frbone
marrow pior to transplantatiorgives varied results (Chalandon, 2006; Ho, 2004).
Anti-thymocyte globulin (ATG) has been in use for more than 3 decades (Doney,
1985). Administration of ATG redusdhe frequency of GvHD in relatetbnor
HSCT recipientsvithout increasing relapse (Kroger, 2002). Howettegre aréhigh
levels of variability betweerecipients and the development of side effects, such as
hypotension, thrombocytopenia and even anaphylactic reactions can occd#®0n 80
% of patients, witHongterm survival on ATG ranging from-82 % (MacMillian,
2002; Graziani, 2002). This has made the use of ATG in a clinical setting
problematic.

Visilizumab is a humanised arfiD3 antibody that selectively induces the
apoptosis of activated T cells (lép 1999). In clinical trials, treatment with
visilizumab improved aGvHD with the initial dose proving important for the overall
outcome (Carpenter, 2002). However, complications with visilizumab therapy

include the reactivation of latent Epstein Barrugi (EBV) in patients with aGvHD
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leading to post transplant lymphoproliferative disease (Carpenter, 2002).
Alemtuzumab is a monoclonal antibody that binds to CD52, expressed by
lymphocytes, monocytes and dendritic cells inducing apoptosis (Berem, 202).

In 2005, a phase clinical Il trial found that the administration of alemtuzumab
lowered the incidence of both acute and chronic GvHD (Pemebn, 2005).
However, other studies reported complications with infection, such as
cytomegalovirus and incased relapse rates, leading to subsequent graft failure
(PerezSimon, 2002; Delgado, 2006). An alternative strategy for the treatment of
GvHD is the blockade of TNFU. El evat ed
severe GVHD development (Holler, 1990tko, 2008). Clinical trials to date have

used two drugs: etanercept, which binds trimeric and membrane bound TNF, or
infliximab, a monoclonal antibody that binds monomeric, trimeric soluble and
transmembrane TNFU ( Ehl er kfgund2nat@tanercept A p h
in combination with systemic steroid therapy supported complete resolution of
aGvHD symptoms in 70% of patients, with 80% complete responses in Gl tract and
skin aGvHD (Levine, 2008)However, thewell reportedside effects of thesdrugs

have proved problematic in the treatment of some pati@viecMillian, 2002;
Graziani, 2002; Carpenter, 2002; Levine, 200&8)complete efficacy and adverse
effects associated with the use of monoclonal and polyclonal antibodies, suggests the
needfor a more effective beneficial therapy for aGvHD. Therefore, current studies
have focused on the idea of cell therapy for the treatment of inflammatory mediated

diseases, including aGvHD.
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1.10 CELL THERAPY FOR AGVHD
1.10.1 T REGULATORY CELLS AS A CELL THERAPY FOR AGVHD

GvHD is caused by the presence of donor T cells in the allograft;
theoretically, the deletion of donor T lymphocytes prior to transplantation could
solve this problem. However, a beneficial role for donor T cells in recipient
haem#opoietic reconstitution and the clearance of remaining leukaemic cells (GvL),
have highlighted the importance of donor T cells for successfully transplantation
(Horowitz, 1990). The most potenself-tolerance mechanism afdaptive immunity
is carried outhroughthe direct or indirect induction of T reg (Tang, 2008).hds
beenhypothesised that T reg induced toleranoald be usedherapeuticallyin the
induction of transplantatioolerance. Donor and recipient DC that have been
rendered tolerogeniin vitro have been used to inhibit direct and indirect pathways
of allorecognition, preventing graft rejection (Wakkach, 2003). Bone marrow
derived DC can induce alloantigen specific COB25FoxP3T regin vitro that are
capable of suppressing GvHD aadtoimmunity (Wakkach, 2003; Tarbell, 2004;
Yamazaki, 2006). Mouse studies have shown that bone marrow derived recipient
DC generatedh vitro with granulocyte macrophage colony stimulating factor (GM
CSF), IL10, TGFb1 and pulsed with LPS display
prevented the development of lethal GvHD following allogeneic bone marrow
transplantation (Sato, 2003). A single dose of host derived tolerogenic DC
downregulated donor T cell activation, w¥ehincreasing the incidence of donor
derived natural T reg cells. This therapy also retained GvL effects, which is
important when considering tolerogenic DC as a possible therapeutic agent in GvHD
(Sato, 2003). These findings emphasised a role foogdaic DC in the prevention

of GvHD, primarily through the indirect induction of T reg cells.
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Knowing that DC are capable of regulating T cell responses, especially
through the induction of CDE€D25 Foxp3 T reg has led to an examination of the
effect of ex vivoexpanded T reg cells as a direct tolerogenic therapy for GvHD.
Early mouse models of GvHD in 2002 and 2003, found that when mice were
irradiated and reconstituted with allogeneic donor bone marrow and T cells, the
development of lethal aGvHD waseen, while the depletion of CD25 cells
accelerated GvHD development. However, if fresh donor type'CD25 T reg
were administered at high ratios with effector T cells, the development of GvHD was
significantly delayed (Cohen, 2002; Hoffmann, 2003ylor, 2002; Edinger, 2003).
These findings suggested that CDB25 T reg might provide a cell therapy for the
prevention of GVHD. As the numbers of T reg required for a beneficial @ffgto
were relatively high, this finding imposed a limitatioor ftheir use in a clinical
setting. Therefore, the potential fex vivoexpanded T reg cells to inhibit GvHD
was explored. Ex vivoexpanded CD4D25 T reg significantly inhibited GvHD
development when expanded using Hgpe APC, rather than thixdaty APC
(Trenado, 2002). It was also found that thesesivoT reg cells survived longen
vivo (Trenado, 2002). More recently, Caet al. showed that human
CD4'CD25Foxp3 T reg enriched from peripheral blood could be successfully
expandedex vivoto dinically relevant quantities in-3 weeks and that these cells
maintained the expression of T reg cell markers, such as CD25, FoxP3, CD62L and
CTLA-4 and displayedn vitro suppressive qualities (Cao, 2009). Following the
induction of otherwise lethal xegeneic GvHD,ex vivo expanded T reg cells
significantly reduced GvHD symptoms and improved the survival of MGD mice

following co-transfer with human peripheral blood lymphocytes (Cao, 2009).
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A correlation between CDE€D25 T reg cells and the ocmence and
severity of both acute and chronic GvHD in 56 patients following allogeneic HSCT
has also been examined (Li, 2010). Interestingly, these data found a significant
reduction in the frequency of CD@D25 T reg in peripheral blood of patients with
either grades 4V aGvHD or extensive cGvHD when compared to healthy donors.
Furthermore, the reduction of T reg correlated with the severity of GvHD, with
fewer T reg indicative of more severe GvHD. This was accompanied by a reduction
i n serumodGEEed( oy T reg) and a significe

of GvHD development (Li, 2010).
1.102 MESENCHYMAL STEM CELLS AS A CELL THERAPY FOR AGVHD

Currently, there are many potential applicatibtmsMSC in allogeneic stem
cell transplantationncluding the enfincement of HSC engraftmettge prevention
and/or treatment oGv HD , Crohndés disease, Mul tiple
ischemia(Table 1.3. Initial studies using MSC as a cell therapy for the treatment of
haematological malignancidgmve been promisingLazaruset al. were the first to
report that IMSC were applicable for clinical therapy anthat autologous MSC,
after myeloablative condition in cancer patients, could accelerate haematopoietic
recovery(Lazarus, 1995) However, firmconclusions could not be made due to the
haphazardnature of the study. Nevertheless, these studies gawemstantial
evidence that MSC could be expanded and administered to patients under good
manufacturing practicéGMP). In 2002, Bartholomewet al. showedthat bone
marrow derived baboon MS€ould prolong the survival of autologous, donor or
third partyskin graftin primates(Bartholomew, 2002). Since then, autologous and
allogeneicex vivoexpanded MSC have been utilised in studies where bon@wnarr

derived MSC were ctransplanted with HSC in patients with both haematological or

38



non-haematological disorders. Le Blaet al. have used MSC transplantation in
cases of repeat graft rejection/failure after HSC transplantation and in studies to
enhanceHSC engraftment (Le Blanc, 2007). In the case of all patients, MSC

infusion resulted imapid engraftment and 100% donor chimerism (Le Blanc, 2007).

One of the most impressive vivo effects of infused MSC has been for the
treatment ofGvHD after albgeneic stem cell transplantation. Le Blabal. were
the first to demonstrate potential for MSGinfusion for the treatment of GiD (Le
Blanc, 2004). A 9 yr old patient received a matclhed unrelated donor HSC
transplant for the treatment of lewknig after developing severe acute steroid
refractory GvHD of the gut and liver. agloidentical MSC were generated and
infused over two dosesThe infusion of MSC was effective in treating the GvHD,
showing no reactivity between the hajdentical MSCand recipient lymphocytes
(Le Bl anc, 2004) . Le Bl an cegadlessofaheip has
source, i.e. HLAdentical sibling, haplaedentical or third party mismatched
unrelated donors; demonseasimilar results in treating G\D (Le Blanc, 2008)
However, optimism for MSC as a cell therapy has become tempered by recent
clinical trials carried out by Osiris Therapeutics. Prochyfatells, which are
MSC-like cells, proved very safe and beneficial following their infusion into patients
with aGvHD in a Phase Il trial (Kebriaei, 2009However,in a Phase Il clinical,
the treatment of steroid refractory aGvHD patients was deemed unsuccessful and
failed to reach its primary endpoint (Martin, 2010; Allison, 2009). However, it is
importantto note here that Prochym8f cells were beneficial for the treatment of
aGvHD of the gut and liver but not aGvHD of the skin. The reason for this lack of
improvement in treating aGvHD of the skin remains unclear. Why MSC therapy

was found to be benefal for the treatment of one aGvHD target organ (Gl tract)
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over another (skin) puts major emphasis on the need for more advantageous models

for examining the exact mechanisms of MSC modulation.

Table 1.30ngoing clinical trials for which MSC and MSC like cells are

currently being used to treat conditions

Condition** Cell type Sponsor Description*
Acute Graft v Host Allogeneic MSC  University of Phase Il
Disease Liege
Ulcerative colitis ~ Umbilical cord Qingdao Phase I/l
MSC University

Critical limb Human adipose Fundacion Phase I/ll
ischemia derivedMSC Progreso y Salud

Spain

Multiple sclerosis  AutologousMSC  Royan Institute Phase I/lI

Par ki ns or AutologousMSC  Guangzhou Phase I/lI
General Hospital
Aplastic anaemia AllogeneicMSC Guangzhou Phase I/lI
General Hospital
Osteoarthritis AllogeneicMSC Stempeutics Phase I
Research Pvt Ltd
Type 2 Diabetes  Umbilical Shandong Phase I/ll
cord/placenta University
derived MSC
Myocardial Autologous MSC  University Phase |
ischemia Hospital Toulouse;
Nautes Unversity
Hospital

Crohnés ¢ MSC (Prochymal) Osiris Therapeutic: Phase Il

* Data based onttp://clinicaltrials.govas of 21.02.2012

** Multiple trials ongoing at different s¢s with different type®f MSC; table is
representative of the vastimbers otlinical trials ongoing.
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1.11 ANIMAL MODELS OF ACUTE GVHD

Many norhuman primates are used to model human disease. However, non
human primate models are associated with vigorous ethical consaathtsan be
very costly. To combat these problems, the use of mouse models offers a more
feasible alternative to human observations, especially when hypothesis driven studies
are needed. There are many mouse models available that model aGvHD
development. Most involve the transplantation of donor lymphocytes into lethally
irradiated hosts. The irradiation dose, the amount and type of donor lymphocytes
transplanted into the host determine the severity of aGvHD development (Schroeder
2011). MHC mismatchlte mouse models are the most straightforward tools for
studying aGvHD (Table 1.4). In this situation, the model involves the
transplantation of murine lymphocytes into a murine model (i.e. mous®use).
However, recent advances in the development ohdmised mouse models have

allowed more sophisticated and relevant studies to be performed.

Similar to human aGvHD,he pathology of aGvHD in murine models
typically affects targets organs such as the lung, liver, skin and intestinal tract (both
large and mall). One of the key features of murine aGvHD pathology is weight
| oss. Extensive damage to the host 6s
diarrhoea, reduced food intgkeesulting in extreme weight loss. An increase in
epithelal cell necrosisresults in fibrosis inthe lung, skin and liver, all visible
following histological analysis. Similar to humans, a vekdkigned scoring system
is involved in determining the severity (grade/score) of aGvHD pathology in all

murine models.
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1.11.1 MHC -MISM ATCHED M OUSE MODELS

Differences in MHC haplotype are largely responsible for immune mediated
rejection (Ferrara, 2009). Even in an MHC matched setting, differences in miHA
can cause the rejection of transplanted cells or tissues (Korngold, 1978). Tthe mos
common murine MH@nismatched model for the study of aGvHD is C57BL/6%H2
donor into BALB.c (H) recipient. With this model, the mismatch is at MHC class
I, MHC class Il and miHA loci. Following conditioning irradiation, T cell depleted
donor bone nraow cells and splenic T cells are administered to the recipient. In
most MHC mismatched mouse models, the numbers of donor splenic T cells
administered are important in determining the leved@¥HD that develops (Table
1.4). Inthis model, lethal aGvH involving both CD4 and CD8 T cells typically
occurs by day 10 to 21 when @5« 1@ splenic T cells are infused (van Leeuwen,

2002).

The C3H/HeJ (H9 donor into C57/Bl6 (H9 recipient is similar to the
previous model, in that it is mismatched aH® I, MHC Il and miHA. However,
typically more splenic T cells (25 x 90are required for the development of lethal
aGvHD between day 10 to 30 (Blazar, 1991). There are also congenic models of
aGvHD that involve only one T cell type contributing to thleenotype. In this
situation, the recipient mouse will have a limited defined mutation on their MHC
background. One model illustrating this involves C57BL/6"jHnor into B6.C
H2°™2(H2" background with mutation at MHC 1I). In this case, the misthamn
the MHC Il background alone and following splenic T cell infusion, CD4ells

drive aGvHD development between day 20 to 40 (Sprent, 1986).
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1.11.2 HUMANISED M OUSE M ODELS

One drawback to murine systems is thause modelslo not always reflect
pathology of human diseases. Furthermore the effector cell is different (human v
mouse) and these models are not well aligned for the study of human cell therapy
products. The development of humanised mouse models has helped address these
issues. The Btory of the development of the humanised mouse model is interesting
and describes how research tools have progressed and advanced past tleeade

(Table 1.5).
1.11.2.1CB17-scib HUMANISED M OUSE M ODEL

The discovery of thePrkdd®® mutation (proten kinase, DNA activated,
catalytic polypeptide; seveimmbined immunodeficiency) mutation in CB17 mice
was a milestone in the development of humanised mouse models of disease (Bosma,
1983). The absence d?rkdc expression results in the failure of thgDyJ
rearrangement of lymphocyte antigen receptor genes which results in the absence of
functionally mature T and B cells (Lieber, 1988). CBRdc™ mice allow
engrafting human PBMC. However, the engraftment of human cells was extremely
low (0.01:0.1%) and was not sufficient for the study of the function of engrafted
cells (Mosier, 1988). Some mice bearing sioed mutation developed functional T
and B | ymphocytes over ti me, a phenomeno
This leakiness allowed fanhanced innate immune activity, resulting in increased
numbers of NK cells, which hampered the engraftment of human PBMC in the
CB17-scid mouse model (Christianson, 1996; Greiner, 1998). These findings led to
the introduction of thescid mutation into nice of different backgrounds. In 1995,

the introduction of thescid mutation onto the NOD background, displayed 5 to 10
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fold higher human PBMC engraftment when compared with other mouse models
(Hesselton, 1995). These findings allontee NODscid mousemodelto become

the figold standardo for human cell engr af

1.11.2.2NOD-scip HUMANISED M OUSE M ODEL

Non-obese diabetic (NOD) mice have multiple immune defects, including
defects in macrophage development and function, reduced complemeity acii
decreased NK activity (Kataoka, 1983; Baxter, 1993; Serreze, 1993). By introducing
the scid mutation onto the NOD background, tiMOD-scid model displayed
defective lymphocyte development, similar to that of the CB17 mouse. However,
unlike the CB7 mouse model, the NG®ci d mouse had reduced i
as only 10% of 6 month old mice developed lymphocytes over time and the levels of
engraftment were much higher than that found in the CB17 mouse model (Shultz,
1995; Hesselton, 1995). Deétsp the improvements with the NO&xid model
compared to previous humanised models, some limitations remained. The lifespan
of the NODscid mouse was found to be around 8 months, due to the development of
thymic lymphomas (Shultz, 1995). Although the efgnent of human cells was
more than in the CB17 humanised model (0.61%»%), the levels still remained
relatively low at 110% engraftment (Hesselton, 1995). This may have been due to
residual NK cell activity within the model (Shultz, 1995). In aforfto increase

human cell engraftment, methods for blocking NK cell actiwityivowere pursued.

1.11.2.3NOD-scip b2u™ aAND NOD Rac1™ PrRrF1IM HUMANISED MOUSE

M ODELS

In an attempt to increagmuman cell engraftment, the blockade of NK cell

activity in vivo was examinedThe NODs ¢ i d™" ma&use, which lacked NK cell
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activity, displayed increased human PBMCgeaitment when compared to the
NOD-scid mouse model. However, similar tihe NOD-scid mouse, the
development of thymic lymphomas occurred much earlier in the @Di d™" b 2 m
mouse, which decreasettheir lifespan considerably (Christianson, 1997). In
cortrast, the NOBRag™" Prf1™" mouse displayed defective NK cell activity. NK
loss was due to lack of the Prfl gene, which is important in the production of
perforin (the killing mediator used by NK cells) (Shultz, 2000). Although NK cells
were able todevelopment, they were not functional. As expected, human cells
engrafted well in the model, however, due to high levels of variability of engraftment
between donors, this model was still unreliable and therefore, more reliable

humanised mouse models weateveloped.
1.11.2.ANOD-scIp IL -2rR9™"" HUMANISED M OUSE M ODEL

The next generation of humanised mouse models focused on targeting
mutations in the cy-cthark iTmeeNOBadcroyuse madel c 0 mmo
was the beshumanised model to date, display increased lifespan, engraftment of
human cells and reduced NK cell activity. In humans, a disease known as X linked
SCID occurs due to mutations inthe2Lr o chai n gene, which ¢
IL-4, IL-7, IL-9, IL-15 and IL-:21 receptor signallinKovanen, 2004). Patients with
X-linked SCID are characterised by the absence or marked reduction in T cells and
NK cells (Sugamura, 1996). This-&.r 0 mut ati on was i-ntrodu
scid background. This allowed the development of a humanisegemnmodel,

NOD-s ¢ i d ™Inmodse NSG), with deficient T and NK cell activity that could
readily engraft 6 fold higher levels of human PBMC (Pearson, 2008). The NSG
mouse has an increased lifespan when compared to thesWi@Dnouse, which

makes it igal for longterm studies.
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In 2005, Shultzet al. were among the first research groups to publish data
that showed the development of a complete human immune system in NSG mice that
were engrafted with human peripheral blood CD84lls (Shultz, 2005). This
finding highlighted the utility of this model in studying functional human immune
diseases. This model allowed researchers to investigate how human immune cells
work in the pathology of many human diseases and how human cell therapies might
be depbyed. For the purpose of this thesis, the NOB i d ™Y hurRanised

mouse model was used to investigate stem cell therapies for the treatment of aGvHD.
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Table 1.4 MHC-mismatched mouse models of aGvHD

Outcome

References

Donor Recipient  Mismatch Main T cell
strain strain effector type
C57/Bl6 BALB.c MHC I, CD4 and
(H2") (H2% MHC I, CD§8'
miHA
C3H/HeJ C57/Bl6 MHC I, CD4 and
(H2 (H2") MHC I, CcD8
miHA
C57/Bl6 B6C3F1 MHC I, CD4 and
(H2") (H2®) MHC I, CcDS8
miHA
C57/BlI6  B6.C-H2"™  MHC| CcDg'
(H2") .
(Mutation on
MHC 1)
C57/Bl6  B6.CGH2"™2?  MHC II CcDh4'

(H2) .
(Mutation on

MHC 1)

Lethal aGvHD
day 1621

Lethal aGvHD
day 1030

Lethal aGvHD

Lethal aGvHD
from CD8 T
cells by day
30-80

Lethal aGWHD

from CD4 T

cells by day
30-80

Van Leeuwen,
2002

Blazar, 1991

Fowler, 1996

Sprent, 1986

Sprent, 1986
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Table 1.5 Xenogeneic/humanised mouse models for human cell engraftment

Mutant Strain Strain Phenotype Advantages Disadvantages Ref
allele name classification
Prkdc*®® CB17-scid C.BKa Igh- -No mature  -Lack mature  -High level of Bosma,
PrkdélcrSmn T and B Tand B cells innate immunity 1983
cells
-NK cell activity
-Leakiness
-Very low
engraftment levels
Prkdc*®®  NOD-scid NOD.CB17 -No mature -Low levelof  -Residual innate  Shultz,
Prkd¢®d TandB innate immunity 1995
cells immunity
-Residula NK
-Decreased -Low NKcell cells
innate activity
immunity -Deceased
-Increased lifespan and
engraftment  lymphomas
Prkdcs®  NOD-scid NOD.Cg -No mature  -Very low NK  -Short lifespan Christians
B2m™\"  B2m” Prkd¢®d TandB cell function  and thymic on, 1997
¢ B2mtmiUnc/d  cells lymphomas
-Increased
-No MHC engraftment
class |
expression
Ragl™M  NOD- NOD.129S7(B6 -No mature -Low NK cell -Residual innate  Shultz,
om RagI" )- Rag1™Mo"y3  Tand B activity immunity 2000
cells
-Residual NK cell
activity
-Variable
engraftment levels
Prkdc*®  NODILtS NOD.C -No mature  -Long lifespan -Lack appropriate Shultz,
IL2rg™  z-scid Prkdc® Tand B MHC molecules 2005
wil IL2rg” IL2rg™WSzd  cells -Deficient for T cell
innate selection in mouse
-l L 2-R92  immunty thymus
chain
deficiency  -No NK cell -Low and variable
activity level of T cell
-Innate dependent
immune -High levels antibody
defects engraftment  responses
-Develops
functional
immune
system
-Complete
absence of
IL2g gene

48



1.12 AiMs & OBJECTIVES

This chapter hasighlighted the many strands of enquiry that suggest a
possible role for MSC in the modulation of immune responses through the induction
of immune tolerance. The hypothesis is that MSC can be usedtta@eédD and
that a rational basis for this can be discovered. The goal is to build on previous work
and identify both soluble and contact dependent factors involved in MSC
immunomodulation and to investigate the effect of MSC in the prevention/treatment
of aGvHD using a new humanised mouse model. The goals are addressed under the

following aims:

)] To investigate the role of contact dependent signals and soluble
factors involved in the induction of CD£D25" FoxP3 T regulatory
cells by human MSC initro (Chapter 3)

1)) To identify a cell contact signal involved in the induction of
tolerogenic DC by murine MS(@ vitro (Chapter 4)

i) To develop and optimise a humanised mouse model of aGvHD and
determine if human MSC administered as a cell therapy are beneficial
(Chapter 5)

V) To define the possible mechanisms involved in MSC modulation of
aGvHD development botin vitro andin vivo (Chapter 6)

Overall, this study sstout to achievea greater understanding of MSC
suppression of immunity.  Thiknowledge will contribue to a broader
understandingof immune regulation by MSC and provide rational basis for
ongoing and futureclinical studies involving allogeneibuman MSC as a cell

therapy.
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CHAPTER 2

MATERIALS & METHODS
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2.1METHODS
2.2 REGULATORY ISSUES
2.2.1 ETHICAL APPROVAL

All procedures involving animals or human material were carried out by
licensed personnel. Ethical approval for all work was received from the ethics
committee of NUI Maynooth.
2.22 COMPLIANCE WITH GMO AND SAFETY GUIDELINES

All GMO/GMM work was performed according to approved standard
operation procedures and recording protocols approved by the Environmental
Protection Agency (Ireland). Safe working practices were employed throughout this
study as documented in the Biology Departmédr@afety manual NUI Maynooth.

2.23 ANIMAL STRAINS

The following mouse strains were useBALB/c, C57BL/6 (Harlan,
Bichester, Oxon, UK FVB.CgTg(GFPU)5Nagy/J, BALB/KTg(DO11.10)10Loh/J
(Gift from Trinity College Dublin) andNOD.CgPrkdc®4L2"™"/Szj (Jackson Labs,
Bar Harbour Maine, USA). All mice were housed according to Dept. of Health
(Ireland) guidelinesand used with ethical approval. Sample sizes for animal
experiments wer determinedby power statistic calculation
2.3  |SOLATION OF CELLS
2.3.1 ISOLATION AND CULTURE OF ADULT MURINE MESENCHYMAL STEM CELLS

(MMSC)

6-8 week old female BALRY or C57BL/6 micewere sacrificed by cervical
dislocation. Femurs and tibias were removed intact under aseptic conditions in a
class Il safety cabinet ugina sterile dissection kit. Femurs and tibias were then

separated using a sterile scissors. The ends of each bone were cut to expose the
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marrow. Bone marrow was flushed into a sterile Petri dish from both the femur and
tibia until the bones appeared wéhin colour and transparent. This entailed using a
27 gauge needle and Complete Isolation Media (CIM) (RPMI 1640 (Invitrogen
Gibco, Carlsbad, CA) supplemented with 10 % (v/v) foetal bovine serum (FBS)
(Biosera, Essex, UK), 10 % (v/v) horse serum (HycJddertfordshire, UK), 100
U/ml penicillin (InvitrogenGibco), 100 pg/ml streptomycin and 2mMdlutamine
(InvitrogenGibco)) (Table 2.1) in a 5 ml syringe. Cell aggregates were disrupted
using a 19 gauge needle and syringe. Cells were then centrifug@d gtfor 5 min

and resuspended in 5 ml CIM. Bone marrow cells were counted by ethidium
bromide/acridine orange (EB/AO) viable staining (section 2.2) and seeded at a
concentration of 6:6.5 x 10 cells in T75 flasks in 15ml of CIM or 2.5 x 10

cells in T25 flasks in 8 ml of CIM.

On day 1, noradherent cells were removed by washimg flaskwith sterile
PBS and fresh CIM was added. Adherent cells (passage 0) were washed with PBS
and fresh CIM was added every43days for 4 weeks. At week 4,llsewere
washed with PBS and lifted by trypsinisation with 0.25 % (v/v) trypsin / 1 mM
EDTA (InvitrogenGibco) for 2 minutes at 3C. Trypsin was neutralised by
addition of CIM and cells were centrifuged at 600 g for 5 min. Cells (passage 1)
were countedind reseeded at-6 x 10 cells in T75 flasks or-R x 16 cells in T25
flasks in fresh CIM. Media were replaced eves§ 8ays. This trypsinisation, wash,
counting, and reculturing constituted a
describe the wiile process hereon. One to two weeks later, the cells were passaged
(passage 2) at a low seeding density of 50 celfsiont o mp|l et e UMEM ( C
( UM E (MvitrogenGibco) supplemented witilO0 % (v/v) foetal bovine serum

(FBS), 10 % (v/v) horse serum, 100 U/ml penicillium, 100 pg/ml streptomycin and
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2mM L-glutamine) (Table 2.1)c U M EwMs replaced every-8 days. One to two
weels later, cells were passaged again (passage 3) and seeded at 50%ceils/cm

cryopreserved (section 2.6.3).
2.32 HUMAN MESENCHYMAL STEM CELLS (HMSC) ISOLATION AND CULTUR E

Bone marrow stem cells were generated by collaborators in NUI Galway.
Briefly, bore marrow aspirates were taken from the iliac crest of donor patients
according to an approved clinical protocol (Murpétyal. 2002). Isolated human
MSC were resuspended in complete DMEM (DMEM (Invitrog&bco)
supplemented with 10 % (v/v) foetal boviserum (FBS), 200 U/ml penitilm and
200 pg/ml streptomyciTable 2.1) and seeded at 1 x°t@lls in a T175 flask.
cDMEM was replaced every-8 days. Once cells reached-90 % confluence,
human MSC weravashed with sterile PBS arnd/psinised as norat with 0.25 %
trypsin / 1 mM EDTA [nvitrogenGibco) and seededit 50 cells/crh or

cryopreserved (section 2.6.3).
2.3.3 DENDRITIC CELL |SOLATION AND CULTURE

6-8 week old female BALRY or C57BL/6 micewere sacrificed by cervical
dislocation. Femurs antibias were removed intact under aseptic conditions as
described insection 2.3.1 Cells were then centrifuged at 600 g for 5 min and
resuspended in 5 ml cRPMI. Bone marrow cells were counted and seeded at a
concentration of 6 x f@ells per 10cm tisuculture grade Petri dish (Falcon BD) in
10 ml cRPMI supplemented with 20 ng/ml Granulocyte Macropi@geny
Stimulating Factor (GMCSF) (PeproTech, Rocky Hill, NJ). On day 3, 10 ml of
fresh cRPMI supplemented with 20 ng/ml GBSF was added to each disBn day

6, 10 ml of cell suspension was removed from each dish and discarded. 10 ml of
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fresh cRPMI supplemented with 20 ng/ml GBEF was added. After 8 days, cells
were harvested by gentle aspiration and centrifuged at 600 g for 5 min. Cells were
restspended iccRPMI (Table 2.1) and countedCells were seeded at appropriate

concentrations relevant to experimental assays.

2.3.4 MURINE SPLENOCYTE | SOLATION

Murine spleens were removed aseptically from mice into cRPMI
supplemented with 10% (v/v) heatactivated FBS, 100 U/ml penicillium, 100
pg/ml streptomycin and 2 mM-glutamine (Table 2.1).Splenocytes were isolated
by homogenising spleens through a 70 um filter and were then suspended in 8 ml
cRPMI containing 0.1 % v/v betaercaptoethanol (InvitgenGibco). The
homogenate was centrifuged at 300 g for 5 min and resuspended in 2 ml of red blood
cell lysis buffer solution (BioLegend, San Diego, CA,) for 10 min at room
temperature. 2 ml of medium was added to the suspension to neutralise the lysis
solution which was then centrifuged at 600 g for 5 min. Supernatant was removed

and the cells were then resuspended in fresh cRPMI and counted.

2.35 HUMAN PERIPHERAL BLOOD MONONUCLEAR CELL (PBMC) SEPARATION

Whole blood buffy coat packs, which contained blood cells, white blood
cells and platelets, were supplied by
freshly isolated blood was collected in heparin coated bloolection tubes
(SarstedtGermany) from healthy donor volunteers in NUI Maynoc®BMC were
isolated from whole blood by density gradient cémgiation The contents of buffy
coat packswer e dil uted 1 I n 4 with Hankso
(InvitrogenGibco) supplemented with 5 % (v/v) FBS (PAA) and 1 % HEPES

(InvitrogenGibco), while fresh blood was diluted 1 in 2 with the same buffer. Buffy
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coat packs were treated with 5 % (w/v) EDTA (SigAldrich) to prevent
coagulation. 40 ml diluted blood was carefully layered on top of 10 ml lymphoprep
(Axis-Shield, Oslo, Norway) ira 50 ml centrifugation tube (Sarstedt). Tubes were
centrifuged at 400 g for 25 min with no brake and low acceleration. After
centrifugation, the white buffy coat layer containing PBMC was removed into a new
sterile 50 ml tube, leaving red blood cells aethaining plasma behind. PBMC
were centrifuged at 800 g for 5 min with brake and acceleration at high settings.
Supernantant was removed and the PBMC pellet was washed in 10 ml of HBSS and
centrifuged at 600 g for 5 min a total of two times. The wadPBMC were

resuspended in 10 ml of cRPMI (Table 2.1) and counted.
2.36 CD4' T CELL ISOLATION

Human/mouse CD4T cells were isolated using MagCellect CD# cell
i solation kit according to manufacturero
MN). Briefly, PBMC/splenocytes were resuspended in 1X MagCellect buffer to a
cell density of 1.0 x 0cells/ml. Foreverylxf@ el | s processTed, 10
cell biotinylated antibody cocktail was added and cells incubated for 15 mi@ & 4
After incubation, 12.5 ¢l "celfwasaddepmrdavi di
further incubated for 15 min ate4 C . F ohk incobatioms gthe ffinal volume of
3 ml was made by adding MagCellect buffer. The tubes were placed into a magnetic
stand for 6 min at RT. The magnetically labelled cells migrated towards the magnet,
leaving the desired CDA cells behind in suspensioThis incubation was repeated
for another 6 min to ensure a pure CO4cell population was obtained. The CD4
T cell suspension was centrifuged at 300 g for 5 min then resuspended in cRPMI and

counted.
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2.4  CELLVIABILITY & APOPTOSISASSESSMENT
2.4.1 MEASUREMENT OF CELL VIABILITY (FLUORESCENT MICROSCOPY)

A sample of cells was suspendedtieir specific growth mediand diluted
1/10 in 2 % (w/v) ethidium bromide/acridine orange (EB/A@jgmaAldrich,
Arklow, Ireland). 10 pl was pipettednto a haemogtometer chamber and viable

cells (green) were counted using a fluorescent light microscope.
2.42 APOPTOSISIN VITRO

Apoptosis was detected by the binding of Annexin V/Propidium iodide (PI)
staning. Cells wee harvested, resuspended in PBSwashing ad centrifuged at
300 g for 5 min.Cells were resuspended in 1 X binding buffer at a concentration of
1 x 10 cells/ml. 1 x 18 cells (100 pl) were transfeed to a 5 ml tube. 5 pl of
Annexin V-FITC (0.5 mg/ml) and 5 ul of propidium iodide (P)( 20 € g/ ml )
(BDBiosciencg were added to each tube. Cells were gently vortexed and incubated
for 15 min at room temperature in the dark. After 15 min, 400 ul of assay buffer

(BDBiosciencé was added to each tube and analysed by flow cytometry within 1 h.
2.5 CELL CHARACTERISATION BY FLow CYTOMETRY
251 GENERAL FLow CYTOMETRY

For analyses by flow cytometry, cells (MSC, DC or CD¥ cells) were
harvested, washdd sterile PBSand resuspended in an appropriate volainEBA
(phosphate buffer salinsoluion (PBS) supplemented with 10 % (v/v) heat
inactivated bovine serum albumin (BSA)) to yield approximately 13c&ls/FACS
tube (4 ml polypropgkenetubes) (Falcon, BD Biosciences). In directly labelled

approachesfluorochrome conjugatedantibodies Tables 2.4 & 2.5) orisotype
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controls were incubated with cells for 15 min at@ After 15 min, cells were
washed in 2 ml of PBA, vortexed and centrifuged at 250 g for 5 min. The
supernatant was removed and cells resuspended imI2BBA or 300l of cell
fixative (PBS supplemented with 1 % (v/v) paraformaldehyde (PE&igma

Aldrich)).

A similar approach was used for indirect labelling. The primary biotinylated
(eBioscience, San Diego, GATable 2.4 & 2.5) antibodwas incubated with cells
as above Secondary conjugated antibodies (eBioscience) were added to appropriate
tubes and further incubated for 15 min &Gt Cells were then washed with 2 ml
PBA and vortexed before centrifugation at 250 g for 5 min. The supernatant was
removed and celleesuspended in 20d PBA for immediate analysis or in 3Q0 of
cell fixative for storage at 4C overnight. Cells were analyzed by flow cytometry
using a FACSCalibur cytometer using CellQuesoftware (BD Biosciences)A
minimum of 1 x 16 cells were aalysed for surface expression of markers and

10,000 events were acquired for each marker.
2.52 |INTRACELLULAR FLow CYTOMETRY FOR HUMAN FOXP3EXPRESSION

FoxP3 expression was analysed intracellularly. Briefly, CD4cells or
PBMC, recovered from cwilture assays, were washed in PBA. CD4cells were
labelled with CD4 PerCP or CD4 APC and CD25 PE or corresponding isotype
control antibodies for 15 min at 4 °C. CD#% cells or PBMC were washed and
fixed with 2 % (v/v) PFA (SigmaAldrich). CD4 T cells orPBMC were then
permeabilised using cold PBS and 0.2 % (v/v) Tween 20/EB&maAldrich).

After permeabilisation, CO4T cells or PBMC were incubated with FoxP3 FITC

antibody or isotype control for 30 min at 4 °C. At the end of the incubation; TD4
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cdls or PBMC were washed with PBA amql aced in 300 .¢gl
Analysis was performed within 4 h of preparation usingA&CSCalibur cytometer

and CellQuest software (BD Biosciences).
2.6 CELL CULTURE
2.6.1 PROLIFERATION ASSAY

DC, CD4 T cells, splenocytes or PBMC were seeded i#6avell tissue
culture plate (X 1 cells/m) in the presence or absence of MSCG(10° cells/ml)
in 200 pl final volume In a mitogen driven proliferation assay?BMC or
splenocytes from one MHC donor or strain were stimulated with concanavalin A
(ConA) or phytohaemagglutinin (PHA) (Sigr#drich) at 5 pg/ml for 72 h. After
72 h,100 pl of supernatant was carefully removed and store20atC for cytokine
analysis. [*H]-Thymidine (Amersham Biosciences, Buckinghamshire, England) at
0.5 uCi/ml was adde for the final 6 h of culture and incubated at 37 °C 5 %.CO
Cultures were harvested using an automatic cell harvester (Micro96 Harvester,
Skatron Flow Laboratories, Oslo, Norway) onto glass fibre filter mats. The mats
were dried and placed in plassample bags (WalladPerkinElmer, Waltham, MA,
USA) . 3-scintillatioro fluid @BetaPlate Scint, Walla®erkinElmer) was
added to the bag containing the filter mat after which it was sealed and placed in a
cassette. °H]-Thymidine incorporation wag u a nt i f iseirdllatibnycounter b
(1450 MicrobetaLiquid Scintillation Counter; Walla®erkin Elmer) and results

were expressed in counts per minute (cpm).

2.6.2 MIXeD LYMPHOCYTE REACTION (MLR): HUMAN AND MURINE
Freshly isolatedPBMC or murine sgnocyes were seeded at a density of 1

10°/ml and added to a 96ell tissue cultureplate in 200 pl final volume (X
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10°cells/well). PBMC from two HLA mismatched donors or splenocytes from two
MHC mismatched strains were adturedin atwo-way MLR. The effect of MSC

on lymphocyte proliferation was assessed by agliSC to the MLR at a density of

1 x 10° cells/ml(1 x 10cells/well) The 96 well plate was incubated at 37 °C for 72
h after which 100 pl of supernatant was carefully removed and stor2@ &C for
cytokine analysis. [*H]-Thymidine at 0.5uCi/ml was added for the final 6 h of
culture and incubated at 37 °C 5 % £CCell were harvested as statedsection

2.6.1.
2.63 CRYOPRESERVATION AND RECOVERY OF CELLS FROM LIQUID NITROGEN

Cells were suspendedt 1 x 10°ml of freezing mediumand temperature
reduced10 °C per minute overnight and stored in liquid Nitrogen within 24 h.
Freezing medium consisted of cRPMI containing 20% (v/v) FCS supplemented with
10 % (v/v) Dimethyl Sulfoxide (DMSO}SigmaAldrich). To recover cells, vials
were quickly thawed at 37 °C. Just as the vial contents thawed, 8 ml of warmed
medium was added and cells were centrifuged at 600 g for 5 min. Supernatant was
discarded and the cells washed once more. Thedeit was reuspended in 2 ml

of cRPMI and placed in T175 flask for culturing in cell specific media
2.7  DIFFERENTIATION OF MSC
2.7.1 OSTEOGENIC

MSC were seeded at a density of 1 Xckll/cnf in a 6well tissue culture
plate in 2 mli c IMEM WhM$Q). MEE:T0 %oconflueridavas
reached (typically 8 days), cells were incubated in osteogenic differentiation

medium (Table 2.1).Fresh mediunwas added every-8 days for 21 days. Atay
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21, the medium was removed and the cells were washed in PBS and then fixed in 10
% (v/v) neutral buffered formalin for 20 min at room temperature. Formalin was
removed and cells were washiead2 ml of PBS. 1 ml of 1 %\lizarin Red (Table

2.2) was addkto the fixed cells and allowed to stain for 20 mirRT. Excess stain

was removed and the cells were washed withQlH Finally, 1 ml of dHO was

added to each well and cells were examined under the microscope for red deposits

indicating the presencd osteocyte like cells (Pittenger, 1999).
2.7.2 ADIPOGENIC

MSC were seeded at a density of 1 Xckll/cnf in a 6well tissue culture
plate (BD Falcon) i n-MEMmMMSQ) &Mtk afdi@MS C)
% confluence, cells weracubated in adipogenidifferentiationmedium (Table 2.1)
with fresh medium added every43days for 21 days. At day 21, the medium was
removed and the cells were washed in PBS and then fixed in 10 % neutral buffered
formalin for 20 min at room temperature. Formalin was nesdoand cells were
washed in 2 ml of PBS. 1ml 6t5 %Oil Red O (Table 2.2) was added to the fixed
cells and allowed to stain for 20 min. Excess stain was removed and the cells were
washed with PBS. Finally, 1 ml of PBS was added to each well andwssiés
examined under the microscope for red fat globules indicating the presence of

adipocyte likecells (Pittenger, 1999)
2.7.3 CHONDROGENIC

MSC were seeded at 2.5 x°t8lls/pellet culture in 15 ml tube. MSC were
centrifuged at 100 g for 5 min. Pellet®re resuspended in complete human MSC
media (control) or in complete chondrocyte media (Table 2.1). Tubes were placed in

incubator at Sfb, 5% CQin 15 ml tubes with caps loosened to allow for gaseous
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exchange for 21 days. Media was changed ev&ydays. On day 21, cell pellets
were harvested by aspirating off all the media and washing pellets twice with PBS.
Pellets were placed ih ml of trizol and stored aR0. Chondrocyte pellets were
analysed for the expression of collagen Il and aggrecan bRE&H (Table 2.7 &

2.8). Briefly, RNA was isolated from the pellets (section 2.9.1), reversed transcribed
into cDNA (section 2.9.3) rad the expression of chondrocyte markers were analysed

by RT-PCR gection 2.9.4).
2.8 I MMUNOCHEMICAL TECHNIQUES

2.8.1 ENzYME LINKED IMMUNOSORBENT ASSAY (ELISA)

Al | ELI SA wer e carried out accordin

Specific capture antiod i e s ( h u ma n or mariNeIl-1&p70TENIF10) in

PBS were added to 96 well microtitre plates (NUNC) and incubated overnight at
room temperature. Plates were then washed 3 times in wash buffer (PBS
supplememnted with 0.05 % v/v Tween 20) and thenbated in blocking solution
(PBS supplemented with 1 % w/v BSA) for a minimum of 1 h. Plates were then
washed and incubated with 100 pl/well of sample supernatant or corresponding
cytokine standard for 2 h at room temperature. After washing, platesneatated

with specific detection antibodies for a further 2 h at room temperature. Plates were
washed again and incubated with 100 pl/well of streptavidin horseradish peroxidase
(HRP) (R & D Systems) conjugate diluted 1/200 in specific reagent dildeist (
buffered solution (TBS) (Sigmaldrich) supplemented with BSA for 20 min. After
washing, plates were incubated with 100 pl/well of tetramethylbenzidine (TMB)
substrate (Sigmaldrich) for 20 min at room temperature out of direct light. The

reactionwas stopped after 20 min by adding 50 pl/well of 1 MSB,. The
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absorbance (optical density (O.D)) of the samples and standards were measured at
450 nm for all ELISA using a plate reader (Labsystems, Helsinki, Finland). The
cytokine concentration of eackample was determined by comparison to the

standard curve of known cytokine concentrations.
2.82 MEASUREMENT OF CYTOKINES BY BEAD ARRAY ANALYSIS

Bead array technology is a method for quantifying multiple cytokines
simultaneously in a single sample wwie (25 pl). This technique is based on the
same premise as enzysieked immunosorbent assay (ELISA). Bead array analysis
uses fluorescence, instead of colorimetric intensity for quantification. Beads are
internally labelled with varying intensities #lorescent dye, corresponding to each
specific cytokine, which allows for the differentiation of multiple analytes by flow
cytometry. Anal ysis of cytokine& T NBvas)caried um ( h
out using Flow Cytomix kits (BenderMedSystems) and lymea using a
FACSCaliber flow cytometer (Becton Dickinson,). Standard curves and raw data
were generated for each cytokine using FlowCytomix Pro 2.2 software

(BenderMedSystems).

Cytokines wer e guanti fied as per ma r
standards, samples or control (PBS) were added to 4 ml polypropylene FACS tubes
(Falcon, BD Biosciences). Beads coated with primary antibodies for each individual
cytokine were mixed together and added to each tube. Riotijugated secondary
antibodieswere added to all tubes and allowed to incubated for 2 h at room
temperature, protected from light. Following incubation, samples were washed with
1 ml of FACS buffer and centrifuged at 200 g for 5 min. After centrifugation,

supernatant was carefully deded and wash step was repeated. StreptaRiin
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was added to the tubes and allowed to incubate fro 1 h at room temperature and
protected from light. Following this incubation, samples were washed twice more
and then sample tube was resuspended ingb@d assay buffer. Cytokines were
quantified from samples based on fluorescence intensity and comparison to the

standard samples.
2.9 MOLECULAR TECHNIQUES
2.9.1 RNA |SOLATION

Total RNA was extracted using trizol® reagent (Invitrogen) according to the
maruf acturer ds i nst r°celistwere lgsed.in 1miBrizal at fobny ,
temperature for 5 min. 100l of RNA-grade 1Bromo-3-chloropropane (Sigma
Aldrich) was added to the cells, mixed vigorously and incubated at room temperature
for 5 min. Sanples were centrifuged at 12,000 g for 15 min at 4 °C. Two distinct
layers resulted with RNA remaining in the clear, aqueous upper layer40860l of
RNA was carefully removed, ensuring the lower white DNA layer was not disturbed,
and precipitated withrb00 U isopropanol (RiedetieHaen). The samples were
incubated at room temperature for 10 min and followed by centrifugation for 10 min
at 4 °C. The resulting RNA pellet was washed with 1 ml 75 % (v/v) ethanol and
centrifuged at 7,500 g for 5 min at°@. The ethanol was aspirated and the RNA
pellet was allowed to briefly airdy pr i or t o rl&Rbasergeavatari o n
(Promega, Southhampton, UK). The purity and concentration of RNA was
determined using a spectrophotometer (Nanodrop 2000, Oissientific,
Wilmington, DE, USA) which calculated the ratio of absorbance at 260 nm to 280
nm. A ratio between 1.8 and 2.0 indicated sufficient purity of the RNA. Samples

outside this range were discarded.
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2.92 DNASE TREATMENT OF RNA

Genomic DNA wa removed from RNA samples by treatment with DNase |
(Il nvitrogen, Pai sl ey, UK) . 1 ¢l of DNas
of RNA and incubated for 15 min at roon
(Promega), to inactivate the DNase, was adddti¢ mixture and incubated at'65

for 10 min.
2.93 CcDNA SYNTHESIS

Following DNase treatment of RNA, total RNA was reverse transcribed
using 25 Units Superscript Il (Invitrogen). Each reaction contained a 1 x GoTaq
reaction buffer (Promega), 2.5 mMd@l, (Promega)10 mM dNTP mix (Promega),

50 U/ml of ribonucleasenhibitor (Invitrogen) and 20 g‘iml Oligo (dT) 1218 primer
(Invitrogen) diluted in nucleaseee water (Promega). The conditions for cDNA
synthesis were as follows: 26 for 10 min, 42C for 60 min, 95°C for 5 min and 4

°C for 10 min. Quantification of cDNA was performed by measuring the absorbance

value of the sample 260 nm. Samples were st@@UC until required.
2.94 REVERSE TRANSCRIPTION-POLYMERASE CHAIN REACTION (RT-PCR)

PCR was used to determine the presence of specific DNA sequences (or
MRNA following reverse transcription) using primers summarised in Table 2.6 and
2.7. Expression of the housekeeping ger&lyceraldehyde -{hosphate
dehydrogenase5APDH) was used as a stive control. PCR reactions contained
2.5 mM MgC} (Promega), 25 mM dNTP (Promega), 1 x GoTaq reaction buffer
(Promega), 40 U/ml Tag polymerase (Promega) and 0.4 pM of the appropriate

primer (NCBI:BLAST). The reaction mastermix was adjusted to a fiokime of
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24 pl with nucleasédree water. The PCR conditions were as follows: denaturation at
95 °C for 45 sec (10 min for first cycle), annealing for 45 sec (optimal annealing
temperatures arsummarised in Table 2.7 and 2.8 and extenford min at 72C.

DNA products were resolved on a 1.3 % w/v agarose gel and detected by binding of

gelred (Biotium, Hayward, CA).
2.95 REAL TIME-POLYMERASE CHAIN REACTION (QRT-PCR)

cDNA was analysed for the quantification of mMRNA expression. Briefly,
cDNA (500 ng)were amplified in the presence of SYBBreen PCR mastermix
(Qiagen). Accumulation of gerspecific products were measured continuously by
means of fluorescence detection over 35 cycles. Each cycle consisted of:
denaturation at 9% for 15 min, annealingt 95'C for 30 sec, optimum temperature
(Table 2.7 & 2.8) for 3®ec, 72C for 30 sec, extension at %2 for 10 min and then
4C forever. Standard curves for FoxP3 and IGE e x pression were |
amplifying 10fold serial dilutions of known quaniits of FoxP3or TGl 1 st andar d
generated previously in the laboratofyhe expression of Notch, ICOS, LICOS, D
1 and PDL1 were quantified in relation to the housekeeper GAPQidantification
of target gene expression was obtained using sequenceodeteftivare (DNA
Opticon E). The resultant target mRNA

product/500ng cDNA.

2.96 SILENCING OF RNA (SIRNA)

MSC were seeded at 4 x “10well in 24 well plates in duplicate until
approximately 60% confluent. siRNA for nie Jaggedl was predesigned
(Silencer® Select siRNA, Applied Biosystems, Warrington, UK) and diluted in

RNase free water (supplied with kit) to different concentrations, as per
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manufacturer s i nstruct Pasleys UKwadisepastaect am
transfection reagent for all/l si RNA exper
MSC with or without SiRNA were cultured in Opgdem®l media (Gibce

Invitrogen, Paisley, UK). After 24 h, MSC RNA was isolateSlection 2.9.1 and

transcribed ir@ cDNA (Section 2A.3). Murine Jagged expression on MSC was

examined by RIPCR (Section 3.4) (Table 2.8).
2.10 MSC FUNCTIONAL ASSAYSIN VITRO
2.101 INVITRO MATURATION OF DC AND COCULTURE WITH MSC

Immature DC were harvested on day 8 and maturethenpresence of
lipopolysaccharide (LPS) (Sigmfsdrich) at 100 ng/ml for 24 or 48 h in the
presence or absence of mMMSC. The seeding densities used were, MISCLGB x
10° DC in 24 well plate for 24 h RPCR analysis or 3 x MSC: 1 x 16 DC in 6
well plate for 48 h flow cytometry analysif-or transwell experiments, MSC were
seeded in the bottom of the well (6 well or 24 well) and DC were placed in the
transwell inserts (0#M) (Nunc). The expression of regulatory molecules (ICOS,
LICOS, PD1, PDL-1 & CTLA4), notch receptors (Notch 1 & 2), Notch ligands
(Jagged 1, 2 & Blta like ligand1l) and notch target geriéles 1) on DC were
analysed by RIPCR after24 h (Table 2.8). Afte48 h, maturation markers (MHCII
and CD86), CD11c and corresponding iso¢y controls were analysed Wow
cytometry on DC (Table 2)4 For the neutralisation studynouse antJagged 1 (8
png/ml & 5 pg/ml) or corresponding control antibody wasded to the cecultures
and the expression of maturation markers were analyselbwycftometry(Table
2.4). In some experiments, theoN ¢ h i ndsdcrbtaseé anhibitor @GSI)

(Calbiochem, Merck, Germany) reconstituted in DMSO (Sigxtthich), at 1 uM
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was added to DC: MSC caoltures for 48 h and the expression of maturation markers
were analysed by flow cytometrySupernatants from calture were analysed for

the presence of HLO and I1-:12p70 byELISA (section 2.8.1)
2.102 ANTIGEN PRESENTATION ASSAY (E; : |-A® DETECTION)

Immature DC were isolated from C57/BI6 mice and harvestedagnd of
culture by gentle aspiration. DC at 3 x/igell were incubated with 10 pg/mig U
peptide 5268 (ASFEAQGALANIAVDKA) (Anaspec, San Jose, CA) for 48 h in the
presence or absence of MSC (1 x/@@ll) in a 24 well plate. As a control, DC were
cut ured with MSC alone or MSC and diluted
h in 24 well plate. Peptide binding was detected using the motijugated ani-
AP: EU compl ex S p-Rec (eBioscenced n Bindng ofy hiotin Y
conjugated antibody &s detected by FITC conjugated extravadin (Stgakich)

and analysed by flow cytometry.
2.103 OVALBUMIN (OVA) SPECIFIC ANTIGEN PROLIFERATION ASSAY

Immature DC from C57/BI6 mice were isolated and harvested on day 8 of
culture by gentle aspiration. @at 1 x 1&/well of a 6well tissue culture plate were
pulsed with 20 pg/ml OVA (Sigmaldrich) in the presence or absence of MSC (3 x
10°/well) for 24 h. After 24 h, DC were harvested by gentle aspiration and
centrifuged at 300 g for 5 min. DC were ther cultured with 4 x 1ml naive
OVA-specific FAd restricted CD4 DO11.10 T cells isolated from the spleens of
DO11.10 mice. Cells were cultured for 72 h angroliferation assay performed as

statedn section 2.6.1.
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2.104 STIMULATION OF MURINE MSC WITH INFLAMMATORY CYTOKINES

Murine MSC at 3 x 1Bwell of a 6 well tissue culture plate were allowed to
adhere overnight. mMSC were stimulated with prate@®eproTech, London, UK),
IFNo ( R & Dmsp kPSt(Sigmaildrich) or TNFU ( R&D Syst enins) at
for 24 h. Theexpression of Notch receptors (Notch 1 & 2ytdth ligands (Jagged 1,
2 & Delta like ligand 1) andegulatory molecules (PD, PDL-1, ICOS, LICOS and

CTLA4) were analysed by RPCR (Table 2.8).
2.105 IN VITRO COCULTURE OF HUMAN PBMC/CD4" T CELL AND MSC

Whole PBMC or freshly isolated CDZ cells (1 x 18/well) were ceultured
with hMSC (3 x 18well) for 24 or 72h in 6 well plates (Nunc) or in transwell plates
(0.4>M) (Nunc). Neutralisation or antagonist stuigli@ere performed usinght-
TGHb 1 at 4 eg9g/ ml (R & D Syst e msAldrich)r i ndo
(Table 2.5). The expression of forkhead box P3 (FoxP3) and tramsfpgrowth
factor beta 1 (TGE 1) wer e an &CR Sfabkk 2.1 wftedq R.T The
expression of CD4, C®and FoxP3 were analysed by flaytometry (Table 2.5)

72 h after ceculture.
2.106 COMPLEMENT INDUCED KILLING IN VITRO

Human MSC were cultured at 2 x*i@ell of a 24 well tissue culture plate
overnight incomplete nedium to allow cells to adherddumanlung epithelial cells
(A549) or mouse splenocyte control celvere cultured at 2 x vell of a 24 well
tissue culture plate in serum free media (RPMI supplemented with 1 % v/v ITS and 1
% v/v penicillium streptomycin). Medium was removed from hun®C and

replaced with serum free medium. Cells were then exposed to either human or
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mouse complement at 1/16 dilution of final volume for 4 h. Cells were then washed
out of the complement solution after 4 h, atihg/apoptoticcells were detected
using by flow cytometry asdescribed in section 2.4.2Times and concentrations

were arrived at after prior optimisation experiments.
2.107 ASSESSMENT oOFHUMAN MSC INDUCED APOPTOSIS OFPBMC

Human PBMC at 1 x Twell were cocultured with MSC at 3 x I@ell of a
6 well for 24 hin cRPMI. The analysis of MSC induced apoptosis was analysed by
flow cytometry. As a positive control, a chemotherapy drug, cisplatin (Sigma
Aldrich) at 500 pg/ml was added to some wells. After 24 h, all human PBMC were
recovered fom cultureby gentle aspiration from adherent M&@d apoptotic cells
were detected using FITC Annexin V apoptosis detection kit as desanilsedtion

2.4.2.
2.10.8 ASSESSMENT OFHUMAN MSC INDUCED CD4* T CELL ANERGY

Murine DC were isolated using the gomol outline insection 2.3.4 from
BALB/c mice. Human CD4T cells were isolated from human PBMC as stated in
section 2.3.6 & 2.3.7. Murine DCL.5 x 10/ml) were cocultured with human CH4
T cells (1 x 1&ml) and stimulated with poly IC (20 ug/ml) inhe presence or
absence of human MSC (1 x°11@l) for 5 days incRPMI supplemented witB.1%

v/v betamercaptoethanol After 5 days, human CD4T cell were repurified from
cocultures using MagCellect CD4 isolation kit and allowed to rest for 24 h in
cRPMI. Following the rest period proliferation assay was performedepRirified
human CDZ T cells(1 x 10/ml) were cocultured with irradiated BALB.c DC (1 x
10°/ml) in a 96 well plate and restimulated with polylC (20 pg/ml) in the presence or

absence ofacombinant human interleukin 2 (rk2) (100 U/ml) for 72 h. After 72
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h, 100 pl of supernatant was carefully removed and store@CafC for cytokine
analysis. ®H]-Thymidine (Amersham Biosciences, Buckinghamshire, England) at
0.5 pCi/ml was added for #hfinal 6 h of culture and incubated at 37 °C 5 %, CO

Cultures were harvested using an automatic cell hanastated in section 2.6.1.
2.11 HumMmANISED Mouse M oDEL oF AGVHD
2.11.1 AcuTE GRAFT VERSUS HOST DISEASE HUMANISED M OUSE M ODEL

A humanised mae model was developed and optimised from a protocol
described byPearsoret al. (Pearson, 2008) NOD.CgPrkdc®4L2"™"/Szj (NOD
Scid IL-2r0™" (NSG) were exposd to a conditioning dose of 2@ray (Gy) of
whole body gamma irradiation. Freshly isolated human PBMC were administered
by intravenous injection to the tail veirsing a 27 gauge needle and a 1 ml syringe
betweerd h but no longethan 24 h following irradiation.Before infusion, PBMC
were washed three times with sterile PBBMC in varyingamountsanging from
2 x 10 to 4 x 10 cells per mousevere administered on day 0. This allowedthe
identification of the optimumamouwnt of PBMC required for consistent acute graft
versus host disease (aGvHD) development between 10 and 20 Tayoptimum
dose for PBMC for aGvHD development was found to be 6.3°xgt0 aGvHD
development was determined &yamining features includingeight loss exceeding
15 % total body weight, ruffled fur, hunched postukaimals were returned to their
cages where they were monitored closely for the first hour and at regular intervals
thereafter for any signs of distress or ill health. Animalseweeighed daily and
weigh loss was documented accordingly. Any animals which displayed greater than

15 % total body weight loss were sacrificed humanely.
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2.11.2 PATHOLOGICAL SCORING SYSTEM FOR ACUTE GRAFT VERSUS HOST

DISEASE

The development of aGvHD waassessed using a series of pathological
features. Weight loss greater than 15 % total body weight were consider to have
aGvHD and were sacrificed. Other pathological features taken into consideration
were; posture (hunching), activity, fur texture amardhoea. Any animals scoring a
cumulative score of 8 for the pathological features were considered to have aGvHD
and were sacrificed humanely. The scoring system used were; posture: 0; normal, no
hunching; 0.5; slight hunching that straightens when wglk1.0; animal stays
hunched when walking; 1.5; animal does not straighten out; 2.0; animal tends to
stand on rear toes. Activity: 0; normal, very mobile and hard to catch; 0.5; slower
than normal and little easier to catch; 1.0; no activity, but walvenwhen touched;

1.5; no activity, very little movement when touched; 2.0; no activity at all, not even
when touched. Fur: 0; normal, no fur pathology; 0.5; ridging on the side of belly and
neck; 1.0; ridging across and side of belly and neck; 1.5sfunatted and ruffled;

2.0; badly matted on belly and top. Diarrhoea: 0; normal; 0.5 mild change in bowel
movement; 1.0; moderate change in bowel movement; 1.5; severe change in bowel

movement; 2.0; extensive diarrhoea.
2.11.3 INTRAVENOUS TRANSFER OF HUMAN MSC AND PBMC

Before infusion, human PBMC or MSC were washed three times with sterile
PBS. PBMC were administered to mie6.3x 10° g* and MSC were administered
at4.4 x 1¢ g*. PBMC or MSC were delivered to the tail vein using a 27 gauge

needleand a 1 ml syringe. Each mouse received a total of 0.2 ml. PBMC were

71



given on day 0 while MSC were given on day 0, 7 or Eéllowing i.v injection,

animals were returned to their cages where they were monitored as above

2.11.4 | SOLATION OF LUNG OR LIVER CELLS FROM HUMANISED M OUSE M ODEL

null and

Lungs or livers were removed aseptically fradOD-Scid IL-2ro
transferred to a 15 ml tube containing complete RPMI (cRPMI). Using a sterile
forceps, the organs were transferred to a Petri dish and sectioned using a sterile
scalpel. The small lung or liver pieces were then digested in 10 ml of collagenase
from Clostridium histolyticun{300 U/ml) (SigmaAldrich) and DNase | (10 mg/ml)
(Roche Diagnostics, Germany) digestion solution at 30°C under constant horizontal
shaking at 300 rpm. After 1 h of digestion, the homogenates were passed through a
40 pm filter into a 50 ml tube using a sterile plunger and 10 ml of cRPMI. The
digested tissue samples were then centrifuged at 300 g for 5 min. The supernatants
were discarded and the pellets resuspended in 3 ml of lysis buffer and incubated at

room temperature fd min. After 5 min, the cells were centrifuged for 5 min at 300

g and resuspended in PBS for FACS analsyis.
2.11.5 DETECTION OF HUMAN CELLS IN VIvVOo BY FLow CYTOMETRY

PBMC at a concentration of 6:310° g* were delivered to the tail vein of
mice on d§ 0. After 15 days, animals were sacrificed and splelescyere
harvested (section 2.3.5).Splenocytes were analysed b y flow cytometry for
expression of murine and huma&D4, CD8 and CD45 or corresponding isotype
controls. Facs aalyses was performeavithin 4 h of preparation using a

FACSCalibur cytometer and CellQuest software (BD Biosciences).
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2.11.6 CFSE STAINING OF CELLS

Freshly isolated human PBMC were washed twice in PBS and resuspended at
5 x 10/ml in warm PBS. Carboxyfluorescein succinimjti ester (CFSE) was
prepared at 5 mM stock was by dissolving the supplied powder in 18 pul of DMSO
(Invitrogen). PBMC at 2 x TOvere labelled with various concentrations of diluted
CFSE, 25 uM, 5 uyM or 10 pM. Cells were incubated for 10 min at room
temperature in the dark. After 10 min, 2 ml of cold PBS was added and PBMC
centrifuged at 600 g for 5 min then washed twice in PBS. CFSE labelled PBMC

were then used in further experiments.
2.11.7 IN VITRO PROLIFERATION USING CFSE STAINED PBMC

Human PBMC wre stained with various concentrations oFSE as
described in section 2.11.6CFSE labelled PBMC (4 x nl) were cultured in the
presence or absence of recombinant huma@ [(khIL-2) at 100 U/ml (R & D
Systems) and PHA at 5 pg/ml (Sigmddrich) in a6 well tissue culture plate pre
coated with human ar€D3 at 2.0 ug/ml (eBioscience)lo determine the effect of
MSC on CFSE labelled PBMC proliferation, MSC were added to wells at 4 x
10°/ml. After 5 days, PBMC were harvested and the level of CFSEléabcell
proliferation was analysed by flow cytometry, with a minimum of 100,000 cells

acquired.A decrease in CFSE staining wadicative of PBMC proliferation.
2.11.8 DeTECTION OF CFSELABELLED PBMC IN VIVO

PBMC were labelled with 10 uM ESE asdescribed in section 2.11.6.
CFSE labelled PBMC were washed twice with PBS and administered at 623/% 10

to irradiatedNOD-S ¢ i d ™{niic2 onaday 0. After 5 days and 12 days, the lung,
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liver and spleen were harvested from each mouse. Splenocwies isolated
following protocoldescribed in section 2.3.%ith lung and liver cells isolated as
describedin section 2.11.4. A singleell suspension of 1 x fCcelldml were
counterstained with antiuman CD4 APC for 15 min at 4 °C. Cells were
centriuged at 300 g for 5 min and resuspended in 300 pl of cell fixative. Cells were
analysed for CFSE staining (F) and the expression of human CD4 {#)Lby flow

cytometry with a minimum of 100,000 cells acquired.
2.11.9 DETECTION OF APOPTOTIC CELLS INVIVO

PBMC at a concentration of 6.3 x 43 were delivered vidhe tail vein of
2.4Gyirradiated NOBS c i d ™fni2creoc on day O. fiLigcensed
! were administered i.v on day O or unlicensed MSC at 4.4 % glOwere
administered on day.70n day 12, 8 ug (100 ul) of FAM L | VOE green dye
1) was injected per mouse and left to circulate for 1 h. After 1 h, the lung and liver
were harvested and cells were isolated as described in s@ctibd Cells were
counterstained with astiuman CD4 APC (FL4) and analysed by flow cytometry
with a minimum of 10,000 cells acquiredro optimise the FLIVO dye, BALR/
mice were lethally irradiated with 12 Gy gamma irradiation. Afteh28 ug (100
u) of FAM-F L1 VOE g r e d)ywadlinjeeted@Fnouse and left to circulate

for 1 h. After 1 h, the lung and liver were harvested. Cells were analysed for the

expression of FL1).VOE green dye (FL
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2.12 HisTOLOGY

2.121 TISSUE PREPARATION

Livers, lung and Gl tract were removed from experingmhice and fixed in
10% (v/v) formalin (Sigm&Aldrich). Tissues were processed for histology using an
automated processor (Shandon Pathcentre, Runcorn, UK), which immerses the
tissues in fixatives and sequential dehydration solutions, including ethzdfdl, (
80%, 95% x 2, 100% x 3) and xylene (x 2) (BDH AnalaR® Laboratory Supplies
Poole, UK). Tissues samples were then embedded in paraffin wax using the
Shandon Histocenter 2 (Shandon) and left to set overnight at 4 °C. 4um sections
were cut using a mictome (Shandon Finesse 325, TherBtmndon, Waltham,
MA, USA). Sections were placed in cold water containing ethanol followed by
transfer to a hot water bath (42 °C) to smooth out any folding in the sections.
Sections were placed on microseoglides (Themo Scientific),air-dried overnight
at RT before staining with H &E (Section 2.12.2) and blindly scored using the

system detailed in section 2.12.3.

2.122 HAEMATOXYLIN /EOSIN STAINING

Prior to staining, 5 um tissues section slides were incubated &€ %6r a
minimum of 1 h to aid clearance of wax. Slide sections were immersed in two
changes of xylene for 10 min each, following byhsglration in three decreasing
concentrations of ethanol (100% x 2, 95% (v/v) and 80%) for 5 min each. Sections
were tlen placed in two changes of water to rinse off exagtene and immersed in
Haematoxylin (SigmaAldrich) solution for 3 min. Slides were washed in water for
2 min and placed in 1 % acid alcohol for 20 seconds, followed by a further wash step

in water. $des were then counterstained in Eosin Y (Sighhdrich) for 3 min and
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washedagain in water (Table 2.3). Finallglides were put through a series of
dehydration steps in ethanol (80%, 95% and 100%) for 5 min each. Slides were then

mounted with DPX moatant (BDH) and examined under a light microscope.

2.123 HISTOLOGICAL SCORING

Following H & E staining, slides were coded without reference to prior
treatment and examined in a blind fashion. A sguoantitative scoring system was
used to assess abnaiities in the lung, liver and Gl tract (Hill, 1997; Grass, 1999;

Polchert, 2008). The scoring was carried out as follows:

Lung: 0; normal;0.5; rare scattered areas of mononuclear cells; 1.0; minimal
or focal areas of cellular infiltrate; 2.0; mild ambre diffuse cellular infiltration;
3.0; moderate amount of mononuclear cell infiltration; 4.0; extensive mononuclear
cell infiltration. Liver: O; normal; 1.0; rare collections of mononuclear cells in the
parenchyma; 2.0; endothelialitis present in asieone vessel, with an increase in
mononuclear cell infiltration; 3.0; endothelialitis present in more than one vessel,
with a further increase in mononuclear cell infiltration; 4.0; endothelialitis present in
virtually all vessels, with extensivenononutear cell infiltration. Gl tract: O;
normal; 1.0; mild necrotic cells with minor cell infiltration; 2.0; diffuse, but mild
villous blunting, necrotic cells and increase in cell infiltration; 3.0; diffuse, but
moderate villous blunting, necrotic cells afdther increase in cell infiltration; 4.0;

diffuse but severe villous blunting, necrotic cells and extensive cell infiltration.

2.13 STATISTICAL METHODS

The students paired t test was used when statistizdlsas was required

between tweexperimentabroups. One way ANOVA was used to test for statistical
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significance of differences when multiple experimental groups were compared.
Kaplan Meier curves (log rank test) were used to compare surbet@een
treatment groups. Power analysis was carried toto determine the number of
animals that would yield a significant difference in the in vivo studies. Statistical
methods (Power analysis (SISA)) were used to determine the minimum number of
animals per treatment group to obtain a power in the studyA Séftware is online

at http://home.clara.net/sisa/power.htm.
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Table 2.1 Summary & media for cultured cells

Medium Name

Description

Supplier

Murine MSC
isolation medium
(CIM)

Murine MSC
expansion

medi um( cl

Human and

murine osteoblast

differentiation
medium

RPMI 1640

100 U/ml penicillin

100 pg/ml streptomycin
2 mM L-glutamine

10 %(v/v) horse serum

10 % (v/v) heat inactivated, leendotoxin
foetal calf serum (FCS)

Minimum Essential Medium alpha (MEM

10 % (v/V) heat inactivated low endotoxin
FCS

10 % (v/v) horse serum
100 U/ml penicillin
100pg/ml streptomycin
2 mM L-glutamine

Dul beccods Modified
(DMEM) containing 100 mg/ml glucose
(human) or MinimunEssential Medium
alpha (MEM) murine)

1 mM dexamethasone,
2 0 milycdrolphosphate,
50 uM L-ascorbic acie?-phosphate,

50 ng/ml L-thyroxine sodium pentahydrate

InvitrogenGibco
InvitrogenGibco
InvitrogenGibco
InvitrogenGibco
Hyclone

Biosera

InvitrogenGibc

Biosera

Hyclone
InvitrogenGibco
InvitrogenGibco

InvitrogenGibco

InvitrogenGibco

SigmaAldrich
SigmaAldrich
SigmaAldrich
SigmaAldrich
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Table 2.1 Summary of media for cultured cells continued

Medium Name Desciption Supplier
Chondrogenic Dul beccods Modi InvitrogenGibco-
medium Media (DMEM) containing 100

mg/ml glucose
100 nM dexamethasone SigmaAldrich

50 € g/ mlacid2s c or k SigmaAldrich
phosphate

40 eg/ ml pr ol i r SigmaAldrich

1 mM sodium pyruvate SigmaAldrich
1 % viv ITS + supplement BD Biosciences
10 ng/ml TGFb 3 TS:beta
Human and murine Dul beccods Modi InvitrogenGibco
adipocyte Media (DMEM) containing 100
differentiation mg/ml glucose (human) or
medium Minimum Essential Medium
alpha (MEM (murine)
5.0 ug/ml insulin in 0.1N acetic  SigmaAldrich
acid
50 uM indomethacin SigmaAldrich
1 uM dexamethasone SigmaAldrich
0.5 uM IBM x in MeOH SigmaAldrich
Serum free medium  RPMI 1640 InvitrogenGibco
100 U/ml penicillin InvitrogenGibco
100 pg/ml streptorycin InvitrogenGibco
1 % v/v ITS + supplement BD Biosciences
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Table 2.1 Summary of media for cultured cells continued

Media

Culture media

Supplier

Murine Dendritic
Cell Medium

Murine/Human
CD4" T Cell or
Murine
Splenocyte
Medium (cRPMI)

Human MSC
culture Medium
(cDMEM)

RPMI 1640

100 U/ml penicillin
10Qug/ml steptomycin
2mM L-glutamine

10% (v/v) heat inactivated lc@ndotoxin
FCS

20 ng/ml recombinant murine GKASF
RPMI 1640

100 U/ml penicillin

100pg/ml streptomycin

2mM L-glutamine

10% (v/v) heat inactivated lc®wndotoxin
FCS

0.01% (v/v) beta mercaptoethanol

Dul becdods edo Eagl ed
(DMEM) containing 100 mg/ml glucose

10% (v/v) FCS
200 U/ml penicillin

200 pg/ml streptomycin

InvitrogenGibco
InvitrogenGibco
InvitrogenGibco
InvitrogenGibco

Biosera

PeproTech

InvitrogenGibco
InvitrogenGibco
InvitrogenGibco
InvitrogenGibco

Biosera

InvitrogenGibco

InvitrogenGibco

PAA
InvitrogenGibco

InvitrogenGibco
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Table 2.2 Reagents used to detelsiman and murine MSC Differentiation.

Reagent Components Concentration Supplier
MSC Alizarin Red S stain 1 % (wiv) SigmaAldrich
Osteoblast

dHO 100 ml
Differentiation

pH adjusted to betweer

4.1-4.3 using 0.1% v/v

ammonium hydroxide

SigmaAldrich

MSC Adipocyte Oil Red O 0.5 % (w/v) SigmaAldrich
Differentiation . :

Isopropanol 30 ml SigmaAldrich

Working solution:

0.5% w/v Oil Red O

stock

PBS 20 mi SigmaAldrich
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Table 2.3 Histological staining solutions

Reagent Components Concentration Supplier
Harris Hematoxylin Neat SigmaAldrich
Hematoxylin
Eosin Eosin Y 1 % (wW/v) SigmaAldrich
Potassium dichromate 1.6 %(w/v) SigmaAldich
dH,O 100 ml
Acid alcohol Hydrochloric acid 1 % (v/v) WVR
2-propanol 69.3 % (V/v) WVR
dH.0 29.7 % (viv)
Table 2.4 Antibodies directed against murinenarkers
Antibody Conjugate Concentration Clone Source
CD3e FITC 5 pg/mi 145.2C11 eBioscience
CD4 FITC 5 pg/ml GK1.5 eBioscience
CD8 FITC 5 pg/ml 536.7 eBioscience
CD11b Biotin 5 pg/ml M1/70 eBioscience
CD34 Biotin 5 pg/mi RAM34 eBioscience
CD40 PE 2 pg/ml 1C10 eBioscience
CD44 Biotin 2 pg/ml IM7 eBioscience
CD45 Biotin 5 pg/ml 30-F11 eBioscience
CD80 PE 2 ug/mi 16.10A1 eBioscience
CD86 PE 5 pg/ml GL1 eBioscience
CD90 FITC 5 pg/ml LT84EC  eBioscience
CD105 Biotin 5 pg/mi MJ7/18 eBioscience
CD106 FITC 5 pg/ml 429 eBioscience
CD117 FITC 5 pg/ml 2B8 eBioscience
MHC class| FITC 5 pg/ml 28-14-8 eBioscience
MHC class Il PE 1 pg/ml NIMR-4 eBioscience
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Scal PE
YA-e

Biotin

5 pug/ml
5 pg/ml

D7

eBioscience

EBioY-Ae eBioscience

Table 2.5 Artibodies drected against humanmarkers

Antibody Conjugate Concentration Clone Source
CD3 FITC 5 pg/ml HIT3a eBioscience
CD4 APC/PE/PerCp 5 pg/ml SK3/OKT4 eBioscience
CD8 FITC 2.5 pg/ml RPA-T8 eBioscience
CD25 PE 1.25 pg/ml BC96 eBioscience
CD29 FITC 2.5 pug/ml TS2/16 eBioscience
CD34 FITC 5 pg/ml 4H11 eBioscience
CD40 PE 5 pg/ml 5C3 eBioscience
CD44 FITC 5 pg/ml IM7 eBioscience
CD45 FITC 5 pg/ml H30 eBioscience
CD54 FITC 5 pg/ml HA58 eBioscience
CD80 PE 5 pg/ml 2D10.4 eBioscience
CD86 PE 5 pg/ml IT2.2 eBioscience
CD90 FITC 5 pg/ml eBio5E10 eBioscience
CD105 FITC 5 pg/ml SN6 eBioscience
CD106 PE 5 pg/ml STA eBioscience
CD117 PE 2.5 pug/ml YB5.B8 eBioscience
CD154 FITC 2.5 ug/ml 24.31 eBioscience
HLA-ABC FITC 10 pg/mi W6/32 eBioscience
HLA-DR PE 0.075pg/ml L243 eBioscience
FoxP3 FITC 5 pg/ml PCH101 eBioscience
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Table 2.6 Neutralisation Antibodies and Antagonists

Antibody/Antagonist Concentration Supplier
ant-human TGFb 4pg/ml eBioscience
Indomethacin 40 pM SigmaAldrich

Table 2.7Summary of primer sequences: Human

Primer Forwa#3d Rever-5& Product Anneal MgCl,
_ temp
size (bp) (°C) Conc
(mM)
GAPDH GGTGAAGGT AAAGTTGTCA 540 55 2.5
CGGAGTCAA TGGATGACC
CG
Collagen Il CCTGAGAAAG
GCCCAAGAG AGGAGTGGAC /03 57 2:5
GTGCCCCTGG ATA
AATA
Aggrecan GGAGGTGGTA 350 55 ok
TGAGGAGGG ATTGCAGGGA
CTGGAACAA AC
GTACC
TGF-b 1 CAGATCCTGT TCGGAGCTCT 270 54 2.5
CCAAGCTG GATGTGTT
FoxP3 AGGTGGCAG AACAGCACAT 223 57 2.5
GATGGTTTCT TCCCAGAGTT
C
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Table 2.8Summary of primer sequences: Murine

Primer For wa#3d Rever-5& Product Anneal MgCl,
size (bp)
temp Conc
(°C) (mM)
IL-10 AGGTGCGTTCCT AAAGCCAACC 241 55 2.5
C AA
IL-4 TCAACCCCCAGC CCTTCTCCTGT 124 57 2.5
TAGTTGTC GACCTCGTT
E-cadherin GGCTGGACCGA CTGCTTGGCCT 350 58 1.5
GAGAGTT CAAAATC
GAPDH GGTGAAGGTCG AAAGTTGTCA 540 55 2.5
GAGTCAACG TGGATGACC
CCR7 AGTCTTCCAGCT CAGCCCAAGT 219 55 2.5
GCCCTACA CCTTGAAGAG
Notch-1 GTCGCTGGATAC TGTGGGACAG 150 55 2.5
AAGTGCAA ACACAGGAAA
Notch-2 CGTGTGAGAAT TTGTGGCAGA 148 60 2.5
GCTGCTGTT CACCATTGTT
Jaggedl AGTCTTCCCCTT CACTTGGCCC 154 55 2.5
GTGCCTTT CATCAAGTAT
Jagged2 AGGCACCTACT CGTTGGGATT 143 55 2.5
GCCATGAAA GATGTCACAG
Deltalike CAACAAGAAGG CACTTGGTGTC 150 57 25
ligand-1 CGGACTTTC ACGTTTGCT
Hes1 GCCTTGGCTCAC TCTGCCACCCC 304 60 2.5
TCCGCGTT TAGTCCCGC
ICOS AATGGGCAAAC AGTGCTAGGG 285 58 2.5
ATTCTCCTG CTGACTTCCA
LICOS GGACTCCATGA TCAGAGGTGC 180 60 2.5
AGCAGGGTA TGATGACAGG
PD-1 TGGGCAGCTGT TTCACCTGCA 149 55 2.5
ATGATCTGC GCTTGTCCAA
PDL-1 AAAGTCAATGC TTCTCTTCCCA 151 55 2.5
CCCATACCG CTCACGGGT
CTLA-4 CAGGTGACCCA CAGTCCTTGG 243 58 2.5
ACCTTCAGT ATGGTGAGGT
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Siglec E

Siglec F

Siglec G

Siglec H

Aggrecan

CCCAGTTCATGG TTCAGGGAGC
ATTCTGGT AGTCATTCCT

TGCCTCTGCCTC CAACGCATTG
ATCTTTTT TTGGATGAAG

CGGATGGAGAG AAGGTCCAGG
AGGATTTGA AAAACAAGCA

GGTTCCATGAA AACCGTTGTC
GGGGAAAAT ACCCTTTTGT

GTTGGTTACTTC GTCCTCCAAG
GCCTCCAG CTCTGTGACC

150

144

149

150

103

62

58

60

55

55

2.5

2.5

2.5

2.5

2.5
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CHAPTER 3

HUMAN MSC SUPPRESSINNATE AND ADAPTIVE | MMUNITY

87



3.1 INTRODUCTION

MSC display potent immunosuppressive qualities (Barry, 2003; Pittenger,
1999), which makes MSC a promising tool for cellular immunotherapy (Heng,
2009). Unlike other stem cells types, MSC do not aggressively activate innate or
adaptive immuneeasponses, allowing for their acceptance into an allogeneic host
without rejection. At the commencement of this work, MSC modulation of innate
responses was known to include the inhibition of dendritic cell (DC) maturation
(English, 2008), and the preveonti of natural killer (NK) cell activation (Spaggiari,
2006). MSC had been described as being involved in the modulation of adaptive
immune cells, including the skewing of T cell phenotypes (Ryan, 2007) and the
inhibition of B cell proliferation (Corcioe, 2006). More recently, the inhibition of

complement activation through factor H has been described (Tu, 2010).

Modulation of allogeneic responses by MSC involves multiple factors; cell:
cell contact and the release of soluble factors playradandantroles in MSC
immunomodulation (Djouad, 2003; Krampera, 2003). For examplé,dlong with
a contact dependent signal are required for MSC modulation of DC maturation
(Djouad, 2007; English, 2008)MSC derived transforming growth factor beta (FGF
b ) , ostaglandin E2 (PGl (English, 2007; Ryan, 2007), suppress T cell
proliferation in conjunction with a cell contact signal. In this chapter, the goals

were:

(1) to define the phenotype of human MSC (hMSC) used in this study by
evaluating surface  marker xmression, differentiation capacity and
immunosuppressive abiliip vitro. (2) To analyse the influence of innate immune

mechanisms, in particular complement activation, on the survival of hN8i€o.
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(3) To investigate the mechanism(s) involved HMSC suppression of

adaptive immunity

(4) To investigate the role of hMS@erived soluble factors on T reg cell

induction in vitro.

(5) To examine the functional capacity of hM8€rived T reg cells to

suppress immune responseyitro.

3.2 CHARACTER ISATION OF ADULT HuMAN MSC BY FLow CYTOMETRY

There are no specific surface markers that uniquely identify hMSC, therefore
a range of markers were used to validate the hMSC isolation techniques employed.
The ISCT have proposed specific criteria for therabierisation of multipotent
MSC (Horwitz, 200% Dominici, 200§. For this study, human bone marrow derived
MSC were isolated and expanded from an aspirate of bone marrow taken from the
iliac crest of donor patients from a collaborating laboratory in [Balway @s

described byBarry & Murphy, 2004).

Candidate populations of hMSC, received from NUIG aispge 1, were
grown in DMEM medium for up to eight passages. hMSC cultured at passage 1
were adherent to plastic of tissue culture flasks and wenellspshaped/fibroblast
like in morphology (Fig 3.1). However, morphology is a subjective criterion and
therefore the expression of specific surface markers (eg, stem cell ahti§eal)
and CD44) and the lack of expression of other surface markerss(@m#t CD11b)
are typically used for the identification of MSC (Peister, 2004). hMSC isolated in

this chapter were characterised by flow cytometry. hMSC batches displayed
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consistent expression of specific surface marker proteins typical of adult hMSC;
HLA-ABC, Thy 1.1 (CD90), CD106, CD29, CD44, CD54 and CD105 (Fig 3.2).
hMSC did not express HL®R, CD45, CD11b, the haematopoietic cell markers
CD34, CD117 or the costimulatory markers CD40 or CD86 (Fig 3.2). The stability
of typical hMSC marker expressiovas examined from passage8 8Fig. 3.2). The

hMSC batches used here had no evidence of haematopoietic stem cell contamination,

which provided some confidence, that a pure populatid"SC was present

Fig 3.1 Adult Human Bone Marrow-Derived Mesenchymal Stem cells (hMSC)
have a morphology similar to fibroblasts. hMSC were isolated and cultured in
DMEM media until 8890% confluent. The appearance of spindle shaped cells was
characteristic of a homogenous popuatiof hMSC. This population is
representative of hMSC at passage 5, however, each passage8rams3ound to
have similar morphology. Magnification x 100, phase contrast light microscopy.
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Fig 3.2 Characterisation of surface marker protein expressen by human MSC.

MSC were characterised for the expression of specific surface protein by flow
cytometry. MSC typically expressed HEABC, CD90, CD105, CD106 and CD44.

MSC did not express HLMR, haematopoietic markers CD34, CD117 or
costimulatory markrs CD40 and CD86. Isotype controls are represented by purple
filled plots while cell specific markers by open green plots. Data are representative
of hMSC marker expression at passage 5, however, it was examined at each passage
from 3-8.



3.3 DIFFERENTIATION CAPACITY OF MSC

The Aistemnesso of hMSC was deter min
differentiate into a number of mesodermal cell lineages. hMSC isolated as described
above were cultured in specific differentiation media (Table 2.2) to stimulate the
differentiation of hMSC into adipocytes, osteocytes or chondrocytes. Adipocytes
were visualised by staining with Oil Red O, which stains lipid vacuoles red (Fig 3.3
A). Osteoblasts were stained using Alizarin Red S, which when combined with
calcium ions,forms a red product (Fig 3.3 B). Chondrocyte differentiation was
determined through the expression of collagen Il and aggrecan bygsantitative
RT-PCR (Fig 3.3 C). Control cells (hMSC not cultured in differentiation media)
were stained with the casponding dyes or analysed for equivalent mRNA
expression (Fig 3.3). hMSC used in this study differentiated along each pathway and
maintained their multilineage potential through each subsequent generation for

batches of h(MSC used in this study from pgssato 8 (Fig. 3.3).

3.4 ALLOGENEIC MSC SUPPRESSPROLIFERATION IN A MIXED LYMPHOCYTE

REACTION (MLR)

The ability of MSC to modulate immune responses prasiouslyexamined
and confirmed by others (Ryan, 2007, English, 2008; DiNicola, 2002). However,
was important to confirm this characteristic on the hMSC used here, prior to their
use in furtherin vitro studies. The immunosuppressive capacity of hMSC was
investigated in two ways. Firstly, the ability of hMSC to modulate a mitogen driven
lymphocyte proliferation was studied. This involved human PBMC from a single

donor that were stimulated withoncanavalin AConA) in the presence or absence
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of allogeneic hMSC. The level of proliferation was measured u$inthymidine
incorporation. hMSC sigficantly inhibited the mitogen driven proliferation of

PBMCin vitro (p<0.0001) (Fig 3.4 A).

Secondly, the ability of h(MSC to suppress alloreactivity was examined using
a twoway mixed lymphocyte reaction (MLR). PBMC from two MHfiismatched
donors werecocultured in the presence or absence of hMSC allogeneic to both
PBMC populations. In the presence of hMSC, PBMC prolif@natvas significantly
reduced (g0.05), when compared to the coculture of allogeneic PBMC without
hMSC (Fig 3.4 B). These data indted that the hMSC populations (passage 3 to 8)
used here were capable of suppressing both mitogen driven and alloantigen driven
proliferation and the batches selected were characteristic of those used previously by

others.
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B Osteocytes

C
GAPDH GAPDH
Aggrecan Collagen I1
350bp 703bp
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-TGFB +TGFS -TGFB +TGFB

Fig 3.3 Differentiation capacity of hMSC. hMSC were cultured in specific
differentiation media for 21 days for the characterisation of (A) adipocytes, (B)
osteocytes and (C) chondrocytes. (A) hMSC were differeatietto adipocytes and

stained using oil red O. (B) hMSC were differentiated into osteocytes and visualised

by alizarin red S staining. Magnification x 100 using Phase contrast light

mi croscopy. ( C) hMSC were diffenmenti at
compared to controlsT GF b 3) for the expression of a
semtquantitative RTPCR. Data are representative of hMSC differentiation capacity

from passage 5. Similar data were obtained from hMSC between passages 3 to 8.
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Fig 3.4 Allogeneic MSC inhibit mitogen and alloantigen driven proliferation.
hMSC were examined for their capacity to inhibit (A) mitogen driven (ConA) and
(B) alloantigen driven proliferation of PBMC. (A) hMSC (1 x°Afl) were
cocultured with MHC mismatchedonor PBMC (1 x 19ml). (B) hMSC were
cocultured with two MHC mismatched donor PBMC in a two way mixed
lymphocyte reaction. Proliferation was assessedHbyrhymidine incorporation.
hMSC significantly inhibited both (Ainitogen driven proliferation 0.0001) and
(B) alloantigen driven proliferation §®.05). Results are representative of three
independent experiments performed in triplica&atistical analysis was carried out
using the student paired t teSimilar data were obtained for h(MSC frqgrassage 3

to 8.
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3.5 MURINE COMPLEMENT DID NOT AFFECT THE SURVIVAL OF HUMAN MSC

IN VITRO

For use in cell therapy, hMSC must possess potent immunosuppressive
abilities that span both the innate and adaptive immune system. The complement
system is a vil component of innate immunity that plays a role in hyperacute and
acute transplant rejection (Baldwin, 1995). As later work would require use of
hMSC in murine models, it was necessary to determine whether suppression
extended to the action of complemeimn this study, the effect of human and murine
complement on the survival of hMS@ vitro was investigated. The induction of
hMSC apoptosis after exposure to complement was examined by flow cytometry

using a weHoptimised apoptosis kit (BDBioscience)

Human lung epithelial cells, (A549, control cells), murine splenocytes
(control cells) or hMSC were cultured
human compl ement (hCod) for 4 h. The
dilution) was arrived taafter a series of optimisation experiments. After 4 h, the
induction of apoptosis was analysed by flow cytometry through annexin M YFL
and propidium iodide (PI) staining (F2) (Table 3.1) (Fig 3.5). As expected,
murine complement induced the apgi$oof human A549 cells vitro (11% cells)
while human complement had no efféd®so cells)(Fig 3.5 A). Unsurprisingly,
human complement induced the apoptosis of murine splend@aés cells) with
murine complement having no effect on the survivalmifrine splenocyte$3%

cells)after 4 h (Fig 3.5 B) (Table 3.1).

After identifying that human complement induced destruction of murine cells

and murine complement lysed human ceilsvitro (Fig 3.5 A & B), hMSC were
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cultured in the presence of humanmurine complement for 4 h. Murin®.6%

cells) or human(0.6% cells)complement had no effect on hMSC survivalvitro

(Fig 3.5 C) (Table 3.1). These data suggested that hMSC are resistant to the lytic
effects of the alternative complement pathway emlicated another mechanism by
which MSC suppress innate immune responses. These data were impontaet to

for future animal and clinical studies as it suggested that the use of xenogeneic or
humanised mouse models would be viable for studyingCMS a cell therapy

(Chapter 6).

TaABLE 3.1 HuMAN MSC ARE NOT SUSCEPTIBLE TO MURINE OR HUMAN

COMPLEMENT KILLING

Human A549 6.3 (490) 4.0 (391) 11.0 (384)
Murine Splenocytes 7.0 (1416) 69.0 (2633) 3.0 (1244)
Human MSC 0.6 (119) 0.6 (111) 0.6 (128)
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Fig 3.5 Murine complement did not kill human MSCin vitro. (A) Human A549
(3 x 1C/well), (B) murine splenocytes (1 x¥@ell) or (C) hMSC (3 x 1dwell)
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After 4 h, cells were harvested and analysed for cell apoptosis using annexin V (FL

1) and PI (FE2) staining by flow cytometry. (A) Murine complement induced cell

apoptosis of hunmaA549 cells.

(B) Human complement induced cell apoptosis of

murine splenocytes. (C) hMSC survival was not affected by the presence of human

or murine complement. Data are representative of three studies.
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3.6 ALLOGENEIC H MSC INDUCE T CELLS WITHA REGULATORY PHENOTYPE

The study above showed that hMSC suppressed innate immunity; however,
the remaining focus of this chapter concerns adaptive immunity and the effect of
MSC on lymphocytes. MSC modulate many aspects of adaptive immunity (Chapter
1.7.2). There are multiple cell types in a population of PBMC used in an MLR,
therefore it is difficult to determine which of the multiple suppressive effector
functions hMSC are modulating in this system. In this chapter, the ability of
allogeneic hMSC inductionf T cells with a regulatory phenotype from a purified
population of human CD4T cells was investigated. The expression of the T cell
regulatory transcription factor, forkhead box P3 (FoxP3) and CD25 were examined

as typical markers of T relike populdions.

Human CD4 T cells purified by magnetic bead separation, as described in
section 2.3.7, were cultured in the presence or absence of hMSC for 24 h and the
expression of FoxP3 examined by gRTR (Fig 3.6 A & B). hMSC induced
significantly more CD4 T cells that expressed FoxP3x02) when compared to
CD4" cells that did not encounter hMSC (Fig 3.6 B). The expression of FoxP3 and
CD25, at the protein level was examined. Purified human*CD4ells were
cultured in the presence or absence of h(M@T72 h. After 72 h, CD4T cells were
pulled back from coculture by gentle aspiration from adherent hMSC and examined
for the expression of FoxP3 and CD25 by intracellular flow cytometry. Fewel CD4
T cells expressed FOxH3.93% cells)Fig 3.7 A) andCD25(0.4% cells)Fig 3.7 B)
when cultured in the absence of hMSC. In contrast, there was a consistent increase
in the FoxP3 CD25 CD4' T cells after coculture with hMS(®.27% FoxP3 and
1.3% CD29 (Fig 3.7 A & B). These data indicated that hMSC induce

CD4'CD25FoxP3 T population typical of T reg cells.
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Fig 3.6 hMSC inducedincreased expression of FoxPdipurified CD4" T cells.

CD4" T cells (3 x 18/well) were cultured in the presence or absence of hMSC (1 x
10°/well) in a 24 well plate for 24 h. After 24 h, purified CD# cells were pulled

by from culture by gentle aspiration and examined for the expression of a house
keeper, glyceraldehyd&phosphatalehydrogenase (GAPDH) and FoxP3 by (A)
semi quantitative RIPCR and (B) Quantitative real time PCR for FoxP3 mRNA.
(B) CD4" T cells expressed low levels of FoxP3 in the absefideMSC but the

level of FoxP3 was significantly increased when CD4dls were cocultured with
hMSC (p<0.02). Results are representativettokee independent experiments with
gRT-PCR expressed as mean fg/500ng cDNA + SE each performed in duplicate.
Statistical analysis was carried out using the student paired t test.
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Fig 3.7 hMSC induced a T cell population exyessing FoxP3 and CD25 CD4'

T cells (1 x 16well) were cultured in the presence or absence of hMSC (3 x
10°/well) in a 6 well plate for 72 h. The expression of FoxP3 and CD25 was
examined by intracellular flow cytometry. (A) CDZ cells alone expresd low

levels of both FoxP3 and CD25. (B) Upon coculture with hMSC, both FoxP3 and
CD25 expression were up regulated on CD4cells. The percentages of double
positive cells are in the upper right quadrant (%), with the mean fluorescent intensity
(MFI). Data are representative of three independent experiments. (The
collaboration with Dr. Jennifer Ryan and Dr. Karen English in this experiment is

gratefully acknowledged).
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3.7 ALLOGENEIC MSC INDUCTION OF FOXP3AND CD25EXPRESSION BY

HUMAN CD4" T CELLS IS IN PART CONTACT DEPENDENT

Conflicting evidence exists whether cell contact contributes to the
immunomodulatory function of MSC (Di Nicole, 2002, Djouad, 2003; Krampera,
2003). To investigate the role of cell contact in hMSC immune modulation,
transwellexperiments were carried out. hMSC were cultured in direct cell contact
with CD4' T cells. Alternatively, contact was blocked through a transwell system,
where hMSC were adherent to the bottom of a 24 well tissue culture plate ahd CD4
T cells were sepated by a 0.4um membrane transwell insert (contact prohibited).
After 24 h of culture, CD4 T cells were pulled back from culture by gentle
aspiration and examined for the expression of FoxP3 byRBR (Fig 3.8). When
hMSC were separated from CDZ% cells in the transwell system, the induction of
FoxP3 was significantly decreased among CD4ell population, when compared
to CD4' T cells that had direct contact with hMSC (Fig 3.8). This suggested that cell

contact between CD4 cells and hMSC was wolved in FoxP3 induction.

FoxP3 and CD25 protein levels were analysed by combined
intra/extracellular flow cytometry. hMSC and CD# cells were cocultured with
cell contact permitted and cell contact prohibited (transwell) for 72 h . Expression of
FoxP3 and CD25 was investigated using flow cytometry. In the transwell system,
allogeneic hMSC did not induce FoXPBD25" expression in purified CO4T cells
(2.86% FoxP3 and 0.19% CD25)hen compared to cultures where contact was
permitted(8.54% FoxP3and 1.3% CD25)Fig 3.9). This reiterated the finding by
gRT-PCR, suggesting that direct cell contact was required for the induction of FoxP3

expression.
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Next, the requirement for cell contact in a mukil system was examined.
Unseparated allogenewhole PBMC were cultured in the presence or absence of
hMSC in a transwell system similar to above (contact permitted or prohibited).
After 72 h, PBMC were recovered by gentle aspiration and the expression of FoxP3
and CD25 were analysed by flow cytonyetThe expression of FoxP3 and CD25 by
PBMC was increased when cell contact between PBMC and hMSC was permitted
(1.46% FoxP3 and 1.68% CD2fJirect contact) or prohibite¢ll.33% FoxP3 and
2.33% CD25)(transwell) (Fig 3.10). This indicated that in theeggnce of other
immune cells, cell contact was not required for allogeneic hMSC to induce a’FoxP3
CD25 regulatorylike T cells. These data give some explanation into the
contradictory data described by others. It also suggests that other cells can

suppement the contact signal derived from hMBWitro.

3.8 ALLOGENEIC MSC INDUCE THE SECRETION OF IMMUNOSUPPRESSIVE

CYTOKINES BY CD4" T CELLS

The pattern of cytokine secretion contributes to the characterisation of a T reg
cell population. One of the kegytokines secreted by T reg cells is transforming
growth factorbetd ( TGFb 1) . Therefore, the expre
on CD4 T cells following their coculture with hMSC. Purified CD# cells and
hMSC were cocultured for 24ih vitro. Theex pr essi on of ' TTellsFb 1 on
cultured in the presence or absence of hMSC was examined bPGRT TGFb 1
mRNA expression was significantly higher in CDB cells which were previously
cultured with hMSC (Fig 3.11 A & B). This was confirmed at at@ro level,

purified CD4 T cells and hMSC were cocultured for 48 h and the production of
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TGFb1 by cellsDvhs examined by bead array analysis. The secretion of
TGFb1 Dbyl caldDfdllowing their coculture with hMSC was significantly
higher thanhat of CD4 T cells alone (Fig 3.11 C). These data demonstrated that
hMSC were capable of induced CDZ cells that secreted immunosuppressive

cytokines, typical of a regulatory population.

3.9 SOLUBLE FACTORS PLAY NON REDUNDANT ROLES IN MSC INDUCTION OF

HuMAN CD4" CD25" FoxP3" T REG-LIKE CELLS

Modulation of allogeneic responses by MSC requires multiple factors- Cell
cell contact and the release of soluble factors playradandant roles in MSC
immunomodulation, as demonstrated in Fig 3.8, 3.9 ah@l 3Previous studies have
shown that Prostaglandin E2 (PSS and TGFb1 production ¢
induction of FOxP3 T reg cells (Baratelli, 2005; Fu, 2004). Rateel. have shown
that PGE secreted by MSC was required for modulation of alloantigevern
proliferation in an MLR, while TGRb1l was

(Ryan, 2007).

The influence of prostaglandins and T
was examined. The production of prostaglandins was ablated using the
cyclooxygenase antagn i st i ndomet hacin whil e TGFb
through the addition of a humanamtiGF b 1 anti body. FoxP3 mR
CD4" T cells cocultured with hMSC in the presence or absence of neutralising
antibody or chemical antagonist was exaad by qRTPCR (Fig 3.12 A), while
both FoxP3 and CD25 expression was analysed by intra/extracellular flow cytometry

(Fig 3.12 B). The presence of indomethacin or-anBFb al one i n cCoO«
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resulted in the decreased expression of FoxP3 mRNA ori TRélls (Fig 3.12 A).
While a combination of indomethacinand ahtiGFb 1 | ed t o a furt he

FoxP3 mRNA expression on CDZ cells to near background levels (Fig 3.12 A).

Similar to the data seen in figure 3.7, hMSC increased the expressiothof b
FoxP3(6.66%)and CD252.8%)on CD4 T cells when analysed by flow cytometry.
However, following the neutralisation of
production, the expression of FoxP&07%)and CD25(0.89%)was decreased on
CD4" T cells afer coculture with hMSGFig 3.12 B). These data indicated that both
prostagl andi ns aeduhdak ®EDHiA hMSC mductian ®nCD4
CD25 FoxP3 T reglike cells. In effect, both cell contact and the subsequent
release of soluble factors amequired for MSC immunomodulation. The transwell
system demonstrated that cell contact was required in the absence of other immune
cells, with soluble factors alone insufficient for the induction COB25 FoxP3 T
reglike population. The neutralisatioor antagonism experents, where cell
contact was permitted demonstrated that
soluble effector molecules involved in hMSC induction of CED25 FoxP3 T

reglike cells.
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Fig 3.8 Direct cell contact is required for the inductionFoxP3 in purified CD4"

T cells. Purified CD4 T cell (3 x 16/well) were cultured in the presence or absence
of hMSC (1 x 18/well) in a 24 well plate for 24 h. Cell contact was prohibited using
a transwell system. The expression of FoxP3 was detatnbmegRFPCR. The
induction of FoxP3 was significantly less on purified C4cells when direct cell
contact with hMsC was prohibited (transwell) €0.05). This indicated that direct
cell contact was required for FoxP3 induction on CD4ells by hMSC. Statistical
analysis was carried out using the student paired t @ata are representative of
three experiments. (The collaboration with Dr. Jennifer Ryan and Dr. Karen English

in this experiment is gratefully acknowledged).
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Fig 3.9 Direct ell contact is required for the induction of FoxP3 and CD25
expression on purified CD4 T cells by allogeneic hMSC. Purified CD4 T cell

(1 x 1F/well) were cultured in the presence or absence of hMSC (3/wdl0) in a 6

well plate for 72 h. Cell coatt was prohibited using a transwell system.
Expression of (A) FoxP3 and (B) CD25 were determined by intra/extracellular flow
cytometry. FoxP3CD25 expression was increased in cultures when TD4ell

and hMSC cell contact was permitted. hMSC did mutuce FoxP3 CD25
expression on purified CD4T cells in cocultures where contact was prohibited
(transwell). Cell contact is required for FOXRD25™ T reglike cell induction by
allogeneic hMSC. Data are representative of three experiments. Ceatages of
double positive cell§%) andthe mean [iorescent intensitare represented in the
guadrant(The collaboration with Dr. Jennifer Ryan and Dr. Karen English in this

experiment is gratefully acknowledged).
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Fig 3.10 Cell contact is not rquired for the induction of FoxP3 and CD25
expression in a multicell system. PBMC (1 x 16/well) were cultured in the
presence or absence of MSC (3 X/@@ll) in a transwell system for 72 h. The
expression of (A) Foxp3 and (B) CD25 were determinednirafextracellular flow
cytometry. FoxP3 and CD25 expression were increased on PBMC that had direct
cell contact with hMSC. Unlike purified CDA cells (Fig 3.8), when cell contact

was prohibited between hMSC and PBMC, the expression of FoxP3 and Gi325 w
not decreased. In the presence of other immune cells, cell contact is not required for
allogeneic hMSC induction of FoxP3and CD25 T reglike cells. Data are
representative of three experiments. The percentages of double positive cells are in
the pper right quadrant (%). (The collaboration with Dr. Jennifer Ryan and Dr.

Karen English in this experiment is gratefully acknowledged).
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Fig 3.11 Purified CD4 CD25" FoxP3" T cells induced by allogeneic hMSC

express Transforming growth factor beta 1( T G F hADX".T cells (1 x 1&/ml)

and hMSC 8 x 1G/ml) were coculture for 24 h for mRNA analysis and 48 h for
cytokine analysis(A) RT-PCR detection of TGFb1l mRNA a
by gRT-PCR on CD2Z T cells was gamined. The expression of TBAH wa s
significantly higher in CDAT cells which were previously duked in the presence

of MSC (x0. 001) . (C) The secretion of TGFDb
cytokine was detected by bead array ana
secreted when CD T cdls were cocultured with hMSC €0.05). These data

indicated the induction of an immunosuppressive phenotype and environment.
Statistical analysis was carried out using the student paired t tBsta are

representative of three experiments, perfed in triplicate.
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Fig 3.12 Prostagl andi aedundam dolesTic MBQ pl ay
induction of CD4" CD25" FoxP3' T cells. Purified CD4 T cells (1 x16/ml) were

cultured in the presence or absence of hMSC (3/milpfor (A) 24 h or (B) 72 h.

The production of prostaglandins was ablated using the cyclooxygenase antagonist

i ndomet hacin (i ndd)was(néuiralis€dWyith aaliGe 1T G F4b
ng/ml). (A) FoxP3 mRNA expression was analysed by 4R after 24 h, while

(B) FoxP3 and CD25 proteirxpression were analysed by intracellular flow
cytometry after 72 h. The presence of indomethacin orTa@F b1 i n cul t
resulted in the (A) decreased expression of FoxP3 mRNA and (B) decreased FoxP3

and CD25 expression by flow cytometry on CD#cells following coculture with

hMSC. Data are representative of three experiments. The percentages of double
positive cells(%) and mean fluorescent intensity (MFRre represented in the

quadrant Statistical analysis was carried out using the studenegbaitest. (The
collaboration with Dr. Jennifer Ryan and Dr. Karen English in this experiment is
gratefully acknowledged).
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3.10 CD4"CD25 T CELLS INDUCED BY ALLOGENEIC MSC ARE

CONVENTIONAL T REG CELLS

Purified CD4 CD25 T cells that encountered hMSCcse et ed TGFb 1,
3.10) supporting hypothesis that hM@€rived signals condition the local tissue
environment to promote the induction of T reg cells. The release of
immunosuppressive cytokines alone or the expression of CD25 and FoxP3, are not
however sufficient in determining whether the CD£D25 T cells induced by
hMSC are conventional T reg cells. To investigate whether hMSC generate
functional T reg cells, CD4CD25 T cells induced by coculture with hMSC were

repurified and examined for theirguressive activity in an MLR.

Purified CD4 T cells and allogeneic hMSC were cocultured for 72 h. After
72 h, CD4 T cells were repurified (isolated) using a CD25 microbead isolation Kit,
to obtain a CD4 CD25" T cell population. These repurified CDED25 T cells
were then cocultured with PBMC from two MHC mismatched donors in an MLR.
The repurified CD4 CD25" T cells were found to significantly reduce alloantigen
driven proliferation (Fig 3.13). This indicated that the T cell populations induced by
allogeneic hMSC could reasonably be described as conventional T reg cells with a

functional suppressor function.
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Fig 3.13 Purified CD4 CD25" FoxP3 T cells induced by allogeneic MSC
suppress alloresponsesCD4" CD25 T cells induced by coculture thi MSC were
repurified by microbead separation and cocultured with PBMC from two MHC
mismatched donors in 96 well plates in an MLR. Repurified COB25 T cells
significantly reduced allaien proliferation in an MLR (90.05). EH]-Thymidine
incorporaion was expressed as counts per minute (cp8tatistical analysis was
carried outusing the studempairedt test. Data represent triplicates repeated three
times (The collaboration with Dr. Jennifer Ryan and Dr. Karen English in this

experiment is gatefully acknowledged).
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3.11 SUMMARY

The aim of this chapter was to determine how hMSC suppress innate and
adaptive immune responsesvitro. First, the effect of complement activation on
hMSC survival was analysed. Second, the role for cell contattle release of
soluble factors by hMSC in the induction of a T reg population were investigated.
Finally, the induction of functional T relike cells by hMSC was examineal vitro.
hMSC were not destroyed by human or murine complenmenttro. The® data
suggested that, in the case of hMSC therapy in a xenogeneic murine model or in
allogeneic human clinical studies, the alternative complement pathway activation
might not confound hMSC action. These data will be important when considering
hMSC as aell therapy, as complement is a vital component of innate immunity and
involved in hyperacute transplant rejection. The induction of a T-lieg cell by
hMSC was investigateit vitro. Allogeneic hMSC cocultured with purified CDZ
cells resulted ima significant increase in FoxP3. Direct cell contact and hMSC
derived soluble factors, such -redendaftGF b 1
roles in the induction of CO4CD25 FoxP3 T reglike cell. These hMSC induced

CD4" CD25 FoxP3 T reg cells irturn, suppressed alloantigen driven proliferation.

The experiments described in this chapter have provided novel insight into
hMSC immunomodulation and identifying the mechanisms used by hMSC in the
i nduction of functi on allandins predgction wdreltveo. TG
key soluble factors involved in hMSC mediated modulation. However, this chapter
did not identify the possible contact candidates required for the induction of
regulatory immune cells. The identification of a contact signalired for
successful immunomodulation by MSC would be important in contributing to the

rational use of MSC as an immunomodulatory cell therapy in the future.
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CHAPTER 4

IDENTIFYING CONTACT DEPENDENT SIGNALS INVOLVED IN

MESENCHYMAL STEM CELL M ODULATION OF DENDRITIC

CELL FUNCTIONS
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4.1 INTRODUCTION

In Chapter 3, hMSC induction of T reg cells from purified populations of
CD4" T cells was shown to involve both soluble factors and cell contact dependent
signals. Although the identity of the contact signalere not addressed in that
chapter, possible candidates have bagygssted by others (Djouad, 20@hang,
2009). Theoretically, MSC might influence CD% cells in two ways, through
direct cell contact or indirectly via contact with DC. The identitythe direct cell
contact signal between murine MSC (mMSC) and CD4cells was pursued by
another member of the group and was not explored here. However, the ability of
mMSC to interfere with DC maturation, antigen presentation and induction of

regulabry/ tolerogenic DC was examined in this chapter.

DC are the most potent antigen presenting cell (APC), involved in antigen
uptake, and processing for presentation to naive*ADdells (Banchereau, 2000).
For the purpose of this study, murine bone marderived DC were used, as the use
of human DC was not possible due to limited availability of DC and ‘CDdells

from the same HLA background. The aims of this chapter were:

a) To determine if mMMSC modulate DC functiam vitro, by interfering
with DC matiration, antigen presentation or the release efQland Il-
12p70.

b) To investigate and identify the potential cell contact signals contributing
to mMSC interaction with DC.

Potential mMSC ligands were analysed for their role in DC maturation and/or

anigen presentation. Following this, likely candidates were neutralised or blocked
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in coculture studies between mMSC and DC and their precise roles in DC maturation

and/or antigen presentation were determined.
4.2  CHARACTERISATION OF ADULT MURINE MSC

In order to examine the DC MSC interaction it was necessary to switch to
murine systems. This was due to the limitations on DC isolation, batch
size/reproducibility and the need for CDR cells from the same donor. Therefore,
mMSC were used and requirednsiar characterisation as carried out in Chapter 3.
mMSC were isolated fra the femurs and tibiae of BALB/or C57 BL/6female
mice, using plastic adherence and selective media, as described in section 2.3.1. At
each passage, mMSC were examined micrasathp for changes in appearanca.
homogenous population of mMMSC was evident from passage 3 to 8 with fibroblastic,
spindleshaped morphology (Fig 4.1). There was no evidence of spontaneous
differentiation in these cultures. Batches of mMMSC were ctersed by flow
cytometry after every passage analogous to work in chapter 3. The expression of
Scal and CD44 and the lack of expression of CD45 and CD11b were used to
characterise a population of mMSC (Peister, 2004; Horwitz, 2005). mMSC isolated
by other groups typically express variable levels of-$c&D106 and CD44, with
no expression of CD11b, CD34, CD45, CD48, CD117 or CD135 (Baddoo, 2003).
Isolated cells at passage 3 expressed MHC class {11 $eal CD44,but not the
haematopoietic markers CD46D11b, CD34, MHC class |l or the haematopoietic
progenitor cell marker CD117 (Fig 4.2). Subsequent culturing of mMSC to passage
8 resulted in increased expression of MHC class 1$€D44 and CD106. Cells
expressing CD45, CD11b, CD34, CD117 or MH@&ss Il were not observed at any

passage between 3 and 8 (Fig 4.3).
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Fig 4.1 mMSC have a fibroblastic morphology. mMMSC were isolated from
BALB/c or C57 BL/6mice. mMSC were adherent to plastic and cultured t6(3@
confluency. Morphology was examed using phase contrast microscopy from
passage -B. Image above represents typical cells from passage 5. Original

magnification x 100.
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Fig 4.2 Surface marker expression by mMSC.mMSC isolated by adherence to
plastic from BALB/cor C57 BL/6mice expressed MHC class |, Séa CD106 and

CD44, but not MHC II, CD117, CD34, CD11b, CD45 or CD80 at passage 3.

CulturedMSC were characterised by flow cytometry for expression of a panel of

markers (open histogragreen) and corresponding isotype controldoged

histogrampurple). A minimum of 10,000 events were acquired for each marker.

118



MHCI MHC I CD90

Counts
0 40 80 120 160 200
=
r
Counts
0 40 80 120 160 200
EJ
Counts
0 40 80 120 160 200

107 10! 10° 10f 10 10 102 10® 0 10 10 102 10® 0
FLI-H FL2H FLI-H
e Sca-1 a CD106 = CDS80
o~ o~ o4
(=] (=] =
2 2 =
o o L=
v 10 w o~
£ £” £
S8 S8 S8
(=] [=] =
- - -
o (=] L=1]
1w0? 1! 1w0® 10® 0 w0? ' 1w0® 1w® 0
FLi-H FL2-H
_ Cp117 _ CD44 _ CD105
o (=] =
o~ ™~ o~
o (=] L=]
E = =
w & wa " &
£ £ £7
S8 S8 SR
o (=] =
- - -
(=] (=] =
1w? ' 1w 1w 0 10?10 1w0? 10® 0 10 10 102 10® 0
FLi-H FL2H FL2-H
_ CDIllb _ D34 _ CD45
(=] (=] =
Lo I o~ o~
(=] (=] =
=& = =
o o L]
¥ N~ o w o
£ £ £
S8 S8 S8
- B -
(=] (=] =]
1w? ' 1w 1w0® 10 0% 10" 1w0? 10® 0 0% 1w 1w0? 10® 0

FL2-H FL2H FL2H

Fig 4.3 mMSC surface marker expression at later passagesMSC isolated by
adherence to plastic from BALBar C57 BL/6mice expressed MHC class I, Sta
CD106 and CDA4, but not CD117, CD34, CD11b, CD45 or CD90 at passage 8
MSC were characterised by flow cytometry for expression of a panel of markers
(open histograngreen) and corresponding isotype controls (closed histegram

purple). A minimum of 10,000 events were aicgd for each marker.
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4.3 MMSC SHOW TRILINEAGE DIFFERENTIATION CAPACITY

The capacities of the mMSC used in this study to differentiate to osteoblasts,
adipocytes or chondrocytes were examined. mMSC were cultured in the presence or
absence of differeistion factors as described in Table 2.1. mMSC were then
stained with reagents to identify differentiated cells (Section 2.7 & Table 2.2).
Osteoblasts were detected using Alizarin Red S (Fig 4.4 B), adipocytes by staining
with Oil Red O (Fig 4.4 D) andhondrocytes were assessed by the expression of
Aggrecan, a proteoglycan found in the extracellular matrix of cartilage bR GR
(Fig 4.4 E). mMSC maintained their -tiheage differentiation capacity through
passage 3 to 8 (Fig 4.4). These data confirthe multilineage potential associated
with mMSC. Together with the data from figure 4.2 and 4.3, this suggested that the
cells used in this study were typical mMMSC according to the ISCT criteria (Horwitz,

2005).
44 MMSC SUPPRESSALLOGENEIC PROLIFERAT ION

The ability of MSC to suppress lymphocyte proliferation is impdrteimen
characterising the validitgf a population of MSC, according to ISCT regulations.
Previous members of the Mahon group examined MSC suppression of lymphocyte
proliferation (Rya, 2007; English, 2008). However, it was important to verify this
characteristic for each new batch of mMSC isolated. Therefore, the
immunosuppressive ability of mMSC isolated for the purpose of the studies herein
was first analysed using mitogen drivgmoliferation assay. Splenocytes from
C57BL/6 (H2°) mice were cultured in the presence or absence of allogeneic
BALB/c (H-2%) mMSC or in the presence of a mitogen concanavalin A (ConA). As

expected, mitogen stimulation induced a significant increasesglenocyte
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proliferation, whereas the presence of allogeneic mMSC signtfic inhibited
proliferation (p<0.0001) (Fig 4.5 A). This result indicated that allogeneic mMSC
were capable of potent immunosuppression of lymphocyte proliferation.

MMSC possesshe ability to suppress alloreactivity (Djouad, 2003). To
verify this, mMSC were included in a tweay mixed lymphocyte reaction (MLR).
Splenocytes from C57BL/6 @) (D1) and FV/BN (H-2% (D2) mice were
cocultured in the presence or absencetiifd party) allogeneic BALBZ (H-2%)
mMSC (Fig 4.5 B). Coculture of allogeneic splenocytes resulted in proliferation,
however, this was significantly suppressed in the presence of m(#S00182)

(Fig 4.5 B). mMSC are slow growing cells and do not proliferathe time course
of this experiment. These data indicated that the mMSC populations isolated were

capable of suppressing both mitogen driven and alloantigen driven proliferation.
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Fig 4.4 mMSC differentiated along the osteogenic, adipoge and chondrogenic

lineages. mMMSC were seeded at a density of 1 XcBlls/cnf and cultured in (A &

C) complete UMEM medi a, ( B) osteogeni c
induction media for 21 days. (B) Osteogenesis was assessed using Alizarin Red S
(D) Adipogenesis was visualised by staining cells with Oil Red O. Magnification x

100 using phase contrast microscopy. (E) Chondrogenic differentiation was
determined by RIPCR for theexpression of the proteoglycaggge@an mMSC
expressed ggrecarf ol | owing 21 days of culture in
medi a containing TGFb 3. mMSC di d not
osteocytes, adipocytes or chondrocytess when cultured for 21 days in complete
UMEM media without di The aove datareprésenbpassag® mp o |
5. Collectively, these data are representative of the differentiation capacity of
mMSC from passage 3 to 8.
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Fig 4.5 Allogeneic mMSC inhibit mitogen driven and alloantigen driven
proliferation. BALB/c (HZ) mMSC (pasage 5) were examined for their capacity

to inhibit (A) mitogen driven (ConA) proliferation of C57BL/6 (B2splenocytes

and (B) alloantigen driven proliferation of MH@ismatched donor mice (C57BL/6
(H2") (D1) and FV/BN (H%) (D2)) splenocytes. mMSC (X 10°/ml) and
splenocytes (1 x fml) were cocultured for 72 h.°H]-Thymidine at 0.5 uCi/ml

was added for the final 6 h of culture. Cells were harvested using an automated cell
harvester.  (A) mMSC significantly inhibited mitogen driven lyopyte
proliferation (p<0.0001). (B) mMSC significantly suppeesi alledriven
proliferation (p<0.0182). Statistical analysis was carried out using the student paired

t test. Results are representative of three independent experiments for each passage
of mMMSC from 3 to 8.
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4.5 MURINE MSC PREVENT LPS DRIVEN DC MATURATION

The transition from immature to mature DC is characterised by a number of
changes, including the increased secretion ef2land the increased expression of
MHC class Il and costimulatory nmexdules. Bone marrow derived DC were
stimulated with LPS in the presence or absence of allogeneic mMSC for 48 h. After
48 h, the expression of MHC class Il and the costimulatory molecule CD86 were
analysed on DC by flow cytometry (Fig 4.6 A). Supernatdram these cultures

were collected at 48 h and cytokine secretion was analysed by ELISA (Fig 4.6 B).

Maturation of DC with LPS for 48 h resulted in an increase in maturation
marker expression, both MHC class(3405 MFI)and CD86(1222 MFI) by flow
cytometry (Fig 4.6 A). However, mMSC coculture prevented the increase in MHC
class 11(2636 MFl)and CD86(815 MFI) expression (Fig 4.6 A). DC that had been
stimulated with LPS for 48 h secreted elevated levels df2h70 and lower levels
of IL-10 (Fig 46 B) as has been previously reported (English, 2008). Following
coculture with mMSC, DC secretesignificantly less 1E12p70 (p<0.0001) and
significantly more 1110 (p<0.0001) (Fig 4.6 B). mMSC did not secretell2p70
suggesting that this was a direnflience on DC. However, mMSC secrete low
levels of IL-10 and this could contribute to the elevated levels efQLpresent in
coculture supernatant (Fig 4.6 B). These data suggested that mMSC disrupt the
maturation of DC, preventing the upregulation EHC class Il and CD86
expression, in conjunction with a decrease in H¥® production and an increase in
IL-10 production. These datare consistent with a hypothesis suggesting that

mMSC keep DC in a senmnature or tolerogenic state.

124



iDC mDC mDC + MSC
o o o
v 8 =R g
MHCTL 61% (2149) | 23 74% (3405) [ 2 49% (2636)
o o3 <3
§e 2 et 22 =
oo o3 OO_
Qv -9 Ov
8 ¥ | =1 ‘
o o ] P S \ o IR A e h
00 o' 102 w0 10 w0 ' 10?2 10f 0f
FL2-H FL2H
CD86 2 2 . g
8 g ] S0% (1222) | _ 3 25% (815)
wg "] M1 e M1
5 N 5
o SE S8
8 8 a-‘ -
i o .‘a‘_“ ~ P .‘s_
10?  1o! Fleoi 108 101 0 0! ch: 0 10
B c
£ so- < 200
g 5
c 40- —_— &
c ~~ 1504
= c
=
g £ 100-
[ = 20+ 3
o
o £
o -
e 10- S so
o o
£ -
3 0- - pd
DC + + + DC
LPS - - + + LPS
MSC + - + MSC +

Fig 4.6 mMSCprevent LPS driven DC maturation. Immature DC (iDC) were

stimulated with LPS (100 ng/ml) (mDC) and cultured in the presence or absence of
mMSC for 48 h.
maturation markers, (A) MHC class Il and GP8r by ELISA of culture supernatant
for (B) IL-12p70 or (C) IL10.

gentle aspiration after 48 h for flow cytometry. Percentage positive and mean

DC were analysed by flow cytometry for the expression of

(A) mDC were separated from adherent mMSC by

fluorescence intensity (MFI) represented on histogram. Isstgpmeshown as closed
histograms (purple), while specific marker expressions are represented as open
histograms (green). Data are representative of three independent experiments.
Supernatants were collected after 48 h for cytokine analysis A L(B) MMSC
significantly (p<0.0001) decreased the production of12p70 by DC, while (C)
significantly (<0.0001) increasing the production of1l0. Statistical analysis was
carried out using the student paired t tesData are representative of three

experments each performed in triplicate.

125



4.6 MMSC INDUCE A TOLEROGENIC DC

Presentation of antigen in the presence of costimulation by DC is critical for
the activation of naive CD4T cells. In the event of antigen presentation in the
absence of costimuian, clonal T cell anergy or apoptosis can occur (Schwartz,
1989). Tolerogenic DC are said to be resistant to maturation, with low levels of
MHC Il and costimulatory molecule expression, low production e12ip70, high
production of 1-:10, impaired T dé activation and increased ability to generate
alloantigen specific T reg cells (Morelli, 2007). To examine this and in a bid to
strengthen the data above, the effect of mMMSC on antigen presentation by DC was
analysed by flow cytometry, measured by thepthy of LEEU pepti de. Th
antibody used recognises thElU pepti de but onl - p°"MMBen di s
class Il molecule of C57/BL6 DC. C57/BL6 DC expregs’lbut not FE and cannot

constitutively express thel U :A? MIHC class Il trimericcomplex (Murphy, 1992).

DC isolated from C57BL/6 bone marrow were pulsed vithl pept i de f
48 h. Antigen displayed by DC was recognised through the addition of fluorescently
labelled YAe antibody and analysis by flow cytometry (Fig 4.7 A). DC pug¢h
the tLEU peptide were capabUean®rog &lmveverayi ng
following coculture with mMSC, DC were unable to display the antigen at high
levels (42%) (Fig 4.7 A), suggesting that mMSC prevented or impaired the

presentation calloantigen by DC.

mMSC cocultured with DC prevented the increase of maturation markers,
MHC class 1l and CD86, keeping the DC in a semature state (Fig 4.6 A).
However, in order to descrilibeseDC as tolerogenic, they must be less capable of

suppoting T cell proliferation. It was therefore necessary to demonstrate that DC
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encounter with mMSC resulted in the induction of a DC population impaired for that
function. The approach to demonstrate
two-step design First, DC were pulsed with antigen, ovalbumin (OVA), in the
presence or absence of mMSC. The DC were then repurified and cocultured with
OVA antigen specific CD4 T cells isolated from DO11.10 mice. If the DC
population were tolerogenic, the hypotlsesias that T cell proliferation would be
impaired. To examine this hypothesis, C57BIo'®MISC were cocultured with
BALB/c DC pulsed with OVA for 48 h. Then, DC were repurified from adherent
mMSC by gentle aspiration and placed into fresh culture with DiD1kolated

CD4" T cells, which carry a transgenic T cell receptor specific for OVA peptide 323
339, for a further 72 h. As expected, OVA pulsed DC were capable of supporting
DO11.10 CD4 T cell proliferation (Fig 4.7 B). However, DC pulsed with OVA in

the presence of mMSC were subsequently unable to stimulat€ TDdell
proliferation (Fig 4.7 B). This was a striking finding given that each T cell in this
population was specific for the antigen employed. A fully functional mMSC was
required for the indction of a tolerogenic DC, as OVA pulsed DC in presence of
formalin fixed MSC (fMSC) retained the capacity to support CD# cell
proliferation (Fig 4.7 B). Thus it is reasonable to conclude that mMSC induced a
genuinely tolerogenic DC population that svanable to classically support the

proliferation of antigen specific CD4 cellsin vitro.
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Fig 4.7 mMSC interfere with antigen presentation by DC, inducing a

tolerogenic DC. ( A) i DC al one or i DC pulsed with

presence or absence of mMSC were labelled with biotinylated YAe antibody,
followed by streptavidirFITC and analysed by flow cytometry. mMSC reduced the
presentatonof-EU pept i dB)iDO that weB @reviously pulsed with OVA

in the presence or absence of mMMSC or formalin fixed mMSC (fMSC) for 48 h were
repurified and cocultured with OVA specific DO11.10 CD#® cells for 72 h.
Proliferation through®H Thymidine incorporation was meared. DC pulsed with
OVA supported proliferation of DO11.10 CD% cells (p<0.0001). DC pulsed with
OVA in the presencef mMSC significantly reduced §®.0001) the proliferation of
DO11.10 CD4 T cells in vitro. Fully functional mMSC were required fdhe
induction of a tolerogenic DC, as fixed mMSC (fMSC) did not interfere with the
presentation of antigen by DCStatistical analysis was carried out using the student

paired t test.Data are representative of three experiments performed in triplicate.
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4.7 DIRECT CELL . CELL CONTACT BETWEEN MSC AND DC IS REQUIRED FOR

THE INDUCTION OF A AASEMI-MATURE 0 DC IN VITRO

The need for direct cell: cell contact between MSC and immune cells has
remained unclear to date. Many groups suggest that MSC require ditextintact
with its target cell while others suggest otherwise (Beyth, 2005; Jiang, 2005; Nauta,
2006; Djouad, 2007). Therefore, the need for direct cell contact between mMSC and
DC for maturation inhibition was examined. A similar approach to thatecaout
in Chapter 3 was employed. Using a transwell system, the direct cell contact
between mMSC and DC was prohibited. Similar to data shown in Figure 4.6 A,
when direct cell contact between mMMSC and DC was permitted, mMSC successfully
prevented the aturation of DC inducing a sermature population, as indicated by
low levels of MHC class 1{1083 MFI)and CD86(815 MFI) expression (Fig 4.8).
However, when direct cell contact was prohibited using the transwell system, mMSC
no longer preveed DC matwation as an increase maturation marker expression
was observgdHC Il (1663 MFI )and CD86 (1320 MFI)jndicating successful DC
maturation (Fig 4.8). This finding showed that in order for mMSC to induce a semi
mature DC population direct cell contdogtween the two cell populations was
required. This finding encouraged the investigation into identifying possible cell

contact molecules involved in this immune modulation by mMSC on DC maturation.
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Fig 4.8 Direct cell contact between mMSC and DC iequired for the induction

of a semimature DC population. DC (1 x 1G/well) matured with LPS (100
ng/ml) (mDC) displayed increased MHC class Il and CD86 expression after 48 h by
flow cytometry. DC matured in the presence of mMSC (33wigll) had decrased
levels of MHC class Il and CD86 expression, indicating a seature phenotype.
When direct cell contact was prohibited in a transwell system, mMSC were unable to
interfere with the maturation of DC and no longer induced a-geaiire phenotype.
Percentage of cells and mean fluorescence intensity (MFI) is indicated in each

histogram. Data are representative of three experiments.
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4.8 EXAMINATION OF CANDID ATE CONTACT SIGNALS : CD33-RELATED SIGLEC

EXPRESSIONBY MURINE MSC

After identifying the need fodirect cell contact between mMSC and DC, the
following sections investigated the roles of possible contact molecules involved in
mMSC modulation of DC maturation. Siglecs were the first candidate investigated.
Siglecs are a family of typ# sialicacid binding immunoglobulidike lectins that
are involved in immune cell: cell interactions and regulate the function of cells in
both the innate and adaptive immune systems through glycan recognition (Crocker,
2007) (Chapter 1.6.1). CD3glated Siglecs atsplay a role in the regulation of
cellular proliferation and differentiation during immune responses (Crocker, 2003).
Therefore, Siglecs were a credible candidate signal used by mMSC in immune

modulation.

To determine if mMMSC expressed Siglecs, a sguantitative molecular
approach to measure the CB&3ated Siglecs E, F, G and H was followed (Fig 4.9).
Tissues known to expreSsglec E andH (splenocytes), F (bone marrow) or G (bone
marrow & splenocytes) were used as positive controls to optimiseottiditions
required for RTPCR. The optimum annealing temperatures for the detection of
Siglec expression were Siglec E 62°C; Siglec H, 58°C; Siglec F, 60°C; and Siglec G,
60°C. All further RFPCR analyses were carried out using these optimised

temperatve conditions.
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Siglec E Siglec H

60° 62°  64° 58°C 60°C 62°C
A B
500bp —
500bp—»
150bp—»
150bp—»
Spleen + + - o+ Spleen + -+ -+
Negativectrl - + - + - + Negativectrl - + - + - +
Siglec F

55°C 58°C 60°C 62°C  64°C

500bp —

144bp —»
Bone marrow +

Negative ctrl e e
Siglec G
D
500bp—»
149bp—»
Spleen
Bone marrow - + - - + - - + - - + -
Negativectrl - - + - - + - - + - - +

Fig 4.9 Optimisation of Siglec primers Primers for (A) Siglec E, (B) Siglec H, (C)
Siglec F and (D) Siglec G weoptimised for RTPCR using temperature gradients
ranging from 55°C to 64°C. (A) Siglec E optimal temperature was 62°C, (B) Siglec
H optimal temperature was 58°C, (C) Siglec F optimal temperature was 60°C and
(D) Siglec G optimal temperature was 60°C. e®pl derived cells were used as a
positive control for (A) Siglec E, (B) Siglec H and Siglec G (D). Bone marrow cells
were used as a positive control for both (C) Siglec F and (D) Siglec G.
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4.9 CD33-RELATED SIGLECS ARE NOT EXPRESSEDBY MURINE MSC

The exression of CD33elated Siglecs on unstimulated or stimeth
MMSC was e x amiproiadin were IcHod¢n as atimulants as prolactin
induces (chondrogenic) differentiation of bone marrow derived MSC (Ogueta,
2002), whereas | FNo2 induces incredned im
vitro andin vivo (English, 2007; Ryan, 2007; Polchert, 2008). After stimulation with
or without prolactin or | FIetatedf Siglecs a4 h
MMSC or unstimulated mMMSC were analysed by-ROR. mRNA for CD33
related Siglecs were not detectable ortiomdated or stimulated mMSC after 24 h
(Fig 4.10). Reagents for murine Siglecs are not well developed but the expressions
of Siglec E and H were also analysed by flow cytometry after stimulation with or
without prolactin or dé&blimulated mMSE 4lid ot St
express Siglec H or Siglec E by flow cytometry (Fig 4.11). Thus, mMSC did not
appear to express the CD33 family of Siglecs, suggesting that mMMSC expression of

Siglecs is not the contact dependent signal.
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Fig 4.10 CD33related Siglecs are not expressed by mMSQ@ptimised primers

were used to determine the expression of (A) Siglec EJ62B) Siglec H (58C),

(C) Siglec F (66C) and (D) Siglec G (6TC) on mMSC and mMSC stimulated with
prolactin (50ng/ml) or IFNb  (n&/ral) after 24 h. RIPCR analysis showed that
CD33related Siglecs are not expressed by MSC. Housekeeper gene expression, (E)

GAPDH, used as a positive control for cDNA synthesis.
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Fig 4.11 MSC do not express Siglec E or .HSiglec E and H exprs®n were

analysed by flow cytometry on (A) mMSC alone or mMSC stimulated with (B)
prolactin (50 ng/ml) or (C) | FNo2 (50 ng
stimulated mMSC did not express Siglec E or H. Isotype controls are represented by
filled purple histograms, while cell specific markers by open green histograms. Data

are representative of three experiments.
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4.10 REGULATORY MOLECULE EXPRESSIONBY MMSC AND BONE M ARROW

DerIVED DC

As mMSC did not appear to express CD33 related Siglecs, the erpressi
other regulatory molecules were examined. In the first instance, the B7 family of
receptors and ligands: CTkLA ICOS and PEL, were examined as these are
involved in the activation, regulation and inhibition of immune cell responses
(Amarnath, 2010Alegre, 2001; Herman, 2004; Latchman, 2001; Nishimura, 2001).
The expression of B7 family receptors and ligands were examimdumbth mMSC

and DC by RTPCR.

mMSC werestimulated with prolactin, TNE &No f or 24 h
expression of CTLA4, ICOS, LICOS, PEL and PDE1 on mMSC were determined
by RT-PCR and gRIPCR (Fig 4.12 A & B). Unstimulated mMSC did not express
CTLA-4, ICOS or PD1 receptors, but appeareddrpress the ligands LICOS and
PDL-1 (Fig 4.12 A). Upon further investigation by gRPCR, mMSC did not
express LICOS or PDL (Fig 4.12 A). However,tsnulation of mMSCwith | F N2

resulted in the up regulation of PELexpression (Fig 4.12 A & B).

Bone marrow derived DC were isolatedrh C57BL/6 mice and matured in
the presence of LPS for 24 h. The expression of ICOS, LICOS, &l PDEL
was analysed by gRPCR (Fig 4.13 A & B). Immature DC (iDC) and mature DC
(mDC) expressed similar levels of LICOS and PDLwhile ICOS and PE
receptor expression was increased following maturation with LPS (Fig 4.13 B).
The data herein suggested that the B7 family receptors and ligands were possible

candidates for cell contact dependent immune cell modulation by mMSC and DC.
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Fig 4.12 mMSC express LICOS and PDLL. mMSC were stimulat
(50 ng/ ml), prolactin (50 ng/ml) or | FND

regulatory molecules, CTLA, ICOS, LICOS, PEL and PDE1 were analysed by

RT-PCR. mMSC did not expresSTLA-4, ICOS and PE receptors, but did

express LICOS and PDBL. (B) The expression of LICOS and P2 lwere analysed

by gRT-PCR on unstimulated dn st i mul at ed mMSC. Il FNo2 s
the expression of LICOS and PHLon mMSC.
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Fig 4.13 DC express ICOS, LICOS, PE and PDL-1. Bone marrow derived DC

were isolated and matured in the absence (iDC) or presence (mDC) of LPS at 100
ng/ml for 24 h. The expression of ICOS, LICOS,-P@nd PDL1 was analysed by

(A) RT-PCR and (B) qRIPCR. Both immature (iDC) and mature DC (mDC)
expressed similar levels of LICOS and RDL while maturation increases the

expression of ICOS and PDreceptors.
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4.11 NoOTCH EXPRESSIONBY MMSC

Notch signalling is involved in cell fate decisions during depelent, stem
cell maintenance, cell proliferation, differentiation and apoptosis (Radtke, 2004;
Fiuza, 2007) (Chapter 1.6.2), and Neotgand interaction has a role in other
immune modulatory situations (Fiuza, 2007). Therefore, the Notch signalling
pathway was investigated as a possible candidate for the cell contact signal used by
mMSC. The expression of Notch receptors, Notch 1 and 2 and the Notch ligand,
Jagged 1, 2 and Deltike ligand 1 were analysed on mMSC alone or mMSC
stimul ated oactintUPSANNY, f @r oPER (Rig bIY(TaRIE
4.1). Primers were previously optimised in the laboratory, prior to analysis using
known positive controls for expression. The expression of Notch 1, Notch 2, Jagged
1 and Deltdike ligand1l were dserved on mMSC, while Jagged 2 was not
expressed by mMSC (Fig.14 A). Stimulation of MMSCby pr ol act i n, T
LPS decreased the expression of Notclwhen compared to unstimulated mMSC
(P<0.05).St i mul ati on of mMSC wi t hdinpardecteaset i n,
of Notch 2 expression when compared to mMSC alone. WhiteNo st i mul at i

mMSCdecreased Jaggéddexpressionvhen compared to mMSC aloffeg 4.14B).

The expression of Notch receptors and ligands by unstimulated mMSC was
characterisedt the proteindvel by flow cytometry (Fig 4.5 mMSC expressed
Notch 1, Notch 2, Jagged 1 and Ddike ligand1, but not Jagged 2 similar to that
found byRT-PCR (Fig 4.1% The expression of both Notch receptors and ligands
on stimulated or unstintated mMMSC suggested that Notch signalling could possibly

be the contact dependent signal involved in modulation of immunity by MSC.
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Fig 4.14 MSC expressed Notch receptors and ligandsnMSC were ungnulated

or stimulated with TNB, prol actin, | FNo or LPS at 50
Notch receptors and ligands were analysed by (APRR and (B) gRIpCR. (A)

mMSC expressed Notch 1, Notch 2, Jagged 1 and -Diegdtdigand 1. mMSC did

not express Jagged 2. (Btimulationof mMMSCby pr ol acti n, TNF
decreased the expression of Notofpd40.05) Stimulation of mMMSC with prolactin,

| FNo or LPS result e (<0i05) a Wheiclree alsFeN20o fs tNor
MMSC decreased Jagged 1 expres§mi®.05). Statistich analysis was carried out

using the students paired t test.
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Table 4.1 Expression of Notch receptor and ligands by mMSC Summary

Treatment of Cells Notch1 Notch2 Jagged1 Jagged 2 Delta-like

ligand 1
MSC + + T ; "
MSC+ TNRU + + + - +
MSC+ Prolactin + + + - +
MSC+ | F + + + ] N
MSC + LPS + + + i N
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Fig 4.15Notch expression by MSC. Expression of Notch 1, Notch 2, Jagged 1,
Jagged 2 and Delige ligand 1 by mMSC alone were analysed by flow cytometry.
mMSC expressed Notch 1, Notch 2, Jaggeahd Deltalike ligand 1. mMSC did

not express Jagged 2. Isotypes are represented as closed histograms (purple), while

specific marker expressions are represented as open histograms (green).
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4,12 EXPRESSION OFNOTCH BY MURINE DC

The expression of Notchy immature DC (iDC) and LPS matured DC
(mDC) were analysed by gRACR and flow cytometry. iDC were generated by
culturing bone marrow cells with GI@SF for 8 days and matured with LPS for a
further 48 h. The expression of Notch 1, Notch 2, Jagged gedayand Deltdike
ligand 1 on iDC and mDC were examined by -RTR and followed on a
quantiative level by qRTPCR (Fig 4.16 A & B) (Table 4)2 iDC expressed Notch
1 and Jagged 2 which decreas@dmu maturated with LPS (Fig 4.6 & B). iDC
expressedow levels of Notch 2, which increasedlléaving LPS maturation (Fig
4.16A & B). The expression of Jagged 1 and Ddika ligand 1 were increased on
DC following maturation by LPS (Fig 46]A & B). These data found that DC were

capable of Notch receptand ligand expression at an RNA level.

The expression of Notch receptors and ligands were analysed on DC matured
in the presence of LPS fd8 h by flow cytometry (Fig 4.)7 Data corresponded to
MRNA analysis, Notch 1 and Jagged 2 expression on DCdeseseased after
stimuation with LPS (Fig 4.1y while Notch 2, Jagged 1 and Deliee ligand 1
expression were increased follogi maturation with LPS (Fig 4.1.7 As the
expression of specific Notch receptors and ligands were present on both DC and
mMSC, this suggested that Notch signalling could be a possible candidate for

mMMSC: DC celcell interaction.
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Fig 4.16 Notch expression by dendritic cells.iDC were matured with 100 ng/ml

LPS for 24h. Expression of Notch receptors, Notch 1, Notch 2 and Notch ligands
Jagged 1, Jagged 2 and Ddike ligand 1 were analysed by (A) RFAHCR and (B)
gRT-PCR. Maturation by LPS reduced the expression of Notch 1 and Jagged 2 on
DC. Notch 2, Jagged 1 and IEelike ligand 1 expression were increased on DC
following maturation by LPS. Data are representative of three independent

experiments.
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Fig 4.17 Notch expression on dendritic cells by flow cytometry. DC were
matured with LPS (100 ng/ml) for 48 mchthe expression of Notch receptors and
ligands were analysed by flow cytometry. Notch 1 and Jagged 2 expression was
decreased on DC following stimulation with LPS. Notch 2, Jagged 1 andliRelta
ligand 1 expression was increased on DC after matuaratith LPS for 48 h. Data

are representative of three experiments.
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Table 4.2Summary of Notch expression by DC

Notch1l Notch2 Jaggedl1l Jagged2 Deltalike

ligand 1
Cells
Immature DC ++ + + ++ +
(iDC)
Mature DC + ++ ++ + ++
(mDC)
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4,13 MMSC cONTACT WITH DC ACTIVATES NOTCH SIGNALLING

The next step in identifying a possible cell contact signal involved in mMSC
modulation of DC maturation was to look at the Notch signalling pathway
functionally. To investigate whether the Notch signalling pathway involved in
mMSC suppression of DC maturation, the activation of Notch target genes, such as
HES1 was examined. mMSC cocultured with LPS stimulated DC (mDC) induced
the expression of the Nwh target gene, HES1 (Fig. 4.18). However, the
expressia of HES1 was reduced when Notch signalling was blocked using a gamma
secretase inhibitor, GSI (Fig 4.18). These data suggested that Notch signalling
was involved in mMSEDC maturation interaction. Therefore, further studies using

the Notch inhibitorGSI, were carried out.

mDC were cocultured with mMSC in the presence or absence of GSI or
DMSO (vehicle control). After coculture, the expression of the maturation markers,
MHC class Il and CD86 were aiyakd by flow cytometry (Fig 4.1B & C). As
expected, DC showed increased expression of both MHC clag@405 MFI) and
CD86 (319 MFI)when matured with LPS. However, in the presence of mMSC, the
expression of MHC class (2636 MFI) and CD86 (285 MFI) were reduced,
characteristic of a se-mature DCphenotype (Fig 4.18 & C). The addition of
Notch inhibitor, GSI to the coculture restored the expression of MHC cl§3641
MFI) and CD86(319 MFI)to levels similar to mDC. Vehicle control, DMSO, in

coculture expriments had no effect (Fig 4.B3& C).

MMSC prevented the pdaction of IL-12p70 by mDC buincreased IE10 in
coculture(Fig 4.6 B). The effect of blocking Notch signalling (by GSI) on the

production of 11-:12p70 and IE10 by DC in coculture with mMS@as analysed by
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ELISA (Fig 4.19. After 48 h, coculture supernatant was harvested and analysed for
IL-12p70 and IE10 production. Although blocking Notch signallimg vitro in
coculture experiments restored the maturation of DC, the production-1i2d¥r0

was not altered. However, blodky Notch in cocultures between mMMSC and DC
appeared to increase-Il0 production. These data suggested that mMMSC suppress
DC maturation through Notch. However, the modulation of cytokine signalling
seems to be independent of Notch signalling and maybeethrough MSC derived

IL-10.
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Fig 4.18 Notch signalling is involved in MSC inhibition of DC maturation. DC

were matured with LPS (100 ng/ml) in the presence or absence of mMSC for 24 or
48 h. Notch signéihg was blocked through the addition of GSI (1 uM) to MSC: DC
cocultures. After 24 h, (A) DC were analysed for the expression of Notch target
gene HES1 by RFPCR. HES1 expression was down regulated on DC when Notch
signalling was blocked using GSI. Aft48 h, DC were harvested and analysed for
the expression of (B) MHC class Il and (C) CD86 by flow cytometry. Blocking
Notch signalling using GSI inhibited mMSC modulation of DC maturation. Vehicle
control for GSI, DMSO, had no effect on DC maturatideotypes are represented

as closed histograms (purple), while specific marker expressions are represented as
open histograms (green). Mean fluorescence intensity (MFI) are represented on

histogram (upper right). Data are representative of three indepiestddies.
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Fig 4.19 Blocking Notch signalling between MSC and DC had no effect on
cytokine production. mMSC and DC were cocultured in the presence of LPS for
48 h. Notch signalling was blocked through the addition of GSI. Supernatants were
harvested after 48 h of coculture and analysed for the presence-I® And IL-
12p70by ELISA. mMSC significantly (g0.05) decreased {L2p70production and
significantly (p<0.05) increased the production of-10 by DC. Blocking Notch
signalling through theddition of GSI had no effect on cytokine production when
compared to DC cocultured with mMSe6tatistical analysis was carried out using
the students paired t tesData are representative of three independent experiments

performed in triplicate.
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4.14 NOTCH SIGNALLING IS REQUIRED FOR MSC SUPPRESSION OF ANTIGEN

PRESENTATION By DC

mMSC interfere with the presentation éEIU pepti de by C57 BI
DC (Fig 4.7 A). However, to investigate whether Notch signalling was required for
antigen presentato by DC, tséceetas® mhibatdn, GSI, was used in
coculture experiments. DC isolated from C57/BL6 bone marrow were pulsed with |
EU peptide and cocultured with mMSC in t
for 48 h. In the presence of mMSC, pOised with{EU pept i detower e u
display the antigen (Fig 4.2047%), in line with the result shown previously (Fig
4.7 A). However, when Notch signalling was blocked using GSI, mMSC could no
longer prevent DC fromisplaying -EU ant i g®,ms tl{e percgntage oRcells
presentngEU was similar to thaBU odn@E%@Yy eal one
These data confirmed that not only was Notch signalling involved in mMSC
inhibition of DC maturation, but it was required for the inhibition aftigen

presentation by DC when mMSC were present.
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Fig 4.20Notch is involved in MSC suppression of DC antigen presentationDC
aloneor DC pulsedwithEU peptide (10 Og/ml) in the
GSI| or DMSO were cultured for 48 h. @mumber of DC presenting theEIU
peptide was measured by YAe expression, by flow cytometry. (B) DC pulsed with
IlEU peptide expressed higher |l evels of
However, (C) when mMSC were present, DC were unable to praségen. By
blocking Notch signalling using GSI, (D) DC antigen presentation was restored,
indicating that Notch signalling was involved in mMSC interference of DC antigen
presentation. (E) GSI vehicle control had no effect on antigen presentation.
Perentage of cells within the marked region are represented in the histogram.
Isotype shown in purple YAe expression in green. Data are representative of three

experiments.
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4.15 NOTCH IS REQUIRED FOR MMSC INDUCTION OF TOLEROGENIC DC

In order to examine thgossible role of Notch signalling in the induction of a
tolerogenic DC by mMSC, the experiment described in section 4.6 (Fig 4.7 B) was
repeated with GSI present in the cocultures. DC were pulsed with OVA in the
presence or absence of mMMSC. DC werehhesested by gentle aspiration from
adherent mMMSC and placed in a proliferation assay with OVA specific DO11.10
CD4" T cells. DC pulsed with OVA were capable of supporting DO11.10°CD4
cell proliferation (Fig 4.2L However, DC pulsed with OVA in thergsence of

mMSC were unable to stimulate CDB cell proliferation (Fig 4.2)1

To investigate if Notch signalling was essential for this induction of a
functional tolerogenic DC by mMSC, GSI or inhibitor vehicle control DMSO were
also included in coculte experiments. Following coculture with mMSC and GSI,
OVA pulsed DC were repurified and placed in coculture with DO11.10°CD4
cells. Interestingly, by blocking Notch signalling through the addition of GSI,
mMSC were no longer able to induce a funatictolerogenic DC, as indicated by a
significant increased in CDA cell poliferation (p<0.0001) (Fig 4.2l These data
confirmed that Notch signalling was required for the induction of a functional

tolerogenic DC population by mMS@ vitro.
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Fig 421 Notch is required for the induction of a functional tolerogenic DC by
MSC. DC pulsed with OVA in the presence or absence of mMSC, GSI (1 uM) or
DMSO for 24 h were harvested and washed twice before further culturing with
DO11.10 CDA T cells for 72 h.After 72 h, proliferation througH Thymidine
incorporation was measured. DC pulsed with OVA supported the proliferation of
DO11.10 CDAT cells. DC that had been cultured in the presence of mMSC were
significantly less able to support proliferation @011.10 CD4 T cells (P<0.05).
However, DC cultured in the presence of mMMSC and GSI did not inhibit the
proliferation of DO11.10 CD4T cells, as indicated by a significant increase on
CD4" T cell proliferation (50.0001). This indicated a requirement fdotch

signalling in the induction of a tolerogenic DC by mMSGtatistical analysis was
carried out using the students paired t test.
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4,16 ATTEMPTS TO EXPLORE JAGGED 1IN DC MATURATION

MMSC express the Notch ligand Jagged 1. Recently, Gétesigfound that
Notch ligand Jagged 1 stimulated the accumulation of DC precursors, while
preventing their transition to terminally differentiated DC (Cheng, 2007). These data
suggested that Jagged 1 ligand could be the possible ligand involved in cell contact
between mMMSC and DC. The neutralisation of Jagged 1 expression by mMSC was

examined.

DC were matured with LPS in the presence of absence of mMMSC. In some
treatment groups, the neutralisation of Jagged 1 was carried out through the addition
of antrmouse dgged 1 antibody. The expression of maturation marker, MHC class
Il and costimulatory marker, CD86 were aysad by flow cytometry (Fig 4.28 &

B respectively). DC cocultured with mMSC had reduced levels of maturation
marker expression a semature DCphenotype. Following the neutralisation of
Jagged 1 (5 eg/ ml) in coculture between
marker expression on DC increased marginally to similar levels seen by mature DC,
suggesting that the ligand Jagged 1 could possielyinvolved n DC: MSC
interactions (Fig 4.22 & B). However, on closer inspection, thent!| antibody

for antitJagged Wwas found to have an effect on DC maturation marker expression.
These datasuggested that thigntibody was not sufficient in theeutralisation of

Jagged 1 and that a more specific technique was required for knock down of Jagged

1 expression on mMMSC. Therefore, the idea of silencing Jagged 1 expression by

SiRNA was investigated.

Expression of murine Jagged 1 RNA was silenced uaingedesigned

SiRNA preselect kit. mMSC were cultured in 24 well plates to about 60%
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confluency. Different amounts of sSiRNA in the presence of Lipofectamine 2000, a
transfection reagent, were added to wells in duplicate for 24 or 48 h. siRNA ranging
from 10 nmol to 25 nmol were used. After SIRNA/mMMSC culture for 24 h and 48 h,
Jagged 1 expression was gsad on mMSC by R'PCR (Fig 4.22C & D). Jagged

1 siRNA at 15 nmolas optimal for complete Jagged 1 knockdown after 24 h (Fig
4.2 C). However, der 48 h, the expression of Jagged 1 had returned to normal
expression on mMS(Fig 4.22D). To identify if Jagged 1 is the ligand involved in
mMSC modulation of DC maturation or inhibition of antigen presentation, Jagged 1
expression would require comp#eknock down for a minimum of 48 h for coculture
experiments. These data found that both the neutralisation and silencing of Jagged 1
expression by mMSC were insufficient todts identifying the ligand as a specific
contact candidate. In order to irstigate a role for Jagged 1 on mMSC as a possible
contact candidate, a more specific knock down technique would need to be

employed.
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Fig 4.22 Neutralising Jagged 1 in coculture studies did not affect DC
maturation. DC were matured with LPS in the presence or absence of mMSC for
48 h. Murine Jagged 1 was neutralised using anrnaotise Jagged 1 antibody or
corresponding control (§ig/ml or 5 ug/ml). The expression of DC maturation
markers (A) MHC class Il and (B) CD86ere examined by flow cytometry after 48

h. Jagged 1 was not involved in mMSC: DC maturatiagRNA in the presence of
Lipofectamine 2000, a transfection reagent, were added to mMSC at 60%
confluency in duplicate. siRNA ranging from 15 nmol to 25 nmetewsed for (C)

24 or (D) 48 h, then the expression of Jagged 1 was analysed -B\CRT (C)
siRNA at 15 nmol silenced Jagged 1 expression for 24 h. After 48 h, (D) the
expression of Jagged 1 had returned to that of MSC alone. Housekeeper gene
expreson, (D) GAPDH, used as a positive control for cDNA synthesis.
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4,17 SUMMARY

The aims of the experiments described in this chapter were to identify the
contact dependent signal required for MSC mediated immunosuppression. In this
Chapter, mMSC were foundo suppress DC maturation and DC antigen
presentation. mMSC induced a semature/tolerogenic DC. This was shown when
OVA pulsed DC cocultured in the presence of mMSC were unable to induce the

proliferation of D011.10 CDA4T cells.

To identify possible a@ntact signals between mMSC and DC, a number of
possible candidates were analysed. Siglecs are known to regulate the function of
cells in both the innate and adaptive immune systems through glycan recognition
(Crocker, 2007). This encouraged the invedtan of CD33related Siglec
expression by mMSC. However, after CD@&Bated Siglecs were shown not to be
expressed by mMSC. Therefore, further investigation into Siglecs, as a contact

signal between MSC and DC was discontinued.

The B7 family of molecule provide signals that are critical for both
stimulating and inhibiting T cell activation (McAdam, 1998). The expression of
specific B7 family receptors and ligands were analysed on mMSC and DC by gRT
PCR. mMSCdid not express ICOSor RPD receptors or ¢iands While, DC
expressed both ICOS and RADreceptors and ligandsThis suggested that the B7

family of receptors were not involved in the cell contact between mMSC and DC.

Previous work identified Notch signalling to be invedvin DC maturation
(Cherg, 2003. Therefore, a role for the Notch signalling pathway in mMSC
modulation of DC maturation and antigen presentation was investigated. mMSC and

DC expressed Notch receptors and ligands as analysed byP@RTand flow
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cytometry. mMSC prevented th@negulation of maturation marker expression by
DC, increasing the secretion of-Il0 and decreasing the production of12p70.
mMSC inhibited the presentation of antigen by DC, inducing a tolerogenimDC
vitro. U s-seargfasainhibitor (GSI) to block Notch signalling, mMSC were no
longer able to interfere with DC maturation, antigen presentation or the induction of
a function tolerogenic DC. These data highlighted a role for Notch signalling

between mMS@nd DC.

Identifying a role for a specific Notch ligand was difficult, as there are only a
limited number of neutralisation reagents available for Notch signalling. An anti
mouse Jagged 1 neutralising antibody was not adequate to deliver convincing data
regarding the identity of the Notch ligand and although mMSC were successfully
silenced for Jagged 1, knock down in expression was not durable. By 48 h, the
expression of Jagged 1 on mMSC had returned to normal. A more permanent knock
down of Jagged 1 oMSC is required. Taken together, these data showed that
mMSC induce tolerogenic DC and provided evidence for a role of Notch signalling
in the contact dependent component of MSC mediated immune modulation of DC

function.
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CHAPTER 5

DEVELOPMENT OF A HUMANISED M OUSE M ODEL OF ACUTE

GRAFT VERSUS HOST DISEASE
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51 INTRODUCTION

The ability of MSC to suppress immune respongegitro andsome of the
associated mechanisrtigough which this occursyereidentified in Chapters 3 and
4. However, the tevance of MSC immune modulation requires an examination of
in vivo efficacy. Furthermore, then vivo efficacy of MSC therapy needs
demonstration in systems appropriate and relevant to human disease. Allogeneic
HSC transplantation (HSCT) is the therapychoice for highrisk haematological
malignant and certain nemalignant or autoimmuneisorders (Chapter 1.8.1). The

majorconfounding complication following HSCT is the development of GvHD

The rationale for the use of MSC as a-txelked therapy forGvHD is based
on the poor success rates with steroid therapy and observations that MSC have
immunosuppressivgualities (Le Blanc, 2004; Polchert, 2008; English, 2010). In
2004, Le Blancet al. described the successful treatment of a patient with steroid
resistant grade IV aGvHD using allogeneic MSC (Le Blanc, 2004). However, the
mechanism by which MSC therapy was beneficial was uncldaore recently,
Osiris Therapeuticseported thaProchymal(an MSC like produc} was successful
in treating 76% of pa&nts with steroid refractory liver GvHD in a phase Il trial;
however, no beneficial effects were seen for the topical manifestatiéaHid and
overall the therapy did not achieve the efficacy endpoints required (Martin, 2010).
These data show that negeneration modified MSC may be a future therapy, but
also highlight that there is little understanding of how MSC mediate their beneficial
effects in a clinical setting.The development of more appragig animal models to
understand how MSC modulatevi@D would contribute greatly ideveloping novel
MSC and second generation MSC basleerapes, which would allow questions of

dose and timing to be resolved and even allow standardisation of human products.
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The objective of this chapter were: ajo estabsh a consistent and
reproducible humanised mous®del of aGvHD andb) to determine if human MSC
therapy could alleviate or prevedisease progression in this maddlhe strategy
adopted was to usexanogeneidiuman inmouse modl, where human PBMC we
delivered to immunodeficient mice to provok&vHD, combined withthe use of
human MSC as therapy These objectives were broken down into a number of

specificapproaches:

1) Optimisation ofa humanised mouse modelgmvide aconsistent aGvHD

like disease.

2) Determination if allogeneic humaviSC were effectiveas a therapy for
aGvHD treatment/prevention. iBhincluded study of théming of MSC treatment

for a beneficial effect

3) Anin vitro andin vivo examination of théi | i ¢ e n s ifourgddyow f f e c t
group and Polchegtal, wher eby MSC Al bcemsedotwi akdmih

proved to be more beneficial as a therapy (Ryan, 2007; Polchert, 2008).

52 DEVELOPMENT OF A HUMANISED MOUSE MODEL OF ACUTE GRAFT

VERSUSHOST DISEASE

Humani®d mice are promising models in which to study human
hematopoiesis and immunity. Recently, new murine models suitable for HSC
engraftment have been developg&hapter 1.11). Amonthe more promising are
the secalled humanised models that include the N&d&X IL2 receptor gamma null
mice (NODS c i d ™{) (NS®)xreated byearsoret al. (Pearson, 2008) One

benefit of theNSG mouse is that human PBMC deliveried intravenous injection
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(i.v.) allows for the study of human immune function, as the transferred lymphocytes

are functionally mature and go directly into circulation (Pearson, 2008).

Using the protocol created by Pearstral. as a guideline and starg point,
a humanised mouse model of aGvHD was developed (Fig 5.1). After conditioning
by low dose total body irra@tion of 2.4 Gray (Gy), 2 x Yo0human PBMC were
administered via the tail vein and the development of aGVHD examined. As
suggested by Pearsen al. and the recommendation of the local ethics committee,
the development of aGvHD was defined as total bedight loss greater than 15%
of original starting weight with a series of clinical manifestations including posture
(hunching), reduced activity, fur texture (ruffling) and diarrhoea. These parameters
were amalgamated into a pathologisabre (Chapter 21.2) and mice that scored
2.0 for each parameter mentioned above (a cumulative score of 8.0) or had an excess
of 15% weight loss were considered to have severe aGvHD andsaerificed

humanely.

Optimisation studies were carried out using small numb&élSG mice.
Whilst this was far from ideal, it was dictated by small litter sizes and was necessary
to conserve valuablmice for more informative studiesPreliminary experiments
using the aboverotocol found thaNSG mice (n=3) that receivethuman BMC (2
x 10) all developed aGvHD like symptomacluding >15% weight loss (Fig 5.2
A), hunched posture, reduced activity and ruffled fur (Fig 5.2 C). Ni¢e that
received PBS (vehicle control) dispéd/no aGvHD symptoms and remained
healthy (Fig 5.2) However further preliminary studies found that the development
of pathology was inconsistent at this PBMC dose. This inconsistency was evident
when comparing data from repeat experiments (Fig 5.Rig5.3. In the latter

studies, PBMC administratiodid not lead to aGVHD development, as N8&e
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(n=3) that received PBMC had no significant weight loss (Fig 5.3 A), developed
little or no signs of aGvHD (Fig 5.3 C), with the majority of mice surviving for more
than 28 days (Fig 5.3 B)These inconsisteies suggested that further optimisation
was required and that the model described by Peaesoal. would require

refinement.

' X Y
& 240Gy
4-24h
i.v PBMC/MSC aGvHD development
|
| |
Day 10 Day 20

\ L 1 1 1 1 >
Day 0 Day7 Day 14
i.v MSC i.vMSC i.vMSC
Or
i.v MSCy

Fig 5.1 Development of a humanised mouse model of acute graft versus host
disease.NOD-S c i d ™} (NSG) mice were irrddted receiving 2.4 Gy, after 4 h,

freshly isolated PBMC 2 x I0 mouse) were administered i
(i.v.) via the tail vein. In later experiments, hMSC were given i.v. on day O, 7 or 14,

with prestimulated hMSC given i.v. on day 0. aGvH®&velopment was monitored

daily by recording weight loss, fur texture, posture, activity and diarrhoea.
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Fig 5.2aGvHD development in a humanised mouse modeHuman PBMC at 2 x

10" were given i.v. via the tail vein to low dose irradiated NSG mic&vHD
development measured daily by (A) weight loss, (B) Survival or (C) Pathological
Score (hunched posture, ruffled fur, reduced activity or diarrhoea). aGvHD
development occurred between day 10 and 15 (n=3).
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Fig 5.3 aGvHD developmentwas not consstent between experiments Human

PBMC at 2 x 10 were given i.v. via the tail vein of low dose irradiated NSG mice.
aGvHD development, measured by (A) weight loss (B) Survival or (C) Pathological
Score (including hunched posture, ruffled fur, reducetviactand diarrhoea) were
measured daily. However, PBMC administration at 2 % & mouse did not
consistently lead to aGvHD development between day 10 and 15, as after 20 days
(B) 66% of mice had survived (n=3).
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5.3 HumMAN PBMC READILY ENGRAFT IN NOD-SCID IL2 RO MICE

To further understand the model,was important to determine if freshly
isolated human PBMC could engraft in NSG mice. Using the protocol described in
section 5.2 and in section 2.11.1, PBMC (2 X/it®use) were administered to low
dose irraiated mice, and at day 12 NSfiice were sacrificed and spleens were
harvested. Splenocytes were examiftedhe expression of mouse and human CDA4,
CD8 or CD45 by flow cytometry. As NSfice lack mature lymphocytes, it was
not surprising that splenocyesolated from NSG mice that received PBS did not
possess detectable cells that expressed any mouse or human T cell markers (Fig 5.4
A & B respectively. This indicated that the NS@ouse model was nof
with rare occurrence of murine lymphocyteglahat human reagents did not cross
react with nortarget mouse cells.  Following human PBMC transfusion, cells
expressing human CD4, CD8 or CD45 were detected (Fig 5.4 C). The key finding
of this experiment was that human cells engrafted in the mauglwaere not
eliminated. Human PBMC remained detectable for at least 12 days post transfusion,

a period when aGvHD pathology was developing.
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Fig 54 Human PBMC engraftment in NOD-Sc i d "' mi2er dJsing flow
cytometry, NSG mice that received PBS or human PBMC were examined for murine
and human T cell markers on day 12 post transfusion. Murine’,QC28" or
CD45' cells were not detected in the spleen of PBS or PBMC treaieel Human
CD4", CD8 and CD45 cells were detected among the splenocytes of NSGthiate

received human PBMC. Data are representative of three spleens per treat group.
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54 THE DOSEOF PBMC IsCRITICAL FOR CONSISTENT AGVHD

DEVELOPMENT

Pearsoret al. suggested 2 x I®PBMC were required for consistent aGvHD
development in a humanised mouse model (Pearson, 2008). However, using the
above protocol (Fig 5.1), PBMC at 2 x “Iffler mouse yielded inconsistent aGvHD
development (Fig. 5.2 & 5.3). Thereforthe number of PBMC required for
consistent development of aGvHD was examined. PBMC isolated from buffy coat
preparations (Chapter 2.3.6) were administered i.v. at varying doses per (ffiguse
55 & 5.6). PBMC (2 x 16, 2 x 16, 2 x 10, 3 x 10 or 4 x 10’ per mouse) were
administered following low dose total body irradiation of 2.4 Gkhe percentage
weight loss Fig 5.5 A & 5.6 A), percentage survival (Fig 5.5 B & 5.6 &d
pathological parameters (Fig 5.5 C & 5.5Were recorded dailyPBMC at 2 x10’
per mousenduced aGvHD development in 40% of mice by day 15 (nwil 60%
of mice survivirg for more than 30 days (Fig 5.9.BPBMC administered at 2 x 10
or 2 x 16 (n=5)did not induce aGvHD developmemtith 100% mice survivindor
more than 30days (Fig % B). This suggested that, although Pearsnal.
recommended 2 x 1PBMC for aGvHD development in this model, a higher dose
of PBMC was required for consistent aGvHD pathology. Lower doses of PBMC

were not successful in inducing aGvHD.

Upon increasing the dosd# PBMC per mouse, a more consistent outcome
was observed (Fig 6. PBMC given i.vat2 or 3x 10’ permouse (n=3)nduced
aGVHD by dayl5 (Fig 56). Interestingly, only2 of 3mice gven PBMC at 4 x 10
developed aGvHD by day 15n=3). This was difficult to explain and no
experimental observation was noted indicating a reasomay be that the sample

size was too low; dwever, it may be that at high doses, physiological effects of
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large cell numbers may lead to deletion oiMRBapoptosis. Alternatively, PBMC

cell clumping may impair the ability of PBMC to functiam vivo. It should be

noted that in thesdoserangingstudies, small numbers of mice were used without
repetition. This limitation was to preserve the numbdrgatuable experimental
animals and these studies were not used to test a hypothesis but rather to optimise a

protocol.

The abovedata indicatedhe need fora higher dose oPBMC for more
consistent aGvHD developmeimt this model. However, protocols thi more
consistency were still required as some repeat experiments using’ BN per
mouse did not result in aGvHD development or resulted in aGvHD development by
day 10, which was too severe to treat using MSC as a cell therapy (data not shown).
Differences in PBMQlelivery rate source, Tcell dose and initial mouse weight
were unavoidable in our experimental set up. Some of these differences were
potentially involved in the development of aGvHD. Therefore, attempts were made
to limit variation inset up and in further studies PBMC were isolated freshly from
whole blood sampled on the day of administration and the source of PBMC were

confined to a panel of four selected healthy donors.

The optimal doseof PBMC required for aGvHD pathology was now
determined by taking into account the initial starting weight of NSG mice. Using the
initial starting weight and the number of PBMC administered, the amount of freshly
isolated PBMC required for aGvHD pathology was calculated per gram of mouse
body weigh. By reanalysing earlier data, it waalculated that 6.3 x 2®BMC g*

(23 g mouse) were required for aGvHD development by day51posti.v.
injection. This protocol was found to be regucibleand consistenin additional

experimentsas all NSGmice (n=5) that were given 6.3 x 1BBMC g developed
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aGvHD had more than 15% weight losdjsplayed pathological symptoms of
aGvHD and were sacrificed by day 14Fig 5.7. This protocol wastherefore

adopted as the optimised aGvHD moidelsubsequenttgdies.

55 INITIAL MSC EFFICACY STUDIES AGAINST AGVHD IN A HUMANISED

M OUSE M ODEL

Human MSC (hMSC) used as a therapy were characterised as described in
chapter 3, section 3.2 5. hMSC expressed typical surface markers, MHC class |,
Scal and CD90,retained trlineage differentiation capacity into osteocytes,
adipocytes and chondrocytes and were capable of suppressing both allogeneic and
mitogen driven proliferatiom vitro. Prior to optimisation of the humanised mouse
aGvHD model,initial studieswere performed witthMSC as a therapy when given
on day 7. In this case, PBMC at 2 X #dd varying doses of hMSC at 2 x¢10.4 x
10° or 0.08 x 16 were given per mouse. The percentage weight loss, survival and
aGvHD pathological scoring are repretsehin Fig 5.8. In some instances, hMSC
appeared to influence aGvHD development, as NSG mice that received hMSC (2 x
10%, 0.4 x 16) as a therapy on day 7 developed the signs of aGvHD, weight loss,
ruffled fur, reduced activity and hunched posture (F&4.& C). However, NSG
mice that received PBMC did not develop any significant signs of aGvHD and all
mice survived (Fig 5.8 A, B & C). As the humanised model was highly variable at
this point, no firm conclusions were made, but it did inform the chaice
determining the exact number of PBMC (6.3 X 48) and hMSC (4.4 x 10g™) per

gram of body weight in later studies.

Following the optimisatioof the humanised model (Fig 5.7)MBC as a cell

therapy was examined agairtHowever, previous work fronour lab (Kavanagh,
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2011) and other groups (Li, 2008) were taken into consideration when deciding on a
dose forhMSC treatment. We found thaMSC therapy of between 0.5 x%énd 2

x 1P cells per mouse proved beneficial in reducing pathology in many enous
inflammatory models, including aGvHD and ethen driven asthma (Li, 2008;
Kavanagh, 2011). ThereforeMSC given at 1 x 10cells per mouse (23g mouse) or
more preciselythe equivalent of 4.4 x f@ells pergram (as calculatedn section

5.4) on day 7were used here.hMSC therapy was found to have a beneficial
influence on aGvHD developmeras by day 12NSG mice that received PBMC
alonedeveloped aGvHD, whil&NSG micetreated withhMSC showedittle or no
signsof aGvHD (Fig 5.9). ThihwWMSC dose washerefore selected for all future

studies.
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Percentage weight loss (B) percentage survival and (C) pathological signs of aGvHD
development were recorded. PBMC at 2 % Aér mouse did not induce consistent
aGvHD development (n = 5 mice per group).
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aGvHD development were recorded. 3 X a8d 2 x 16 PBMC/mouse induced
aGvHD development in 100% of mice by day 12 and 15 respectively (n = 3 mice per

group).
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Fig 59 Optimisation of MSC dose respons®€. NSG mice received 2.4 Gy
irradiation. After 4 h, PBMC at 6.3 x 1@™ were i.v. injected into the tail vein.
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percentag survival and (C) aGvHD pathological scores were monitored daily for
signs of aGvHD development. PBMC at 6.3 X 47 induced consistent signs of
aGvHD (A & C) by day 12. hMSC therapy dampened the signs of aGvHD
pathology and prolonged the survivald&G mice when compared to PBMC alone

mice on day 12 (n = 2 mice per group).
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5.6 THE EFFICACY OF MSC THERAPY IS DEPENDENT ON TIME OF

ADMINISTRATION

The time of administration of cell therapy may be a critical parameter in
determining efficacy and clinicapplication. This was amenable to study in our
system. Using the newly optimised protocol for aGvHD development in a
humanised mouse modeFig 5.7, NSG micewere given low dose tal body
irradiation of 2.4 Gy andteshly isolated PBMC (6.3 x @) from healthy donors.
hMSC (4.4 x 16 g*) were given as a therapy on day 0, 7 or 14 (Fig 5.10).
Irradiation alone did not induceathologyor affect the wellbeing of the mice, as
NSG mice that received PBS8lonedid not develop aGvHD and had wobserved
effect from irradiation. Howevemice that were irradiated and received PB{6CG
x 10° g*) on day 0, developed significant weight loss, had signs of ruffled fur
reduced activityand hunched posture leading to 100% of mice developGwyHD
by day 15(Fig 510). hMSC therapydelivered concurrent with PBMC had no
beneficial effect, as66% of mice had significant weight loss andeveloped
pathological signs oAGvHD (n=3) (Fig 510 O by day 25 and were sacrificed.
However,hMSC given as a treatment day 7 or day 14significantlyprolonged the
survival of mice(p<0.0001) (100%) for more than 28 days and mice did not develop
any significant pathological signs of aGvH®hen compared toMSC treatmenat
day O (Fig 5.10 B & & These data suggestedttiti@e timing of hMSC therapy was
important for the successful treatment of aGvHD, with hMSC therapy on day 7 post
PBMC administration proving to be beneficidHoweverdue to limited numbers of
mice andto preserve animals for further studies on pretective mechanism

involved, the numbers of mice used here for this study lvared (n=3).
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Fig 5.10 MSC cell therapy is time dependent NSG mice received 2.4 Gy
irradiation, 4 h later, PBMC at 6.3 x 216" were i.v. injected into the tail vein.
hMSC were administered at 4.4 x*10 on day 0, concurrent with PBMC or on day

7 or 14 after PBMC treatment. (A) Percentage weight loss (B) Survival and (C)
aGvHD pathological symptoms were recorded daily. hM@&@inistered on day 0
had no significanbeneficial effect in preventingA) weight loss, (B) prolonging
survival or (C) reducing aGvHike symptoms. However, hMSC administered on
day 7 or 14 significantly (p<0.0001) increased aGvHD related (B) survival and (C)
reduced aGvHD like pathologicajraptoms (n = 3 mice per group).
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5.7 HUMAN MSC PROLONGED THE SURVIVAL OF NSGMICE WITHA GVvHD

The series of experiments above meant that it was possible to perform a
larger, more informative experiment to determine if hMSC therapy had a beneficial
effect m aGvHD development. Freshly isolate8MC from healthy donorsvere
administered i.v.on day O at6.3 x 10°g" to NSG mice after low dose body
irradiation. On day 7, hMSC (4.4 x 1§™) were given i.v. as a cell therapy. NSG
mice that received irradian and PBS alone (n=5) did not develop any signs of
aGvHD, such as excessive weight loss, hunched posture, reduced activity or ruffled
fur (Fig 5.11). NSG mice that received PBMC on day 0 (n=5), all consistently
developed aGvHD (100%) by day 12, indexhtby >15% weight loss and
development of aGvHD pathology (Fig 5.11 A & C). hMSC treatment on day 7,
significantly prolonged the survival (p<0.0008) of N8fize with aGvHD with 20%
of mice surviving for more than 30 days (Fig 5.11 B). These data demeoaisthat
the timing of hMSC administration was important in the use of hMSC as a therapy in
aGvHD and that hMSC could significantly reduce the development of aGvHD in this

model.

5.8 IFN9 STIMULATION ENHANCED THE | MMUNOSUPPRESSIVE CAPACITY OF

MSC IN VITRO, BuT TNFUSTIMULATION Dib NoT

For clinical use, hMSC must remain immunosuppressive in an inflammatory
environment . Therefore, the effecrnts of
of immunosuppressive properties by hMSC were studied to improve understanding
of how hMSC worknvivoi n t he treat ment of aGVvHD.
proinflammatory cytokines involved in aGvHD pathology. Rydmal. found that

I FNo2 st i mM$Cagramoted the immunosuppressive capacity of hMSC
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(Ryan, 2007). While Polcheet al.s howed t hat | FNo st4 mul at
fold more beneficial in treating aGvHD in a mouse model, compared to unstimulated
mMSC (Pol chert, 2 0rdahd, can havekBltple effectsorhMSCo t h e
growth factor secretion, proliferation and survival depending on which TNF receptor

is activated (Miettinen, 2011). hMSC were stimulateditrowi t h | FNo2 or T
for 48 h and the expression of MHC class | anddteanalysed by flow cytometry.
UnstimulatedhMSC expressed MHC classdnd not MHC class Il (Fig 5.12)A
However, |l FNo ( MSC»o) i nducedon hMBE(Fieg X pr e s ¢

5.12), whereas TNFU (MSCU) stiml)lation did not (

The abilityof stimulated hMSC to inhibit the proliferation of mitogen driven
lymphocytes was analysed. Here, hMSC or hMSCsptei mul at ed wi t h
TNFU for 48 h, were placed in a prolif
lymphocytes stimulated using the miesgConA. As shown in chapter 3.5, hMSC
significantly inhibited the proliferation of allogeneic lymphocyiasvitro. Pre-
stimulation of THNMIICnowiterfére withrtiNaability of hMSC
to suppress lymphocyte proliferation (Fig 5.12 Bhese data suggested that in the
presence of inflammatory cytokines, hMSC were still capable of
immunosuppression. These findings were similar to that found by Pokthalt
therefore, thein vivoi nf |l uence of stimulation by |IF

further.
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Fig 5.11 MSC cell therapy on day 7 prolonged the suival of NOD Scid IL-

2 "4 mice with aGvHD. NSG mice received 2.4 Gy irradiation. After 4 h, PBMC

at 6.3 x 18g™* were i.v. injected into the tail vein. hMSC were administered ax 4.4
10* g* on day 7 post PBMC transfusion. (A) Percentage weight loss, (B) percentage
survival and (C) pathological signs of aGvHD were recorded daily. hMSC
significantly prolonged the survival (p<0.0008) of NSG mice with aGvHD, slowing
down the rate ofveight loss and reducing the clinical signs of aGvHD development
(n=5 mice per group). Statistical analysis was carried out using Kaplan Meier

survival curves.
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59 IFN 9 STIMULATED MSC PROLONGED THE SURVIVAL OF NOD Scip IL -

2R Mice WITH A GVHD WHEN COMPARED TO UNSTIMULATED MSC

The data above suggested a mechanism where hMSC stimulated wjth IFN
prior to administation, become activated and somehow are better able to suppress
aGvHD. hMSC stimul ated by Il FNo showed
proliferationin vitro (Fig 5.11). These data suggested the |
prestimulated hMSC in the treatmenta®vHD in the optimised humanis&sG
murine model . The approach here was to |
48 h prior to their administration to NSG mice on day 0 in conjunction with PBMC.
As usual, all mice were irradiated with 2.4 Gy on dagnd allowed to rest for 4 h
before PBMC infusion. Prestimul ated MS(
PBMC on day 0. The symptoms of aGvHD developed by 15, when 100% of mice
receiving PBMC alone showed signs of aGvHD (néf&p 5.13). Treatment with
hMSC 2 on day 0 signi fi cahoogd7)y of miceowhenn g e d

compared to mice that had not received any hMSC therapy.

These data showed that hMSEr e st i mul at edministaret h | FN
concurrent with PBMC had a beneficial effect on the developrméraGvHD.
Comparing data from Fig 5.13 with Fig. 5.1IMB C and MSC were equally
successful in dampening aGvHD pathology. These data were similar to the findings
of Polchertet al, wherdoy murine M S C therapy was found to prevent aGvHD
development. However in the model herein, prestimulated hMSC as a therapy
prolonged the survival of mice with aGvHD, but did not prevent aGvHD
development completely, which was a finding closer to the Osiris Therapeutics phase

[l clinical trial (Martin, 2010).
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Fig 5.13 Prestimulated MSC significantly prolonged the survival of NOD Scid

IL-2 ™Y mice with aGvHD. NSG mice received 2.4 Gy irradiation. After 4 h,

PBMC at 6.3 x 10g™ were i.v. injected into the tail. IFNstimulated MSCNIS C 2 )

were administered at 4.4 x 4@™ in conjunction with PBMC on day 0. (A)
Percentag weight loss, (B) percentage survival and (C) pathology of aGvHD
development were recorded dailWiSCo as a therapy signif
prolonged the (B) survival oNSG mice with aGvHD, (C) reducing aGvHD
symptoms (n = 5 mice per grouptatistich analysis was carried out using Kaplan

Meier survival curves.
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5.10 HuUMAN MSC THERAPY SIGNIFICANTLY REDUCED AGVHD PATHOLOGY

The main target organs involved in aGvHD pathology include the livey
and gut. Joet al.found that MSC improved the histgical aGvHD score of target
organs after transplantation (Joo, 2010). Therefore, in this study histological
analysis was carried out on aGvHD target organs after the transplantation of hMSC
as a cell therapy. As in the previous experiment, NSG mice im@adiated and
received PBMC (6.3 x £ay?) on day 0. Unstimulated hMSC (4.4 x*10") were
given on day 7, whereas | FNo2 stimul ated
PBMC on day 0. On the day of significant aGvHD pathology (approximately day
12), the lung, liver and gut were harvested and placed in formalin for histological

analysis.

Tissue sections were stained by H&E and the histological aGvHD score was
evaluated for each treatment group according to the criteria desanibssttion
2.12.2 and.12.3 (Hill, 1997; Grass, 1999; Polchert, 2008). As expected, the livers
of NSG mice thatreceived PBSas a control, appeared normal, with no cell
infiltration, tissue fibrosis or endothelialitis (Fig 5.14 A) and the histological scoring
presented as noral (score of 0) (Fig 5.14 B). After aGvHD development in mice
receiving PBMC alone, there was a significant increase in mononuclear cell
infiltration and endothelialitis (p<0.0001), especially around the hepatic ducts of the
liver, when compared to cootrPBS mice (Fig 5.14 A & B). hMSC treatment on
day 7 post PBMC transfusion significantly reduced liver pathology (p<0.0086), with
a decrease in cell infiltration amdductionin the number of hepatic ducts displaying
endothelialitis (Fig5.14 A&B)oday 12. Therapy with | FND?
day 0, significantly reduced aGvHD pathology of the liver also (p<0.0163), with a

decrease in cell infiltration and endothelialitisound hepatic ductg-ig 5.13 A &
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B). There was no significant differencepathology between the hMSC and 8NC 2

treated groups (Fig 5.14 B), as both therapies worked equally as well.

Histological analysis of tissue sections taken from the small intestine of the
gut found that PBS treated mice appeared normal, with no sloughwitli or no
accumulation of infiltrating cells into the laminar propria. However, NSG mice that
received PBMC on day 0 had significant blunting of villi and cell infiltration in the
lamina propria of the gut when compared to NSG mice that receivé&BtBeontrol
(Fig 5.15 A & B, p<0.0001). NSG mice
(p<0.0142) or unstimulated hMSC (p<0.0249) had significantly less tissue damage
to villi and a decrease imononucleacell infiltration (Fig 5.15 A & B). As seen in
the liver, there was no significant difference between hMSC treated groups, as both
groups equally dampened the pathology of aGvHD in the gut (Fig 5.15 B).
Histological analysis of PBS treated NSG mouse lungs appeared normal, comprised
of regular air spaseand little or no mononuclear ceitfiltration (Fig 5.16 A).
However, after PBMC delivery, significant pathology of the lung developitul
extensivemononuclear celinfiltration into the lung alveolar spacesmpared to the
PBS control mice (Fig 5.16§9<0.0002). Following treatment with unstimulated
hMSC on day 7 or hMSCMNo dapQ, thesling patndlogyt oé mice
did not improve when compared to aGvHD mibat received PBMC on day 0 (Fig
5.16 A). MSC treatmentid not reducenononucleacell infiltration into the lungs,
which resulted in no change in aGvHD histological scoring in NSG mice with
aGvHD (Fig 5.16 B). These data suggested that while hMSC therapy significantly
reduced the PBMC mediated damage of the liver and gut, it hafiecd @ mouse

lung.
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Fig 5.14 Human MSC therapy significantly reduced aGvHD pathologyin the

liver. NSG mice were given PBMC by i.v. injection on day 0. Mice were treated
with unstimulated hMSC on day 7 and | FN¢
aGvHD development on day 12, livers were harvested from each treatment group

and tissue sections were analydy (A) H&E staining. (B) A well defined aGvHD
histological scoring system was used to determine the level of aGvHD development
between the groupgA) Mice that received PBMC on day O showed increased
moronuclear infiltration (denoted with arrow and é&tt a) and increased
endothelifitis around hepatic ducts (denoted with arrow and letter b). Both
unstimulated MSC (p<0. 008 6) and I F NMSC (px0D%68)i mul a't
significantly improved aGvHD pathology by (A) reducing the collection of
mononuclear cedl in the hepatic tissuédenoted witharrow and letter a) and

reducing the number of vessels displayerglothelialitis denoted with arrow and

letter b). MSC therapyesultedin a reduction in the (B) aGvHD histological score of

mice with aGvHD (n = 4 per group)Statistical analysis was carried out using the

students paired t test.
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Fig 5.15Human MSC therapy significantly reduced aGvHD pathologyin the

gut. NSG mice were given PBMC by i.v. injection on day 0. Mice were treated with
unstimulated MSC on day 7 or | FN2 presti
development on day 12, sections of the gut were harvested from each treatment
group and tissue sectionere analysed by (A) H&E staining. (B) A well defined
aGvHD histological scoring system was used to determine the level of aGvHD
development between the group@®) Mice that received PBMC on day 0 showed
signs of increased cell infiltration (denoted wdhrow and letter a) and increased
blunting of the villi (denoted with arrow and letter b), indicating a (B) sigificant
increase in aGvHD pathology (p<0.0001). Both unstimulM&LC (p<0.0249) and

Il FNo2 pr e MB8C (mD.01#2) sighificantly improved aGvHD pathology by

(A) reducing cell infiltration (denoted with arrow and letter a) and damage to
villi/crypts in lamina propria (denoted with arrow and letter b) and (B) improving the
aGvHD histological score of mice with aGvHD (n = 4 per grouptatistical

analysis was carried out using the students paired t test.
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Fig 5.16 Human MSC therapy had no effect on aGvHD pathology in the lung.

NSG mice were given PBMC by i.v. injeocti on day 0. Mice were treated with
unstimulated hMSC on day 7 or prestimulated hMSC day 0. Following aGvHD
development on day 12, lungs were harvested from each treatment group and tissue
sections were analysed by (A) H&E staining. (B) \Well-defined aGvHD
histological scoring system was used to determine the level of aGvHD development
between the groupgA) Mice that received PBMC on day displayedincreased
mononuclear infiltration into the alveolar spaces (denoted by arrow and letter a)
leading to a B) significant increase in aGvHPahology (p<0.0002) (A) hMSC
therapy did not improve GQvHD pathology as there waso reduction in cell
infiltration (denoted by arrow and letter ®jlowing MSC therapy (B) There was

no improvement in aGvHD histologicacore of mice with aGvHD. (n = 4 per

group). Statistical analysis was carried out using the students paired t test.
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5.11 |FN2 STIMULATED MSC SIGNIFICANTLY REDUCED TNF-UPRESENT IN

THE SERUM OF NOD Scip IL -2r2" Mice WITH AGVHD

One of the key charamtistics of aGvHD is the production of inflammatory
cytokines such as | FNo and TNFU (Ferrara
cel | therapy on the production of | FNo2 a
was analysed. Using the optimised protdoo aGvHD development (Fig 5.11 &
5.13), | FNoO prestimulated hMSC were give
unstimulated hMSC were given on day 7 post PBMC injection. On the day of
aGvHD development, day 12, serum was taken from all NSG mice (@)

anal ysed for the presence of human TNFU ;

As expected, NSG mice that received PBMC on day 0 had significantly more
human TNFU present in the serum after 1
received PBS as a control (Fig 5.A7 p<0.0027). Following hMSC cell therapy,

NSG mice had significantly | ess human TN
treat ment with | FNo2 prestimulated MSC (
given PBMC alone on day 0 (Fig 5.17 A, p<0.0197). Unstitea MSC given on

day 7 had no significant effect on the p
12 (Fig 5.17 A). The presence of human
aGvHD following PBMC administration was significantly more than PBS control

NSG mce when compared on day 12 post transfusion (Fig 5.17 B, p<0.05). hMSC
cell therapy had no significant effect o
NSG mice on day 12 (Fig 5.17 B)The data herein suggested thiSC cell

therapy couldsuppressthe production of inflammatory signals involved in the

devel opment of aGvHD, in particular TNFU.
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ghby i .v injection on day O0.*gY)wéegivenpr est i

on day O concurrent with PBMC. Unstimulated hMSC (4.4 % G6) were
administered on day 7 post PBMC injection. On day 12, the day of aGvHD
pathology, serum was taken from N®@ce and analysed for the presence of (A)
human TNFU and (B) human | FNo2 by bead
significantly reduced the production of
NSG mice with aGvHD. hMSC therapy had no significant effect(®) human

I FN2 pr od u Statisticahanalysisswas carried out using the students paired

t test.
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5.12 SUMMARY

The goals of this chapter were to 1) optimise a humanised mouse model of
aGvHD, 2) determine if hMSC were effective as a therapy fGQvHD
treatment/prevention and 3) test the hypothesis that MSC require prestimulation for
their immunosuppressive abilities to prove beneficial in the setting of aGvHD
pathology. Pearsoet al. designed a protocol for the development of a humanised
mouse nodel of aGvHD in 2008, using the NOD Scid-2L"") mouse (Pearson,
2008). Using this protocol as a guideline and starting point, a more optimised and

consistent humanised model of aGvHD was designed in this chapter.

Using an optimised and consistei@wealD humanised mouse model, hMSC
given as a therapy on day 7 post PBMC transplant proved beneficial in prolonging
the survival of mi ce with aGvHD. Whi | e
prolonged the survival of mice with a GvHD when administereccewant with
PBMC on day 0. Following histological analysis of target aGvHD organs, hMSC
treatment reduced the pathology of aGvHD in NSG mice. Both unstimulated and
stimulated hMSC reduced aGvHD pathology of the liver and the gut. However, in
contrast, MSC treatment had no significant effect in reducing aGvHD pathology in
the lung. Foll owing treat ment of NSG m
production of human TNFU was significant
with aGvHD. Taken together, theeslata demonstrated a beneficial effect of MSC
therapy on aGvHD treatment in a humanised murine model. The next step was to
determine how MSC exerted their beneficial rolevivo. Identifying the exact
mechanisms used by MSC to induce such positivdtsaawivo would allow better

design of therapies aminical studies.

201



CHAPTER 6

M ECHANISMS INVOLVED IN MSC M ODULATION OF ACUTE

GRAFT VERSUS HOST DISEASE
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6.1 INTRODUCTION

The development of a humanised aGvHD model was described in Chapter 5
basecn the NOBS ¢ i d "™ (NSG) mouse. This model provides a very powerful
tool for discovering the therapeutic mechanisms exerted by hMSC in a realistic
environment. The key observation in Chapter 5 was that hMSC therapy prolonged
the survival of NSG nawe by delaying the onset of aGvHD. This effect was

enhanced when hMSC wereqme §| mul at ed wi th | FNo.

In steroid resistant aGvHD, patients are refractory to treatment for the
alleviation of symptoms and an alternative treatment modality is requiresionia
studies, MSC therapy has a beneficial effect (Le Blanc, 2008; Kurtzberg, 2009)
however, the exact mechanism of MSC action in these situations remains unclear (Le
Blanc, 2004; Augello, 2007). In this Chapter using the optimised humanised mouse
model ¢ aGvHD developed in Chapter 5, the beneficial mechanisms evoked by

hMSCin vivowere investigated.

The aim of the experimental wodescribed herein wase identify possible
mechanisms used BWMSC in prolonging the survival of mice with aGvHDOFour
possiblemechanisms were considere@hese includedhe 1) induction of graft T
cell apoptosis by hMSQ) induction ofgraft T cell anergy, as a form of peripheral
tolerancen vivo, 3) induction of graftT reg cells similar to hose identifiedn vitro
or 4) direct inhibition of donor T cell proliferatiom vivo, which might involve the
release of soluble factors by hMSC, such as prostaglandins. These mechanisms were
examined using a reductionist approach in the humanised model to determine a how

hMSC ae of benefit in aGvHD.
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6.2 HMSC DIb NOT INDUCE APOPTOSIS OFPBMC IN VITRO OR IN VIVO

One hypothesis for the beneficial effect seen in Chapter 5 could be stated as
AhMSC induce apoptosis of donor PBMCO
been conflidng evidence for MSC induction of T cell apoptosis with Pluretaal.
suggesting it occurs, whereas Zapgial. put forward the opposite opinion (Plumas,
2005; Zappia, 2005). Therefore, the ability of MSC to induce apoptosis of T cells

was investigatedyothin vitro andin vivo.

First, using the hMSC/PBMC coculture model, the induction of PBMC
apoptosign vitro by hMSC was examined. A known inducer of PBMC apoptosis,
cisplatin (positive control), caused significant apoptosis of PBMC (Fig 6.4sA)
detected by flow cytometry for Annexin V/ Propidium iodide (PI) staining,
indicating that apoptosis could be detected usingrnhigro system. Following this,
PBMC were cocultured with or without hMSC for 24 h. PBMC were pulled back
from adherent hMSCral the number of apoptotic cells were measured using the
flow cytometry method mentioned above. hMSC did not induce apojtfoBBMC
(Fig 6.1 A), but rather MSC appeared to significantly €p.0002) protect PBMC
from apoptosis. This result is in line thvithe known supportive role of MSC in
lymphopoiesis (Chen, 2006). These data suggested that hMSC were not involved in
the induction of PBMC apoptosis vitro. Nevertheless, the capacity for hMSC to
induce apoptosis was investigaiadvivo. As in vitro data were not supportive, and
as NSG mice were an expensive and scarce resobiseyastestedon a small
scale If evidence of enhancexpoptosis was seén vivo, a larger scale experiment
would be justified and carried out. However, if no evidewes found for hMSC

apoptosis of donor PBMC, then this approach would not be pursued.
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Prior to performing this work, it was necessary to validate thativo
apoptosis could be detectezk vivo. Therefore, BALBt mice were lethally
irradiated (12 Gy).After 24 h, these mice were injected i.v. with a green fluorescent
dye, FLIVO, which binds to activated caspases within apoptotic cells. This
technique has been used in other studies to detect apaptesis (Cursio, 2008).

The FLIVO dye was allowedb circulate for 1 h, after which the lung, liver and
spleen were harvested and the level of FLIVO staining was measured by flow
cytometry (Fig 6.1 B). Apoptotic cells were detected in the liver after lethal
irradiation, but not found in the lung or sphe@Fig 6.1 B). These data are in line
with previous studies suggesting the liver is the main organ responsible for deletion
of apoptotic T cells (Reviewed in Pagt al, 2002) and showed that tlwe vivo

detection of apoptotic cellsas possible using ithtechnique

To investigate whether hMSC therapy functioned through the induction of
apoptosis of donor CD4T cellsin vivo, the model above was adapted. NSG mice
were suHethally irradiated with 2.4 Gy, a conditioning dose as opposed to the
positive control dose used above. NSG mice received PBS or PBMC i.v after 4 h.
Unsti mul at ed hMSC were gi ven on day 7
stimulated hMSC (MSCo) were given concur
(Fig 6.2 B & D). Following the developent of aGvHD pathology on day 12, the
FLIVO reagent was administered i.v. and allowed to circulate for 1 h. After 1 h, the
lung (Fig 6.2 B) and liver (Fig 6.2 D) were harvested and analysed for FLIVO/CD4
by two-colour flow cytometry. No increase in ajtofic CD4 T cells were detected
in the lung or liver following the treatment of aGvHD with hMSC (Fig 6.2 B & D).
These data suggested that hMSC did not induce apoptosis 6f TTB&llsin vivo

and that this was unlikely to be the mechanism involved enbineficial effect
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mediated by hMSQn this model However, it is always difficult to validate a
negative result and it might be argued that apoptotic cells were present at an earlier
time point, before day 12. This might be the case for M&liveredon day 0, but

more difficult to envisage for hMSC delivered on day 7. MSC would need to a)
encounter sufficient PBMC to limit pathology, b) induce significant T cell apoptosis
(again at a scale sufficient to limit pathology), c) for these apoptotic twelse
trapped in the liver (the site of lymphocyte deletion) and d) then be completely
removed within five daysNeverthelessa small scalén vivo study was carried out.

I n this case, NSG mice were treated with
on day0. FLIVO dye was administered i.v. 24 h later (Day 1) and allowed to
circulate for 1 h, after which the lung and liver were harvested (Fig 6.2 A & C). As
expected, no apoptotic CDZ cells were detected in the lung (Fig 6.2 A) or liver
(Fig 6.2 C) folbwing hMSC therapy. Taken together with thevitro data and the
previousin vivo study, these data indicated that the induction of apoptosis could not

reasonably account for the beneficial effects seen in Chapter 5.
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Fig 6.1hMSC do not inducedetectableapoptosis ofPBMC in vitro. (A) PBMC
were cultured in the presence of cisplaimhMSCfor 24 h. PBMC aloneor with
cisplatin at 250 pg/ml were cultured as contl The presence of hMSC
significantly inhibited apoptosis of PBM@ vitro (p<0.0002). The ercentageof
positive cells within the marked regi@me represented itihe upper right quadrant.
Data are representative of two studie@B) FemaleBALB/c mice were lethally
irradiated with 12 Gy to induce apoptosisvivo. After 24 h FLIVO greendye (8
Hg/mouse)was given i.vvia the tail veinand allowed to circulate for 1 hhé& lung,
liver and spleemof mice were harvested and analysied FLIVO stainingby flow
cytometry Apoptotic cells weraletected in the liver of BALE mice after lethal
irradiation, but not in the lung or spleen. Data are representative of three mice per
sample group (N33 The percentagef positive cells within the marked regi@md
the mean fluorescence intensity (MFBf those cellsare represented ineath

histogram
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Fig 6.2 hMSC did not induce detectableapoptosisin PBMC in vivo. Irradiated

NSG mice received PBS or PBMC (6.3X3)) on day O. | FNo st |
( MSCo) (*¢") werexived én day 0 or unstimulated hMSC (4.4 % gb

were givenonday 7. Onday 1 or12, FLIVOgrdepe (8 e glnmaeds e) Wwe
i.v and left to circulate for 1 h. The (A & B) lungs and (D& liver were harvested

from each mouse and analysed for FLIVO staining and human CD4 PE. hMSC cell
therapy did not induce CD4 T cell apoptosisvivo. Data are representative of two

mice per group (n=2).
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6.3 HMSC DID NOT INDUCE T CELL ANERGY IN VIT RO

An alternative hypothesis for the beneficial effect seen in Chapter 5 could be
formulated around the induction of T cell anergy by hMSC in the aGvHD NSG
model. Kramperat al. and Glennieet al. have found that murine MSC inhibit T
cell proliferation,which appeared to be reversible (Krampera, 2003; Glennie, 2005).
These data were similar to that shown by Zagpial, whereby mMSC cocultured
with T cells induced a state of anergy, which was partially reversible through the
addition of IL-2 (Zappia, P05). Combined, these data suggested that MSC were

capable of inducing T cell anergy.

The ability of hMSC to induce T cell anergy vitro was examined in this
model. To closely mimién vivo circumstances, am vitro two-step proliferation
assay was deggned. Previous studies found that murine DC alone were insufficient
for the stimulation of human CD4 cells in an xenogeneic settiiig vitro. These
findings suggested that murine DC required an additional stimulus in order to
activate the proliferan of human CD4T cells. This led to the design of a two
step proliferation assay. Firstly, murine DOl&ed from bone marrow of BALB/
mice were stimulated with polylC and cocultured with human CTD4ells isolated
from PBMC for 5 days. To invesgte the induction of human CDZ cell anergy
by MSC, hMSC were added to some coculture treatment groups. Following 5 days
of coculture, the proliferation of human CDZ cells was analysed through the
addition of [3H}thymidine. Human CD4T cells cultred with polylC stimulated
murine DC induced sigficant T cell proliferation (g0.0001). However, if hMSC
were present in the coculture, the induction of T cell prolifenaivas significantly

reduced (p0.05) (Fig 6.3 A). These data showed that hMS&ewcapable of
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inhibiting T cell proliferation in a xenogeneic setting, a setting similar to that found

in the aGvHD NSG model.

To examine if the reduction in T cell proliferation by hMSC was due to the
induction of T cell anergy, a second proliferatessay was performed. In this case,
following coculture with murine DC, polylC and/or hMSC for 5 days, human’CD4
T cells were repurified from cultures by magnetic bead isolation. *GTuglls were
allowed to rest overnight after which, these human TD4ells were cultured for a
second timewith irradiated xenogeneic BALB/DC stimulated with or without
polylC (Fig 6.3 B). The hypothesiher e was t hat upon rest.i
human CD2 T cells that had previously been cultured in the presendeVi&C
would not proliferate and this inhibition would be reversible through the addition of
IL-2. However, this was not the case. Following, the second coculture of human
CD4" T cells with irradiated DC and polyIC, an increase in T cell proliferation was
observed (Fig 6.3 B). The proliferation of CD% cells that had previously been
cultured in the presence of hMSC was similar, suggesting that hMSC did not induce
T cell anergyin vitro (Fig 6.3 B). The addition of H2 did not affect the
proliferation ¢ human CD4 T cells (Fig 6.3 C). These data suggested that although
hMSC were capable of inhibiting T cell proliferationvitro, this inhibition of T cell
proliferation was not due to induction of T cell anergy. These data are in contrast
with Glennieet al.and Zappieet al, although one key point to note is that human T
cell induced anergy was examined here, whereas others explored MSC induced

anergy in a completely murine setting (Glennie, 2005; Zappia, 2005).
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Fig 6.3 hMSC did not induceT cell anergyin vitro. (A) HumanCD4" T cells (1 x
10°/ml) were cocultured ithe presence or absence of BALBone marrow derived
DC (MuDC) (1 x1& ml ), pol yl C (20 °nbiha9d6)wellplate h MS C
for 5 days. After 5 days>Hi]-thymidine was added to the well for 6 h and T cell
proliferation was analysedMurine DC stimulated with polylGnduced significant
human CDZ4 T cell proliferdion (p<0.0001). In the presence of hMSC, the
proliferation of CD4 T cell proliferaton was significantly reduced €0.05). (B)
Following coculture with murine DC, polylC and/or hMSC, CDR® cells were
repurified and cocultured with irradiated DC (irrlp@nd polylC for 72 h. After 72

h, T cell proliferation was analysed b{H|-thymidine incorporation. CDA4T cells
previously cocultured with hMSC proliferated upon restimulation with polylC. (C)
The addition of 12 had no effect on T cell proliferatio
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6.4 HMSC INDUCED REGULATORY -LIKE T CELLS EXPRESSING FOXP3 IN

VITRO; BUT FAILED TO INDUCE SIMILAR POPULATION SIN VIVO

In Chapter 3, it was clearly shown that hMSC were capable of inducing
functional regulatory T cells (T regn vitro (English, 2009. Other studies of cell
therapy by the Mahon group have shown that mM@&iliced T reg cells are
required for beneficial affecia vivo (Kavanagh, 2011). This is supported by work
i n other mo d e | diseaseuQictociopps 20Cl) antened aGvHD,
whereby Cacet al. found thatex vivoexpanded human T reg cells significantly
enhanced the survival of NOgxid mice with aGvHI(Cao, 2009). Therefore, the
induction of T reg like cells by hMSC as a possible mechanism involved in the

effective treatment of aGvHD in NSG humanised model was examined.

Firstly, IMSC were examined for their ability to indud¢exP3 expressing
regcells in vitro from a population oPBMC isolated from one of the four healthy
donors used for the induction of aGvHD vivo (Fig 6.4 A & B). After coculture
with hMSC for 72 hin vitro, PBMC were harvested by gentle aspiration from
adherent hMSC andnalysed for theoexpression offD4, CD% and intracellular
FoxP3 by flow cytometry. hMSC induced a CD4T reg like cell population
expressing FoxP3 and CD2b vitro (Fig 6.4 A) These data were in line with the
findings inChapter3. However, hMSC did not to induce a CDoxP3 population
in vitro (Fig 6.4 B) suggesting that unconventional CO8reg like cells were not

induced by hMSC.

| FNo and TNFU are two key cythv83 nes i |
are likely to encounter high levels of these two cytokinegivo. In Chapters, it

was shown thahMSC pretimulation had a enhancedeneficialtherapeuticeffect.
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Therefore, the above experiment was repeated wWidi®C were pre-stimulated
wi t h | F Ndor48h pridr b Eddulture witiPBMC in vitro. The expression
of the regulatry markers FoxP3 and CD25 was examined on ‘CDdells by flow
cytometry Stimulation of hMSC with inflammatory mediatorgdid not further
increase th@umber of cellexpresisig CD25 or FoxP3 on CD4or CD8' T cellsin
vitro (Fig 6.4 A & B). These datmmplied that although MSC induced CD#% reg
like cellsin vitro, prestimulation of h(MSC with proinflammatory cytokines did not

increase the number of regulatory like cells.

The induction of a T retike populationin vitro from PBMC suggested that
this could be a potential therapeutic mechanism utilised by hM$Grivo.
Therefore, the possibility of T reg induction by MSC in ihe&ivo model of aGvHD
was explored.NSGmice were irradiated with 2.4 Gy and received PBS or PBMC
after 4 h. MSC treatedrgups received hMSC on day 7 post PBMC administration
or | FNo stimulated hMSC on day O concurrtr
onset day of aGvHD pathology, the lung, liver and spleen were harvested and
analysed for the expression of human CD4, CD825 and Foxp3 by flow
cytometry (Fig 6.5) (n=6). Whilst hMSC induction of a T reg population was clearly
seenin vitro (Fig 6.4 A) and previously detectablevivoin other models used in the
Mahon lab (Kavanagh, 2011), there was no evidence of induotie@xpansion of
CD4" CD25 FoxP3 or CD8 CD25 FoxP3 T reg like cell populationsn vivo
(Fig. 6.9. This was the casmllowing treatment with either hMSC on day 7 or
l FNo2 stimulated hMSC on day 0. No such
(Fig 6.5 A), liver (Fig 6.5 B) or spleen (Fig 6.5 C). These data suggested that the

hMSC induction of CD4 or CD8 CD25 FoxP3 expressing T reg like cells was
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unlikely to be themechanism involved in hMSC induced prolonged survival of NSG

mice with aGvHD.

It is important to be cautious in the interpretation of the above data. The
induction/expansion of human Cbdr CD8 FoxP3 T reg cell was analysed here.
Firstly, there may bdwuman stromal or third party factors that are absent in this
humanised mouse model that prevent human T reg cell expansion, however that does
little to explain the therapeutic benefit that had been observed (Chapter 5).
Secondly, there are many other eetty described T reg populations that do not
express FoxP3, CD4, CD8 or CD25, which may be indurced/o but not explored
in this study. In addition, T reg cells may have had an effect early and disappeared
or be present in nesampled organs. Oncean, it is highly unlikely that T reg
cells could have an effect and not be present in the organs sampled, especially when
these are the target organs involved in GvHD pathology and displaying improvement
with cell therapy. In summary, hMSC did not induzeletectable CD4CD25"

FoxP3 or CD8 CD25 FoxP3 T reg cell populatiofn vivoin this model.
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Fig 6.4 hMSC induced CD4" but not CD8" T cells expressing FoxP3 and CD25

in vitro. PBMC (1 x 1G/well) wereisolated from fresh healthy donotobd and

cocultured withhMSC (3 x 1C/well) or prest i mul at ed MSC ( MSC»a)
ng/ ml) or (MSCU)for TNIFib a 6 &l platey / ARBMG were
examined for the cexpression of (A) CD4 or (B) CD8 with the regulatory markers

FoxP3 and CD25 by flow cytometry. The percentage of doubldiymsiells are

given in the upper quadrant. Data are representative of three independent

experiments.
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Fig 6.5 hMSC did not induce FoxP3 expressing T regulatory like populatiom

vivo. NSG mice received PBS #BMC (6.3x 186g") on day 0. | FNo
(MSC2) or wunsti mul'gy eae gV Gv. ¢nddayt0 or 7 1 0
respectively. On day 12, the (A) lung, (B) liver and (C) spleen were harvested and
analysed for the expression of human CD4, CD8, CD25 and FoxP3 by flow
cytometry. CD4 FoxP3 or CD8 FoxP3 T reglike cells were not detected vivo

following hMSC therapy. Data are representative of six mice per group (n=6).
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