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Abstract

T cell homeostatic proliferation (HP) and Graft versus Host Disease (GvHD) are major barriers
to the success of transplantation. Multipotent Adult Progenitor Cells (MAPC cells) have
demonstrated promising safety and therapeutic profiles in experimental models and small
clinical trials of transplantation and acute GvHD (aGvHD), however, the mechanisms by which
MAPC cells mediate these effects is not entirely clear. Thus, the aim of this thesis was to
develop our understanding of the modes of action and biodistribution of MAPC cells in in vivo
models of GvHD and HP.

MAPC cells were capable of delaying aGvHD onset when delivered 7 days after
peripheral blood mononuclear cell (PBMC) delivery. MAPC cells were not significantly
effective when administered along with PBMC, however interferon (IFN)-y licensing improved
this, and increased the biodistribution of MAPC cells towards GvHD target organs. PPARS was
identified as a key modulator of MAPC cell function, as activation of PPARS hampered the
efficacy of MAPC cells in the aGvHD model, while antagonism of PPARS had the opposite
effect. [In vitro studies suggest that PPARS may impart an inhibitory effect on COX-2
expression in MAPC cells

In an IL-7 driven HP model MAPC cells suppressed T cell proliferation and function and
modulated splenic myeloid and B cell populations, however their effects were dependent on the
administrative route applied (intravenously (IV) or intraperitoneally (IP)). Whole animal
biodistribution studies demonstrated that MAPC cells delivered IP persisted in vivo for longer
than MAPC cells delivered IV, and accumulated in the omentum, while MAPC cells IV
accumulated predominantly in the lung. In a lymphodepletion driven model of HP, MAPC cells
delivered IP suppressed IFN-y production by T cells and enhanced Treg. Importantly, MAPC
cells mediated their suppressive effects on HP through production of PGE2.

The data presented herein contributes to a broader understanding regarding the activity of
MAPC cells during transplant rejection. These findings provide a platform for future studies

regarding the use and optimisation of MAPC cells for transplant rejection.
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Chapter 1
Introduction



1.1  Transplant Rejection

Since the first successful transplant over 50 years ago, the field of transplantation has grown
exponentially. Solid organ transplantation (SOT) is now the treatment of choice for end stage
kidney, liver, heart and lung disease with over 21,000 patients a year receiving transplants in
the United States (Mcdonald-Hyman, Turka & Blazar, 2015). Similarly, allogeneic
hematopoietic stem cell (HSC) transplantation (HSCT) has become a common therapy to
restore the immune system in patients with immune deficiencies, or in those who have lost
bone marrow (BM) function following myeloablative doses of radiation or chemotherapy
(Jenq & van den Brink, 2010). HSCs give rise to a replacement immune system in these
individuals, with innate immune cells typically recovering in the first month after
transplantation, while reconstitution of the adaptive immune system may take up to two years
(Chaudhry et al., 2017). Engraftment of this new immune system allows patients to fight
infection and future malignancies.

There has been significant progress made in both SOT and HSCT over the past
century, however allo-immunity remains the greatest barrier to successful graft survival. Allo-
recognition is a key facet of the immune system; it is the recognition of ‘non-self” which
allows the body to protect itself from invading pathogens while maintaining tolerance to ‘self’.
In the case of SOT, the recipient recognizes donor tissue as foreign, while in HSCT the graft
can generate an allo-response to the host. Rejection of the solid organ can be acute or chronic,
and culminates with graft failure, and ultimately another transplant is required (Mcdonald-
Hyman, Turka & Blazar, 2015).

Graft versus Host Disease (GvHD), which can also manifest as either acute or chronic
is a common side effect of HSCT. It affects roughly 50% of allogeneic HSCT recipients and
has fatality rates of 20%. Acute GvHD (aGvHD) appears in the first 100 days after HSCT and
is characterised by a strong T cell response and systemic destruction of organs, particularly the
gastrointestinal (GI) tract, skin, and liver. Chronic GvHD (cGvHD) on the other hand
develops from day 100 post HSCT onwards and features involvement of B cells and antibody

mediated tissue fibrosis. GvHD is a systemic disease, with symptoms such as fever, diarrhoea



and tissue destruction ultimately leading to death in patients who don’t respond to therapy
(Mcdonald-Hyman, Turka & Blazar, 2015; Sung & Chao, 2013).

Allo-rejection in both solid organ graft rejection and GvHD share many of the same
key steps (Fig. 1.1). The innate immune system is quickly activated in both cases in response
to damaged tissue. The innate system then activates adaptive cells which carry out a targeted
attack on foreign tissue through production of cytokines, contact mediated killing, or
production of allo-antibodies (Wood & Goto, 2012). In both instances, regulatory cells
produce tolerogenic signals which can suppress the immune response to the graft (Wood,

Bushell & Hester, 2012).

1.1.1 The innate immune system in transplant rejection
The innate immune response in transplantation is initiated by the release of danger stimuli by
damaged tissue. Ischemia reperfusion injury (IRI) is an unavoidable side effect of SOT which
occurs when blood supply to tissue is interrupted, and the organ is subsequently exposed to
hypoxic conditions. Reperfusion upon transplantation then triggers the release of free oxygen
radicals causing further damage to the donor tissue (Cravedi & Heeger, 2014; Ponticelli,
2014). In contrast, in HSCT danger signals are host derived, produced by damaged tissue
following harsh myeloablative therapies (Toubai et al., 2016). In both cases, injuries initiate
the release of danger associated molecular patterns (DAMPs) and pathogen associated
complexes (PAMPS), which can activate the complement system and innate immune cells of
both donor and host through pattern recognition receptors (PRRs). DAMPs in this context
typically include necrotic cells, cellular debris, heat shock proteins, tissue factor and high
mobility group box 1, while PAMPS are provided by bacterial components such as
lipopolysaccharide (LPS) which passes from the GI tract following damage to the intestinal
barrier by conditioning regimens (Eltzschig & Eckle, 2011; Zeiser, Socié¢ & Blazar, 2016).
This stimulation of the innate system causes a cascade of pro-inflammatory cytokine
and chemokine production, and recruitment of leukocytes to damaged tissue (Itoh et al., 2010;
Liet al., 2010; Shen et al., 2013). Neutrophils and monocytes are among the first populations

to accumulate in damaged tissue, followed by natural killer (NK) cells which have been shown
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to further contribute to tissue damage by mediating death of tubular epithelial cells (Zhang et
al., 2008). Furthermore, NK cells are major producers of interferon-y (IFN-y), which leads to
priming of antigen presenting cells (APC) (Robb & Hill, 2012; Harmon et al., 2016).
Dendritic cells (DC) provide the bridge between the innate and adaptive response, and their
activation by PAMPs, DAMPs and other innate immune cells stimulates their maturation and

migration to T cell priming sites (Koyama et al., 2015; Zeiser et al., 2016).

1.1.2  Antigen Presentation

The first step in the adaptive immune response to the allograft is mediated by interactions
between APC and T cells. Allogeneic tissue expresses foreign major histocompatibility
complexes (MHC) which are the predominant targets of the recipient immune system. CD8"
and CD4" T cells recognise either MHC I or MHC II respectively on the surface of APC
through the direct, indirect, and semi-direct pathways (Jiang et al., 2004; Safinia et al., 2010).
The direct pathway occurs when T cells recognise foreign MHC molecules on allogeneic DC,
while the indirect pathway recognition occurs when DC process and present allogeneic MHC
as peptides to syngeneic T cells (Afzali et al., 2013; Archbold et al., 2008a, 2008b; Lechler
and Batchelor, 1982; Safinia et al., 2010). The third and final pathway for allo-recognition is
the ‘semi-direct’ pathway, which exploits the ability of immune cells to exchange surface
molecules. In this case, MHC-peptide complexes are acquired by allogeneic DC via cell-cell
contact, exosomes or nanotubes in a process referred to as ‘cross dressing’ (Denzer ef al.,
2000; Montecalvo et al., 2008; Robbins and Morelli, 2014). The now chimeric APC present
intact allogeneic MHC complexes to T cells via the semi direct pathway, while simultaneously
presenting allogeneic MHC as peptides via the indirect pathway (Afzali ef al., 2013; Marino ef
al., 2016a; Safinia et al., 2010).

GvHD presents an unusual and complex scenario whereby HSCT recipients are
chimeric for both host and donor APC. Extrapolation of the exact process by which antigen
presentation occurs is difficult due to disparities between experimental and clinical GvHD, and
it is likely that differences in antigen presentation processes exist depending on the degree of

MHC mismatch. In general, it is thought that host APC initiate GVHD by activating donor T
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cells via the direct pathway (Shlomchik ez al., 1999). Donor DC then perpetuate the condition
by processing and presenting host antigen to donor T cells via the indirect and semi-direct
pathways (Socie & Blazar, 2009). It was originally assumed that professional APC were
responsible for GvHD initiation. Surprisingly, non-haematopoietic APC such as fibroblasts
and epithelial cells which are activated to express MHC and co-stimulatory molecules
following conditioning regimens are now thought to be responsible for this effect (Koyama et
al.,2011; Koyama and Hill, 2017; Li et al., 2012; Shlomchik et al., 1999; Weber et al., 2014).
Moreover, recent studies have actually shown that depletion of host DC, particularly CD8"
conventional DC (¢cDC), exacerbates aGvHD (Toubai et al., 2015; Weber et al., 2014). With
regards to donor APC, CD103" ¢DC are thought to be the predominant drivers of GvHD
progression. CD103" ¢DC are initially activated by PAMPs and DAMPs, and then go on to
present peptide indirectly to donor T cells primarily in the lymph nodes (Koyama et al., 2015;
Markey et al., 2009). While donor DC have been shown to cross dress in GvHD, the semi-
direct pathway does not induce proliferation of T cells. The expression of host MHC by donor
DC does however instigate contact between the DC and T cell, which allows the TCR to bind
to syngeneic MHC. Thus, cross dressed DC promote T cell activation through the indirect
pathway (Markey et al., 2014).

In SOT it has been demonstrated that all three pathways of allo-recognition play a role
in T cell activation. Initially upon transplantation, donor APC activate recipient T cells
through the direct pathway. This pathway eventually subsides however, due to the limited
number of donor leukocytes within the graft (Boardman et al., 2016). Thus, long term allo-
reactivity requires the other pathways of recognition. The indirect and semi-direct pathways
are responsible for T cell activation in models of skin, islet and cardiac transplantation (Harper
et al., 2015; Marino et al., 2016b; Smyth et al., 2017). Taken together, these studies suggest
that recipient APC acquire intact MHC from donor derived vesicles to activate T cells through
the semi-direct pathway. It is through this semi-direct method that CD8" T cells are activated
by donor MHC 1. Furthermore, the indirect pathway is used to activate CD4" T cells, which
subsequently promote the activity of CD8" cells. This suggests that a single DC can activate a

CD8" T cell through the semi-direct pathway, while at the same time activating a CD4" T cell
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through the indirect pathway, and so the CD8" cell is in close proximity to the CD4" cell from
which it requires help. In the case of skin transplantation, suppression of host CD8" ¢DC
which are the main cross-presenters slows down graft rejection, which is comparable to the

GvHD studies mentioned above (Smyth, Lechler & Lombardi, 2017).

1.1.3 T cell differentiation

Following interactions between MHC complexes and the T-cell receptor (TCR), naive T cells
require co-stimulation through accessory molecules. T cells exposed to allo-antigen in the
absence of co-stimulation are only partially activated. This renders T cells anergic, or hypo
responsive upon subsequent exposure to their cognate antigen (Anderson ef al., 2005; Wood,
Bushell & Hester, 2012). Thus, inhibition of co-stimulatory pathways has been explored as a
strategy to prevent allo-activity (Kinnear et al., 2013). The outcome of interactions between
APC and T cells depends on the activity of co-stimulatory molecules.  For example,
CD80/CD86 expressed by DC can stimulate naive T cells via CD28 or cytotoxic T-
lymphocyte-associated protein 4 (CTLA-4). CD28 ligation induces interleukin (IL)-2
production by T cells, promoting T cell proliferation, while CTLA-4 ligation on the other hand
decreases IL-2 production and increases the inhibitory activity of Treg. Other stimulatory
pathways include the Inducible T-cell Co-stimulator (ICOS) and OX40 pathways which
stimulate T cell differentiation and survival, while the inhibitory programmed death ligand
(PDL) pathway suppresses cytokine production and TCR signalling in activated T cells
(Kinnear, Jones & Wood, 2013).

Next, T cells are differentiated into their various subsets depending on the cytokine
environment in which antigen presentation occurs (Liu et al., 2013). IFN-y and tumour
necrosis factor-a (TNF-a) producing type 1 CD4" (Thl) and CD8" (Tc1) cells are induced by
NK and DC derived IFN-y and 1L-12 (Henden and Hill, 2015; Koyama et al., 2015; Robb and
Hill, 2012; Sad et al., 1995). Both Thl and Tcl cells are key contributors to acute rejection
and GvHD, and mediate tissue destruction directly via IFN-y and perforin production, and the
Fas/ Fas ligand (FasL) pathway (Burman et al., 2007; Grazia et al., 2010; Liu et al., 2013;

Sleater et al., 2007; Wong et al., 2016).



While Th1/Tcl subsets are considered to be the drivers of allograft rejection, Th2 and
Th17 cells have also been implicated. Th2 differentiation is promoted in the presence of IL-4,
and Th2 cells produce IL-4 and IL-10. These cytokines can suppress Thl activity which
originally lead investigators to believe that Th2 cells may be protective in transplantation.
However this is not the case, as depletion of Th2 cells prevents murine GvHD (Nikolic et al.,
2000). IL-6 and IL-23 production by APC induces Th17 differentiation, while the addition of
IL-1B results in the production of Th1/17 cells (Fabrega et al., 2009, 2007; Koyama et al.,
2015). Th17 cells are present during acute rejection, however the role of Th17 in chronic
rejection remains unclear (Liu et al., 2013). Chronic allograft rejection which is associated
with the indirect pathway of antigen presentation has been linked to donor specific Th1/17 cell
populations producing IL-17 and IFN-y (Sullivan, Adams & Burlingham, 2014).

Following differentiation, the vast majority of T cells become effector T cells which
migrate to target tissues and attack allogeneic cells. Pre-existing effector and central memory
T cells also threaten graft survival, as these cell types have lower activation thresholds than
naive T cells, are quicker to kill target cells, and promote the production of donor specific
antibodies (DSA) by B cells (Benichou et al., 2017). Allo-reactive effector and memory T
cells can be generated prior to transplantation due to ‘antigen mimicry’ induced by commensal
bacteria and infection, or previous exposure to allo-antigen due to a blood transfusion,
pregnancy or previous transplant (Wong et al., 2016). The vigorous response of memory T
cells to the allograft is exacerbated by the fact that memory T cells are resistant to many
immunosuppressive therapies, and have a competitive advantage over naive cells during
homeostatic proliferation (HP) (Benichou et al., 2017). This is discussed in further detail later
in this chapter.

In the context of allograft rejection, it is thought that the outcome of the immune
reaction may depend on the ratio of allo-reactive T cells to regulatory T cells (Treg). Nguyen
et al. (2014) have shown that the suppressive capacity of Treg in transplant recipients prior to
transplantation correlates with the success of immediate graft function. Higher levels of
CD45RO expression and reduced levels of CD27 expression on Treg cells are associated with

better graft outcome, suggesting that the effector memory Treg subpopulation in particular
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may contribute to the immunosuppressive micro-environment (Giaretta et al., 2013). Treg
mediate their protective effects in a number of ways; they express CTLA-4, acting as a
negative regulator for T cell activation, and Treg derived indoleamine 2,3-dioxegenase (IDO)
and IL-10 also dampens inflammation by inhibiting APC activity, suppressing T cell
proliferation and promoting the conversion of conventional T cells to Treg type 1 cells (Wood,

Bushell & Hester, 2012).

1.1.4 B cells in Transplantation

B cells are not the predominant mediator of allograft rejection, however they do contribute to
the rejection process. B cells can capture allo-antigen via the B-cell receptor (BCR) and
present this to T cells via the indirect pathway (Noorchashm et al., 2006; Shiu et al., 2015).
Following presentation of allo-antigen to T cells, B cells produce high affinity allo-antibody
(Taylor et al., 2007) which can bind to foreign tissue, disrupting the function of graft
endothelial cells and further enhance cellular uptake by APC (Chong & Sciammas, 2015;
Wood, 2005). DSAs are produced by two types of memory B cells; the quiescent memory B
cells and the long lived plasma cell. (Chong & Sciammas, 2015; Crespo et al., 2001;
Mauiyyedi et al., 2001). Patients can develop allo-antibodies against MHC molecules, ABO
blood group antigens, or foreign antigens expressed by endothelium. In those who have been
sensitized by a previous transplant, blood transfusion or pregnancy, allo-antibodies can cause
hyper-acute rejection immediately after graft reperfusion (Ahern ef al., 1982; Racusen & Haas,
2006; Trpkov et al., 1996). In patients who haven’t been sensitized, these antibodies can be
produced from 6 months post transplantation and have been shown to contribute to chronic
rejection and allograft failure in renal transplantation (Lionaki et al., 2013).

B cell reconstitution is slow following HSCT, and both aGvHD and cGvHD are
associated with B cell lymphopenia (Glauzy et al., 2014). This phenomenon could be due to a
number of factors including poor B-cell generation from the BM, T cell mediated death, or the
use of immunosuppressants. The role of B cells in aGvHD is unclear and mostly based on
observations from the clinic. Rituximab (a B-cell depleting antibody) has been shown to

improve aGvHD outcomes in small clinical studies, while high levels of B cells in the stem
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cell graft is linked to increased incidences of aGvHD (Shimabukuro-Vornhagen et al., 2009).
This suggests that B cells are pathogenic in aGvHD, however they may also play a protective
role which is discussed in further detail below. The role of B cells in cGvHD is better
characterised. High levels of B-cell activating factor (BAFF) are detected in cGvHD patients,
and this is thought to cause the activation and proliferation of auto-reactive B cells. Similar to
SOT, in ¢cGvHD B cells can present antigen, produce allo-antibody and mediate tissue
destruction (Sarantopoulos et al., 2014).

In recent years exciting progress has been made in the identification and
characterisation of IL-10 producing regulatory B cells (Breg). Breg are not restricted to just
one subset, as a number of B cell subsets have been shown to have the capacity to produce IL-
10. In both mice and humans IL-10 producers are commonly enriched within the CD5" B1
subset, while in humans, immature B cells characterised by high expression levels of CD38
and CD24 are also consistently shown to demonstrate Breg function (Mauri and Menon, 2015;
Rosser and Mauri, 2015; Saxena et al., 2017). Breg have been shown to promote tolerance in
a number of murine models of allograft rejection (Durand et al., 2015; Durand & Chiffoleau,
2015). Similarly, total body irradiation induces IL-10 producing B cells which suppress donor
CD4" T cell proliferation in GvHD (Rowe et al., 2006; Markey et al., 2009), and patients with

cGvHD demonstrate suppressed Breg function (Masson et al., 2015).

1.2 Therapeutic interventions to prevent allograft rejection and GvHD

1.2.1 Lymphodepletion

In order to prevent rejection episodes in both SOT and HSCT, host T cells are depleted using
induction therapy. This is usually administered along with other immunosuppressants or
conditioning regimens prior to transplantation. The most commonly used induction therapies
are the lymphocyte depleting antibodies anti-thymocyte globulin (ATG) and alemtuzumab
(traded as Campath) (Zwang & Turka, 2014). Campath is an anti-CD52 monoclonal antibody
(mAb), which depletes T cells, NK cells, B cells and monocytes, while ATG is an anti-CD3
antibody which predominantly targets T cells, but is also thought to affect B cells and DC

(Lowenstein et al., 2006; Ruzek et al., 2009; Mohty, 2007). These therapies deplete their
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target cells by inducing complement or antibody dependent cytotoxicity, and apoptosis
(Valdez-Ortiz et al., 2015). The effects of Campath varies between the different T cell subsets,
with CDS8" cells being the least sensitive and CD4" CD25" cells being the most sensitive to
depletion (Lowenstein et al., 2006; Grimaldi et al., 2016). On the other hand, ATG binds
more efficiently to CD8" T cells than CD4" T cells resulting in more rapid depletion of the
CDS8" T cell population (Ruzek et al., 2009). Despite this difference, the CD4" populations
which remain following both Campath and ATG depletion are rich in regulatory and memory
T cells with naive T cells being preferentially depleted (Gallon et al., 2006; Havari et al.,

2014; Noris et al., 2007; Ruzek et al., 2009; Xia et al., 2012).

1.2.2 Homeostatic Expansion after lymphodepletion
In both humans and mice, the size and heterogeneity of the T cell pool is tightly regulated by
homeostatic stimuli. Thymic production of new T cells diminishes with age, and so, survival
of the peripheral T cell pool is critical to maintain immunocompetence (Plas, Rathmell &
Thompson, 2002). Survival signals are delivered to T cells through contact with self-peptide
loaded MHC complexes expressed by APC, and exposure to gamma chain cytokines, primarily
IL-7. IL-7 is constitutively produced by stromal cells in lymphoid tissue, and upon binding to
IL-7Ra, signal transducer and activator of transcription (STAT)S5 is activated leading to
expression of the anti-apoptotic protein B-cell lymphoma (Bcl)-2. Thus, IL-7 promotes T cell
survival, and T cells starved of IL-7 undergo apoptosis. Under normal lymphoreplete
conditions, access to IL-7 is limited and competition for the cytokine is high (Tchao & Turka,
2012) (Fig. 1.2). Consumption of the cytokine is governed by expression of IL-7R, with naive
and central memory T cells expressing high levels of IL-7R, while effector and regulatory T
cell subsets have lower IL-7R expression (Mazzucchelli & Durum, 2007).

Under lymphopenic conditions there are less T cells competing for and consuming IL-
7. Thus, the availability of IL-7 increases and T cells which have escaped depletion undergo
accelerated HP (Moxham et al., 2008; Wu et al., 2004). Furthermore, under these conditions,

T cells acquire effector/memory functions and skew towards a Th1 phenotype

11



T cell depletion

Lymphoreplete environment Lymphodeplete environment

\
.

Conventional
T cell !

IL-7 & APC avai

number

Figure 1.2 Homeostatic expansion of T cells following lymphodepletion. T cells
require IL-7 and contact with self-MHC peptide expressed by APC in order to survive and
proliferate. In the normal lymphoreplete environment T cell numbers are high, and
availability of these stimuli is low. Following T cell depletion, T cell number is lower, and
the availability of these stimuli is increased. The abundance of IL-7 causes the skew of the
T cell department towards a pro-inflammatory IFN-y producing population. MHC: Major
histocompatibility complex, APC: Antigen presenting cells, IL-7: Interleukin-7, IFN-y:

Interferon-y
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(Neujahr ef al., 2006; Moxham et al., 2008). With regards to Treg, the effects of lymphopenia
are not as clear, and depends on the depletive strategy used. Treg numbers are increased
following HP in immunodeficient, ATG or anti-CD25 treated hosts, while treatment with
Campath or CD4"/CD8" antibodies has the opposite effect (Ruzek et al., 2009; Macedo et al.,
2012; Neujahr et al., 2006; Moxham et al., 2008; Vignali et al., 2016). In vitro, IL-7 has been
shown to abrogate Treg suppressive function, while memory Treg treated with IL-7 acquire a
Th17 phenotype (Younas ef al., 2013; Heninger et al., 2012). Overall, it is thought that HP in
lymphopenic conditions promotes the expansion of a pro-inflammatory T cell pool which is
likely to cause allograft rejection and autoimmunity (Neujahr et al., 2006, Moxham et al.,
2008; Wu et al., 2004; Grimaldi ef al., 2016) (Fig 1.2). For example, Wu et al. (2004) found
that HP can render T cells resistant to co-stimulatory blockade, and secondary autoimmune
disorders are commonly reported following lymphodepletion with Campath (Grimaldi et al.,
2016). Furthermore, blockade of the IL-7R has been shown to prevent GvHD and allograft
rejection in murine models (Mai et al., 2014; Chung, Dudl & Min, 2007).

As alluded to above, reconstitution of the T cell pool varies depending on the depletive
strategy used. For example, the expansion of regulatory and memory T cells following ATG
therapy is extensively reported (Boenisch ef al., 2012; Broady et al., 2009; Feng et al., 2008;
Meyer et al., 2015; Ruzek et al., 2009; Valdez-Ortiz et al., 2015; Xia et al., 2012).
Interestingly, the expansion of the Treg compartment following ATG mediated depletion is
thought to be dependent on T cell/monocyte interactions (Boenisch ef al., 2012; Broady, Yu &
Levings, 2009; Crepin et al., 2015; Gurkan et al., 2010). This expansion of Treg may not
result in favourable graft outcomes however, as Crepin et al. (2015) have shown that ATG
administration in renal transplantation results in an increase in late stage differentiated T cells
which are linked to acute rejection. Following induction therapy with Campath, CD8" T cells
predominate and both CD4" and CDS8" cells skew towards an effector profile. (Grimaldi et al.,
2016; Marco et al., 2013; Macedo et al., 2012). When Campath is added to conditioning
regimens prior to HSCT, NK cells have been shown to dominate lymphocytes at early time

points, with high levels of NK cells correlating with GvHD incidence (Matthews et al., 2009).
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Furthermore, Campath therapy is linked to impaired Treg reconstitution in renal transplant

recipients (Macedo et al., 2012).

1.2.3 Maintenance Immunosuppression

To prevent the acute rejection which may occur once HP replenishes the T cell pool,
‘maintenance’ immunosuppression regimens are employed. The earliest immunosuppressive
drugs (ISDs) used in transplantation were corticosteroids, which are still the most commonly
used therapy for GvHD (Mcdonald, 2016; Deeg, 2007; Flowers & Martin, 2015).
Corticosteroids suppress systemic inflammation by inhibiting leukocyte migration, and
suppressing DC maturation, and T cell proliferation (Franchimont, 2004). Mild GvHD of the
skin can be treated with topical steroids, while in more severe cases systemic delivery is
required (Ferrara et al., 2009). Steroids successfully treat roughly 50% of GvHD patients,
however severe cases tend to be refractory to corticosteroids. Prognosis rates are dismal (up to
85% mortality) (Westin et al., 2011) for those with steroid refractory GvHD, and second line
therapies are rarely successful (Jaglowski & Devine, 2014). Steroids have many adverse
effects, and so to keep doses as low as possible they are often used in conjunction with other
immunosuppressants, and their use is eventually tapered once they are no longer required
(Martin et al., 2015).

The discovery of calcineurin inhibitors (CNIs) in the 1980s revolutionised
transplantation. Both cyclosporine A (CsA) and tacrolimus are CNIs, that mediate their action
by binding to the cytoplasmic enzyme calcineurin (Azzi, Sayegh & Mallat, 2013). The main
consequence of calcineurin inhibition is blockade of IL-2 signalling which potently suppresses
T cell proliferation. Thus, CNIs are more selective suppressors of the immune system than
steroids. This strategy of immunosuppression effectively inhibits inflammatory T cell activity,
however, since Treg also require IL-2 to proliferate, their activity is also restricted (Gallon ef
al., 2015; Miroux et al., 2009, 2012). Nevertheless, CNIs are the most commonly used
immunosuppressant for SOT, and are commonly used to prevent or treat GVHD (Azzi, Sayegh
& Mallat, 2013; Ferrara et al., 2009). Similar to steroids, CNIs can be highly toxic, thus their

use needs to be minimized. Moreover, since both steroids and CNIs are ‘blanket’
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immunosuppressants, patients have a very poor immune response and are vulnerable to
infection and malignancies (Fishman et al., 2013; Chapman, Webster & Wong, 2013; Ferrara
etal.,2009).  There is an unmet need for safe immunosuppressants for the treatment of both
GvHD and SOT. In recent years mammalian target of rapamycin (mTOR) inhibitors have
been added to immunosuppressive regimens. mTOR inhibitors block IL-2 production but not T
cell activation, and are not as nephrotoxic as CNIs. Furthermore, they have an encouraging
effect on Treg (Adams, Sanchez-Fueyo & Samuel, 2015; Shan et al., 2015). Though safer
than CNIs, mTOR inhibitors are not entirely safe, thus, efforts to develop novel strategies to
induce tolerance are ongoing. Other strategies currently being investigated to prevent GvHD
and allograft rejection are cellular therapies, neutralizing antibodies against IL-6 and TNF-a,
and inhibitors of T cell co-stimulation, however these therapies require further investigation

before becoming first line therapies (Mcdonald-Hyman, Turka & Blazar, 2015).

1.2.4 Problems associated with immunosuppressive regimens
As previously mentioned, rejection remains to be a major hurdle to the success of both SOT
and HSCT. Despite major advances in the prophylactic and therapeutic strategies to prevent or
cure allograft rejection or GvHD, these therapies often have unwanted secondary
consequences. The first major concern regarding the use of lympho-ablative therapies and
long-term immunosuppressants is the risks associated with immune-deficiency. Patients who
receive ATG prior to HSCT or SOT have increased incidences of Epstein-Barr virus and
cytomegalovirus (Kekre & Antin, 2017; van den Hoogen, Hoitsma & Hilbrands, 2012;
Hardinger, Brennan & Klein, 2013), while opportunistic infections such as Aspergillus are
commonly associated with blanket immunosuppressants (Azzi, Sayegh & Mallat, 2013;
Hernandez, Martin & Simkins, 2015). To minimize infection, patients are commonly given
preventative antimicrobial drugs, however infections do still occur and are a substantial cause
of fatality among transplant recipients (Patel & Paya, 1997; Tomblyn ef al., 2009).

The development of malignancies in immunocompromised patients is also a major
cause of death following transplantation, and SOT recipients have 2-3 times the risk of

developing cancer compared to the general population. This may be due to increased
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vulnerability to carcinogenic viral infections, or the reduced ability of immune cells to detect
and destroy abnormal cells (Chapman, Webster & Wong, 2013). SOT is generally avoided in
patients who have survived previous malignancies, however HSCT can sometimes be the only
curative treatment for those with haematological cancers such as leukaemia or multiple
myeloma (van den Brink, Alpdogan & Boyd, 2004). In these patients, clinicians must consider
the graft-versus-leukaemia (GvL) effect before administering high doses of
immunosuppressants. The GvL effect refers to the process by which donor T cells and NK
cells eradicate tumours (Bleakley & Riddell, 2004). Though depletive and maintenance
therapies are needed to prevent GvHD in HSCT recipients, unfortunately these therapies
inhibit the GvL effect of donor cells, thus over-use of immunosuppression in HSCT can lead to
disease relapse (Kekre & Antin, 2017).

Apart from their immunosuppressive effects, the long-term use of maintenance
immunosuppressants also leads to debilitating side effects. Steroids can cause diabetes,
muscle weakness and osteoporosis while CNIs have severely nephrotoxic effects (Ferrara et
al., 2009). These morbidities leave patients with a poor quality of life, and can lead to death
through the development of secondary conditions. Transplant recipients and clinicians face an
ongoing balancing act to achieve a ‘sweet spot’ of immunosuppression which prevents
rejection, but limits infection and malignancies. Taken together, these unwanted consequences
of long-term immunosuppressive therapies highlight the requirement for novel strategies to

prevent graft rejection and GvHD.

1.3  Animal Models of Transplant Rejection

1.3.1 GvHD

Pre-clinical studies of disease most commonly employ mouse models, as mice are relatively
easy and cheap to maintain, and the mouse genome is similar to that of humans. For GvHD
studies the mouse is particularly suitable, as transgenic strains are readily available which can
develop the usefulness of many models. Protocols used to generate GvHD in vivo vary, and

experimental conditions determine the mechanisms and severity of disease progression. The
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two most important conditions to consider are the conditioning regimen, and the degree of
mismatch between donor and recipient.

In terms of conditioning regimens, most murine GvHD models begin with a total body
irradiation step to mimic the damage caused by myeloablative conditioning and improve
engraftment of donor cells. Generally, higher doses of irradiation correlate with increased
donor cell engraftment and severity of disease (Parmar ef al., 2014). In recent years however,
the relevance of this irradiation step has been questioned, as present day clinical regimens are
more likely to involve chemotherapeutic drugs. Thus, some studies have used alternative
conditioning regimens including administration of busulfan or cyclophosphamide (Sadeghi ef
al., 2008; Ferrara, 2009; Riesner ef al., 2016). Furthermore, to develop less acute models of
GvHD conditioning regimens can be avoided altogether (Reddy, Negrin & Hill, 2008; Chu &
Gress, 2008).

Conditioning regimens are usually followed by the transfer of donor BM and splenic T
cells to the recipient. The mouse strains chosen for this step determine the degree of mismatch
between donor and recipient as outlined in table 1.1. Murine models of GvHD are most
frequently established using an MHC mismatch. The simplest way to achieve an MHC
mismatch is by transplanting donor cells from one strain to another with a disparate haplotype,
for example from a C57/B16 (H2") to a Balb/C (H2%) mouse. These fully MHC mismatched
models are typically very acute, and are predominantly driven by interactions between host
APC and donor CD4" T cells, with CDS8" cells only playing a minor role in pathology (Reddy,
Negrin & Hill, 2008). A second method of achieving a full mismatch is by cross breeding two
strains, and transplanting cells from one of the parent strains into the off-spring (i.e. C57/Bl6
into C57/B16 X DBA2 F1). This approach is favoured in some cases as donor cells can engraft
in the absence of conditioning regimens (Murphy, 2000). The effects of this type of mismatch
can vary depending on the protocol used for experiment set up. For example, a high dose of
irradiation followed by transfer of BM cells and splenic T cells from C57/Bl6 to a C57/Bl6 X
DBA2 F1 causes CD4" T cell driven aGvHD, whereas using the same two strains in reverse,
but without irradiation or BM transfer leads to the development of cGVHD (Reddy, Negrin &

Hill, 2008; Chu & Gress, 2008). The cGvHD model is also driven by CD4" T cells, however
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in this case disease progression resembles that of systemic lupus erythematosus, arising from
the generation of auto-antibodies by B cells (Chu & Gress, 2008).

A second method of replicating GvHD in vivo is through the use of MHC matched, but
minor histocompatibility antigen (MHA) mismatched models. In contrast to MHC
mismatched models, these systems can require one or both of the CD4" and CDS8"
compartments depending on the combination of strains used. For example, when B10.D2 is
used as a donor to the DBA/2 strain, aGvHD development is dependent on CD4" cells,
however when donor and recipient are reversed, CD8" cells drive the disease (Reddy, Negrin
& Hill, 2008). MHA mismatched models can also be used to develop cGvHD models, such as
the B10.D2 to Balb/C model (Chu & Gress, 2008; Reddy, Negrin & Hill, 2008). MHA
mismatched models are typically less severe than those with a full MHC mismatch and more

closely resemble clinical GVHD (Riesner et al., 2016).
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Table 1.1 Commonly used murine GvHD models

Donor Strain Donor Recipient Recipient Irradiation
Haplotype Strain Haplotype

Acute models

C57/Bl6 b Balb/C d Yes

Balb/C d C57/Bl6 b Yes

C57/Bl6 b C57/Bl6 X b/d Yes
DBA2 F1

B.10D2 d DBA2 d Yes

DBA2 d B.10D2 d Yes

Chronic models

C57/Bl6 X b/d C57/Bl6 b No

DBA2F1

B.10D2 d Balb/C d Yes

DBA2 d C57/Bl6 X b/d No
DBA2F1

C57/Bl6 b C57/Bl6 X b/d No
Balb/C F1
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In order to improve the translational relevance of animal models of GvHD, xenogeneic
or humanised models have been developed. These models are particularly valuable for testing
human specific therapeutics such as antibodies and cellular therapies, where the effects of the
therapy in question is specific to human cells. Optimisation of humanised models of GvHD
began 30 years ago, with the administration of human peripheral blood mononuclear cells
(PBMC) to immunodeficient mice lacking B and T cells, however engraftment of human cells
to these mice was very low, and so GvHD was rare (Hoffmann-Fezer et al., 1993). Advances
were made in the development of immunodeficient mice throughout the 90’s, however it
wasn’t until Shultz er al. (2005) reported robust engraftment of human cells in a nonobese
diabetic/severe combined immunodeficiency (NOD/SCID) IL-2Ry™' (NSG) strain that a
suitable model could be developed. This strain required less PBMC to induce GvHD than its
predecessors, and while conditioning regimens accelerated engraftment, GvHD was also
observed in non-irradiated hosts (King et al., 2009; Ito et al., 2009; Parmar et al., 2014). This
model develops acute disease driven by CD4" T cells, though CD8" T cells do contribute once
supported by CD4" cells (Ito et al., 2017), and recognition of both MHC I and MHC II host
molecules by donor cells progresses disease, as knock out of either molecule delays disease
onset (King et al., 2009). Furthermore, TNF-a plays a role in disease progression in this
system, highlighting a role for Thl cells (King et al., 2009). Humanised models of cGvHD
are not as robust, and are still in development using fetal liver and thymus transplantation,
CD34" cells, or granulocyte macrophage-colony stimulating factor (GM-CSF) treated PBMC
(Fujii et al., 2015; Lockridge et al., 2013; Sonntag et al., 2015).

The humanised model of aGvHD is now commonly used by many groups, including
the English lab, and previous members of our group worked to refine the model set out by
Pearson et al. (2008) (Tobin et al. 2013, M. Healy, 2015, PhD Thesis). The model requires
total body irradiation of NSG mice, and intravenous (IV) injection of PBMC isolated from
buffy packs 4-6 hours later. Pearson et al. initially suggested that 2x10” PBMC per mouse
should induce GvHD, however our group found that this lead to irreproducible results.
Consistency of experiments was improved by administrating PBMC using weight based

dosing, and 8x10° cells/gram was found to reliably cause aGvHD. Transient weight loss is
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observed in the first few days after irradiation, presumably caused by stress or mild
inflammation (M. Healy, 2015, PhD Thesis, J. Corbett, 2016, PhD Thesis). In general, all
animals return to their original weight within 4 or 5 days, until weight loss and other symptoms
of GvHD manifest between days 10-16 (Tobin et al. 2013 M. Healy, 2015, PhD Thesis, J.
Corbett, 2016, PhD Thesis). This type of bi-phasic pattern of pathogenesis is consistent with
other models of GvHD that use conditioning regimens (Sadeghi et al., 2008). While the model
is quite robust, it does have some weaknesses. Some PBMC donors induce aGvHD faster than
others, and some PBMC donors have been demonstrated to be completely ineffective at
inducing aGvHD for unknown reasons (M. Healy, 2015, PhD Thesis). Furthermore, NSG do
not have functional DC, and human T cells cannot directly recognise murine MHC molecules.
Thus, this aGvHD model is driven by donor APC presenting antigen to donor T cells (Ito et
al., 2017) which may not accurately represent the clinical scenario. Nevertheless, this
humanised model is a very valuable tool to examine the efficacy of human specific therapies

for GvHD.

1.3.2 Models of Homeostatic Proliferation

As described previously, excess IL-7 in the lymphopenic environment is an important stimulus
for the HP of T cells after transplantation. The effects of the increased availability of IL-7 is
usually studied in one of two ways; using transgenic mice with increased IL-7 signalling, or by
delivering exogenous IL-7. A number of transgenic mice have been developed with increased
IL-7R expression or over-production of IL-7. While these models have been useful to study
the function of IL-7, they are not entirely relevant to study the role of IL-7 in transplantation.
For example, IL-7R expression is tightly regulated, and expression is decreased following
TCR engagement. Thus, constitutive expression of IL-7R is not representative of the situation
in transplantation, and has been shown to lead to death of CD8" cells (Kimura et al., 2013).
Similarly, in models where IL-7 is overproduced, thymocyte development is augmented, and
lymphoproliferative disorders and autoimmune disorders develop (Mertsching, Burdet &
Ceredig, 1995). Again, this is not translationally relevant, as IL-7 signalling is usually normal

in transplant recipients up until the point of lymphodepletion. Ideally, a murine model where
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over expression of IL-7 can be induced at an appropriate time point could be used to examine
the effects of a sudden increase in IL-7 levels, however this type of model has not yet been
developed.

The first reports of administration of exogenous IL-7 to murine models was reported
by Morrissey et al. (1991a, 1991b), who found that twice daily injections of recombinant IL-7
transiently increased the frequency of CD4" and CD8" T cells in the spleen and lymph nodes
of immunocompetent mice, and accelerated T cell reconstitution in lymphopenic hosts.
Interestingly, IL-7 had more potent effects on the CD8" compartment than the CD4"
compartment in the immunocompetent model. In a similar model of IL-7 induced
proliferation, administration of human IL-7 increases the ratio of CD8" to CD4" cells in the
spleen of immunocompetent mice, and splenocytes from IL-7 treated mice demonstrated
enhanced proliferative responses to a range of stimuli ex vivo. Furthermore, the increase in T
cell numbers following IL-7 administration is primarily due to peripheral T cell expansion
rather than increased thymic emigration, as this expansion occurred even in the absence of the
thymus (Komschlies et al., 1994). While the models used in these studies demonstrate robust
expansion of the T cell pool following IL-7 administration, they require frequent injections of
high concentrations of IL-7 which is costly.

This issue was addressed by Boyman et al. (2008) who conjugated recombinant IL-7
to an anti-IL-7 antibody (M25) by incubating the two reagents together for 30 minutes prior to
administration. Administration of the recombinant human (rh) IL-7/M25 complex three times
at 2-day intervals was superior at promoting pre-B cell and T cell numbers in lymphoid tissues
compared to rhIL-7 alone. Similarly, Lundstrom et al. (2013) demonstrated that injection of
soluble IL-7Ra increased the expansive effects of rhIL-7 on adoptively transferred T cells. It is
thought that these molecules improve the potency of IL-7 by increasing the stability and half-
life of the cytokine in vivo (Boyman et al.,, 2008; Martin ef al.,, 2013). Upregulation of the
activation marker CD44 by T cells following IL-7/M25 treatment suggests that this model
resembles spontaneous HP that occurs in response to lymphopenia, while blockade of either
IL-7R or TCR demonstrated that T cells are proliferating in this model in response to both I1L-7

signalling and contact with self MHC-peptide complexes (Boyman ef al., 2008). Thus, this
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method of administering three IL-7/M25 complexes on alternate days is a suitable method for
mimicking lymphopenia induced proliferation in vivo without requiring extensive
lymphodepletive regimens or immunocompromised mice (Simonetta et al., 2012; Arbelaez et
al., 2015).

Of course, the administration of recombinant IL-7 does not accurately reflect HP in the
lymphopenic environment which exists following induction therapy. Immunodeficient mice
have been used for many years to examine the HP of adoptively transferred T cells in
lymphopenic settings (Singh & Schwartz, 2006). In the clinic however, transplants are
generally given to lymphoreplete individuals, and so lympho-depleting antibodies are
commonly used to prevent graft rejection. These depletive therapies do not completely
eliminate host immune cells, and residual non-depleted cells can undergo homeostatic
expansion (Wu et al., 2004) (Fig. 1.2). Thus, the homeostatic expansion of T cells in an
immunocompetent mouse following treatment with T cell depleting antibodies is usually a
more relevant method to study HP in the context of transplantation than the use of
immunodeficient mice.

Laurence Turka’s group were the first to show that T cells that escaped lympho-
depletive therapies undergo HP in vivo (Wu et al., 2004). While ATG is commonly used to
deplete T cells in the clinic, the effects of lymphodepletion are not fully understood due to the
difficulties associated with examining immune-reconstitution in human lymphoid tissues.
Thus, murine models have generated much of what we know about the mechanism of action of
ATG and HP following induction therapies. Murine models typically administer two doses of
ATG intraperitoneally (IP), 3 days apart (Ruzek et al., 2009; Xia et al., 2012; Ayasoufi et al.,
2016). Proliferation of T cells is then usually measured using BrdU incorporation, adoptive
transfers with proliferation dyes or by measuring expression of the nuclear antigen Ki67

(protein associated with cell proliferation).
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1.4  Adult Stromal Cells

1.4.1 Mesenchymal Stromal Cells

Mesenchymal Stromal Cells (MSC) are a heterogeneous population of non-haematopoietic
multipotent cells which can be isolated from the BM and other postnatal tissues such as
adipose tissue (AT) and umbilical cord (UC) (Caplan, 2009). In vitro, MSC adhere to plastic
and differentiate into osteocytes, adipocytes and chondrocytes (Dominici et al., 2006). Thus,
MSC first garnered interest due to their potential to differentiate into functional committed
cells within injured tissue. For example, Horwitz et al. demonstrated that BM-MSC can
engraft into bone and differentiate into functional osteoblasts, leading to clinical benefits in
children with severe brittle bone disease (Horwitz et al., 2002, 1999). Later it was found that
although small numbers of MSC can engraft into damaged tissue, the therapeutic benefits
observed following MSC administration in many disorders was probably due to the release of
pro-reparative and anti-inflammatory soluble factors from the cells in vivo (Prockop & Olson,
2009). For instance, human BM-MSC produce TNF-inducible gene 6 (TSG-6) in vivo which
contributes to improved infarct size and cardiac function in a murine model of acute
myocardial infarction, while our group has shown using both murine and human BM-MSC
that hepatocyte growth factor (HGF) production by MSC is required for their protective effect
in murine models of pulmonary fibrosis and chronic obstructive pulmonary disease (COPD)
(Cahill et al., 2016; Kennelly, Mahon & English, 2016).

Later on it was discovered that many of the soluble factors produced by MSC are anti-
inflammatory, thus in recent years there has been much interest into the use of these cells in a
range of inflammatory disorders (English & Mahon, 2011). In seminal studies, Le Blanc et al.
demonstrated that allogeneic human BM-MSC could suppress lymphocyte proliferation in
vitro, and later successfully treated a child with steroid refractory GvHD using haploidentical
MSC (Le Blanc et al., 2004, 2003). These findings sparked hundreds of pre-clinical and
clinical trials using MSC for the treatment of a range of inflammatory conditions including

rheumatoid arthritis, Crohn’s disease, and SOT (www.clinicaltrials.gov). Various

formulations of ‘off the shelf” MSC or MSC-like products have since been developed by

corporations, with the first being Prochymal®, developed by Osiris Therapeutics Inc. These
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are referred to as ‘off-the-shelf” as one MSC culture can be expanded in culture, cryo-
preserved, and thawed and infused when required at the point of care. The expansive capacity
and low immunogenicity of MSC allows for the production of thousands of doses from one
donor, such that lot to lot variation is limited. In 2005, the FDA approved the use of
Prochymal® for a subset of patients with aGvHD under the compassionate use program, while
in 2012, Prochymal® was approved for aGvHD in Canada and New Zealand (Caplan, Mason
& Reeve, 2017; Dodson & Levine, 2015). However, despite promising data from pre-clinical
trials, Osiris has struggled to bring Prochymal®, to the US market due to poor results in

clinical trials for GvHD (Galipeau, 2013).

1.4.2 Multipotent Adult Progenitor Cells

Like MSC, Multipotent Adult Progenitor Cells (MAPC cells®) are also an adherent cell
population isolated from the BM with regenerative and immunomodulatory capacities.
Despite their similarities, MSC and MAPC cells are distinct populations which adopt disparate
characteristics due to differences in their expansion protocols. MSC are typically cultured to
80-90% confluency in the absence of recombinant growth factors at 21% O,, while MAPC
cells are maintained at low density on fibronectin coated flasks in hypoxic conditions.
Furthermore, the medium used to culture MAPC cells is supplemented with growth factors and
dexamethasone. These different methods of cell culture lead to differences in the expansion
capacities, cell surface phenotype and mRNA expression profiles between the two cell types
(Vaes et al., 2012). Compared to MSC, MAPC cells demonstrate an increase in expansion
capacity before senescence, which is advantageous for clinical manufacturing of large cell
banks. In terms of morphology and phenotype, MAPC cells are smaller than MSC, and
express lower levels of HLA ABC on their surface. Moreover, MSC and MAPC cells exhibit
unique mRNA and miRNA expression profiles, with MAPC cells generally expressing higher
levels of genes involved in cell cycle and DNA repair, and MSC expressing higher levels of
genes involved in tissue development and cell to cell signalling (Crabbe ef al., 2016; Reading

et al., 2013; Roobrouck et al., 2011). In terms of immunomodulatory capacities, MAPC cells
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demonstrate comparable inhibitory effects to MSC in in vivo T cell proliferation assays
(Reading et al., 2013; Jacobs et al., 2013) (Table 1.2).

Like MSC, MAPC cells have been investigated for their therapeutic potential in a
range of conditions including stroke, GvHD and inflammatory bowel disease (IBD). Both
MSC and MAPC cells demonstrate similar therapeutic effects, in vitro and in vivo (Lehman et
al., 2012; Reading et al., 2013). While few studies have directly compared the efficacy of
MSC and MAPC cells from the same donors, it has been shown that compared to MSC,
MAPC cells are superior at promoting angiogenesis and suppressing inflammation in stroke
(Lehman et al., 2012; Mora-Lee et al., 2012; Roobrouck et al., 2011). Similar to MSC, MAPC
cells have also been developed into a clinical grade ‘off the shelf’ product (MultiStem™) by
Athersys Inc., who have co-ordinated a number of trials to demonstrate the safety and efficacy
of the product. A phase I trial demonstrated the safety profile of MultiStem™ for GvHD
prophylaxis and MultiStem® was granted Orphan Drug Status by the FDA for GvHD
prevention (Maziarz et al., 2015). A phase II trial found that ischemic stroke patients who
received MultiStem” had improved recovery rates compared to placebo treated groups (Mays
& Deans, 2016; Busch et al., 2011; DePaul et al., 2015; Walker et al., 2012) , however a
disappointing phase II trial reported poor efficacy of MultiStem” in patients with chronic,
advanced ulcerative colitis (Athersys Inc., 2014). Thus, like MSC, promising pre-clinical
studies using MAPC cells for various indications have not always been reproducible in the
clinic. For both cell types, poor clinical efficacy could be attributed to many factors including
timing of administration, variables in the potency of cells derived from different donors, and
interactions between the cellular therapy and other drugs. Thus, in order to maximise the
therapeutic potential of MSC and MAPC cells in the clinic, more knowledge is required on

their modes of action in vivo.
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Table 1.2 Similarities and differences between MSC and MAPC cells

Feature MSC MAPC cells Reference
(Dominici et al.,

Adherence to Yes Yes 2006)

plastic

Shape Fibroblast-like Smaller, spindle  (Roobrouck et al.,
shape 2011)

Tri-lineage Yes Yes (Roobrouck et al.,

Differentiation 2011)

Proliferative 20-25 population  >70 population  (Roobrouck et al.,

capacity doublings doublings 2011)

Immunosuppressive Yes Yes (Reading et al,

capacity 2013)

Gene expression  Higher expression of  Higher expression of  (Roobrouck et al

profile genes involved in  genes involved in  2011:Crabbe et al

Pro-angiogenic

HLA
expression

ABC

tissue development
and cell to cell
signalling

Yes

>90%

cell cycle and DNA
repair

More-so than MSC

<25%

2016)

(Lehman et al,
2012; Mora-Lee et
al.,2012)

(Reading et al,
2013)
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1.5 Immunomodulation by MSC and MAPC cells

The use of MSC and MAPC cells in inflammatory conditions exploits the ability of these cells
to influence the innate and adaptive immune response through both contact-dependent and
independent mechanisms. MSC and MAPC cells respond to inflammatory cues by
upregulating expression of immunomodulatory surface molecules such as PD ligand 1 (PDL1),
and secreting anti-inflammatory mediators such as IDO and prostaglandin E2 (PGE2). The
mechanisms by which MSC and MAPC cells modulate the immune response are complex, and
differ depending on the surrounding environment (Bernardo & Fibbe, 2013; English, 2013). It
is thought that MSC and MAPC cells predominantly mediate their anti-inflammatory effects
through the release of soluble factors which act on both a local and systemic level (Choi et al.,
2011). The therapeutic soluble factors implicated in MSC and MAPC cell therapy are

summarised in Table 1.3.

1.5.1 Innate immunity

The innate immune system is the first line of defence against foreign antigens, and triggers the
inflammatory reaction in allograft rejection and GvHD. There is a substantial body of
literature reporting the effects of MSC and MAPC cells on innate cells (Le Blanc & Davies,
2015), and it is likely that this contributes to the therapeutic effect of these cells in vivo.
Accumulation of innate cells at sites of tissue damage is well characterised, and these cells are
the first to contribute to transplant associated inflammation. MSC and MAPC cells may
dampen the cytokine cascade associated with activation of the innate immune system via
several mechanisms. For example, human BM-MSC suppress proliferation and IFN-y
production by NK cells via the production of IDO and PGE2 (Spaggiari et al., 2008; Noone ef
al., 2013; Aggarwal & Pittenger, 2005), while BM derived MAPC cells have been shown to
suppress IL-2 driven proliferation, but not cytotoxic activity, of NK cells in an IDO dependent
fashion (Jacobs et al., 2014). MAPC cells don’t express HLA ABC, while MSC expression of

HLA ABC is low to intermediate.
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Table 1.3 Soluble factors released by MSC and MAPC cells

Soluble Factor Function Cells affected Reference
Depletes tryptophan ~ NK cells (Noone et al., 2013;

IDO which is required for  Macrophages Meisel et al., 2004;
immune cell activity T cells Peng et al., 2014b;

B cells Francois et al,
2012b)

PGE2 Can promote or dampen  NK cells (Noone et al., 2013;
inflammatory cells —  Macrophages Chiossone et al.,
Usually anti- T cells 2016; Reading et al.,
inflammatory when 2015; English et al.,
produced by MSC or 2009)
MAPC cells

TSG-6 Inhibits cytokine =~ Macrophages (Choi et al., 2011)
production &  repairs
damaged tissue

IL-6 Can promote or inhibit Neutrophils (Munir et al., 2016;
inflammation — Usually DC Djouad et al., 2007)
anti-inflammatory when
produced by MSC

VEGF Promotes cell survival & B cells (Healy et al., 2015)
angiogenesis

Lactate Reprograms metabolism Macrophages (Selleri et al., 2016)

TGF-B Resolves  inflammation = Macrophages (Noh et al., 2016;
and promotes tissue T cells English et al., 2009)
repair

IL-1 receptor  Competes with IL-1R to  Macrophages (Luz-Crawford et

antagonist (IL-
1IRA)

bind IL-1, sequestering
IL-1 mediated activation
of immune cells

al.,2016a)
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Since NK cells are known to target HLA ABC negative cells for lysis, it is possible that MSC
and MAPC cells in vivo are killed in this manner. In vitro studies show that MSC and MAPC
cells can be lysed by activated, but not resting NK cells. IFN-y stimulated MSC and MAPC
cells upregulate HLA ABC expression, and activation with IFN-y has been shown to protect
both cell types from NK cell mediated lysis in vitro (Jacobs et al., 2014; Noone et al., 2013;
Spaggiari et al., 2006). Theoretically, inactivated MSC or MAPC cells would not encounter
activated NK cells in vivo, as activated NK cells produce IFN-y. Nevertheless, there may be a
lag time between IFN-y stimulation and HLA ABC expression, which may provide
opportunity for NK cells to lyse MSC or MAPC cells. The crosstalk between NK cells and
MSC or MAPC cells in vivo is not yet clear, and its elucidation may provide strategies by
which MSC or MAPC cell persistence in vivo can be improved.

Despite being the most abundant fraction of the innate immune system, the effects of
MSC and MAPC cells on granulocytes has not been well characterised. Human BM-MSC
have been shown to inhibit adhesion of neutrophils to inflamed endothelial cells in vitro in an
IL-6 dependent manner (Munir et al., 2016), while human AT-MSC suppress the oxidative
burst of activated neutrophils in a co-culture system (Jiang et al., 2016). The English lab has
also demonstrated that BM-MSC can inhibit IL-8 induced activation, expansion, function
(elastase activity) and migration of human neutrophils in vitro (H. Kennelly, 2015, PhD
thesis). Interestingly Jiang et al. demonstrated that human AT-MSC are capable of engulfing
neutrophils in vitro in an intercellular adhesion molecule 1 (ICAM1) dependent manner. It is
thought that this uptake by MSC prevents the release of tissue-destructive proteases from
activated neutrophils, contributing to the regulatory effects of MSC. Furthermore, MSC were
shown to produce superoxide dismutase (SOD) which is known to suppress neutrophil driven
inflammation by preventing the expulsion of destructive proteases from dying cells. MSC
were shown to prevent neutrophil death and subsequent protease release in a murine model of
vasculitis, however knockdown of SOD destroyed this effect.

The effects of MSC and MAPC cells on the innate system is not exclusively
inhibitory, as MSC and MAPC cells have been shown to promote regulatory macrophage and

dendritic cell populations. For example, MSC derived PGE2, IDO, lactate and TSG-6 promote
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the shift of macrophages and monocytes into anti-inflammatory M2 like populations
(Chiossone et al., 2016; Choi et al., 2011; Frangois et al., 2012a; Kim and Hematti, 2009;
Maggini et al., 2010; Melief et al., 2013; Németh et al., 2009; Selleri et al., 2016) and in vivo,
a number of studies have shown that IV administered MSC incite the skew of pulmonary
macrophages towards M2 phenotypes. For example, human BM-MSC promote regulatory
monocytes/macrophages in the lung in a murine model of autoimmune uveitis (Ko et al.,
2016), while in an experimental colitis model, murine BM-MSC promote transforming growth
factor (TGF)-P production by pulmonary macrophages (Liu et al., 2015). Similarly, following
IP injection, murine BM-MSC form aggregates with macrophages, B cells and T cells in the
peritoneal cavity, and mRNA levels suggests that M2 macrophages are present within these
aggregates (Sala ef al., 2015).

Similarly, MSC have been shown to inhibit DC migration and maturation while
simultaneously promoting tolerogenic DC (Cahill et al., 2015; Chiesa et al., 2011; English et
al., 2008; Spaggiari et al., 2009; Zhang et al., 2009). For example, Chiesa et al. (2011),
demonstrated that murine BM-MSC inhibited DC maturation, which impeded their ability to
activate both CD4" and CD8" T cells. Furthermore, this study went on to show that IV
administration of MSC impairs migration of DC to lymph nodes, and thus, priming of antigen
specific T cells. Likewise, BM-MSC blocked CDI1 1¢" DC maturation in a murine model of
kidney transplantation, and splenic DC harvested from MSC treated transplant recipients had a
lower stimulatory effect on allogeneic CD4" T cells than untreated transplant recipients in an
ex vivo mixed lymphocyte reaction (MLR) (Ge et al., 2010). On the other hand, MSC can
promote regulatory populations of DC. For example, DC cultured with human BM-MSC
induce T cell anergy and generate Treg in vitro (Zhao et al., 2012), while our group have
shown that murine BM-MSC promote tolerogenic DC which can induce Treg in a co-culture
system (Cahill et al., 2015). The effects of MSC on DC have been attributed to the production
of IL-6 by MSC (Djouad et al., 2007), and Notch signalling (Cahill ez al., 2015; Li et al.,

2008).
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1.5.2 Bcells

The influence of MSC on B cells has generated much confusion in the field. While Corcione
et al. (2006) have shown that human BM-MSC suppress proliferation of purified peripheral B
cells, Healy et al. (2015) have since reported the contrary, showing that human BM-MSC
derived vascular endothelial growth factor (VEGF) promotes survival and expansion of
peripheral B cells in a contact dependent manner. Similarly, Franquesa et al. (2015) have
shown that human AT-MSC promote the survival of tonsil derived B cells, however they do
not increase their proliferation, whereas Rosado et al. (2014) found that human BM-MSC
promoted proliferation of CpG stimulated peripheral B cells. Discrepancies in findings
between different groups may be due to the source of MSC, source and purity of B cell
populations and agents used to induce proliferation. Interestingly, despite both Franquesa ef
al. (2015) and Rosado et al. (2014) finding differences in the effects of MSC on purified B
cells, both found that in a mixed culture of B cells and T cells, B cell proliferation was reduced
by MSC.

As mentioned previously in this chapter, IL-10 producing Breg demonstrate
tolerogenic roles in vivo. In vitro BM-MSC have been shown to promote IL-10 producing
CD38", CD24" B cells (Franquesa et al., 2015), and an increase in peripheral CD5"IL-10" cells
has been reported in human GvHD patients following MSC infusions (Peng et al., 2014b).
Similarly, IP delivered UC-MSC increased the frequency of CD5" B Cells in the spleen, lymph
nodes and peritoneal cavity in an experimental model of colitis (Chao et al., 2016). The exact
mechanisms by which MSC mediate this effect remains unclear, however a partial role for

IDO has been implicated (Peng et al., 2014).

1.5.3 T cells

Perhaps the most appreciated feature of MSC immunomodulation to date is their ability to
preferentially suppress proliferation and activation of pro-inflammatory T cells, while
simultaneously promoting anti-inflammatory Treg (Ghannam et al., 2010; Luz-Crawford et al.,
2013; Reading et al., 2013). MSC and MAPC cells can indirectly modulate T cell populations

through the suppression of APC and induction of tolerogenic populations described above,
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however it is clear that T cells can also be modulated in a direct fashion. It is generally
accepted that MAPC cells and MSC suppress proliferation of Thl cells via the secretion of
IDO (Chinnadurai et al., 2015; Reading et al., 2013). While the suppressive effects of MSC
on Thl cells are maintained in the absence of cell contact, MSC require contact to suppress
Th17 cells, with a number of studies showing that MSC suppress IL-17 production by T cells
in a PGE2 and PDLI dependent fashion (Duffy et al. 2011; Ghannam et al. 2010; Luz-
Crawford et al. 2012; Obermajer et al. 2014; Reading et al. 2015). MSC and MAPC cells
demonstrate similar inhibitory effects on CD8" T cells. Human BM-MSC suppress cytotoxic
activity via the production of soluble factors (Rasmusson et al., 2003), while MAPC cells carry
out this effect in a contact-dependent manner (Plessers et al., 2016).

In contrast to blanket immune-suppressants such as CsA, MSC do not completely
abrogate the proliferation of all T cells, but rather modulate the population towards a
regulatory phenotype (Ghannam et al., 2010). The exact mechanisms employed by MSC to
expand Treg are not fully understood (Najar ef al., 2016). According to Luz-Crawford et al.
murine BM-MSC can directly induce an IL-10 producing CD4" CD25" FoxP3" population
during the differentiation of CD4" cells into Th1 and Th17 populations in vitro (Luz-Crawford
et al., 2013). On the other hand, Cahill ez al., found that murine BM-MSC could expand, but
not induce Treg under basal conditions (Cahill et al., 2015). This expansion of the Treg
population was dependent on MSC expression of Jagged 1. With regards to human MSC, co-
culture of purified CD4" cells with BM-MSC results in increased expression of CD25 and
FoxP3 in a cell contact dependent manner. Furthermore, PGE2 and TGF-B production by
MSC are also required for this expansion of Treg (English et al., 2009).

While in vitro studies have shown that MSC promote Treg through the production of
paracrine factors, in vivo, the promotion of Treg by MSC requires an intermediate cell type. In
a murine model of cardiac allo-transplantation MAPC cells induce Treg in a myeloid derived
suppressor cell (MDSC) dependent fashion (Eggenhofer et al., 2013). Furthermore, in a
similar allograft model it has been shown that MSC stimulate MDSC to induce Th17 which are
consequently converted to Treg (Obermajer et al., 2014). Discrepancies between Treg data in

vitro and in vivo emphasise the complexities of MSC and MAPC cell mediated
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immunomodulation, and caution against over-interpretation of data derived from experimental

models.

1.6 Mechanisms of MSC and MAPC cells immunomodulation

1.6.1 IFN-y signalling in MSC and MAPC cells

Neither MSC or MAPC cells are constitutively immunosuppressive, and they both require
activation by pro-inflammatory stimuli to adopt an anti-inflammatory phenotype (Bernardo &
Fibbe, 2013; English, 2013). There is a cross-talk which exists between MSC and MAPC cells
and the immune cells on which they mediate their effects, and the mediators they produce or
express are dependent on the signals they are exposed to. For example, MAPC cells produce
IDO in response to IFN-y, or PGE2 in response to IL-1p (Reading ef al., 2013, 2015), and so,
the mechanisms by which MSC or MAPC cells mediate their immunomodulation can differ
depending on the disease and cytokine milieu. The interplay between IFN-y and MSC or
MAPC cells is perhaps the most well characterised facet of MSC/MAPC cells mediated
immunosuppression, and is translationally relevant across many disease systems.

In vivo, IFN-y is produced by an array of immune cells including macrophages, NK
cells, DC and T cells. Exposure of both human and mouse MSC to IFN-y results in STAT1
induction and phosphorylation. In murine BM-MSC, STAT!1 knockdown inhibits mRNA
levels of PDLI1, nitric oxide synthase (NOS)2 and IL-18bp, and reduces the
immunosuppressive capacity of murine MSC in a T cell proliferation assay (Vigo et al., 2016).
In human UC-MSC, STATI knock down reduces IDO production, and STAT1 overexpression
improves the suppressive capacity of MSC in a T cell proliferation assay (Mounayar et al.,
2015). IFN-y stimulation of MSC induces IDO production, and cyclooxegenase (COX)-2,
ICAM1 and PDLI1 expression (Raghavan Chinnadurai et al., 2014; Davies et al., 2016; English
et al., 2007a; M. Frangois, et al., 2012a; 2012b; Hermankova et al., 2016; Ren et al., 2010).
Furthermore IDO production and COX-2 mRNA expression in response to IFN-y and TNF-a
stimulation directly correlates to the suppressive capacity in a T cell proliferation assay
(Frangois et al., 2012; Kota et al., 2017). The importance of IFN-y activation of MSC has

been demonstrated in a number of in vitro and in vivo studies, where blockade of the IFN-y
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signalling axis destroys the immunosuppressive effect of MSC therapy (Krampera et al., 2006;
Meisel et al., 2004; Polchert et al., 2008; Ren et al., 2008).

Since MSC require IFN-y stimulation to mediate immunosuppression, many groups
hypothesised that reduced efficacy of MSC in some disease systems may be due to low levels
of IFN-y at that time. For example, our group found that administration of human BM-MSC to
a humanised GvHD model was therapeutic when MSC were delivered on day 7, but not day 0.
Presumably the levels of IFN-y in vivo at day O are very low, and since MSC are generally
cleared within a few days of administration it is logical to assume that MSC weren’t effective
at this stage as there was no activation of the cells with IFN-y. Thus, MSC were stimulated
with IFN-y prior to administration on day 0, and this significantly improved their efficacy
(Tobin et al., 2013). Similarly, Polchert et al. (2008) reported the same trend in a murine
model of GvHD using murine BM-MSC, while Duijvestein et al. (2011) found that IFN-y
stimulated human BM-MSC were more effective at ameliorating colitis in both dextran sulfate
sodium (DSS) and 2,4,6-trinitrobenzenesulfonic acid (TNBS) murine models.

It is clear that MSC and MAPC cells require IFN-y responsiveness to achieve maximal
therapeutic effects. Thus, it is important that we understand the molecular steps involved in
the generation of the IFN-y response by MSC and MAPC cells. In a recent study by Luz-
Crawford et al. (2016b) peroxisome proliferator-activated receptor (PPAR)d was found to
inhibit the response of murine MSC to inflammatory cytokines. PPARS is a ligand-inducible
transcription factor which can be activated by unsaturated fatty acids and eicosanoids such as
linoleic acid, arachidonic acid and Prostaglandins Al, D2 and 12, (PGAl, PGD2, PGI2)
(Forman, Chen & Evans, 1997; Schumann ef al., 2015; Ricciotti & Fitzgerald, 2011; Daynes &
Jones, 2002). PPARS is expressed in many cell types, and in addition to its role in lipid
metabolism and homeostasis, it is thought to play a role in immunoregulation through
repression of nuclear factor (NF)-«xB and STAT1 (Daynes & Jones, 2002). The role of PPARS
in immune regulation is still not entirely clear, however a number of studies have shown that
PPARS activation can modify the macrophage phenotype.

Like MSC and MAPC cells, macrophages can alter their immunoregulatory profile

depending on the cytokine milieu in which they differentiate. M1 macrophages are ‘classically
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activated” by Toll like receptor (TLR) ligands and IFN-y, whereas M2 macrophages are
‘alternatively activated’ by IL-4 and IL-13 (Mills & O’Neill, 2016). M1 macrophages are
considered to be pro-inflammatory, while M2 macrophages are a regulatory-like population
associated with production of IL-10. Macrophages derived from PPARS™ mice are unable to
shift towards an M2 profile when stimulated with IL-4 or IL-13 (Odegaard et al., 2008; Kang
et al., 2008). According to Kang et al. (2008), stimulation of macrophages with 1L-4 and IL-
13 activates PPARS via a STAT6 mechanism, while Odegaard et al. (2008) suggest that
PPARS is activated by fatty acids which accumulate following stimulation. Furthermore,
PPARS agonism hinders COX-2 induction in murine macrophages infected with Leishmania
mexicana (Diaz-Gandarilla et al., 2013). Similarly, in human monocyte derived macrophages
PPARGS agonism represses the expression of NF-kB and STAT] target genes such as IDO and
PDL1, and PPARS agonist treated macrophages were superior at activating CD8" T cells in
vitro (Adhikary et al., 2015) (Fig. 1.3).

The previously mentioned study by Luz-Crawford et al. demonstrated that PPARS is
expressed by human BM, menstrual blood, and UC derived MSC. Menstrual blood derived
cells expressed higher mRNA levels of PPARS than the other cell types, and higher PPARS
expression inversely correlated with immunosuppressive efficacy in a T cell proliferation
assay. Antagonism of PPARS in human BM-MSC improved their immunosuppressive ability
in a T cell proliferation assay, while BM-MSC derived from PPARS” mice similarly
demonstrated superior immunosuppressive capacities in vitro compared to their wild type
counterparts. Moreover, PPARS” MSC showed improved therapeutic efficacy in a murine
model of collagen induced arthritis, and higher expression of vascular cell adhesion molecule
(VCAM)1, ICAMI and nitric oxide in response to IFN-y and TNF-a stimulation. The
increased potency of MSC when PPARS was inhibited was attributed to increased NF-xB
activity (Luz-Crawford et al., 2016b)(Fig 1.3). To date, this is the only study outlining the
effects of PPARS signalling on the immunomodulatory profile of MSC or MAPC cells, thus

further investigations should be
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Figure 1.3 Role of PPARS in macrophage and MSC inflammatory pathways. In
macrophages PPARS promotes differentiation towards the M2 phenotype following
stimulation with IL-4 and IL-3. PPARJ activation inhibits macrophages from
differentiating into M1 populations following stimulation with IFN-y and LPS. In MSC
PPARS inhibits NF-kB activation in response to IFN-y and TNF-o stimulation, which
negatively affects their expression of immunomodulatory factors (nitric oxide, ICAMI1 and
VCAMI1). PPARGS: Peroxisome proliferator -activated receptor o, IL-4: interleukin-4, IL-
3: interleukin-4, IFN-y: interferon-y, LPS: lipopolysaccharide, NF-kB: Nuclear factor -«B,
TNF-o: Tumour necrosis factor-a, ICAMI1: Intercellular adhesion molecule 1, VCAMI:

vascular cell adhesion molecule 1
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done to elucidate the effects PPARS ligands on MSC or MAPC cells such that their therapeutic

effects are not abrogated in the clinic.

1.6.2 PGE2 production by MSC and MAPC cells

PGE?2 is a lipid molecule which can be produced by many cell types, but particularly by
immune cells following induction of the enzyme COX-2 by pro-inflammatory stimuli. COX-2
converts arachidonic acid, which is released from the membrane, to Prostaglandin G2 (PGG2),
and then Prostaglandin H2 (PGH2). Next PGH2 is converted to PGE2 by microsomal PGE
synthase 1, which like COX-2 is induced by pro-inflammatory cytokines. PGE2 binds to the
PGE?2 receptors EP1-4, and is a potent regulator of inflammation (Zhang et al., 2015). In acute
inflamma tion, PGE2 can be pro-inflammatory, as it contributes to vasodilation, which allows
innate cells to migrate to sites of injury, and has been shown to promote the activation of Th17
cells. On the other hand, PGE2 contributes to the resolution of inflammation by hindering DC
maturation and T cell proliferation. Moreover, PGE2 is involved in immunosuppression
associated with liver cirrhosis and colon cancers (Nakanishi & Rosenberg, 2013).

PGE2 and COX-2 and are constitutively expressed by both murine and human MSC,
however their expression is further increased by stimulation with IFN-y, IL-1B or TNF-a
(English et al., 2007b; Aggarwal & Pittenger, 2005; Hermankova et al., 2016; Rozenberg et
al., 2016; Bartosh et al., 2013; Kota et al., 2017; Vasandan et al., 2016). Similarly, human
BM-MAPC cells have been shown to increase PGE2 production following IL-1B stimulation
(Reading et al., 2015). While PGE2 has both pro and anti-inflammatory effects, MSC and
MAPC cells derived PGE2 is generally agreed to be anti-inflammatory and COX-2 mRNA
levels in various human BM-MSC donors following IFN-y or TNF-a stimulation correlates
with their suppressive capacity in vitro (Kota et al., 2017). However, paradoxical roles have
been reported. For example, a number of studies have shown that MSC suppress IL-17
production by T cells in a contact and PGE2 dependent fashion (Duffy ef al., 2011; Ghannam
et al., 2010). In the absence of cell contact, murine AT-MSC enhance IL-17 production by
CD3" splenocytes, while human BM-MSC supernatants increase 1L-17 production by T cells

(Darlington et al., 2010; Rozenberg ef al., 2016; NataSa Obermajer et al., 2014). Interestingly,
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there is a direct correlation between the amount of PGE2 in MSC supernatants and IL-17
production by T cells, and MSC supernatants from which PGE2 is removed fail to promote IL-
17 production (Rozenberg et al., 2016). Therefore, the contribution of cell contact may be
vital in orchestrating the PGE2 mediated suppressive effects of MSC on Th17 cells.

Overall, the majority of studies suggest an anti-inflammatory role for MSC or MAPC
cells derived PGE2. [n vitro, suppression of T cell proliferation and activation by murine BM-
MAPC cells, human BM-MAPC cells, and human BM-MSC requires PGE2 (Highfill et al.,
2009; Reading et al., 2015; Auletta et al., 2015). Furthermore, cell contact, PGE2 and TGF-3
are involved in the induction of Treg by human BM-MSC (English et al., 2009). With regards
to the innate system, murine BM-MSC require PGE2 to promote IL-10 production by
monocytes/macrophages (Németh et al., 2009), while the capacity of human BM-MSC to skew
the differentiation of macrophages towards an immunosuppressive population is lost in the
presence of a COX-2 inhibitor (Chiossone et al., 2016). Overexpression of COX-2 improved
the immunosuppressive capacity of human UC-MSC in a co-culture with phytohaemagglutinin
(PHA)-stimulated PBMC, while human BM-MSC treated with tetrandrine, an alkaloid which
increases PGE2 secretion, are superior at suppressing TNF-a production by LPS stimulated
macrophages (Li et al., 2015; Yang et al., 2016).

In vivo, murine BM-MAPC cells and human BM-MSC require PGE2 to prevent GvHD
(Highfill et al., 2009; Auletta et al, 2015), while COX-2 short hairpin RNA (shRNA)
knockdown in human BM-MSC abrogates their immunomodulatory capacity in a rodent model
of traumatic brain injury (Kota et al., 2017). In an in vivo MLR, murine BM-MAPC cells which
had been pre-treated with the COX inhibitor indomethacin lost the ability to enhance expression
of the inhibitory co-stimulatory regulators CTLA-4 and PDI, and suppress expression of the
stimulatory molecules OX40 and 41BB on T cells (Highfill et al., 2009). Furthermore, BM-
MSC treated with tetrandrine to induce PGE2 production are superior at suppressing TNF-a
levels in a murine ear inflammation model than untreated MSC (Yang et al., 2016). Thus, the
immunomodulatory capacities of MSC and MAPC cells in many conditions can be ascribed to

the induction of COX-2 and subsequent production of PGE2. Therefore, it is important that the
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mechanisms behind COX-2 induction, and PGE2 mediated immunomodulation is fully

elucidated in order to fully exploit this aspect of MSC or MAPC cells biology in the clinic.

1.7  Biodistribution of MSC and MAPC cells

Despite many proof of concept studies displaying therapeutic efficacy of MSC in pre-clinical
models of disease, the mechanisms by which MSC carry out this activity is not fully understood.
The fate of MSC following administration in vivo is one example of this. There are two
important considerations to make regarding the life of MSC in vivo; how long do the cells
survive, and where do they go? Early studies suggested that MSC engraft, differentiate and
replace damaged cells (Horwitz et al., 2002). However, researchers now tend to agree that the
majority of MSC are cleared quickly after administration, thus are left with a very short window
of opportunity to achieve their immunosuppressive effects in vivo. Overall, it is thought that the
effects of MSC and MAPC cells in vivo are due to a ‘hit and run’ mechanism whereby MSC and
MAPC cells modulate the immune system quickly before being cleared. While this is clearly
having a therapeutic effect in a range of disease models, many groups believe that prolonging
the persistence of MSC in vivo would increase their efficacy (Ankrum, Ong & Karp, 2014).
Moreover, while MSC and MAPC cells mediate many of their effects through soluble factors
such as IDO and PGE2, they also mediate immunosuppression via contact dependent
mechanisms, thus migration to the sites of inflammation would improve the capacity for MSC

and MAPC cells to carry out these juxtacrine effects (Sohni & Verfaillie, 2013).

1.7.1 Methods of tracking MSC and MAPC cells in vivo

In vivo tracking of transplanted cells allows researchers to identify cells of interest, track their
biodistribution, visualise their co-localization with other cell types, and eventually understand
cell behaviour (Karp & Leng Teo, 2009). Quantitative Polymerase Chain Reaction (qPCR)
and histological methods are the cheapest and simplest methods of tracking the fate of cells in
vivo. In xenogeneic models MSC can be tracked by examining tissues for species specific
genes, while in syngeneic or allogeneic MSC can be labelled fluorescently or transduced with

reporter genes prior to administration, or sex-specific genes can be measured (Chapel et al.,
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2003; Creane et al., 2017; Francois et al., 2014). For example, Horwitz et al. (2002) detected
human transduced BM-MSC 4-6 weeks after administration to patients using PCR. Similarly,
Le Blanc et al. (2004) detected the presence of donor MSC in the colon of a GvHD patient
using FISH on tissue sections for detection of cells with XX chromosomes, as donor was
female and recipient male. In a xenogeneic model, Auletta et al. (2015) identified human
MSC by staining mouse tissue for the presence of human p-2-Microglobulin.

While PCR can detect the presence or absence of MSC in each tissue, the number of
cells cannot be quantified, nor is it possible to tell whether the cells detected are live or dead
(Creane et al., 2017). Most studies using PCR to trace MSC report that MSC are present for
months after administration, however according to Leibacher et al. (2017) human DNA is
undetectable 24 hours after MSC administration, and fluorescently labelled MSC counter
stained with Hoescht dye show no nuclear signal, demonstrating that most MSC are no longer
intact after transplantation. Differences between studies may be due to the delivery routes,
protocols used or sensitivity of the products used for mRNA detection. Similarly,
quantification is difficult with histological techniques, as only a small number of sections from
each tissue can be examined, and variation between sections can be high. Furthermore, the
detection of donor specific genes in vivo using either PCR or histology may not always
represent the presence of viable MSC. It has recently emerged that MSC can transfer mRNA
and miRNAs to adjacent cells (Ng, Kuncewicz & Karp, 2015), for example, human BM-MSC
can transfer insulin-like growth factor (IGF)-1R gene to murine tubular cells lacking this gene,
and this can be detected in vitro using PCR (Tomasoni et al., 2013). Thus, detection of MSC
derived genes could theoretically be the detection of mRNA transferred to host cells.

Traditional in vivo imaging instruments such as magnetic resonance imaging (MRI)
and bioluminescence imaging (BLI) have been used to detect radiolabelled or fluorescently
transduced MSC and MAPC cells in vivo (Barbash et al., 2003; Eggenhofer et al., 2012;
Jackson et al., 2010; Wang et al., 2015). These techniques are indispensable for live animal
imaging, however they are restricted with regards to their field of view, depth of view,
contrast, resolution, and quantification abilities. Furthermore, the viability of directly labelled

cells is unclear, as Eggenhofer et al. (2012) detected radioactively labelled MSC in the liver at
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24 hours post administration, however when these MSC were isolated they were shown to be
dead. While fluorescence due to reporter genes should be more reliable as it requires viable
cells, it is unclear at this point whether phagocytes could express these reporter genes acquired
from MSC (Nguyen et al. 2014).

In the past number of years a number of studies have utilised CryoViz™ technology to
detect fluorescently labelled MSC in vivo (Auletta ef al., 2015; Luk et al., 2016; Schmuck et
al., 2016; DePaul et al., 2015; Saat et al., 2016). While imaging with this system cannot be
carried out on live animals, the instrument meets many of the limitations which other systems
are unable to accomplish. Cryo-imaging provides contrast rich, brightfield anatomical, and
fluorescence cellular imaging of an entire mouse with micron-scale resolution (Roy et al.,
2009). The CryoViz™ consists of a motorized cryo-micro-tome with a brightfield/fluorescent
microscope, and a robotic imaging system positioner, all of which are fully automated by a
control system. An organ or whole mouse within a block of optimal cutting temperature
compound (OCT) is sectioned and subsequently imaged, allowing the system to acquire three-
dimensional (3D), high-resolution, large field of view, brightfield anatomy, and fluorescence
image volumes from sequential images of the sample block. These features make the
CryoViz™ and ideal tool for tracking the biodistribution of fluorescently labelled MAPC cells
in inflammatory disease models. Studies using the CryoViz™ generally label transferred cells
with Qtracker” beads which can only be detected when they are concentrated in the MSC.

Thus, lysed or phagocytosed MSC do not have a fluorescent signal (Luk ef al., 2016).

1.7.2  Overcoming the lung barrier

The vast majority of in vivo studies administer MSC IV, as this is the most practical delivery
route in the clinic. An inevitable consequence of systemic delivery however, is the entrapment
of the cells in the lungs (Eggenhofer et al., 2014; Fischer et al., 2009; Lee et al., 2014). The
size of MSC and MAPC cells is a contributor to this entrapment, as MSC and MAPC cells are
larger in diameter than capillaries, and MSC have also been shown to express adhesion
molecules that attach to the lung endothelium (Kerkela ef al., 2013). IV infusion of human

MSC to murine models can cause the formation of microemboli in pulmonary tissue (Lee et
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al., 2009), and this damage can activate MSC to produce trophic factors such as TSG-6 (Lee et
al.,2014). While a number of studies have reported that MSC migrate towards damaged tissue
in vivo (Sasaki et al. 2008; Jackson et al. 2010), most studies have reported that very few MSC
escape the lungs (Eggenhofer et al., 2012; Luk et al., 2016; Schmuck et al., 2016; Toupet et
al., 2015; Barbash et al., 2003)(Table 1.4). Those MSC that do pass the lung barrier are found
mainly in the liver, followed by the spleen and kidneys (Schmuck et al., 2016; Saat et al.,
2016). In general, researchers tend to agree that the production of trophic factors by MSC in
the lung, and their effects on local cells are responsible for their systemic immunomodulatory
activity.

For example, in a rat model of type 2 diabetes, IV delivered UC-MSC alleviate insulin
resistance and skew macrophages in the stromovascular fraction towards the M2 phenotype,
despite no MSC being detected in the adipose tissue. MSC were however detected in the liver,
and an increase in M2 macrophages was observed there (Xie et al., 2016). Thus, polarization
of leukocytes at sites of MSC distribution following IV delivery may amplify the systemic
response to MSC. This is supported by a model of corneal allo-transplantation which showed
that IV administered MSC were ineffective when lung monocytes and macrophages were
depleted (Ko et al., 2016). Similarly, in a murine model of ovalbumin (OVA) induced asthma,
depletion of alveolar macrophages abrogated the therapeutic effects of IV delivered MSC. In
this study, overall IL-10 protein levels were higher in the lung homogenates of MSC treated
mice compared to untreated mice, or MSC treated mice in which alveolar macrophages were
depleted. Therefore, this study suggests that MSC treatment increases IL-10 production by
cell populations in the asthmatic lung (Mathias ef al., 2013).

Thus, it is likely that MSC and MAPC cells mediate their effects by causing the
polarization of local immune cells towards regulatory populations, while simultaneously
producing soluble factors which are dispersed systemically. This however can be problematic
in some instances. For example, in a murine model of GvHD murine MAPC cells are
ineffective when administered IV, but are efficacious when delivered intrasplenically. The

mode of action of MAPC cells in this model is due to their production of PGE2 which has a
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short half-life in vivo. Thus, in this case MAPC cells may need to be in close proximity to
target cells in order for PGE2 to have its desired effect (Highfill et al., 2009).

Since IV infusion is the most translationally relevant mode of delivery in the clinic, a
number of groups have attempted to improve the efficacy of MSC by improving their capacity
to cross the lung barrier. Kerkela et al. (2013) sub-cultured human UC-MSC and BM-MSC
with pronase rather than trypsin, and found lower expression levels of fibronectin (FN) and the
FN receptors on the cell surface. Futhermore, migration of rat BM-MSC to inflamed areas in a
model of carrageenan-induced inflammation was superior when cells were detached using
pronase rather than trypsin. Similarly, blockade of integrin expression by human placenta
derived MSC improved lung clearance and migration to damaged tissue in a murine model of
LPS induced ear inflammation (Wang et al. 2015). Thus, further clarification of the causes of
lung entrapment may allow us to maximise the potential of MSC and MAPC cells by

improving their biodistribution in vivo.

1.7.3 MSC are short-lived in vivo

MSC were originally thought to be immune privileged, able to escape rejection by the host
immune system. However, it is now clear that allogeneic MSC are recognised by the host
immune system, though not to the same extent as other cell types. Recognition of MSC and
MAPC cells by the recipient, as well as the harsh conditions encountered in vivo are likely to
contribute to the death and clearance of MSC and MAPC cells (Ankrum, Ong & Karp, 2014).
Many studies have reported that MSC disappear within a few days of IV administration
(Eggenhofer et al., 2012; Karp & Leng Teo, 2009; Saat et al., 2016), however others have
reported detection of MSC weeks after transplantation (Wang et al., 2015; Tolar et al., 2011)
(Table 1.4). Studies which have reported migration of IV administered MSC outside the lungs,
or long-term persistence of MSC have been questioned of late, as research has looked into the
viability of detected cells being examined. For example, Eggenhofer er al. (2012) detected
radioactively labelled MSC in the liver at 24 hours post administration, however when these
MSC were isolated they were shown to be dead. In this study, lung, liver, spleen, kidney and

BM were examined for the presence of viable MSC, however viable cells were only detected
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in the lung. Similarly, a recent study examining the biodistribution of human BM-MSC in
naive mice has shown that MSC reduce in size and lose nuclear integrity shortly after
injection. Furthermore, within 30 minutes of administration more than half of the detected
MSC in the lung expressed calreticulin which is an inducer of phagocytosis (Leibacher et al.,
2017). Thus, detection methods used for analysis may be inaccurate, as it has been argued that
fluorescent signals in vivo can sometimes represent debris or phagocytosed MSC, while we
now know that MSC can transfer mRNA and miRNA to adjacent cells (Eggenhofer et al.,
2014; Ng, Kuncewicz & Karp, 2015).

Nevertheless, it is evident from the many pre-clinical studies that despite their short
window of opportunity in vivo, MSC and MAPC cells manage to provide a long lasting
therapeutic effect. It is likely that even after death MSC and MAPC cells can induce
tolerogenic populations. This has been shown in a recent study by Luk et al. (2016) wherein
heat inactivated AT-MSC (HI-MSC) are as potent as normal MSC in a murine model of sepsis.
Interestingly, HI-MSC were not cleared as quickly as normal MSC in either healthy mice or
mice with injured kidneys. There were twice as many HI-MSC as normal MSC detected at 2
hours post administration, and four times as many at 24 hours. Similarly, in the injured mice,
at 2 hours post administration 90% of the heat inactivated cells administered were detected
compared to only 25% of normal MSC. At 24 hours, the number of HI-MSC detected in
injured mice was four times that of the normal MSC. It’s unclear why there is such a shift in
clearance rates, perhaps HI-MSC are slower to be recognised by the host immune system.

Furthermore, a number of recent studies have reported that dying or dead MSC can
modulate macrophage populations. In a murine model of dust mite induced asthma, MSC
were phagocytosed by some lung macrophages. The macrophages which phagocytosed MSC
expressed higher mRNA levels of TGF-f and IL-10 and lower mRNA levels of IL-6 than
macrophages that didn’t phagocytose MSC (Braza et al., 2016). Furthermore, Phinney et al.
recently described a process by which MSC undergoing mitophagy secrete miRNA containing
exosomes and transfer their mitochondria to macrophages. Uptake of MSC derived exosomes
by macrophages also increases their expression of transcripts of cytokines associated with NF-

kB signalling such as IL-1B, PGE2, TNF and IL-10. Production of these cytokines by

45



macrophages may prolong the effects MSC therapy long after MSC have been cleared
(Phinney et al., 2015).

Overall, the therapeutic efficacy of MSC and MAPC cells is probably hindered by
their limited biodistribution and persistence in vivo. Culture conditions, timing of
administration, and the health of MSC prior to delivery may impact their fate in vivo, and the
optimal delivery method for one condition may not suit another. Thus, it is crucial that the
biodistribution of MSC and MAPC cells is fully understood in order to optimise and tailor

their administration to each condition.

1.8 MSC & MAPC cells for Transplantation

While traditional immunosuppressants have revolutionised transplantation and significantly
improved the short-term success of the allograft, unwanted side effects lead to the
development secondary conditions and fatalities. In the past decade, MSC and MAPC cells
have shown great promise as facilitators of successful transplantation due to their
immunomodulatory properties (English & Wood, 2013; Mcdonald-Hyman, Turka & Blazar,
2015; Griffin et al., 2013). Unlike blanket immunosuppressants, MSC and MAPC cells
simultaneously suppress pro-inflammatory immune cell activity without hindering the
frequency or activity of regulatory populations, and demonstrate a positive safety profile
(Auletta et al., 2015; Eggenhofer et al., 2014; Highfill et al., 2009; Hoogduijn et al., 2013;
Popp et al., 2011; Mudrabettu et al., 2015). Thus, MSC and MAPC cells are being

investigated as alternative strategies to prevent transplant rejection and GvHD.

1.8.1 MSC & MAPC cells for GVHD

The most common use of MSC to date has been for the treatment of steroid refractory GvHD.
Both MSC and MAPC cells have been shown to suppress GvHD in murine models, with
efficacy being linked to suppression of T cell proliferation, protection of damaged tissue and
migration of MSC to GvHD target organs (Amarnath et al., 2015; Auletta et al., 2015; Highfill
et al., 2009; Kovacsovics-Bankowski et al., 2008; Luz-Crawford et al., 2016c; Tobin et al.,

2013). Both Highfill et al. (2010) and Auletta et al. (2015) found a role for PGE2 in MSC and
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MAPC cell mediated suppression of murine GvHD, while Amarnath ef al. (2015) implicated a
role for MSC derived adenosine in a xenogeneic GvHD model. In a humanised model, IP
injected menstrual blood derived MSC were more effective at prolonging survival than BM-
MSC, and this increased efficacy correlated with an increased number of MSC reaching the
spleen (Luz-Crawford et al., 2016c) . Similarly, Highfill et al. (2010) found that MAPC cells
were only effective in a murine GvHD model when injected intrasplenically. Thus, contact
with T cells at this site may be necessary for MSC and MAPC cells to mediate their effects, or
the short half-life of MSC/MAPC cells derived factors may require MSC/MAPC cells to be in
close contact with target cells for optimal efficacy.

Another important consideration to make is the timing of administration of
MSC/MAPC cells. Neither murine or human MSC are effective at suppressing GvHD when
administered on day 0 of murine or humanised models (Sudres et al., 2006; Tobin et al., 2013;
Bruck et al., 2013; Tisato et al., 2007). Our group and others have shown that pre-stimulation
of MSC with IFN-y before administration rescues the therapeutic effect of MSC, thus, the lack
of efficacy of MSC given at this time is probably due to a lack of pro-inflammatory stimuli in
vivo (Tobin et al., 2013; Polchert et al., 2008). In support of this, Polchert ef al. found that
murine BM-MSC were ineffective at treating murine GvHD when donor splenocytes were
incapable of producing IFN-y. Interestingly, Tisato et al. (2007) also found that administration
of UC-MSC to a humanised mouse model on day 0 had no therapeutic effect, but on the other
hand MSC delivered once symptoms of GvHD had already presented were also ineffective.
Thus, delivery of MSC must be after an inflammatory response has developed, but not too late
when the response can’t be inhibited.

In 2004 the first report of successful MSC therapy in a paediatric case of steroid
refractory GvHD was published. In this case, two infusions of BM-MSC donated by the
patients mother ameliorated GvHD (Le Blanc ef al., 2004). Next Ringden et al. (2006) treated
eight patients with steroid refractory GvHD with allogeneic BM-MSC and reported that 6 of
the patients had a complete response. Survival was significantly improved in this group
compared to patients who did not receive MSC. Since these initial studies, a large number of

human trials have proven the safety profile of MSC and MAPC cells for GvHD. The effects of
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MSC in human GvHD are similar to those of the murine models. UC-MSC significantly
reduce NK cells in cGvHD (Gao et al., 2016), while Treg and Breg numbers have been shown
to be increased (Gao et al., 2016; Peng et al., 2014b). The majority of academic-led trials
show a response rate of 50-60% (Ball et al., 2013; Kurtzberg et al., 2014), however, in order
to develop MSC or MAPC cells into a clinical product, a homogeneous ‘off the shelf” product
is required. Prochymal® has shown promise in phase II trials treating aGvHD, with 50-80%
response rates depending on disease severity (Kurtzberg et al., 2014; Kebriaei ef al., 2009).
However, two larger placebo controlled studies treating either steroid refractory GvHD with
MSC, or using MSC as a prophylactic therapy failed to meet their primary end points (Allison,
2009). A phase I aGvHD trial using MAPC cells reported a positive safety profile, and
MultiStem® has been granted Orphan Drug Status by the FDA for the prophylaxis of GvHD

(Bokkelen, 2011).

1.9 MSC & MAPC cells for SOT Rejection

Following the success of MSC in preclinical trials for GvHD, research progressed on MSC for
the treatment of SOT. In animal models of transplantation, MSC inhibit lymphocyte
infiltration and fibrosis in the graft, subsequently promoting long term graft survival
(Eggenhofer et al., 2011; Popp ef al., 2008; Sivanathan et al., 2014). The efficacy of MSC in
this setting is associated with the induction of regulatory cell populations (Casiraghi et al.,
2008; Eggenhofer et al., 2013; Wei Ge et al., 2010; Li et al., 2010; Obermajer et al., 2014a;
Popp et al., 2008). For example, in a murine model of allogeneic islet transplantation, locally
delivered autologous BM-MSC create an immune-privileged site preventing graft rejection. In
the spleen of transplanted animals, MSC reduce IFN-y and IL-17 production by CD4" T cells
while simultaneously promoting Treg and IL-10 production (Ben Nasr ef al., 2015). Similarly,
in a model of renal transplantation, the frequency of Treg in the spleen correlates with
distribution of murine MSC to this site (Casiraghi et al., 2012). In the clinic, allogeneic
MAPC cells have been shown to enhance Treg numbers in the periphery of a patient who
received a liver transplant (Soeder et al., 2015), while in a small pilot study autologous MSC

have been shown to increase Treg in the graft following renal transplantation compared to the
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non-MSC treated group (Perico et al., 2011). Furthermore, the combination of MSC and
rapamycin promotes Treg frequency and graft survival in murine models of transplantation
compared to either therapy alone (Cheng et al., 2015; Ge et al., 2009). The effects of MSC
and MAPC cells are not restricted to Treg however; in a murine model of corneal allograft IV
administered human BM-MSC promote regulatory IL-10 producing monocytes/macrophages
in a TSG-6 dependent manner (Ko ef al., 2016), and two cardiac allograft studies show that the
induction of Treg by murine AT-MSC and rat BM-MAPC cells is dependent on regulatory
MDSC (Obermajer et al. 2014; Eggenhofer et al. 2013).

In the clinic it is thought that MSC may allow for a reduction in the use of toxic
immunosuppressive drugs. A recent pilot study carried out by Pan et al. investigated the use
of MSC in combination with low dose tacrolimus as a therapy for renal transplantation. In this
study 16 patients were administered low dose tacrolimus along with MSC therapy, while a
control group of 16 patients received a standard dose of tacrolimus alone. Interestingly, 2
years after transplantation there was no difference in renal function or graft survival between
the 2 groups (Pan ef al., 2016). Similarly, a larger randomized controlled study showed that
administration of autologous BM-MSC in combination with CNIs were more effective at
preventing acute rejection in kidney allo-transplantation than IL-2 receptor blockade in
combination with CNIs. Moreover, MSC showed similar efficacy when administered with
standard or low dose CNIs (Tan et al., 2012). In a phase I-II controlled trial however, one IV
infusion of third party BM-MSC demonstrated no therapeutic benefit in liver transplant
recipients. The goal of this trial was to wean MSC recipients off toxic immunosuppressants
however this was unachievable (Detry et al., 2017). Thus, the mechanisms of MSC and
MAPC cells therapy require further elucidation before being introduced into the clinic. The
timing of administration and the unknown interactions that MSC may have with
immunosuppressive drugs are facets of MSC biology which are particularly relevant to the
SOT field.

In terms of the effect of MSC/MAPC cells on HP, little is known. While it is well
known that MSC and MAPC cells suppress T cell proliferation in vivo, this has not been

examined in the context of induction therapies or HP. As mentioned previously, human
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MAPC cells suppress IL-7 driven proliferation and cytokine production by T cells in a PGE2
dependent manner in vitro (Reading et al., 2015). This however has not been examined in vivo

to date.

1.10 Aims and Objectives

This chapter has outlined our current knowledge on the suitability of MSC and MAPC cells as
therapies for the treatment of GvHD and transplant rejection. While preclinical studies have
demonstrated the efficacy of MSC and MAPC cells in rodent models, in the clinic the
performance of MSC has been underwhelming (Galipeau, 2013). Poor clinical efficacy
demonstrates that more knowledge regarding the modes of action of these cell types is required
in order to exploit their therapeutic effects. Thus, the aim of this thesis is to build on existing
knowledge regarding the efficacy and modes of action of MAPC cells in pre-clinical models of
transplantation, and to provide data which can be used to optimise their efficacy in the clinic.
The goals addressed herein can be divided into two strands; elucidating the modes of action
used by MAPC cells in vivo to suppress inflammation, and identifying optimal protocols for
the improved biodistribution and efficacy of MAPC cells in murine models of GvHD and HP.

These goals can be summarised as:

(1) To optimise the biodistribution and efficacy of MAPC cells in a humanised model of
aGvHD (Chapter 3)

(2) To demonstrate the efficacy and define the optimal administrative route of MAPC
cells in a murine model of IL-7 driven homeostatic proliferation (Chapter 4).

(3) To demonstrate the efficacy and elucidate the mode of action of MAPC cells in a

murine model of lymphopenia driven homeostatic proliferation (Chapter 5).

Overall, the aim of this thesis is to demonstrate the therapeutic efficacy of MAPC cells
in murine models of transplantation, and improve our understanding of MAPC biodistribution

and suppression of inflammation in vivo. The data presented herein will contribute to a
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broader understanding of the in vivo fate and activity of MAPC cells which can be applied to

future studies and the use of MAPC cells therapy in the clinic.
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Chapter 2
Materials and Methods



2.1 Regulatory Issues

2.1.1 Ethical Approval and HPRA compliance

All procedures involving the use of animals or human materials were carried out by licensed
personnel. Ethical approval for all work was granted by the ethics committee of Maynooth
University. Animal experiments adhered to the project authorisations received from the Health

Products Regulatory Authority (HPRA) (AE19124/p004) and (AE19124/p006).

2.1.2 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 Maynooth University Bi-

ology Department Safety manual.

2.1.3 Animal Strains

Experiments were performed using either NSG, CD45.1 or C57BL/6 mice aged between 6 and
24 weeks. All mice were housed according to the Dept. of Health (Ireland) guidelines and used
with ethical approval under the terms of project authorization from the HPRA. Sample sizes for
animal experiments were determined by statistical power calculation using SISA software found

online at http://home.clara.net/sisa/power.html.

2.2 MAPC Cell Culture

Human MAPC cells used in this study were clinical grade MultiStem® cells isolated from the
BM of healthy donors by enterprise partners in ReGenesys and Athersys Inc. BM aspirates
were obtained with consent from healthy donors and cultured at low density, on plastic tissue

culture flasks coated with 1X FN (Sigma-Aldrich, St. Louis, USA) in MAPC cell media (Table
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2.1). MAPC cell cultures were maintained under low oxygen tension in a humidified

atmosphere of 5% CO,.

2.2.1 Thawing Procedure

Culture flasks were coated with 1X FN and incubated at 37°C/ 5%CO,/ 20% O, for 30 minutes
before 1X FN was removed. A vial of MAPC cells was removed from liquid nitrogen and
placed in a water bath at 37°C to thaw. When the vial was almost completely thawed, the cell
suspension was transferred to a 15 ml conical tube and topped up with fresh MAPC cell
medium (Table 2.1) in a laminar flow cabinet. The cell suspension was centrifuged at 350 g
for 5 minutes. Supernatant was discarded and the pellet was resuspended in 1 ml MAPC cell
medium. Cells were stained with ethidium bromide/acridine orange (EBAO) (Sigma-Aldrich)
and counted using a haemocytometer and fluorescent microscope. Cells were seeded at a
density of 2000 MAPC cells/cm” in 1X FN coated culture flasks in MAPC cell medium and

incubated at 37°C/5%C0,/5% O,

2.2.2 Culturing Procedure

Cells were cultured every 2-3 days. To culture cells, medium was removed and cells were
washed with phosphate buffered saline (PBS) (Sigma-Aldrich). 0.05% Trypsin-
ethylenediaminetetraacetic acid (EDTA) (Sigma-Aldrich) was added to each flask (2 ml for
T75, 5 ml for T175). Flasks were incubated for 2-5 minutes in a 37°C/ 5.5%CO,/ 20% O,
incubator. To stop the trypsin reaction, MAPC cell medium was added to each flask at a
volume equal to the volume of trypsin used. Cells were transferred to 15 ml tubes and
centrifuged at 350 g for 5 minutes. Supernatant was discarded and the pellet was resuspended
in 1 ml MAPC cell medium. Cells were counted and seeded as described in section 2.2.1 and
the number of population doublings (PD) that each culture had undergone was calculated by
adding the intial PD to the binary logarithim of (the number of cells harvested/the number of

cells seeded).

55



2.2.3 Cryopreservation Procedure

MAPC cells were collected and counted as described in section 2.2.2. and cooled on ice.
Cells to be frozen down were resuspended in cold Dulbecco’s Modified Eagle’s Medium
(DMEM) (Lonza, Basel, Switzerland) containing 20% fetal bovine serum (FBS) (Atlas
Biologicals, CO, USA), and 10% dimethyl sulfoxide (DMSO) (Sigma-Aldrich). Each cryovial
was put in a Nalgene container filled with 100% isopropanol (Sigma-Aldrich) which was

stored at -80°C. The vials were transferred to liquid nitrogen after a minimum of 6 hours.

2.2.4 Generation of conditioned media

Cells were thawed and seeded in MAPC cell media and incubated at 37°C/ 5.5%C0,/5% O, as
described in section 2.2.1 The next day media was removed, cells were rinsed twice with PBS
and serum free media (Table 2.2) was added to cells. 4 days later serum free media was
removed and spun down at 900 g for 10 minutes to pellet debris. Supernatant was aliquoted
and stored at -80°C. This media is now referred to as MAPC cells conditioned media (MAPC

cells CM).

2.3 MSC Culture
Human MSC were isolated by enterprise partners in ReGenesys and Athersys Inc. from the
same BM aspirates as MAPC cells. MSC were cultured on plastic tissue culture flasks and

were maintained at normal oxygen tension in a humidified atmosphere of 5% CO?2.

2.3.1 Thawing Procedure

A vial of cells was removed from liquid nitrogen and put into a water bath at 37°C to thaw.
When the vial was almost completely thawed, the cell suspension was transferred to a 15 ml
conical tube and topped up with fresh MSC medium (Table 2.3). The cell suspension was
centrifuged at 350 g for 5 minutes. Supernatant was discarded and the pellet was resuspended
in 1 ml MSC medium. Cells were stained with EBAO and counted using a haemocytometer
and fluorescent microscope. Cells were seeded at a density of 4000 cells/cm” in MSC media

and incubated at 37°C/5%CO,/ 20% O,.
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2.3.2 Culturing Procedure

To culture cells, medium was removed and cells were washed with PBS. 0.05% Trypsin-
EDTA was added to each flask (4 ml for T75, 8 ml for T175). Flasks were incubated for 2-5
minutes in a 37°C/5%CO0,/ 20% O, incubator. To stop the trypsin reaction, MSC medium was
added to each flask at a volume equal to the volume of trypsin used. Cells were transferred to
15 ml tubes and centrifuged at 350 g for 5 minutes. Supernatant was discarded and the pellet
was resuspended in 1 ml MSC medium. Cells were counted as described in section 2.3.1. and

PD were calculated in the same way as MAPC cells.

2.3.3 Cryopreservation Procedure
Cells were collected and counted as described in 2.3.2. Cryopreservation was carried out using
the procedure outlined in 2.2.3 and freeze down media contained 70% DMEM (Lonza), 20%

FBS (Lonza) and 10% DMSO.

2.3.4 Generation of conditioned media

Cells were thawed and seeded in MSC media and incubated at 37°C/5%CO,/ 20% O, The
next day media was removed, cells were rinsed twice with PBS and serum free media (Table
2.2) was added to cells. 4 days later serum free media was removed and spun down at 900 g
for 10 minutes to pellet debris. Supernatant was aliquoted and stored at -80°C. This media

was referred to as MSC conditioned media (MSC CM).

2.4 HUVEC Cell Culture

2.4.1 Thawing Procedure

Cryopreserved vials of human umbilical vein endothelial cells (HUVEC) were purchased from
Lonza. A vial of cells was removed from liquid nitrogen and put into a water bath at 37°C to
thaw, being careful not to submerge the entire vial. When the vial was almost completely

thawed, the cell suspension was transferred to a 15 ml conical tube and topped up with fresh
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endothelial growth media (EGM) (Lonza) (Table 2.4). Cells were counted using EBAO and a
haemocytometer, and seeded at a density of 3000 cells/cm® in EGM and incubated in a 37°C/

5.5%CO0,/ 20% O, incubator.

2.4.2 Culturing Procedure

Cells were cultured when they were 70-80% confluent. To culture cells, medium was removed
and cells were rinsed with PBS. 0.05% Trypsin-EDTA was added to each flask (2 ml for T75,
4 ml for T175) and removed immediately. The cell layer was examined microscopically,
allowing the trypsinisation process to continue until 90% of the cells had detached from the
flask. To stop the trypsin reaction, PBS was added to each flask at a volume equal to the
volume of trypsin used. Cells were transferred to 15 ml tubes and centrifuged at 220 g for 5
minutes. Supernatant was discarded and the pellet was resuspended in 1 ml EGM. Cells were

counted and seeded as described in section 2.4.1.

2.43 Cryopreservation Procedure
Cells were collected and counted as described in 2.4.2. Cryopreservation was carried out using
the procedure outlined in 2.2.3; however, in this case, freeze down media is composed of with

70% endothelial basal medium (EBM) (Lonza), 20% FBS (Lonza) and 10% DMSO.

2.4.4 Maintenance

Growth medium was changed the day after seeding and every second day thereafter.
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Table 2.1: MAPC cells Medium

Reagents

Supplier

60% DMEM, low glucose

40% MCDB-201

1x Insulin-Transferrin-Selenium

0.5x linoleic acid-bovine serum albumin (LA-BSA)

Ix Pen-Strep

10* M L-Ascorbic acid-2-phosphate

18% FBS

10 ng/ml human platelet derived growth factor (hPDGF-BB)
10 ng/ml human endothelial growth factor (hEGF)

50 nM Dexamethasone

Lonza
Sigma-Aldrich
Lonza
Sigma-Aldrich
Lonza
Sigma-Aldrich
Atlas Biologicals
R&D systems
Sigma-Aldrich

Sigma-Aldrich

Table 2.2: Serum Free Medium

Reagents

Supplier

60% DMEM, low glucose

40% MCDB-201

1x Insulin-Transferrin-Selenium
0.5x LA-BSA

Ix Pen-Strep

10* M L-Ascorbic acid-2-phosphate

Lonza
Sigma-Aldrich
Lonza
Sigma-Aldrich
Lonza

Sigma-Aldrich
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2.5 PBMC cell culture

2.5.1 PBMC Isolation

Whole blood buffy coat packs, which contained red blood cells, white blood cells and platelets,
were supplied by the Irish Blood Transfusion Service (IBTS). PBMC were isolated from
whole blood by density gradient centrifugation. The contents of buffy coat packs were diluted
1 in 2 with sterile PBS. 25 ml diluted blood was carefully layered on top of 15 ml
Lymphoprep” (Stem Cell Technologies, Cambridge, UK) in a 50 ml centrifugation tube.
Tubes were centrifuged at 400 g for 25 minutes 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 (RBC) and remaining plasma behind. PBMC were centrifuged
at 800 g for 10 minutes, and washed in sterile PBS and centrifuged at 800 g for 5 minutes
twice. Residual RBC were lysed by resuspending the PBMC pellet in 5 ml 1X RBC lysis
buffer (Biolegend, San Diego, USA) for 5 minutes. RBC lysis buffer was quenched by adding
20 ml complete Roswell Park Memorial Institute medium (cRPMI) (Table 2.5). PBMC were

centrifuged at 350 g for 5 minutes and resuspended in 10 ml of cRPMI for counting.

2.5.2 Cryopreservation
PBMC were counted as described in 2.2.1. Cryopreservation was carried out as described
2.2.3; however, PBMC were frozen in RPMI containing 20% heat inactivated FBS (HI-FBS),

and 10% DMSO.

2.5.3 Thawing Procedure

A vial of PBMC was removed from liquid nitrogen and placed in a -80°C freezer for 30
minutes. The vial was then carried on ice to a water bath at 37°C, and thawed. When the vial
was thawed, 4 uM DNase I (Roche Diagnostics, Germany) was added directly to the vial in a
laminar flow cabinet and mixed using a p1000 pipette. The cell suspension was transferred to a
15 ml conical tube and topped up with fresh cRPMI before being centrifuged at 350 g for 5
minutes. Supernatant was discarded and the pellet was resuspended in 15 ml cRPMI. Cells

were counted as described in section 2.2.1.
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2.6 Methods of cell characterization

2.6.1 Characterisation of MAPC cells morphology

The morphology of undifferentiated MAPC cells was examined by light phase microscopy
before each passage. Pictures were taken at 10X magnification. The morphology of MAPC
cells was compared to that of MSC isolated from the same donors. Olympus CK40-SLP
inverted microscope and photos taken using an Optika digital camera with Optika Vision Pro

software.

2.6.2 Characterisation of surface markers expressed by MAPC cells and MSC.

MAPC cells and MSC were trypsinised and resuspended in PBS containing 2% HI-FBS (FACs
buffer) at approximately 1x10°/ml. 100 pl of this suspension was added to each well of a v-
bottomed 96 well plate. Cells were washed twice in FACs buffer and then labelled with a
panel of anti-human monoclonal antibodies and the appropriate isotype controls listed in Table
2.6. Cells were incubated at 4°C for 30 minutes and washed in FACs buffer. The cells were
resuspended in FACs buffer and acquired on an Accuri C6 flow cytometer (BD Biosciences,
Oxford, UK). MSC were used as a control to compare the surface marker expression by

MAPC cells.

2.6.3 Tube formation assay

MAPC cell and MSC CM was generated as described in sections 2.2.4 and 2.3.4. HUVEC
were cultured as described in section 2.4. Matrigel™ (BD Biosciences) was thawed on ice
over 2 days in the fridge and kept on ice for the duration of the experiment. PBS and plates
were chilled on ice prior to starting the assay. Matrigel™ was gently mixed and diluted in pre-
chilled PBS to a working concentration of 6.5 mg/ml. 400 pl of the diluted Matrige]™ was
added to each well of a 24 well plate. The plate was incubated at 37°C for 1 hour. 5.5x10*

HUVEC cells were added to each well in 1 ml of the appropriate CM and
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Table 2.3: MSC Medium

Reagents Supplier
MSC Basal Medium Lonza
MSC Growth Supplement Lonza
L-Glutamine Lonza
Gentamicin Lonza
Table 2.4: HUVEC Media

Reagents Supplier
Endothelial Basal Medium (EBM) Lonza
hEGF Lonza
Hydrocortisone Lonza
GA-1000 Lonza
BBE Lonza
FBS Lonza
Ascorbic Acid Lonza

Table 2.5: Complete RPMI

Reagents Supplier

80% RPMI Sigma-Aldrich

10% HI FBS GE Healthcare Life Sciences (Utah, USA)
1% P/S Sigma-Aldrich

1% L-Glut Sigma-Aldrich

0.1% B-mercaptoethanol

Sigma-Aldrich
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Table 2.6.: Antibodies used to characterise the surface markers on MAPC cells

Antibody Fluorochrome Isotype Supplier Clone
Control

CDh44 FITC IgG2b eBioscience IM7

CD45 FITC IgGl eBioscience 2D1

CD90 APC IgG1 eBioscience eBIOSE10

CD105 APC IgG1 eBioscience SN6

HLA ABC APC IgGl eBioscience W6/32

HLA DR PE IgG2a eBioscience L243

incubated at 37°C/ 5.5%CO0O,/ 20% O, for 18 hours. The assay was carried out in triplicate.
EGM was used as a positive control for the assay, with EBM being used as a negative control.
Serum free media which had never been exposed to cells was used as a negative control for the
samples being tested. Images were taken of 4 random fields in each well at 5X magnification

using a light microscope and the number of tubes formed between cells was counted.

2.6.4 Differentiation assay

MAPC cells (5x10%well) were seeded into 6 well plates on day 0. On day 1, high glucose
DMEM (Sigma-Aldrich) with 10% FBS, 1% penicillin-streptomycin (P/S) (Sigma-Aldrich)
and 1% L-glutamine (L-glut) (Sigma-Aldrich) was added to control wells. Control media
containing 100 nM dexamethasone (Sigma-Aldrich), 200 uM L-ascorbic acid (Sigma-Aldrich),
10 mM B-glycerophosphate (Sigma-Aldrich), and 0.1 mg/ml L-thyroxine (Sigma-Aldrich)
were added to bone differentiation wells. Control media containing 1 pM dexamethasone, 5
pg/ml insulin (Sigma-Aldrich), 0.5 mM 3-isobutyl-1-methylxanthine (IBMX) (Sigma-Aldrich)
and 0.2 mM indomethacin (Sigma-Aldrich) were added to adipocyte differentiation wells.

Media was changed every 2 days for one week. On day 8, cells were fixed with 10% formalin
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(Sigma-Aldrich). Osteocytes and adipocytes were stained with Oil Red O stain (Sigma-
Aldrich) and Alizarin Red S stain (Sigma-Aldrich) respectively for 20 minutes. Excess stain
was washed using distilled H,O for osteocytes and PBS for adipocytes. Cells were examined
using an Olympus CK40-SLP inverted microscope and images taken using an Optika digital

camera with Optika Vision Pro software.

2.6.5 CFSE assay

The proliferation of T cells in the presence of MAPC cells at ratios 1:5, 1:10, 1:20 and 1:40
MSC: PBMC was determined using a carboxyfluorescein succinimidyl ester (CFSE) dilution
assay. CFSE is taken up into the cytoplasm of cells, and is divided between daughter cells
following cell division. Thus, the proliferation of cells can be measured by flow cytometry by
analysing the fluorescence intensity of individual cells. MAPC cells were seeded into 4 rows
of a 96 well round bottom plate at decreasing densities (1x10*, 5x10°, 2.5x10°, 1.25x10°) and
incubated in MAPC cell media overnight. PBMC were thawed as described in section 2.5.3
and labelled with 10 pM CFSE (Sigma-Aldrich), in warm PBS for 10 minutes before being
washed with cold PBS. MAPC cell media was removed from 96 well plates, and PBMC
(5x10%/well) and anti-CD3/CD28 beads (Thermo Fisher, MA, USA) (1x10*/well) were added
to each well in 200 pl complete RPMI. PBMC cultured alone and PBMC cultured with
activation beads were used as negative and positive controls respectively. Cells were co-
cultured in 20% O, for 4 days. On day 4, cells were harvested and washed twice in FACs
buffer before being stained with antibodies for CD3 (eBioscience) and 7AAD (eBioscience)
(Table 2.10) for 30 minutes at 4°C. Cells were washed in FACs buffer and CFSE dilution of
CD3" 7AAD" cells was analysed by flow cytometry, to include viable T cells only. The
absolute number of CFSE dividing cells was calculated by adding a known number of

counting beads which were used for quantitation (BD Biosciences) (1.5x10%/well).
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2.7 In vitro assays:

2.7.1 Stimulation of MAPC cells and MSC with IFN-y
MAPC cells were thawed and seeded into 6 well plates at a density of 2000 cells/cm®. When
MAPC cells reached confluency, 50 ng/ml IFN-y (Peprotech, Rocky Hill, NJ) was added. 24

hours later cells were sub cultured and used for subsequent experiments.

2.7.2  Treatment of MAPC cells with PPARGS agonist and antagonist

To activate PPARS, MAPC cells were treated with the highly selective PPARS agonist
GWO0742 (Tocris Bioscience, Bristol, UK) at a concentration of 1 uM for 24 hours prior to
exposure to pro-inflammatory cytokines, or introduction to the humanised aGvHD model. To
antagonise PPARS, MAPC cells were treated with the selective PPARS antagonist GSK3787
(Tocris Bioscience) at a concentration of 1 pM for 24 hours prior to exposure to pro-

inflammatory cytokines, or introduction to the humanised aGvHD model.

2.7.3 ATG in vitro assay:

Spleens were dissected from CD45.1/Bl6 mice (Jackson Laboratories, Bar Harbour, ME,
USA), put into 10 ml cRPMI and kept on ice. Spleens were then passed through a 70 um filter
and resuspended in 10 ml cRPMI, followed by centrifugation at 350 g for 5 minutes. The
pellet was resuspended in 2ml 1X RBC lysis buffer for 2 minutes. 10 ml of cRPMI was added
and cells were centrifuged at 350 g for 5 minutes. Supernatant was removed and splenocytes
were counted using EBAO. 1x10° cells were seeded per well of a round bottom 96 well plate
in triplicate in cRPMI supplemented with or without 10 pg/ml, 50 pg/ml or 250 pg/ml ATG
(Cedarlane Laboratories, Burlington, CA) or rabbit serum (Cedarlane Laboratories) as a
control. Cells were harvested after 16, 24, and 48 hours and washed twice in FACs buffer
before being surface stained with anti-mouse CD4 PerCP (eBioscience) and CD8 FITC
(eBioscience) for 30 minutes. Cells were washed in FACs buffer and acquired on an Accuri

C6. Counting beads were used to enumerate total cell numbers.
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2.8 In vivo models

2.8.1 Humanised model of acute graft versus host disease

NSG mice (Jackson Laboratories, Bar Harbour, ME, USA) aged between 6 and 24 weeks were
exposed to a conditioning dose of 2.4 Gray (Gy) whole-body gamma irradiation. Human
PBMC were isolated by Ficoll-density centrifugation as described in 2.5.1 and washed 3 times
in PBS before being administered to irradiated NSG mice (8x10°/g) via IV injection. Negative
control mice received PBS. In some groups, sub-cultured MAPC cells (6.4x10°/g) were
administered IV on either day 0 or day 7 (Fig. 2.1).

Signs of aGvHD typically manifested between days 10 and 16 post-PBMC
transfusion. Mice were monitored every second day up to day 9, and then on a daily basis
until the end of the experiment on day 28. aGvHD scores were assigned to mice based on the
appearance of symptoms such as weight loss, appearance, and activity levels as outlined in
Table 2.7. For each category animals were scored between 0 and 4 based on the severity of
symptoms. The scores given based on each of these categories was combined to give an
overall aGvHD score. When mice lost over 15% of their total body weight, reached a
cumulative aGvHD score of 5 or scored 4 in a single category they were humanely euthanised
by cervical dislocation. For imaging experiments, mice were culled 4, 24, or 48 hours after

MAPC cell administration, and for tissue analysis mice were culled on day 12.

2.8.2 Murine model of IL-7 driven homeostatic proliferation

Congenic strains are commonly used to track the fate of adoptively transferred cells. C57/Bl6
and C57/B16-CD45.1 (CD45.1) strains (Jackson Laboratories) exhibit differential expression
of the pan leukocyte marker CD45. Leukocytes derived from C57/Bl6 can be identified by
expression of CD45.2, while CD45.1 mice are identified by expression of CD45.1. For
adoptive transfer experiments CD4" T cells were isolated from the spleen of C57/Bl6 mice
using a negative selection kit (R&D systems, Abingdon, UK). Briefly, spleens were passed
through a 40 um filter and cells were washed in cRPMI before being treated for 2 minutes with
1X RBC lysis buffer. Cells were washed in cRPMI, counted, and washed in PBS before being

resuspended in 1X MagCellect™ buffer to a cell density of 2x10® cells/ml. For every 1x10°®
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cells processed, 100 pl of CD4" T cell biotinylated antibody cocktail was added and cells were
incubated for 15 minutes at 4°C. After incubation, 100 pl of streptavidin ferrofluid per 1x10®
cells was added and cells were further incubated for 15 minutes at 4°C. Following the
incubations, the mixture was brought to a final volume of 3ml with 1X MagCellect™ buffer.
The tubes were placed into a magnetic stand for 6 minutes. Magnetically labelled cells
migrated towards the magnet, leaving the desired CD4" T cells behind in suspension. This
incubation was repeated for another 6 minutes to ensure that a pure population was obtained.
The CD4" T cell suspension was centrifuged at 300 g for 5 minutes then resuspended in
cRPMI and counted. CD4" cells were then resuspended at 2x10’ cells/ml in PBS and
incubated with 10 pM APC eFluor proliferation dye (eBioscience) for 10 minutes in the dark.
Labelling was stopped by adding cold media and incubating the cell suspension on ice for 5
minutes. Cells were washed three times with complete media and three times with PBS.
4x10°CD45.2", CD4" cells were administered IV to CD45.1 mice on day -2. 1 pgor 2
pg recombinant murine IL-7 (Peprotech) was incubated with 5 pug or 10 pg of the IL-7
antibody M25 (BioXcell, NH, USA) for 30 minutes at 37°C in PBS. This complex was then
administered via IP injection on days 0, 2 and 4. MAPC cells were thawed as described in
section 2.2.1 and washed three times in PBS. 1x10° MAPC cells in PBS were administered via
IP injection or IV injection on day 1. Mice were humanely euthanised by cervical dislocation

on day 5 and spleens and lymph nodes were harvested for processing (Fig. 2.2).

2.8.3 Murine model of lymphopenia driven homeostatic proliferation

For preliminary experiments either 25 mg/kg or 50 mg/kg ATG was administered IP or IV to
CD45.1 mice on days 0 and 3. Following preliminary experiments, the ATG model was set up
by administering 50 mg/kg ATG IP on days 0 and 3, with administration of 1x10®° MAPC cells
either IP or IV on day 4 (Fig. 2.3). Mice were humanely euthanized by cervical dislocation on
day 5 and spleens and lymph nodes were harvested for flow cytometry. In experiments where

indomethacin was introduced, 30 pg indomethacin (Indo) (Sigma-
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Aldrich) was administered IP on days 4, 5 and 6, with diluent (1% ethanol in PBS) being used

as a control.

2.9 Western Blotting

2.9.1 Protein Extraction

MAPC cells from 2 wells of a six well plate were trypsinised and pooled before being
resuspended in 1 ml ice cold PBS. Samples were centrifuged at 12,000 g for 5 minutes twice
at 4°C and resuspended in 100 pl radioimmunoprecipitation assay (RIPA) buffer (Sigma-
Aldrich) containing 1X protease inhibitor cocktail (Roche) for 10 minutes. Lysates were then
centrifuged at 12,000 g for 10 minutes at 4°C and the supernatant was collected and stored at -

20°C. Prior to loading, samples were mixed with 6X sample buffer and boiled for 5 minutes.

2.9.2 SDS-Polyacrylamide Gel Electrophoresis
MagicMark™ XP Western Protein Standard and samples were loaded into separate 0.75mm
wells. Electrophoresis was performed at 60 V through a 5% polyacrylamide stacking gel

(Table 2.8) and a 10% polyacrylamide resolving gel (Table 2.8) at 80 V for up to 2 hours.

2.9.3 Immunoblotting

Following separation by electrophoresis, polyvinylidene fluoride (PVDF) membranes (GE
Healthcare, Buckinghamshire, UK) were prepared by activating in methanol (Sigma-Aldrich)
for 30 seconds, washing in dH,O for 2 minutes, followed by a 10 minute wash in transfer
buffer (Table 2.8). 2 pieces of extra thick Whatman blotting paper (Bio-Rad, Hertfordshire,
UK) were soaked in transfer buffer. Resolving gels were then placed in transfer buffer for 10
minutes before being transferred to PVDF membranes in a Hoefer TE 70 Semiphor semi-dry
transfer unit (GE Healthcare) at 100 mA for 30 minutes. For the transfer, 1 piece of soaked
blotting paper was placed on the bottom surface of the transfer unit followed by the PVDF
membrane. The resolving gel was placed on top with care and air bubbles removed. Another
piece of Whatman blotting paper was added and the unit closed and set to run. Following

transfer, membranes were removed from the unit and incubated in blocking buffer (Table 2.9)
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for 1 hour at room temperature. Membranes were then incubated with primary antibodies for
STAT1 and pSTATI1 (Table 2.9) under agitation at 4°C overnight followed by 3x5 minute
washes in Tris-buffered saline containing 0.1% Tween 20 (TBST) (Table 2.8). Membranes
were then incubated in a rabbit secondary antibody (Table 2.9) for 1 hour at room temperature
before being washed again 3 times in TBST. Membranes were developed by covering in 3ml
of BM Chemiluminescence Western Blotting Substrate (POD) (Roche) for 1 minute and
imaged using a G:BOX (Syngene, Cambridge, UK). To ensure that loading of each sample
was equal, membranes were washed in TBST three times and incubated with an antibody for
Actin (Table 2.9) which was chosen as a house keeping protein, before being washed again in
TBST three times and incubated with a mouse secondary antibody (Table 2.9). The membrane
was developed again and imaged using the G:BOX. Densitometry was carried out using

Image J open source software (National Institutes of Health, USA).

2.10  Flow Cytometry

2.10.1 Analysis of immunomodulatory protein expression by MAPC cells

MAPC cells were cultured and stimulated with IFN-y as described in sections 2.2 and 2.7.1,
before being transferred to v bottom 96 well plates washed twice in FACs buffer. Cell pellets
were dissociated briefly by vortexing and antibodies for CD105, ICAM1 or PDL1 were added
(Table 2.10). Cells were incubated with surface antibodies for 30 minutes at 4°C, and then
washed in FACs buffer. Cells were then ready to acquire by flow cytometry on an Accuri C6.
For analysis of IDO, cells were incubated with 1X Brefeldin A (eBioscience) for 4 hours
before being sub cultured to prevent the release of IDO into supernatant. Cells being analysed
for IDO or COX-2 levels were surface stained with CD105 antibody as described, and then
treated with the intracellular FoxP3 kit as per manufacturer’s instructions (eBioscience) to
prepare cells for intracellular staining. Briefly, surface stained cells were incubated with 200
ul fixation buffer for 30-60 minutes at 4°C. 100 pl 1X permeabilisation buffer was added and
cells were then centrifuged at 350 g for 5 minutes. Cells were blocked with 2% rat serum

(eBioscience) for 15 minutes to prevent non-specific staining, and either IDO or COX-2
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antibodies (Table 2.7) were then added for 45 minutes. Cells were then washed in FACs

buffer and acquired using the Accuri C6.

2.10.2 Surface staining of murine cell populations

Spleens, and mesenteric, inguinal and axillary lymph nodes were harvested from CD45.1 mice
and a single cell suspension was prepared by dissociating the organs and passing through a
40 pm pore cell strainer. Spleens and lymph nodes were centrifuged at 350 g and splenocytes
were treated with 1 ml 1X RBC lysis buffer for 2 minutes before being quenched with cRPMI
and centrifuged again at 350 g. Cells were seeded into 96 well v bottom plates for flow
cytometry. For analysis of CD4+ and CD8+ T cells, Bla cells, and eosinophils, cells were
washed twice in FACs buffer, treated with CD16/32 (eBioscience) for 15 minutes to prevent
non-specific staining, and stained with appropriate antibodies (Table 2.11) for 30 minutes.
Cells were then washed with FACs buffer and acquired on the Accuri C6, with counting beads

used to quantify cell populations.

2.10.3 Intracellular transcription factor staining

Spleens and lymph nodes were prepared for flow cytometry as described in the previous
section, and surface stained for expression of CD4, CD8 and CD25 (Table 2.11). Cells were
then treated with the intracellular FoxP3 kit as per manufacturer’s instructions (eBioscience) to
prepare cells for intracellular staining. Briefly, surface stained cells were incubated with 200
ul fixation buffer overnight at 4°C. 100 pl 1X permeabilisation buffer was added and cells
were then centrifuged at 350 g for 5 minutes. Cells were blocked with 2% rat serum
(eBioscience) for 15 minutes to prevent non-specific staining, and either Ki67 or FoxP3
antibodies (Table 2.11) were then added for 45 minutes. Cells were then washed in FACs
buffer and acquired using the Accuri C6, with counting beads used to quantify cell

populations.
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Table 2.7: aGvHD scoring scale

Symptom

Score | Weight Loss Posture Fur texture Activity Levels

0 0% Normal Normal Normal

1 0-10% Mild hunching Mild ruffling Mild reduction in

activity

2 10-15% Moderate hunching Moderate ruffling Moderate reduc-
and hair loss tion in activity

3 15-20% Severe hunching Severe  ruffling  Stationary unless
and moderate hair  stimulated
loss

4 >20% Severe hunching and  Severe  ruffling Extreme lethargy

impaired movement

and hair loss

and paralysis

Table 2.8: Reagents used for Western Blotting

Composition

25 mM Tris, pH 7.4 containing 0.14 M NaCl

Buffer

10X TBS (Tris buffered saline)
TBST (Tris buffered
Tween)

saline

with

25 mM Tris, pH 7.4 containing 0.14 M NaCl (v/v)
Tween-20 (Sigma-Aldrich)

Laemmli sample buffer

62.5 mM Tris-HCL, pH 6.8, 10% (w/v) glycerol,
2% (w/v) SDS, 0.7 M pB-mercaptoethanol and
0.001% (w/v) bromophenol blue.

TAE (Tris-acetate-EDTA) Buffer

40 mM Tris base, 0.1% (v/v) glacial acetic acid,
ImM EDTA

Transfer Buffer

25 mM Tris, 192 mM glycine, 20% (v/v) methanol

10% separating gel

Fisher),

TEMED

42% H,0, 0.375 M Tris, 30% Protogel (Thermo-
0.0006%

(Sigma-Aldrich),

0.0006% ammonium persulphate (Sigma-Aldrich)

Stacking gel 58% H,0, 0.125M Tris, 17% Protogel, 0.002%
TEMED, 0.0005% ammonium persulphate.
Blocking Buffer TBST with 5% (w/v) non-fat dry Milk or 5% BSA
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Table 2.9: Antibodies used for Western Blotting

Antibody Clone Dilution  Diluent  Blocking Second- Supplier
Factor buffer ary Anti-
body

Primary Antibodies:

pSTATI1 Tyr701 1:1000 5% TBST with  Anti- Cell
BSA 5% (w/v)  Rabbit Signal-
TBST BSA HRP ing

STAT1 DIK9Y 1:1000 5% TBST with  Anti- Cell
BSA 5% (w/v)  Rabbit Signal-
TBST non-fat dry HRP ing

milk

Actin 8H10D10 1:5000 5% n/a Anti- Cell
Milk mouse Signal-
TBST HRP ing

Secondary Antibodies:

Anti- n/a 1:1000 5% n/a n/a Cell

mouse Milk Signal-

HRP TBST ing

Anti- n/a 1:1000 5% n/a n/a Cell

rabbit Milk Signal-

HRP TBST ing

Table 2.10: Human antibodies used for in vitro assays

Antibody Fluorochrome Supplier Clone
CD3 APC eBioscience UCHTI1
7AAD PerCP eBioscience

CD105 APC eBioscience SN6
PDL1 PE eBioscience MIH1
ICAM1 PE eBioscience HASS
COX-2 PE BD Biosciences 33/Cox-2
IDO PE eBioscience eyedio
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2.10.4 Intracellular cytokine staining

Single cell suspensions of spleens and lymph nodes were prepared as described in section
2.10.2. Cells were then transferred to round bottom 96 well plates, and incubated with 100
ng/ml phorbal-myristate-acetate (PMA) (Sigma-Aldrich), 1 pg/ml ionomycin (Sigma-Aldrich)
and 1X Brefeldin A (eBioscience) for 4 hours before being prepared for intracellular flow
cytometry as described in section 2.10.3. Cells were stained with either IFN-y or TNF-a
antibodies (Table 2.11) for 45 minutes and washed before being acquired using the Accuri C6,

with counting beads used to quantify cell populations.

2.10.5 Immunophenotyping study

Spleens and lymph nodes were dissected and shipped (at 4°C temp. controlled) to the 3i team
in Kings College London where they were processed for flow cytometry. A single cell
solution was then prepared by passing each organ through a mesh filter, and splenocytes were
then treated with RBC lysis buffer. Cells were transferred to v bottom 96 well plates, washed
in FACs buffer, and surface stained using the panels outlined in Tables 2.12-2.14. Analysis

was done using an automated gating pipeline designed by the 3i team.

2.11  Cryo-imaging

2.11.1 Qtracker® labelling of MAPC cells

MAPC cells were thawed or sub-cultured as described in section 2.2 and resuspended at
10x10%ml in MAPC cell media. MAPC cells were labelled with the Qtracker”™ 625 labelling
kit (Thermo-Fisher) according to manufacturer’s instructions. Briefly, 5 pl Qtracker”
component A was mixed with 5 pl Qtracker® component B, and incubated for 5 minutes at
room temperature. 1 ml media was added to the Qtracker” mixture and 5x10° cells were added.
Cells were incubated for 1 hour at 37°C on a rocker. Cells were washed twice in MAPC cells

media, before being washed twice in PBS and administered to animal models.
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Table 2.11: Mouse Panels used for in vivo experiments

Antibody Fluorochrome Supplier Clone
Adoptive Transfer  CD45.1 FITC eBioscience A20
CD45.2 FITC eBioscience 104
CD4 PerCP eBioscience GK 1.5
CD8 PE eBioscience 53-6.7
T cell proliferation: CD4 PerCP eBioscience GK 1.5
CD8 FITC eBioscience 53-6.7
Ki67 PE eBioscience SolA15
T cell cytokines: CDh4 PerCP eBioscience GK 1.5
CD8 FITC eBioscience 53-6.7
IFN-y PE eBioscience XMG1.2
TNF-a APC eBioscience MP6-XT22
Treg: CDh4 FITC eBioscience GK 1.5
CD25 APC eBioscience PC61.5
FOX-P3 PE eBioscience FIK-16s
Eosinophils: MHCII FITC eBioscience M1/70
F4/80 APC eBioscience BMS
Ly6G PE eBioscience RB6-8C5
Siglec F PerCP eBioscience 1RNM44N
Bla cells CD19 FITC eBioscience eBiolD3
CD5 APC eBioscience 53-7.3
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Table 2.12: Myeloid Panel used for immunophenotyping study

Antibody Fluorochrome Supplier Clone
CD45 Qdot 605 eBioscience 30-F11
CDll1c BV786 BD Biosciences HL3
CDI11b BV510 Biolegend M1/70
F4/80 PerCP Biolegend BMS
Ly6C AF700 BD Biosciences | AL-21
Ly6G APC BD Biosciences 1A8
C103 PE BD Biosciences | M290
CD317 BV510 Biolegend 927
MHCII FITC BD Biosciences | 2G9
CD86 PE-Cy7 BD Biosciences | OL1
Lin: CD3 BD Biosciences 145-2C11

CDI19 BV421 BD Biosciences 1D3

NK1.1 Biolegend PK136
Live/Dead NIR Biolegend
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Table 2.13: T cell Panel used for immunophenotyping study

Antibody Fluorochrome Supplier Clone
CD45 Qdot 605 eBioscience 30-F11
CD5 BV510 BD Biosciences 53-7.3
TCR-d PE-Cy7 Biolegend GL3
NKI1.1 BV650 Biolegend PK136
CD4 BV786 BD Biosciences GK1.5
CDS8 AF700 BD Biosciences 53-6.7
CD25 APC BD Biosciences PC61
GITR PE BD Biosciences DTA-1
CD44 FITC BD Biosciences M7
CD62L PerCP BD Biosciences MEL-14
KLRG1 BV421 BD Biosciences 2F1
Live/Dead NIR Biolegend

Table 2.14: B cell panel used for immunophenotyping study

Antibody Fluorochrome Supplier Clone
CD45 Qdot 605 eBioscience 300-F11
IgGl PE BD Biosciences A85-1
B220 AF700 BD Biosciences RA3-6B2
IgM BV786 BD Biosciences R6-60.2
IgD PerCP Biolegend 11-26C.2A
GL-7 AF647 BD Biosciences GL7
CD95 PE-Cy7 BD Biosciences JO2
CD138 BV650 Biolegend 281-2
CD5 BV510 BD Biosciences 53-7.3
CD21/35 FITC BD Biosciences 7G6
CD23 BV421 BD Biosciences B3B4
Live/Dead NIR Biolegend
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2.11.2 Cryopreservation of Tissue
For imaging of organs, mice were humanely sacrificed by cervical dislocation. Organs of
interest were harvested, and put onto a thin layer of black OCT (Biolnvision, OH, USA) in
Peel-A-Way"™ moulds (Ted Pella Inc., CA, USA) kept on ice. Organs were covered in OCT and
frozen on a metal block chilled in liquid nitrogen. Once OCT had solidified samples were
transferred to -80°C.

For whole mouse imaging, mice were humanely sacrificed with the lethal injection.
OCT was rubbed into the carcass, against the direction of fur to minimize air bubbles. The
carcass was put onto a thin layer of OCT in a boat made from heavy duty aluminium foil with
the ventral side facing down. Extra OCT was poured over the carcass to cover the mouse.
Heavy duty tin foil was wrapped around the aluminium boat and the sample was put into a box

containing liquid nitrogen. Once OCT had solidified samples were transferred to -80°C.

2.11.3 Sample Sectioning and imaging using CryoViz"" Technology
The CryoViz'™ (Biolnvision) consists of a motorized cryo-micro-tome with a
brightfield/fluorescence microscope, and a robotic imaging system positioner, all of which are
fully auto-mated by a control system (Fig. 2.4). An organ or whole mouse within a block of
OCT is sectioned and subsequently imaged, allowing the system to acquire three-dimensional
(3D), high-resolution, brightfield and fluorescent image volumes from sequential images of the
sample block. The CryoViz'™ takes pictures of multiple ‘tiles’ within each section, thus from
each section a number of pictures are generated. These ‘tiles’ are then combined to generate a
full picture of each section, and then each section is combined to generate a 3d image.
Following cryopreservation of tissue, samples were transferred to the CryoViz'™
freezer chamber and left for 2 hours to reach -20°C. Samples which were cube or cuboid
shaped were then mounted to the stage using OCT, and left for 30 minutes to stick. Samples
were cut until tissue was visible, and then camera and microscope settings were chosen. The
microscope was set to a magnification of 1X and an objective of 0.63, and focused on the
visible tissue. Brightfield exposures were set to 5.55 ms to image the lung and spleen, and

6.66 ms to image the liver or whole mouse. A wide range of fluorescent exposures were set
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and then the optimal exposure chosen. Optimal exposures chosen were 600 ms for lung, 800
ms for liver, and 1000 ms for spleen. The field of view to be imaged within the OCT block was
chosen , and the CryoViz™ was then set to alternately slice and image the sample. Organs and

whole mice were sectioned at 40 pm.

2.11.4 Image Processing

2D Images were processed using CryoViz™ pre-processor software. This could be done either
while images were being acquired or at any stage after imaging had been completed. The pre-
processor software combined the 2D images of each section to generate a 3D image of the

sample being analysed.

2.11.5 Cell Quantification
CryoViz™ cell detection software was used to automatically detect fluorescent cells within
samples. Samples were manually checked and false positives were deleted. In whole mice,

autofluoresence in the gut generated many false positives, so all detected cells in the gut were

deleted.

2.11.6 Image Reconstruction
Images for presentation of Cryo-imaging data were prepared by creating overlays of detected

cells and 3D samples using Amira software.
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Microscope,Camera, and BF & FL lights are
attached to a robotic which moves within the
chamber to image the block face

Sample embedded in OCT is mounted to stage and
sectioned by blade within the freezer chamber

4 v

Figure 2.4 Overview of CryoViz™ equipment. Image adapted from photograph sourced on

www.bioinvision.com
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2.12  Histology

2.12.1 Tissue Processing

Organs were harvested from aGvHD mice on day 12 and placed into 10% neutral buffered
formalin (Sigma-Aldrich) for 24 hours at room temperature. Organs were then transferred to
70% ethanol (Sigma-Aldrich) and left at 4°C for 24-72 hours before being processed for
histology using an automated processor (Shandon Pathcentre, Runcorn, UK). The automated
processor submerged the tissue into containers containging 70%, 80%, 95% and 100% ethanol
sequentially in order to dehydrate the samples. Samples were then submerged in xylene
(Sigma-Aldrich) and paraffin wax (Sigma-Aldrich). After processing, the samples were
embedded in paraffin wax and left to set at 4°C. A Shandon Finesse 325 microtome (Thermo-
Shandon, Waltham, MA, USA) was used to cut 5 um sections of each tissue. After being cut,
sections were transferred to a hot water bath and placed onto microscope slides (VWR,

Ballycoolin, Ireland) and left to air dry.

2.12.2 H&E Staining

Slides were heated to 56°C for a minimum of 1 hour before being submerged in xylene for 20
minutes. Samples were rehydrated by immersing in 100% ethanol for 10 minutes, followed by
90% ethanol and 80% ethanol for 5 minutes each. Samples were then transferred to dH,O for
5 minutes before being immersed in Haematoxylin (Sigma-Aldrich) for 3 minutes. Slides
were washed under running H,O for 2 minutes and placed in 1% acid alcohol for 20 seconds.
Samples were washed again under running H,O and immersed in Eosin Y (Sigma-Aldrich) for
3 minutes before washing again. Slides were dehydrated by immersing in 80%, 90% and 100%
ethanol for 5 minutes each. Samples were air dried, mounted with DPX mounting media

(Sigma- Aldrich) and examined under a light microscope.

2.12.3 Histological Scoring
Following hematoxylin and eosin Y (H&E) staining, slides were examined in a blind manner

by covering the labels on each slide prior to examination. A semi-quantitative scoring chart
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was used to assess disease progression in the lung, liver, small intestine, and colon (Tobin et

al., 2013). Pathological scores were assigned based on the system outlined in Table 2.15.

2.13  Statistical Methods

Statistical analysis was carried out using Graph Pad Prism software. Normality of datasets was
tested using the Shapiro-Wilk or D’ Agostino-Pearson omnibus normality test methods. Where
n numbers were not sufficient for normality testing, non-normal distribution was assumed and
non-parametric statistical testing was used. Non-parametrical tests were also used to analyase
inherently non-parametric data such as frequency data, and histological scores. All compari-
sons made between two groups were based on non-parametric data, thus the Mann-Whitney
test was used. For parametric data, statistical significance between multiple experimental
groups was measured using One-way Anova with post hoc Tukey test. For non-parametric
data, statistical significance between multiple experimental groups was measured using Krus-
kal-Wallis analysis followed by multiple comparisons correction by using the original False
Discovery Rate of Benjamini and Hochberg. To compare survival of treatment groups in
aGvHD studies, Kaplan Meier curves were generated and statistically analysed using the
Mantel-Cox (log rank) test. To compare aGvHD scores between two groups, the Mann

Whitney test was used at each time point measured.
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Table 2.15: Tissue Scoring System of aGvHD model

Score Lung Liver Small Intestine/Colon
0 Normal Normal Normal
1 Scattered areas of mon- | Scattered areas of mono- | Mild mononuclear cell
onuclear cells nuclear cells infiltration
Mild focused areas of | Increase in mononuclear | Mild blunting of villi and
2 mononuclear cell infil- | cell infiltration and mild | increased mononuclear
tration endothelialitis cell infiltration
Moderate levels of mon- . Moderate blunting of
) . Increase in mononuclear | ... .
onuclear cell infiltration . . villi and increased, cell
3 cell infiltration and mod- | . .
and damage to lung ar- o infiltration and presence
) erate endothelialitis. .
chitecture of ulceration.
Areas of severe mono- | Increase in mononuclear | Severe blunting of villi
4 nuclear cell infiltration | cell infiltration and en- | and increased, cell infil-

and damage to lung ar-
chitecture

dothelialitis in most ves-
sels

tration and presence of
ulceration.
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Chapter 3
Biodistribution and Modes of Action of MAPC
cells in a humanised model of aGvHD



3.1 Introduction

MSC and MAPC cells are adult progenitor cells with anti-inflammatory and tissue reparative
properties (Kennelly, Mahon & English, 2016; Cahill et al., 2016; Reading et al., 2013;
Eggenhofer ef al., 2013). While both MSC and MAPC cells adhere to plastic in vitro and
demonstrate similar functions, differences in cell surface phenotype, gene expression, and
expansion ability exist (Reading et al., 2013; Crabbe et al., 2016). As a number of cell types
can be isolated from the BM, it is important to examine the characteristics of the different cell
types using standardised methods to ensure the identity of those cells being used in the current
study (Roobrouck et al., 2011). Furthermore, for both ethical and practical reasons, in vitro
potency assays should be used to validate the functional capacities of MAPC cells before
introducing these cells to animal models (Lehman et al., 2012).

With this in mind, a number of groups have shown that the in vitro
immunosuppressive effects of MAPC cells can be reproduced in vivo, demonstrating
therapeutic efficacy of MAPC cells in animal models of GVHD (Kovacsovics-Bankowski et
al., 2009; Highfill et al., 2009). However, in a murine model, Highfill et al. (2010)
demonstrated that MAPC cells are only therapeutic in GvHD when injected locally to the
spleen. Most in vivo studies administer MSC and MAPC cells IV, and it has been widely
reported that the vast majority of MSC injected IV to rodent models are trapped in the lungs,
with only a small proportion of the cells administered reaching distal organs such as the spleen
and liver. Furthermore, MSC are quickly cleared and are no longer detected in vivo within a
few days of administration (Eggenhofer et al., 2011; Moll & Blanc, 2015). This limited
biodistribution and quick clearance of MSC and MAPC cells in vivo probably limits the
efficacy of cells (Cornelissen et al., 2015). In an effort to overcome these issues regarding
limited potency of MAPC cells and MSC, our group and others have manipulated MSC prior
to administration to animal models of disease. For example, our group have improved the
efficacy of MSC administered to a humanised model of aGvHD by licensing cells with IFN-y
(Tobin ef al., 2013). IFN-y stimulation of human MSC upregulates the expression of HLA

ABC and IDO as well as a range of adhesion molecules and chemotactic factors. Thus, it is
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possible that IFN-y stimulation of MSC in this model enhanced the homing capacity or
persistence of MSC in vivo which subsequently improved their therapeutic effect.

IFN-y induces STAT1 phosphorylation in MSC which promotes the expression of
IFN-y target genes such as IDO and PDL1. IFN-y and subsequent STAT1 phosphorylation are
required for the therapeutic effects of MSC and MAPC cells in a number of in vitro and in vivo
settings (Krampera et al., 2006; Meisel et al., 2004; Polchert et al., 2008; Ren et al., 2008;
Vigo et al., 2016; Mounayar et al, 2015). Thus, MSC and MAPC cells fail to exert
immunosuppression when IFN-y concentrations are low, or when they exhibit poor
responsiveness to IFN-y activation. IFN-y levels may be low in vivo when MSC or MAPC
cells are given as a preventative rather than therapeutic treatment, or if given in conjunction
with ISDs that suppress IFN-y production by the host (Sivanathan et al., 2014). Furthermore,
IFN-y responsiveness may vary between donors, or may be impaired following cryo-
preservation (Frangois ef al., 2012b, 2012a).

It is clear that IFN-y signalling in MSC and MAPC cells is imperative. Thus, the
molecular mechanisms by which IFN-y activates MSC and MAPC cells should be elucidated
to identify further strategies of enhancing MSC and MAPC cell efficacy. Recently, Luz-
Crawford et al. (2016) discovered a role for the nuclear receptor PPARS in the responsiveness
of murine BM-MSC to concurrent IFN-y and TNF-a stimulation. PPARS” MSC exhibited
increased NF-kB activity in response to these cytokines, and demonstrated superior therapeutic
efficacy in an in vivo model of arthritis compared to wildtype MSC. Furthermore, PPARS
expression among human MSC derived from different tissues inversely correlated with T cell
suppressive activity in vitro. In macrophages PPARS is thought to inhibit STAT1 activation
(Adhikary et al., 2015), thus it is possible that PPARS may also suppress IFN-y mediated
STAT1 signalling in MSC and MAPC cells. This chapter begins by examining the
characteristics of human MAPC cells and MSC and validates that the cells being used for this
study meet the criteria of MAPC cells as outlined by the international society of cellular

therapies (ISCT) (Dominici et al., 2006). Cell surface and morphology were compared with
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those of MSC and the functional capacities of MAPC cells were confirmed before moving on
to in vivo experiments.

While the rodent studies mentioned above have provided us with great insight into the
efficacy and modes of action of MSC and MAPC cells in GvHD, for this work the use of
humanised models of aGvHD is advantageous as they allow for the study of interactions
between human MAPC cells and human immune cells (Tobin ef al., 2013). Therefore, the aim
of this chapter was to determine the biodistribution of human MAPC cells in a humanised
model of aGvHD using CryoViz™ imaging technology. Following on from that I sought to
optimise the delivery of MAPC cells to aGvHD target organs by activating MAPC cells with
IFN-y prior to administration, and finally I sought to examine the role of PPARS in the

efficacy and biodistribution of MAPC cells in aGvHD.

3.2 Characterisation of surface markers expressed by human MAPC cells

While both MSC and MAPC cells are isolated from the BM and have similar functions,
phenotypic differences exist between the populations due to differences in culture protocols
(Crabbe et al., 2016). The most obvious differences between the cell types are their
morphology and cell surface phenotype. In order to ensure cells used in this study displayed
the correct morphology, cultures were examined before each passage by light microscopy at
10X magnification. MSC and MAPC cells used in this study were isolated from the same
human donor BM samples and both MSC and MAPC cells adhered to plastic as expected
(Dominici et al., 2006). MAPC cells exhibited a typical spindle shaped morphology and were
smaller than their MSC counterparts which had a ‘fibroblast like’ appearance as previously
reported by Roobrouck et al. (2011) (Fig. 3.1).

As neither MAPC cells or MSC express a single identifying surface marker, the ISCT
have outlined a panel of surface markers which should be positively or negatively expressed
by MAPC cells and MSC (Dominici et al., 2006). While both MAPC cells and MSC are
heterogeneous cell populations, generally both cell types should express high levels of CD44,

CD90 and CD105, and should be negative for expression of CD45 and HLA DR. HLA ABC
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is expressed by both cell types, however it is much more highly expressed on MSC than
MAPC cells which allows for identification/differentiation between the two cell types (Table
3.1) (Reading et al., 2013; Crabbe et al., 2016). In order to ensure the quality of MAPC cells
and MSC used in this study, cultures were examined for the expression of this panel of surface
markers. Confluent cultures were trypsinised and prepared for flow cytometry as described in
section 2.6.2 and samples were acquired on an Accuri C6. Cells used for this project adhered
to the ISCT criteria as shown in Table 3.1 and Fig. 3.2, confirming that MAPC cells and MSC

were pure populations, and were not contaminated with haematopoietic cells.

3.3  MAPC cells and MSC CM induces tube formation of HUVEC

Following on from validating the identity and purity of MSC and MAPC cells cultures, it is
imperative that functionality of the cells is proven before moving on to in vivo experiments.
The angiogenic capacity of MAPC cells is an important feature of their therapeutic efficacy
(Lehman et al., 2012), and it has previously been shown in vitro and in vivo that MAPC cells
are more effective at promoting angiogenesis than MSC (Roobrouck et al., 2011). Thus, the
pro-angiogenic effect of MAPC cells was examined and compared with that of MSC, using a
Matrigel™ tube formation assay (Lehman et al., 2012).

HUVEC in MAPC cells or MSC conditioned media (CM) were added to a Matrige]™
matrix and incubated for 18 hours, before the numbers of tubes formed between cells were
counted as described in section 2.6.3. HUVEC cultured in EBM were used as a negative
control for the assay, and EGM as a positive control. Serum free media which had no contact
with cells was used as a negative control for MAPC cells and MSC CM. While both MAPC
cells CM and MSC CM significantly increased the number of tubes formed compared to the
negative control (6£2.387, n = 12), MAPC cells CM was more effective than that of their MSC

counterparts (38.334£3.518, and 26.92+3.090 respectively, n = 24) (Fig 3.3).
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Figure 3.1 Morphology of cultured human MAPC cells compared to human MSC

from the same donor. MAPC cells at PD 21 were small spindle shaped cells (A), while
MSC from the same donor at PD 17 were also spindle shaped but longer and larger, with
fibroblast like morphology (B). Original magnification X10, phase-contrast, light

microscopy. Scale bars indicate 100nm.
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Figure 3.2 Comparison of MAPC cells and MSC surface phenotype. MAPC cells and
MSC at PDs 15-30 were examined for surface expression of a range of markers typically
used to characterise both cell types using flow cytometry. Both MAPC cells and MSC (red
histogram) expressed high levels of CD44, CD90 and CD105 compared to isotype controls
(black histogram), while neither cell type expressed CD45 or HLA DR. MAPC cells
expressed lower levels of HLA ABC than MSC. This data is representative of 3 MAPC

cell and MSC donors.
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Table 3.1 Surface Marker Expression by MAPC cells and MSC

Marker MAPC cells MSC
CD13 + +
CD34 - -
CDh44 + +
CD45 - -
CD49c + +
CD73 + +
CD80 - -
CD86 - -
CD90 + +
CD105 + +
HLA ABC - +
HLA DR - -
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Figure 3.3 MAPC cells and MSC promote tube formation of HUVEC in a
Matrigel™ assay. HUVEC in the appropriate media were added to a Matrigel™ matrix
for 18 hours and the number of tubes formed between cells was counted. Each condition
was compared to HUVEC in serum free media (Day 0). Representative images show that
CM collected from MAPC cells cultures were more pro-angiogenic than CM collected
from their MSC counterparts. Original magnification X10, phase-contrast, light
microscopy. Scale bars indicate 100nm. (A). This assay was done in triplicate for 2
donors, and the number of tubes was counted in 4 random fields in each well (B). Data
was tested for normality using a D’Agostino Shapiro test and statistics were determined

using ANOVA analysis with a post-hoc Tukey test where * <0.05, and *** <0.001; n = 8.
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3.4 MAPC cells differentiate into adipocytes and osteocytes.

Another key requirement of MSC and MAPC cells as outlined by the ISCT is their capacity to
differentiate into adipocytes and osteocytes (Dominici ef al., 2006). Thus, MAPC cells used in
this study were assessed for their capacity to differentiate into adipocytes and osteocytes under
controlled in vitro conditions. Differentiation was induced and examined using the method
described in section 2.6.4. MAPC cells which differentiated into adipocytes appeared red
following staining with Oil Red O compared to control wells, indicating intracellular lipid
vacuoles (Fig. 3.4A). MAPC cells which differentiated into osteocytes appeared red
following alizarin red staining compared to control wells indicating mineralisation (Fig. 3.4B).
This data demonstrates that MAPC cells used in this study can differentiate along

mesenchymal lineages, in line with the criteria outlined by the ISCT (Dominici ef al., 2006).

3.5 MAPC cells suppress T cell proliferation induced by CD3/CD28 activation beads in
a dose-dependent manner
The most important characteristic of MAPC cells for this project is their ability to suppress
inflammation. It has been previously shown that MAPC cells suppress T cell proliferation in
vitro (Reading et al., 2013, 2015) and I wished to confirm that cells used for this project
displayed this capability before advancing on to in vivo studies. MAPC cells were seeded into
96 well round bottom plates at a range of densities. 24 hours later MAPC cell medium was
removed and 5x10* CFSE labelled PBMC in cRPMI were added to each well with 1x10* anti
CD3/CD28 beads as described in section 2.6.5. 4 days later PBMC were collected and stained
with CD3 antibody and 7AAD to examine the proliferation of live T cells by flow cytometry.
The number of proliferating CFSE labelled T cells was enumerated using counting beads. The
number of T cells proliferating when PBMC were cultured with anti CD3/CD28 beads was
significantly increased compared to controls as expected (n = 8). MAPC cells were shown to
significantly suppress T cell proliferation at each ratio of 1:5, 1:10, 1:20 and 1:40 MAPC cells

to PBMC (n = 8). This immunosuppression was decreased as the ratio of PBMC to
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Adipocyte Control
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Figure 3.4 MAPC cells differentiate into adipocytes and osteocytes. MAPC cells were
seeded into 6 well plates and when confluent, the appropriate differentiation media was
added. Media was changed every 2-3 days and cells were stained on day 10 using Oil Red
O to stain cells in adipocyte differentiation media and adipocyte control media (A).
Alizarin Red S was used to stain cells in osteocyte differentiation media and osteocyte
controls media (B). Adipocytes and osteocytes stained red, proving that MAPC cells can
differentiate into adipocytes and osteocytes. Original magnification X10, phase-contrast,

light microscopy. Scale bars indicate 100nm.

96



*kkk

*k%*
20000 Zx** *%
150001
10000+

50004

No. CD3+ 7AAD- proliferating cells

0
<

PBMC

MAPC cells: PBMC

PBMC+ Beads

Figure 3.5 MAPC cells suppress T cell proliferation in a dose dependent manner.

MAPC cells were seeded into 96 well round bottom plates at a range of densities and

incubated overnight. PBMC (5x104) were added to each well with CD3/CD28 activation
beads at a ratio of 1:5. PBMC were harvested on day 4 and stained for 7AAD and CD3.
MAPC cells were shown to suppress the proliferation of CD3" cells in a dose dependent
manner, with the proliferation of T cells increasing as the ratio of MAPC cells: PBMC
increased. Counting beads were used to quantify results. This assay was done in duplicate
with 4 MAPC cell donors and 2 PBMC donors and statistics were determined using
Kruskal-Wallis analysis with the original FDR method of Benjamini and Hochberg to
correct for multiple comparisons where *<0.05, ** <0.01, *** <0.001; and **** <0.001 n

=8)
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MAPC cells increased, showing that MAPC cells suppress T cell proliferation in a dose

dependent manner (Fig. 3.5).

3.6 Human MAPC cells administered on day 7 but not day 0 significantly increase
survival and reduce pathology in aGvHD mice.

Both MSC and MAPC cells have previously been shown to increase survival in animal models
of GvHD (Highfill et al., 2009; Kovacsovics-Bankowski et al., 2009; Tobin et al., 2013;
Auletta et al., 2015). In the humanised aGvHD model it has been shown by our group that
MSC are effective at treating aGvHD when given on day 7 but not on day 0 (Tobin et al.,
2013). Therefore, I sought to compare the efficacy of MAPC cells administered along with
PBMC on day 0 of the aGvHD model, to MAPC cells administered on day 7, in order to
determine the optimal timing for MAPC cells administration. PBMC were isolated from buffy
packs and administered to irradiated (2.4 Gy) NSG mice via tail vein injection (8x10°/g) as
described in section 2.8.1. Control groups were established by administering sterile PBS to
irradiated NSG mice, and by administering MAPC cells on day 7 to PBS mice. MAPC cells
(6.4x10°/g) were administered either alongside PBMC on day 0 or on day 7 to both PBMC and
PBS mice. All mice were monitored daily and weight loss was measured every 2 days until
day 9 and then every day for the duration of the experiment. Each mouse was regularly
assigned an aGvHD score based on the presentation of aGvHD symptoms such as weight loss,
appearance and reduced activity. Animals which presented with a weight loss of more than
15% or an aGvHD score of 5 were sacrificed.

As expected, the administration of PBS to irradiated NSG mice had no effect on
survival and did not result in an increased aGvHD score (n = 6). NSG mice which received
PBMC only developed aGvHD symptoms including weight loss, reduced activity and a
hunched posture from day 11 and had an overall aGvHD score of 4.255 + 0.4845 (n = 6).
MAPC cells administered on day 0 did not alleviate the symptoms of aGvHD with this group
having a mean aGvHD score of 4.417 + 0.5414 (n = 6). Unsurprisingly, animals that received

MAPC cells on day 7 were slower to show signs of aGvHD than those that received PBMC
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only, with a mean aGvHD score of 2.225 + 0.2524. From day 16 onwards tha aGvHD score of
mice that received MAPC cells on day 0 was significantly higher than the scores of those
given MAPC cells on day 7 (Fig 3.6A).

Similarly, the survival of aGvHD mice reflected that of the aGvHD score, with MAPC
cells administered on day 7 but not day 0 significantly prolonging survival. Mice that received
PBMC only were humanely euthanised between days 11 and 16 and had a median survival
time of 13.5 days (n = 6). MAPC cells administered on day 0 did not significantly improve the
survival of aGvHD mice, with the median survival time of this group being 15 days (n = 6),
while MAPC cells administered on day 7 significantly prolonged the survival of aGvHD mice.
Mice receiving MAPC cells on day 7 had a median survival time of 26 days, with 30% of the
group surviving until the end of the study (n = 6) (Fig. 3.6B). Therefore, the optimal time to
give MAPC cells to the aGvHD model is day 7, which aligns with previous work from our lab

using MSC (Tobin et al., 2013).

3.7 Human MAPC cells administered on day 7 decrease the pathology in target organs
of aGvHD.

aGvHD is a systemic disease with detrimental effects in a number of organs including the
lungs, liver and small intestine (Sung & Chao, 2013). Since MAPC cells significantly
improved survival in the aGvHD model, it was hypothesised that tissue damage at these sites
would be reduced following MAPC cells therapy. Thus, lung, liver, small intestine and colon
were harvested on day 12 of the model and placed in 10% formalin for 24 hours, followed by
immersion in 70% ethanol for 24-72 hours before being processed as described in section
2.12.1. Tissue was sectioned and collected on glass slides before being stained with H&E as
described in section 2.12.2. Histological scores were blindly assigned to tissue samples
following a scoring system previously used by Tobin et al. (2013) (Table 2.15).

The small intestine of mice that received PBMC showed increased blunting of the villi

and ulceration compared to the PBS group. Thus, the pathological score increased from
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Figure 3.6 MAPC cells administered on day 7 but not day 0 reduce the pathological score
5
and prolong survival in aGvHD. 8 x 10 human PBMC per gram were administered to

irradiated NSG mice on day 0. 6.4 x 104 human MAPC cells per gram were administered
along with PBMC on day 0 or 7 days later. Mice were monitored on a daily basis for
symptoms of aGvHD and aGvHD scores were assigned every second day until day 9 and then
every day until the end of experiment (A). Mice with a pathological score of 5 or higher were
humanely euthanised by cervical dislocation (B). Statisitcal analysis of aGvHD scores
between groups was carried out by completing a Mann-Whitney comparison of scores at each
time point. Statistical analysis of the survival curve was carried out using a Mantel Cox test
where *<0.05 **<(.01 and ***<0.001. Experiments were carried out using 2 PBMC donors

and 2 MAPC cell donors, n = 6/group.
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1.333 £ 0.4216 in the PBS group to 3.933 £ 0.06667 in the PBMC group (n = 6). In animals
where MAPC cells were administered on day 7, aGvHD associated damage was alleviated, and
thus the score was significantly reduced to 2.333 £ 0.4082 (n = 6). MAPC cells administered
on day 0 also slightly reduced the pathological score in the small intestine, however this was to
a lesser extent than MAPC cells administered on day 7 (n = 6) (Fig. 3.7A). In the lung, scores
were given based on mononuclear cell infiltration around vessels and alveolar spaces. As
expected, infiltration was increased in the PBMC group compared to the PBS group, with the
pathological score increasing from 1.200+0.2960 to 2.778 + 0.2778 (n = 6). MAPC cells
administered on day 0 had little to no effect in the lung, while MAPC cells administered on
day 7 reduced infiltration and slightly decreased the pathological score to 1.889 + 0.3514 (Fig
3.7B). Similarly, in the liver, scores were given based on mononuclear cell infiltration around
blood vessels. Pathological score was increased from 0.444 + 0.2422 in the PBS group to
3.267 £ 0.1533 in the PBMC group (n = 6). This was reduced to 2.333 + 0.1880 following
MAPC cells therapy on day 7 (n = 6) and 1.333 + 0.2887 by MAPC cells administered on day
0 (n = 6) (Fig. 3.7C). In the colon, PBMC resulted in ulceration in the lamina propria, thus the
score increased from 1.667 + 0.2108 in the PBS group to 3.333 + 0.2108 in the PBMC group
(n = 6). MAPC cells administered on day 0 had no effect on the pathological score in the
colon, while MAPC cells administered on day 7 reduced the score to 2.444 + 0.4120 (n = 6)
(Fig. 3.7D). Thus, as expected based on the survival data, MAPC cells administered on day 7
reduced damage in aGvHD target organs to a greater extent than MAPC cells administered on

day 0.
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Figure 3.7 MAPC cells administered on day 7 but not day 0 reduce the pathological
score aGvHD target tissues. The aGvHD model was set up as described in figure legend
3.6 and small intestine (A), lung (B), liver (C) and colon (D) harvested on day 12. Tissue
was processed and stained using H&E as described in section 2.12 and tissue sections were
blindly assigned pathological scores based on the criteria outlined in table 2.15. Statistical
analysis of pathological scores was carried out using Kruskal-Wallis analysis with the
original FDR method of Benjamini and Hochberg to correct for multiple comparisons
where *<0.05, ** < 0.01, *** <0.001; and **** <0.001 Experiments were carried out using
2 PBMC donors and 2 MAPC cell donors (n = 6/group). Pictures were taken at 40X

objective, scale bars indicate 50 pm. 104



3.8 The number of MAPC cells detected in target organs following IV injection is

higher in mice that have received PBMC than healthy controls.
As shown in sections 3.6 and 3.7, systemically infused MAPC cells on day 7 are effective at
prolonging survival of aGvHD mice. One of the major obstacles surrounding the use of
systemically infused cellular therapies is the entrapment of cells in the lungs, decreasing the
therapeutic outcome of MSC or MAPC cells (Eggenhofer et al., 2014). MAPC cells are only
effective at treating GvHD when injected locally to the spleen, suggesting that MAPC cells
mediate their effects from contact with T cells at allo-priming sites (Highfill et al., 2009). It
has previously been shown that some MSC migrate to the spleen in a murine model of GvHD
(Auletta et al., 2015), however | wondered whether the homing of MSC to the spleen in this
instance was passive, or whether MSC were actively migrating towards stimuli such as
inflammatory and chemotactic signals from T cells. Therefore, I sought to compare the
biodistribution of MAPC cells in PBS and PBMC mice to determine whether MAPC cells
would respond to the inflammatory environment in vivo, and migrate to target organs
accordingly.

In order to visualise MAPC cells in vivo, MAPC cells were fluorescently labelled by
incubating cells with the Qtracker™ 625 labelling kit for 1 hour as described in section 2.11.1
(Fig. 3.8A). Validation assays confirmed that Qtracker” staining had no effect on the in vitro
immunosuppressive capacity (Fig. 3.8B) or surface phenotype (Fig. 3.8C) of MAPC cells. The
aGvHD model was set up as described in section 3.6 and 1x10° Qtracker” labelled MAPC cells
were administered on day 7 to PBMC or PBS mice. Lung, liver and spleens were harvested
either 4 or 24 hours later, and snap frozen in black OCT in cryomolds and stored at -80°C.
Whole mice were harvested 48 hours after MAPC cells administration. Samples were then
sectioned and brightfield and fluorescent images taken using the CryoViz™ as described in
section 2.11.3. MAPC cells could be visualised in fluorescent images in red (Fig. 3.8D).
Sections were then processed into 3D images using CryoViz™ pre-processor software, and

fluorescent MAPC cells were quantified using CryoViz™ cell detection software. Overlays of
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3D images and detected cells were generated using the Amira software package and for
presentation purposes detected cells were displayed as yellow beads.

At 4 hours post MAPC cell administration, approximately 150,000 — 200,000 cells
were detected in the lungs, with a slightly higher number of cells detected in the lungs of
PBMC mice than PBS mice. However, at 24 hours post administration the number of MAPC
cells detected in the lungs was reduced to 38660+10290 (n = 4) in the PBS group and
1747042390 (n = 4) in the PBMC group (Fig. 3.9A). This data suggests that the majority of
MAPC cells are either migrating from the lungs to other sites between 4 and 24 hours, or are
being cleared at this time point. Furthermore, the difference seen in the PBS and PBMC group
at 24 hours suggests that MAPC cells in mice that received PBMC are migrating from the
lungs in higher numbers than MAPC cells in healthy mice, or are being cleared faster due to
the presence of PBMC.

In the liver, the number of cells detected at 4 hours was 2479+972.3 in the PBS group
compared to 16430+3435 in the PBMC group (n = 4). Interestingly, in the PBS group this
number increased to 5676+2159 at 24 hours, while in the PBMC group it decreased to
5428+1473 (n = 4) (Fig. 3.9B). In the spleen at 4 hours, just 9.111+£2.884 cells were detected
in PBS group compared to 46.222+14.66 in the PBMC group (n = 9), and these numbers
increased to 32.2+£12.19 and 83.20+7.908 at 24 hours respectively (n = 9) (Fig. 3.9C). This
suggests that MAPC cells are mobilised to the spleen faster in PBMC mice than PBS mice,
however in the lung and liver MAPC cells may be being cleared quicker in the presence of
PBMC. To check if MAPC cells were being cleared faster in PBMC mice than PBS mice, the
total number of MAPC cells in a whole mouse was measured 48 hours after administration.
There was no striking difference in biodistribution of MAPC cells in whole mice when
comparing PBS mice to PBMC mice, however the total number of cells detected was higher in
the PBMC mouse than the PBS mouse (Fig. 3.10). This suggests that MAPC cells are not
subject to accelerated clearance in PBMC mice than PBS mice, and so the lower number of
cells detected in the lungs of PBMC mice may be due to migration of MAPC cells to other

sites.
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Figure 3.8 MAPC cells stained with Qtracker® 625 retain their immunosuppressive
capacities and surface phenotype. MAPC cells washed and incubated with Qtracker” 625
labelling kit at a concentration of 10 x 10° cells/ml for 1 hour at 37°C with gentle rocking.
Cells were washed and checked for fluorescence by flow cytometry prior to IV
administration. Black overlays show unstained cells. Red overlays show Qtracker” stained
cells (A). The immunosuppressive capacity of MAPC cells and Qtracker” stained MAPC
cells was compared in a T cell proliferation assay as described in figure legend 3.7 (B). The
surface phenotype of unstained MAPC cells and Qtracker® stained MAPC cells was
compared by looking at expression of CD90, CD105, CD45 and HLA-DR. Black overlays
indicated isotype controls and red overlays indicate antibody stained cells (C). Brightfield
and fluorescent images of lung tissue showing Qtracker” stained MAPC cells in lung tissue
(D). Statistical analysis of proliferation assay was carried out using Kruskal-Wallis analysis
with the original FDR method of Benjamini and Hochberg to correct for multiple

comparisons where *<0.05, ** <0.01, *** <0.001; and **** <0.001
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Figure 3.9 Biodistribution of MAPC cells differs in healthy and aGvHD mice. MAPC
cells were stained with Qtracker” 625 as described in figure legend 3.8. MAPC cells were
administered IV to PBS or PBMC mice on day 7 of the aGvHD model. Lung (A), liver (B)
and spleen (C) were harvested at 4 and 24 hours post MAPC cell administration and snap
frozen in black OCT. Organs were sectioned and imaged using the CryoViz™. Images
were processed and the number of MAPC cells detected were quantified using CryoViz™
software packages. The number of MAPC cells detected in the lung and liver reduced over
time, while the number of MAPC cells in the spleen increased over time. The number of
MAPC cells detected in the spleen was increased in PBMC mice compared to healthy mice.
Statistical analysis of pathological scores was carried out using Mann Whitney tests where *
<0.05 and ** <0.01 and *** <0.001. This data is representative of 2 MAPC cell donors and

2 PBMC donors.
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PBS: 59882 MAPC detected

PBMC: 90957 MAPC detected

Figure 3.10 Biodistribution of MAPC cells differs in healthy and aGvHD mice. MAPC
cells were stained with Qtracker” 625 as described in figure legend 3.8. MAPC cells were
administered IV to PBS or PBMC mice on day 7 of the aGvHD model. Whole mice were
humanely euthanised at 48 hours post MAPC cell administration and snap frozen in black
OCT. Mice were sectioned and imaged using the CryoViz™. Images were processed and
the number of MAPC cells detected were quantified using CryoViz™ software packages.
In both instances, the majority of MAPC cells detected could be visualised in the lung. The

number of MAPC cells detected was higher in the PBMC mouse than the PBS mouse (n =

1.
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3.9 IFN-y stimulation improves the immunosuppressive capacity of MAPC cells in
vitro
It is well known that MSC and MAPC cells require licensing by pro-inflammatory cytokines in
order to produce anti-inflammatory mediators such as IDO and PGE2 (Ryan et al., 2005;
Chinnadurai et al., 2014; Reading et al., 2015; Sivanathan et al., 2014). Furthermore, in the
case of MSC it has been shown by our group that pre-stimulation of cells with IFN-y prior to
in vivo administration improves their efficacy (Tobin et al., 2013). Thus, I sought to examine
the effects of IFN-y treatment on the immunosuppressive effects of MAPC cells. MAPC cells
were seeded into 96 well round bottom plates at a density of 0.625x10°/well with or without 50
ng/ml IFN-y. 24 hours later, MAPC cell medium was removed and cells were washed with
PBS. 5x10* CFSE labelled PBMC were then added to each well with 1x10* anti CD3/CD28
beads as described in section 2.6.5. 4 days later PBMC were collected and stained with CD3
antibody and 7AAD to examine the proliferation of live T cells by flow cytometry. The
number of proliferating T cells was enumerated using counting beads. As expected, culture of
PBMC with anti CD3/CD28 beads significantly increased the number of proliferating T cells
from 320.1+£74.87 to 26720£6408 (n = 11). The number of proliferating T cells was reduced
to 8728+1271 in wells where MAPC cells were included (n = 11), however MAPC cells
stimulated with IFN-y prior to the addition of PBMC were more potent with the number of
proliferating T cells in these wells being 1501£278.6 (n = 11) (Fig. 3.11). Thus, as expected
MAPC cells stimulated with IFN-y (YMAPC cells) were more potent at suppressing T cell

proliferation than unstimulated MAPC cells.

3.10 IFN-y stimulated MAPC cells administered on day 0 prolong survival in aGvHD.

As shown in section 3.9, the immunosuppressive capacity of MAPC cells is improved
following pre-treatment with IFN-y. Similarly, previous work in our lab showed that
stimulation of MSC with IFN-y improves the therapeutic efficacy of MSC in the humanised

model of aGvHD (Tobin ef al., 2013). Here I investigated the effects of pre-stimulation on
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Figure 3.11 IFN-y stimulation improves the potency of MAPC cells in a T cell

proliferation assay. MAPC cells were seeded into 96 well round bottom plates at a
3
density of 0.625x10 and incubated for 24 hours with or without 50ng/ml IFN-y. PBMC

(5x104) were added to each well with CD3/CD28 activation beads at a ratio of 1:5. PBMC
were harvested on day 4 and stained for 7AAD and CD3. Counting beads were used to
quantify results. MAPC cells stimulated with IFN-y (YMAPC cells) prior to the assay
were superior at suppressing T cell proliferation than unstimulated MAPC cells. This
assay was done in triplicate with 4 MAPC cell donors and 2 PBMC donors. Data was
determined as normal using the d’Agostino and Pearson omnibus test and experimental
groups were compared using One-way ANOVA with post-hoc Tukey testing where **

<0.01 and *** <0.001; n=11.
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the efficacy of MAPC cells as a treatment for the humanised aGvHD model. It was
hypothesised that the efficacy of MAPC cells administered on day 0 would be improved when
stimulated with IFN-y prior to administration. MAPC cells were stimulated with 50 ng/ml
IFN-y for 24 hours and then administered in conjunction with PBMC on day 0 following the
same protocol as described previously in this chapter. Unstimulated MAPC cells were used as
a control. As expected, mice that received PBMC only showed signs of aGvHD from day 11
and had a mean aGvHD score of 4.22 = 0.511 (n = 9). MAPC cells administered on day 0 did
not alleviate the symptoms of aGvHD with this group having a mean aGvHD score of 4.176 +
0.5183 (n = 9). Mice that received YMAPC cells had a lower aGvHD score on day 14 than
those that received PBMC only, with a mean aGvHD score of 2.307 £ 0.442 (Fig. 3.12A).
Similarly, the survival of aGvHD mice reflected that of the aGvHD score, with
YMAPC cells but not unstimulated MAPC cells significantly prolonging survival. Mice which
received PBMC only were sacrificed by day 16 with a median survival time of 14 days (n =9).
While unstimulated MAPC cells administered on day 0 failed to alleviate aGvHD, with 90% of
animals sacrificed by day 14, YMAPC cells significantly prolonged survival of mice compared
to those which did not receive a therapy, with a median survival time of 18 days (n = 9) (Fig.
3.12B). Thus, as expected based on previous studies in our group on MSC (Tobin ef al.,
2013), IFN-y stimulation improves the immunosuppressive capacity of MAPC cells

administered to aGvHD on day 0.

3.11 YMAPC cells reduce the pathology of target organs in aGvHD.

Since YMAPC cells administered on day 0 significantly improved survival in the aGvHD
model, it was hypothesised that they would protect tissue from damage associated with
aGvHD in a similar manner to MAPC cells administered on day 7 as seen in section 3.9. Thus,
lung, liver, small intestine and colon was harvested on day 12 of the model and processed for

imaging and scoring as described previously in this chapter.
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Figure 3.12 YMAPC cells administered on day 0 reduce the pathological score and
5
prolong survival in aGvHD. 8x10 human PBMC per gram were administered to irradiated

NSG mice on day O. 6.4x104 YMAPC cells or unstimulated MAPC cells per gram were
administered along with PBMC on day 0. Mice were monitored on a daily basis for symptoms
of aGvHD and scores were assigned every second day until day 9 and then every day until the
end of experiment (A). Mice with an aGvHD score of 5 or higher were humanely euthanised
by cervical dislocation and survival was graphed (B). YMAPC cells significantly prolonged
survival in the aGvHD model, while unstimulated MAPC cells had no effect. Statistical
analysis of aGvHD scores were carried out by doing Mann-Whitney tests at each time point.
Lines indicate the time points at which the indicated significance was achieved. Statisical
analysis of the survival curve was carried out using a Mantel Cox test where *<0.05, ** < 0.01,
and *** <0.001. Experiments were carried out using 3 PBMC donors and 3 MAPC cell

donors, n = 9/group.
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Figure 3.13 YMAPC cells reduce the pathological score aGvHD target tissues. The
aGvHD model was set up as described in figure legend 3.12 and mice were humanely
euthanised and small intestine, lung, liver and colon harvested on day 12. Tissue was
processed and stained with H&E to examine pathology. YMAPC cells but not MAPC cells
reduced the pathological score in the small intestine (A), lung (B) and colon (D) while
MAPC cells but not YMAPC cells reduced the pathological score in the liver (C). Statistical
analysis of pathological scores was carried out using Kruskal-Wallis analysis with the
original FDR method of Benjamini and Hochberg to correct for multiple comparisons where
*<0.05, ** < 0.01, *** <0.001; and **** <0.001. Experiments were carried out using 2
PBMC donors and 2 MAPC cell donors (n=6). Pictures were taken at 40X objective, scale

bars indicate 50 pm.
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As expected, the small intestine of PBMC mice showed increased blunting of the villi
and ulceration compared to the PBS group. Thus, the pathological score increased from
0.6667 = 0.2108 in the PBS group to 2.083 # 0.0833 in the PBMC group (n = 9).
Unstimulated MAPC cells administered on day 0 had no effect on this score, however YMAPC
cells alleviated the damage associated with aGvHD and so, significantly reduced the score to
0.75 £0.4119 (n =9) (Fig. 3.13A). In the lung, mononuclear cell infiltration was increased in
the PBMC group compared to the PBS group as before, with the pathological score increasing
from 1.200£0.2960 to 2.8 £ 0.2000 (n = 9). As expected, unstimulated MAPC cells
administered on day 0 had no effect in the lung, while YMAPC cells administered on day 0
reduced cellular infiltration and the pathological score to 1.6 = 0.2449 (n = 9) (Fig. 3.13B).
Pathological score in the liver was increased from 0.444 + 0.2422 in the PBS group to 3.333 =
0.1667 in the PBMC group (n = 9). This was reduced to 1.455 = 0.2473 by MAPC cells
administered on day 0 (n = 9), although a small reduction in pathology was observed, yYMAPC
cells had no significant effect in this instance (Fig. 3.13C). In the colon, PBMC resulted in
ulceration in the lamina propria, thus the score increased from 1.667 + 0.1421 in the PBS
group to 3.417 £ 0.2289 in the PBMC group (n = 9). Unstimulated MAPC cells had no effect
on the pathological score in the colon, while YMAPC cells reduced the score to 2.381 + 0.2009

(n=9) (Fig. 3.13D).

3.12 The number of MAPC cells detected in aGvHD target organs is increased when
cells were pre-stimulated with IFN-y.
Due to the enhanced survival of aGvHD mice following treatment with YMAPC cells, I sought
to investigate the biodistribution of YMAPC cells in comparison to unstimulated MAPC cells.
IFN-y stimulation of MSC increases expression of adhesion molecules such as ICAM1, and
chemokines such as CXCL9 and CXCLI12 (K. English, unpublished data). Therefore, I
hypothesised that yYMAPC cells may be better equipped to escape entrapment in the lungs and
migrate to sites of injury than unstimulated MAPC cells. MAPC cells were cultured with or

without 50 ng/ml IFN-y for 24 hours and then stained with the Qtracker”™ 625 labelling kit

121



before being administered to the aGvHD model on day 0 along with PBMC. 24 hours after
PBMC and MAPC cells administration, the lung, liver and spleen were harvested and snap
frozen in black OCT as described in section 2.11.2. Samples were sectioned and imaged using
the CryoViz™ and subsequently processed using CryoViz™ pre-processing and cell
quantification software.

There was no significant difference in the number of MAPC cells or YMAPC cells
detected in the lungs of aGvHD mice, with the number of unstimulated MAPC cells detected
being 76900+19810 and the number of YMAPC cells detected being 95630+27000 (n = 10). In
the spleen however, the number of MAPC cells was significantly increased following
stimulation with IFN-y, with 58.75+7.810 MAPC cells detected compared to 245.3+39.19
YMAPC cells (n = 8). Similarly, the number of MAPC cells detected in the liver increased
from 6479+885.5 to 129301250 following IFN-y stimulation (n = 5) (Fig. 3.14). Therefore,
this data suggests that IFN-y stimulation of MAPC cells improves migration of MAPC cells
towards aGvHD target organs, which may be the reason for the increased efficacy of yYMAPC

cells demonstrated in Figs. 3.12 and 3.13.
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Figure 3.14 IFN-y stimulation of MAPC cells increases their biodistribution to
aGvHD target tissues. MAPC cells and YMAPC cells were labelled with Qtracker” 625
and administered to the aGvHD model on day 0 as described in figure legend 3.8. Lung,
spleen and liver were harvested and snap frozen 24 hours after MAPC cell administration.
Tissue was imaged and processed using CryoViz™ technology. Statistical analysis was
carried out using Mann-Whitney analysis where * <0.05, ** <0.01 and *** <0.001.

Experiments were carried out using 2 PBMC donors and 2 MAPC cell donors.
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3.13 PPAROS agonism inhibits the efficacy of MAPC cells administered on day 7 to the
aGvHD model.
A recent study by Luz-Crawford ef al. (2016) showed that PPARS” murine MSC exhibited
enhanced therapeutic efficacy in a collagen induced arthritis model. PPARS” MSC showed
increased expression of ICAM1, VCAMI1 and iNOS in response to stimulation with pro-
inflammatory cytokines. Therefore, I hypothesised that agonising PPARS would reduce the
therapeutic efficacy of MAPC cells while antagonism of PPARS would increase the
therapeutic efficacy of MAPC cells in the humanised aGvHD model. In order to test this
theory, MAPC cells were cultured with or without a PPARS agonist or antagonist for 24 hours
as described in section 2.7.2 prior to administration to the humanised aGvHD model on day 7.
A concentration of 1 uM of the agonist and antagonist was used based on previous
publications using murine MSC and human macrophages (Luz-Crawford et al., 2016b;
Adhikary et al., 2015).

As expected, mice that received PBMC only showed signs of aGvHD from day 11 and
had a mean aGvHD score of 3.397 + 0.4562 (n = 11). MAPC cells alleviated the symptoms of
aGvHD with this group having a mean aGvHD score of 1.244 + 0.1061 (n = 11). Interestingly,
mice that received MAPC cells treated with the PPARS agonist (PPAR(+) MAPC cells) had a
mean aGvHD score of 3.821 £ 0.4093 (n = 11) while the group that received MAPC cells
treated with the PPARS antagonist (PPAR(-) MAPC cells) had a mean pathological score of
1.654 + 0.2507 (n = 11) (Fig. 3.15A).

In the PBMC only group mice were humanely euthanised between days 7 and 20, with
median survival being day 12 (n = 11). As expected, MAPC cell therapy significantly
prolonged survival to a median of 25.5 days (n = 11). Only one mouse treated with PPAR(+)
MAPC cells survived for the duration of the model with this group having a median survival

time of 14 days. Mice treated with PPAR(-) MAPC cells showed similar survival rates to
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those treated with normal MAPC with this group having a median survival of 25 days (n = 6)
(Fig. 3.15B).

Since treatment with the PPAR agonist impaired the efficacy of MAPC cells in
prolonging survival of aGvHD mice, I hypothesised that PPAR(+) MAPC cells would be
unable to protect aGvHD target tissue from damage as previously seen with MAPC cells in
section 3.7. Lung, liver, small intestine and colon were harvested and processed for imaging
and pathological analysis as previously described in this chapter. In the small intestine, PBMC
administration increased the pathological score from 0.1667 + 0.1667 to 3.667 + 0.2108 (n =
6). Administration of MAPC cells significantly reduced the score to 2.167 £ 0.1667 (n = 6)
while the pathological score remained at 4.00+0.3651 when PPAR(+) MAPC cells were
administered (n = 6) (Fig. 3.16A). In the lung PBMC increased the score from 0.500+£0.2236
to 4.667 = 02103 (n = 6). MAPC cells reduced this to 3.333 = 0.4216 (n = 6), while PPAR(+)
MAPC cells also reduced the score to 4.00+£0.3651, however this change was not significant (n
= 6) (Fig. 3.16B). In the liver, administration of PBMC increased the score from 0.1667 +
0.1667 to 3.5 + 0.4282 (n = 6). This was slightly reduced by MAPC cells to 2.667 £ 0.4216 (n
= 6) while PPAR(+) MAPC cells had no effect (Fig. 3.16C). Similarly, in the colon PBMC
increased the pathological score from 0.500+0.2236 to 4.333 + 0.2108 (n = 6). This was
reduced to 2.333 + 0.2108 by MAPC cells (n = 6) while PPAR(+) MAPC cells had no effect
(Fig. 3.16D). Therefore, PPARS agonism inhibits the therapeutic efficacy of MAPC cells in

GvHD, which corroborates well with the study by Luz-Crawford et al. (2016).
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Figure 3.15 PPAR(+) MAPC cells show reduced therapeutic efficacy in the humanised
5
model of aGvHD. 8x10 human PBMC per gram were administered to irradiated NSG

mice on day 0. 6.4)(104 MAPC cells, PPARS agonist treated MAPC cells (PPAR (+) MAPC
cells), or PPARS antagonist treated MAPC cells (PPAR(-) MAPC cells) per gram were
administered to the aGvHD model on day 7. Mice were monitored on a daily basis for
symptoms of aGvHD and scores were assigned every second day until day 9 and then every
day until the end of experiment (A). Mice with an aGvHD score of 5 or higher were
humanely euthanised by cervical dislocation (B). MAPC cells and PPAR(-) MAPC cells
significantly prolonged survival in the aGvHD model, while PPAR(+) MAPC cells had no
effect. Statistical analysis of aGvHD scores were carried out by doing Mann-Whitney tests at
each time point. Lines indicate the time points at which the indicated significance was
achieved. Statistical analysis of the survival curve was carried out using a Mantel Cox test
where **<0.01 and ***<0.001. Experiments were carried out using 4 PBMC donors and 2

MAPC cell donors.
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Figure 3.16 PPAR(+) MAPC cells have no effect on pathological scores in aGvHD
target tissues. The aGvHD model was set up as described in figure legend 3.15. Mice
which received MAPC cells and PPAR(+) MAPC cells were humanely euthanised and
small intestine, lung, liver and colon harvested on day 12. Tissue was processed and
imaged as described in section 3.9. MAPC cells reduced the pathological score in each of
the aGvHD target tissues, while PPAR(+) MAPC cells had no effect. Statistical analysis of
pathological scores was carried out using Kruskal-Wallis analysis with the original FDR
method of Benjamini and Hochberg to correct for multiple comparisons where *<0.05, ** <
0.01, *** <0.001; and **** <0.001 where * <0.05 and *** <0.001. Experiments were

carried out using 2 PBMC donors and 2 MAPC cell donors (n=6).
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Figure 3.17 Agonism of PPARG reduces the biodistribution of MAPC cells to aGvHD

target organs. MAPC cells and PPAR(+) MAPC cells were labelled with Qtracker® 625 and
administered to the aGvHD model on day 7. Mice were humanely euthanised and lung, spleen
and liver harvested 24 hours after MAPC cells administration. Tissue was processed and
imaged as described in section 3.10. The number of MAPC cells detected in the liver and
spleen was reduced when MAPC cells were treated with PPARS agonist prior to
administration. Statistical analysis was carried out using Mann Whitney test where * <0.05.

Experiments were carried out using 2 PBMC donors and 2 MAPC cell donors (n = 6/group).
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3.15 PPAROS agonism reduces the biodistribution of day 7 MAPC cells in aGvHD.

Since treatment with the PPARS agonist hindered the therapeutic efficacy of MAPC cells, and
PPARS knock out MSC showed increased expression of adhesion molecules such as ICAM 1
and VCAMI in response to pro-inflammatory cytokines, I hypothesised that PPAR(+) MAPC
cells would show decreased biodistribution compared to normal MAPC cells. MAPC cells and
PPAR(+) MAPC cells were labelled with the Qtracker” labelling kit as previously described
and administered to aGvHD mice on day 7. 24 hours later lung, liver and spleen were
harvested and snap frozen in black OCT before being imaged using the CryoViz™. In the
lung, the number of MAPC cells detected at 24 hours was 34430+8385 and this slightly
increased to 44410+8137 when MAPC cells were treated with the PPAR agonist (n = 6). In
the distal organs however, PPAR agonism significantly reduced the number of MAPC cells
detected, with the number of cells detected in the spleen being reduced from 123.3+37.74 to
27.57+8.138 (n = 7) and the number of cells in the liver being reduced from 21180+5998 to
533241934 (n = 6) (Fig. 3.17). Therefore, the reduced efficacy of PPAR(+) MAPC cells in the

GvHD model correlates with a reduction in the number of cells reaching GvHD target organs.

3.15 PPAROS agonism inhibits the efficacy of IFN-y stimulated MAPC cells administered
on day 0 to the aGvHD model.
Following on from sections 3.13 and 3.14 where PPARS agonism affected the efficacy of
MAPC cells administered to the aGvHD model on day 7, I sought to examine the effects of
PPARS agonism and antagonism on MAPC cells administered on day 0 to the aGvHD model.
It was hypothesised that PPARS agonism would hinder the efficacy of YMAPC cells, and that
PPARGS antagonism would improve the efficacy of MAPC cells administered on day 0. MAPC
cells were treated with 1 pM GWO0742 or GSK3787 for 48 hours before administration to the
aGvHD model. IFN-y was added at a concentration of 50 ng/ml to some cultures for the last
24 hours prior to harvest to generate YMAPC cells. Cells were counted and washed 3 times

before being administered alongside PBMC at a concentration of 6.4x10* cells/ gram.
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Mice were monitored regularly for signs of aGvHD and assigned an aGvHD score
based on symptoms as described in section 2.8.1. The mean aGvHD score of mice in the PBS
group over the 28 days was 0.5897 + 0.1078 and this increased to 2.955 £+ 0.4859 in the PBMC
group (n = 12). This score was unchanged by administration of MAPC cells, with this group
having a median score of 3.231 + 0.3842 (n = 12). As expected YMAPC cells reduced the
pathological score to 1.032 + 0.1538 (n = 12). PPARS agonism of MAPC cells (in the absence
of IFN-y licensing) had little effect on their therapeutic efficacy, with groups receiving this
treatment having a median score of 2.667 = 0.2605 (n = 6), while antagonism of PPARS
increased the efficacy of MAPC cells, with groups receiving this treatment having a reduced
median score of 0.7564 £ 0.1958 (n = 6). Interestingly, agonism of PPARS hindered the
efficacy of YMAPC cells with this group having a score of 2.577+ 0.3850 (n = 12) (Fig.
3.18A).

Survival of each group correlated with the aGvHD scores as expected. The PBS group
showed 100% survival out to day 28 of the model, while the PBMC group had a median
survival of 17.5 (n = 12). Unstimulated MAPC cells had no effect on the survival of aGvHD
mice, with this group also having a median survival time of day 17.5 (n = 12). PPAR(+)
MAPC cells increased the median survival time to day 25.5 (n = 6), however this increase in
survival was not significant. PPAR(-) MAPC cells on the other hand significantly prolonged
survival of aGvHD mice, with this groups having a median survival time of 28 days (n = 6).
YMAPC cells also improved survival of aGvHD mice as expected, with 10 out of 12 mice
(83%) in this group being alive at the end of this experiment and this group also having a
median survival time of 28 days. PPARS agonised YMAPC cells (PPAR(+) YMAPC cells) had
no therapeutic effect, with this group having a median survival of 16 days (n = 12) (Fig.

3.18B).
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Figure 3.18 PPAR(+) YMAPC cells show reduced therapeutic efficacy in the humanised
5
model of aGvHD. 8x10 human PBMC per gram were administered to irradiated NSG

mice on day 0. 6.4xlO4 MAPC cells, YMAPC cells, PPARS agonist treated MAPC cells
(PPAR(+) MAPC cells), PPARS agonist treated YMAPC cells (PPAR(+) YMAPC cells) or
PPARS antagonist treated MAPC cells (PPAR(-) MAPC cells) per gram were administered
to the GvHD model on day 0. Mice were monitored on a daily basis for symptoms of
aGVvHD and scores were assigned every second day until day 9 and then every day until the
end of experiment (A). Mice with an aGvHD score of >5 were humanely euthanised and
survival graphed at the study end-point (B). yMAPC cells and PPAR(-) MAPC cells
significantly prolonged survival in the aGvHD model, while MAPC cells, PPAR(+) MAPC
cells and PPAR(+) YMAPC cells had no significant effect. Statistical analysis of aGvHD
scores were carried out by doing Mann-Whitney tests at each time point. Lines indicate the
time points at which the indicated significance was achieved. Statistical analysis of the
survival curve was carried out using a Mantel Cox test where **<0.001 and ***<0.0001.
Experiments were carried out using 4 PBMC donors and 2 MAPC cell donors, n = 6-

12/group.
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Figure 3.19 Agonism of PPARO reduces the biodistribution of YMAPC cells to
aGvHD target organs. YMAPC cells and PPAR(+) YMAPC cells were labelled with
Qtracker” 625 and administered to the aGvHD model on day 0. Mice were humanely
euthanised and lung, liver and spleen harvested 24 hours after MAPC cell administration.
Tissue was processed and imaged as described in section 3.10. The number of YMAPC
cells detected in the lung, spleen and liver was reduced when MAPC cells were treated
with PPARS agonist prior to administration. Statistical analysis was carried out using
Mann-Whitney tests where * <0.05 and ***<0.001. Experiments were carried out using 2

PBMC donors and 2 MAPC cell donors.
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3.17 PPARO agonism reduces the biodistribution of YMAPC cells administered on day 0
to aGvHD.

Since treatment with the PPARS agonist hindered the biodistribution of MAPC cells
administered to the aGvHD model on day 7, and reduced the therapeutic efficacy of YMAPC
cells administered to the aGvHD model on day 0, I hypothesised that PPAR(+) YMAPC cells
would show decreased biodistribution to GvHD target organs compared to YMAPC cells.
YMAPC cells and PPAR(+) YMAPC cells were labelled with the Qtracker” labelling kit as
previously described and administered to aGvHD mice on day 0. 24 hours later lung, liver and
spleen were harvested and snap frozen in black OCT before being imaged using the
CryoViz™,

In the lung, the number of YMAPC cells detected at 24 hours was 62590+14420 and
this was significantly reduced to 19940+6785 when YMAPC cells were treated with the
PPARS agonist (n = 8). Similarly, PPARS agonism significantly reduced the number of
YMAPC cells detected in the spleen and liver, with the number of cells detected in the spleen
being reduced from 36.33+£5.232 to 2.143 = 1.033 (n = 7, p<0.001) and the number of cells in
the liver being reduced from 2512+821.3 to 948.8£548 (n = 6) (Fig. 3.19). Therefore, the
reduced efficacy of PPAR(+) YMAPC cells in the GvHD model correlates with a reduction in

the number of cells detected in GvHD target organs.

3.18 PPAROS agonism inhibits IFN-y induced STAT1 signalling.

Notably, PPARS knock out murine MSC exhibit an enhanced response to pro-inflammatory
cytokines in vitro with increased expression of ICAM, VCAM and iNOS compared to their
wild type counterparts. Similarly, PPARS”™ MSC displayed increased NF-kB activity in
response to IFN-y and TNF-a stimulation (Luz-Crawford et al., 2016b). This study, taken
together with our in vivo data suggests that PPARS may suppress IFN-y signalling in MSC and
MAPC cells. Since the immunosuppressive properties of MSC are dependent on the presence
of IFN-y in the microenvironment (Chinnadurai et al., 2014; Liu et al., 2012), I hypothesised

that PPARS agonism would block IFN-y signalling in MAPC cells which would explain the
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reduced efficacy of PPAR(+) MAPC cells (Fig. 3.15 day 7) and PPAR(+) YMAPC cells (Fig.
3.18 day 0) in the aGvHD model. IFN-y induces phosphorylation of STAT1 which leads to its
translocation to the nucleus where it induces expression of target genes. Exposure of both
human and mouse MSC to IFN-y results in STAT1 induction and phosphorylation. In murine
MSC, STATI1 knockdown inhibits mRNA levels of PDL-1, NOS2 and IL18bp, and reduces
the immunosuppressive capacity of murine MSC in a T cell proliferation assay, while in
human MSC STATI1 knock down reduces IDO production (Vigo et al., 2016; Mounayar et al.,
2015). Therefore, since PPARS agonism abrogated the immunosuppressive capacities of
MAPC cells, I hypothesised that PPAR(+) MAPC cells might display reduced STATI
signalling compared to normal MAPC cells.

MAPC cells were cultured in 6 well plates at a concentration of 2,000 cells/cm
overnight before being treated with 1 pM PPARGS agonist or PPARS antagonist as described in
section 2.7.2. 24 hours later, some wells were treated with 50 ng/ml IFN-y for 24 hours, and
cells were harvested and protein collected for western blotting as described in section 2.9.
Protein was run on a 10% gel and transferred to a PVDF membrane before being examined for
the presence of STATI and pSTAT1. Actin was used as a loading control, and densitometry
was used to measure the ratio of STATI1 and pSTAT1 expression compared to Actin. As
expected, IFN-y stimulation increased protein levels of both STAT1 and pSTAT1 compared to
unstimulated cells. Neither PPAR(+), PPAR(-) MAPC cells or PPAR(-) YMAPC cells
displayed an increase in STAT1 or pSTAT levels, however PPAR(+) YMAPC cells showed a
slight reduction in STAT1 and pSTATI1 levels compared to YMAPC cells (Fig. 3.20).
Therefore, PPARS agonism may be suppressing the efficacy of MAPC cells in the aGvHD

model due to a decrease in STAT1 signalling in response to IFN-y in vivo.

3.19 PPAROS agonism does not affect IFN-y driven expression of IDO, PDL1 or ICAM1
by MAPC cells in vitro.
Following on from the previous section, I hypothesised that STATI1 target proteins may be

reduced in YMAPC cells by PPARS agonism. IDO is a STATI target gene in MSC
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Figure 3.20 PPARGS agonism slightly reduces IFN-y induction of STAT1 and pSTAT1
in MAPC cells. MAPC cells, PPAR(+) MAPC cells and PPAR(-) MAPC cells were
stimulated with IFN-y for 24 hours before being collected and examined for protein levels
of STAT1 and pSTAT1 by western blot. Actin was used as a loading control, and the ratio
of proteins of interest to actin was measured using densitometry. Representative image (A)
and densitometry (B) of STAT1 and pSTATTI levels show that PPARS agonism of MAPC
cells reduces the induction of STAT1 in response to IFN-y. This data is representative of 4

independent experiments using 4 MAPC cell donors (n=4).
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(Mounayar et al., 2015; Vigo et al., 2016) and is well known to be a key player in MSC
mediated immunosuppression of T cells (Meisel et al., 2004). Therefore, it was hypothesised
that PPARS agonism may be suppressing IFN-y induced IDO production by MAPC cells,
which would explain why PPAR(+) MAPC cells (administered on day 7) and PPAR(+)
YMAPC (administered on day 0) cells are ineffective at treating GvHD. MAPC cells were
cultured in 6 well plates and treated with the PPARS agonist or PPARS antagonist for 24 hours
before being stimulated with 50 ng/ml IFN-y as previously described in this chapter. Brefeldin
A was added to cultures for the last 4 hours of the stimulation to prevent secretion of IDO from
MAPC cells. Cells were harvested and surface stained with CD105 antibody before being
stained intracellularly for IDO as described in section 2.10.1. Expression of IDO by CD105"
cells was then measured using flow cytometry. As expected, IFN-y stimulation increased the
percentage of MAPC cells producing IDO from 43.13%+7.733 to 67.30+8.402 (n = 4).
However, neither agonism or antagonism of PPARS in MAPC cells or YMAPC cells had any
effect on the frequency of cells producing IDO (Fig. 3.21).

Despite PPARS agonism having no effect on IDO, I next considered other IFN-y target
proteins which may be required for the efficacy and biodistribution of MAPC cells in the
aGvHD model. According to Chinnadurai et al. (2014), IFN-y stimulated human MSC require
PDL1 to block T cell function in vitro, while STAT1 knock down MSC show reduced
expression of PDL1 mRNA in response to IFN-y stimulation (Vigo ef al., 2016). Similarly,
ICAM1 expression is also induced by exposure to IFN-y, and has been previously shown to be
involved in immunosuppression by murine MSC (Ren ef al., 2010). Furthermore, PPARS
knock out murine MSC express higher levels of ICAM1 in response to stimulation with pro-
inflammatory cytokines than their wild type counterparts (Luz-Crawford ef al., 2016b). Thus,
I sought to examine the effect of PPAR agonism and antagonism on both proteins.

MAPC cells were cultured with or without the PPARS agonist or antagonist for 24 hours
as previously described before being stimulated with IFN-y for either 4 or 24 hours. CD105"
MAPC cells were examined for the expression of ICAMI1 and PDL1 by flow cytometry. As

expected, IFN-y stimulation increased expression of PDL1 by MAPC cells after 24 hours of
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Figure 3.21 PPARSJ agonism or antagonism has no effect on IFN-y induction of IDO in
MAPC cells. MAPC cells, PPAR(+) MAPC cells and PPAR(-) MAPC cells were
stimulated with IFN-y for 24 hours with the addition of Brefeldin A for the last 4 hours of
stimulation. Cells were surface stained for CD105 and stained intracellularly for IDO.
CD105" cells were pre-gated and examined for positive expression of IDO. Representative
FACs plots (A) and bar graph (B) show that PPARS agonism or antagonism had no effect
on IDO production by MAPC cells. This data is representative of 2 independent

experiments using 2 MAPC cell donors (n = 4).
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Figure 3.22 PPARGO agonism or antagonism has no effect on IFN-y induction PDL1 or
ICAM1 in MAPC cells. MAPC cells, PPAR(+) MAPC cells and PPAR(-) MAPC cells
were stimulated with IFN-y for 4 or 24 hours. Cells were trypsinised and prepared for flow
cytometry as described in section 2.10.1. Cells were surface stained for CD105 and PDL1
or ICAM1. Neither PPARS agonism or PPARS antagonism had an effect on the expression
of PDL1 (A) or ICAMI1 (B) by MAPC cells. This data is representative of 2 MAPC cell
donors. Statistical analysis was carried out by using Kruskal-Wallis analysis with the
original FDR method of Benjamini and Hochberg to correct for multiple comparisons

where ** <0.01.
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stimulation (Fig. 3.22A), while ICAM1 was induced after both 4 and 24 hours (Fig. 3.22B).
Neither PPARS agonism or antagonism had an effect of IFN-y induction of PDL1 or ICAMI.
Therefore, despite PPARS agonism having a slightly suppressive effect on STAT1 signalling,

the STAT] target proteins measured in this study were unaffected by PPARS agonism.

3.20 PPARO modulates expression of COX-2 by MAPC cells.

Along with IDO, PGE2 is the most widely reported mediator of MSC and MAPC cells
immunosuppression, and has been reported to be required for MAPC cells and MSC efficacy
in GVHD (Auletta et al., 2015; Highfill et al., 2009). PGE2 is converted from arachidonic acid
by the enzyme COX-2 and both factors are constitutively expressed by both murine and human
MSC, however their expression is further increased by exposure of MSC to IFN-y or TNF-a
(English et al., 2007b; Aggarwal & Pittenger, 2005). Since COX-2 is an NF-«xB regulated
protein, and Luz-Crawford et al., (2016) reported increased NF-«kB activity following PPARS
knock down, it was hypothesised that PPARS agonism and antagonism may alter COX-2
expression by MAPC cells. MAPC cells were treated with PPARS agonist and PPARS
antagonist before being stimulated with IFN-y as previously described. Cells were harvested
and prepared for intracellular flow cytometry for the detection of COX-2. The mean
fluorescence intensity (MFI) of COX-2 by unstimulated MAPC cells was 16270+595.6 and
this increased to 222701564 after IFN-y stimulation (n = 3).

PPAR(+) MAPC cells and PPAR(-) MAPC cells showed similar levels of COX-2
expression to unstimulated MAPC cells. However, PPARS agonism decreased the MFI of
IFN-y stimulated cells to 16500 = 1427 (n = 3) while PPARS antagonism increased the MFI of
IFN-y stimulated cells to 36330 + 3921 (n = 3) (Fig. 3.23). Overall, this data suggests for the
first time that the reduced efficacy of PPAR(+) MAPC cells and yYMAPC cells in the GvHD

model may be due to the inhibition of COX-2 expression, and subsequent PGE2 production.
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Figure 3.23 PPARO agonism and antagonism modulates IFN-y induction of COX-2.
MAPC cells, PPAR(+) MAPC cells and PPAR(-) MAPC cells were stimulated with IFN-
y for 24 hours. Cells were trypsinised and prepared for flow cytometry as described in
section 2.10.1. Cells were surface stained for CD105 and stained intracellularly for COX-
2. The MFI of COX-2 was measured. IFN-y stimulation increased COX-2 expression by
MAPC cells and this effect was inhibited by PPARS agonism. Expression of COX-2 by
YMAPC cells was further increased when PPARS was antagonised. This data is
representative of 3 MAPC cell donors. Statisical analysis was carried out using Kruskal-
Wallis analysis with the original FDR method of Benjamini and Hochberg to correct for

multiple comparisons where *<0.05.
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3.21 Summary

The aim of this chapter was to examine the biodistribution and mechanisms of action of
MAPC cells in a humanised model of aGvHD. Our group and others have previously shown
that manipulation of MSC prior to administration to animal models can improve their
therapeutic efficacy (Tobin ef al., 2013; Luz-Crawford et al., 2016b), and I sought to elucidate
whether the improved functionality of MSC in these instances may be due to enhanced
biodistribution in vivo. Prior to commencing in vivo experiments, in vitro validation assays
were carried out to ensure that MAPC cells used for this study met the criteria of the ISCT and
were functional. Once the quality of MAPC cells was confirmed, the cells were introduced to
the humanised aGvHD model.

It is well documented in the literature that MSC and MAPC cells accumulate in the
lungs following intravenous administration, however their localisation to the spleen is required
for optimal immunosuppression (Highfill ef al., 2009). It was first shown that MAPC cells
have the capacity to migrate towards the spleen in the humanised aGvHD model, as higher
numbers of MAPC cells were detected in the spleen of aGvHD mice than healthy mice,
indicating that localisation of MAPC cells to T cell priming sites is not a passive process.
Secondly, I sought to examine the effects of IFN-y activation of MAPC cells on their
biodistribution in vivo. Our group have previously shown that IFN-y licensing of MSC
improves their efficacy in aGvHD (Tobin et al., 2013), and that data was reproduced herein
with MAPC cells. The increased therapeutic efficacy of YMAPC cells in the humanised
aGvHD model correlated with an increase in the number of MAPC cells detected in aGvHD
target organs following licensing with IFN-y. Thirdly, effects of PPARS agonism and
antagonism on the therapeutic efficacy of MAPC cells was examined. It’s previously been
shown that inhibition of PPARS increases the therapeutic efficacy of murine MSC, and that
data was reproduced here in our clinically relevant humanised mouse model of acute GvHD.
Furthermore, PPARS agonism hindered the immunosuppressive capacity and biodistribution of

MAPC cells and YMAPC cells in aGvHD. The effects of PPARS agonism on MAPC cells was
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then examined in vitro, and surprisingly, it was shown that PPARS agonism slightly reduces

IFN-y induction of STATI1 and pSTAT1 and impairs IFN-y induction of COX-2.
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Chapter 4
MAPC cells suppress IL-7 driven stimulation of
T cells in vivo.



4.1 Introduction

In the setting of transplantation, an individual is deliberately immunosuppressed in order to
avoid allograft rejection by the immune system. Induction therapy is administrated prior to or
at the same time as transplantation to deplete the immune compartment, subsequently reducing
the likelihood of acute rejection. In the lymphopenic environment following induction
therapy, the effector memory T cells which remain undergo rapid homeostatic proliferation
(HP), driven by the abundant availability of self MHC/peptide complexes and gamma chain
cytokines such as IL-7 and IL-15 (Neujahr ef al., 2006; Traitanon et al., 2014). 1L-7 signaling
blockade has been shown to prevent GVHD and promote islet and skin allograft survival in
experimental models (Chung, Dudl & Min, 2007; Mai et al., 2014), however, currently there
are no approved therapies to target IL-7 driven HP in transplant recipients. Work carried out
by our collaborators at Kings College London and the cell therapy company Athersys Inc. has
shown that MAPC cells suppress IL-7 driven proliferation and pro-inflammatory cytokine
production by CD4" T cells in vitro in a PGE2 dependent manner (Reading et al., 2015, 2013).
Thus, the aim of this chapter was to build upon the in vitro work completed by Reading et al.
(2015) by examining whether the inhibitory effect of MAPC cells on IL-7 stimulated T cells
could be replicated in vivo. Furthermore, since Highfill et al. (2010) had reported that MAPC
cells must be administered locally to sites of allo-priming in order to be therapeutic in a murine
model of aGvHD, I sought to compare the efficacy of MAPC cells delivered by two different

routes at suppressing homeostatic proliferation of T cells in vivo.

4.2 Optimisation of IL-7 driven homeostatic proliferation ir vivo model.

In order to measure the effects of MAPC cells on IL-7 induced proliferation of T cells in vivo,
an in vivo model of HP was developed and optimised based on the system outlined in Boyman
et al. (2008). Spleens were collected from CD45.2" mice and splenocytes were prepared as
described in section 2.8.2. CD4" cells were isolated using a murine CD4" T cell isolation kit
with 90% purity (Fig. 4.1A) and were subsequently stained with eFluor proliferation dye (Fig.
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4.1B). Cells were CD45.1" and CD45.2" (Fig. 4.1C and 4.1D respectively). Cells were then
administered IV to CD45.1 mice on day -2. T cells were driven to proliferate using IP admin-
istration of IL-7/anti-IL-7 mAb (M25) on days 0, 2 and 4 as outlined in section 2.8.2. In order
to determine the optimal concentration of IL-7/M25 to use, either 1 ug IL-7 conjugated to 5 ug
M25 or 2 ng IL-7 conjugated to 10 pg M25 was tested.

Spleens and lymph nodes were harvested on day 5 to examine the proliferation of
CD4" T cells. Two approaches were used to determine the most appropriate method to
measure proliferation. Proliferation of adoptively transferred cells was investigated using
dilution of eFluor proliferation dye, while proliferating endogenous cells were measured using
Ki67 as a marker of proliferation. The number of CD45.1" CD4" Ki67" cells was significantly
increased in the lymph nodes following administration of 1 pg IL-7 conjugated to 5 pg M25 (n
= 3). This significance was enhanced following administration of 2 pg IL-7 conjugated to 10
ng M25 (n = 3) (Fig. 4.2A). The number of CD45.1" CD4" Ki67" cells was significantly
increased in the spleen following administration of 2 pug IL-7 conjugated to 10 ug M25 (n = 3)
(Fig. 4.2A). The number of proliferating adoptively transferred cells measured using eFluor
proliferation dye was not significantly increased in either the spleen or the lymph nodes by the
IL-7/M25 at both concentrations used (Fig. 4.2B). The number of CD45.2" cells detected was
very low and as a result of this, data was not robust. As the CD45.1" endogenous cells were
responding to IL-7, it was decided that future experiments would be carried out using the

higher dose of IL-7/M25, examining Ki67 expression in endogenous cells.
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Figure 4.1 Isolation and staining of CD45.2" CD4" splenocytes with eFluor proliferation
dye. Spleens were harvested from CD45.2 mice and CD4" T cells were isolated using a
negative selection kit. 90% of the collected cells were positive for CD4" expression (A).
CD4" cells were subsequently stained with an APC eFluor proliferation dye (B). Cells were
verified to be suitable for adoptive transfer by staining for negative expression of CD45.1 (C)

and positive expression of CD45.2 (D).
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Figure 4.2 Optimisation of IL-7 driven homeostatic proliferation in vivo model.
CD45.2" CD4" cells stained with eFluor proliferation dye were administered to CD45.1
mice on day -2. On days 0, 2 and 4, IL-7 conjugated to M25 was administered at two
different concentrations, 1 ug IL-7 with Sug M25, or 2ug IL-7 with 10ug M25. Proliferation
of endogenous CD45.1" CD4" cells was measured in the lymph nodes and spleen using Ki67
as a marker of proliferation (A and B respectively). Proliferation of CD45.2" CD4" cells
was measured in the lymph nodes and spleen by quantifying the number of cells which had
diluted eFluor proliferation dye compared to unproliferated cells (C and D respectively). The
number of CD45.1" CD4" cells expressing Ki67 in the lymph nodes was increased by both
concentrations of IL-7/M25 (A), while only the higher concentration of IL-7/M25
significantly increased proliferation in the spleen (B). Neither concentrations of 1L-7/M25
had a significant effect on proliferation of CD45.2" CD4" cells in the lymph nodes or the
spleen (C and D respectively). Normality was confirmed using the Shapiro-Wilk normality
test. Statistical analysis was carried out using ANOVA analysis where * <0.05 and **

<0.01.
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Day 0 Day 1 Day 2 Day 4 Day 5
| | | | |
| | | |

IL-7/M25 1x10° MAPC IL-7/M25 IL-7/M25 Harvest
complex complex complex spleen and
lymph nodes
for flow
cytometry

Groups:

A: PBS

B: PBS + MAPC
C: IL-7

D: IL-7 + MAPC

Figure 4.3 Timeline of in vivo IL-7 driven homeostatic proliferation model. CD45.1
mice were injected IP with either PBS or 2pug/10ug IL-7/M25 on days 0, 2 and 4. On day 1
1x10° MAPC cells IV were administered to treatment groups. On day 5 spleens and lymph

nodes were harvested and prepared for flow cytometry as described in section 2.10.
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4.3 MAPC cells administered IV reduce proliferation and production of IFN-y by T cells

in response to IL-7 in the spleen but not the lymph nodes.

Following the optimization of the IL-7 driven homeostatic proliferation model, MAPC cells
were introduced to the system. It has previously been shown in vitro that MAPC cells suppress
the proliferation and production of pro-inflammatory cytokines by T cells in response to IL-7
(Reading et al., 2013), however this has not yet been shown in vivo. It was hypothesized that
the activity of MAPC cells in vivo would mirror that of their activity in vitro, and therefore sup-
press the activity of T cells in response to IL-7. Three doses of IL-7/M25 were administered to
CD45.1 mice on days 0, 2 and 4 as shown schematically in figure 4.3. 1x10° MAPC cells were
administered IV (MAPC cells IV) on day 1. Spleens and lymph nodes were harvested on day 5
and processed for intracellular flow cytometry to examine expression of Ki67 and production of
IFN-y as described in section 2.10. PBS administered mice were used as a negative control, and
mice that received PBS and MAPC cells IV were used as an internal control to ensure that
MAPC cells alone weren’t affecting the proliferation or cytokine production of T cells in vivo.
As expected, IL-7 significantly enhanced the number of Ki67", IFN-y", and TNF-o" T cells in
both the CD4 and CD8 compartments in the spleen. IV administration of MAPC cells (MAPC
cells IV) on day 1 reduced the number of Ki67", IFN-y" and TNF-a' T cells in the spleen in both

the CD4 (n = 6) (Fig. 4.4) and CD8 compartments (n = 6-8) (Fig. 4.5).

In the lymph nodes, IL-7 similarly increased the number of Ki67 and IFN-y expressing
CD4" and CDS8" T cells, however this was not as significant as seen in the spleen. MAPC cells
IV did not have a suppressive effect on either Ki67 expression or IFN-y production by T cells in
the lymph nodes (Fig. 4.6). This data suggests that MAPC cells can suppress IL-7 stimulation

of T cells in vivo, however this suppression is not systemic, but is site specific.
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Figure 4.4 MAPC cells suppress IL-7 driven proliferation of CD4" T cells and
production of IFN-y and TNF-a in the spleen. 2/10ug of IL-7/M25 was administered IP
to CD45.1mice on days 0, 2 and 4. On day 1, 1x10° MAPC cells were administered IV. On
day 5, spleens were harvested and prepared for intracellular flow cytometry as described in
section 2.10. IL-7 significantly increased the number of CD4" T cells expressing Ki67 and
MAPC cells reduced this (A). Similarly, MAPC cells significantly suppressed IL-7 driven
production of IFN-y and TNF-a (B and C respectively). Normality was confirmed using
the Shapiro-Wilk normality test. Statistical analysis was carried out using ANOVA
analysis where * <0.05, ** <0.01 and *** <0.001. Data is representative of 2 independent

experiments using 2 MAPC cell donors, n = 6/group.
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Figure 4.5 MAPC cells suppress IL-7 driven proliferation of CD8" T cells and
production of IFN-y and TNF-a in the spleen. The IL-7 model was set up as described in
figure legend 4.4. 1L-7 significantly increased the number of CD8" T cells expressing Ki67,
and MAPC cells significantly reduced this (A). Similarly, MAPC cells significantly
suppressed IL-7 driven production of IFN-y and TNF-a by CD8 T cells (B and C
respectively). Normality was confirmed using the Shapiro-Wilk normality test. Statistical
analysis was carried out using ANOVA analysis where * <0.05 and *** <0.001. Data is

representative of 2 independent experiments using 2 MAPC cell donors, n = 6/group.
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Figure 4.6 MAPC cells do not suppress IL-7 driven proliferation or production of

IFN-y by T cells in the lymph nodes.The IL-7 model was set up as described in figure
legend 4.4. On day 5, lymph nodes were harvested from CD45.1 mice and prepared for
intracellular flow cytometry as described in section 2.10. IL-7 increased the number of
CD4" and CD8" T cells expressing Ki67 (A and B respectively) and IFN-y (C and D
respectively). MAPC cells didn’t reduce the number of Ki67" or IFN-y" cells in either the
CD4" or CD8" compartments in the lymph nodes. Statistical analysis was carried out using
Kruskal-Wallis analysis with the original FDR method of Benjamini and Hochberg to
correct for multiple comparisons where *** <0.001. Data is representative of 2

independent experiments using 2 MAPC cell donors, n = 6/group.
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4.4 MAPC cells administered IP reduce proliferation and production of IFN-y by T cells

in response to IL-7 in the spleen and lymph nodes.

According to Highfill et al. (2010), MAPC cells are only therapeutic in GvHD when injected
intrasplenically as opposed to systemically. Following on from the previous result, I sought to
determine if an alternative method of MAPC cells administration would affect the efficacy of
MAPC cells on T cell HP. The experiment described in section 4.3 was repeated with the addi-
tion of an IP administered MAPC cells (MAPC cells IP) group. A PBS + MAPC cells IP group
was used as an internal control to ensure MAPC cells IP were not affecting T cell proliferation
or IFN-y production. As expected, IL-7 increased the number Ki67" and IFN-y" T cells in both
the spleen and lymph nodes (Figs. 4.7 and 4.8 respectively). While both MAPC cells IP and
MAPC cells IV suppressed the effects of IL-7 on Ki67 expression and IFN-y production in
CD4" and CD8" T cells in the spleen (n = 6) (Fig. 4.7), only MAPC cells IP suppressed CDS" T
cell proliferation and IFN-y production by CD4" and CD8" T cells in the lymph nodes. Neither
MAPC cells IV or MAPC cells IP suppressed the proliferation of CD4" T cells in the lymph
nodes (Fig. 4.8). Therefore, while both MAPC cells IV and MAPC cells IP reduce IL-7 driven
HP of T cells in the spleen, only MAPC cells IP are effective at suppressing T cell stimulation

in the lymph nodes.
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Figure 4.7 MAPC cells IP suppress IL-7 driven proliferation and production of IFN-y
by T cells in the spleen. IL-7/M25 was administered IP to CD45.1 mice on days 0, 2 and 4.
On day 1, 1x10° MAPC cells were administered IV or IP. On day 5, spleens were harvested
and prepared for intracellular flow cytometry as described in section 2.10. IL-7 significantly
increased the number of CD4" and CD8" T cells expressing Ki67 (A and B respectively) and
IFN-y (C and D respectively). Both MAPC cells IP and MAPC cells IV suppressed the
proliferation and production of IFN-y with similar efficacy. Normality was confirmed using
the Shapiro-Wilk normality test. Statistical analysis was carried out using ANOVA analysis
where * <0.05, ** <0.01 and *** <0.001. Data is representative of 2 independent

experiments using 2 MAPC cell donors, n = 6/group.
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Figure 4.8 MAPC cells IP suppress IL-7 driven proliferation and production of IFN-
v by T cells in the lymph nodes. The IL-7 model was set up as described in figure legend
4.7. On day 5, lymph nodes were harvested and prepared for intracellular flow cytometry
as described in section 2.10. IL-7 didn’t significantly increase the number of CD4" Ki67"
cells in the lymph nodes, and MAPC cells didn’t change this any further (A). The number
of CD8" T cells expressing Ki67 was increased with IL-7 administration. MAPC cells IP
suppressed this proliferation while MAPC cells IV did not (B). Similarly, IL-7 increased
the production of IFN-y in both the CD4" and CD8" compartments (C and D respectively)
and this was suppressed by MAPC cells IP but not MAPC cells IV. Data is representative

of 2 independent experiments using 2 MAPC cell donors, n = 6/group.
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4.5 IL-7 and MAPC cells alter the frequency and number of the immune cell

compartments in the spleen.

Following on from the T cell proliferation and cytokine data described in previous sections, it
was decided that a more extensive immunophenotyping study would be carried out in a collabo-
rative effort with researchers James Reading, Tim Tree and the 3i team in Kings College Lon-
don. Since both MSC and MAPC cells can mediate their effects on T cells through alternative
cell types, the effects of MAPC cells on other components of the immune system was of interest
(Cahill et al., 2015; Eggenhofer ef al., 2013). The experiment described in section 4.3 was re-
peated and spleens were harvested and shipped (at 4°C) to Kings College London where James
Reading and the 3i team prepared the samples for flow cytometry using the T cell, B cell, and
myeloid panels outlined in tables 2.12-2.14 and acquired the samples. The data was generated
using an automated gating pipeline in the DIVA software pack. This data was then sent back to
me for statistical analysis. Gating was based on the gating dendrograms in Fig. 4.9. The results
stated in sections 4.10 — 4.18 were obtained from this experiment, and thus were completed in

collaboration with James Reading, Tim Tree and the 3i team.

The purpose of the study was to examine the effects of MAPC cells on the wider im-
mune system outside the T cell panels that had been looked at in MU. Three 12 colour panels
were used to characterize the effects of IL-7 and MAPC cells on the T cell, B cell and myeloid
populations in the spleen. All of these panels were based on the gating of CD45", live, single
cells. After gating on these cells, myeloid cells were characterized as CD3" CD19" and CD161".
The number of myeloid cells in the spleen increased from 11300+697.9 in the PBS group to
15700+746.1 in the IL-7 group (n = 6). MAPC cells IV significantly reduced the number of
myeloid cells to 10470+£764.7 (n = 6), while MAPC cells IP didn’t have a significant effect on
the number of myeloid cells (Fig. 4.10A). The percentage of each of these populations follows

the same trend as the number data (Fig. 4.10B).

T cells were characterized as CD161°, TCRB" and TCRS". The number of T cells in the

spleen was increased from 807704+3702 to 110500+£7445 when IL-7 was administered (n = 6).
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Neither MAPC cells IV or MAPC cells IP significantly reduced the number of T cells (Fig.
4.10C). The percentage data for this data-set follows the same trend as the cell number data

(Fig. 4.10D).

B cells were characterized as CD19" cells. The number of B cells in the spleen was un-
changed between the PBS and the IL-7 groups. However, the number of B cells in the spleens
of the IL-7 group increased from 79470+9112 to 132000£10670 with MAPC cells IV and
124800+11930 with MAPC cells IP (n = 6). The percentage of CD45, live, single cells in the
spleen which were B cells decreased from 58.35%+1.184 to 45.75%+2.089 when IL-7 was ad-
ministered (n = 6). This is presumably due to the growth of the T cell pool following IL-7 ad-
ministration, thus does not represent an actual effect of IL-7 on B cells. This percentage was
enhanced to 50.89+1.512 with MAPC cells IV and 54.75% £2.541 with MAPC cells IP (n = 6)
(Figs. 4.10E and 4.10F). Taken together, these results show that IL-7 and MAPC cells alter the

immune compartments in the spleen when looking at both number and percentage data.

4.6 MAPC cells suppress the number and frequency of monocytes, eosinophils and

granulocytes in the spleen.

While the effects of IL-7 on the HP of T cells has been widely documented (Monti & Piemonti,
2013), the effects of IL-7 on myeloid cells in the context of homeostatic proliferation has not
been well studied. Due to the role of APC as providers of self MHC/peptide complexes, I
sought to understand the effects of both IL-7 and MAPC cells on the myeloid populations.
Since MSC are known to modulate innate immune cells (Le Blanc & Davies, 2015), It was hy-
pothesised that MAPC cells may reduce the number of APC in vivo, limiting the abundance of

homeostatic stimuli available to T cells in the model.
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Figure 4.9 Gating dendrograms used for the 3i study. The above gating dendrograms

were designed and provided by the 3i team in Kings College London to allow for the
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immunophenotyping study.
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Figure 4.10 IL-7 and MAPC cells altered the immune compartments in the spleen. The
IL-7 model was set up as described in figure legend 4.7. On day 5, spleens were harvested
and sent to the 3i team for processing and flow cytometric analysis. IL-7 increased the
number (A) and frequency (B) of myeloid cells in the spleen, and this effect was reduced by
MAPC cells IV. IL-7 also increased the number (C) and frequency (D) of T cells in the
spleen. This was slightly reduced by MAPC cells IP, though this was not significant. 1L-7
treatment had no effect on the number of B cells in the spleen (E) but significantly reduced
the frequency (F). Both MAPC cells IV and MAPC cells IP increased the number (E) and
frequency (F) of B cells in the spleen. Normality of number data was confirmed using the
Shapiro-Wilk normality test. Statistical analysis of number data was carried out using
ANOVA analysis, and analysis of frequency data was carried out using Kruskal-Wallis

analysis where * <0.05, ** <0.01 and *** <0.001. n = 6/group.
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The number and frequencies of monocytes and granulocytes remained unchanged with the
administration of IL-7. However, in both of these cases, MAPC cells IP reduced the number
and frequency of these populations (Fig. 4.11A and B and 4.11 C and D respectively). The
number of eosinophils in the spleen was significantly enhanced from 830+66.02 to 2246+£211.7
when IL-7 was administered (n = 6). MAPC cells restored the number of eosinophils to normal
levels, with MAPC cells IV significantly reducing this number to 1076+181.5 (n = 6) and
MAPC cells IP significantly reducing the number to 1247+264. The percentage data for eosin-
ophils followed the same trend (Fig. 4.11E and F). This was repeated in MU with a 4 colour
panel and the same trend was seen as shown in figure 4.12. Overall this data shows that MAPC
cells reduce the numbers of myeloid cells in the spleen, which may contribute to the inhibitory

effect of MAPC cells on T cell HP.

4.7 IL-7 reduces the number and frequency of macrophages in the spleen, and MAPC

cells suppress their expression of MHC class II.

Like the other myeloid cell populations, the effects of IL-7 on macrophages is mostly unknown,
however interactions between MSC and macrophages have been an area of extensive research
of late with a number of studies showing that MSC promote the activity of anti-inflammatory
macrophages, while simultaneously suppressing pro-inflammatory macrophages (Carty, Mahon
& English, 2017). Here, a significant reduction in the number and percentage of macrophages
in the spleen when IL-7 was administered was observed, with numbers reducing from
1394+113.3 in the PBS group to 813.0+£48.81 in the IL-7 group (n = 6). The administration of
MAPC cells IV or MAPC cells IP did not change the effects of IL-7 on the frequency or number
of macrophages in the spleen (Fig. 4.13A and B respectively). However, it was hypothesized
that MAPC cells may reduce the expression of MHCII on the macrophage surface. MAPC cells
significantly reduced the MFI of MHCII on the surface of macrophages from 5272+313.2 in the

IL-7 group, to 3401£192.5 when MAPC cells IP were administered (n = 6) (Fig. 4.13C).
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Figure 4.11 MAPC cells suppress the number and frequency of monocytes,
granulocytes and eosinophils in the spleen. Neither IL-7 or MAPC cells IV had an effect
on the frequency (A) or number (B) of monocytes in the spleen, however MAPC cells IP
significantly suppressed monocytes in both instances. Similarly, neither IL-7 or MAPC
cells IV had an effect on the level of granulocytes in the spleen, however MAPC cells IP
reduced both the number (C) and frequency (D). IL-7 significantly increased the frequency
(E) and number (F) of eosinophils in the spleen, and this was significantly suppressed by
both MAPC cells IV and MAPC cells IP. Normality of number data was confirmed using
the Shapiro-Wilk normality test. Statistical analysis of number data was carried out using
ANOVA analysis, and analysis of frequency data was carried out using Kruskal-Wallis

analysis.analysis where ** <0.01 and *** <0.001. n = 6/group.
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Figure 4.12 MAPC cells suppress the number and frequency of eosinophils in the
spleen. The effects of IL-7 and MAPC cells on splenic eosinophils was re-examined in
MU using a 4 colour panel. Eosinophils were identified as MHC II', F4/80°, Ly6G’,
Siglec F". The data followed the same trend as the data generated by the 3i team with IL-
7 significantly increasing the number of eosinophils in the spleen, and MAPC cells IP
and MAPC cells IV significantly suppressed this. Normality was confirmed using the
Shapiro-Wilk normality test, and statistical analysis was carried out using ANOVA

analysis where * <0.05, ** <0.01 and *** <0.001. n = 5/group.
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Figure 4.13 IL-7 suppresses the number and frequency of macrophage in the spleen,
while MAPC cells IP suppress MHC II expression by macrophages 1L-7 significantly
reduced the number (A) and frequency (B) of macrophages in the spleen. MAPC cells IV
further reduced the number of macrophages in the spleen (B). Interestingly, MAPC cells
IP but not MAPC cells IV significantly reduced the intensity of MHC II expression on the
macrophage surface (C). Normality of number data was confirmed using the Shapiro-Wilk
normality test. Statistical analysis of number data was carried out using ANOVA analysis,
and analysis of frequency data was carried out using Kruskal-Wallis analysis.where *

<0.05, ** <0.01 and *** <0.001. n = 6/group.



4.8 IL-7 and MAPC cells have no effects on the number or frequency of DC in the spleen

but the populations within the dendritic cell compartment are altered.

As with the other myeloid populations, there is little known about the effects of IL-7 on splenic
DC. On the other hand, it’s well documented that MSC suppress the maturation and antigen
presenting capacities of DC (Cahill et al., 2015; English et al., 2007a). Therefore, it was hy-
pothesized that MAPC cells would suppress the antigen presenting capacities of DC, and that
this may play a role in the suppression of T cell proliferation by MAPC cells. In this study, DC
were identified as CD3", CD19", CD161", F4/80°, GR1". IL-7 had no significant effect on either
the percentage or number of DC in the spleen, and this was also unchanged by MAPC cells
(Fig. 4.14A and B). Within the DC compartments, plasmacytoid DC (pDC) were identified as
DC expressing CD317, while conventional DC (cDC) were identified as DC which were
CD317, CDI11c’, MHCII". ¢cDC are generally regarded to be superior APCs than pDC. As ex-
pected, MAPC cells reduced the frequency and number of cDC, while they enhanced the fre-
quency of pDC (Fig. 4.14C-4.14F; n = 6). This effect was seen only when MAPC cells were
administered IP but not with MAPC cells IV, and was only significant when analysed using a t

test rather than ANOVA.

Splenic ¢cDC are further separated into CD8", CD11b" and CD8’, CD11b" populations.
These subsets have differences in their cross presentation and cytokine producing capacities,
with the CD8" population having stronger cross presentation capacities than CD8 (Hildner et
al., 2008). Furthermore, the CD8" population are thought to have a role in the maintenance of T
cell tolerance to self-antigen (Hey & O’Neill, 2012). IL-7 enhanced the frequency and number
of CD11b" CD8 DC and MAPC cells returned these to normal levels (Fig. 4.15A and B), while
IL-7 decreased the number and frequency of CD8" CD11b" DC. MAPC cells IP again returned
these to normal levels (Fig. 4.15C and D). Overall this data suggests that MAPC cells IP may
suppress the antigen presenting capacities of DC which may contribute to the suppression of T

cell stimulation by MAPC cells.
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Figure 4.14 IL-7 reduces the frequency of pDC and increases the frequency of cDC.
MAPC cells IP restore these populations to normal levels. IL-7 and MAPC cells had no
effect on the number or frequency of the whole DC population (A and B respectively).
Within the DC population IL-7 reduced the number (C) and frequency (D) of pDC and
MAPC cells IP restored this to normal levels. IL-7 increased the number and frequency of
cDC in the spleen (E and F respectively) and MAPC cells IP again restored this to normal
levels. Normality of number data was confirmed using the Shapiro-Wilk normality test.
Statistical analysis of number data was carried out using ANOVA analysis, and analysis of

frequency data was carried out using Kruskal-Wallis analysis, n = 6/group.
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Figure 4.15 IL-7 alters the frequency of cDC subsets, and MAPC cells IP restore this
to normal levels. IL-7 increased the frequency and number of CD11b" CD8- ¢cDC (A and
B respectively). Within the DC population, IL-7 increased the frequency (A) and number
(B) of CDI1b", CD8 ¢DC and MAPC cells IP restored this to normal levels. IL-7
decreased the frequency of CD8" CD11b ¢DC in the spleen and MAPC cells IP again
restored this to normal levels (C), Neither IL-7 or MAPC cells had any effect on the total
number of CD8" CD11b ¢DC in the spleen. Statistical analysis was carried out using

Kruskal wallis analysis where ** <0.01. n = 6/group.
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4.9 MAPC cells IP enhance the frequency and alter the phenotype of CD4" CD25" GITR"

cells in the spleen.

In the context of allograft rejection, it is thought that the outcome of the immune reaction may
depend on the ratio of allo-reactive T cells to Treg. Nguyen et al (2014) have shown that the
suppressive capacity of Treg in transplant recipients prior to transplantation correlates with the
success of immediate graft function. Furthermore, Treg derived IL-10 also dampens
inflammation by inhibiting APC activity and inducing the conversion of T cells to T regulatory
type 1 cells (Wood, Bushell & Hester, 2012). MSC and MAPC cells have been shown to
expand Treg populations in murine models of inflammation (Eggenhofer ef al., 2013; Cahill et
al., 2015), thus, the effects of MAPC cells on Treg was investigated in this model. The panels
used by the 3i team in Kings College London did not include intracellular staining, therefore
the traditional marker of Treg, FoxP3, was not used in this instance. Here, Treg were
identified as TCR[3+, CD161°,CD4", CD25", glucocorticoid-induced TNFR family related gene
(GITR)".

Within the CD4" T cell compartment the frequency of Treg was significantly enhanced
from 16.05%+0.9943 in the IL-7 group to 21.58%+0.9526 following the addition of MAPC
cells IP (n = 6) (Fig. 4.16A). Within the Treg compartment, effector Treg were characterised
as CD44", CD62L" while resting Treg were characterised as CD62L". The percentage of
effector Treg in the spleen was significantly increased by MAPC cells IP (Fig. 4.16B), while
the percentage of resting Treg was significantly reduced by MAPC cells IP (Fig. 4.16C).
MAPC cells IV did not change the frequency or activation state of Treg in the spleen.
Furthermore, the panel also included killer-cell lectin like receptor G1 (KLRG1) which is a
marker of Treg that have undergone extensive proliferation, and this population is prone to
apoptosis (Cheng et al., 2012). In the spleen, under normal conditions 5.058%=+0.4802 of Treg
expressed KLRG1. Administration of IL-7 significantly increased expression of KLRGI to
9.714%=%1.118 (n = 6). MAPC cells IV did not effect this IL-7 driven increase in KLRG1

expression, however MAPC cells IP significantly increased KLRGI1 expression to
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12.93%+0.6699 (n = 6) (Fig. 4.16D). This may indicate that MAPC cells IP promote the
proliferation of Treg in the spleen, or may protect KLRG1" Treg from undergoing apoptosis.
This experiment was then repeated in MU using co-expression of CD25 and FoxP3 as
markers of Treg. Using this panel, it was discovered that IL-7 increased the frequency of Treg
within the CD4 population from 2.520%+0.3779 to 5.576%+0.6714 (n = 5). Administration of
both MAPC cells IV and MAPC cells IP slightly decreased the frequency of CD25" FoxP3"
cells in mice treated with IL-7, though this was not significant (Fig. 4.17). Since FoxP3 is a
reliable marker of thymus derived or natural Treg, it was concluded here that MAPC cells are
not expanding natural Treg in this model. GITR however can be expressed by induced
peripheral Treg, or suppressive T cells (Ronchetti et al., 2015). Thus, MAPC cells may be

promoting the differentiation of peripheral T cells into suppressive FoxP3- populations.

4.10 MAPC cells enhance the number of B2 cells and alter the subsets within this

population

IL-7 is required for the development of pre-B cells and immature B cells, however the effects of
IL-7 on mature B cells is not as well characterized (Fry & Mackall, 2009; Mackall, Fry &
Gress, 2011). Similarly, the effects of MAPC cells on B cells has not yet been investigated.
Studies addressing the effects of MSC on B cells have led to diverse findings with some reports
showing that MSC enhance B cell proliferation and survival, and other studies reporting the

contrary (Healy et al., 2015; Rosado et al., 2015).

In this study, B cells were characterized as CD45" CD19". The majority of B cells are B2
cells which are characterized as CD19" CD5". IL-7 had no effect on the total number of B2 cells
in the spleen, however MAPC cells IV and MAPC cells IP significantly increased this number
from 775104£8994 to 126900+£10130 and 121700£11580 respectively (Fig. 4.18A; n = 6). Fol-
licular B cells make up the vast majority of splenic B2 cells. Here follicular B cells were iden-

tified as CD19", CD5", GL7", CD95", CD21™™, immunoglobulin (Ig)M™™®.
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Figure 4.16 MAPC cells IP enhanced the frequency of GITR" Treg within the CD4"
population. MAPC cells IP but not MAPC cells IV increased the frequency GITR" Treg within
the CD4 population in IL-7 treated mice (A). Within the GITR" population, MAPC cells IP
increased the frequency of effector cells (B) and decreased the frequency of resting cells (C). IL-
7 increased the frequency of KLRG1" Treg and this was further enhanced by MAPC cells IP, but
not MAPC cells IV. Statistical analysis was carried out using Kruskal-Wallis analysis where *

<0.05 and ** <0.01. n = 6/group.
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Figure 4.17 MAPC cells did not significantly change the frequency of CD4" CD25"
FoxP3" cells. IL-7 increased the frequency of CD25" FoxP3' cells within the CD4
population, however both MAPC cells IP and MAPC cells IV slightly reduced this
increase, though this effect was not significant. Statistical analysis was carried out using

Kruskal-Wallis analysis where ** <0.01, n = 5/group.
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The frequency of follicular B cells was slightly decreased by IL-7 treatment from
79.42%+0.7286 to 75.07%+1.256 (n = 6). This was unchanged by MAPC cells IV, however
MAPC cells IP further reduced the frequency of follicular B cells to 61.91%+2.195 (Fig.
4.18B). The frequency of marginal zone B cells, characterized as CDI19", CD5°, GL7, CD95",
CD21"™, IgM*, CD23" was significantly reduced from 7.403%=0.7354 to 4.285%=0.3638 with
IL-7 treatment (n = 6). Administration of neither MAPC cells IV or MAPC cells IP affected the
frequency of marginal zone B cells (Fig. 4.18C). Germinal centre B cells were identified by
expression of GL7 and CD95. While IL-7 treatment didn’t change the frequency of germinal
centre B cells, administration of MAPC cells IV, but not MAPC cells IP significantly increased
their frequency from 0.1355%=0.01148 to 0.7300%=+0.1384 (n = 6) (Fig. 4.18D). Transitonal-1
B cells were identified as CD19", CD5, GL7", CD95", CD21, IgM+, CD23". IL-7 increased the
frequency of splenic transitional-1 B cells from 4.253%+0.4078 to 9.799%+1.203 (n = 6).
MAPC cells IV didn’t affect this increase, however MAPC cells IP significantly increased the
frequency of transitional-1 B cells to 24.26%+2.419 (n = 6) (Fig. 4.18E). Transitional-2 B cells
differ from transitional-1 B cells in expression of CD23 only. While the frequency of splenic
transitional 2 B cells was increased from 3.698%+0.3147 to 5.623%+0.3147 with IL-7 treat-

ment, neither MAPC cells IV or MAPC cells IP significantly affected this increase (Fig. 4.18F).

4.11 MAPC cells IV enhance the number and frequency of Bla and plasma cells.

In mice, Bla cells are characterized as CD5" B cells, and are generally found in the peritoneal
and pleural cavities of adult mice. They are considered to be innate cells which produce an
abundance of natural IgM, while within the spleen Bla cells are thought to be major producers
of GM-CSF (Rauch et al., 2012; Deng et al., 2016). Following IL-7 administration there was
a slight increase of Bla cells in the spleen with the frequency increasing from 1.861%=0.2638
in the PBS group to 2.578%+0.3487 in the IL-7 group (n = 6), and total number increasing
from 1076 £ 0.181.3 in the PBS group to 1959+218.4 in the IL-7 group (n = 6). Administration
of MAPC cells IV following IL-7 treatment significantly increased both the frequency and

number of Bla cells in the spleen, with the Bla cell population increasing to 3.816%+0.2794
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(n = 6) or 5096+£640.9 (n = 6). Interestingly, MAPC cells IP did not significantly increase the
frequency or total number of Bla cells with the frequency remaining at 2.493%+0.3429 (n = 6)
and the total number slightly increasing 3144+562.2 (n = 6) (Fig. 4.19A and B respectively).
This experiment was repeated at MU using the same panel and a similar trend was observed
(Fig. 4.20)

Plasma cells are a differentiated B cell with CD19™" and CD138". The exact effects of
IL-7 on plasma cells are unknown, however in this case IL-7 administration increased the fre-
quency of plasma cells in the spleen from 0.2222%+0.01468 in the PBS group to
0.4940%=0.06831 (n = 6). Similarly, the total number of plasma cells was increased from
134+20.88 to 390.7+£72.99 (n = 6). Treatment with MAPC cells IV following IL-7 treatment
further enhanced the frequency of plasma cells to 0.8405% = 0.05175 (n = 6) and total number
to 1078 + 131.3 (n = 6). MAPC cells IP had no further effect on the frequency of plasma cells,
with frequency being 0.4878% =+ 0.07407 (n = 5) and only slightly increased the number of

plasma cells in the spleen to 578.8 = 73.87 (n = 5) (Fig. 4.19C and D respectively).

4.12 MAPC cells IV and MAPC cells IP exhibit differential biodistribution patterns.

As shown in previous sections, the effects of MAPC cell therapy varies depending on the route
of administration employed. Therefore, I sought to examine the biodistribution of MAPC cells
in the IL-7 model following IP and IV administration. The majority of preclinical studies using
MSC and MAPC cells administer the cells IV, and it is well known that IV administered MSC
and MAPC cells accumulate in the lung, with only a small percentage migrating to distal organs
(Eggenhofer et al., 2014). However, the biodistribution of IP administered MAPC cells is less
well characterized. IP administered murine MSC have been shown to form aggregates with
immune cells in the peritoneal cavity (Sala et al., 2015), but whether MAPC cells would
migrate to the spleen and lymph nodes following IP administration is unknown. MAPC cells

were labelled with the Qtracker” labelling kit as described in section 2.11.1 and Qtracker®
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Figure 4.18 MAPC cells enhance the total number of B2 cells and alter the subsets
within this population. Both MAPC cells IP and MAPC cells IV increased the total
number of B2 cells in the spleen (A). Within the B2 cell population MAPC cells IP, but
not MAPC cells 1V reduced the frequency of follicular B cells (B). IL-7 decreased the
frequency of marginal zone B cells and neither MAPC cells IV or MAPC cells IP had an
effect on this (C). MAPC cells 1V significantly increased the frequency of germinal centre
B cells (D). IL-7 significantly increased the frequency of transitional-1 B cells and MAPC
cells IP only significantly increased this further (E). The frequency of transitional-2 B cells
was also increased by IL-7, and neither MAPC cells IV or MAPC cells IP significantly
changed this. Normality of number data was confirmed using the Shapiro-Wilk normality
test. Statistical analysis of number data was carried out using ANOVA analysis, and
analysis of frequency data was carried out using Kruskal-Wallis analysis where *<0.05,

**<0.01 and ***<0.001, n = 6/group.
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Figure 4.19 MAPC cells IV enhance the frequency and total number of Bla cells and
plasma cells. IL-7 enhanced the frequency and number of Bla cells (A and B
respectively) and MAPC cells IV, but not MAPC cells IP significantly increased this
further. IL-7 had no effect on plasma cells in the spleen, however MAPC cells 1V
increased both the frequency and number (C and D respectively) while MAPC cells IP had
no effect. Normality of number data was confirmed using the Shapiro-Wilk normality test.
Statistical analysis of number data was carried out using ANOVA analysis, and analysis of
frequency data was carried out using Kruskal-Wallis analysis where * <0.05, ** <0.01 and

*** <0.001, n= 6/group.
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Figure 4.20 MAPC cells IV enhance the frequency and total number of Bla cells. The
effects of IL-7 and MAPC cells on splenic Bla cells was re-examined in MU. Bla cells were
identified as CD19" CD5". The frequency (A) and number (B) data followed the same trend as
the data generated by the 3i team with MAPC cells IV significantly increasing the total
number of Bla cells in the spleen. Normality of number data was confirmed using the
Shapiro-Wilk normality test. Statistical analysis of number data was carried out using
ANOVA analysis, and analysis of frequency data was carried out using Kruskal-Wallis

analysis where ** <0.01, n = 6/group.
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labelled MAPC cells were confirmed to be functional in an in vitro T cell proliferation assay as
shown in figure 3.8. Mice were humanely euthanized 72 hours later and whole mice as well as
spleens and lymph nodes were prepared for cryo-imaging as described in section 2.11.
Following IV administration to either the PBS or IL-7 mouse only 6000-7000 cells were
detected in whole mice 72 hours later. The majority of these cells were detected in the lung
and liver, and some were detected in the spleen. Over 100,000 MAPC cells were detected at
72 hours when administered IP, with 148,972 cells detected in the PBS mouse and 125,952 in
the IL-7 mouse (Fig. 4.21). MAPC cells IP were detected in the peritoneal area surrounding
abdominal organs, and appeared to be in clusters, which aligns well with the observations
made by Sala ef al. (2015) and Bazhanov et al. (2016). Next the distribution of MAPC cells to
the lymphoid organs of IL-7 treated mice was examined. Neither MAPC cells administered IV
or IP were detected in the lymph nodes (Fig. 4.22). Interestingly, while MAPC cells adminis-
tered IV were detected within the spleen, MAPC cells IP were detected only in the omental
tissue surrounding the spleen, and did not gain access to splenic tissue (Fig.4.22). Therefore,
the differential effects of MAPC cells on the various immune compartments in the spleen may
be due to the contrast in persistence of MAPC cells IV compared to MAPC cells IP, or it may

be due to their distinct locations in vivo.
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MAPC IV: 6248 cells IL-7 & MAPC IV 6779 cells

MAPC IP: 148972cells IL-7 & MAPC IP: 125952cells

Figure 4.21 MAPC cells IP persist longer in vivo than MAPC cells IV. 1x10° Qtracker”
625 labelled MAPC cells were administered to PBS and IL-7 treated mice and whole mice
were harvested 72 hours later as described in section 2.11. Of the 1x10° MAPC cells
administered, only 6000-7000 cells were detected 72 hours later when administered IV to
either the PBS or IL-7 mouse. The majority of these cells were detected in the lung and
liver. Over 100,000 MAPC cells were detected at 72 hours when administered IP, with
148972 cells detected in the PBS mouse and 125952 in the IL-7 mouse. MAPC cells IP were
detected in the peritoneal area surrounding abdominal organs. The top panels present 3D
images of each mouse with detected MAPC cells shown in yellow. Brightfield (middle
panels) and corresponding fluorescent sections (bottom panels) show the location of MAPC

cells in 2D sections which can be seen as red.
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Figure 4.22 MAPC cells IV gain access to the spleen, while MAPC cells IP do not.
Qtracker” labelled MAPC cells were administered to IL-7 treated mice and organs were
harvested for imaging 72 hours later as described in section 2.11. MAPC cells
administered IV were detected in the spleen, however MAPC cells administered IP did
not gain access to the spleen, but were detected in the omental tissue surrounding the
spleen. Neither MAPC cells IV or MAPC cells IP were detected in the lymph nodes (n =
4). The top panels present 3D images of representative spleens with detected MAPC
cells shown in yellow. Fluorescent (middle panels) and corresponding brightfield
sections (bottom panels) show the location of MAPC cells in 2D sections which can be

seen as red fluorescence or overlaying yellow beads.
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4.13 Summary

T cell depletive therapies are commonly used in the clinic to prevent or delay allograft
rejection, however the consequential abundance of homeostatic stimuli such as IL-7 leads to
the promotion of a pro-inflammatory T cell pool. While maintenance immunosuppression is
used to inhibit the proliferation of T cells following induction therapy, none of the therapies
currently on the market target the IL-7 axis, despite its known role in the homeostatic
expansion of T cells during lymphopenia (Monti & Piemonti, 2013). We have previously
shown that human MAPC cells suppress IL-7 driven proliferation and activation of T cells in
vitro (Reading et al., 2015), and so the aim of this chapter was to build on that data, by
translating the findings to an in vivo setting.

Within this chapter, it was shown that MAPC cells suppress proliferation and IFN-y
production by both CD4" and CD8" T cells in response to IL-7. MAPC cells were
administered both IV and IP to this model, with only MAPC cells IP demonstrating efficacy in
the lymph nodes. A larger scale immunophenotyping study was then carried out with
collaborators in Kings College London in order to examine the effects of IL-7 and MAPC cells
on a wider range of immune cells in the spleen. The most interesting data acquired from this
experiment showed that MAPC cells reduce IL-7 induced expansion of eosinophils, while
MAPC cells IP promote transitional-1 B cells and MAPC cells IV promote Bla cells.
Analysis of Treg using different panels suggests that MAPC cells IP may expand FoxP3"
GITR" suppressive T cells, but not thymus derived FoxP3" Treg, however this requires further
analysis.

Taken together, this data shows that MAPC cells have differing effects in vivo
depending on the route of administration. In an effort to elucidate the reason for these
differences, human (xenogeneic) MAPC cells were fluorescently labelled and their
biodistribution in control (PBS) or IL-7 induced HP mice was examined using CryoViz™
technology. Imaging experiments revealed that 72 hours after IV administration the vast
majority of MAPC cells had disappeared, while roughly 10% of MAPC cells IP persisted in

the peritoneal cavity. On closer inspection, it was shown that MAPC cells IP did not gain
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access to the spleen or lymph nodes, however they were retained in the omental tissue
surrounding these sites which aligns well with previously published studies by other groups
(Bazhanov et al., 2016; Sala et al., 2015). On the contrary, some MAPC cells IV did gain
access to the spleen, however they were not detected in the lymph nodes.

In conclusion this chapter has shown that MAPC cells suppress IL-7 stimulation of T
cells in vivo, however their efficacy varies depending on the route of administration. Highfill
et al. (2010) have previously reported that the poor efficacy of systemically delivered MAPC
cells in GvHD may be due to the short half-life of their soluble factors, and so localized
delivery may be more effective for this reason. This data supports their findings, and suggests
that MAPC cells IP may be more effective than MAPC cells IV due to their enhanced

persistence in vivo, along with their closer proximity to lymphoid organs.
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Chapter 5
MAPC cells supress pro-inflammatory T cells
following lymphodepletion



5.1 Introduction

Chapter 4 looked at the effects of MAPC cells on T cell activity following stimulation with IL-
7. This was a meaningful first step to investigate the effects of MAPC cells on homeostatic
expansion, however it is not a clinically relevant model of HP. In order to reduce the
likelihood of acute rejection, induction therapy is administrated prior to transplantation to
deplete host T cells. One of the most commonly used drugs for this purpose is ATG which
depletes target cells (predominantly T cells) by inducing complement or antibody dependent
cytotoxicity, and apoptosis (Valdez-Ortiz et al., 2015; Zwang & Turka, 2014). Some T cells
escape depletion, and so HP occurs due to the increased homeostatic stimuli available to these
cells due to the lack of competition (Wu et al., 2004). Thus, a more appropriate model for
examining the effects of MAPC cells on HP in the context of transplantation, is the addition of
MAPC cells to a model of HP following lymphodepletion.

As described in chapter 4, the availability of IL-7 increases and T cells undergo
accelerated HP in lymphopenic conditions (Moxham ef al., 2008; Wu et al., 2004). Overall, it
is thought that HP in lymphopenic conditions promotes the expansion of a pro-inflammatory T
cell pool which is likely to cause allograft rejection and autoimmunity (Neujahr ef al., 2006;
Moxham et al., 2008; Wu et al., 2004; Grimaldi et al., 2016). There are no studies to date
which have addressed the effects of MSC or MAPC cells on T cell HP following
lymphodepletion, however both the in vitro studies by Reading ef al. (2015) and the in vivo
work outlined in Chapter 4 suggest that MAPC cells can suppress the stimulation of T cells in
response to the increased availability of homeostatic stimuli. Similarly, published GvHD
studies and the GvHD data obtained in Chapter 3 suggest that MAPC cells might alter the
phenotype T cell pool during reconstitution in lymphopenic hosts (Highfill et al., 2009). Thus,
it was hypothesised that MAPC cells may delay or suppress graft rejection by preventing the
skew of T cells towards pro-inflammatory populations following lymphodepletion.

In order to test this hypothesis, an in vivo model of HP following lymphodepletion was

set up using ATG as a depletive agent. MAPC cells were administered and the effects of
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MAPC cells on T cell proliferation, IFN-y production, and Treg promotion were examined.
Furthermore, the effects of administrative routes of MAPC cell delivery was examined, and
finally the mode of action of MAPC cells in this model was clarified. It was hypothesised that
MAPC cells would mediate their effects through the production of PGE2, as PGE2 production
by MAPC cells has been attributed to their suppression of IL-7 driven T cell activation in vitro,
and prevention of GvHD development in vivo (Reading et al., 2015; Highfill et al., 2009).
Thus, a COX inhibitor was introduced to the in vivo model to determine whether PGE2 was
required for the therapeutic effect of MAPC cells in this system. Overall, the aim of this
chapter was to investigate the effects and mode of action of MAPC cells on T cell HP using a

clinically relevant in vivo model.

5.2 100 mg of ATG administered IP depletes the number of CD4 and CD8 T cells in the
spleen and lymph nodes.

ATG is prepared by immunizing rabbits with murine thymocytes, followed by the purification
of IgG sera. Since ATG is a biological therapy, and differences in efficacy may exist
depending on the manufacturer, it was important to show that ATG used in this study could
effectively deplete T cells in vitro before moving on to in vivo experiments. Studies by
Valdez-Ortiz et al. (2015) and Ruzek et al., (2008) were used as guides to determine if
equivalent levels of T cell depletion could be repeated using similar concentrations of ATG
and time points.

Splenocytes were harvested from CD45.1 mice and 1x10° cells were seeded per well in
cRPMI supplemented with or without ATG or normal rabbit serum as a control. Cells were
harvested after 16, 24, and 48 hours and enumerated using flow cytometry and counting beads
as described in section 2.10.2. 10 pg/ml ATG did not deplete CD8" T cells at any time point,
while 50 pg/ml ATG depleted CD8" T cells at 24 hours only (n = 3). CDS8" T cells were
depleted by 250 pg/ml ATG after 16, 24 and 48 hours (n = 3). 250 pg/ml was the only
concentration of ATG that depleted CD4" T cells, and this only had an effect after 48 hours (n =

3). This effect of ATG on T cells was not significant when analysed using Kruskal-Wallis
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analysis, however this is probably due to the small number of replicates used for preliminary
experiments. Due to the high cost of ATG, optimisation experiments were carried out with
small n numbers (n=3) which hindered the ability to achieve significance. Control serum had
no depletive effect on T cells, confirming that it is the depletive antibodies within ATG causing
the reduction in T cell numbers (Fig. 5.1). This corroborates well with previously published
data which demonstrates that ATG binds more efficiently to CD8" T cells than CD4" T cells
resulting in more rapid depletion of the CD8" T cell population (Ruzek et al., 2009). Moreover,
depletion levels are similar to those observed by Valdez-Ortiz et al. (2015) and Ruzek et al.

(2008).

Next, an in vivo model of depletion required optimization. In order to develop a model
of lymphopenia driven HP, the correct concentration and route of administration of ATG need-
ed to be determined. The model developed by Ruzek et al. (2009) was used to determine the
dosing pattern of administering ATG on days 0 and 3, followed by harvest of spleen and lymph
nodes on day 7. Two doses of ATG were tested, with each mouse being given either 25 mg/kg
or 50 mg/kg on each day. Therefore, each mouse received either a total dose of 50 mg/kg or
100 mg/kg. Administrative routes were also tested, with each dose being administered either IP
or IV. Normal rat serum which didn’t contain T cell depleting antibodies were used as a con-

trol.

In the lymph nodes, the number of CD4" and CD8" T cells was reduced by each con-
centration and route of administration of ATG (Fig. 5.2A and 5.2B respectively). However, in
the spleen, 100 mg of ATG administered was the only treatment which reduced the number of
both CD4" and CD8" T cells. CD4" T cells were reduced from 75450 + 15310 to 29550 + 7165
with 100 mg ATG administered IP (Fig. 5.2C) while the number of CD8" T cells was reduced
from 85590 + 17970 in the PBS control to 19970 + 3785 with100 mg/kg ATG (Fig. 5.2D) (n =
3). This level of reduction was not seen with 50 mg/kg ATG, or with 100 mg/kg ATG adminis-
tered IV. Therefore, it was decided to progress with future experiments using 100 mg of ATG

administered IP. There was no depletion of T cells observed when control serum was adminis-
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tered, which confirms that it is the depletive antibodies within the serum causing the reduction

in T cell numbers (Fig. 5.2).

5.3 T cells in the spleen are depleted at day 4, while in the lymph nodes they’re depleted
at day 7.

The result shown in section 5.2 suggested that depletion of T cells by ATG was more effective
in the lymph nodes than the spleen. However, it was hypothesized that since the ATG was ad-
ministered on days 0 and 3, that the cells in the spleen may be already undergoing HP before
day 7, and thus, day 7 was not the best time point to look at depletion. The dosing pattern out-
lined in 5.2 was repeated with just the 100 mg/kg dose administered IP with a harvest on day 4,
to compare depletion of T cells one day after ATG administration to three days after ATG ad-

ministration.

In this section, statistical significance was not achieved using ANOVA analysis, despite
clear differences between groups. Thus, statistics generated in this section were generated using
the student’s t test. While the number of CD4" T cells in the lymph nodes was reduced on day
4, this reduction was not significant until day 7 (n = 4) (Fig. 5.3A). In the CD8" compartment,
depletion was robust at both days 4 and 7 (n = 4) (Fig. 5.3B). This aligns with our in vitro data,
and previous studies showing that ATG is superior at depleting CD8" T cells compared to CD4"
T cells (Ruzek et al., 2009). As hypothesized, the CD4" compartment was depleted in the
spleen at day 4 while depletion on day 7 was not robust (Fig. 5.3C), likely a result associated
with reconstitution of the CD4" compartment, induced by HP. Similarly, depletion of CD8" T
cells in the spleen was more pronounced at day 4 than day 7 (n = 4) (Fig. 5.3D). Therefore, the
effects of ATG are differential in the spleen and lymph nodes and this needs to be considered

when analyzing future results.
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Figure 5.1 ATG depletes CD8" T cells quicker than CD4" T cells in vitro. Splenocytes
were harvested from CD45.1 mice and 1x10° cells were seeded per well in cRPMI
supplemented with or without ATG or normal rabbit serum as a control. Cells were
harvested after 16, 24, and 48 hours and enumerated using flow cytometry and counting
beads as described in section 2.10.1. 10pg/ml ATG doesn’t deplete CD8" or CD4" T cells
in vitro. 50pg ATG depletes CD8" T cells after 24 hours but does not affect CD4" T cell
number. 250pg/ml depletes CD8” T cells from 16 hours onwards, but doesn’t deplete CD4"

T cells until 48 hours. Statistical analysis was carried out using Kruskal-Wallis analysis, n =

3.
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Figure 5.2 100 mg administered IP is the most effective dose and route of

administration for ATG. CD45.1 mice were injected either IP or IV on days 0 and 3 with

a total concentration of either 50 mg/kg or 100 mg/kg ATG followed by the harvest of

spleens and lymph nodes on day 7. The total number of CD4" and CD8" T cells in each

organ was enumerated by flow cytometry. Total number of CD4" and CD8" T cells is

reduced in the lymph nodes on day 7 by 50 mg/kg and 100 mg/kg ATG administered IV

and IP (A and B respectively). In the spleen only 100 mg/kg administered IP significantly
reduced the number of CD4" and CD8" T cells on day 7 (C and D respectively). Normal

rabbit serum was used as a control and had no depletive effect on T cells. Statistical

analysis was carried out using Kruskal-Wallis analysis, n = 3.
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Figure 5.3 The rate of T cell depletion by ATG varies between CD4 and CD8 T cells in
the spleen and lymph nodes. 100 mg/kg ATG or control serum was administered over 2
doses given on day 0 and day 3, followed by a harvest on days 4 and 7. Spleens and lymph
nodes were processed and stained for flow cytometric analysis of CD4" and CD8" T cells.
Total number of CD4" T cells is significantly reduced in the lymph nodes by ATG on day 7
(A), while the number of CD8" T cells is significantly reduced on both day 4 and day 7 (B).
In the spleen, the total number of CD4" T cells is significantly reduced at day 4 but this
number is restored to normal levels by day 7 (C). The number of CD8 T cells is
significantly reduced at day both days 4 and 7 (D). Normal rabbit serum was used as a
control and had no depletive effect on T cells. Statisical analysis was carried out using
Kruskal-Wallis analysis with the original FDR method of Benjamini and Hochberg to

correct for multiple comparisons where * <0.05 n = 3.
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5.4 T cells in the spleen and lymph nodes are undergoing proliferation on day 7 of the
lymphodepletion model.
In order to ensure that day 7 was an appropriate time point to measure the effects of MAPC
cells on HP, the frequency of Ki67" cells within the CD4 and CD8 compartments was
determined in the spleen and lymph nodes following ATG administration. It was hypothesised
that as the number of T cells in the spleen had increased by day 7 following ATG
administration, that these cells may already be undergoing HP. Thus, the ATG model was set
up as described in section and spleens and lymph nodes were harvested on day 7 for
intracellular staining of Ki67.

In the lymph nodes on day 7 the frequency of Ki67" cells within the CD8 compartment
increased from 13.58%=+2.650 to 42.53%+5.065 with ATG administration (n = 3), while in the
CD4 compartment this increase was more pronounced with the frequency of Ki67" cells
increasing from 13.37%+2.172 to 81%=8.220 following lymphodepletion. Within the spleen,
the frequency of CD8" cells expressing Ki67 increased from 9.110%=0.6004 to 24.83%+2.868
following lymphodepletion (n = 3). Similarly, the frequency of Ki67" CD4" cells in the spleen
increased from 12.98%=1.282 in the PBS group to 57.01%+8.710 in the ATG group (n = 3).
Normal rabbit serum was used as a control, and did not increase Ki67 expression by T cells to
the same levels as ATG (Fig. 5.4). Since proliferation was increased by T cells at day 7, it was
decided that day 7 was an appropriate time point to measure the effects of MAPC cells on HP

following lymphodepletion.

5.5 MAPC cells IP suppress T cell proliferation in the spleen but not in the lymph nodes

As shown in chapter 4, MAPC cells IP and MAPC cells IV suppress IL-7 driven proliferation of
T cells in vivo. Following on from that result, it was hypothesized that MAPC cells would simi-
larly suppress proliferation of T cells following ATG administration. Since depletion had oc-
curred in most cases at day 4, 1x10° MAPC cells were administered IV or IP at this point with

the hypothesis that MAPC cell therapy would suppress proliferation of the T cell compartment.

195



Lymph nodes: Spleen: PBS ATG

CcDa A\ pmme STE
1 1
% 1 N |
- r~ 1 1
;:( 0 T :LE 304 —— g . | ¢ ™ .
£ . L g T 51 !
-« -
§ ;,0‘ g <<—1'11~ »‘Tw:-<<<
g g 2 A '- i -
- » > 1 K|
- N - w 1 1
N — L — ! . o -
- ¥ 2
c 10 -T— c 1 1
8 8 8l 4 {
S o 5 ol S T
¥ o 6 s o o
& ® 99.0'6 & ® (:‘e.(f -
Q@ g& .' .l
1 N |
1 N |
o8 o No*
1% < 1 N |
§ 3l |
. S mm— 3 T
w0 ¥ ¥ * E e Yoo
o v o |
; 0 : T =3 1 N |
: s ! E 8. m» .
$e g Z |9y i
- - 4 L | 1
« & ® D - e T D - e
® - 2 - 5
o . o ) -
o o Ki67
cJmm | wm
- ) o & . - © &
& S & & & o
& <
,§‘ ta

¢ ¥

Figure 5.4 CD4" and CD8" T cells in the lymph nodes and spleen are proliferating on
day 7 of the ATG model. 100 mg/kg ATG or control serum was administered over 2 doses
given on day 0 and day 3, followed by a harvest on day 7. Spleens and lymph nodes were
processed and stained for flow cytometric analysis of Ki67 expression by CD4" and CD8" T
cells. The percentage of CD4+ and CD8+ T cells proliferating in the lymph nodes and spleen
is significantly increased on day 7 following ATG administration. Normal rabbit serum was
used as a control. Statistical analysis was carried out using Kruskal-Wallis analysis with the
original FDR method of Benjamini and Hochberg to correct for multiple comparisons where

where * <0.05 and *** <0.001. n=3
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Figure 5.5 MAPC cells do not suppress proliferation of T cells following ATG
administration. The ATG model was set up with administration of MAPC cells on day 4.
Neither MAPC cells IP or MAPC cells IV had any significant effect on proliferation of
CD4" or CDS8' T cells in the spleen or the lymph nodes. Results are indicative of 2
experiments using 2 MAPC cell donors (n = 10).
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Thus, the frequency of Ki67 expressing CD4" and CD8" T cells in the spleen and lymph nodes
was examined in ATG groups following MAPC cell therapy. Surprisingly, both MAPC cells IP
and MAPC cells 1V failed to suppress T cell proliferation in the spleen and lymph nodes. While
MAPC cells IP did slightly reduce Ki67 expression by CD8" T cells, this effect was not
significant (Fig. 5.5). Thus, despite MAPC cells having a robust suppressive effect on IL-7

driven T cell proliferation as seen in chapter 4, this is not reproducible in the ATG model.

5.6 MAPC cells IP enhance the frequency of Treg in the lymph nodes following
lymphodepletion.

In the context of allograft rejection, the outcome of the immune reaction depends on the ratio
of pro-inflammatory T cells to Treg. The expansion of regulatory and memory T cells
following ATG treatment is extensively reported (Ruzek et al., 2009; Xia et al., 2012;
Boenisch et al., 2012; Broady, Yu & Levings, 2009; Feng et al., 2008; Meyer et al., 2015;
Valdez-Ortiz et al., 2015). Furthermore, MSC have been shown to expand Treg populations
both in vitro and in vivo (Luz-Crawford et al., 2013; Cahill et al., 2015; English et al., 2009).
Therefore, I sought to examine if MAPC cell therapy promoted Treg in the ATG model. The
ATG model was set up as previously described. Splenocytes and lymph nodes were processed
and stained for CD4 and CD25 before being stained intracellularly for FoxP3.

In the spleen, administration of ATG slightly increased the frequency of CD25",
FoxP3" cells within the CD4" compartment from 12.46%=0.5971 to 15.34%%1.334 (n = 12),
however MAPC cells had no further effect (Fig. 5.5A). In the lymph nodes, ATG
administration significantly increased the frequency of Treg from 9.342%+0.7697 to
14.83%+0.4843 (n = 12). MAPC cells further increased this population, however this was
only significant when MAPC cells were administered IP, and when these groups were
compared using the student’s t test (Fig. 5.5B). Therefore, in contrast to the IL-7 model,
MAPC cells can promote natural Treg in the ATG model, however this is only seen when

MAPC cells are injected IP.
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Figure 5.6 MAPC cells IP promote the frequency of Treg in the lymph nodes. The
ATG model was set up as described in figure legend 5.4 and spleens and lymph nodes were
harvested for flow cytometry on day 7. Cells were surface stained for CD4 and CD25
before being stained intracellularly for FoxP3. ATG increased the frequency of CD4+,
CD25+, FoxP3+ T cells in the spleen and lymph nodes. In the spleen MAPC cells had no
effect on Treg frequency, however, MAPC cells IP further increased Treg frequency in the
lymph nodes. Results are indicative of 2 independent experiments using 2 MAPC cell
donors. Statistical analysis was carried out using Kruskal-Wallis analysis with the original

FDR method of Benjamini and Hochberg to correct for multiple comparisons where *<0.05,

*%<0.01, and *** <0.001
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Figure 5.7 MAPC cells IP suppress IFN-y production by T cells following ATG
administration. The ATG model was set up as described in section 2.8.3. Spleens and lymph

nodes were examined for IFN-y by flow cytometry. MAPC cells IP reduced the frequency of
[FN-y producing CD4+ and CD8+ T cells in the spleen, and the frequency of IFN-y producing
CD8+ T cells but not CD4+ T cells in the lymph nodes. MAPC cells IV had no effect on the
frequency of IFNy producing T cells in either organ. Results are indicative of 2 independent
experiments using 2 MAPC cell donors. Statistical analysis was carried out using Kruskal-

Wallis analysis with the original FDR method of Benjamini and Hochberg to correct for

multiple comparisons where * <0.05, ** <0.01.
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5.7 MAPC cells suppress the frequency of CD8" IFN-y producing cells in the spleen and
lymph nodes following lympho-depletion.

Under lymphopenic conditions, the increased availability of homeostatic stimuli causes the
skew of remaining T cells towards a Thl phenotype. Since MAPC cells suppressed IFN-y
production by T cells in the IL-7 model, it was hypothesised that they would show similar
efficacy following lymphodepletion. Splenocytes and lymph nodes were harvested from the
ATG model and prepared for intracellular cytokine staining as described in section 2.10.4.
The frequency of IFN-y" cells was significantly increased in both the CD4" and CDS"
compartments in the spleen and lymph nodes. MAPC cells IP significantly reduced the
frequency of IFN-y" CD4" and CD8" splenocytes, however MAPC cells IV had no such effect.
In the lymph nodes MAPC cells had no effect on IFN-y production by CD4" cells, however
MAPC cells IP reduced the percentage of IFN-y producing cells within the CD8" population
(Fig. 5.7). Thus, similar to the IL-7 model, MAPC cells IP show superior efficacy to MAPC

cells IV in the ATG model.

5.8 Suppression of IFN-y production by CD8" T cells by MAPC cells is dependent on
PGE2

PGE2 has been shown to be an important contributor to MSC and MAPC cells mediated
immunosuppression in a number of in vivo settings (Auletta et al., 2015; Highfill et al., 2010).’
Furthermore, we have previously shown that suppression of IL-7 activated T cells by MAPC
cells in vitro requires PGE2 (Reading et al, 2015). Thus, it was hypothesised that the
suppression observed by MAPC cells in vivo would be mediated by the same mode of action.
To test this hypothesis, the COX inhibitor indomethacin was administered to the ATG model
along with MAPC cells IP on day 4. Indomethacin was injected again on days 5 and 6,
followed by harvest of the spleens and lymph nodes on day 7. Indomethacin injected alone to
ATG mice had no effect on IFN-y production by CD8" T cells (Fig. 5.8). As expected, the
frequency of IFN-y producing CD8" cells in both the spleen and lymph nodes of the ATG

group was increased compared to the PBS group (n = 6 and n = 4 respectively). MAPC cells
201



IP reduced the frequency of IFN-y producing T cells in the spleen from 27.40% =+ 2.379 to
17.35% + 2.056 (n = 6), while in the lymph nodes, MAPC cells reduced this frequency from
18.13% = 2.241 to 6.225% = 2.099 (n = 4). Administration of indomethacin reversed the

effects of MAPC cells IP, suggesting that PGE2 is required for immunosuppressive effects of

MAPC cells in this model (Fig. 5.9).
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Figure 5.8 Indomethacin does not impair IFN-y production by T cells following ATG
administration. ATG was administered on days 0 and 3 followed by IP injection of 30ug
Indomethacin (Indo) on days 4, 5 and 6. Spleens were harvested on day 7 and examined for

production of IFN-y. Indomethacin had no effect on the production of IFN-y by splenic CD8"
T cells (n =5).
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Figure 5.9 MAPC cells IP suppress IFN-y production by T cells following ATG
administration in a COX2 dependent manner ATG was administered on days 0 and 3
followed by MAPC cells IP on day 4, IP injection of 30pg Indomethacin (Indo) on days 4, 5
and 6. Spleens and lymph nodes were harvested on day 7 and examined for production of
IFN-y by flow cytometry. MAPC cells suppressed the production of IFN-y by CD8" T cells in
both the spleen and the lymph nodes, and indomethacin reversed this. Results are indicative
of 2 independent experiments using 2 MAPC cell donors. Statistical analysis was carried out

using Kruskal-Wallis analysis where * <0.05, and ** <0.01..
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5.9 Summary

The IL-7 model was a first step to examine the effects of MAPC cells on IL-7 driven
stimulation of T cells. However, in the clinic the abundant levels of IL-7 are due to decreased
competition for homoeostatic stimuli following the use of lymphodepleting drugs. Thus, the
aim of this chapter was to build on the data collected in Chapter 4 using the more clinically
relevant model of HP following lymphodepletion rather than following administration of
recombinant IL-7. First, a model of HP following ATG administration was set up. A number
of doses of ATG and routes of administration were tested following a dosing timeline outlined
in a number of studies wherein two doses of ATG are administered 3 days apart (Ruzek et al.,
2009; Xia et al., 2012; Ayasoufi et al., 2016). Using this dosing schedule, it was decided that
a dose of 100 mg/kg ATG administered IP over two doses was the most robust method of
depleting T cells in the lymph nodes and spleen. Depletion was shown to be more robust with
CD8" than CD4" cells as expected, and ATG administration affected T cells within the spleen
more rapidly than the lymph nodes. Although the timing of depletion and subsequent
proliferation was slightly different between the spleen and lymph nodes, overall depletion was
evident at day 4 and proliferation was measurable on day 7. Therefore, MAPC cells were
introduced to the model either IP or IV on day 4, and spleens and lymph nodes were harvested
on day 7 to look at the effects of MAPC cells on T cell HP.

Similar to the IL-7 model, ATG administration increased the proliferation and IFN-y
production by T cells. In this case however, neither MAPC cells administered IP or IV had an
effect on T cell proliferation at either site. On the other hand, MAPC cells IP did suppress
IFN-y production by CD8" T cells in both the spleen and the lymph nodes, while MAPC cells
IV failed to have this effect. Treg were also examined in this model, using just the traditional
panel of CD25 and FoxP3 co-expression. It is well known that ATG increases Treg
populations (Feng et al., 2008; Boenisch et al., 2012; Valdez-Ortiz et al., 2015), and this was
also demonstrated in our model. Similar to the IL-7 model, MAPC cells had no effect on Treg

in the spleen, however MAPC cells IP did further enhance the frequency of Treg in the lymph
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nodes. Thus, overall, the data obtained using the ATG model was quite similar to that of the
IL-7 model, in that MAPC cells can prevent the skew of T cells towards Thl populations
during HP, and MAPC cells IP are more proficient in doing this than MAPC cells IV.

Finally, the mode of action of MAPC cells IP in the ATG model was examined. We
have previously shown in vitro that the effects of MAPC on IL-7 activation of T cells is
dependent on PGE2 production by MAPC cells (Reading et al., 2015), and others have shown
that suppression of murine GvHD by MAPC cells is PGE2 dependent (Highfill et al., 2009).
Furthermore, in Chapter 3 we speculate that the improved efficacy of PPAR(-) MAPC cells in
the GvHD model is due to an increase in COX-2 expression by PPAR(-) MAPC cells following
IFN-y stimulation. Therefore, it was hypothesised that MAPC cells would require PGE2 for
their function in this model, and the COX inhibitory indomethacin was introduced in vivo to
block PGE2 production by MAPC cells. PGE2 inhibition prevented MAPC cells IP from
suppressing IFN-y production by T cells following lymphodepletion. Thus, this chapter
demonstrates that MAPC cells are unable to suppress proliferation of T cells during
lymphodepletion, however MAPC cells IP can prevent the skew of T cells towards pro-
inflammatory profiles and promote Treg during HP. Furthermore, the anti-inflammatory effects

of MAPC cells IP in this model are likely dependent on PGE2.
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Chapter 6
Discussion



In 2004, Le Blanc et al. published a landmark study reporting the successful use of
haploidentical MSC in a young patient with steroid refractory GvHD (Le Blanc et al., 2004).
Since then, investigators have been excited about the potential of using ‘off the shelf” MSC
and MAPC cells as a prophylaxis to prevent or treat GvHD and SOT rejection. Preclinical and
small scale clinical studies have reported promising safety and efficacy data using these
therapies in both instances, with MSC and MAPC cells being shown to suppress T cell
proliferation, promote regulatory cell populations and protect damaged tissue (Auletta ef al.,
2015; Highfill et al., 2009; Maziarz et al., 2012; Ringden et al., 2006; Soeder et al., 2015).
However, in a larger industry sponsored clinical trial using clinical grade MSC to treat steroid
refractory GvHD, MSC performed poorly compared to the placebo (Phinney et al., 2013). Itis
clear from this, and disappointing efficacy data derived from other clinical trials, that the facets
of MSC and MAPC cell biology that are misunderstood require clarification in order to
maximise the therapeutic potential of these cells. The main problems that commonly arise
regarding the use of MSC and MAPC cells in the clinic usually lead to questions surrounding
the timing or schedule of their administration, routes of cell delivery, expansion methods and
donor variation (Phinney et al., 2013). This study sought to increase our understanding on the
efficacy, biodistribution and modes of action of MAPC cells in murine models of
transplantation. Knowledge gained from this study could then be used to optimise the use of
MAPC cells in the future.

The first part of Chapter 3 focused on ensuring the characteristics and potency of
MAPC cells used for this study were sufficient prior to advancing to in vivo experiments.
These tests are important for a number of reasons. Firstly, since a number of cell types can be
isolated from the BM, it is important to examine the characteristics of the MSC and MAPC
cells used for this study using standardised methods. Secondly, for both ethical and practical
reasons, in vitro potency assays should be used to validate the functional capacities of MAPC
cells before introducing these cells to animal models (Lehman et al., 2012; Roobrouck et al.,

2011). In the early 2000s the number of investigators interested in MSC and MAPC cells in
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both academic and industrial settings increased dramatically. Unsurprisingly, the sources and
methods of cell isolation and expansion varied between different groups, which lead to many
inconsistencies within the field. In 2006 the ISCT addressed these inconsistencies by
proposing that MSC must fit the following criteria; adherence to plastic in vitro, surface
expression of CD105, CD73, and CD90, negative expression of CD45, CD34, and HLA DR,
and finally, the ability to undergo multipotent differentiation into osteocytes, adipocytes and
chondrocytes (Dominici ef al., 2006). MAPC cells also meet these criteria, with the primary
difference between the MSC and MAPC cell phenotype being that MAPC cells express lower
levels of HLA ABC (Roobrouck ef al., 2011). The initial experiments outlined in Chapter 3
demonstrate that the MAPC cells used herein adhere to these criteria outlined by the ISCT;
MAPC cells adhered to plastic and maintained the small spindly phenotype expected,
expressed the required surface antigens, and differentiated into osteocytes and adipocytes
under controlled in vitro conditions.

In recent years, the increased use of MSC and MAPC cells in the clinic has
highlighted the need to further standardise the consistency and quality of these therapies. The
complex nature of cellular therapies means that subtle differences in cell source or preparation
can have significant effects on their therapeutic efficacy. Thus, it is not enough to merely
identify cells using the criteria outlined by the ISCT, but potency assays should also be used to
ensure that cells are fit for purpose before being introduced to clinical studies (Bravery ef al.,
2013). For ethical and practical reasons, these potency assays were also used prior to animal
studies during this project. By ensuring that MAPC cells were of good quality before being
used in vivo, we could avoid unnecessary use of animals with potentially poor-quality cells.
Potency assays used by different groups varies depending on the condition MSC or MAPC
cells are being used for. For example, to indicate the efficacy of MSC to treat GVHD, Osiris
Therapeutics Inc. measure TNFR1 secretion by MSC and link this to potency (Danilkovitch,
2006), while Athersys Inc. measure the levels of VEGF, CXCL5 and IL-8 to predict the pro-

angiogenic capacity of MAPC cells in myocardial infarction (Lehman et al., 2012).
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For this study, we chose to predict the immunosuppressive capacity of MAPC cells
using a T cell suppression assay, and the pro-angiogenic capacity of MAPC cells using a tube
formation assay. These two characteristics of MAPC cell function were particularly important
for this project, as MAPC cells were expected to suppress T cell proliferation and protect
damaged tissue in the murine models of inflammation used herein. MAPC cells are known to
carry out these functions in a range of in vitro and in vivo assays using soluble factors such as
IDO, PGE2, VEGF and CXCLS5, and the efficacy of MAPC cells in these assays has been
previously demonstrated by others (Reading et al., 2013, 2015; Lehman et al., 2012). Thus,
these robust assays were chosen as reliable indicators of MAPC cell quality. MAPC cells were
demonstrated to suppress the proliferation of T cells in response to stimulation with anti-
CD3/CD28 beads in a dose dependent manner. This was expected based on previous studies
using MAPC cells in this type of assay (Reading et al., 2013). Similarly, MAPC cells had the
capacity to promote tube formation by HUVEC cultured in Matrigel. MAPC cells have
previously been reported to be superior promotors of angiogenesis compared to MSC in a
murine model of stroke, and this difference between the two cell types was reproduced in the
potency assay used herein (Mora-Lee et al., 2012). Thus, the clinical grade MAPC cells used
in this study were of good quality and carried out their expected functionality in these in vitro
assays.

The use of characterisation and potency assays are not always entirely predictive of the
efficacy of MSC or MAPC cells in vivo, and this should be borne in mind when moving cells
into in vivo models. Cellular therapies are extremely complex, and they function through
multiple modes of action. Furthermore, the environment in vivo is very different to that in
vitro, and so the efficacy of MAPC cells in the previously mentioned assays does not
guarantee that the cells would be effective at suppressing inflammatory conditions in vivo.
Nevertheless, these assays do act as a guide to the operator, and when cells are ineffective in
vivo these tests can be used to show that it is not due to poor quality cells, but may be due to
other factors such as timing of administration, cell number infused etc. Furthermore, these

tests can identify differences in potency between cells cultured using varying conditions, or
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between different donors. Differences in the potency among donors is a major concern
regarding the use of MSC and MAPC cells, as it is well known that not all donor cells possess
the same therapeutic capacities (Kuci ef al., 2016). Thus, these assays are also valuable for
predicting the efficacy of various MSC or MAPC cell donors in vivo.

Once the characteristics and functionality of MAPC cells were demonstrated, Chapter
3 moved on to focus on improving the efficacy and biodistribution of MAPC cells in a
humanised model of aGvHD. Both MSC and MAPC cells have previously been shown to treat
GvHD in murine models (Auletta et al., 2015; Highfill et al., 2009), and our group have
reported the efficacy of MSC in a humanised model (Tobin et al., 2013). In the humanised
aGvHD model, human BM-MSC have no effect on IL-2 or IFN-y production by T cells, but
they do inhibit TNF-a production. Surprisingly, total IFN-y levels in the sera of aGvHD mice
are actually increased when MSC are administrated, demonstrating the complex interactions
between MSC/MAPC cells and the environment in vivo (M. Healy, 2015, PhD thesis). These
preclinical studies and many others have provided both efficacy and mechanistic data
regarding the use of MSC and MAPC cells to prevent or treat GvHD, and have highlighted a
number of concerns which may explain the disappointing phase III Prochymal® trial. These
rodent studies have both advanced our understanding of MSC or MAPC cell biology, while
simultaneously reinforcing the reality that we need to understand exactly how these cell types
work in order to maximise their full therapeutic potential in the clinic. Without fully
understanding the exact mechanisms by which these cells alleviate GvHD in animal models, it
is extremely difficult to determine the optimal conditions which should be used when
administering MSC or MAPC cells in the clinic.

One such concern surrounding the use of MSC or MAPC cells in the clinic is at what
point should cells be administered. Murine models have shed some light on this issue. For
example, Highfill et al. (2009) found that murine MAPC cells had no effect on GvHD
prevention when infused systemically on the same day as BMT, however intrasplenic delivery
of MAPC cells was beneficial. Similarly, Tobin et al. (2013), and Jeon et al. (2010) found that

human MSC administered IV on day 0 were ineffective at alleviating GvHD symptoms. In
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traditional xenogeneic models, early administration of two doses of MSC has been beneficial.
For example, administration of MSC to murine models of GvHD on days 1 and 3 or 4 post
BMT has been shown to be effective by a number of groups (Auletta et al., 2015, M. Healy,
2015, PhD thesis), while administration of human MSC to a similar model on day 7 failed to
alleviate the disease (Jeon et al., 2010). On the other hand, when administered to a humanised
GvHD model on day 7, MSC are effective at delaying aGvHD onset (Tobin et al. 2013, M.
Healy, 2015, PhD thesis). The differences in efficacy of MSC in these models is probably due
to differences in the inflammatory state in vivo, as GvHD would not develop along identical
time courses in each model.

For this study, the first step was to test the efficacy of MAPC cells at either preventing
or treating aGvHD using a humanised model. While the above studies suggest that MAPC
cells should be therapeutic in this system, it has not yet been tested using a humanised model.
The humanised aGvHD model is established following the administration of human PBMC to
irradiated NSG mice. Human immune cells engraft and are activated following the recognition
of xenogeneic MHC molecules expressed by the host. aGvHD then develops and manifests
itself through symptoms such as weight loss, hair loss and reduced activity. The humanised
model is particularly valuable, as it allows for the interactions between human MAPC cells and
the human immune cells which are driving the disease. The study by Highfill et al. examined
the effects of murine MAPC cells in a murine model of GvHD, however there may be
discrepancies between the modes of action of rodent and human MAPC cells. For example,
murine MSC are thought to modulate T cell function through the production of iNOS, while
human MSC use IDO for this purpose (Ren et al., 2008; Meisel et al., 2004). While this
problem can be overcome by administering human MAPC cells to murine models, this type of
xenogeneic setup has some limitations. For example, cross-species activity between human
and murine IFN-y is low (Fitzgerald et al., 2001), which is particularly problematic for these
studies where IFN-y is such a potent activator of MAPC cell activity. Furthermore,

xenogeneic (human) MAPC cells may be cleared earlier by murine immune cells than human
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immune cells. Thus, the humanised model allows for a more accurate depiction of how
exactly MAPC cells would act in patients compared to a normal murine model.

Of course, the humanised model of aGvHD is not an exact replica of clinical GvHD.
In clinical GvHD, host DC can present antigen to donor T cells, contributing to disease
development (Markey, Macdonald & Hill, 2014). In contrast, NSG mice lack DC, thus the
humanised model is driven only by donor DC activating donor T cells, and human T cells
cannot directly recognise murine MHC molecules. Thus, this aGvHD model is predominantly
driven by CD4" T cells. CD8" T cells can contribute, but must be supported by CD4" cells (Ito
et al., 2017). Therefore, this model is not ideal, however, humanised models are as close to the
clinical scenario as is currently possible in the lab setting.

MAPC cells were administered to the humanised aGvHD model on either day 0 or day
7 to examine the capacity of MAPC cells to either prevent or treat aGvHD. Cells were
administered IV since this is the most relevant route of delivery in the clinic, and MSC
administered IV have previously been shown to be effective in this model (Tobin et al., 2013).
Mice were monitored daily for the presentation of aGvHD traits, and assigned disease scores
which correlated to symptom severity. Once animals reached a disease score of 5, or lost 20%
of their original weight they were humanely sacrificed. GvHD is known to cause systemic
tissue destruction, particularly in the lung, liver, small intestine, and colon, thus these tissues
were harvested to determine whether MAPC cells could alleviate tissue damage. Overall,
MAPC cells administered on day 7 significantly improved the disease score, survival time, and
tissue pathology of aGvHD animals, while MAPC cells administered on day 0 only slightly
improved survival of aGvHD mice from a median survival time of day 13.5 to day 15 (Fig.
6.1). While MAPC cells were more potent at alleviating cellular infiltration and tissue damage
in the lung and GI tract when administered on day 7 compared to day 0, surprisingly MAPC
cells delivered on day 0 were superior at reducing signs of GvHD in the liver. MSC and
MAPC cells are known to distribute to the liver following IV injection (Schmuck et al., 2016),
and cause a transient inflammatory response (Hoogduijn et al., 2013). Tissue from all

experimental groups was harvested on day 12. Thus, the reduced cellular infiltration observed
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Effective MAPC treatments

YMAPC cells MAPC cells
PPAR(-) MAPC cells PPAR(-) MAPC cells
| | R
| |
Day 0 Day 7

Ineffective MAPC treatments

MAPC cells
PPAR(+) MAPC cells PPAR(+) MAPC cells
PPAR(+) yMAPC cells

| |
Day 0 Day 7

Figure 6.1 Schematic timeline of effective and ineffective MAPC therapies
administered to the humanised aGvHD model. MAPC cells were effective at day 0
when pre-treated with IFN-y (YMAPC cells) or the PPARS antagonist (PPAR(-) MAPC
cells). When administered on day 7, untreated MAPC cells, and PPAR(-) MAPC cells
were effective. Untreated MAPC cells and PPAR(+) YMAPC cells were ineffective on
day 0, while PPAR(+) MAPC cells administered on both day 0 and day 7 failed to
alleviate aGvHD. Effective MAPC treatments are defined as the capacity to significantly
prolong survival in the aGvHD model. Ineffective MAPC treatments are defined as failure

to significantly prolong survival in the aGvHD model
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in tissue from animals treated with MAPC cells on day 0 compared to those treated with
MAPC cells on day 7 may be due to the resolution of this inflammatory response to MAPC
cells by day 12 in the group treated on day 0, while this could still be ongoing in the group
treated with MAPC cells on day 7. This could be clarified by harvesting tissue at a range of
time points.

Overall, this data aligns well with previous work by our group demonstrating that
MSC can treat, but not prevent, the development of aGvHD using this model (Tobin et al.,
2013). Furthermore, the tissue pathology data aligned well with that of previous studies where
MSC therapy is not equally protective in every tissue. In line with other studies using MSC,
MAPC cells demonstrated superior therapeutic effects in the liver and gut compared to the
lung (Martin et al., 2010; Tobin et al., 2013, M. Healy, 2015, PhD thesis). It is unclear why
damage in the lung is not resolved as potently as other tissues, and is surprising given that the
majority of MAPC cells administered IV would be expected to accumulate in the lung
(Schrepfer et al., 2007). This could be explained by the fact that IV administration of MSC is
known to cause damage in the lung by forming microemboli (Choi et al., 2011). Thus, this
negative effect of MSC or MAPC cells in the lung could counteract the therapeutic effect of
MSC and MAPC cells in pulmonary tissue.

This study did not examine the effects of MAPC cells on aGvHD at the cellular level,
however previous studies by our group have demonstrated that MSC reduce TNF-a production
by T cells and expand Treg in this model (M. Healy, 2015, PhD thesis, J. Corbett, 2016, PhD
thesis). Therefore, it is likely that MAPC cells are mediating their therapeutic effect in a
similar manner, however this would require further investigation. TNF-a contributes to tissue
destruction and is part of a positive feedback loop of DC and T cell activation in GvHD
(Henden & Hill, 2015), and both TNF-a blockade, and adoptive transfer of Treg have been
shown to be therapeutic in GvHD (Mcdonald-Hyman, Turka & Blazar, 2015). Thus, it is
likely that MAPC cells are partially alleviating GvHD symptoms in this manner. As
mentioned previously, in vitro potency assays are commonly used to predict the ability of

MSC to suppress T cell activity and expand Treg in in GVHD (Bravery et al., 2013), however
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the modes of action of MSC and MAPC cells are extremely complex, thus it is likely that other
factors contribute to their immunomodulatory effects in vivo. It is unclear whether the
observed effects of MSC on TNF-a production or Treg expansion are actually vital for their
suppressive capacities, or whether other effects are more important. The investigation of this
would be important in order to elucidate the mechanisms involved in MSC or MAPC cell
therapeutic efficacy in aGvHD, and would assist researchers and clinicians in designing the
correct processes and protocols surrounding culture conditions, potency assay development,
and donor selection.

As mentioned previously, Highfill et a/. found that murine MAPC cells could prevent
GvHD following intrasplenic administration, suggesting that the spleen is an important site of
activity for MAPC cells, while Auletta et al. (2015) have shown that human MSC
administered IV to a murine model of GvHD on days 1 and 4 post BM transplant can be
detected in the spleen 24 hours post administration. Furthermore, Auletta et al. elegantly
showed that MSC suppressed T cell proliferation within the spleen, while Highfill et al.
showed that MAPC cells in the spleen produce PGE2. Thus, MSC have been shown to be
present at this major allo-priming site following IV administration, however, since few studies
compare the biodistribution between aGvHD and healthy mice, it is unknown whether
biodistribution of MSC to this location is a passive process. One of the aims of this chapter
was to improve our understanding of MAPC cell migration in the humanised model of
aGvHD. Therefore, 1 sought to determine whether MAPC cells were responding to
inflammatory cues in vivo, and migrating to target organs accordingly, or whether the detection
of MSC in the spleen of GvHD mice by Auletta ef al. was merely due to a passive systemic
biodistribution of MSC in vivo. Commonly used tracking methods such as PCR or MRI do not
accurately quantify the number of cells detected in vivo which makes subtle differences in
biodistribution difficult to interpret. Furthermore, some tracking methods have been subject to
criticism as labels detected in vivo can represent dead cells or phagocytes that have engulfed
MSC (Eggenhofer ef al., 2012). This study used novel CryoViz™ imaging equipment, which

allows for the improved detection and quantification of fluorescently labelled cells. Moreover,
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the Qtracker” labelling kit used for this study requires the fluorescent beads to be tightly
packed together within the cell to be detected by the CryoViz™ (Luk ef al., 2016). Thus, the
cells detected in this study are intact, and have not been phagocytosed.

There are cons to the use of CryoViz™ technology, perhaps the main one being that
animals must be sacrificed prior to imaging. Therefore, unlike live animal imaging where the
distribution of MAPC cells could be traced in the same mouse over a range of time points, here
each time point requires a separate animal. This restricted the time points which could be
observed due to the costs associated with using large numbers of mice. Secondly, using the
CryoViz™ is quite costly and time consuming, particularly when imaging whole mice. The
main costs associated with the use of the machine, are the Qtracker® labelling kit, and the blade
used to section samples. Replacement blades are required more frequently when sectioning
whole mice compared to tissue samples. Secondly, to section and image a whole mouse takes
roughly three full days, and to process the images using the software can take roughly two
weeks. Thus, whole mouse imaging was used sparingly during this project. Thirdly, a limiting
feature of this technology is the need to use fluorescent labelling, which makes cells difficult
to detect in auto-fluorescent regions. This was particularly problematic when imaging the gut,
as the gut and its contents are extremely auto-fluorescent. While the CryoViz™ quantification
software did detect fluorescent signals in the GI tract, it was impossible to discriminate
between Qtracker” labelled MAPC cells and background autofluoresence. Thus, the GI tract
wasn’t examined for MAPC cell biodistribution, and for whole mice experiments all
fluorescent cells detected in the GI tract were dismissed. This was unfortunate as the GI tract
is an important target organ in GvHD, and future studies should use alternative methods to
examine the distribution of MAPC cells to this organ. Finally, since the CryoViz™ is such a
novel piece of machinery, its technology is being developed and improved constantly. The
machine in Maynooth is the first in Europe, and some features of the machine required
substantial refinement (freezer and quantification software) in order to use the machine

regularly. These issues contributed to the length of time required to obtain biodistribution
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data, and demonstrate the need to refine experiments to minimise costs and improve
productivity.

Using CryoViz™ technology, it was observed that MAPC cells administered on day 7
to mice that received PBMC after irradiation exhibited increased biodistribution to GvHD
target organs at 4 and 24 hours post infusion, compared to MAPC cells administered to mice
that received PBS after irradiation. At 4 hours post infusion, the number of MAPC cells
detected in each of the lung, liver, and spleen was higher in PBMC mice than PBS mice.
Interestingly, at 24 hours post administration the number of cells in the lung was lower in
PBMC mice compared to PBS mice, suggesting that MAPC cells were responding to systemic
inflammation and escaping entrapment in the lungs. In the spleen, the number of MAPC cells
detected was further increased at 24 hours in PBMC mice compared to PBS mice, while
interestingly, the number of cells detected in the liver at 24 hours was the same in each group.
Overall this data aligns well with other studies which show that the majority of MSC are
trapped in the lung following IV administration, followed by the liver and spleen (Eggenhofer
et al., 2014), and demonstrates that MAPC cells respond to inflammatory cues in vivo and
migrate accordingly.

Most researchers agree that MSC are cleared in the first few days after administration
(Leibacher & Henschler, 2016). Whole mice were imaged to examine whether there was a
difference in the clearance of MAPC cells depending on whether they were delivered to PBS
or PBMC mice. For the reasons outlined above, only one time point was chosen for imaging
of whole mice. It was hypothesised that imaging at 48 hours would generate relevant data, as
MAPC cells would have started to be cleared at this point, but not so much so that no cells
would be detected. Roughly 6% of MAPC cells administered to PBS mice were detected at
48 hours, while roughly 10% of administered MAPC cells were detected in PBMC mice at this
point. This data aligns with that of others showing that the vast majority of cells are cleared
quickly (Leibacher et al., 2017; Eggenhofer et al., 2012) and furthermore, this data suggests
that there is not a huge difference in the persistence of MAPC cells regardless of whether the

host has aGvHD or not. Only one mouse per group was analysed for this experiment, for the
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reasons previously mentioned. Thus, it is unclear whether this slight increase in cell number in
PBMC mice is reproducible. Nevertheless, it shows that MAPC cells are not being cleared
faster in mice with PBMC compared to PBS, and that the reduced number of cells detected in
the lungs of PBMC mice is not just due to an overall decrease in MAPC cell persistence in
these animals. This data is similar to data collected by Toupet et al. (2015) wherein human
AT-MSC exhibited similar persistence rates one day after injection to normal mice or mice
with collagen induced arthritis, and suggests that the inflammatory environment does not
accelerate MSC or MAPC cell death in vivo.

It could be suggested that the presence of PBMC would result in faster clearance of
MAPC, however this is not the case, and MAPC cells can be cleared even in irradiated
immunodeficient mice from which there should be no allogeneic response. Thus, the clearance
of MAPC cells in this model is probably due to the hostile conditions encountered in vivo
regardless of the inflammatory milieu. Leibacher et al. (2017) recently published an
interesting study examining the survival of human MSC administered IV to normal
immunocompetent mice. Within 30 minutes of administration more than half of the MSC
administered expressed phagocytic markers, while 2 hours after infusion the majority of MSC
lost their nuclei as shown by Hoescht staining. Furthermore, MSC showed a rapid decrease in
mitochondrial membrane potential and a high propidium iodide signal within 5 minutes of
injection. Thus, it is likely that the clearance of MAPC cells in this model is not due to allo-
recognition by host immune cells, but is due to death and subsequent phagocytosis. Since
NSG do not have functional macrophages, MAPC cells in PBS mice in this model are
probably cleared by granulocytes, monocytes or non-professional phagocytes.

This PhD thesis and others have shown that IV delivered MAPC cells and MSC are
ineffective at preventing aGvHD following injection on day 0, however when these therapies
are administered at later time points they are effective (Polchert et al., 2008; Tobin et al.,
2013). The differences in the efficacy of MSC and MAPC cells depending on the timing of
delivery is more than likely due to the level of inflammation in vivo. IFN-y is an important

activator of MSC and MAPC cells, and in studies where IFN-y signalling is blocked, MSC
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have failed to be immunomodulatory (Vigo et al., 2016; Mounayar et al., 2015; Meisel et al.,
2004; Krampera et al., 2006). The recognition of the host by donor T cells is not
instantaneous, thus the levels of pro-inflammatory cytokines in vivo at early time points are
probably not high enough to activate MSC or MAPC cells. Since MSC and MAPC cells are
cleared quickly, and have a short window of opportunity to produce immunomodulatory
mediators, it is imperative that MSC and MAPC cells are activated as soon as possible once
infused. This may explain why MSC have not been as successful in clinical trials as originally
hoped. In animal models of GVHD, timing of disease onset can be predicted, and this can be
used to choose the most appropriate time to administer MSC or MAPC cells. This however is
not as straight-forward in the clinic, as it is not clear if a patient will develop GvHD until they
present with symptoms. Standard practice employs administration of other therapies before
MSC or MAPC cells. When symptoms have already developed, it may be too late for MSC or
MAPC cells to be effective, as demonstrated by failure of UC-MSC to protect against GvHD
(humanised mouse model) when administered after disease onset (Tisato ez al. 2007).
Pre-stimulation with IFN-y before administration improves the therapeutic effect of
MSC delivered to GvHD animals at early time points (Polchert ef al., 2008; Tobin et al.,
2013), and IFN-y stimulation of human BM-MSC improves their ability to ameliorate colitis
in both DSS and TNBS murine models (Duijvestein et al., 2011). On the other hand, IFN-y
stimulation neither hinders nor improves the efficacy of MSC delivered on day 7 to the
humanised aGvHD model (M. Healy, 2015, PhD thesis), probably because there is sufficient
IFN-y present in vivo at this point to stimulate the cells. Notably, IFN-y levels in vivo can be
reduced by ISDs, and this may interfere with MSC or MAPC cell activation if the two
therapies are used together. Co-therapy of ISDs and MSC in the humanised aGvHD model has
been investigated by the English lab, and IFN-y stimulation improves the effect of MSC
administered on day 6 in this case (J. Corbett, 2016, PhD thesis). Thus, it may be
advantageous to stimulate MSC or MAPC cells with IFN-y prior to administration to ensure

that they can carry out immunomodulatory effects even when endogenous IFN-y
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concentrations are low. Thus, I sought to determine if IFN-y stimulation of MAPC cells would
improve their ability to prevent GvHD development.

First the immunosuppressive capacity of MAPC cells following IFN-y stimulation was
examined using the in vitro T cell proliferation assay previously described. MAPC cells were
cultured with or without 50 ng/ml IFN-y for 24 hours before PBMC and anti-CD3/CD28 beads
were added to the co-culture. This time the assay was only done using a high ratio of PBMC to
MAPC cells (1:80), as a difference between the immunosuppressive capacities of MAPC cells
and YMAPC cells would only be detected at a point where MAPC cells did not have a rigorous
inhibitory effect on T cell proliferation. As expected, YMAPC cells were more potent
suppressors of T cell proliferation than MAPC cells at this ratio, which strengthened our
hypothesis that IFN-y stimulation would improve the efficacy of MAPC cells administered to
the GvHD model on day 0. Next, YMAPC cells or unstimulated MAPC cells were
administered alongside PBMC to irradiated NSG mice. Overall, YMAPC cells delivered to the
aGvHD model on day 0 were superior at alleviating the disease score, prolonging survival, and
reducing tissue damage than unstimulated MAPC cells (Fig. 6.1). However, in line with the
study where MAPC cell administration on days 0 and 7 were compared, mice that received
unstimulated MAPC cells exhibited less signs of GvHD in the liver than those that received
YMAPC cells. Again, this may be explained by an accumulation of cells in the liver in
response to YMAPC cells in the liver, as YMAPC cells are found in the liver in higher numbers
than unstimulated MAPC cells, and may persist longer. Overall, this data aligns well with the
previously mentioned studies by Tobin et al. (2013) and Polchert et al. (2008). Furthermore,
this data supports the proposal that stimulation of MSC or MAPC cells with IFN-y prior to
administration may safeguard these therapies from being ineffective when delivered at
suboptimal time points.

Next, I sought to examine whether YMAPC cells would show increased migration
towards GvHD target tissues compared to unstimulated MAPC cells. MSC stimulated with
IFN-y show increased expression of adhesion molecules, migratory, and chemotactic

mediators such as CXCL9, ICAMI1, and CXCL12 (K. English, unpublished data) and both

221



MSC and MAPC cells stimulated with IFN-y are less susceptible to NK cell lysis (Jacobs et
al., 2014; Noone et al., 2013). Therefore, it was hypothesised that YMAPC cells would
demonstrate increased migration towards GvHD target organs or persist for longer compared
to unstimulated MAPC cells. Based on the previously obtained data, 24 hours was chosen as
the most appropriate time point to measure differences in biodistribution patterns. At 24 hours
post administration, the number of YMAPC cells detected in the spleen and liver of aGvHD
mice was significantly higher than the number of unstimulated MAPC cells detected. The
number of cells detected in the lung was unchanged, which suggests that yYMAPC cells were
not persisting longer than unstimulated MAPC cells, but were specifically migrating towards
target tissues. Of course, whole animal imaging would be required to confirm this point,
however the previous data demonstrated that differences between the persistence of MAPC
cells in different inflammatory milieu is quite subtle. It was hypothesised that similar subtle
differences would be observed between the persistence of MAPC cells and YMAPC cells,
however, time constraints did not allow for imaging in whole mice, thus it is unclear if MAPC
cells are undergoing accelerated clearance compared to YMAPC cells in this model.

This data aligns well with a recent study by Martin Hoogduijn’s group where UC-
MSC stimulated with a cocktail of TGF-f, IFN-y and retinoic acid showed improved migration
towards the liver in a murine model of liver injury. Interestingly, in this model cells stimulated
with IFN-y alone did not show enhanced migrative capacity, demonstrating that migration of
MSC and MAPC cells may be altered depending on cell source and the inflammatory
condition being treated. Our data suggests that improved migration of MAPC cells towards
target tissue contributes to improved therapeutic efficacy. However, despite their improved
migratory capacity, MSC treated with the cytokine cocktail did not alleviate disease severity
compared to untreated MSC. This surprising observation may be due to the read outs used, as
serum levels of the cytokines MCP-1, IP-10 and the liver damage marker ALT were the only
proteins measured and no analysis was performed on liver tissue. Since aGvHD is such a
severe model, differences in efficacy are clearly observed in survival time followed by disease

score and tissue damage. However, since this liver damage model is not as severe, more
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thorough examinations than serum protein levels might need to be done to observe differences
in MSC efficacy (de Witte et al., 2017).

The data collected thus far in Chapter 3 demonstrates that MAPC cells can delay the
development of aGvHD using the humanised model, however their efficacy is dependent on
the timing of administration, as MAPC cells administered on day 0 were unable to alleviate
aGvHD symptoms. IFN-y stimulation of MAPC cells can improve their efficacy when
administered on day 0, and so it is reasonable to suggest that pre-treatment of MAPC cells with
IFN-y may improve their efficacy in the clinic. Stimulating or pre-treating cells prior to
administration may not be entirely convenient in the clinical environment as cells are generally
infused immediately after thawing, and culture of the cells prior to administration would
disregard the importance of the ‘off the shelf’ aspect of MAPC cell therapy. The fact that
MSC and MAPC cells are infused straight after thawing in the clinic has been subject to
criticism, and some investigators believe that this may be the reason for poor efficacy in
clinical trials. These concerns are justified based on the findings that cryopreserved MSC
show impaired immunomodulatory capacities compared to MSC from culture (Moll ef al.,
2014; Francois et al., 2012a). Chinnadurai et al. (2016), recently reported that IFN-y
stimulation of MSC prior to cryopreservation improved their immunomodulatory capacity post
thaw. Thus, this method of stimulating cells prior to cryopreservation may be a realistic
approach to improving the potential of MAPC cell therapy using IFN-y stimulation, without
sacrificing the convenience or reproducibility associated with infusing cells straight after
thawing. Unfortunately, MSC stimulated with IFN-y prior to thaw did not display superior
efficacy compared to MSC from culture, thus some of the benefit of IFN-y stimulation is
certainly lost when cells are cryopreserved. Nevertheless, this method might be a practical
compromise between improving the efficacy of MAPC cell therapy, while still maintaining the
features of a reproducible and conveniently infused ‘off the shelf” product.

Without the assurance of IFN-y stimulation before administration, the effects of
endogenous IFN-y or other inflammatory cues are imperative for the activation of MAPC cells.

To ensure that MAPC cells are used to their maximum benefit, the effects of inflammatory
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cues on MAPC cells need to be fully elucidated. It is important that the inflammatory
environment to which the cells are being introduced is understood, as a certain level of
inflammatory stimuli may be required to activate MAPC cells. For example, MAPC cells
require close contact with IL-1B producing monocytes in vitro in order to produce PGE2
(Reading et al., 2015). The makeup of the inflammatory environment is extremely complex,
particularly in the clinic where levels of each and every cytokine will differ from condition to
condition, and patient to patient. This is then further complicated by the fact that MAPC cells
generate different responses depending on the stimuli encountered. The differential responses
of MAPC cells depending on their environment has been highlighted by Reading et al.
(2013,2015) in alternate T cell proliferation assays. When MAPC cells are co-cultured with
CD3/CD28 activated T cells, IDO is required for their suppressive activity. On the other hand,
PGE2 is required for the suppressive effects of MAPC cells in a T cell proliferation assay
where IL-7 is the stimulus. Thus, the complexity of cellular therapies, and their response to
inflammatory cues makes it extremely difficult to pinpoint a time at which MAPC cell delivery
is appropriate to ensure optimal activation of MAPC cells in vivo. Furthermore, the activity of
MAPC cells can vary from donor to donor.

Of course, the ability of MAPC cells to generate different responses depending on the
cytokine milieu is beneficial, however it is also perplexing. It is unrealistic to expect each and
every patient to receive MAPC therapy at the optimal time point, and to attain the maximum
potential from each MAPC cell dose. However, by improving our understanding surrounding
the effects of important stimuli on MAPC cells, the number of patients who respond to MAPC
cell therapy could certainly increase. Therefore, it is imperative that we advance our
knowledge regarding the effects of pro-inflammatory cytokines on MAPC cells at the
molecular level. A recent study by Luz-Crawford et al. (2016) made progress on this front, by
investigating the role of the nuclear transcription factor PPARS in the NF-xB pathway in MSC.
Murine MSC lacking PPARS demonstrated increased efficacy in a murine model of arthritis,
and responded to cytokine stimulation with enhanced expression of immunomodulatory factors

such as VCAMI, ICAM1 and NOS due to increased NF-«kB activity. Little else is known
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about the role of PPARS in MSC, however, in macrophages PPARS activation inhibits STATI
and NF-«kB activation (Kang et al., 2008; Odegaard et al., 2008; Diaz-Gandarilla et al., 2013;
Adhikary et al., 2015). Since STAT1 and NF-«xB activation are required for the therapeutic
efficacy of MSC (Vigo et al., 2016; Dorronsoro et al., 2014), I sought to further understand the
role of PPARS activation or inhibition on the immunomodulatory capacity of MAPC cells in
the aGvHD model.

First the effects of PPARS activation or inhibition on the efficacy of MAPC cells
administered to the aGvHD model on day 7 was explored. Activation of PPARS using a
selective PPARS agonist significantly impaired the ability of MAPC cells administered at this
time point to prolong survival and reduce disease score compared to normal MAPC cells (Fig.
6.1). Furthermore, PPARS activation of MAPC cells reduced their ability to alleviate tissue
damage as shown using H&E staining. Inhibition of PPARS in this case had no additive effect
on the efficacy of MAPC cells. The hampering effect of PPARS agonism on MAPC cells
suggests that PPARS blocks the activation of MAPC cells by pro-inflammatory cytokines, in
line with the study by Luz-Crawford et a/. While PPARS inhibition increased the response of
MAPC cells to pro-inflammatory cytokines (Luz-Crawford et al. 2016), the inhibition of
PPARS here was probably redundant, as MAPC cells are already mounting a robust response
to the inflammatory milieu. This is comparable to data obtained previously by the English
group, where IFN-y stimulation had no additive effect on the potency of MSC administered to
the aGvHD model on day 7 (M. Healy, 2015, PhD thesis).

Since PPARS” MSC demonstrated increased expression of ICAM1 and VCAMI
when stimulated with IFN-y and TNF-a (Luz-Crawford et al., 2016b), and PPARS activation
hindered the immunosuppressive capacity of MAPC cells in the aGvHD model, it was
hypothesised that PPAR(+) MAPC cells would show impaired biodistribution compared to
normal MAPC cells. The number of PPARS agonist activated MAPC cells detected in the
lungs 24 hours following administration was slightly higher than the number of normal MAPC
cells detected, however the number of PPAR(+) MAPC cells detected in the liver and spleen

was significantly lower than normal MAPC cells. This data suggests that PPARS agonism
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hinders the ability of MAPC cells to escape entrapment in the lung, and migrate to GvHD
target organs, and this shortfall may contribute to the impaired efficacy of PPAR(+) MAPC
cells in vivo. As mentioned above PPARS” MSC expressed higher levels of VCAMI1 and
ICAM1 in response to cytokine stimulation compared to wildtype MSC (Luz-Crawford et al.,
2016b), while Adhikary et al. (2015) found that PPARS activation of human macrophages lead
to reduced mRNA expression of a number of chemokines including CXCL9, CXCL10 and
CXCLI11. Thus, it is possible that PPARS activation of MAPC cells may impair their ability to
express these adhesive and chemotactic molecules, reducing their ability to egress from the
lung.

Next the effects of PPARS agonism or PPARS inhibition on MAPC cells delivered to
the aGvHD model on day 0 was examined. Since PPARS inhibits STATI1 activity in
macrophages (Adhikary et al., 2015), and MSC require STAT1 to respond to IFN-y (Vigo et
al., 2016), it was hypothesised that PPARS agonism would diminish the beneficial effect of
IFN-y stimulation on MAPC cells. Furthermore, it was hypothesised that PPAR(-) MAPC
cells would demonstrate superior efficacy in this set up compared to normal MAPC cells, as
PPARS inhibition may reduce the level of pro-inflammatory stimuli required by MAPC cells
to generate an immunomodulatory response. MAPC cells were treated with a PPARS agonist
prior to IFN-y stimulation based on the observations made in earlier studies where PPARS
agonism prior to delivery to the GvHD model impaired MAPC cell efficacy. In those
experiments MAPC cells were treated with the agonist or antagonist before being exposed to
inflammatory stimuli in vivo. Alternative sequences of stimulation such as treatment with the
PPARGS alongside or after IFN-y stimulation were not explored herein due to time and animal
constraints, however it would be interesting to investigate this in future studies.

PPAR(+) MAPC cells increased the survival of aGvHD mice from a median time of
17.5 to 25.5 days. This increase was not significant, nevertheless it is an interesting
observation which may spur further study. When administered on day 7, PPAR(+) MAPC
cells are presumably exposed to high levels of pro-inflammatory cytokines immediately,

however when administered on day 0 this is not the case. By the time PPAR(+) MAPC cells
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administered on day 0 are exposed to stimulatory levels of cytokine it is possible that PPARS
activation has returned to basal or below basal levels. Thus, it would be interesting to measure
PPARS activity in MAPC cells at varying time points following agonism, as this may explain
the data observed. As the difference in efficacy between PPAR(+) MAPC cells and untreated
MAPC cells is not significant it is difficult to know if this disparity is robust. The PPAR(+)
MAPC cells in this instance is only representative of 6 animals, as later experiments were
refined to reduce animal numbers, and the effects of PPARS agonism on YMAPC cells was the
main focus of future experiments. Furthermore, the PBMC donors used for these experiments
did not induce aGvHD as potently as usual, with mice in the PBMC only group surviving until
day 21. Thus, it is possible that in a more acute model with higher numbers of replicates that
PPAR(+) MAPC cells would not have been as protective.

PPAR(-) MAPC cells significantly alleviated disease severity comparable to that of
YMAPC cells as expected. It is likely that PPARS antagonism and IFN-y stimulation may
cumulatively improve MAPC cell efficacy, however this group was excluded as PPAR(-)
MAPC cells did not show increased efficacy compared to MAPC cells when administered on
day 7. Since MAPC cells administered on day 7, and YMAPC cells administered on day O are
already effective in this model, it is difficult to determine if PPARS antagonism is improving
their potency. To examine this robustly the experiments should be extended past the 28 day
end-point. This type of modification to animal experiments requires approval from governing
bodies, which unfortunately would not have been obtained within the time available for this
project.

In order to investigate the effects of PPARS agonism on yYMAPC cells, MAPC cells
were treated with the PPARS agonist for 24 hours before stimulation with IFN-y. The efficacy
of YMAPC cells was y impaired by PPARS activation, as shown by disease score and survival
data (Fig. 6.1). Based on this data, and the fact that PPARS activation impaired the migration
of MAPC cells administered on day 7, it was hypothesised that PPARS activation would
inhibit the migration of YMAPC cells towards GvHD target organs. In this case, PPARS

activation caused a significant reduction in the number of YMAPC cells detected in each of the
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lung, liver, and spleen. This may suggest that in this instance PPARS activation increases the
clearance of YMAPC cells in vivo. This wasn’t examined for the reasons outlined previously,
but it would be interesting to elucidate the differences observed depending on the time point of
cell delivery. The day 7 data suggests that PPAR(+) MAPC cells do not die earlier than
untreated MAPC cells, and PPARGS is anti-apoptotic in murine keratinocytes and human T cells
(Tan et al., 2001; al Yacoub et al., 2008). Thus, it is unlikely that the increased clearance of
PPAR(+) YMAPC cells is due to PPARS mediated apoptosis. The differences in the clearance
rates of PPAR(+) MAPC cells delivered on day 7 compared to PPAR(+) YMAPC cells
delivered on day 0 may be due to the the predominant cell populations in vivo at the time of
administration. For example, early in the aGvHD model NK cells may be active and may
target PPAR(+) YMAPC cells more potently than YMAPC cells. HLA ABC expression by
PPAR(+) YMAPC and YMAPC cells was not compared, however it is unlikely that this was
changed as other IFN-y target genes were unaffected by PPARS agonism. yMAPC cells may
avoid clearance by NK cells by producing anti-inflammatory mediators (Jacobs et al., 2014),
thus it is possible that PPAR(+) MAPC cells failed to suppress NK cell activity in a similar
manner, and this would be an interesting point for further study. By day 7 T cells are activated
within the aGvHD model, and their presence combined with an increase in pro-inflammatory
signals may negate the differential effects of NK cells on the two cell types. Nevertheless,
there is a clear correlation between the efficacy and biodistribution of PPARS activated MAPC
cells and YMAPC cells in both experiments. It would also be interesting to examine the
biodistribution of PPAR(-) MAPC cells as these cells showed increased efficacy compared to
normal MAPC cells when administered to the model on day 0. Again, this wasn’t examined
due to the budget and time constraints.

PPARS” murine MSC show increased expression of VCAMI1, ICAMI and NOS in
response to stimulation with IFN-y and TNF-a stimulation compared to wildtype MSC (Luz-
Crawford ef al., 2016b). Since PPARS activation hindered the immunosuppressive capacity of
YMAPC cells, it was hypothesised that PPARS agonism would inhibit the stimulatory effects

of IFN-y on MAPC cells. The first step in elucidating the effects of PPARS on IFN-y
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activation of MAPC cells was to look at STAT1 phosphorylation. STATI is the main
mediator of IFN-y signalling in most cell types, and has been shown to be crucial for the anti-
inflammatory response of MSC to IFN-y stimulation (Vigo et al., 2016). Here, it was observed
that PPAR(+) YMAPC cells expressed slightly lower protein levels of STAT1 and pSTATI
compared to YMAPC cells. Similar data has also been reported for human macrophages
(Adhikary et al., 2015). Once phosphorylated, STAT1 translocates to the nucleus, forms
homodimers or heterodimers with STAT-3, and then binds to the GAS promoter element,
leading to the induction of IFN-y induced proteins (Platanias, 2005). Thus, I sought to
determine if the observed STAT]1 inhibition was having a negative effect on the induction of
the IFN-y induced proteins ICAM1, VCAMI, IDO or COX-2. Despite the slightly inhibitory
effects of PPARS activation on STATI expression, neither PPARS agonism or PPARS
antagonism affected ICAM1, VCAMI, or IDO expression in response to IFN-y. COX-2
expression in response to IFN-y stimulation however was blocked following PPARS agonism,
and amplified following PPARS antagonism.

Since PPARS agonism slightly reduced STAT1 phosphorylation, it was hypothesised
that this might lead to reduced protein levels of STAT] target genes, however this was not the
case. The alteration of COX-2 expression here probably STAT1 independent, as COX-2 is
generally considered to be an NF-kB target gene, and NF-kB can be activated by IFN-y
independent of STAT1 (Gough et al., 2008). This data may also be explained by the fact that
STAT3 is also phosphorylated following IFN-y stimulation in MSC (Vigo et al., 2016), and
COX-2 is a STATS3 target gene in some cell types (Gong et al., 2014; Xiong et al., 2014; Lo et
al., 2010). Since PPARS is known to interfere with NF-«kB activity (Daynes & Jones, 2002)
and PPARS agonism suppresses STAT3 target gene expression in human macrophages
(Adhikary et al., 2015) the effects seen in MAPC cells here may be due to impaired NF-xB or
STAT3 rather that STATI signalling following IFN-y stimulation (Fig. 6.2). The slight
reduction in STATI activity following PPARS agonism may not be sufficient to affect target

protein induction.
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Figure 6.2 Proposed model of the effects of PPARS on IFN-y signalling in MAPC
cells. IFN-y stimulation leads to phosphorylation of STAT1 and STAT-3 and activation
of NF-xB. STATI target genes (IDO, ICAM1, PDL1) are unaffected by PPARS activation
in MAPC cells. COX-2 expression is inhibited by PPARS, which is known to suppress
NF-«kB and STAT-3 signalling. PPARS: Peroxisome proliferator activated receptor & IFN-
v: interferon-y, IFNGR: IFN-y receptor, STAT: signal transducer and activator of
transcription, NF-kB: Nuclear factor-kB, IDO: indoleamine-pyrrole 2,3-dioxygenase,
ICAM1: intercellular adhesion molecule 1, PDL1: programmed death ligand 1, COX-2:

cyclooxygenase 2
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COX-2 is the first step in the pathway which converts endogenous arachidonic acid to
PGE2 (Zhang et al., 2015). The COX-2 data suggests that the effects of PPARS agonism on
the potency of MAPC cells in our model may be due to impaired production of PGE2 in
response to inflammation, while the increase in potency of PPAR(-) MAPC cells administered
on day 0 of the model may be due to enhanced PGE2 production in vivo. Unfortunately, PGE2
production was not measured in this study due to financial constraints, however it would be an
important step going forward. Moreover, to prove that COX-2 induction is the reason for
enhanced potency of PPAR(-) MAPC cells in vivo, future studies where COX-2 expression in
PPAR- MAPC is inhibited could be carried out. Overall, this data shows that PPARS activation
hinders the immunosuppressive capacity of MAPC cells, while PPARS inhibition has the
opposite effect. This aligns with the study by Luz Crawford ef al. (2016b) who found that
PPARS” murine MSC showed increased therapeutic efficacy in an experimental arthritis
model. Interestingly, Luz Crawford ef al. also showed that human MSC derived from different
sites expressed differential levels of PPARS mRNA, and expression levels inversely correlated
with their immunosuppressive capacity in an in vitro T cell proliferation assay. For example,
menstrual blood derived MSC expressed higher levels of PPARS mRNA than BM-MSC and
were not as inhibitory in vitro. Thus, it is possible PPARS expression could be used as a
marker to predict the potency of MSC or MAPC cells derived from different tissues or
different donors, however this would require further investigation.

Another important consideration to make would be the presence of PPARS ligands in
cell culture reagents or in vivo. For example, linoleic acid is a potent PPARS agonist
in.macrophages, and this is present in the growth media used to expand MAPC cells
(Schumann et al., 2015) This may explain why MAPC cells express higher mRNA levels of
the PPARS target gene ANGPTL4 than MSC, which are not cultured in the presence of
linoleic acid (Roobrouck et al., 2011). It would be interesting to compare MAPC cells
cultured with or without linoleic acid to examine if linoleic acid in this instance is activating

PPARGY, or hindering the potency of MAPC cells.
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Similarly, endogenous PPARS ligands may affect MAPC cell efficacy. For example,
PGD?2 is highly expressed in the bronchoalveolar fluid during asthmatic episodes, and PGI2 is
expressed by endothelial cells during acute inflammation (Ricciotti & Fitzgerald, 2011).
Furthermore, dietary administration of linoleic acid enhances PPARS activity in the GI tract
(Hollingshead et al., 2007). Thus, these lipids may activate PPARS in MAPC in vivo.
Furthermore, TNF-a and IFN-y increase PPARS expression in murine keratinocytes (Tan et
al., 2001), while TNF-o and IFN-a (but not IFN-y) have a similar effect on human T cells (
Yacoub et al., 2008). Thus, these agents may modulate PPARS activity in MAPC cells in vivo,
and augment their therapeutic potential. This may also explain the site specific effects of
MAPC cells administered at different time points, for example there may be more PPARS
ligands present in the liver than the gut, which might sequester IFN-y signalling in already
activated cells (day 7 MAPC cells, and YMAPC cells). The activity levels of PPARS in MSC
or MAPC cells following pro-inflammatory cytokine or ligand stimulation is unclear, however
it would be an important area of future study and might explain donor to donor variation with
regards to cytokine responsiveness.

Chapter 4 focused on the effects of MAPC cells on IL-7 driven T cell stimulation. T
cell depletive therapies are commonly used in the clinic to prevent or delay allograft rejection,
however one of the consequences of this type of therapy is the development of a pro-
inflammatory T cell pool due to HP (Zwang & Turka, 2014). HP is driven by the gamma
chain cytokine IL-7 which is has limited availability in the *full’ T cell pool. When T cells are
depleted however, the cells which escape depletion are exposed to much higher levels of IL-7
than usual, and this causes accelerated T cell proliferation, and the skew of the T cell pool
towards a Thl population which contributes to graft rejection (Wu et al., 2004). While
maintenance immunosuppression is used to inhibit the proliferation of T cells following
induction therapy, none of the therapies currently on the market target the IL-7 axis, despite its
known role in the homeostatic expansion of T cells during lymphopenia (Mai et al., 2014;
Chung, Dudl & Min, 2007). MAPC cells have previously been shown to be therapeutic in ex-

perimental models of GVHD and SOT (Highfill et al., 2009; Eggenhofer et al., 2013), however
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their effect on HP has never been examined in vivo. We have previously shown that human
MAPC cells suppress IL-7 driven proliferation and activation of T cells in vitro (Reading ef al.,
2015), and so this study sought to build on that data, by translating the findings to an in vivo,
translationally relevant setting.

An in vivo model of IL-7 driven HP was developed based on a system previously de-
scribed by Boyman et al. (2008). This model requires the incubation of recombinant IL-7 to
an anti-IL-7 antibody for 30 minutes prior to administration, and this IL-7 complex is then ad-
ministered IP three times on alternate days. The anti-IL-7 antibody improves the stability of
IL-7 in vivo, and reduces the amount of IL-7 required to generate a HP response. The first
read out of this experiment was to ensure that T cells were proliferating in response to 1L-7
treatment, and so two methods of measuring T cell proliferation were compared. Cells which
are undergoing proliferation can be identified using an intracellular antibody for Ki67 which is
a nuclear antigen expressed by cells during each active stage of the cell cycle, but not when
cells are in their resting state. This is a convenient method of measuring the proliferation of
endogenous cells, however it only provides a snapshot of the proliferative state of cells, and
does not indicate the division history of cells. In comparison, proliferation dyes are taken up
by cells ex vivo and the amount of dye in each cell is diluted with every division, allowing the
number of times each cell has proliferated to be counted. The drawback to this method is that
cells must be labelled ex vivo and adoptively transferred, thus CD4" T cells from a congenic
strain to the host were labelled with the proliferation dye and adoptively transferred. The adop-
tive transfer using a proliferation dye was unsuccessful as the number of adoptively transferred
cells acquired after harvest was too low to produce meaningful data. Thus, the Ki67 method of
measuring endogenous T cell proliferation was used in further experiments, which unfortu-
nately meant that only the cells which were proliferating at the time of harvest could be meas-
ured.

As mentioned previously, IL-7 stimulates the proliferation and activation of T cells,
and this contributes to graft rejection. Since MAPC cells can modulate T cell function in vitro,

and MAPC cells IV alleviate aGvHD, it was hypothesised that MAPC cells IV would suppress
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T cell HP following IL-7 administration. Using the IL-7 model, it was demonstrated that
MAPC cells IV suppressed IL-7 driven T cell proliferation in the spleen, but not the lymph
nodes. Since Highfill ef al. (2009) had reported that MAPC cells must be administered locally
to sites of allo-priming in order to be therapeutic in a murine model of GvHD, MAPC cells IP
were administered with the hypothesis that this route of delivery would put MAPC cells in
closer proximity to the lymph nodes. As expected, MAPC cells IP had the capacity to sup-
press IL-7 stimulation of T cell proliferation in the lymph nodes. Furthermore, MAPC cells IP
showed similar efficacy to MAPC cells IV in the spleen. This data was promising as it
demonstrated that MAPC cells can suppress IL-7 driven HP, and next I sought to examine the
effects of MAPC cells on the skew of the T cell pool following IL-7 treatment. IL-7 can stim-
ulate T cells to produce pro-inflammatory cytokines such as IFN-y, TNF-o, and IL-17
(Reading et al., 2015), thus production of IFN-y and TNF-a by T cells was examined follow-
ing IL-7 and MAPC cell administration. As expected, the production of these cytokines was
increased following IL-7 administration in both the spleen and the lymph nodes. Furthermore,
both MAPC cells IV and MAPC cells IP suppressed this cytokine production in the spleen, and
only MAPC cells IP suppressed this in the lymph nodes.

In the context of allograft rejection, the outcome of the immune reaction depends on
the ratio of pro-inflammatory T cells to Treg (Neujahr et al., 2006; Moxham et al., 2008). The
effect of IL-7 on Treg is unclear, however, in vitro studies have shown that IL-7 can abrogate
Treg suppressive function, and memory Treg treated with IL-7 can acquire a Th17 phenotype
(Younas et al., 2013; Heninger et al., 2012). MSC and MAPC cells are known to expand Treg
populations in some circumstances (Cahill et al., 2015; Eggenhofer et al., 2013; M. Healy,
2015, PhD Thesis), and so it was hypothesized that MAPC cells would also promote Treg in
this model.

The immunophenotyping study carried out in collaboration with the 3i team did not
include intracellular staining, thus FoxP3 was replaced with GITR, while the experiment was
then repeated in Maynooth using a CD25 and FoxP3 panel. IL-7 had no effect on the frequen-

cy of CD25" GITR" cells, but MAPC cells IP expanded this population. Using the more tradi-
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tional panel however, IL-7 was shown to significantly increase the frequency of CD4" cells
expressing CD25 and FoxP3, and both MAPC cells IV and IP slightly reduced this. The Treg
data found here shows the importance of choosing appropriate markers for each cell type, and
cautions against over-interpretation of data. In mice co-expression of CD25 and FoxP3 is the
most commonly used method to identify CD4" Treg (Morikawa & Sakaguchi, 2014). This is
an accurate method of identification for thymic derived Treg, however peripheral Treg can
include heterogeneous subsets of induced Treg which may not always express FoxP3. GITR is
a TNF receptor related protein with co-stimulatory functions, and is expressed by suppressive
T cells such as Trl and Th3 cells (Ronchetti et al., 2015). This data suggests that MAPC cells
may expand peripheral FoxP3™ Treg, but hinder the expansion of thymus derived FoxP3" Treg.
The percentage of terminally differentiated CD25" GITR" Treg (identified by expres-
sion of KLRG1) was enhanced following administration of MAPC cells IP, suggesting that
MAPC cells IP might drive the proliferation of this population. Previous in vitro work by the
English lab however, suggests that MSC do not expand Treg populations, but promote their
survival (M. Healy, 2015, PhD thesis), thus it may also be possible that MAPC cells IP are
protecting CD4" CD25" GITR cells from undergoing apoptosis. It is difficult to explain why
CD4" CD25" FoxP3" T cells are not promoted by MAPC cells, considering that CD4" CD25"
GITR" cells are, and CD4" CD25" FoxP3" T cells are expanded by MSC and MAPC cells in
other models. The lymph nodes were not examined for this panel due to the limited number of
cells isolated, and so it is possible that CD4" CD25" FoxP3" populations were expanded there.
Another explanation may be that the increase in activated T cells in the spleen following IL-7
administration may have caused the mobilization of FoxP3" Treg towards the spleen, or the
induction of FoxP3 expression in FoxP3™ T cells. This promotion of Treg would not have been
necessary following the administration of MAPC cells, as their suppression of inflammatory T
cells would remove the need for the presence of increased numbers of Treg in the spleen. Due
to the complexities associated with identifying Treg populations, functional assays are required

to truly understand the suppressive activity of different regulatory cell types. Thus, assays
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whereby Treg are isolated and used in suppressor assays following MAPC cell administration
would provide further knowledge on the exact effects of MAPC cells on Treg.

Overall this data suggests that MAPC cells can inhibit the skew of the T cell pool to-
wards a pro-inflammatory profile in response to abundant levels of IL-7 (Table 6.1). This data
aligns well with that of Reading ef al. as it shows that MAPC cells do have the capacity to
suppress T cell activation in response to IL-7, however similar to the report by Highfill ez al.
their efficacy at different sites depends on their route of administration. It is unclear whether
MAPC cells are having direct effects on T cells or whether their effects on the T cell pool are
modulated through intermediate cell populations, which may account for the differences ob-
served following IV and IP administration. For example, in a murine model of cardiac allo-
transplantation MAPC cells induce Treg in a myeloid derived suppressor cell (MDSC)
dependent fashion (Eggenhofer et al., 2013), while our group have shown that murine BM-
MSC promote tolerogenic DC in vitro which can go on to expand Treg populations (Cahill et
al., 2015). Moreover, in murine models of corneal allo-transplantation and OVA induced
asthma, the therapeutic effects of IV administered MSC are lost when pulmonary monocytes
and macrophages are depleted (Ko et al., 2016; Mathias et al., 2013). Thus, in this model
MAPC cells may be augmenting the HP of T cells by altering other immune compartments.

The effects of MAPC cells and IL-7 on the wider immune compartment within the
spleen were examined using a 12-colour immunophenotyping study. While the effects of IL-7
on the HP of T cells has been widely documented (Monti & Piemonti, 2013), the effects of IL-
7 on myeloid cells has not been well studied. Due to the role of APC as providers of self
MHC/peptide complexes, I sought to understand the effects of both IL-7 and MAPC cells on
the myeloid populations. Since MSC are known to modulate innate immune cells (Le Blanc &
Davies, 2015), it was hypothesised that MAPC cells may reduce the number of APC in vivo,
limiting the abundance of homeostatic stimuli available to T cells in this model. IL-7 in-
creased the size of the overall myeloid pool, and MAPC cells administered both IV and IP re-
duced this. Within the myeloid compartment, IL-7 increased the number and frequency of eo-

sinophils and both MAPC IP and MAPC cells IV returned these figures to basal levels. IL-7
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had no significant effect on monocytes or granulocytes, however MAPC cells IP reduced both
the number and frequency of these populations to levels below those found in the PBS group.
Interestingly, IL-7 significantly reduced both the number and frequency of macrophages in the
spleen, and while MAPC cells had no considerable impact on this, MAPC cells IP did reduce
the expression of MHC II by macrophages.

Since the spleen was the only organ examined here it is unclear whether the effects of
IL-7 or MAPC cells is due to an overall suppression or expansion of each population, or
whether the location or migration of each cell type is being altered. For example, MAPC cells
IP reduced the frequency of monocytes and granulocytes in the spleen, however these popula-
tions may have migrated to other sites such as the lymph nodes or peritoneal cavity. The ef-
fects of IL-7 and MAPC cells on eosinophils is particularly interesting. Little is known about
the effects of IL-7 on eosinophils, apart from one study which demonstrates that IL-7 can pro-
mote the survival of human eosinophils in vitro through the induction of GM-CSF (Kelly et
al., 2009). On the other hand, IL-7 stimulates GM-CSF production by T cells (Sheng ef al.,
2014), and so it is likely that this effect could expand the eosinophil population indirectly
through T cells. Since the effects of IL-7 and MAPC cells on eosinophils mimics that of the T
cell data previously described, it could be possible that GM-CSF production is enhanced by T
cells in response to IL-7 and that this is suppressed by MAPC which would consequently block
eosinophil expansion (Fig. 6.3). While the effects of MAPC cells on eosinophils has not pre-
viously been reported, this study aligns well with an in vivo study which showed that IV ad-
ministered MSC suppress eosinophilia in a murine model of OVA induced asthma (Kavanagh
& Mahon, 2011). Unfortunately, GM-CSF production by either eosinophils or T cells was not
measured in this study, however it would be interesting to investigate this in future studies.
The effects of IL-7 on macrophages is not well studied, and it is unclear why IL-7 administra-
tion reduced the number and frequency of macrophages in the spleen. On the other hand, the
effects of MSC and MAPC cells on macrophages has been an intense area of research, and
both cell types are known to skew macrophages towards an anti-inflammatory profile (Carty,

Mahon & English, 2017). The markers required to determine whether macrophages adopt the
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M1 or M2 phenotype were not included in this study, however, it was shown that MAPC cells
IP decrease MHC II expression by splenic macrophages. This aligns with a previous study
wherein murine BM-MSC suppressed MHC 11 expression by LPS stimulated macrophages in
vitro (Maggini et al., 2010). In this particular study by Maggini et al., MHC II suppression by
MSC was accompanied by reduced expression of CD86, TNF-qo, IL-6, and IFN-y and in
creased production of IL-10. Thus, reduced MHC II expression by macrophages may indicate
that the population is skewing towards an M2 profile following MAPC cell administration,

however, a full panel of M2 markers would be required to determine if this is the case.
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T cells Eosinophils

IL-7

MAPC

Figure 6.3 Proposed model of the mechanism by which IL-7 and MAPC cells
modulate the eosinophil pool. T cells produce GM-CSF upon IL-7 stimulation, which
induces eosinophil proliferation. MAPC cells suppress the activation state of T cells
following IL-7 administration, thus, limiting the availability of GM-CSF to eosinophils,
and preventing their proliferation. IL-7: Interleukin 7, GM-CSF: Granulocyte macrophage

colony stimulating factor
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DC are the main APC involved in T cell HP, and it is well known that MSC suppress
their maturation and antigen presentation capacities (English, Barry & Mahon, 2008; Cabhill et
al., 2015). Thus, it was hypothesized that MAPC cells may act similarly in this model, and that
suppression of T cell HP by MAPC cells might partially be due to the decreased stimulatory
capacity of DC. DC are divided into two compartments: conventional DC and plasmacytoid
DC (¢DC and pDC). In general, cDC are considered to be potent stimulatory APC, while pDC
are thought to have poor co- stimulatory capacities, and tend to skew T cells towards regulato-
ry populations (Rogers, Isenberg & Thomson, 2013). IL-7 slightly enhanced the frequency of
cDC, while the frequency of pDC was reduced. MAPC cells IP, but not MAPC cells IV re-
turned both of these populations to basal levels, suggesting that MAPC cells IP could modulate
the antigen presentation capacity of the DC pool. Within the cDC compartment, DC can be
further divided into CD8" and CD8 populations. CD8" ¢DC are a particularly interesting pop-
ulation, as they are thought to have a role in the maintenance of T cell tolerance to self-antigen,
and host CD8" DC are protective in murine models of GYHD (Hey & O’Neill, 2012; Weber et
al., 2014; Toubai et al., 2015). IL-7 enhanced the frequency and number of CDI11b" CD¥
cells and MAPC cells IP returned these to normal levels, while IL-7 decreased the number and
frequency of CD8" CD11b" dendritic cells and MAPC cells IP again returned these to normal
levels. Overall, this body of DC data suggests that MAPC cells may suppress antigen presen-
tation by DC, and promote tolerogenic DC with inhibitory functions. This aligns well with
previous work by our group which demonstrates that murine BM-MSC can induce tolerogenic
DC that have the capacity to suppress T cell proliferation and expand Treg in vitro. Further-
more, we have shown that the effects of MSC in this context are dependent on contact signal-
ing via the Notch signaling pathway, and knockdown of Jagged 1 reduced the efficacy of MSC
in a murine model OV A induced airway inflammation. (Cahill ez al., 2015). Thus, the differ-
ential effects of MAPC cells on DC depending on their administration may be due to juxta-
crine effects, as MAPC cells IV accumulating in the lung would not be in contact with the

same populations as MAPC cells IP.
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Overall, the data obtained using the myeloid panel suggests that suppression of T cell
HP by MAPC cells may be due in part to their modulation of APC (Table 6.2). It was not pos-
sible to examine the lymph nodes for this study as an insufficient number of cells were harvest-
ed. Many APC move between the spleen and lymph nodes depending on their activation state,
thus it would have been beneficial to compare the effects of MAPC cells on the myeloid cells at
both sites. Nonetheless, the data generated does provide valuable insight, demonstrating that
MAPC cells may have the capacity to skew innate cells towards tolerogenic populations. It is
impossible to conclude that this is true based on this body of data, however, this work does pro-
vide a starting point for others to further investigate the effects of MAPC cells on these popula-
tions. In particular, further studies looking at the effects of MAPC cells on eosinophils, macro-
phages and DC would be interesting, and this data could be developed by analyzing the cyto-
kine profile of these populations in this model. Furthermore, these cell types could be harvested
and introduced into functional assays ex vivo to determine whether MAPC cell administration
affects the ability of these populations to activate T cells.

Next the effects of IL-7 and MAPC cells on B cells was determined. Pre B cells require
IL-7 for their development, and abundant IL-7 levels is associated with the expansion of pre-B
cells and immature or transitional B cells (Malaspina et al., 2006; Komschlies et al., 1994).
Upon maturation however, IL-7R expression is lost, and reconstitution of B cells in lymphope-
nic hosts is independent of IL-7 (Mackall, Fry & Gress, 2011; Tchao & Turka, 2012). Mature B
cell populations may however be modified by IL-7 in this model indirectly, by signals derived
from other cell populations. Most studies regarding the effects of IL-7 on B cells focus on B
cell development or homeostasis under normal conditions, rather than the effects of IL-7 on B
cells in the context of transplantation. Thus, it was unclear what effects IL-7 administration
would have on B cells in this model. Nevertheless, B cells can contribute to HP by either sup-
porting or inhibiting T cell activation, thus the effects of both IL-7 and MAPC cells on B cell
populations is of interest.

The effects of MSC on B cells is a topic of controversy, with some groups including our

own reporting that MSC promote B cell survival and proliferation (Healy et al., 2015), while
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others have found that MSC suppress B cell proliferation (Corcione et al., 2006; Franquesa et
al., 2015; Rosado et al., 2015). In a clinical study, cGvHD patients who had a complete or par-
tial response to MSC therapy maintained consistent B cell numbers in the peripheral blood,
while those that had no response to MSC therapy experienced a decrease in B cell numbers. In
those that responded to MSC therapy, there was an increase in memory B cells and pre GC B
cells (Peng ef al., 2014a). With regards to regulatory populations, MSC have been shown to
promote IL-10 producing CD38" CD24" B cells in vitro (Franquesa et al., 2015) and peripheral
CD5" IL-10" B cells in human ¢GvHD patients (Peng et al., 2014b). Similarly, IP delivered
UC-MSC increase the frequency of CD5" B Cells in the spleen, lymph nodes and peritoneal
cavity in an experimental model of colitis (Chao et al., 2016). Therefore, it is possible that
MSC and MAPC cells may promote B cells in vivo, and the effects of MAPC cells on
regulatory B cell subsets is particularly interesting.

As expected based on the fact that mature B cells do not express IL-7R, IL-7 had no
effect on the total number of B cells within the spleen. On the other hand, MAPC cells deliv-
ered both IV and IP did increase the size of the B cell pool, in line with the above-mentioned
publications by Healy et al. (2015) and Peng et al. (2014a). Within the B cell pool both IL-7
and MAPC cells altered the frequency of some populations. IL-7 increased the frequency of
Bla, transitional-1 and transitional-2 B cells, which is unsurprising given that these B cell sub-
sets are increased in lymphopenic conditions (Malaspina et al., 2006; Drexler et al., 1987). In
contrast, administration of IL-7 reduced the percentage of marginal zone B cells within the
spleen by half. This result is misleading however, as the total number of marginal zone B cells
was not dramatically changed (data not shown), and this reduction is reflected by the increase in
the transitional subsets. Thus, it is important when interpreting this type of data, that both the
number and frequency of subsets are considered. The effects of MAPC cells on B cell subsets
was largely dependent on their route of administration, as MAPC cells IV increased GC, Bla,
and plasma cells, while MAPC cells IP promoted transitional-1 B cells (Table 6.3). Interesting-
ly each of these subsets have been associated with positive outcomes in transplantation. As

previously mentioned, cGvHD patients who respond to MSC therapy show increased levels of

242



Table 6.1 Effects of MAPC cells on T cells in the IL-7 model

IL-7 MAPC IV MAPC IP
Spleen
Ki67" T cells 1 ! !
IFN-y" Treg 1 l l
GITR" Treg - - 1
FoxP3" Treg 1 l l
Lymph Nodes
Ki67" T cells 1 - !
IFN-y" Treg 1 - l

Comparison of the IL-7 group is to the PBS group, and MAPC

groups to IL-7 group
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Table 6.2 Effects of MAPC cells on splenic myeloid cells in the IL-7 model

IL-7 MAPC IV MAPC IP
Monocytes - - l
Eosinophils ) ! l
Granulocytes - - l
Macrophages l - -
MHCII" Macrophages - - l
cDC 1 - !
pDC l . 1
CD8" ¢DC 1 ; l
CD8 cDC l . 1

Comparison of the IL-7 group is to the PBS group, and MAPC groups to IL-7 group
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Table 6.3 Effects of MAPC cells on splenic B cells in the IL-7 model

IL-7 MAPC IV MAPC IP
Bla cells 1 0 -
Plasma cells - 1 -
B2 cells - 1 1
Follicular B cells ! - 1
GC B cells - 0 -
MZ B cells - - -
Transitional 1 B cells 1 - 1
Transitional 2 B cells 1 - -

Comparison of the IL-7 group is to the PBS group, and MAPC groups to IL-7 group
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peripheral pre GC B cells and Bla cells (Peng et al., 2014a, 2014b). Similarly, both transitional
B cells and Bla cells are associated with improved outcomes in transplantation (Shabir et al.,
2015; Durand & Chiffoleau, 2015; Rosser & Mauri, 2015).

While the literature regarding the effects of MSC on B cells is confusing, this data pre-
sented herein best aligns with that of Healy ef al. and Peng ef al. who demonstrate that MSC
promote B cell survival. The mechanism by which MAPC cells are having this effect in vivo is
unknown, however Healy ef al. demonstrated that MSC derived VEGF promotes B cell survival
in vitro. MSC required cell contact with B cells to produce VEGF, thus the differential effects
of MAPC cells IV and IP may be due to the cells with which they come into contact at their re-
spective sites of distribution. The data generated here also suggests that MAPC cells promote
regulatory B cell populations in vivo. As previously mentioned, the absence of cytokine meas-
urement in this study made it impossible to analyse IL-10 production by B cells in response to
IL-7, thus it isn’t clear whether these populations expanded by MAPC cells are truly suppres-
sive. Nevertheless, this study is a starting point and may spur further investigations into the ef-
fects of MAPC cells on regulatory B cell populations. Many B cell subsets can adopt regulatory
functions, and MSC have been shown to promote IL-10 producing immature B cells in vitro
(Franquesa et al., 2015) and Bla cells in humans (Peng et al., 2014b). To the best of our
knowledge, the effects of MSC or MAPC cells on the regulatory potential of other B cell sub-
sets has not been characterized, thus future studies focusing on the cross-talk between these
populations would be beneficial.

Overall, this immunophenotyping study was a valuable guide to suggest possible inter-
mediate cell types that MAPC cells may require interaction with in order to carry out their sup-
pressive functions in vivo. Suppression of eosinophils and APC, along with the expansion of
Breg may contribute to the suppressive effects of MAPC cells on T cell activation in response to
IL-7, however this would certainly require further study. Intracellular staining to measure cyto-
kine production by each cell type following administration of MAPC cells would elucidate the
inflammatory profile of each population, while ex vivo assays could be used to determine the

suppressive or antigen presentation capacities of the cell types of interest. In vivo depletion of
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particular cell types could also further clarify the modes of action of MAPC cells in this model.
Each of these methods are costly and time consuming and unfortunately were not possible to
carry out within this project. While the initial T cell data generated in Maynooth indicated that
the route of delivery impacts MAPC cell function, this immunophenotyping study further rein-
forced this idea. The differences in the effects of MAPC cells IP and MAPC cells IV were
striking and this lead us to investigate the biodistribution patterns of MAPC cells following
these two routes of administration.

It is well known that MAPC cells are found primarily in the lung following IV
administration, with a small number of cells eventually migrating to distal organs such as the
liver and spleen (Leibacher & Henschler, 2016). The biodistribution of IP delivered MSC or
MAPC cells is not as well documented, however it has been shown that MSC administered IP
form aggregates with macrophages and B cells in the peritoneal cavity (Bazhanov et al., 2016).
It was hypothesised that the superior efficacy of MAPC cells IP in the lymph nodes may be due
to their ability to migrate there compared to MAPC cells 1V, thus CryoViz™ technology was
used to investigate this. The IL-7 model is very short, thus we opted to harvest organs as close
to the usual harvest time as possible. It was thought that waiting until 96 hours post MAPC cell
administration (the usual harvest time) would be too late to detect MAPC cells, however since
MAPC cells could still be detected in the GvHD model at 48 hours, it was decided that some
MAPC cells would probably still be detected at 72 hours post administration. Imaging
experiments revealed that while MAPC cells IP did not gain access to the spleen or lymph
nodes, they were retained in the omental tissue surrounding these tissues. On the contrary,
some MAPC cells IV did gain access to the spleen, however access to the spleen did not
correlate to the improved therapeutic efficacy of MAPC cells. This supports the hypothesis that
MAPC cells mediate their effects on HP through the production of soluble factors (Reading et
al., 2015), as MAPC cells IP cannot come into contact with splenic T cells. Whole animal
imaging revealed that 72 hours following administration very few MAPC cells IV could be
detected, however more than 20-fold the number of MAPC cells were detected following IP

injection. Thus, the reason for the differing effects of MAPC cells IV and MAPC cells IP could
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be due not just to alternative sites of distribution, but also due to prolonged persistence of
MAPC cells IP.

These differential biodistribution patterns explains the differences in the observed data
for various reasons. Firstly, it is hypothesised that the effects of MAPC cells on T cell HP is
due to PGE2. PGE?2 has a short half live in vivo, and it is thought that PGE2 producing MAPC
cells may need to be in close proximity to the cells on which they have an effect (Highfill ez al.,
2009). MAPC cells IP are in closer proximity to the harvested lymph nodes than MAPC cells
IV, thus PGE2 produced by MAPC cells IP would be more likely to affect T cells within the
lymph nodes compared to PGE2 produced by MAPC cells IV. Furthermore, the whole mouse
data demonstrated that MAPC cells IP persist in the IL-7 model for longer than MAPC cells I'V.
Thus, MAPC cells IP could be producing PGE2 continuously for a longer period of time than
MAPC cells IV. Secondly, the superior efficacy of MAPC cells IP compared to MAPC cells IV
might be due to the activation state of MAPC cells at different sites. In vitro, MAPC cells
require contact with monocytes to produce PGE2 (Reading et al., 2015). MAPC cells IP may
be more likely to be activated by monocytes or other cell types in the omentum than MAPC
cells IV would be in the lung.

Another explanation for the differences in the functionality of MAPC cells IP and
MAPC cells IV would be the cells with which they come into contact at their respective sites of
distribution. MAPC cells IP were restricted to the omental tissue, which is a rich source of
immune cells such as macrophages, B cells and natural killer T (NKT) cells. Interestingly, the
omentum contains high numbers of regulatory cells including B1 cells, NKT cells and Treg
(Meza-Perez & Randall, 2017). MSC form aggregates with peritoneal immune cells following
IP administration (Bazhanov et al., 2016; Sala et al., 2015), thus, it is likely that MAPC cells IP
may interact with, and promote, these regulatory populations in the omentum (Fig. 6.4). Some
T cells and B2 cells can also circulate from the spleen and lymph nodes to the omentum and
vice-versa (Meza-Perez & Randall, 2017), thus some of the cells in the lymph nodes and spleen
at the time of harvest may have been in contact with MAPC cells in the omentum at one point.

Apart from the studies by Bazhanov et al. and Sala et al. very little has been published
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Figure 6.4 Proposed model of MAPC cell activity in the omentum. T cells in the spleen and lymph nodes
produce IFN-y and TNF-a during HP. These cytokines may activate MAPC cells in the omentum directly, resulting
in the production of PGE2. MAPC cells in the omentum may also be activated by innate cells (such as IL-1f
producing monocytes) to produce PGE2 which could then disseminate to the SLO’s and suppress T cell activation.
MAPC cells may also form aggregates with cell populations in the omentum and promote regulatory cells through
the production of PGE2. These cells may then regulate the T cell response during HP by production of IL-10 or
other mediators. DC: Dendritic cell, NKT cell: Natural killer T cell, IL: Interleukin, IFN-y: Interferon-y, TNF-a:

Tumour necrosis factor-a, PGE2: Prostaglandin E2.
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regarding the effects of MSC or MAPC cells on peritoneal or omental immune cells. While
these studies demonstrate interactions between MSC and peritoneal or omental macrophages, B
cells and T cells, the effector function of these cells is unclear. Thus, it is difficult to predict
what exactly may be happening between MAPC cells and omental populations in the HP
models.

On the other hand, interactions between tumours and omental tissue are quite well
studied. Many immunomodulatory mechanisms are shared by MAPC cells and tumour cells,
thus MAPC cells may operate in a similar manner. Implantation of tumour cells into the
omentum causes an increase in the production of VEGF by mesothelial cells, and this drives the
recruitment of MDSC (Meza-Perez & Randall, 2017). If MAPC cells were to have similar
effects, VEGF might affect B cell survival in a similar manner to MSC in the study by Healy et
al. (2015). Moreover, in a murine model of cardiac allo-transplantation MAPC require MDSC
for the induction of Treg (Eggenhofer et al., 2013). Thus, increased VEGF levels in vivo
following the administration of MAPC cells IP might explain the differences observed
depending on the route of delivery, and would be interesting to investigate in further detail.

It is probable that the differences observed following the different routes of
administration of MAPC cells is due to multiple factors including those suggested above. The
cross-talk between MAPC cells and omental leukocytes has not previously been studied, and
examination of this would likely explain the differences between MAPC cells IP and IV.
Omental tissue was harvested in an attempt to elucidate the effects of IL-7 and MAPC cells on
omental Treg and NKT cells. Unfortunately, despite multiple attempts, flow cytometric
analysis of the omentum was unsuccessful. The omentum is mainly comprised of adipocytes
which need to be digested prior to antibody staining, thus the protocol to process the tissue for
flow cytometry is quite laborious. In addition to this, approximately 20-30 mice were used for
these experiments, and spleens and lymph nodes were harvested at the same time as the
omentum. The combination of the digestion step, and the overall time taken from tissue
dissections to acquisition on the flow cytometer affected cell viability, and samples were of too

poor quality to extract meaningful data. I was advised that 10 omentums at most should be

251



harvested in the one day to streamline the process and improve the data obtained (A. Hogan,
personal communication), however unfortunately this was not conducive to these experiments.

The IL-7 model was a valuable first step to examine the effects of MAPC cells on IL-7
driven stimulation of T cells. However, in the clinic the increase in IL-7 availability is due to
the use of lymphodepleting drugs. ATG is a T cell depleting agent commonly used as a
conditioning regimen prior to HSCT or as an induction agent prior to SOT (Hardinger,
Brennan & Klein, 2013). T cells which escape depletion by ATG are exposed to higher levels
of homeostatic stimuli than normal, which allows for the reconstitution of the T cell pool.
Unfortunately, under these lymphopenic conditions T cells adopt a pro-inflammatory profile
which can contribute to graft rejection and autoimmune disease (Tchao & Turka, 2012). To
examine the effects of MAPC cells on HP following lymphodepletion is more translationally
relevant than the IL-7 model for a number of reasons. The IL-7 model measures the effect of
increased IL-7 availability on a ‘full’ T cell pool, which would not occur under physiological
conditions. Next, the IL-7 model does not take into account that other factors play a role in
HP. Thus, despite IL-7 levels being increased, the number of APC and other homeostatic
cytokines such as IL-15 presumably remain at normal levels. Thirdly, the IL-7 model looked
at the effects of HP on a normal, diverse T cell pool. Induction therapies have varying
depletive effects on different subsets. Thus, the T cell pool that undergoes HP in the clinic
would not have the composition of a normal T cell pool, with some subsets being
overrepresented compared to others. Thus, I moved on to look at the effects of MAPC cells
on HP following lymphodepletion.

A model of HP following ATG administration was set up, and this was the focus of
chapter 5. Similar to IL-7 administration, ATG administration increased the proliferation and
IFN-y production by T cells in the spleen and lymph nodes. In this case however, MAPC cells
administered either IP or IV had no effect on T cell proliferation at either site. This was
surprising given that MAPC cells could inhibit T cell proliferation in the IL-7 model. MAPC
cells IP did however suppress IFN-y production in both the spleen and the lymph nodes, while

MAPC cells 1V failed to have this effect. Treg were also examined in this model, this time
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using just the traditional panel of CD25 and FoxP3 co-expression. It is well known that ATG
expands Treg populations (Feng et al., 2008; Boenisch et al., 2012; Valdez-Ortiz et al., 2015),
and this was also demonstrated in our model in the spleen, and more so in the lymph nodes.
Similar to the IL-7 model, MAPC cells had no effect on Treg in the spleen, however MAPC
cells IP did further enhance the frequency of Treg in the lymph nodes. Thus, the same might
be true in the IL-7 model.

It is unclear why MAPC cells are unable to suppress T cell proliferation in this case,
however it is probably because the increase in proliferation is not as dramatic as in the IL-7
model. This supports our theory that the IL-7 model is not entirely relevant to HP following
lymphodepletion, and probably presents an exaggerated case of HP. The inability of MAPC
cells to suppress proliferation is not a cause for concern, as reconstitution of the immune
system following lymphodepletion is required. One of the main problems associated with the
use of blanket immunosuppressants such as CsA is that the entire T cell pool is inhibited, and
patients are unable to establish an immune response to infections and malignancies. Thus, the
aim here is not to totally extinguish HP, but to prevent the generation of a problematic pro-
inflammatory pool. The hypothesis that MAPC cells might prevent the skew of the T cell pool
towards the Th1l phenotype was demonstrated as MAPC cells can suppress IFN-y production
by T cells, and promote Treg in the lymph nodes. The Treg data is similar to that in the IL-7
model in that MAPC cells have little effect on FoxP3" Treg in the spleen. In the ATG model
however, MAPC cells IP do increase the frequency of Treg in the lymph nodes. The GITR
panel was not examined in this model, but it would be beneficial to examine this in future
studies, along with suppressive capacity or cytokine profile of Treg.

Similar to the proliferation data, the increase in IFN-y production is not as dramatic in
the ATG model as the IL-7 model. This may explain why MAPC cells IV had no effect in this
model, as the amount of inflammatory cytokines produced in the spleen and lymph nodes may
not be sufficient to activate MAPC cells accumulating in the lung. MAPC cells IP on the other
hand would be closer to the spleen and lymph nodes, and thus, closer to the sites of pro-

inflammatory cytokine production, and more likely to be activated. Extrapolation of data
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concerning the activation and mode of action of MAPC cells in these murine models should be
carefully interpreted, as human MAPC cells may not be activated as potently, or in the same
way by murine cells as they would by human cells. As previously mentioned, human cells are
not sensitive to murine IFN-y (Hemmi, Merlin & Aguet, 1992), so while IFN-y is a crucial
activator of MSC and MAPC cells in allogeneic or humanised settings, other cytokines are
likely to activate MAPC cells in the xenogeneic experiments used to generate this HP data.
The development of humanised models of SOT are underway in the English lab, and these will
improve the relevance of this data regarding the effects of MAPC cells on HP, and the
subsequent effects on transplant rejection.

Finally, the mode of action of MAPC cells IP in the ATG model was examined. We
have previously shown in vitro that the effects of MAPC cells on IL-7 activation of T cells is
dependent on the production of PGE2 by MAPC cells (Reading et al., 2015), and suppression
of GvHD by intrasplenically delivered MAPC cells has been shown to be PGE2 dependent
(Highfill et al., 2009). Many other studies have attributed the therapeutic effects of MSC to
PGE2 in a range of in vitro and in vivo settings (English et al., 2009; Chiossone et al., 2016;
Kota et al., 2017; Duffy et al., 2011; Vasandan et al., 2016; Hsu et al., 2013). Furthermore, it
was speculated that the improved efficacy of PPAR(-) MAPC cells in the aGvHD model is due
to an increase in COX-2 expression following IFN-y stimulation. In the ATG model,
inhibition of PGE2 in vivo using the COX inhibitor indomethacin ablated the suppressive
effects of MAPC cells IP following lymphodepletion. PGE2 has a half short life in vivo, and
acts in a local manner (Zhang et al., 2015), thus it is possible that MAPC cells IP are more
effective in both the IL-7 and ATG models due to being in closer proximity to the sites of
interest in this model than MAPC cells IV. Furthermore, IP injected MSC have previously
been shown to form aggregates with macrophages (Bazhanov et al., 2016), which can be
modulated by MSC derived PGE2 (Chiossone et al., 2016; Vasandan et al., 2016). Therefore,
the superior therapeutic efficacy of MAPC cells IP in this study may be due to the interaction
of MAPC cells with macrophages at this site. This might also explain why MAPC cells IP but

not MAPC cells IV suppressed MHC II expression by macrophages in the IL-7 model. On the
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other hand, our previous study demonstrated that MAPC cells require IL-1f stimulation from
monocytes to produce PGE2 (Reading ef al., 2015), thus monocytes or macrophages in the
omental tissue may provide these signals, inducing PGE2 production by MAPC cells
administered IP (Fig. 6.4). As shown using the GvHD model, the efficacy of MAPC cells can
be improved following cytokine stimulation. Thus, if the poor efficacy of MAPC cells 1V is
due to the low availability of inflammatory stimuli, pre-stimulation with cytokines may
improve their therapeutic capacity. As previously mentioned, this may not be required in a
human model where activation by cytokines would be more robust, however, in this system,
activation of MAPC cells with IFN-y or IL-1B might certainly improve their efficacy.
Moreover, this emphasises the value obtained from humanized models.

While other studies have demonstrated therapeutic efficacy of MAPC in models of
allo-transplantation (Highfill et al., 2009; Eggenhofer et al., 2013), the effect of MAPC cells
on HP has only been studied previously in vitro (Reading et al., 2015). This study suggests
that MAPC cells may prevent allograft rejection in part by modulating the T cell pool during
HP, however, the effect of MAPC cells on long term immune reconstitution and how it would
impact graft survival remains to be shown. These investigations are currently underway in the
English lab using skin and islet transplantation. Furthermore, the route of administration or
dosing of cells requires optimisation. While this study and others show that MAPC cells
require close proximity to the spleen for therapeutic efficacy in transplant models (Highfill et
al., 2009; Eggenhofer et al., 2013), IP and intrasplenic delivery routes may not be feasible in
the clinic. A recent study has demonstrated that MAPC cells improve islet graft survival when
the two cell types are co-transplanted in a composite pellet (Cunha et al., 2016). Thus, co-
transplantation of MAPC cells along with allografts at the time of transplantation may be an
effective and more practical approach where systemic administration is not sufficient.
Otherwise, adjustments to timing or administration, or pre-stimulation with pro-inflammatory
cytokines may improve the efficacy of MAPC cells IV, as shown in chapter 3.

Overall, the aim of this thesis was to demonstrate the efficacy and elucidate the modes

of action of MAPC cells in various in vivo models of transplant rejection. This is the first
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study to prove the efficacy of MAPC cells IV in a humanised model of aGvHD, and provides
knowledge regarding appropriate dosing schedules and strategies to improve MAPC cell
potency. Murine MAPC cells were previously shown to suppress murine GvHD, but only
when delivered intrasplenically (Highfill ef al., 2009). Intrasplenic administration of MAPC
cells is unlikely to be used in the clinic, and this thesis demonstrates that this delivery route is
not necessary when MAPC cells are administered at an appropriate time point. The
appropriate time to administer MAPC cells is difficult to predict in the clinic, however, the
data herein suggests that pre-stimulation of MAPC cells with IFN-y improves the prospects of
achieving effective MAPC cell therapy at early time points. Thus, this thesis provides
knowledge which could be used to improve the therapeutic potential of MAPC cells in the
clinic. The biodistribution of MAPC cells following administration is important to advance
our understanding of exactly how these cells operate in vivo, and studies using rodent MAPC
cells demonstrate that access to the spleen is important for therapeutic efficacy in models of
transplantation (Eggenhofer et al., 2013; Highfill et al., 2009). This thesis demonstrates for
the first time that MAPC cells administered IV have the ability to migrate towards the spleen
in the aGvHD model. Furthermore, the improved potency of YMAPC cells corresponds to
increased lung clearance and enhanced migration towards the liver and spleen compared to
unstimulated MAPC cells.

This thesis and many other studies highlight the importance of IFN-y signalling for the
activation of MSC and MAPC cells. In order to improve the efficacy of MAPC cells in
inflammatory conditions, it is imperative that we understand the molecular mechanisms which
leads to their IFN-y response. Luz-Crawford et al. (2016b) recently published an interesting
study which implicated PPARS as a modulator of NF-xB activation in murine MSC. This
study built on that data by demonstrating that PPARS agonism and antagonism modulates the
response of MAPC cells to IFN-y stimulation. For the first time, this thesis shows that PPARS
agonism destroys the efficacy of MAPC cells in the aGvHD model, while PPARS antagonism
has the opposite effect. We speculate that this may be due to the inhibition or promotion of

COX-2 expression by PPARS activation or inhibition respectively. This requires further
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investigation, which is currently in progress by other members of the English lab. This data
provides further insight into the molecular mechanisms behind the immunomodulatory effects
of MAPC cells, and this information could be used to develop potency assays or adjust the
conditions used for MAPC cell expansion.

Finally, the capacity of MAPC cells to modulate IL-7 and lymphopenia driven T cell
HP was demonstrated. There were differences observed in the effects of MAPC cells
depending on the model used, however overall the data suggests that MAPC cells suppress
IFN-y production and promote Treg during HP through the production of PGE2. This might
prevent graft rejection, and this theory is currently being investigated by the English lab. It is
unclear whether MAPC cells work directly on T cells in this model, or whether intermediate
cell types play a role. The effects of MAPC cells on APC and B cells was particularly
interesting, and future studies might further investigate the relationships between these cell
types. MAPC cells IV were not as effective as MAPC cells IP in these models of HP, which
may be problematic in the clinic, as IP infusion is rarely used. The biodistribution data
suggests that MAPC cells IP might interact with regulatory cells within the omentum, or may
merely be superior as they are in closer contact to the secondary lymphoid organs harvested in
these models. The differences between MAPC cells IV and MAPC cells IP highlight the
complex nature of these cells, and their ability to adjust their response depending on their
environment. This study might spur others to investigate the effects of MAPC cells on
omental cell populations, which could generate meaningful knowledge regarding the
relationship between MAPC cells and regulatory cell types.

In conclusion, this thesis has provided further knowledge into the mechanisms by
which MAPC cell therapy mediate their effects in murine models of transplantation. The main
findings presented herein are: IFN-y improves MAPC cell efficacy and biodistribution in a
humanised GvHD model, PPARS interferes with the therapeutic effect of MAPC cells, MAPC
cells suppress in vivo T cell function during HP through the production of PGE2, and MAPC
cells have differential effects depending on their route of administration. The knowledge

gained from this project can be used to optimise MAPC cell therapy, and provides a basis for
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future studies regarding the effects of MAPC cells on the immune response during transplant

rejection.
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