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Abstract

Understanding of bone marrow stromal cell (BMSC) functions is complicated by
heterogeneity. Current cell-surface markers are insufficiently selective for functionality,
which has profound implications for development of BMSC based therapies. In this thesis |
investigated secreted factors of immortalised BMSC clones and their effects on BMSC

functions.

| compared the effects of secreted factors from two phenotypically distinct clones on
BMSC phenotype. | used Y201, a multipotent and migratory BMSC, and a nullipotent non-
migratory clone, Y202. Y201 conditioned media (Y201CM) treatment of Y202 cells resulted
in larger colonies in a CFU-F assay. Subsequent tracking of Y202 cells in culture indicated
that they migrated further in Y201CM. Increased migration of Y202 cells was driven by heat-
labile secreted factors, and was replicated by culturing Y202 on BMSC derived extracellular

matrix (ECM). This ECM migration was reduced with a focal adhesion kinase inhibitor.

Proteomics of conditioned media revealed that Y201 secreted proteins significantly
enriched for ECM. Periostin and aggrecan were identified as candidate ECM components
that could contribute to Y201 phenotype due to high abundance and large fold-changes
versus Y202. Extracellular vesicle (EV) protein and miRNAs were also compared between
BMSC subtypes, with upregulated Y201 EV proteins enriched for pathways and terms
associated with ECM. Nanostring analysis revealed significant upregulation of 10 versus 2
mMiRNAs in EVs from Y201 and Y202 respectively. Predicted targets of Y201 upregulated
MiRNASs also indicated ECM involvement.

Immunofluorescence staining of ECM proteins identified by proteomics identified
possible BMSC locations in human and murine tissue, with Y201 upregulated ECM
components predominantly in endosteal regions. Rare CD271* bone-lining stromal cells

were found on top of aggrecan and periostin in trabecular regions of human bone.

| conclude that BMSC subtype heterogeneity is mirrored in secreted factors and that
the secretome and ECM components provide important markers of functionality and

localization.
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1 Introduction

1.1 The Bone Marrow Stromal Cell

1.1.1 Bone marrow and the bone marrow stroma

The skeleton is host to a plethora of important cell-types that have fundamental roles
in health and disease. Bones provide structural rigidity and support to the human body while
also offering physical protection for bone marrow, the highly dynamic organ in which
haematopoiesis occurs in healthy adults. The bone marrow is responsible for the production
of ~2.5x10* red blood cells in adult humans every day, thus support and regulation of this
process is important to maintaining life (Higgins and Mahadevan, 2010). Bone marrow
stromal cells (BMSCs) are found in the marrow space of skeletal tissues and are
fundamental to the normal development and function of bones and the bone marrow.
BMSCs provide structural components of the bone marrow and also contain a pool of stem
cells capable of differentiating into bone, fat and cartilage, tissues that are important for the
essential functions of the skeleton. BMSCs, specifically osteo-lineage precursors, are
present in developing bones before HSCs and are essential for establishing the bone
marrow as the haematopoietic organ (Chan et al., 2009; Coskun et al., 2014). There is
significant evidence to indicate that stromal cells are integral for maintenance of healthy
haematopoiesis in bone marrow. It is therefore important that we develop our understanding
of the various functions of BMSCs in homeostasis so that we are better able to respond to

issues related to these cells that might influence disease.

1.1.2 Discovery of bone marrow stromal cells and differentiation competent
subpopulations

The discovery of BMSCs that contained stem-cell subpopulations began in the
1960s when Friedenstein and colleagues established evidence for the existence of an
osteogenic progenitor in bone marrow through animal transplantation experiments
(Friedenstein et al., 1966). Subsequent work demonstrated that colonies, referring to single-
cell derived populations, of adherent cells could be isolated from marrow, and it was
postulated that these were derived from individual cells. These originator cells were referred
to as the colony forming unit fibroblast (CFU-F) (Friedenstein et al., 1970). It was also noted
that spontaneous or inducible osteogenic differentiation could occur from cells derived from
these CFU-Fs, however, transplant of individual colonies was later shown to demonstrate
a more heterogeneous response, with one study demonstrating only 58.8% of CFU-Fs

differentiated toward bone in vivo (Friedenstein et al., 1970; Kuznetsov et al., 1997).
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In the following decades, discoveries revealed that within the CFU-F there was a
population of multipotent progenitor cells capable of differentiation towards osteoblasts,
adipocytes and chondrocytes, often referred to in the field as tripotent differentiation. This
was shown formally by Pittenger et al. (1999) with the isolation and characterisation of the
human mesenchymal stem cell (MSC). The term MSC was first coined in 1991, but has
produced various controversies over its use and the specificity of the term (Caplan, 1991;
Sipp et al.,, 2018). Reference to these cells as “stem cells” indicated capacity for
differentiation towards other lineages. While there was clear evidence for differentiation
capacity within cell populations isolated through plastic adherence from bone marrow, there
was considerable evidence to highlight the heterogeneity in potency of BMSCs isolated
using the same method, with heterogeneity of populations still a problem in research and
translation today. Further complication over the definition and nomenclature surrounding
the MSC was introduced by discoveries that differentiation competent stromal cells could
be isolated from other tissues, with one study highlighting the isolation of MSC-like cells
from 10 different post-natal tissues (Meirelles et al., 2006). Subsequently the literature has
expanded to include; dental pulp, Wharton’s jelly, adipose tissue, umbilical cord and bone
marrow among the most common tissues from which MSCs are derived (Gronthos et al.,
2000; Kern et al., 2006; Sarugaser et al., 2005; Wang et al., 2004). This variation in tissue
sources for multipotent stromal cells has also led to adoption of common nomenclature to
highlight tissue of origin, and with use of the word stromal where stem-characteristics are

insufficiently defined (e.g. adipose tissue derived mesenchymal stromal cell/AT-MSC).

The discussion into the terminology used to describe the overall population of
differentiation-competent marrow-resident stromal cells is ongoing, but was considered in
position statements released in 2005 and 2006 by the International Society for Cell and
Gene Therapy (ISCT) (Dominici et al., 2006; Horwitz et al., 2005). In the original statement,
the ISCT proposed the term multipotent mesenchymal stromal cell should be applied to
fibroblastic, plastic-adherent cells isolated from numerous tissues, and that the term MSC
be reserved for cells that had appropriately demonstrated sufficient differentiation capacity.
The second position statement, which has superseded its predecessor, expanded upon this
and proposed more detailed characterisation criteria to identify cells as multipotent

mesenchymal stromal cells. These requirements were:

1) Plastic adherence

2) High expression (295%) of CD105 (Endoglin), CD73 (NT5E) and CD90 (Thy-1)
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3) Lack, or extremely low expression of (£2%), haematopoietic lineage markers
CD34, CD45, CD14 or CD11b, CD79a or CD19 and Human Leukocyte Antigen-
DR isotype

4) Tripotent differentiation capacity towards osteoblasts, adipocytes and

chondrocytes in vitro

These criteria were established to prevent what was seen as erroneous use of the
term ‘stem’ to describe populations of cells isolated and characterised by plastic adherence,
morphology and flow cytometry, but were not always shown to have differentiation potential.
The criteria were intended to allow more appropriate comparisons between studies from
research groups using different isolation methods and tissue sources, however, these were
often interpreted as absolute rules for defining the MSC and have remained controversial
and the use of varied terminology to refer to bone marrow derived stromal cells is still
common. The use of the ISCT cell-surface marker criteria to categorise cells has been
shown to be inclusive of heterogeneous stromal cells from different tissues that vary
considerably in their transcriptomes and also in osteogenic differentiation capacity in vivo
(Reinisch et al., 2015; Sacchetti et al., 2016). In these studies, BMSCs demonstrated a
greater in vivo osteogenic capacity, with BMSCs exclusively capable of establishing a
haematopoietic microenvironment. Another study highlighted how despite several BMSC
donors sharing expression of the ISCT markers there was considerable variation in other
established markers, secreted factor concentration and ectopic differentiation towards the
osteogenic lineage in vivo (Samsonraj et al., 2015). The ISCT markers have been shown
on multiple occasions to be insufficiently selective for subtypes with multipotent stem cell
characteristics. The definitions have also led to treatment of isolated populations that meet
the criteria as homogeneous, which disregards the variation in phenotypes within the mixed
stromal populations that are isolated. It is likely that numerous BMSC subtypes are isolated
by plastic adherence, and that these collectively meet the cell-surface marker criteria with
in vitro differentiation of these plastic adherent cultures revealing tripotency, however, the
relative contribution of individual cells or clones to a positive differentiation assay may be
lost. A subset of cells in the plastic adherent culture could differentiate, and possibly even
be selected for, when performing in vitro experiments, a feature of BMSC population
dynamics that was demonstrated using lentiviral fluorescence barcoding and tracing of
individual clones (Selich et al., 2016). Thus, cells that do not differentiate (are nullipotent)

could remain hidden in the population, and the commonplace treatment of non-clonal BMSC
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isolations as homogeneous could help to explain inter- and intra-donor heterogeneity. There
have been considerable efforts put towards improving the identification of the multipotent
mesenchymal stromal cell populations, particularly from BMSCs, using a variety of
alternative cell-surface markers (covered in section 1.3.2), with this work being of particular
importance for the development of regenerative cellular therapies through selection of

appropriately potent populations.

Throughout this thesis | will predominantly refer to BMSCs, however, | may also
refer to studies performed using stromal cells derived from other tissues and will include
more characterisation information where the authors explicitly presented it, such as cell

surface markers used to classify the population or the tissue of origin.

In addition to the differentiation potential of BMSCs, a number of other important
functions have been ascribed to these cells. Through decades of research, the role of
BMSCs in communication with immune cells and regulation of immune responses, as well
as support of haematopoiesis, have become areas of keen interest, and | will expand on

these in the following sections.

1.2 Immunomodulatory potential of MSCs

There have been numerous indications for the use of BMSCs in suppressing
inflammation, and some examples of this intriguing functionality are explored here. The
immunosuppressive effects of BMSCs on T-cells were first demonstrated using cells
isolated from baboons (Bartholomew et al., 2002). The BMSCs were shown in vitro to
prevent proliferation of lymphocytes in a dose-dependent manner, and prolonged the
survival of skin-grafts in vivo. A study using human cells released in the same year also
demonstrated the suppression of T-lymphocyte proliferation, with a dramatic reduction in
proliferative cycles of both CD4* and CD8" T-lymphocytes and a positive effect of increasing
the ratio of BMSC to T-lymphocyte (Figure 1.1) (Di Nicola et al., 2002). A key observation
from this study was that the reduced proliferation was in part driven by paracrine signalling
mechanisms, as BMSCs separated by a trans-well were still capable of significantly
reducing T-cell proliferation, albeit to a lesser degree. A later comprehensive study using
BMSCs in co-culture systems with a variety of different immune cell populations
demonstrated a broad capacity to reduce the inflammatory phenotype across various cells
(Aggarwal and Pittenger, 2005). In this study, co-cultures with peripheral blood

mononuclear cells (PBMCs) resulted in significantly decreased expansion of the PBMCs,

15



decreased secretion of inflammatory cytokines and an increase by the BMSCs in the
expression of the immunomodulatory cytokines interleukin-6 (IL6) and interleukin-8 (IL8),
as well as prostaglandin-E2 (PGEZ2) (Figure 1.1). The study further demonstrated a capacity
for BMSCs to modulate expression of cytokines by dendritic cells in response to
lipopolysaccharide (LPS), more than halving the expression of inflammatory tumour
necrosis factor alpha (TNFa) by monocytic dendritic cells and increasing interleukin-10 (lI-
10) expression by plasmacytoid dendritic cells nearly three-fold. The MSCs were also
shown to reduce expression of interferon gamma (IFNy) secretion from IL-2 stimulated

natural killer (NK) cells.

Work from the group of Darwin Prockop has comprehensively demonstrated the
capacity for BMSCs to suppress inflammation in a variety of mouse models including
antigen induced peritonitis, myocardial infarction and damage to the cornea, demonstrating
the potent anti-inflammatory capacity of these cells (Choi et al., 2011; Lee et al., 2009;
Roddy et al., 2011). These studies collectively argued that secretion of the protein TNFa
stimulated gene 6 (TSG-6) by the BMSCs was responsible for the attenuation of
inflammation (Figure 1.1). Interestingly, a follow-up study using the corneal inflammation
model identified a positive correlation between higher TSG-6 messenger RNA (mMRNA)
expression levels in BMSCs and efficacy in preventing inflammation (Lee et al., 2014b). The
increased efficacy in suppressing inflammation, determined by level of myeloperoxidase as
a readout of activated neutrophils, negatively correlated with in vitro osteogenic capacity,
as determined by an alizarin red staining assay. This was corroborated by overexpression
of TSG-6 in a low expressing donor resulting in reduced osteogenic capacity and reduction
in myeloperoxidase levels. Osteogenic differentiation in high TSG-6 expressing BMSCs was
restored by use of an inhibitor of nuclear factor kappa B (NFkB) which has functions as a
transcription factor and is strongly implicated in inflammatory responses. This study also
highlighted high donor heterogeneity, and potentially contrasting roles for MSC subtypes or
plasticity in MSC function, with possible exclusivism between differentiation and
immunosuppression pathways. This consequence of reduced differentiation capacity under
inflammatory signalling corroborated a study demonstrating that IFNy and TNFa produced
by T-cells made BMSCs more susceptible to apoptosis and limited their in vitro osteogenic
differentiation and ability to regenerate bone tissue in calvarial defects (Liu et al., 2011).
Murine BMSCs were shown to mediate immunosuppression through a response to IFNy,
confirmed by use of IFNy-receptor-1 (IFNyR1) knockout mice, demonstrating an inability to

suppress immune responses in a GvHD model (Ren et al., 2008).
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Figure 1.1 BMSCs can modulate immune responses in a variety of cell types

BMSCs have been shown to demonstrate a variety of immunosuppressive effects on both
adaptive and innate immune cell types. Shown here are some results of BMSC coculture
with a variety of immune cell-types including reduction in proliferation and reduced
expression of inflammatory cytokines such as IFNy and TNFa by immune cells. Such
effects were shown to be mediated by paracrine signalling by BMSCs of factors including
IL6, IL8, PGE2 and TSG-6.

While the majority of studies have suggested a potential for imnmunosuppression by
BMSCs, there have also been indications that IFNy and concomitant toll-like-receptor (TLR)
activation could result in a pro-inflammatory phenotype (Romieu-Mourez et al., 2009). The
authors demonstrated an increase in immune cell infiltration following subcutaneous
injection of pre-activated BMSCs with a compounding effect of TLR activation by LPS and
IFNy expression resulting in increased secretion of inflammatory mediators interleukin-12
(IL12) and TNFa. This study also showed an increase in neutrophil chemotaxis towards the
BMSCs, indicating a potential role for BMSCs in promoting inflammatory targeting. The pro-
inflammatory phenotype could relate to previously established evidence for antigen
presentation capacity by BMSCs under low levels of IFNy stimulation (Chan et al., 2006;
Stagg et al., 2006).

Overall, these studies present a complex involvement of BMSCs in the regulation of
immune responses and immune cell behaviour which has led to great interest in the
development of BMSCs, and of stromal cells isolated from other tissues, in cell-based

therapies (covered in 1.6.2).
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1.3 BMSCs and the bone marrow/haematopoietic niche

1.3.1 Relationship between the HSC and BMSC

The study of BMSCs and their stem cell subpopulations has often been paralleled
by the study of another bone marrow resident stem cell, the HSC. The relationship between
these two cell types has been of great interest for understanding haematopoietic
development in health and disease, with early studies demonstrating the positive effect of
stromal cells in ex vivo survival of haematopoietic progenitors (Dexter et al., 1977). Much
like the BMSC, the HSC has been repeatedly redefined using more stringent cell-surface
markers, allowing a dissection of cellular heterogeneity and identification of more lineage
biased/committed progenitors (Kiel et al., 2005; Oguro et al., 2013; Spangrude et al., 1988).
That being said, the sorting of HSC subsets capable of reconstituting the entire blood
system or specific lineages exemplifies a more comprehensive understanding of the
association between cell-surface marker expression and subtype functionality than what is

currently known for BMSCs.

Friedenstein’s early in vivo transplantation experiments of bone marrow and what
are now known to be BMSCs, resulted in ectopic bone marrow compartments, acting as an
example of the importance of interplay between skeletal progenitors and the haematopoietic
system (Friedenstein et al., 1974). More recent studies demonstrating the importance of
endochondral ossification and osteogenic precursors in establishing the haematopoietic
microenvironment further solidify the link between these cells (Chan et al., 2009; Scotti et

al., 2013).

The study of the HSC ‘niche’, a concept first postulated by Schofield (1978), has
been of keen interest, with discussion centring around two key locations in the bone marrow,
the endosteal and the perivascular niches (Morrison and Scadden, 2014). A niche refers to
the immediate microenvironment in which a cell resides that is capable of facilitating cell
functions and maintaining the population in vivo. With regards to stem cells this refers to
maintenance of the stem cell population and regulation of lineage commitment (Jones and
Wagers, 2008). The study of the niche has led to identification of a variety of markers used
to distinguish haematopoietic supporting stromal cells, and the specificity and functionality

of BMSCs isolated using these markers is explored in the following section.
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1.3.2 Candidate markers of bone marrow stromal subpopulations in mice and
humans

There has been considerable debate over the localisation of BMSC populations,
with intense interest in the identification and refinement of cell-surface markers capable of
isolating functionally distinct stromal sub-populations. The improvement and increased
accessibility of techniques such as immunolabeling, confocal microscopy, intravital imaging
and the development of greater numbers of transgenic reporter mice has resulted in a wave
of studies focusing on the localisation of BMSC subsets. The use of markers has also been
key for identifying and investigating the location of stem/multipotent subsets that could be
classified as MSCs. Identification of discriminating markers has resulted in a considerable
number of studies assessing localisation of BMSC populations in situ. Studies aiming to
define the location of BMSC subtypes have often been done from a haematological
perspective, in attempts to understand the role of BMSCs in regulating haematopoiesis and
their contribution to the HSC niche. | have summarised a number of proposed markers of
BMSC subpopulations, categorised by their cell-surface marker expression in Table 1.1. |
expand upon how these populations were defined, their overlapping relations to each other
and visualise their localisations in the bone marrow (Figure 1.2). It should be noted that
these populations are predominantly defined as a combination of markers after removal or
exclusion of haematopoietic and endothelial lineages by use of classical cell-surface

markers specific to these lineages.

Low affinity nerve growth factor receptor (LNGFR/CD271) was one of the first
markers identified for appropriate selection and enrichment of colony forming human
BMSCs that demonstrated tripotent differentiation in vitro (Jones et al., 2002; Quirici et al.,
2002). It has been consistently observed that CD271 may be a more appropriate in vivo
marker as its expression is lost rapidly during in vitro culture, with one study demonstrating
this loss by the second passage (Bakondi et al., 2009). The CFU-F fraction of bone marrow
was later demonstrated to be present only in a CD271"9" subpopulation of CD271* cells,
and that the CFU-F capacity was also enriched in a CD271*CD56" population versus the
CD271*CD56° population (Buhring et al., 2007; Venkata Lokesh et al., 2009). The
localisation of CD271* BMSCs has also been of interest, with CD271*CD56" cells found
exclusively on trabecular bone surfaces, representative of an endosteal BMSC niche
(Figure 1.2) (llas et al., 2020; Sivasubramaniyan et al., 2018). A study looking to enrich for
CD271*BMSCs demonstrated a 65-fold increase in BMSCs isolated from trabeculae versus

bone marrow aspirates, again highlighting a more endosteal niche for this population (Jones
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et al., 2010). The same pattern of CFU-F capacity and in situ localisation is seen when
combined with another prospective potency marker, melanoma cell adhesion molecule
(MCAM/CD146), as CD271*CD146"°" populations were found as bone lining cells, whereas
CD271*CD146" were located perivascularly (Figure 1.2) (Tormin et al., 2011). Single cell
sorting and clonal expansion of CD271" BMSCs has also been shown to produce clones
with varying potency, with one study demonstrating only 13.3% of clones were tripotent and
13% were nullipotent (Zyrafete et al., 2013). These studies collectively highlight CD271* as
a candidate marker of human BMSCs, but also suggests that even within the CD271*
population there is considerable heterogeneity, with subpopulations distinguishable by use

of additional cell-surface markers or through clonal analyses.

A seminal study by Sacchetti et al. (2007) revealed CD146 to be a marker of a
population of tri-potent human BMSCs. CD146 marked a population of perisinusoidal
stromal cells in human bone marrow that encapsulated all of the CFU-F capacity of human
bone marrow mononuclear cells (Figure 1.2). CD146" BMSCs were capable of establishing
ectopic bone and haematopoietic microenvironments in vivo through serial transplantation,
again highlighting the importance of skeletal progenitors in the haematopoietic niche. The
study by Tormin et al. (2011) discussed previously found that CD271*CD146" cells were
exclusively located in the perivascular regions of bone marrow using immunofluorescence
based approaches. CD146 was further corroborated as a marker of perivascular human
stromal cells by Crisan et al. (2008), who demonstrated the CD146" population also
expressed neuron-glial antigen 2/chondroitin-sulphate proteoglycan 4 (NG2/CSPG4) and
platelet derived growth factor receptor beta (PDGFRf), although this study did not focus
specifically on BMSCs and bone marrow location and presented no evidence of attempts

to look at endosteal regions, focusing more on vasculature in various tissues.

Early studies of the HSC niche indicated that HSCs were maintained in endosteal
locations, with strong initial suggestions for the involvement of osteoblasts in the early
2000s (Calvi et al., 2003; Zhang et al., 2003). The later identification of HSCs by expression
of signalling lymphocyte activation molecule (SLAM) markers revealed some endosteal
associated HSCs, but noted a larger percentage of HSCs were found in contact with
sinusoidal vasculature (Kiel et al., 2005). Further indication for the perivascular location of
the niche was established in a publication demonstrating the importance of C-X-C motif
chemokine 12 (CXCL12) by perivascular located BMSCs as a chemoattractive cytokine that

maintained the HSC population in bone marrow (Sugiyama et al., 2006). The CXCL12-
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abundant-reticular (CAR) cells were found in endosteal or perivascular regions and 94% of
phenotypic HSCs identified were found in contact with these cells (Figure 1.2). It was later
demonstrated that CAR cells were capable of osteo- and adipogenic differentiation,
indicating they represent a multipotent stromal population (Omatsu et al., 2010). Ablation of
CXCL12 from perisinusoidal cells by use of leptin receptor (LEPR) or osterix (OSX) or
peroxiredoxin (PRX1) CRE mice was later shown to result in a depletion of the HSC pool,
highlighting the importance of CXCL12 and the perivascular stromal cells in haematopoietic
maintenance (Ding and Morrison, 2013; Greenbaum et al., 2013). It was also established
that CXCL12* expressing populations of perivascular cells nearly completely overlapped
with the LEPR™* population (Figure 1.2) (Zhou et al., 2014). CXCL12 expression therefore
represents an important feature of haematosupportive BMSCs and is conserved across

both mice and humans.

Another combination of markers, platelet derived growth factor receptor alpha
(PDGFRa) and stem cell antigen-1 (Scal), encapsulated the majority of CFU-Fs from the
bone marrow of mice after removing haematopoietic lineages (Morikawa et al., 2009). The
double positive population was also enriched for cells that demonstrated classical tripotency
in vitro, although other populations did contain differentiation capacity to varying degrees.
Rare PDGFRa*Scal* cells were observed around arterioles in the BM close to cortical bone
(Figure 1.2). Use of collagenase resulted in isolation of a greater number of CFU-Fs from
bones with an observed increase in Scal*PDGFRa and Scal*PDGFRa* populations,
highlighting a possible greater attachment to the bone surface via collagen adhesions
(Houlihan et al., 2012). The PDGFRa single positive cells were shown to express the

highest levels of CXCL12, indicating possible overlap with a subpopulation of CAR cells.

The intermediate filament protein nestin has also been identified as a possible
marker of HSC supportive multipotent BMSCs, with nestin-green fluorescent protein* (GFP)
BMSCs from transgenic mice shown to localise in close proximity to HSCs and be
supportive of maintaining HSCs in the bone marrow niche, with high gene expression of
HSC supporting cytokines CXCL12 and stem cell factor (SCF) (Méndez-Ferrer et al., 2010).
The nestin-GFP* cells demonstrated robust tripotent differentiation in vitro. As an
intracellular protein nestin-GFP reporters are used to indicate the presence of nestin
transcribing cells, however, detection of translated nestin protein was subsequently shown
to not correlate with nestin-GFP expression and furthermore the nestin-CreER transgene

gave a different pattern of expression to nestin-GFP (Ding et al., 2012). Furthermore it was

21



argued by Zhou et al. (2014) that perisinusoidal nestin-GFP™ cells were marked by LEPR
and that this dim subset of nestin-GFP* cells were the important subset for osteogenic
differentiation and haematopoietic support. A rare population of bright nestin-GFP*
perivascular cells were later shown to be present in periarteriolar locations whereas dimmer
subsets were found perisinusoidally (Figure 1.2) (Kunisaki et al., 2013). Given the role of
nestin as an intracellular protein it is unlikely to be a suitable marker for the isolation of
stromal subsets, and so further work from the same group highlighted that 60% of nestin-
GFP* cells were also double-positive for the cell-surface markers PDGFRa and integrin
alpha V (ITGAV/CD51) and these markers were suggested as alternatives to the use of
nestin due to significant overlap in cell properties (Pinho et al., 2013). The authors
demonstrated that after excluding endothelial and blood lineages that 75% of the
PDGFRa*ITGAV* population was nestin-GFP* and that nestin mRNA was enriched in
double-positive versus single-positive and double-negative cells. Furthermore, these
double-positive cells were capable of the HSC-niche forming activity seen with nestin-GFP*
cells. The PDGFRa* ITGAV* population was also identified in human bone marrow, and
mirrored the haematosupportive phenotype of the murine counterparts. The human
population of double positive cells was notable enriched in foetal bone marrow and

represented 16% of the CD146" stromal cell population.

Another key marker of BMSCs that has been established in recent years is LEPR,
which was originally shown to mark a collection of perisinusoidal bone marrow stromal cells
that expressed high levels of important haematopoietic cytokines SCF and CXCL12 in
murine bone marrow (Ding and Morrison, 2013; Ding et al., 2012). This population of
perivascular cells was shown to closely overlap (~95%) with populations of perivascular
CAR cells that were also a main source of and expressed the stromal marker PDGFRa
(Figure 1.2). The LEPR™ stromal cells were later shown to differentiate towards bone, fat
and cartilage in mouse bone marrow (Zhou et al., 2014). The LEPR" cells were also almost
uniformly positive for expression of the stromal markers ITGAV and PDGFRa, again
demonstrating consistency in the use of these as confirmatory markers of stromal
populations, of note is that ITGAV has also been positively identified in studies of
immortalised human BMSCs, highlighting possible conservation across species and
candidacy for this as a marker of stromal subsets (Al-Nbaheen et al., 2013; James et al.,
2015). Importantly the LEPR* population contained almost all of the CFU-F capacity in the
bone marrow, however, LEPR* isolated colonies had varying levels of differentiation

capacity. This varied potency highlights that LEPR* did not sufficiently discriminate for an
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exclusively stem-cell subpopulation and the heterogeneity within the LEPR* population has
been explored in more recent single cell RNA sequencing (ScCRNAseq) experiments that
further divided the LEPR™ cells into four separate subpopulations (Baryawno et al., 2019;
Tikhonova et al., 2019). Despite the ability of LEPR to distinguish stromal cells in murine
bone marrow, it has not been readily adopted as a marker of stromal cells in human tissue,
although there is evidence to suggest conservation of it as a marker. The functionality of
LEPR as a marker in multipotent stromal cells is also appropriate given that its ligand, leptin,
has been shown to positively influence differentiation of human BMSCs towards osteoblasts
(Thomas et al., 1999).

Within these various studies the evidence for overlap between populations is
considerable and as such defining stem cells by their surface marker expression may reach
a limit of power beyond which heterogeneous populations can no longer be subdivided by
their surface marker expression. The development of scRNAseq approaches, and the more
recent development of in situ RNAseq, is likely to further improve our understanding of
heterogeneous stromal populations and their respective localisations, with the latest studies

of stromal heterogeneity explored in section 1.5.3 (Lee et al., 2014a).
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Figure 1.2 The location of various human and murine BMSC in the bone marrow niche
The reported distribution of various BMSC subpopulations in the bone marrow, shown with
their identifying markers and their reported locations. Those markers which are associated
with murine BMSCs are shown in blue, human markers in red and conserved human and
mouse markers are shown in purple. Stromal cell populations are represented by the
variously coloured cells. The cell populations are found around vasculature, either
periarteriolar or perisinusoidal, and along the endosteum. Nestin-GFP* cells can be
subdivided and are found in all locales. The overlapping LEPR™ and CXCL12" abundant
reticular cells are found perisinusoidally. CD271* cells both endosteal and perisinusoidal
and these populations can be distinguished by expression of CD56 and CD146
respectively. PDGFRa is used as a marker of periarteriolar BMSC subpopulations in
combination with either Scal or ITGAV.
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1.4 The BMSC secretome
1.4.1 BMSC secreted factors

BMSCs are known to co-ordinate the development of bone and bone marrow
through differentiation towards skeletal lineages as well as participating in regulation and
support of other cell-types such as HSCs. Collectively all secreted factors can be included
within the umbrella term of the “secretome”. Understanding the secretome of cells is
important for discerning possible autocrine and paracrine signalling functions, which in turn
may aid identification of functionally distinct subtypes. Paracrine signalling has been shown
in bone marrow dendritic cells to exert fine control over cellular heterogeneity at a single
cell level, and in macrophages heterogenenous secretion profiles of individual cells
influenced overall population secretion responses following stimulation with LPS (Shalek et
al., 2014; Xue et al., 2015). The signalling of BMSC populations to each other may similarly
regulate overall population function. A considerable amount of work on the secreted factors
of BMSCs in vitro has been undertaken to understand the effects that these cells may have
when applied in therapeutic settings. Native in vivo functionality is inherently more difficult
to study, however, the use of stromal lineage restricted knockout mice has in recent years
highlighted the importance for secreted CXCL12 and SCF from BMSCs for maintenance of
HSCs in the bone marrow microenvironment (Ding and Morrison, 2013; Ding et al., 2012;
Greenbaum et al., 2013).

The role of secreted factors from BMSCs is not limited to soluble cytokines, with
ever increasing interest in other secreted molecules such as extracellular vesicles (EVS)
and the role of the extracellular matrix (ECM) being studied as important functional

compartments of the secretome.

1.4.2 Extracellular Vesicles

EVs are small, bi-lipid membrane vesicles that are secreted by cells and can be
further categorised based upon their path of biogenesis (Raposo and Stoorvogel, 2013).
Apoptotic bodies are released from apoptosing cells and tend to be the largest EVs, roughly
ranging from 1000nm to 5000nm. Microvesicles range in size from 80-500nm and are
released directly from the plasma membrane. Finally, exosomes are formed when a
multivesicular body formed intracellularly fuses with the plasma membrane, releasing

vesicles of roughly 40-200nm in size. There has been considerable interest in the signalling
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potential of vesicles as they are known to carry various proteins and nucleic acids (MRNA,

DNA, miRNA and IncRNA) which can drive signalling responses in the recipient.

EVs have become of increasing interest, particularly with regards to translation of
these potent signalling molecules for therapeutic purposes, as well as their roles in
homeostasis and disease. There are numerous ongoing efforts to translate these paracrine
factors into effective therapies, although the understanding of their native functionality in the
bone marrow is currently limited.There is evidence that EVs may be capable of
recapitulating or signalling to drive known aspects of BMSC phenotype, including

osteogenic differentiation (Qin et al., 2016).

1.4.3 Extracellular Matrix and BMSC functions

The ECM is the proteinaceous scaffolding which is secreted by cells in their local
microenvironment and comprises a subcompartment of the secretome. The ECM is made
up of a large number of proteins and proteoglycans and is important for providing structural
support, sites for cellular adhesion and acting as a source of biochemical signalling (Frantz
et al., 2010). The local microenvironment is important for facilitating the function of all cell
types and its role in the regulation and support of stem cells is of particular interest for
fundamental understanding of stem cell functionality and maintenance, as well as for the
design of regenerative therapies (Donnelly et al., 2018; Gattazzo et al., 2014; Watt and
Huck, 2013). There are a considerable number of proteins that play roles within or interact
with the ECM and the interest in this field with regards to the ECM in health and disease
has led to the development of a curated database of proteins known to contribute to the
ECM, with this collection referred to as the matrisome (Hynes and Naba, 2012; Naba et al.,
2012).

Cells secrete ECM comprised of proteins and proteoglycans into their environment,
subsequently patterning their niche for specific functions, however, deposition of ECM into
the local microenvironment also leaves these molecules accessible to other cell types for
signalling and adherence (Frantz et al., 2010). During development there are various niches
for the maintenance of the HSC pool and HSCs migrate from foetal liver to colonise bones
and produce a bone marrow haematopoietic niche from which adult haematopoiesis is
driven. It has been shown that physical cues, as well as the highly characterised cytokine
signalling, are capable of mediating changes in HSC differentiation, adhesion and migration
(Choi and Harley, 2017; Lee-Thedieck et al., 2012).
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The structural role of ECM in bone and bone marrow is particularly well documented
as during development a collagenous matrix is steadily mineralised through calcium
phosphate deposition during the process of ossification (Mackie et al., 2008). This
ossification provides the extreme stiffness necessary for the skeleton to support the body,
with the stiffness of bone measured in gigapascals while other human tissues barely reach
beyond the 100 kilopascal range (Buxboim et al., 2010; Zysset et al., 1999). It is noted that
even within the bone marrow microenvironment there is an extreme contrast in mechanics,
with stiffness measurements varying by orders of magnitude between cortical bone,
trabecular bone, marrow regions and the growth plate with a recent study highlighting
heterogeneity of elasticity even within these regions (Chen et al., 2020). The stiffness of
ECM has been shown to be a key regulator of cell fate decisions. In a seminal study by
Engler et al. (2006) BMSCs with adherence to soft matrices upregulated expression of
neurogenic transcription factors while stiff matrices promoted osteoblast specific
transcription factor production in vitro. This effect of matrix stiffness driving BMSC
differentiation was inhibited through blocking the action of non-muscle myosins with
blebbistatin, highlighting the important role of these proteins in co-ordination of cellular
morphology and migration. The elasticity of a hydrogel matrix was also recently used to
demonstrate a significant increase in clustering of tumour necrosis factor receptors (TNFRs)
on MSCs cultured on soft ECMs that is more indicative of the environment at the endothelial
niche (Wong et al., 2020). Interestingly, even softer gels than those used in the
aforementioned inflammation study were shown to induce quiescence in BMSCs (Klein et
al., 2009; Winer et al., 2008). These studies show the integral role of the mechanics of
matrix in both regulating differentiation and inflammatory responses, key aspects of the
BMSC phenotype. Scientific understanding of the role the ECM plays in multicellular
organisms has developed beyond simply providing architectural support to tissues to a level
where the role of ECM in cellular function and in driving cell-signalling is much more

appreciated.

The ECM not only provides mechanical input but, by providing sites for adhesion,
can exhibit control over cell morphology. The organisation of cellular geometry has been
identified as a regulator of key processes such as apoptosis and differentiation. Studies on
adherence of endothelial cells to ECM coated substrates patterned in different shapes and
sizes demonstrated the requirement for sufficient adherence to allow growth and avoid
apoptosis (Chen et al., 1997). Further work on cellular geometry using BMSCs revealed

that artificial induction of square and circular cell shapes resulted in osteogenic and
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adipogenic differentiation respectively (McBeath et al., 2004). The use of other shapes has
further shown the influence of geometric co-ordination of cell shape through adherence to
patterned ECMs on differentiation (Kilian et al., 2010; von Erlach et al., 2018). The effect of
changes in mechanical environment can be studied through the use of cell-culture
compatible materials and gels, however, these systems tend to isolate how the mechanical
inputs of the matrix alter cell behaviour and do not consider the important function of the
ECM in biochemical signalling. The ECM can also act as a repository for signalling
molecules, with matrix glycoproteins known for facilitating the presentation of proteins to
cells and also to act in protecting them from cleavage and degradation. Key examples of
this powerful interaction of growth factors and ECM were demonstrated by the protective
role of endothelial cell ECM, in particular the role of heparan sulphate, in binding fibroblast
growth factor (bFGF) (Saksela et al.,, 1988; Viodavsky et al., 1987). It has also been
demonstrated that in knockouts of the ECM proteins biglycan and decorin that BMSC
numbers are reduced and that the sequestration of Transforming growth factor beta 1
(TGFB1) is impaired, with the study concluding that the increased availability of the TGF[31
led to increased apoptosis of BMSCs (Bi et al., 2005). TGFB1 is a cytokine with a highly
studied association with ECM. TGFB1 is sequestered in the ECM in an inactive form
attached to one of four latent transforming growth factor 8 proteins (LTBP) which facilitate
the binding and interaction of the cytokine with a variety of proteins (Hinz, 2015; Todorovic
and Rifkin, 2012). TGFp has further been implicated in control of various BMSC functions
and in regulation of functions of the haematopoietic niche, including regulation of HSC
proliferation and quiescence, therefore the ECM plays and important role in the bone

marrow microenvironment (Zhao et al., 2014).

Hyaluronic acid (HA), a glycosaminoglycan (GAG), contributes to the molecular
patterning of the ECM and in the cell microenvironment was demonstrated to facilitate
BMSC migration through the HA-receptor CD44 (Zhu et al., 2006). HA has also been
implicated with enhancement of CXCL12 mediated migration of HSCs by HA with
decreased HSC numbers in bone marrow of mice with triple knockdown of the hyaluronic
acid synthase enzymes (Goncharova et al., 2012). Additionally, HA can be bound by a
variety of proteins, including the key anti-inflammatory TSG-6 and the proteoglycan
aggrecan, perhaps suggesting a role for HA in co-ordination of BMSC signals and the niche.
Other glycan molecules known to bind ECM, namely heparan sulphate, have also been
implicated in the presentation and binding of cytokines, including CXCL12, which is

important for retention of HSCs (Murphy et al., 2007).
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BMSC derived ECM s likely integral for various stromal and stem cell functions.
Fibronectin has previously been shown to be important for BMSC migration ECM derived
from BMSCs was shown to enhance the colony-forming capacity and better preserved
differentiation capacity of primary BMSCs during culture (Lai et al., 2010b; Rakian et al.,
2015). This indicated the positive effect of culture conditions more representative of the in
vivo niche provided by the presence of ECM. This ECM niche can also be disrupted during
diseases such as primary myelofibrosis, where an accumulation of ECM components
results in a fibrotic marrow environment and bone marrow failure, with BMSCs implicated

as major sources of the fibrosis (Decker et al., 2017; Leimkihler et al., 2020).

Overall the involvement of the ECM in the bone marrow microenvironment is a key
area of research with a need to better define the acellular components of specific niches

and how they impact the maintenance of cell phenotypes in vivo.

1.5 BMSC heterogeneity

1.5.1 Evidence for functionally heterogeneous BMSCs

Since the early studies on BMSCs there have been observations of heterogeneity,
with clear differences in CFU-F capacity seen even during Friedenstein’s early clonogenic
assays. Heterogeneity exists in many forms, and in referring to MSCs this can also include
tissue sources (Wilson et al., 2019a). In this thesis | have focused on BMSCs and so in
limiting the study to a single tissue source reducing the heterogeneity. Inter-donor
heterogeneity has revealed variable potencies in osteogenic differentiation capacities and
growth kinetics, originally demonstrated by Phinney et al. (1999). The study of 17 healthy
donors revealed no significant correlation between BMSC osteogenic response or growth
rate and donor age or sex. This corroborated previous assessments that single BMSC CFU-
Fs transplanted in vivo resulted in variable osteogenic capacity (Kuznetsov et al., 1997).
Intra-donor heterogeneity refers more to differences in specific subpopulations of BMSCs
that occurs at a cellular level. A study of 185 individual clones of BMSCs, isolated from
various donors between 5 months and 30 years of age, indicated a hierarchical level of
differentiation capacity, with various tri-, bi- and uni-potent colonies (Muraglia et al., 2000).
This study also highlighted the potential for paracrine signalling from FGF-2 to improve the
maintenance of multipotent characteristics in isolation of BMSCs. Further studies have
corroborated the heterogeneity seen between donors, with several indicating that the age
of donors didn’t reliably predict differentiation phenotype (Andrzejewska et al., 2019;

Herrmann et al., 2019). Another large-scale study of in vitro heterogeneity within BMSCs
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indicated that only half of all CFU-Fs from bone marrow preparations were capable of tri-
potent differentiation across two donors, with varied numbers of bi-, uni- and nullipotent
cells making up the rest (Russell et al., 2010). Collectively these studies highlight a high
level of heterogeneity in BMSC functions and phenotypes of isolated cells both intra- and

inter-donor.

Heterogeneity in morphology was noticed early in studies by Mets and Verdonk who
categorise BMSC cultures with distinct large, flat cells and more spindle shaped cells (Mets
and Verdonk, 1981a, b). Morphological heterogeneity was shown to increase during in vitro
culture along with replication times and cell shape changes through repeated imaging in
studies by Whitfield et al. (2013) and Rennerfeldt et al. (2019). These studies potentially
associatie this heterogeneity with cell cycle stage and lineage commitment with some
variation arising even in single cell derived colonies. Interestingly a clonal expansion
experiment using umbilical cord derived stromal cells indicated a strong impact of clonal
competition, highlighting that in vitro heterogeneity may be reduced over time (Selich et al.,
2016).

Variation in other functionalities has also been seen, with a study of five murine
BMSC clones indicating differential capacity to reduce T-cell proliferation, however, pre-
treatment of clones with TNFa and IFNy resulted in equal inhibition of T-cell proliferation
(Szab6 et al.,, 2015). This study highlighted inherent heterogeneity between BMSC
subtypes, but also plasticity, with heterogeneous cell-types capable of responding
collectively given an appropriately strong stimulus. Isolation of variably potent clones and
subsequent determination of differences in their inflammatory signalling has also been

shown in immortalised clones and is covered in section 1.5.2

1.5.2 hTERT immortalised BMSCs as a model of cellular heterogeneity

The need to distinguish between heterogeneous BMSCs is not only important for
basic understanding of the role of these cells in normal biology, but also for their translation
to cell and cell-based therapies. Our ability to study BMSCs in vitro, however, is limited due
to cellular senescence induced by the shortening of telomeres over multiple rounds of
replication (Baxter et al., 2004). In order to circumvent senescence, transduction with a
lentivirus to induce expression of human telomerase reverse transcriptase (hTERT) has
previously been shown to prevent cellular senescence and to maintain osteogenic potential

in BMSCs (Shi et al., 2002; Simonsen et al., 2002). A study release the same year utilised
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clonal isolation of hTERT immortalised stromal cells to demonstrate that hTERT
immortalised MSCs resulted in isolation of subpopulations of varying differentiation
capacity, with the majority of clones incapable of in vitro differentiation (Okamoto et al.,
2002).

Our group has previously used viral transduction of cells from a single donor, and
subsequent clonal isolation, to identify functionally distinct clones that presented with
varying immunomodulatory phenotypes and differentiation characteristics (James et al.,
2015). Of key interest in this work was the identification of the Y201 clone, which displayed
“classical” multipotent BMSC characteristics. The Y201 had an elongated morphology and
was highly migratory in culture. This line was equally capable of differentiation towards the

osteo-, adipo- and chondrogenic lineages.

The study also identified a more committed BMSC progenitor cell, the Y101, that
had a similar fibroblastic morphology and migratory phenotype to Y201, and was potently
osteogenic. The Y101 was also capable of differentiation towards the chondrogenic lineage,

however, its adipogenic differentiation was poor.

In contrast to the Y201 and Y101, the Y202 line had a significantly larger cell surface
area and was flatter and less migratory, tending to form densely packed colonies. Through
in vitro differentiation assays the Y202 line appeared nullipotent, unable to differentiate
towards the three classical lineages. Gene expression profiling of the Y202 cells also
revealed an expression signature that contrasted to the Y201 and Y101 lines, with
upregulation of pathways related to immune and inflammatory pathways. The line was also
distinguishable from Y101 and Y201 by surface expression of the marker CD317 (Bone
marrow stromal antigen 2, BST2) which has a known role in tethering virions such as human
immunodeficiency virus-1 (HIV-1) to the plasma membrane (Neil et al., 2008). There has
not yet been marker identified that was capable of distinguishing between Y201 and Y101
subtypes, demonstrating a limit of power for cell-surface markers in discerning between

variably potent subpopulations.

These clonal lines all met the criteria established by the ISCT for cell-surface marker
expression and plastic adherence, indicating that they were all mesenchymal stromal cells,
but with some lacking the relevant potency requirement. Gene expression data generated
through a microarray from these cell lines has subsequently assessed using a classification

model generated from datasets of known mesenchymal stromal cell cultures (Rohart et al.,
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2016). Despite the clear behavioural differences between these cells this model
independently classified all three stromal lines as mesenchymal stromal cells (unpublished
data). A summary of their characteristics is available in Table 1.2.

These clonal lines provide a snapshot of distinct BMSC subtypes, removing the
issues commonly associated with mixed populations and inter- and intra-donor
heterogeneity, providing a highly reproducible model through which to study essential
BMSC biology in vitro.

Table 1.2 Summary of characteristics associated with three hTERT Immortalised BMSC clones
produced by the Genever lab

Y201 Y101 Y202
Osteogenic + +4 -
Chondrogenic + + -
Adipogenic + = -
Migratory + + -
Morphology Fibroblastic Fibroblastic Flat
ISCT Cell Surface Yes Yes Yes
Markers
Basal
inflammatory Low Low High
gene expression

1.5.3 The future of studies into BMSC heterogeneity

Investigations into heterogeneity have increased in power and depth following the
development of scRNAseq methods in 2009 (Tang et al., 2009a). This technique has
resulted in a number of publications revealing considerable heterogeneity in stromal
populations in mice and humans at a single-cell level, revealing heterogeneity in populations
previously treated as more homogeneous. A comprehensive single-cell study by Baryawno
et al. (2019) proposed the identification of 17 different stromal subpopulations in mice and
suggested different differentiation competencies and hierarchies for these subtypes. They
subdivided the LEPR positive population of stromal cells into four populations, a finding that
was also corroborated by Tikhonova et al. (2019) in a separate scRNAseq study of non-

haematopoietic cells in bone marrow. This second study used cell-surface markers to
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identify and separate osteoblasts, endothelial cells and stromal cells, using LEPR as the
marker of stroma. Another scRNAseq study focusing on BMSCs identified 7 subsets, with
categorisation of one multipotent BMSC at the top of a hierarchy and 6 subpopulations of
more committed progenitors (Wolock et al., 2019). Interestingly this study indicated a
diverse expression of LEPR across 4 of the subsets, again corroborating a potential
identification of distinct subsets in the heterogeneous LEPR* population of murine BMSCs.
The ability to study single cells allows a more powerful dissection of cellular heterogeneity
and could lead to the identification of more surface-markers or alternative methods of

determining sufficiently potent BMSCs.

1.6 The use of BMSCs in therapies

The study of BMSCs and their potential in therapy can roughly be divided into two
groups based upon the therapeutic end goal. The development of research into stem cells
and their ability to differentiate and produce functional tissue resulted in the birth of the field
of regenerative medicine. During the study of BMSCs it has also been noted that they are
capable of imparting immunomodulatory and immunosuppressive effects, which are also of
high interest in the treatment of various diseases. Overall this lead to the development of

therapeutic potential for MSCs in both regenerative and immunomodulatory therapies.

1.6.1 Regenerative BMSC therapies

The replicative power of stem cells and their capacity to differentiate to produce
functional tissues has been an attractive prospect for the field of medicine for decades.
HSCs in bone marrow transplants were first performed in the 1950s and have been used to
treat a plethora of haematological disorders (Hatzimichael and Tuthill, 2010). In the 14 years
since the first reports of identification of induced pluripotent stem cells (iPSCs) in human
cells the field of regenerative medicine has continued to look forward to the development of
effective therapies to treat diseases through appropriate regeneration of damaged or

diseased tissue by stem cells (Takahashi et al., 2007).

BMSCs, and more specifically their multipotent subsets, have long been heralded
for their potential in regenerative therapies, with particular attention to their role in alleviating
musculoskeletal disorders such as osteoarthritis (OA) due to their osteogenic and
chondrogenic differentiation capacity. OA is categorised as a degeneration of the cartilage
in the joint space resulting in loss of mobility, pain and swelling. The current gold standards

for the treatment of hip and knee OA is surgical intervention by whole hip and knee
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replacement, which are highly involved, especially considering the age-associated
prevalence of OA. A recent study in the UK indicated that over a third of men and nearly
half of all women over the age of 75 in the UK have diagnosed OA (Swain et al., 2020).
While hip and knee replacements are effective, there is a clear need for alternatives given
theaging populationis likely leading to increased prevalence of OA and prolonged life with
OA. The requirement for highly invasive surgery leads to the potential of infection and
presents a greater risk in the elderly and as such preventative or curative treatments using
cell therapies could present a significant improvement. Autologous transplantation of
chondrocytes was the first use of cells shown to successfully repair damaged cartilage,
providing a promising insight into cellular therapy for OA (Brittberg et al., 1994). MSCs were
assumed to present a possible source of regenerative chondrogenic cells capable of
repairing the joint through differentiation after application, although this proved to produce
tissues inconsistent with functional meniscus in a rabbit model of OA using BMSCs
transplanted into the damaged tissue in a collagen scaffold (Walsh et al.,, 1999). The
potential for BMSCs to prevent damage to cartilage was demonstrated in a goat model of
OA which saw promising improvement of damaged meniscus using GFP transduced
BMSCs versus vehicle treated controls, although relative engraftment of the cells was low
(Murphy et al., 2003). Potential for cell therapies in humans have resulted in a number of
clinical trials taking place for the application of BMSCs to treat OA in humans. Another trial
comparing autologous BMSC with autologous chondrocyte transplantation in the knee
indicated the potential benefit of this as an effective alternative to chondrocytes (Nejadnik
et al., 2010). Equally, in a clinical trial looking at cartilage defects in patients that utilised
intra-articular injection there was a significant improvement in knee quality scoring at two

years post injection (Wong et al., 2013).

Evidence for further regenerative medicine applications of multipotent bone marrow
progenitors can be found in their osteogenic potential. A 1998 study using a canine BMSCs
loaded into an implant drastically improved healing of a non-union fracture (Bruder et al.,
1998). In a small cohort of human patients, concentrated autologous bone marrow aspirates
were used to heal non-union fractures with a correlation between fracture healing and the
number of CFU-Fs derived from the same donor aspirate (Hernigou et al., 2005). This
presents a non-selective but effective approach to cell therapy utilising an inherently

recognised osteogenic potency within the BMSC population.

1.6.2 Immunomodulatory BMSC therapies
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The capacity for BMSCs to modulate immune responses has resulted in strong
interest in the use of these cells for the treatment of inflammatory disorders. One disease
with proven efficacy of BMSC therapy is graft versus host disease (GvHD), which can prove
highly destructive to organs following allogeneic HSC transplants. An initial case study in
one patient was highly successful in the treatment of GvHD, which was expanded into phase
I & II clinical trials showing positive responses to BMSC treatment and increased survival
at one and two year follow-up (Le Blanc et al., 2008; Le Blanc et al., 2004; Ringdén et al.,
2006). Interestingly, in the phase Il trial, the detail of criteria used to select MSCs was that
of a spindle shaped morphology, adherence to ISCT cell-surface marker criteria and high
(>95%) cell viability but there was no mention of proof of tripotent differentiation capacity.
A BMSC therapy (Prochymal) was approved for use in acute GvHD in 2012 in Canada after
proving suitable efficacy and safety (Kurtzberg et al., 2014; Prasad et al., 2011). In another
use of BMSCs for the treatment of inflammation there have been positive outcomes in
clinical trials for safety and efficacy in assessing the capacity for BMSCs to be used in the
treatment of acute respiratory distress syndrome, systemic lupus erythematosus (Wilson et
al., 2015a; Zheng et al., 2014; Zhou et al., 2020).

1.6.3 BMSC secreted factors could be used for cellular therapies

The potential for BMSCs in cellular therapies is enticing, however, issues associated
with the use of cells in therapy persist and provide significant roadblocks to their
development. These include potential for rejection of a cell therapy. The function and
therapeutic potential of MSCs has often been ascribed as a result of paracrine signalling
and so interest is developing into the use of secreted factors from BMSCs as alternatives
to cell-therapies. It was shown by Kinnaird et al. (2004) that murine BMSCs were capable
of improving recovery from hind-limb ischaemia after application from a proximal site in the
muscle through paracrine action as suggested by increased pro-angiogenic cytokines such
as vascular endothelial growth factor (VEGF). These cell-free indications provide significant
advantages due to lack of cellular material capable of inducing immune response and the

potential to produce a more assayable, standardised and reproducible therapeutic product.

BMSC secrete various factors, and uses for these factors are being identified,
including with a view to therapeutic development. BMSCs had previously shown promise in
the treatment of myocardial infarction, and BMSC conditioned medium (BMSC-CM) was
assayed for its potential to replicate this benefit in a cell-free manner in pigs (Strauer et al.,

2002; Timmers et al., 2008). In a comparison between adipose tissue derived stromal cells
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and BMSC, conditioned media from the latter demonstrated greater efficacy in reducing
damage by LPS induced inflammation to various organs, particularly in the lungs (Elman et
al., 2014). In an antigen-induced-arthritis model in mouse the use of BMSC-CM was
capable of reducing joint swelling and cartilage degradation (Kay et al., 2017). Although the
specific factor that ameliorated damage was not identified, it suggests potential in the

development of BMSC secreted factors in developing therapies.

There is promising indication for the potential of BMSC EVs in the treatment of bone
disorders and fractures upregulated osteogenic differentiation of BMSCs in vitro and
promoted regeneration of calcified bone in a calvarial defect model (Qin et al., 2016). BMSC
EVs have also shown further showed promise in the treatment of myocardial diseases, in
this case injury caused by ischemia, with the application of BMSC EVs (Arslan et al., 2013).
This study utilised EVs isolated from a human embryonic stem cell derived MSC line to
significantly improve myocardial infarct size and reduce neutrophil influx. Of importance for
the development of EV therapies will be the improved understanding of heterogeneity of the

EV source to inform and produce consistent product

1.6.4 The problem of MSC heterogeneity in cellular therapies and the need for
better definitions

Multipotent MSCs are strong candidates for use in regenerative therapies. In order
to use cells as a therapeutic agent there needs to be consistency in output and this has
resulted in most cell therapy populations being defined by a strategy of selecting the
therapeutic population by cell-surface markers (Figure 1.3). The importance of high levels
of characterisation and reproducibility of small molecular therapeutics and biologics is
imperative during standard drug development pipelines and It is to be expected that the use
of cells in therapy are subject to similar scrutiny (Wilson et al., 2019b). With regard to the
direction of therapies for highly intricate processes such as tissue regeneration, as has long
been the case with BMSCs, the importance of appropriately applying sufficiently potent
subsets is clear. The therapeutic application of a population that lacks differentiation
capacity, or worse, one that may exacerbate a condition, presents a key problem for the

development of cell therapies.

While there are a number of cell-surface markers currently used to define the
multipotent populations of BMSCs these are still insufficiently selective and other methods
for the defining of appropriate populations may be required should surface markers become

limited in power. The use of TSG-6 MRNA expression (detailed in section 1.2 paragraph 2)
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by Lee et al. (2014b) highlights a mechanism by which cellular heterogeneity may be
appropriately navigated for the identification and isolation of cell populations that offer
appropriate efficacy for applications whereby the anti-inflammatory properties of BMSCs

are desired for therapeutic effect.

There is already evidence that single-cell derived colonies perform better in
regenerative therapies of myocardial infarction when meeting previously determined
selection criteria (Zhang et al., 2006). This adds emphasis to the idea of potential hazards
and risks of a lack of therapeutic response when using insufficiently defined or non-clonal
population of BMSCs in therapy. The prevalence of heterogeneous differentiation and the
potential differences in immune responses make clear the necessity to better define stromal
cell subpopulations. Current definitions for the isolation of multipotent BMSC populations
still result in isolation of heterogeneous populations which may negatively affect
development of cell-based therapies if they are insufficiently reproducible, effective and

potent.

Isolate
BMSCs from
donor bone

marrow

sort cells by
cell surface
markers

culture/expand
in vitro

- Use population for
L ‘ cell-therapy

Figure 1.3 Isolation of cells for use in therapy

A simplified interpretation of the commonly accepted pipeline for isolation of
refined populations of BMSCs for cellular therapy by use of antibodies and sorting
based upon expression of cell-surface markers followed by direct application of
cells or subsequent in vitro expansion.
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1.7 Aims of this thesis

Investigations into the functions of BMSCs have often been established with
heterogeneous populations of isolated stromal cells, with conclusions drawn as if they were
homogeneous, however, there is clear evidence for heterogeneity with the isolation of
functionally distinct subtypes. There have been considerable efforts in recent years to better
identify BMSC populations using cell-surface markers, however there is still evidence for
overlap in these populations. The function of MSCs has often been ascribed as a result of
paracrine signalling, and so in this thesis | aim to investigate the secreted factors produced
by BMSC subtypes in order to identify possible differences in the secretomes of functionally
diverse subpopulations and whether this may correlate with differences in subpopulation
functions. The heterogeneity of BMSCs has also been considered with regards to their
effects on other cell-types, however, the effects they have on each other in culture has been
explored far less. | therefore also aim to determine if there is potential for signalling from

some BMSC subsets to co-ordinate the functions of heterogeneous populations.

1.7.1 Summary of aims

e Use different immortalised BMSC clones to identify differences in cellular

secretomes from stromal subsets

o Determine the effect of stromal secretomes on subtype-specific functions and

identify if there is plasticity in phenotype controlled by secreted factors

¢ Identify possible niche locations for subpopulations of BMSCs that correspond

with secreted factors

¢ Use understanding of the differences in BMSC secretomes between subsets to

inform potential choices of BMSC subsets for cellular therapies
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2 Methods
2.1.1 Standard in vitro culture of N TERT BMSCs

The hTERT immortalised BMSC clonal lines were cultured in Dulbecco’s Modified
Eagle Medium (DMEM) containing 10% foetal bovine serum (FBS), 100units/mL penicillin
and 100pg/mL streptomycin and incubated at 37°C in a 95% air/5% CO: humidified

atmosphere. Cells were passaged using trypsin-EDTA upon reaching 70-80% confluency.

2.1.2 Isolation and concentration of conditioned medium

For functional assays cells were grown to ~80% confluency in T175 flasks before
washing 2x with PBS and adding 17ml of serum-free DMEM + 100units/mL penicillin and
100pg/mL streptomycin to each flask and incubated as normal for 24h. Media was collected
and then centrifuged at 300g to remove any large cell debris. Cells from the flasks used to
generate the conditioned media (CM) were trypsinised and counted using a countess
haemocytometer (Thermofisher). The collected medium was diluted with serum-free DMEM
+ 100units/mL penicillin and 100ug/mL streptomycin to achieve a concentration of 80,000
cells/mL of media. Diluted media was then stored at -70°C until required. Where indicated,
heat inactivation of CM was performed by incubating CM in a water bath to 80°C for 15

minutes before cooling to 37°C prior to application to cells.

For proteomic analyses CM was collected from 2x T175 flasks of each hTERT
immortalised line (Y101, Y201 and Y202). Cells were grown to ~80% confluency under their
standard conditions before washing 2x with PBS. Cells were then incubated as normal for
24 hours in 17mL of serum-free DMEM without phenol-red (Thermofisher) supplemented
with 4mM L-glutamine (Thermofisher) and 1mM sodium pyruvate so as to match the
standard cell culture formulation. Medium was collected and centrifuged at 300xg to
remove any large cell debris. Medium was stored at -80°C until required. For proteomic
analyses, the medium was concentrated in Vivaspin 3kD molecular weight cut-off tubes (GE
Healthcare) at 4500xg until concentrated to ~1mL in volume. The protein concentration of
conditioned media was calculated using a Quick-start Bradford protein assay (Bio-Rad) and
compared against a bovine serum albumin (BSA) protein standard curve made by diluting
the 2mg/mL BSA standard (Thermofisher) in the phenol-red free DMEM formulation used

above according to manufacturer recommended dilutions.
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2.1.3 Colony forming unit fibroblast assays

For CFU-F assays, cells were seeded at 10 cells/cm? in 6-well plates using DMEM
supplemented with 20% Hyclone FBS, 100units/mL penicillin and 100pg/mL streptomycin.
CM (from section 2.1.2) was defrosted overnight at 4°C then collected and centrifuged at
300g to remove cell debris, and the number of cells was counted. The CM was then diluted
with additional serum-free DMEM to give 12ml CM/million cells. This medium was then
supplemented with a final concentration of 20% Hyclone FBS for use in CFU-F assays. For
CFU-F assays, primary cells and cell lines were seeded in unconditioned Hyclone medium
and media changes were performed every 4 days post-seeding. Cells were fixed and
stained at day 10 for cell lines and day 14 for primary cells due to quicker growth of cell
lines. At assay endpoint, plates were stained by aspirating media and covering the well
surface with 0.05% crystal violet + 1% formaldehyde + 1% methanol in PBS at room
temperature for 20 minutes. Crystal violet was aspirated before, plates washed with tap
water and left to air dry before imaging (See section 2.1.4) Alternatively for gene expression

analyses lysates were collected (see section 2.1.9).

In experiments using the focal adhesion kinase inhibitor (FAKi) PF-573,228
(Generon) medium was aspirated from wells 2 hours after seeding and replaced with either
fresh medium containing FAKi or dimethyl sulfoxide (DMSO) vehicle control. PF-572,228

was made at a stock concentration of 10mM using DMSO.

2.1.4 CFU-F image analysis pipeline for crystal violet stained colonies

Crystal violet stained plates scanned on an Epson Perfection 4990 photo scanner
at 1200dpi. The image analysis programme CellProfiler was used to produce a custom
analysis pipeline to accurately detect and measure colonies in a more automated fashion
(Lamprecht et al., 2007). The scanned image was loaded into CellProfiler and converted to
a greyscale image using the ColorToGrey module, splitting the image into red, green and
blue channels. The blue channel was then thresholded to 0.99 to include all features
identified as completely black. Well edges were then identified as primary objects of size
1000-2000 pixel units in diameter and with a manual threshold of 0.99 to include all features,
this reproducibly identified the well edges as primary objects. In order to fit this as a
complete circle a grid was defined using DefineGrid and then true circles were placed using
the ldentifyObjectsinGrid module. The circle was shrunk by 10 pixels in diameter to prevent
running over the edge of the well. The UnmixColors module was used to create an image

without any blue absorbance (red and green absorbance of 1, blue absorbance of 0) which
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was effective in detecting objects stained with crystal violet. The area of this image outside
of the wells was cropped using the 10 pixel shrunken circles. lllumination correction was
then calculated (block size 20, median filter and object size filter with median object size of
80 pixels), and applied by subtraction method to remove lighting inconsistencies. The edges
of features were enhanced using the Sobel method in the EnhanceEdges module which
identified cells that had dispersed away from a tight colony. Cells were then included into
nearby colonies through a Closing module using a diamond shape with a reach of 10 pixels.
Colonies were subsequently detected by an IdentifyPrimaryObjects module with typical
diameter between 60-800 pixels and using the RobustBackground with a Mode averaging
method. Manual correction of colony detection could then be applied in CellProfiler. The
colonies were measured for size and shape characteristics and used as a mask to analyse
other features of the colonies such as intensity. Other available colony analysis tools were
unsuitable for this due to the dispersion of many BMSC colonies. A visual summary of this

pipeline can be seen in Figure 2.1.
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2.1.5 Isolation and in vitro aging of primary BMSCs from femoral heads and tibial
plateaus

Primary BMSCs were isolated from tibial plateaus received from Clifton Park
Hospital, York, under informed consent following routine knee replacements. Cells were
isolated by explant culture onto plastic petri dishes and plastic adherence of stromal cells.
Donor HS739 was purchased from Lonza. All work involving human samples was approved
by the University of York Department of Biology Ethics committee. Primary cells were
cultured in DMEM containing 15% batch-tested FBS, 100units/mL penicillin and 100pug/mL
streptomycin in a 95%air/5% CO, humidified atmosphere. Cells were routinely passaged
with a one-in-five split upon reaching approximately 80% confluency in T75 flasks. Primary
cells were cultured to beyond passage 10 for use in in vitro aging experiments, with a noted

increase in time between passages.

2.1.6 Ptychography, cell tracking and image analysis

For cell migration and morphology analysis cells were seeded as 6-well CFU-F
assays (as in section 2.1.3) and imaging performed using a VL21 Livecyte (PhaseFocus)
imaging platform for live cell tracking. The LiveCyte allowed imaging in a 37°C humidified
chamber with 5% CO.. This system has advantages in allowing high-contrast imaging of
cells in culture over time without the need for perturbation of the cells with chemical labelling
(Marrison et al., 2013). For CM experiments the media was changed immediately prior to
imaging and images were taken continuously at 20-26-minute intervals (dependent on fields
of view and distances between colonies being imaged) for 96 hours at 4 days post-seeding.
For experiments using ECM, colonies were tracked at 3-hours post-seeding. Images were
processed and analysed using the PhaseFocus Analyse software using a custom analysis
pipeline which is summarised with example images in Figure 2.2. Images were first
processed with a rolling ball algorithm to remove background features before smoothing
was applied to remove low frequency noise. Points of maximal brightness, indicating areas
of high phase-contrast corresponding to cell nuclei, were identified in the smoothed image
and were used as seeding points for the identification of individual cells. Seed points were
consolidated where points that did not change in pixel intensity within a threshold were
removed, this enabled removal of multiple seed points in a single cell. Thresholding and
segmentation levels were then set to define the area which was part of a cell against the
background. This processing pipeline was applied to all images in an experiment. The

output images then allowed tracking of cells and using a spatial and temporal dot plot, along
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with quantification of various morphological metrics such as dry-mass, area, width and
length. Small debris was removed by an exclusion gate removing objects that were less
than 250pg in dry mass and less than 1000um?. Large doublets and debris were excluded
if having an area over 25,000um?2. Manual removal of debris was also performed by visual
assessment. To be included in analyses, cells had to be tracked for a minimum of 20-
frames. For cell tracking, n=3-6 colonies were imaged as technical replicates per condition
at each time point and the data from these colonies were then averaged to represent one
biological replicate. Metrics from individually tracked cells were exported and statistical tests

comparing mean results performed in GraphPad Prism.

Original image Rolling ball Smoothing

Maxima ID and
Segmentation Thresholding consolidation

Figure 2.2 PhaseFocus image processing pipeline overview

Outline of the output of respective image processing steps using prior to the tracking of
cells in the PhaseFocus Analyse software package. Images shown are representative of
outputs of a single frame.

2.1.7 Preparation of MSC-derived Extracellular Matrix

ECM was prepared from in vitro cell cultures using a protocol adapted from Ng et al.
(2014). Y201 and Y202 cells were seeded at 1000 cells/cm? for 6 well plates or 13mm
coverslips in 24 well plates and allowed to grow for 14 days. For 96 well plates this was
adapted to 500 cells/well (equivalent to 1562cells/cm?) due to the tendency of cells to settle
in the centre of the wells and not fully expand towards the edges. Between days 1-7 of
culture, cells were grown in standard culture medium before supplementing this medium at
days 8-14 with 50uM L-Ascorbic acid to enhance matrix deposition. Medium changes were

performed every 3 days. At day 14, medium was aspirated and cells were washed 1x with
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phosphate buffered saline (PBS). A cell clearing solution of 20mM Ammonium Hydroxide
(Sigma) with 0.5% Triton X-100 (Sigma) in PBS was used to remove cells and retain
deposited ECM. Cells were incubated in the clearing solution for 5 minutes at room
temperature with occasional shaking to ensure full coverage of the growth surface. After
clearing, plates were washed once with PBS before three washes with sterile distilled water
(dH20). Plates were left to dry in a sterile laminar flow cabinet before covering and wrapping
in parafilm. Plates were wrapped in parafilm and stored at 4°C and were used within 1-

month of cell-clearing.

2.1.8 Focal adhesion imaging and assessments

Y201 and Y202 cells were seeded onto sterile 13mm glass coverslips in 24-well
plates in standard culture medium at low density and left to adhere. At 24 hours after
seeding, medium was isolated and cells were fixed by a 5 minute incubation in 4% (w/v)
methanol-free paraformaldehyde (PFA) in PBS (Thermofisher) before washing 3x with PBS.
Cells were permeabilised in 0.1% Triton X-100 (Sigma) in PBS for 30 minutes and washed
3x with PBS. Samples were blocked for 30 minutes with 10% goat serum in PBS at room
temperature. Samples were incubated with mouse-anti-vinculin antibody (Sigma, V9131) in
1% BSA at 1 in 400 dilution overnight at 4°C. After primary antibody staining, cells were
washed gently 3x with PBS before incubation of secondary antibodies and phalloidin for 1
hour at room temperature in the dark. Cruzfluor594 (CF594) conjugated phalloidin (Santa
Cruz, sc-363795) was reconstituted by addition of 30ul of DMSO and aliquoted before
storing at -20°C. Alexafluor488 conjugated goat-anti-mouse secondary antibody
(Thermofisher, A11001) was diluted 1 in 300 while phalloidin was diluted 1 in 1000.
Coverslips were washed 3x with PBS and nuclei counterstained with 0.2ug/mL 4',6-
diamidino-2-phenylindole (DAPI) in PBS for 10 minutes before rinsing in dH.O and gently
dabbing off excess moisture onto clean tissue. Coverslips were mounted onto a microscope
slide with 10ul of Prolong gold antifade hard setting mounting medium (ThermoFisher) and
left to cure overnight. Images were captured using a Zeiss LSM880 or LSM710 confocal
microscope. Focal adhesion sizes were subsequently determined using the Imageld
software package for individual cells by a thresholding setting followed by the analyse
particles module. Data was exported as a CSV before statistical tests performed in

GraphPad Prism.
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2.1.9 qRT-PCR for inflammatory gene expression

Y201 cells and Y202 cells were cultured as CFU-F assays with either Y201
conditioned media (Y201CM), Y202 conditioned media (Y202CM) or UCM. At assay
endpoint cells were lysed with 350uL RA1 lysis buffer (Machery Nagel) + 3.5uL B-
mercaptoethanol per condition before purification of RNA with the NucleoSpin RNA kit
(Machery-Nagel). The manufacturer’s protocol was followed except for a modification to the
final elution, whereby samples were eluted twice using the same 40uL of RNAse-free water
to improve yield and concentration. RNA concentration was estimated using a
Nanodrop2000 (Thermofisher). Resultant RNA was reverse transcribed to cDNA using
Superscript IV (SSIV) reverse transcriptase (Thermofisher) with volumes used to match the
lowest concentration sample collected. All reactions were performed in a DNA Engine
thermocycler (MJ research). Primer annealing was performed using 1uL of 10mM dNTP
mix + 1pL of 50uM Oligo d(T)zo primer + template RNA up to 11uL and made up to 13puL
with nuclease-free water. The solutions were mixed in an RNAse-free tube and flicked to
mix before centrifuging briefly. The mix was heated to 65°C for 5 minutes then incubated
on ice. A reverse transcriptase master-mix was made using 4uL SSIV reaction buffer + 1uL
100mM DTT + 1pL RNAseOUT + 1L SSIV per reaction. 7uL of mastermix was added to
each reaction, mixed and centrifuged. The reactions were incubated at 55°C for 10 minutes
before inactivating at 80°C for 10 minutes. cDNA was diluted with 80uL of RNAse-free water
before storing at -20°C. Changes in gene expression of 8 interferon upregulated genes
(LYBE, HERCS, IFl44L, 1SG15, MX1, MX2, EPSTI1 and RSAD2) were assessed by
quantitative real time PCR, performed using a 2x SyGreen Blue mastermix
(PCRBiosystems) on a QuantStudio3 system (Thermofisher) with a 20uL final reaction
volume. These genes were previously used to produce an interferon signature (Raterman
et al., 2012). Fold changes were calculated using AACT relative to the expression of the
house-keeping gene RPS27a. Data were normalised against expression of these genes in
Y201 cells grown in unconditioned medium (UCM). Primer sequences used in gPCR are

found in Table 2.1.
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Table 2.1 Primer sequences for genes used in qPCR assessment of inflammatory
gene expression in Y201 versus Y202 BMSCs

Target Forward primer sequence Reverse primer sequence
EPSTI TGC ATA CAC CTT GATAGC ACC AA TCC TGC TCC GCAATT CTT TG
HERCS5 GAG CTAAGACCC TGTTTG G CCACCTTCCACATGC TATC
IF144L TGC TCC TTC TGC CCC ATC TA TGC TCC TTC TGC CCC ATC TA
ISG15 ATG TCG GTG TCA GAG CTG AAG GTTATT CCT CAC CAG GATGCTC
LYGE CCT GGA GTC TTA CGG TCC AA GTA CAC AGC CAG GCA CACAT
MX1 TTC AGC ACC TGA TGG CCTATC GTA CGT CTG GAG CAT GAA GAA CTG
MX2 CAG AGG CAG CGG AAT CGTAA TGAAGC TCTAGC TCG GTG TTC
RSAD2 GTG GTT CCAGAATTATGG TGAGTATIT CCA CGG CCAATAAGGACATT
RPS27a TGG ATG AGAATG GCAAAA TTA GTC CAC CCCAGCACCACATICA

2.1.10 Scanning Electron Microscopy (SEM)

Imaging of the topographical surface of ECM samples was performed by SEM.
ECMs cultured onto glass coverslips were fixed after removal of cells for 30 minutes in a
mix of 4% PFA + 2.5% glutaraldehyde in 100mM phosphate buffer (pH 7.0) at room
temperature. Samples were washed twice for 10 minutes each with phosphate buffer before
secondary fixation with 1% Osmium tetroxide for 30 minutes at room temperature. Samples
were washed 2 more times with phosphate buffer for 10 minutes, then dehydrated in an
ethanol series of 25%, 50%, 70%, 90% and 3 X 100% at 15min each stage. Samples were
covered with hexamethyldisilazane for 15 minutes before aspirating and allowing to air dry.

Samples were imaged with a JEOL 7800F Prime.

2.1.11 Focused lon Beam Scanning Electron Microscopy (FIBSEM)

FIBSEM was performed to examine the organisation of ECM in a cross-sectional
manner and to expand upon topographical information derived from SEM and observe
interaction between cells and ECM. Samples were prepared by fixing in 2.5%
glutaraldehyde in 100mM phosphate buffer for 1h before 3x 15 minute washes with
phosphate buffer. A secondary fixation with 1% OsO4 in 100mM phosphate buffer was
performed for 1h before 3x 5min washes with ddH20. Samples were then blocked in 1%
Uranyl Acetate in ddH20 for 1h. Samples underwent dehydration in an ethanol series with
15 minutes in 30%, 50%, 70%, 90% and 2x15 minutes in absolute ethanol. The samples
were then washed 2x 5minutes in epoxy propane before infiltrating with Epon-araldite resin
(Epon 812, Araldite CY212) overnight. Excess resin was removed by centrifugation of

coverslips held upright in a 15ml falcon tube at 1000g for 1 minute before the resin was
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polymerised at 60°C for 48h. Prior to FIBSEM, a carbon coating was sprayed onto the matrix
surface to provide a conductive sheath. The sample was protected from the ion beam by

deposition of a 2 to 3 um layer of nanocrystalline platinum (Pt) and amorphous carbon.

An FEI NOVA 200 FIBSEM was used for ion beam milling and imaging. A triangular
trench was initially milled into the sample using a 7nA ion probe. Cleaning scans were then
performed with smaller ion probe currents of 1 nA, 300 pA, 50 pA, all at 30 keV. Finally the
sample could be tilted to ensure that optics were as close to the milled surface as possible
for imaging. Tiled scans of the sample surface were stitched together by hand or using a

plugin in ImageJ (Preibisch et al., 2009).

2.1.12 Osteogenic Differentiation in vitro and Alizarin Red staining for calcium
deposition

For osteogenic differentiation, cells were seeded at 1000 cells/cm? in 24-well plates
using DMEM + 10% FBS + 100units/mL penicillin, 100pug/mL streptomycin to allow
expansion of cells and spreading over the ECM layer. Cells were left to grow until reaching
confluency before supplementing medium with 50ug/mL L-ascorbic acid-2-phosphate, 5mM
B-glycerophosphate and 10nM Dexamethasone to produce osteogenic media. Fresh
osteogenic media changes were performed every 3 to 4 days. Time-points were collected
at days 0, 7, 14, and 21. At each timepoint, medium was aspirated and the cells washed
once with PBS. Cells were subsequently fixed with 4% PFA in PBS for 5 minutes at room
temperature. Cells were then washed 3x with PBS before covering in PBS and storing at
4°C until staining. At assay endpoint all fixed plates were washed once with PBS before
addition of 40mM Alizarin Red S in distilled water adjusted to pH4.2 with hydrochloric acid
for 20 minutes at room temperature. After staining, cells were washed 3x with PBS and
subsequently with gently running tap water to remove non-specific staining. Plates were left

to air-dry before scanning on an Epson Perfection 4990 Photo scanner at 1200dpi.

2.1.13 EV Isolation

Y201 and Y202 MSC lines were cultured as described above, but using FBS that
had been depleted of EVs by an 18-hour centrifugation at 100,000g to pellet and discard
serum-derived EVs; the supernatant was retained and filtered through a 0.2um filter before
adding to media. Cells were grown to ~80% confluency in T175 flasks before washing with
PBS and adding 17ml of EV-depleted medium. Cells were incubated as described above
for 48h before conditioned medium was collected and stored at -70°C. Media was thawed

overnight at 4°C before isolating EVs using a differential ultracentrifugation protocol adapted
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from Théry et al. (2006). All centrifugation steps were carried out at 4°C and samples were
kept on ice. Media was centrifuged at 300g for 5 minutes before transferring media to new
tubes and spinning again at 2000g. Supernatants were carefully decanted into 70ml
Polycarbonate tubes (Beckman Coulter) for centrifugation at 10,0009 for 45 minutes using
a Type 45 Ti rotor (Beckman Coulter). Supernatants were transferred to fresh
Polycarbonate tubes and centrifuged for 90 minutes at 100,000g. Supernatants were then
discarded and pellets resuspended in a total of 1ml Dulbecco’s PBS (Gibco). Resuspended
pellets were transferred to 1.5ml polypropylene tubes (Beckman Coulter) and centrifuged
at 100,000g in a TLA100.3 rotor fitted with delrin adapters (Beckman Coulter) for 90
minutes. Supernatants were carefully discarded before resuspending the EV pellet in 100pL
of DPBS. EV’s were then stored at -70°C until required.

2.1.14 Transmission electron microscopy

BMSC-derived EVs were imaged by transmission electron microscopy (TEM). For
this, 6uL of resuspended EVs (from 2.1.13) was pipetted onto a formvar/carbon support
filmed copper grid and left for 5 minutes at room temperature. The grid was washed briefly
with distilled water and negatively stained with 1% uranyl acetate. Samples were imaged
using a Tecnai 12 BioTWIN working at 120kV.

2.1.15 Proteomic analysis of MSC secretomes

For proteomic analysis, 50ug of concentrated conditioned-media samples (from
section 2.1.2) or EVs isolated from 8xT175 of cells (as described in 2.1.13) were added to
8M urea with 20mM HEPES and a phosphatase inhibitor cocktail comprising 1mM sodium
orthovanadate, 1mM (-glycerophosphate and 2.5mM sodium pyrophosphate. Protein was
in-solution reduced and alkylated before digestion with a combination of Lys-C and trypsin
proteases. Resulting peptides were analysed over 1-hour LC-MS acquisitions using an
Orbitrap Fusion (Thermofisher). Peptides were eluted into the mass spectrometer from a
50cm C18 EN PepMap column. Three biological replicates for each cell line were run.
Tandem mass spectra were searched against the human subset of the UniProt database
using Mascot and peptide identifications were filtered through the Percolator algorithm to
achieve a global 1% false discovery rate (FDR). Identifications were imported back into
Progenesis QI and mapped onto MS1 peak areas. Peak areas were normalized to total ion
intensity for all identified peptides. Relative protein quantification was performed using
relative peak areas of non-conflicting peptides. Proteins were accepted for analysis
provided they were detected with =2 peptides and =1 unique-peptide in at least one sample.

Relative fold differences and associated p-values for differential abundance between
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pairwise comparisons of cell lines was calculated in Progenesis QI by ANOVA. A heatmap
of protein expression for the 201 proteins identified with significant differences in expression

was produced using the http://www.heatmapper.ca./ online tool, with clustering performed

by a complete-cluster algorithm (Babicki et al., 2016).

2.1.16 Nanopatrticle tracking analysis

Nanoparticle tracking analysis (NTA) was used to quantify and determine size
distribution of EVs isolated from BMSC clones. EV samples were diluted in PBS before
running under flow conditions on an NS300 with a 405nm laser (Malvern-Panalytical).
Scattered light from particles was tracked and the Brownian motion of particles used to
calculate their hydrodynamic radius. EV sizes are binned by one nanometre increments
beginning at 0.5nm, and so size distributions are represented by percentage contribution of

each bin to the overall population.

2.1.17 Analysis of EV microRNAs

EVs from BMSC clones were thawed and allowed to reach room temperature. RNA
was extracted using the Total Exosome RNA and Protein Isolation kit (Invitrogen). Samples
were thawed and diluted with 1x PBS to 200pL total volume in an RNAse-free tube. 200uL
of pre-warmed denaturing solution was then added and mixed before incubating samples
on ice for 5 minutes. 400uL of Acid-Phenol:Chloroform was then added to each sample and
they were vortexed for 60 seconds before centrifuging at 13,000g for 5 minutes at room
temperature. The aqueous (upper) phase was then transferred to a fresh RNAse-free tube
and the volume recovered was recorded and then used in purification. The elution solution
was pre-heated to 95°C and 100% ethanol left at room temperature. The aqueous phase
was diluted with 1.25x volumes of 100% ethanol and mixed. The aqueous-phase/ethanol
mix was loaded onto a filter cartridge in a fresh tube and centrifuged at 10,0009 for 15
seconds. The flow through was discarded and the cartridge was then washed by
centrifuging with 700pL of miRNA wash solution 1 at 10,0009 for 15 seconds. Flow through
was discarded and then 2x washes with 500uL of miRNA wash solution 2/3 were performed
at the same settings. The cartridge dried with a spin of 10,0009 for 1 minute. The cartridge
was then removed and placed into a fresh collection tube and the RNA was eluted using
50pL of pre-heated elution solution and centrifuging at 10,0009 for 30 seconds. The eluate
was then passed through the cartridge a second time to improve yield. After RNA
purification the sample were concentrated using Amicon Ultra 0.5ml centrifugal filters

(Sigma-Aldrich) by first topping up to 400uL with RNAse-free water. Samples were
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centrifuged at 14,0009 for 88 minutes before inverting and collecting RNA in a fresh tube at
8000g for 2 minutes. Total RNA was then quantified on a Bioanalyzer 2100 (Applied

biosystems) using a Pico chip.

Between 3 and 5uL of RNA was used in the NanoString miRNA ligation reaction,
dependent on concentration. NanoString was performed following manufacturer’'s miRNA
sample preparation protocol using the nCounter Human v3 miRNA expression assay
codeset (NanoString). MiRNA counts were normalized using spike-ins from the NanoString
procedure before miRNAs with >20 counts in 21 sample were filtered for analysis.
Comparisons of EV miRNAs was performed in the R programming language. All relevant

code used to produce figures can be found in Appendix 7.1.

The TargetScan database was used to identify predicted targets of miRNAs. Targets
were included in analyses if satisfying a threshold cut-off of a context score <-0.6 (the more

negative a score the more evidence that the gene is a true target of the miRNA).

2.1.18 Gene Ontology term enrichment and clustering

Gene Ontology (GO) enrichment was performed using the ClueGO plugin for the
Cytoscape software package (Bindea et al., 2009; Shannon et al., 2003). Gene lists were
assessed for enrichment against the Biological Process and Molecular function GO-
genesets with Benjamini-Hochberg False Discovery Rate (FDR) corrected p-values.
Redundancy of GO terms was reduced by using the GO-fusion setting in ClueGO before
automated clustering of significant GO terms (FDR-corrected p<0.05). Cluster diagrams
were generated from ClueGO results using the AutoAnnotate plugin to facilitate
organisation and labelling of like-terms and to generate titles for clusters based upon

common words (Kucera et al., 2016). Clusters were moved to aid visualisation.

2.1.19 KEGG Pathway enrichment

Lists of significantly more abundant genes and proteins were analysed for pathway
enrichment against the curated Kyoto Encyclopedia of Genes and Genomes (KEGG)
database using the Molecular Signatures Database website on version 7.2 (Kanehisa and
Goto, 2000; Liberzon et al., 2011; Subramanian et al., 2005). Enrichment was performed
for significantly different protein lists and results filtered to exclude terms with FDR corrected
p-values (q) of >0.05. To minimise the effect of confounding and relatively uninformative

terms, a filter excluded gene-sets containing more than 500 genes. Where p-values for
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enriched pathways were the same, samples were ordered by the MSigDB k/K ratio where
k = the number of proteins identified in the geneset and K = the total number of proteins in

that set. Enrichments were presented in bar-charts generated in Graphpad Prism.

2.1.20 FunRich Venn diagrams

Lists of proteins were imported into the FunRich (version 3.1.3) programme and
were used to generate Venn diagrams (Pathan et al., 2015). Lists of proteins identified in
other experiments were downloaded from the Vesiclepedia database through FunRich for

comparisons with my datasets (Pathan et al., 2018).

2.1.21 Matrisome annotations

Proteins were annotated for involvement in the Matrisome using the MatrisomeDB
database at www.http://matrisomeproject.mit.edu/ (Shao et al., 2019). Chi-squared tests
were performed in Graphpad Prism.

2.1.22 Statistical analyses

Unless otherwise stated, statistical comparisons were performed in GraphPad prism
version 8. Data were assessed for normal distributions by Shapiro-Wilk normality tests.
Normally distributed data were analysed using appropriate parametric tests while data that

was not normally distributed was analysed with an equivalent non-parametric test.

2.1.23 Processing and embedding of mouse femurs

Femurs were dissected from C57BI/6 mice at ages 8-12 weeks immediately after
sacrificing. Collagen type VI knockout femurs were kindly supplied by Paolo Bonaldo and
Francesco da Ros (University of Padua, Italy). These femurs were taken from 6-month-old
mice and fixed and processed using the same steps, as described below. All work was
carried out under ethical approval from the University of York Department of Biology Ethics

Committee.

Muscle tissue was removed and femurs were fixed in 3mL of 4% PFA in a 12-well
plate, one femur per well, for 24hours at 4°C. After fixing, the PFA was aspirated and femurs
washed once with PBS. Bones were then decalcified using 10% ethylenediaminetetraacetic
acid (EDTA) in PBS weight to volume (w/v) at pH 7.5 for 24 hours at 4°C. After
decalcification, femurs were cryoprotected by submerging in 30% sucrose in PBS (w/v) for

24 hours at 4°C. Before embedding, femurs were dabbed dry on paper towels and aligned
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in vinyl cryomolds. Bones were then covered with Optimal Cutting Temperature (OCT)
compound and left for 5 minutes. A slurry comprising dry-ice pellets and 100% ethanol was
made to supercool the ethanol for rapid cooling of the OCT. Cryomolds were floated at the
surface of the slurry. After OCT became opaque and solidified, samples were transferred
onto dry-ice and excess ethanol removed with a tissue. Samples were stored long-term at
-70°C.

2.1.24 Processing and embedding of human bone pieces

Human femoral heads from routine hip and knee replacements were donated
following informed consent from Clifton Park hospital under ethical approval from the local
NHS Research Ethics committee and the Department of Biology Ethics Committee. A
CleanCut bone saw (deSoutter medical) was used to cut chunks from femoral heads which
were then dissected into roughly 1cm? pieces using a fresh scalpel. Processing steps were
carried out at 4°C. Bone pieces were fixed in 4% PFA for 24 hours. After fixation, bone
pieces were washed once with PBS before decalcifying for 48hours in 10% EDTA in PBS
at pH 7.5. Bone pieces were then cryoprotected by submerging in 30% sucrose in PBS for
24 hours. Bone pieces were cut again using a scalpel into smaller pieces before embedding

in OCT on a dry ice ethanol slurry as in section 2.1.24.

2.1.25 Cryosectioning

Prior to sectioning, embedded samples were placed in an OTF5000 cryostat (Bright)
for one hour to equilibrate to the temperature of the chamber. Samples were attached to
brass chucks with OCT and mounted into the microtome. The OCT block-face was trimmed
until bone and marrow appeared. Sections were cut at 8-10um using a tungsten-carbide
tipped blade, with a sample temperature of -19°C and a chamber temperature of -21°C.
Sections were collected onto SuperFrost plus microscope slides (Thermofisher) and left to
adhere at room temperature for several hours before subsequently storing upright at -70°C

in slide boxes.

2.1.26 Immunofluorescent staining of bone tissues

Slides were removed from -70°C storage and allowed to reach room temperature
for at least 1 hour. Sections were blocked for 45 minutes in 10% goat serum (Sigma) + 0.1%
Tween-20 in PBS or 10% donkey serum (Sigma) + 0.1% Tween-20 in PBS if a goat primary
antibody was used. Blocking solution was removed by tilting and leftover moisture was

gently dabbed dry with a tissue, avoiding contact with the section. A hydrophobic pen was
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used to separate sections on the same slide. Primary antibodies were diluted in 1% IgG
free Bovine Serum Albumin (Sigma) + 0.05% Tween-20 (Sigma) at the concentrations
shown in Table 2.2. Primary antibodies were incubated in the dark at 4°C overnight in a
humidified chamber. After primary antibody staining the sections were washed 3 times for
five minutes with PBS. All secondary antibodies were then added at 1:300 dilution in PBS
for 1 hour at room temperature in the dark. Details of antibodies used are provided in Table
2.2. Three five-minute washes were performed before staining for 10 minutes with 0.2ug/mL
4',6-diamidino-2-phenylindole (DAPI) in PBS. Slides were left in the dark to dry slightly
before mounting a #1.5 thickness glass coverslip (Scientific Laboratory Supplies) using hard
setting Prolong Gold antifade mounting medium (Invitrogen). Slides were left to cure at room

temperature in the dark for 24 hours before imaging.

2.1.27 Confocal Imaging and slidescanner

High power images of bone tissues were captured on LSM880 or LSM780 (Zeiss)
confocal microscopes. The same laser wavelengths were used for excitation of fluorophores
on both LSM780 and LSM880 microscopes, these were 405nm, 488nm, 561nm and 633nm.
Whole bone images of collagen VI stained femurs were captured using a Zeiss AxioScan

slidescanner. Slides were stored at 4°C in the dark.

For optimal viewing of all immunofluorescent images it is recommended to use a

digital copy of this thesis rather than printed reproductions.

2.1.28 Haematopoietic stem cell survival and proliferation assay

HSCs from C57BI/6 mice were isolated collectively from femurs, tibias, pelvic bones
and spines of mice. Bone marrow was flushed and bones crushed in 10ml of PBS + 2%
FBS + EDTA (PBSFE). Cells were collected into 50ml tubes through a cell strainer and
pelleted for 7 minutes @ 300g before red cell lysis by adding 3mL PBSFE and 5mL NHA4CI
and incubating on ice for 10 minutes with a vortex at 5 minutes. Tubes were topped up to
20ml with PBSFE before cells pelleted at 300g. Supernatant was discarded and cells
resuspended with 500uL/mouse of PBSFE, taking into account the volume of the pellet.
The cells were depleted of lineage marked populations by use of an EasySep™ mouse
hematopoietic progenitor cell isolation kit (Stemcell Technologies) sorted as single cells
using a MoFlo (Beckman coulter) using an ESLAM Sca-1"9" strategy as performed by
Wilson et al. (2015b) into individual wells of a 96 well plate coated with the ECM derived

from Y201 cells, Y202 cells or plastic. Sorted HSCs were cultured for 10 days in serum-free

55



StemSpan media (Stemcell Technologies) supplemented with 20ng/mL Interleukin-11
(R&D), 300ng/mL stem Cell Factor (R&D), L-glutamine, 100units/mL penicillin and
100pg/mL (Sigma), 2mM L-glut (Sigma) and 0.2% B-mercaptoethanol. At day 10 the

number of wells that had formed colonies was manually counted.

Table 2.2 Table of all immunolabelling reagents used

Immunolabelling reagents used for immunofluorescence imaging and flow cytometry.
Shown are targets, catalogue or antibody specific clone numbers and the dilution at which
the antibody was used in experiments. All experiments where targets were identified in
both mouse and human tissue were performed using the same antibody due to reported
cross-reactivity by the manufacturer.

Primary/Secondary/lsotype Target Clone/Cat. No Manufacturer Species and isc Conjugate Dilution
Primary Aggrecan 13880-1-AP Proteintech Rabbit - 1in 50
Primary Biglycan 16409-1-AP Proteintech Rabbit - 1in 200
Primary CEMIP/KIIAAT199  21129-1-AP Proteintech Rabbit - 1in 100
Primary Leptin receptor BAF497 R&D biosystems Goat Biotin 1in 100
Primary Type VI collagen AB6588 Abcam Rabbit - 1in 200
Primary Periostin AB14041 Abcam Rabbit - 1in 100
Primary ITGAV SC-9969 Santa Cruz Mouse 1gG1, K - 1in 100
Primary Lumican EPR8898(2) Abcam Rabbit - 1in 400
Primary CD31 (PECAM) MEC13.3 BD Biosciences Rat IgGy., k - 1in 200
Primary CD317/BST-2 NBP2-27154 MNovus Biologicals Rabbit - 1in 50
Primary CD271 ME20.4 BioLegend Mouse 1gG,, K - 1in 100

1.5uL in 100pL staining
Primary mouse CD45 30-F11 BioLegend Rat IgG . K BV421 buffer per whole
mouse bone marrow

1pL in 100pL staining
Primary mouse CD117 2B8 BioLegend Rat IgG 4, K APCICyT buffer per whole
mouse bone marrow

1pL in 100pL staining
Primary mouse/human CD11b M1/70 BioLegend Rat IgG g, K APC buffer per whole
mouse bone marrow

1u in 100pL staining
Primary mouse Ly-6G/Ly-6C RB6-8C5 BioLegend Rat IgG,, k PE/CyT bufferl per whole
mouse bone marrow

1ulin 100pL staining
Primary mouse CD3 17A2 BioLegend Rat IgG 4, K PE buffer per whole
mouse bone marrow

0.5ul in 100uL staining
Primary Sca-1 374 BioLegend Rat IgG,, K BVEDS buffer per whole
mouse bone marrow

Primary mouse EPCR RMEPCR1560 Stem Cell Technologies Rat lgG4, k PE
Secondary Rat lgG A11077 ThermoFisher Goat AlexaFluor 568 1in 300
Secondary Rabbit IgG A21244 ThermoFisher Goat AlexaFluor 647 1in 300
Secondary Goat 1gG A21447 ThermoFisher Donkey AlexaFluor 647 1in 300
Secondary Rabbit IgG A11011 ThermoFisher Goat AlexaFluor 568 1in 300
Secondary Mouse lgG A11001 ThermoFisher Goat AlexaFluor 488 1in 300
Streptavidin Secondary Biotin 532354 ThermoFisher - AlexaFluor 488 1in 300
Isotype control - Poly29108 BioLegend Rabbit = Matched to 1°
Isotype control - BAF108 Movus Biologicals Goat Biotin Matched to 1°
Isotype control - eBR2a eBioscience Rat 1gG 4, K Matched to 1°
|sotype control - MPC-11 Biolegend Mouse 1gG1, k Matched to 1°
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3 Functional effects of BMSC secretomes

3.1 Introduction

3.1.1 BMSC heterogeneity and control of population phenotype

BMSCs can regulate the function of other cell types through paracrine signalling.
Given that heterogeneous BMSC subtypes can be isolated by clonal expansion of single
cells from a population (as evidenced through our immortalised stromal lines) | investigated
how secreted factors from different subsets of BMSCs influence the behaviour of other
subsets. | previously highlighted the problem of heterogeneity within BMSC isolations due
to the use of unsuitably discriminatory cell-surface markers in chapters 1.1 and 1.5.
Understanding how BMSC subpopulations may influence each other’'s behaviour is an
important but often underappreciated area of investigation. The majority of studies focus on
the role BMSCs play in driving phenotypic changes in other cell types, with little regard for
the way heterogeneous subpopulations may influence each other. The interactions between
cells in a mixed population could give us a better understanding of how BMSC subtypes
may be specialised for specific functions and may play different roles in health and disease.
For the purposes of this work | used two of our highly characterised, hTERT immortalised
BMSC subtypes with contrasting phenotypes introduced in section 1.5.2, Y201 and Y202
(James et al., 2015). We aimed to demonstrate subtype specific functions using these cell

lines.

3.1.2 Functionality of BMSC subtype secretomes

The role of BMSCs both in vivo and in therapeutic settings has often been attributed
to paracrine signalling, such as BMSC secreted chemokine CXCL12 permitting HSC
maintenance, or the paracrine effect of TSG-6 in regulating inflammatory signalling during
peritonitis (Choi et al., 2011; Greenbaum et al., 2013; Sugiyama et al., 2006). The ability of
BMSCs to alter inflammatory responses has led to investigations into the use of BMSCs to
treat diseases such as rheumatoid arthritis and graft versus host disease (Augello et al.,
2007; Le Blanc et al., 2004). The application of cells to treat such diseases poses problems
commonly associated with the translation of cellular therapies, notably, the risk of cellular
rejection and providing appropriate quantities of cells with sufficient therapeutic potency.
The use of cells in a therapy adds a level of complexity that can potentially be avoided by
the use of cell-free products. The functional effects of BMSCs in treating various diseases
has often been attributed to a paracrine action imparted by a secreted factor(s) from an

BMSC. Recent interest has ventured towards using the secretome of BMSCs for cell-free
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therapies (Vizoso et al.,, 2017). However, the variability in secretome between
heterogeneous BMSCs is understudied and may still prevent a roadblock to clinical
development. More research is needed to identify cell populations which produce consistent
secreted factors with therapeutic benefit. Our human telomerase reverse transcriptase
(hTERT) immortalised cell lines provide an excellent resource for the study of BMSC
secreted factors from specific subtypes through expansion of clones to develop mono-
cultures. The cell lines also provide a model to better inform BMSC selection criteria from
primary donors for cellular therapies. | therefore aimed to understand the potential

functionality of secreted factors produced by our BMSCs.

3.1.3 Extracellular matrix as a driver of cellular phenotype

The production of ECM by cells has clear function in maintenance of niche
architecture and chemical signalling but can also have profound effects on cellular
phenotype, including alteration of stem cell fate (Guilak et al., 2009). BMSCs in vivo are
likely to produce matrix that may act as a substrate for the adherence and growth of other
cells, as well as a mechanical and/or biochemical signalling to alter cell behaviour.
Heterogeneous BMSCs may reside in distinct niches in vivo, although current
understanding of heterogeneity makes identifying these populations difficult. The current
practices of culturing heterogeneous populations of cells in vitro may lead to a
homogenisation of cell phenotype over time, as cells adapt to the collective
microenvironment that they produce in 2D culture and/or cellular competition dictates that
some less resilient BMSC subsets are lost. Studies of BMSC matrices in vitro may reveal
important information about their function and identifying enriched or unique secreted
extracellular matrix proteins by distinct stromal subpopulations these proteins could also be

used for potential niche localisation in vivo.

3.1.4 Aims

In this chapter | aimed to expand upon previous work investigating BMSCs to
determine if secreted factors from clonally derived heterogeneous BMSC subsets were
capable of altering various aspects of BMSC phenotype. Understanding heterogeneity of
BMSCs and developing understanding of how subpopulations are capable of influencing
behaviour of the overall population may prove useful for future investigations to identify

heterogeneity. Key aims of this work were to:
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Develop an understanding of how secreted factors from heterogeneous BMSC
subtypes are capable of driving aspects of the cellular phenotype, including migration,

morphology, inflammatory gene expression and differentiation

Identify signalling pathways through which secreted factors influence changes in

cellular phenotype

Identify if Y201 and Y202 produce structurally distinct ECMs
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3.2 Results

3.2.1 Effects of BMSC subtype conditioned media on colony size and morphology

To determine if secreted factors produced by heterogeneous BMSC subtypes were
capable of inducing changes in colony formation, Y201 and Y202 BMSCs were cultured in
Y201CM, Y202CM or UCM in a CFU-F assay alongside respective heat-inactivated CM
controls. Colonies were fixed and stained with crystal violet at day 10 and assessed for
changes in colony size and morphology. | noted an increase in colony size in both Y201
and Y202 cells treated with Y201CM, with this effect nullified by heat inactivation of the CM
(Figure 3.1). Subsequent quantification of colony size revealed that Y202 cells cultured in
Y201CM presented significantly increased mean colony size versus Y202CM (p=0.0157)
or UCM (p=0.0018) (Figure 3.2).

Y201 Cells Y202 Cells
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Figure 3.1 CFU-F assays of Y201 and Y202 with Y201CM or Y202CM and heat
inactivated controls

Representative crystal violet stained colonies of Y201 and Y202 cells from CFU-F assays
after 10 days of culture in either UCM, Y201CM, Y202CM or respective heat inactivated
controls of each treatment.
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Figure 3.2 Colony area metric of CFU-Fs of Y202 treated with UCM, Y202CM or
Y201CM

Representative crystal violet stained colonies of Y202 cells at day 10 of a CFU-F assay
with individual colonies marked by a red outline generated by the CellProfiler colony
detection pipeline. Mean colony area (graph, far right) shows quantification of mean colony
areas per experiment after culture in UCM, Y202CM or Y201CM. Mean + SE, n=3,
(ANOVA: F (1.130, 2.260) = 60.05; p=0.0113).

Observation of these colonies at higher magnification with a light microscope
indicated cellular and colony morphology was also changing, possibly as a result of
increased cellular dispersion by migration of cells within a colony (not shown). Y202
colonies were subsequently imaged using a ptychographic imaging method at regular
intervals for 96h. Proprietary software was used to track the movement of cells in colonies
in response to treatment with Y201CM or Y202CM and the change of colony morphology
can be seen with an increase in dispersion of cells visible in Y201CM treated cells at 96h
(Figure 3.3, bottom). Tracking of individual cells Y202 within each colony revealed that
Y201CM changed morphology of Y202 cells, resulting in a significantly increased mean
length:width ratio (p=0.0293) while also increasing overall cell migration speed (p=0.0141)
and an increased displacement of each cell from its point of origin (p=0.0012) (Figure 3.4).
This increase in migration and dispersal of Y202 cells is evident when comparing videos of

cells after addition of Y202CM or Y201CM (Supplementary videos 1 & 2).
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Figure 3.4 Morphometrics and migration of Y202 cells cultured in Y202CM vs Y201CM

A) Representative graphs for migration and morphological metrics calculated from tracking
of Y202 cells in colonies cultured in either Y201CM or Y202CM for 96h. Mean cell
length:width ratio, mean cell speed and mean displacement. Error bars are means + SE B)
Mean metrics as calculated from individual experiments (n=5) for length:width ratio, cell
speed and displacement. Lines between points indicate experiments performed at the same
time with cells seeded from the same flask. Significance determined by paired t-test. *p<0.05,
**p<0.01.
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The effect of Y201CM was also compared against UCM in a CFU-F performed on
Y202 cells. This revealed an increase in cell length:width ratio and migration distance but a

variable change in cell speed (Figure 3.5).

o
B
]

2.5 250 -
o) —
el c _
s = 0.3 ~ 200
= £
= 2.0 — =
= £ < 150
E & 0.2 o
= ko) 8 100+
< 1.5+ @ ]
g! o 0.14 m) 50
o 7y}
-
1.0 , , 0.0 . . 0 , ,
UCM Y201CM UCM Y201CM UCM Y201CM
Medium added Medium Added Medium added

Figure 3.5 Morphometrics and migration of Y202 cells cultured in Y201CM vs UCM

Metrics calculated from individual experiments comparing the effect of UCM vs Y201CM
on Y202 cell migratory and morphological characteristics when cultured in a CFU-F (n=3).
Shown left to right are the mean length:width ratio, mean cell speed and mean
displacement of Y202 cells over 96-hours of tracking during culture in UCM or Y201CM.

3.2.2 Conditioned media from hTERT BMSCs alters colony survival and size of in
vitro aged primary BMSCs

Considering the striking effect of Y201CM on cell morphology and migration | tested
the effect of the potent signalling on five primary cultures of BMSCs that had been in vitro
aged through serial passaging, to determine if secreted factors from the Y201 or Y202
promoted an increase in CFU-F capacity or colony size. Colonies were cultured from 5
primary donors in a CFU-F assay with either UCM, Y201CM or Y202CM. At day 14 resultant
colonies were stained with crystal violet and imaged (Figure 3.6). Quantification of colony
characteristics using a CellProfiler pipeline revealed no statistically significant increase in
colony number upon treatment with Y202CM (p=0.3183) or Y201CM (p=0.0547). However,
there was a significant increase in mean colony area for primary cells cultured in Y201CM
(p=0.0004) and Y202CM (p=0.0122), with one donor (K136) demonstrating a complete

recovery of colony forming capacity when cultured with CM versus UCM (Figure 3.7).
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Y202CM

Figure 3.6 CFU-F assays of in vitro aged primary BMSCs with Y201CM or Y202CM

Scans of crystal violet stained CFU-F assays fixed at day 14 from 5 primary donors that were
in vitro aged beyond passage 10. Primary cells were cultured in either UCM, Y201CM or

Y202CM. 6 wells were captured per condition.
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Figure 3.7 Metrics of in vitro aged primary BMSC CFU-Fs grown in Y201CM or

Y202CM

Change in mean colony area (left) and mean colony number (right) of in vitro-aged
primary BMSCs cultured in Y201CM or Y202CM versus UCM. Pairwise comparisons
were performed by one-way ANOVA. Mean = SE. Sample IDs are shown to demonstrate

changes in individual donors due to treatments.
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3.2.3 The effect of Y201CM on Y202 morphology and focal adhesion morphology

Changes in cell morphology and migratory characteristics may be driven by
alterations in focal adhesions and the organisation of the actin cytoskeleton. To assess any
changes in focal adhesions and actin cytoskeleton during CM treatment | used
immunofluorescence staining to image the actin cytoskeleton and focal adhesions of Y201
and Y202 cells seeded onto glass. Actin cytoskeleton was revealed by phalloidin and focal
adhesions using an anti-vinculin antibody. | identified distinct differences in cellular
morphology, highlighted by differences in the actin cytoskeleton where Y202 cells presented
with more obvious stress fibres that ran perpendicular to each other while Y201 samples
appeared to have more diffuse, thinner filaments (Figure 3.8i&ii). These images also clearly
demonstrate the differences in cellular morphology between the clonal lines, with a more
fibroblastic shape in Y201, as well as a more peripheral localisation of actin. Y202 cells also
presented with a significantly increased number of focal adhesions per cell that were also
found to cover significantly larger areas and were longer than in Y201 cells (p<0.0001)

(Figure 3.8iii-v).
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Figure 3.8 Images and analysis of Y201 and Y202 focal adhesions and actin
cytoskeleton

Representative images of a i) Y201 cell ) and ii) Y202 cell with phalloidin stained actin
cytoskeleton (red, CF594), focal adhesions marked by mouse anti-vinculin antibody
(AF488, green) and DAPI stained nuclei (blue) on glass coverslips. Focal adhesion iii) area,
iv) length and v) number (n=10-12). Scale bar 20um. Statistical significance determined by
t-test. **p<0.01 ***p<0.0001
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Y202 cells increased migration upon exposure to Y201CM and to assess whether
this correlated with a change in focal adhesion size and shape upon exposure to CM |
measured the size of focal adhesions of Y202 cells after 24 hours of culture in Y201 or Y202
CM. Y201CM proved highly effective in altering the morphology of Y202 cells to become
more similar to that of Y201, despite obvious changes in cellular morphology of Y202 cells
to a morphology more similar to Y201 (Figure 3.9). There was no statistically significant
change in mean focal adhesion area or length between Y201CM and Y202CM treatments
(p=0.459 and 0.695 respectively) however, the number of focal adhesions per cell was
significantly lower with Y201CM vs Y202CM (p=0.0445). Despite no difference in focal
adhesion size and length in Y202 cells treated with Y201CM and Y202CM it was noted that
adhesion size in both Y201CM and Y202CM treated Y202 cells was smaller than that
identified of 202 cells cultured in normal media. The organisation of actin cytoskeleton
seemed to differ in between CM treated and untreated Y202 cells, with actin in Y202 cells

appearing more aligned versus the untreated counterparts.
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Figure 3.9 Images and analysis of focal adhesions and actin cytoskeleton of Y202
cells treated with Y201CM or Y202CM

Phalloidin stained actin cytoskeleton (red, CF594), focal adhesions marked by mouse
anti-vinculin antibody (AF488, green) and DAPI stained nuclei (blue) of Y202 cells cultured
for 24hours in i) Y201CM or ii) Y202CM. Quantification is shown in the graphs for focal
adhesion iii) area iv) length and iv count ). N=16-17. Scale bar 20um. Statistical
significance determined by t-test. *p<0.05 ns = not significant.
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3.2.4 Effect of BMSC conditioned media on inflammatory gene signature

Unpublished data from our lab has revealed that Y202 cells express a high basal
level of 8 inflammatory genes when compared to Y201 cells. | cultured Y202 and Y201 cells
in a CFU-F with UCM, Y201CM or Y202CM to determine if secreted factors were capable
of altering inflammatory gene expression. At assay endpoint, cells were lysed and the
expression level of the 8 classical inflammation related genes was determined by RT-qPCR
(Figure 3.10). In Y202 cells there were significant increases in expression for MX2, EPSTIL,
RSAD2, HERCS, IFI44L and MX1 when cultured in Y202CM versus UCM. The increase in
expression for Y202CM treated cells was also significant against Y201CM treatment for
MX2, EPSTI1, HERCS, IFI44L and ISG15. Significant changes in expression in Y201 cells
was observed only for IFI44L and LYG6E, with the increase being significantly higher in
Y202CM treated versus UCM treated cells for both genes. The highest mean level of

expression for all genes was consistently seen in the Y202CM treated Y202 cells.
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Figure 3.10 Gene expression of 8 inflammatory genes in Y201 and Y202 cells treated
with UCM, Y201CM or Y202CM

Relative gene expression levels of 8 classical inflammatory genes from Y201 and Y202
cells cultured in CFU-Fs with either UCM (black), Y201CM (light grey) or Y202CM (dark
grey). All values are normalised around the Y201 untreated control. N = 3-4. Statistical
significance was determined by Mixed effects analysis with a Fisher's LSD post-hoc test
by comparing changes in gene expression between treatments within each cell line.
*p<0.05, **p<0.01, ***p<0.001
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3.2.5 MSC subtypes produce structurally varied extracellular matrices

ECM proteins are a substantial contributor to the total cell secretome, providing a
suitable environment for cell attachment and growth. Y201 and Y202 were cultured for 2
weeks to allow deposition of a layer of ECM onto the cell culture surface. After removal of
the cell layer there was a clear distinction between the structure of the ECMs produced by
these BMSC subtypes between when visualised by light microscopy (not shown). | used
SEM to observe the topographical surface of the matrix at high magnification and to
interrogate its structure (Figure 3.11). The matrix made by Y201 appeared to be more
compacted and with larger and potentially deeper pits or holes. In contrast the matrix
produced by Y202 cells appeared more fibrous, with distinct fibres visible at both high and

low magnifications.
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Figure 3.11 Scanning electron microscopy of Y201 and Y202 ECMs

Scanning electron micrographs of ECM deposited by Y201 and Y202 BMSCs on glass
coverslips at two different magnifications reveals topographical differences between
the matrix deposited between two subtypes.
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This difference in topography of the matrix was further evident when performing
Focused lon Beam SEM (FIB-SEM) of the same samples. The overall architecture of the
ECM was apparent when observed at low magnification prior to initial FIB-SEM
experiments. Y201 matrix appeared as a consistent mat of dense fibres whereas Y202
ECM presented as a more disperse meshwork with irregular patches of more fibrous matrix
(Figure 3.12, Top). FIB-SEM was utilised to section through the ECM and image, revealing
that ECM produced by Y201 cells was notably thicker than that produced by Y202 cells
(Figure 3.12, Bottom). The FIB-SEM was repeated using samples embedded in resin to
better preserve the architecture of material from damage by the ion beam. Cells were not
cleared from the matrix in these samples in order to observe interaction between the ECM
and the cells. The images captured corroborated the finding that Y201 cells deposited a

thicker ECM as can be seen in Figure 3.13.
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Figure 3.12 Focused-ion beam SEM of Y201 and Y202 extracellular matrices without
cells

Scanning electron micrographs of the ECMs produced by Y201 and Y202 cells after carbon
coating and the addition of the protective layer of platinum (TOP). FIB-SEM images showing
cross sectional view of matrices after ion beam milling are shown in the long panels
(BOTTOM).
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Figure 3.13 Focused-ion beam SEM of Y201 and Y202 extracellular matrices with cells

Scanning electron micrographs of the focused ion beam milled extracellular matrix with cells
still attached. The small white flecks visible in the Y201 (Top) are indicative of regions of
deposited ECM. Enlarged views of regions marked by dashed boxes are shown in the
bottom panels for Y201 (A) and Y202 (B).

3.2.6 Effect of ECM on osteogenic differentiation versus tissue culture plastic

| investigated the potential for ECMs from BMSC subtypes to alter osteogenic
differentiation through a 21 day osteogenic assay. Representative alizarin red staining for
calcium deposition demonstrating osteogenic differentiation is shown in Figure 3.14. Alizarin
Red staining of plastic cultured controls confirmed osteogenic differentiation of Y201 cells
and limited differentiation of Y202 by day 21 in the presence osteogenic supplements. The
end wells contained no cells so as to demonstrate the absence of calcium deposition or
acellular calcium binding capacity of Y201 ECM or Y202 ECM. There was a slight increase
in staining of Y201 cells cultured on either Y201 ECM or Y202 ECM versus plastic by day
14 with notably darker staining at the centre of wells by day 21. Furthermore, there was an
increase in alizarin staining of Y202 cells grown on Y201 ECM or Y202 ECM versus plastic
by day 21.
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Figure 3.14 Osteogenic differentiation of Y201 and Y202 cells cultured on Y201 or
Y202ECM

Alizarin red staining for calcium deposition of osteogenic differentiation assays at day 0, 7,
14 and 21 for Y201 and Y202 cells cultured on plastic (left), Y201 ECM (middle) or Y202
ECM (right). Cells were treated with either osteogenic differentiation supplements (Osteo)
or standard culture medium (Basal). Staining is representative of n=3 experiments.
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3.2.7 MSC derived extracellular matrices improve migration of Y202 BMSCs

ECM deposited by BMSC subtypes appeared structurally distinct and so |
hypothesised that this may result in an altered capacity to facilitate migration of BMSCs. |
showed using non-destructive imaging of Y202 cells seeded onto ECM over time resulted
in an increase in migration of cells compared to those that were cultured on plastic. Y202
cells seeded onto plastic displayed typically flattened and spread morphologies that
persisted during colony formation (Figure 3.15 top row and supplementary video 3). In
contrast, those cells cultured on ECMs appeared more fibroblastic and were considerably

more motile (Figure 3.15 middle and bottom row and supplementary video 4).

Assessment of cell motility characteristics through tracking analysis software
revealed that Y202 cells cultured on either Y201ECM or Y202ECM significantly altered their
morphology to become elongated as shown by the increased length:width ratio (Figure
3.16A). Y202 cells cultured on ECMs also migrated further from their point of origin and at
an increased speed versus Y202 cells grown on plastic (Figure 3.16B&C). | also identified
that Y202 cells cultured on either ECM altered their morphology dramatically, with cells
often becoming more elongated with a higher length:width ratio and with occasional

exceptionally elongated cells.
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Figure 3.16 Morphometrics and migration of Y202 cells cultured on plastic, Y202ECM
or Y201ECM

Cell metrics calculated from Y202 cells cultured on different surfaces and tracked over 96h
using a PhaseFocus ptychographic imaging platform. The A) length:width ratio, B) Speed
and C) Displacement from point of origin are shown as mean + SE. Significance determined
by one-way ANOVA with Tukey’s multiple comparisons test. *p<0.05. **p<0.01. N = 5.

3.2.8 Inhibition of Focal Adhesion Kinase inhibits migration on BMSC ECMs

| demonstrated that the Y201 ECM drove significant increase in migration of Y202
cells and that this increase in migration was occurring through a focal adhesion kinase
(FAK) dependent mechanism through use of a small molecular inhibitor. The FAK inhibitor
(FAKI) (PF573228) did not significantly alter the length:width ratio of Y202 cells on ECM at
any of concentrations. | observed no increase in cell-death in response to inhibitor, however,
proliferation appeared to be reduced (data not shown). At 10uM the FAKIi significantly
inhibited the mean speed at which cells migrated and the displacement of individual cells
from their starting point was significantly lower for Y202 cells treated with 3 and 10uM of
inhibitor (Figure 3.17). Overall there appeared to be a dose-dependent effect of FAK
inhibition on the migration of Y202 cells on ECM.
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Figure 3.17 Morphometrics and migration of Y202 cells cultured on Y201ECM with a
FAK inhibitor

The mean A) length:width ratio, B) speed and C) displacement of Y202 cells seeded onto
Y201 ECM and tracked for 96 hours in the presence of varying concentrations of FAK
inhibitor (PF573228) or DMSO vehicle control equivalent to the top concentration of

inhibitor used. Mean + SE. ANOVA of comparisons against DMSO control. *p<0.05,
*p<0.01. N=4.
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3.3 Discussion

It is understood that within the heterogeneous population of bone marrow stromal
cells there are phenotypically distinct subsets, and it is reasonable to assume that the
secreted factors of these subtypes are also likely to differ in accordance with other aspects
of cell phenotype such as potency and migratory capacity. | presented in this chapter
evidence for differential effects of secreted factors from two distinct BMSCs, and that the
phenotype of a non-migratory, pro-inflammatory Y202 subtype can be altered by the

secreted products of another more classical multipotent MSC subtype.

The significant increase in Y202 colony size upon exposure to Y201CM indicated
the presence of trophic factors secreted by Y201 cells that drive proliferation of cells from a
single cell, a feature of BMSC secretomes that has been reviewed extensively in the context
of their effects on other cell types (Caplan and Dennis, 2006). Inactivation of this function
by heat treatment suggested this effect was likely imparted through secreted proteins that
lost their function by denaturing under heating. Further interrogation of these colonies
revealed an altered colony and cellular morphology suggesting an increased migration of
cells, which | confirmed by experiments using non-destructive label-free ptychographic
imaging. The Y202 cells adapted to a more classical ‘stromal’ morphology more similar to
Y201, and became more migratory, in response to Y201CM. This suggests that Y201
migration seen in normal culture may be driven by continual secretion of migration inducing
factors. Cell biophysical properties including cell shape have previously been demonstrated
to have some use in predicting the capacity for a BMSC to both differentiate and provide
immunosuppressive capacity (Klinker et al., 2017; Lee et al., 2014c; Poon et al., 2015). The
non-migratory Y202 significantly increased displacement, the distance travelled from point
of origin, upon exposure to Y201CM, indicating an increased presence of a chemotactic or
migration inducing factor(s) in the Y201CM. This factor may have been responsible for
altering other aspects of cellular phenotype, including the observed elongation in cell shape
which is of key interest given that the shape and biophysical properties of BMSCs in vitro
previously have been used as a predictor of functionality. A recent study even highlighted
high migratory capacity as a feature of BMSC phenotype that correlated with improved
therapeutic benefit in the treatment of degeneration of the nervous system in mice
(Danielyan et al., 2020). The observed change in morphology indicated that plasticity in cell
shape may be reflective of subsequent plasticity in cell function. Equally, the morphology

change could mask true cell functionality by induction of morphological change by secreted
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factors from migratory BMSCs without a subsequent change in other properties such as
differentiation potential. Overall the increased migration of Y202 cells in response to
Y201CM highlights a potential for phenotypic plasticity, and that aspects of the Y202
phenotype from primary cells akin to Y202 may not be maintained when cultured as part of
a heterogeneous BMSC mix. Though these cells are defined as BMSCs by their cell surface
marker expression, there is little understanding of where these BMSC subtypes may reside
in vivo. As such, the change in cellular phenotype is likely to occur as a result of removal of
these cells from a phenotype-maintaining niche into a 2-dimensional plastic culture system
where they are perhaps more readily exposed to secreted factors from other BMSC-like
cells that reside in a different niche. Our Y202 lines may preserve their phenotype due to
being cultured as a mono-culture, a phenomenon that is seen in other studies that use cells
cultured from single cells (Russell et al., 2010). Y202-like cells represent a small proportion
of BMSCs and as such exposing them to conditioned media from Y201 cells may represent
a model of the dynamics of how Y202-like primary cells undergo changes in ex-vivo cultures
with other BMSCs.

The increased proliferation of in vitro-aged primary cells cultured in Y201CM gives
further evidence for the trophic capacity of secreted factors from Y201 cells, with the
complete rescue of colony forming capacity in one donor (K136) evidence for a potential
use of such secreted factors in the ex vivo treatment of both allogeneic or autologous donor
cells. It would be of interest to extend studies with primary BMSCs, and specifically clonally
isolated primaries, to determine if other aspects of their phenotype including migration, cell
morphology and differentiation potential are changed in a similar way or are maintained with
BMSC secreted factors. Such studies could begin to reveal if there are dominant clones
within the BMSC population that are capable of driving positive selection or altering
phenotypes of a plastic population. The effect of Y201CM may be consistent with preventing

senescence of primary cells, identifying a niche function of Y201 cells.

The lack of difference in focal adhesion size between Y202CM and Y201CM
exposed Y202 cells was unexpected given the significant increase in cell motility that was
observed with Y201CM versus Y202CM. It was noted, however, that the mean focal
adhesion size decreased versus untreated Y202 cells for both CM treatments (1.572um in
Y202 cells versus 1.395pm and 1.323pum in Y201CM and Y202CM respectively). This might
suggest that a decrease in focal adhesion size is related with increased motility. Other work

in mouse embryonic fibroblasts demonstrated a biphasic relationship of adhesion size with
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cell speed, highlighting how both smaller and larger average focal adhesions could
positively correlate with increased migration (Kim and Wirtz, 2013). This study used a
normalised, rather than absolute, measure of focal adhesion size and so the adhesion size
at which maximal cell speed is reached may peak at a different absolute adhesion size in
BMSCs. This decrease in focal adhesion size could correlate with a response to a factor
that induces increased migration. Focal adhesion size and distribution offer informative
metrics although it would be of interest to determine the rate at which the focal adhesions
turnover in cells exposed to conditioned media, as this might indicate more effectively the

functional impact of cell speed with different treatment.

As well as morphological changes in hTERT BMSCs cultured in the presence of CM
we also identified changes in gene expression of Y201 or Y202 cells upon exposure to
Y201CM or Y202CM. Y202 cells exposed to Y202CM consistently presented with the
highest expression level of 8 classical inflammatory genes, with significant fold changes
over cells cultured without conditioned media. A comparatively slight, but significant,
increase in expression for IFI44L and LYGE in Y201 cells exposed to Y202CMsuggests that
a factor was present in the media that could drive inflammatory gene expression but that
the cells differ in their capacity to respond to this factor, with Y202 more likely to upregulate
inflammatory genes upon exposure. This might suggest a role for Y202 cells in driving
inflammatory responses through signalling in the bone marrow microenvironment, although
this may further present a model of how Y202-like BMSCs may be harmful in a therapeutic
or regenerative setting were they to perpetuate inflammatory signalling in other cell-types
through paracrine signalling. A microarray looking at global gene expression in Y202 had
previously revealed increased expression of a number of immune-pathway related genes.
Follow up revealed high basal expression for the 8 genes which suggests further that when
cultured as a mono-culture that a factor expressed by the Y202 may facilitate the
perpetuation of high basal expression. The implications of this in a disease setting could be
that inflammatory gene expression is modulated by maintenance of the pro-inflammatory
Y202 population numbers, a disproportionate expansion of such “inflammatory” BMSCs
may result in an autocrine feedback loop of secreted factors perpetuating the increase in
gene expression. This further has important implications for regenerative therapies as it was
previously demonstrated inflammatory signalling can prevent differentiation of BMSCs
toward bone (Lacey et al., 2009). This autocrine loop could explain the increased
expression of some genes in response to Y201CM may be explained by the previously

noted trophic capacity of Y201 CM in colony forming assays. Increased numbers of Y202
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cells may have resulted in proliferation of Y202 cells and a subsequent feedback of Y202
secreted signals onto these cells driving increased inflammatory gene expression. This
experimental system also only observed the effect of secreted signals on gene expression
in other BMSCs, however, in vivo BMSCs are exposed to a plethora of cell types including
immune populations and the effect of secreted factors on these cells could further indicate

differences in functionality.

Extracellular matrices produced by Y201 and Y202 subtypes were structurally
different and this offers a potential mechanism through which BMSCs may dictate the
behaviour of cells in their local environment. There was minor improvement in osteogenic
efficiency when culturing BMSCs on either matrix, however, subtle indication of increased
calcium deposition in the Y202 clone (which ordinarily do not differentiate) suggests a
potential to drive differentiation when cultured on a proteinaceous matrix, although
differences between matrices were indiscernible. Previous work demonstrated how primary
adherent-marrow-cell ECM was capable of maintaining in vivo potency of primary BMSCs
cultured in vitro and that BMSC derived matrix performed similarly under serum-free
conditions. In support of this work and in relation to the previous indication that Y202 cells
have increased inflammatory signalling it was shown by Waterman et al. (2010) that a more
pro-inflammatory subset of BMSCs produced less fibronectin matrix. This work presents a
refinement of these studies, with matrices derived from homogeneous cell populations. By
elucidating how the matrices of different cell-types may impart these beneficial expansion
and stem-maintenance functions we may be able to develop reproducible materials for
treatment of cells prior to therapy. Experimental evidence indicates plasticity in cell
behaviour can be driven through biophysical properties such as surface elasticity, with cells
cultured on soft gels more capable of responding to inflammatory stimuli, and so our
evidence that there are inherent differences in the matrix production of BMSC subtypes
indicates that this may also occur naturally through a co-ordinated of biological signalling
via ECM biophysical properties to regulate cell and population phenotype (Wong et al.,
2020). A study by Gomariz et al. (2018) demonstrated a strict adherence of CAR cells to
ECM proteins collagen 1V, laminin and perlecan that were also notably thicker in peri-
sinusoidal regions and thicker still in peri-arteriolar areas, although the selection of ECM
proteins immunostained for was limited. Of note was the observation that osteogenic
differentiation of Y201 cells was accelerated on ECMs regardless of the BMSC that
produced them which correlates with previous work with heterogeneous BMSC mixes

demonstrating improved preservation of potency as well as potentiation of differentiation by
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BMSC derived ECM (Chen et al., 2007; Novoseletskaya et al., 2020; Rakian et al., 2015).
There was a slight increase in calcium deposition by Y202 cells cultured on matrices.
Previous work has highlighted that ‘young’ BMSC matrices may rescue replication and
osteogenesis in aged BMSCs, and thus our matrices may rescue such capacity in Y202 via

a similar method (Sun et al., 2011).

Y202 cells cultured on ECMs from either Y202 or Y201 became more fibroblastic in
shape and migrated further on average than cells cultured on tissue culture plastic,
recapitulating some of the increased migration seen with Y201CM treatment. Previously
soluble ECM components, specifically tropoelastin, have been shown to increase MSC
migration and so soluble ECM components could be responsible for the increased migration
(Yeo and Weiss, 2019). The change in cell migration in response to both matrices suggests
that it may be simply the decreased deposition of Y202 matrix, demonstrated by SEM and
FIB-SEM that preserves the overall cellular phenotype. Threshold levels of matrix
components required to drive morphological change and increased migration are likely
surpassed considerably when a layer of established matrix is provided. | showed that the
increased migration of Y202 cells on Y201ECM was FAK dependent, highlighting a role for
this important intracellular signalling protein in co-ordination of BMSC migration, although
more experiments to identify the membrane bound ECM binding proteins signalling through
FAK are required to determine the mechanism behind BMSC migratory plasticity. ECM is
known to drive migration of BMSCs via integrin and CD44 signalling and so attempts to
target these bindings proteins may be necessary (Veevers-Lowe et al., 2011; Zhu et al.,
2006).

3.4 Conclusions

Y201CM is capable of inducing a change to a more migratory and fibroblastic
phenotype in Y202 cells, and does so more effectively than Y202CM. Y201 cells produce a
thicker ECM than Y202, however, both ECMs appear to improve cell migration versus
plastic and this process appears to be FAK dependent on Y201 ECM. The ECM did not
appear to induce differentiation capacity in nullipotent Y202 cells, however, ECM did appear
to accelerate osteogenesis in vitro of Y201. Y202CM also increased expression of 8
classical interferon upregulated genes in Y202 cells, potentially highlighting a positive
feedback of inflammation by these cells. Y201CM therefore contains trophic and pro-
migratory factors, likely released at higher concentrations per cell than in Y202, while the

Y202 secretome may perpetuate inflammatory signalling. This highlights a stark contrast in
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secretomes which has implications for how culturing of mixed populations of BMSCs may
lead to phenotypic drift through paracrine signals. This also highlights how selection of
refined populations for MSC secretome based factors is necessary given the variation in

function between subpopulation secretomes.
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4 Characterisation of Secreted Factors from Heterogeneous
BMSCs

4.1 Introduction

4 1.1 The BMSC secretome and heterogeneity in secreted factors

The factors that are collectively secreted into the extracellular milieu may be referred
to as the secretome. The secretome is of great interest for identification of biomarkers and
for establishing functions of cells through their paracrine signalling actions (Stastna and Van
Eyk, 2012). The role that BMSCs have in modifying immune responses, as well as their
support of the haematopoietic niche, have been related in part to their paracrine signalling
capacity. BMSCs are known to secrete important cytokines and chemokines such as
CXCL12 for maintaining HSCs in the bone marrow (Greenbaum et al., 2013). BMSCs,
however, are highly heterogeneous, and | have demonstrated in chapter 3.2 that CM
isolated from two phenotypically contrasting clonal lines can have vastly different impacts
on cell migration, morphology and inflammatory gene expression. These functions were
shown to be driven by heat-labile secreted factors, and thus | aimed to identify the
differences in these factors between BMSC clones that were likely responsible for this

variation in function.

There have been numerous studies that have investigated and compared the total
secretomes and subcompartments such as extracellular vesicles produced by BMSCs, and
even comparisons between stromal populations isolated from different tissues, undergoing
differentiation or exposed to inflammatory cytokines (Anderson et al., 2016; Baberg et al.,
2019; Kim et al., 2012; Lai et al., 2016; Maffioli et al., 2017; Mizukami et al., 2019).
Collectively these studies and others have highlighted considerable heterogeneity in
secretomes in different conditions, however, the interrogation of heterogeneity in secreted
factors between BMSC subpopulations has been largely ignored. Considering the stark
differences in potency between subsets it is possible that heterogeneity is reflected in their
paracrine signalling. This work represents a novel approach to assess heterogeneity of
BMSC subtype secreted factors by omics approaches using clonally derived BMSC lines. |
compare expression of secreted proteins in BMSC CM between clones by a liquid
chromatography tandem mass spectrometry (LC-MS/MS) approach. In comparisons | will
refer to interrogation of the CM as total secretome, given that it will contain all secreted
factors. | further investigate the contribution to the cell secretome that may be played by

EVs. In addition to the use of the tripotent clone Y201, and the nullipotent clone Y202, | also
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investigated the secreted factors in CM from Y101, an osteochondral restricted clone
(James et al.,, 2015). This clone represents a more committed progenitor than Y201,
capable of only bipotent differentiation capacity. Y101 sits between the other two clones in
terms of potency, providing a useful comparison for identifying differences between potent
and nullipotent subsets, as well as being able to compare differences between cells at

different levels of the differentiation hierarchy.

4.1.2 Extracellular Vesicles

The term EV is used to refer to a number of bilipid-membrane encapsulated vesicles
that bud from the surface of a cell and are released into the extracellular environment
(Raposo and Stoorvogel, 2013). These vesicles are biologically distinguished through the
pathways by which they are generated and are predominantly classed into 3 main groups
(Raposo and Stoorvogel, 2013). EVs can vary in size, with apoptotic bodies generally the
largest EVs (between 500-5000nm in diameter) that bud from the plasma membrane during
cell-death. Microvesicles can be considerably smaller (100-1000nm) and are produced
through budding directly from the plasma membrane. The final class of vesicle is the
exosome (30-150nm), these form intracellularly in a multivesicular body (MVB), the MVB
then fuses with the plasma membrane and releases the exosomes. There are various
methods for isolation of extracellular vesicles with currently no single ‘gold-standard’
method, given the various benefits and trade-offs in accessibility, cost, ease of use and
purity of isolation between methods such as ultracentrifugation, precipitation, size exclusion
chromatography and sucrose density gradient centrifugation (Sidhom et al., 2020). The
terms exosome and microvesicle are sometimes used in studies where vesicles are
categorised purely by size, however, there is considerable overlap in possible sizes leading
to inclusion of multiple EV types in preparations. There are currently no absolute markers
of distinct EVs that suitably segregate different subtypes. In a position paper presented by
the International Society for Extracellular Vesicles (ISEV) in 2018 it was recommended that
the term EV be used where there lacked definitive proof of biogenesis pathway (Théry et

al., 2018).

EVs are capable of transporting proteins, lipids and nucleic acids between cells, thus
delivering powerful signalling cocktails, and the roles that EVs have in regulating functions
in homeostasis and in disease is rapidly expanding. | therefore used an analogous LC-
MS/MS approach to the total secretome interrogation to examine protein content in EVs of

heterogeneous BMSC subtypes isolated by differential ultracentrifugation. As well as
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functionality of EVs driven by protein content there has also been considerable interest in
the role of miRNAs in driving BMSC EV functionality is of particular interest and so | used
NanoString technology that uses fluorescence barcoded tags to directly quantify over 800
mMiRNAs without the need for amplification (Geiss et al., 2008). Both miRNA and EV protein
interrogation revealed considerable differences in vesicle content, again highlighting how

cellular heterogeneity is reflected in secreted factors that may impart varied functions.

4 1.3 The MSC secretome and MSC EVs as an avenue for cell-free therapy

Beneficial effects of MSCs are often ascribed to potent paracrine signalling
mechanisms and considerable emphasis has now been placed on the development of these
paracrine signals into cell-free therapeutics for a variety of diseases through the modulation
of immune responses and regenerative medicine applications (Ranganath et al., 2012;
Vizoso et al., 2017). There are numerous studies demonstrating the positive effects of the
MSC secretome, and more recently, the effects of EVs. The use of vesicles for cell-free
therapies is of increasing interest, with the native contents of vesicles shown to directly
impart therapeutic benefits in models of disease and injury (Gnecchi et al., 2005; Kilpinen
etal., 2013; Lai et al., 2010a; Lee et al., 2012; Qin et al., 2016; Zhang et al., 2019). Secreted
factors and EVs provide an interesting avenue for MSC based therapy as they avoid many
of the complications of rejection that can arise with cell-based therapies. Despite
considerable interest in such treatments, the development of biologic therapies is
complicated by variability in secreted cell products introduced by inter-donor and intra-donor
variation. Here | present data from well characterized, clonal MSC lines with high level of

reproducibility in their secreted products and phenotypes (James et al., 2015).

4.1.4 Aims

The role of BMSC secreted factors in driving functionality is well understood,
however, the heterogeneity of BMSCs means that understanding of subpopulation
secretomes is limited, and therefore understanding of subpopulation functions is equally
limited. In this chapter | aimed to identify whether there were significant differences in the
content of heterogeneous BMSC secretomes and whether any differences might reflect

subtype functionality. Specific aims of this chapter were to

- Use LC-MS/MS approach to interrogate total secretome and EVs from
heterogeneous BMSC subtypes and determine if there are differences in

secreted proteins
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Use Nanostring analysis to identify differences in heterogeneous BMSC EV
MiRNA content

Use bioinformatic approaches to infer functionality from any differences in

secretomes
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4.2 Results

4.2 1 Comparison of secretomes from three functionally distinct clonal lines

Using an LC-MS/MS approach | identified significantly different abundance of 201
proteins in pairwise comparisons of CM isolated from Y101, Y201 and Y202 clones
(ANOVA, p<0.05) (Figure 4.1). Biological repeats from each clonal line clustered together
in a heatmap of expression of these 201 proteins, with Y201 and Y202 segregated as the
most divergent samples. The clustering of the Y101 clone indicated a greater level of
similarity to Y201, however, the expression pattern of proteins in Y101 seemed to overlap
with both Y201 and Y202. This was further made evident when comparing proteins that
were significantly more highly abundant in one clone than the other two. Y201 and Y202
expressed 14 and 17 proteins at significantly higher levels than the other two clones
respectively, while Y101 did not express any protein more significantly than both Y201 and
Y202 (Table 4.1).
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Figure 4.1 Heatmap of significant differences in protein expression between three
clonal BMSC lines

Clustered heatmap of 201 proteins that were identified to have significant differences in
expression between Y101, Y201 and Y202 from ANOVA tests in Progenesis QI (p<0.05).
Colours are scaled according to Z-score from low abundance (blue) to high abundance
(red). N=3 per clone.
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Table 4.1 Table of proteins that were identified as significantly more highly
expressed in one hTERT immortalised BMSC clone than the other two

Comparison of protein

abundance Proteins

ACAN, POSTN, C2, SERPINB2, TNFRSF11B,
Y201 > Y101 and Y202 ADAMTS1, THBS2, ENPP2, MYLK, CYTL1, JAG1,
BGN, THBS1, NOTCH2

QPCT, OLFML1, MATNZ2, NPR3, PDLIM1, EMILINZ,
Y202 > Y101 and Y201 LUM, COL12A1, DKK3, ULBP2, AXL, COL5A2, CFH,
HYOU1, FHL1, SCRN1, XPNPEP1

Y101 > Y201 and Y202 =

4.2.2 Comparisons of Y201 vs Y202 total secretome protein content

Given the stark polarisation between the Y201 and Y202 | further interrogated the
proteins identified by LC-MS/MS from CM of these clones, identifying a total of 861 proteins
across both lines. Of these proteins, 44 were significantly more abundant in Y201CM
compared to 129 proteins upregulated in Y202CM (ANOVA, p<0.05). The log2 fold changes
in expression of all proteins can be seen in the volcano plot in Figure 4.2 and fold-changes
for significantly different proteins are available in Supplementary Table 1 and
Supplementary Table 2. It was clear from this that aggrecan and periostin were highly
enriched in Y201 versus Y202 secretome, and that this increase had a high level of

statistical significance.
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Figure 4.2 Volcano plot of proteins identified in conditioned media from Y201 and

Y202 clonal lines

Fold change
* Less than two

*  Greater than 2

861 proteins were identified by LC-MS/MS in conditioned media from Y201 and Y202
clones. Shown are the log2 fold-changes of these proteins versus the p-value of their
difference in expression. Proteins with a fold change >2 between cell lines are shown in
pink with fold changes <2 are in grey. The two upper quadrants contain proteins that were
determined as significantly different between Y201 and Y202 by ANOVA (p<0.05). This

figure was made by Emma Rand.

The Y201 and Y202 cell lines were previously characterised by a microarray

experiment comparing their gene expression to the parental primary donor population from

which they were isolated, femoral head 181 (FH181) (James et al., 2015). Using this dataset

| compared the expression level of the differently expressed proteins identified in Y201 and

Y202 CM at the mRNA level (Figure 4.3). The heatmaps indicated a similar pattern of

increased gene expression for the majority of significantly differently expressed proteins,

corroborating the findings of the proteomics. Periostin and aggrecan were two of the most

highly abundant proteins in Y201 with large fold-changes in expression, which is

corroborated by the mRNA expression data indicating higher mRNA levels in Y201 clones.

The cytokine interleukin-18 (IL18) was present at low level in CM in both clones, but with a
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large fold-increase in abundance versus Y201 which is in agreement with the mRNA

expression data.

The 44 proteins that were more highly expressed in the secretome of Y201 versus
Y202 are presented in order of normalised abundance in Figure 4.4 to provide context of
protein abundance to the fold-change data shown previously. The two most abundant of the
44 upregulated proteins in Y201 secretome, fibronectin and collagen type VI alpha chain 1
(col6al), are structural components of the ECM. | also determined that periostin (POSTN)
and aggrecan (ACAN) were the third and fourth most highly abundant proteins identified
(Figure 4.4A) from the significantly upregulated proteins in Y201 vs Y202 secretome and
presented with the largest log2 fold changes of 6.16 and 6.71 versus Y202 respectively
(Supplementary Table 1). Alpha-2-macroglobulin (A2M), latent TGFB binding protein 1
(LTBP1) and osteoprotogerin (OPG, also known as tumour necrosis factor 11B) were the
highest expressed non-ECM structural proteins identified in Y201CM. Latent TGFf binding
protein 2 (LTBP2), a member of the same family as LTBP1 was also upregulated in Y201
secretome, albeit at around 13-fold lower abundance than LTBP1. The key haematopoietic
chemokine CXCL12, a feature of a subset of BMSCs called CAR cells, was also identified
in the secretome of Y201 at higher abundance than in Y202, with a log2 fold increase of
2.99, although there was no statistical significant difference between Y201 and Y101 in

CXCL12 expression.
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Figure 4.3 Heatmap of mMRNA level expression for proteins significantly different at
the protein level between Y201 and Y202

Heatmaps of gene expression data previously generated from a microarray comparing Y201
and Y202 mRNA. Gene expression is calculated as a Log?2 fold-change against the parental
primary cells (Femoral head sample 181). The gene expression data, where available, is
shown for the proteins significantly more highly expressed in Y201 (left heatmap) and Y202
(right heatmap). Gene expression data was available for 43/44 proteins upregulated in Y201
secretome and 71/129 proteins upregulated in Y202 secretome.
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Figure 4.4 Normalized abundance of significantly differently expressed proteins from
Y201 versus Y202 secretome

Mean normalized abundance of 44 proteins significantly more highly abundant (ANOVA,
p<0.05) in Y201 secretome (black) compared to Y202 secretome (grey). Linear scale used
across 3 axes to improve visualisation of differences and with proteins ordered by mean
normalized abundance from highest to lowest. Axes are split by arbitrarily High (A), Medium
(B) and Low (C) expression. N=3, error bars + SE.
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The 129 proteins significantly upregulated in the Y202 secretome are organised by
mean normalized abundance in Figure 4.5. Like with Y201, the Y202 secretome also
significantly enriched for some structural components of the ECM versus Y201. | detected
a high abundance of fibrillin-1 (FBN1), although the log2 fold-increase was only 1.09, and
lumican (LUM), another structural ECM protein, was the third most highly abundant of the
129 different proteins in Y202 secretome, with a significant log2 fold increase of 3.28 over
Y201 (Figure 4.5A). Interestingly, the least abundant significantly upregulated protein in
Y202 was dikkopf related protein 1 (DKK1) and this was identified with an infinite fold
change, with no ions representative of DKK1 peptides identified from any Y201 sample
during LC-MS/MS. Another of the DKK family, dikkopf related protein 3 (DKK3) was
significantly upregulated in Y202 and was more highly abundant than DKK1. The other
proteins in the latent TGF binding family, 3 and 4 (LTBP3 and LTBP4), were found at
higher levels in Y202 secretome, in contrast to the high LTBP1 and LTBP2 in Y201
secretome, although only LTBP4 was significantly enriched (Figure 4.5C). Even though it
was expressed at a low level, the IL18 was significantly upregulated in Y202 with a log2 fold
change of 4.2. Overall the analysis of Y202 secretome indicated a greater number different
proteins enriched, however, a large proportion of these proteins were found at a low total

abundance (Figure 4.5B&C).
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Figure 4.5 Normalized abundance of significantly differently expressed proteins from
Y202 versus Y201 secretome

Mean normalized abundance of 129 proteins significantly more highly abundant (ANOVA,
p<0.05) in Y202 secretome (grey) than Y201 secretome (black). Linear scale used with
separation to improve visualisation of differences across the range and with proteins
ordered by mean normalized abundance from highest (top) to lowest (bottom). N=3, error
bars + SE.
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4 2.3 GO term and KEGG pathway enrichment for differently secreted proteins

GO term enrichment and clustering was performed using the ClueGo plugin in
Cytoscape for the 44 and 129 proteins that were significantly more highly expressed in Y201
and Y202 secretomes respectively. Clustering of significantly enriched terms from the
“Biological Process” and “Molecular Function” ontologies revealed that the most significantly
enriched terms for the more abundant Y201 secreted proteins related to involvement in the
ECM (Figure 4.6A). The “proteoglycan metabolic process” and “glycosaminoglycan heparin
binding” clusters are indicative of ECM functions. The specific node corresponding to the
GO term “extracellular matrix organisation” was also identified in the network of GO terms
enriched for by the 129 more abundant Y202 secreted proteins, although with a smaller
number of contributing proteins, shown by the smaller node-size, and an overlap with
basement membrane organisation (Figure 4.6B). The “ascorbic acid amino modification
cluster” indicates a potential difference in extracellular protein modification capacity. It was
also noted that GO terms related to immune-cell-related pathways were clustered within the
cell-lipoprotein particle cluster and that the “interleukin-12 mediated signalling pathway” was

un-clustered but with a high degree of significance (p<0.0005).
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Figure 4.6 GO-term enrichment of differentially upregulated proteins in Y201 and

Y202 secretome
A network view of the Gene Ontology Biological Process and Molecular Function terms (red

nodes) that were significantly enriched (FDR corrected p<0.05) for the 44 proteins
significantly more abundant in the secretomes of Y201 (A) and the 129 proteins significantly
more abundant in Y202 (B). Size of the red circular nodes is relative to the number of
proteins identified. Yellow circles with black headers indicate clusters of similar GO terms.
Size of individual nodes increases relative to the number of proteins from that overlapped
in the respective GO term. Darker nodes indicate a smaller p-value. Links between terms in
the GO-term hierarchy are shown by grey lines.
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Figure 4.7 KEGG pathway enrichment for proteins significantly more abundant in
Y201 versus Y202 secretome

The 44 significantly more abundant Y201 and the 129 proteins significantly more abundant
in Y202 secretome proteins were analysed for their enrichment in the KEGG biological
pathway database to determine potential functionality. Seven pathways were enriched in
Y201 (black) and ten in Y202 (grey) . Enrichment was performed using the molecular
signatures database server and ordered by False Discovery Rate corrected p-value (q).
Red line indicates where q=0.05.

KEGG Pathway

KEGG Pathway

Potential functionality of the differently secreted proteins was interrogated further
using KEGG Pathway enrichment for the 44 and 129 differently abundant Y201 and Y202
proteins respectively (Figure 4.7). The more abundant Y201 secreted proteins revealed a
high level of enrichment for the cell matrix and adhesion related pathways “ECM-receptor
interaction” and “Focal adhesion” (p=6.24x101* and 1.45x107'? respectively). KEGG
enrichment also highlighted the “TGF-beta signalling” and “Notch signalling” pathways. The
more abundant proteins in Y202 secretome enriched for various KEGG metabolic pathways

and with the lysosome pathway, all at a low significance.
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4.2.4 Matrisome enrichment of Y201 and Y202 conditioned media proteins

The recurring references to ECM in GO-term and KEGG pathway enrichment was
investigated further by comparing all proteins identified in LC-MS/MS of Y201 and Y202
secretome against the matrisome database (Naba et al., 2012). This is a curated database
of human proteins known to contribute to or associate with ECM through either structure,
interaction or regulation. From 861 identified proteins in soluble secretome, 175 (20.3%)
were annotated in the matrisome, with 85 labelled as “core matrisome” and 90 “matrisome
associated” (Figure 4.8). Assuming that all proteins were equally likely to be upregulated in
Y201 or Y202 | would expect 8.9 matrisome associated proteins to be enriched in the 44
significantly upregulated Y201 secreted proteins and 26.2 from the 129 upregulated Y202
proteins. Chi-squared tests revealed a significant enrichment for observed matrisome
annotated proteins in Y201 (28/44) significantly upregulated proteins (x> = 50.97, d.f.= 1,
p<0.0001) whereas Y202 significantly upregulated proteins (25/129) did not differ from
expected amounts (x> = 0.1576, d.f. = 1, p = 0.69). Of the 175 matrisome proteins in total
secretome 122 proteins did not differ significantly between Y201 and Y202, and the relative

abundances and log2 fold changes in these proteins is shown in Supplementary Table 5.
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Figure 4.8 Relative contribution of matrisome proteins in total secretome of Y201 and
Y202

Proportional contribution of proteins annotated in the matrisome database and shown by
the categories “Core matrisome” (blue), “Matrisome associated” (red) and “Non-Matrisome”
(grey) among all proteins identified in proteomic analysis of BMSC secreted protein (TOP).
Annotation of proteins by matrisome categories in the significantly more abundant proteins
found in the secretome of Y201 (bottom left) and Y202 (bottom right) secretome. The
categories of core matrisome proteins (light blues) and matrisome associated proteins (light
reds) are broken down into subgroups in the bottom pie charts. Proteins contributing to each
subgroup are shown on charts.
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4 2.5 Characterisation of EVs from Y201 and Y202 BMSC clones

Total secretome proteomics demonstrated stark differences in protein content
between Y201 and Y202, however, the contribution of EVs to the secretome may be
underappreciated in these data and | therefore isolated EVs by differential
ultracentrifugation to identify differences in EVs between Y201 and Y202. The presence of
EVs secreted by Y201 and Y202 cells was confirmed by TEM after EV isolations. These

images revealed presence of cup shaped vesicles from both cell lines that were between
80 and 150nm in size (Figure 4.9).

e 2 _
Figure 4.9 TEM of EVs isolated from Y201 and Y202

Transmission electron micrographs of EVs (arrows) isolated by ultracentrifugation of
conditioned media from Y201 (left), Y202 (right). Scale bars = 100nm.

Size distribution of EVs was determined by NTA and revealed a modal peak at
84.5nm in Y201 EVs (Figure 4.10). In contrast, Y202 EVs presented a multimodal
distribution with two prominent peaks at 74.5nm and 98.5nm. Both Y201 and Y202 EVs
presented a prominent shoulder at around 140nm in size, with overall size distribution of
samples appearing similar with the majority of EVs being detected at less than 250nm in
size for both clones.

2.0;

— 202
— Y201

1.53

1.0]

Percentage of Particles (%)

|

0 50 100 150 200 250 300 350 400

Particle Size (nm)
Figure 4.10 Nanoparticle tracking analysis of EVs from Y201 and Y202
Size distribution of EVs calculated by Nanoparticle Tracking Analysis normalized by
percentage of total particles Y201 (Black) and Y202 (Pink). Vesicle sizes were binned in
1nm size increments beginning at 0.5nm. N=3, shaded area is + SE.
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The proteins identified in our total secretome using LC-MS/MS were likely to contain
EV associated proteins and equally the isolations of EVs were likely to pull-down associated
secreted proteins that may bind to the surface or be encapsulated within EVs. To provide a
general indication of overlap between the total secretome and the EV protein contents |
used the FunRich tool to compare the lists of proteins identified in the EV and total
secretome experiments. This revealed that 326 proteins were identified in both EV and total
secretome, whereas there were 333 and 535 proteins uniquely identified in EV and total
secretome respectively (Figure 4.11A). | compared the proteins identified by our LC-MS/MS
experiment against lists available in the FunRich analysis programme imported from the
VesiclePedia database. | compared datasets that were derived from experiments using cells
registered under the term “bone marrow mesenchymal stem/stromal cells” or
“‘mesenchymal stem cells”, revealing that 325/659 of all proteins had been previously

identified in other proteomic experiments investigating similar cell types (Figure 4.11B).

Vesiclepedia

Total Secretome

377

Figure 4.11 Comparisons of proteins in EV isolations versus total secretome and
curated EV proteomic databases

Venn Diagrams demonstrating overlap between A) all proteins identified from total
secretome (blue) and EV isolations from the hTERT immortalised BMSC lines (red) and B)
proteins from public datasets identified in previously performed proteomic experiments
investigating mesenchymal stromal/stem cell EVs listed in the Vesiclepedia database
(vellow) and the proteins identified in our EV proteomics (red).
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4 2.6 EV proteomics from Y201 and Y202

EVs isolated from Y201 and Y202 cells were analysed by LC-MS/MS to determine
protein content. A total of 663 proteins were identified across all samples with a significant
increased abundance of 162 proteins in Y201 EVs versus 14 proteins upregulated in Y202
EVs (ANOVA, p<0.05) (Figure 4.12). Relative log2 fold changes for the significantly different

proteins are available in Supplementary Table 3 and Supplementary Table 4.

In the EV fraction there was evidence for a large number of membrane bound
proteins, including the identification of integrins alpha-1, -3, -4, -5, -6, -7, -8, -v, and beta-1,
-3 and -5 between all samples. Of these integrins only itga11, itga4 and itga7 were
significantly differently expressed between samples (all higher in Y201, p<0.05). It was also
noted that the cytokine transforming growth factor beta 1 (TGF1) was detected with a
significantly higher abundance in Y201 EVs, with a log2 fold-increase of 2.47. The ECM
protein matrillin-2 (MATNZ2), which was observed to be increased in total secretome of
Y202, was also significantly more abundant Y202 EVs, with a log2 fold-increase of 4.08 in

EVs and 3.31 in total secretome.
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Logio(p-value)

Log?2 Fold-change

Figure 4.12 Volcano plot of proteins identified in EV isolations from Y201 and Y202
clonal lines

Volcano plot of fold change for the 663 proteins identified from LC-MS/MS analysis of
extracellular vesicles isolated from Y201 and Y202. Proteins with a fold change >2 between
cell lines are shown in pink with fold changes <2 in grey. The two upper quadrants contain
proteins that were significantly different between Y201 and Y202 as determined by ANOVA
(p<0.05). This figure was produced by Emma Rand.
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4.2.7 Gene Ontology and KEGG pathway enrichment for Y201 uprequlated EV
proteins

GO term enrichment using the 162 proteins significantly more abundant in Y201 EVs
versus Y202 EVs revealed significant enrichment for 307 GO terms (FDR-corrected
p<0.05). Complexity of this network was reduced by clustering of terms based upon
similarity (Figure 4.13). This revealed a number of small clusters of terms with highly
significant FDR corrected p-values (p<0.0005) associated with “Extracellular matrix
organisation”. Around this cluster were other significantly enriched terms associated with
the ECM including “collagen fibril organisation”, “extracellular matrix disassembly” and
“proteoglycan glycosaminoglycan process”. The “adhesion cell substrate” cluster contained
the largest number of significantly enriched GO terms with 23. There were also strongly
significant clusters associated with “myeloid immune leukocyte” and “axon morphogenesis”.
Subsequent KEGG pathway enrichment corroborated findings from GO-term clustering by
highlighting the “Focal adhesion” and “ECM-receptor interaction” pathways as the most
significantly enriched terms of the 50 that were identified (Figure 4.14). The 14 proteins
more abundant in Y202 EVs did not enrich for any GO terms or KEGG pathways (p>0.05).
Other cell-substrate and cell-cell binding pathways were also enriched including “Adherens

junction”, “tight junction” and “gap junction”.
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Figure 4.14 KEGG pathway enrichment for proteins significantly more abundant in
Y201 versus Y202 EVs

50 significantly enriched KEGG pathways (FDR corrected p-value <0.05) from the 162
proteins identified as significantly more abundant in Y201 EVs. Red line indicates where
-LOglo(0.0S).
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4 2.8 Comparison of miRNA quantification from Y201 and Y202 EVs

| investigated the miRNA content of EVs from Y201 and Y202 using Nanostring
technology that utilises fluorescence barcoding and absolute counts of detected miRNAs
without amplification. Counts of 828 different miRNAs compared between Y201 and Y202
EVs revealed significant upregulated expression for 10 different miRNAs from Y201 EVs
versus 2 from Y202 EVs (p<0.05) (Figure 4.15). The relative fold changes between EVs are
shown in Table 4.2 along with their mean counts. The largest fold change in Y201 EVs was
found in miR-100-5p while miR-6721-5p presented the largest fold increase in Y202 EVs
respectively. Two of the three miRNAs comprising the highly conserved miR-29 family (miR-
29a-3p and miR-29b-3p) were upregulated in Y201 EVs. Of the miRNAs upregulated in
Y201, miR-125b-5p presented with the highest mean miRNA count, however, it had a low
relative fold-change compared to other miRNAs, only 3.31-fold higher than Y202.

e T e e = |
| I | I lineage 2 lineage

hsa-miR-612 15 5 Y202
hsa-miR6721-5p | Y201

hsa-miR-376a-3p
hsa-miR-29a-3p
hsa-miR-221-3p 0
hsa-miR-145-5p 05
hsa-miR-630
hsa-miR-21-5p
hsa-miR-100-5p
hsa-miR-320e
hsa-miR-125b-5p
hsa-miR-29b-3p
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Figure 4.15 Heatmap of differently expressed miRNAs from Y201 and Y202 EVs
Clustered heatmap of 12 significantly differently expressed miRNAs identified in EVs after
Nanostring miRNA quantification between Y201 (pink cluster) and Y202 (blue cluster) cells.
10 miRNAs were upregulated in Y201 EVs versus 2 in Y202 EVs. N=4, ANOVA, p<0.05.
Colour scale is representative of z-score.
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Table 4.2 Relative fold changes for miRNAs identified as significantly different
between Y201 and Y202 EVs.

Mean count Y201 Mean count Y202 Fold change Y201 vs

(+SEM) (*SEM) Y202

hsa-miR-376a-3p 33.07+6.23 8.49 +4.5 3.90

hsa-miR-29a-3p 91.92 + 19.98 839+4.82 10.96

hsa-miR-221-3p 65.9 + 19.89 449+ 1.04 14.68

hsa-miR-145-5p 56.1+ 17.39 3+0.8 18.70
hsa-miR-630 85.3+18.84 19.7 + 11.95 4.33
hsa-miR-21-5p 138.21+29.8 22.01+10.38 6.28

hsa-miR-100-5p 90.94 + 21.93 3.89+0.6 23.38

hsa-miR-320e 30.11+7.73 3+0.8 10.04
hsa-miR-125b-5p 481.61 + 94.95 145.49 + 50.14 2l
hsa-miR-29b-3p 67.84+14.2 22.08 + 10.63 3.07
hsa-miR-612 27.29+ 11.89 68.7+11.1 0.40
hsa-miR-6721-5p 1.33+0.28 24.47 +7.54 0.05

4.2 .9 Bioinformatic analysis of Y201 and Y202 EV miRNA targets

| used the TargetScan miRNA target prediction algorithm to identify possible targets
for the collectively upregulated miRNAs from both Y201 and Y202 EVs. The 10 miRNAs
upregulated in Y201 produced 378 predicted targets while the 2 Y202 miRNAs targeted a
possible 743 mMRNAs (total-context++ -<0.6). The list of potential targets for each miRNA
was collectively assessed for GO term enrichment. The most significantly enriched GO
terms (p<0.0005) with the largest number of overlapping genes were “extracellular matrix
organisation” and “vasculature development” indicating a downregulation of these pathways
if truly targeted by the miRNAs (Figure 4.16). Clustering of like terms indicated that control
of extracellular matrix was a strongly overlapping target with the cluster “Extracellular matrix
PDGF” containing highly enriched terms. The same identified targets were also used to test
for enrichment in the KEGG pathway databases. | found further enrichment for the “Focal
adhesion” and “ECM-receptor interaction” pathways (Figure 4.17). Despite having a greater
number of predicted targets the Y202 EV miRNA targets did not collectively enrich for any
GO terms, however, when compared against KEGG pathways, six pathways were enriched

at low significance, with the “Cell adhesion molecules” pathway most significant.
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Figure 4.17 KEGG pathway enrichment for predicted targets of miRNAs that were
more abundant in Y201 vs Y202 EVs

Significantly enriched KEGG pathways (FDR corrected g-value < 0.05) for genes that were
predicted targets of the 10 miRNAs that were more abundant in Y201 EVs (Top, Black) and
Y202 EVs (Bottom, grey) as determined by Nanostring. Red line marks q < 0.05. g = FDR
corrected p-value.

EVs secreted into the local microenvironment during in vitro culture may be taken
up by cells and therefore deliver miRNAs in an autocrine fashion. | hypothesised that
predicted targets identified from Y201 EV miRNAs would show reduced expression at the
protein level in Y201 cells versus Y202 cells due to autocrine action of miRNAs. Of the 378
predicted targets of mMiRNAs upregulated in Y201 EVs, 26 were also detected by LC-MS/MS
in the CM of Y201 and Y202 (section 4.2.2). Of these 26 proteins, 14 were included in the
KEGG pathway “ECM-receptor interaction”. | assessed whether these 14 proteins were
significantly decreased in expression as hypothesised and demonstrated that col4a5,
fam3c, col3al, fonl and col5a3 were significantly different in abundance at the protein level
between Y201 and Y202 (p<0.05) (Table 4.3). Col5a3, despite being a target of miRNAs
secreted by Y201, was upregulated in Y201 (23.59-fold increase vs Y202), however, fonl,

col3al and fam3c were all significantly more abundant in Y202.
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Table 4.3 Comparisons of miRNA predicted targets versus their fold-change in

expression in MSC secretome

A comparison between 26 TargetScan predicted miRNA targets and their Total context++
scores identified from miRNAs that were significantly more abundant in Y201 EVs and the
fold-change in abundance for those proteins that were also identified by LC-MS/MS in the
total secretome of Y201 versus Y202 cells.

Protein

COL4A5
PSMA1
FAM3C

ATPEV1GT
COLBA2
COL3A1

GMFB
TPM3
TPT1
FBN1
CCT4
FSCN1
VPS29
COL5A1
PDIAG
COL1A1
IFI130
COL4A1
HNRNPAO

SPARC

FKBP3
LOX
COL1A2
COL11A1
ADAMTSZ2
COL5A3

miRNA
miR-29-3p
miR-630
miR-29-3p
miR-376-3p
miR-29-3p
miR-29-3p
miR-145-5p
miR-145-5p
miR-145-5p
miR-29-3p
miR-221-3p
miR-145-5p
miR-376-3p
miR-29-3p
miR-376-3p
miR-29-3p
miR-29-3p
miR-29-3p
miR-376-3p
miR-29-3p
miR-145-5p
miR-29-3p
miR-29-3p
miR-29-3p
miR-29-3p
miR-29-3p

-0.72
-0.83
-0.71
-0.53
-0.94
-1.71
-0.82
-0.74
-0.73
-0.61
-0.6
-1.05
-0.75
-0.87
-0.55
-2.76
-0.82
-0.7
-0.76
-0.75
-0.6
-0.8
-1.1
-0.8
-0.77
-0.73

score
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Targeting Total context++ Proteomic Fold
Change

0.05
0.05
0.21
0.31
0.32
0.39
0.40
0.40
0.45
0.47
0.49
0.52
0.54
0.78
0.91
0.96
0.98
1.01
1.01
1.02
1.06
1.17
1.19
1.57
1.94
23.59

Sig. diff
Proteomics

Yes

Yes

Yes

Yes

Yes



4.3 Discussion

The data | have presented here gives strong evidence for the importance of
understanding BMSC heterogeneity, given the considerable variation in cell secreted
factors between phenotypically distinct subtypes. There have been a number of studies that
investigated by proteomic analysis the secretome and EVs of BMSCs and other stromal
subtypes under native conditions and following inflammatory cytokine exposure (Anderson
etal., 2016; Baberg et al., 2019; Kim et al., 2012; Kshitiz et al., 2019; Lai et al., 2016; Maffioli
et al.,, 2017). Here | have presented an alternative approach through the use of clonal
BMSCs to demonstrate how the heterogeneity of primary/donor populations should be
considered during studies of BMSC secretomes. This data indicates how better definition
of subtypes is needed, particularly for use in deriving cell-free therapies from secreted
products, and may help in the explanation of variation seen in experimental data by

suggesting highly variable secretomes.

The Y201 and Y202 clonal lines are examples of highly contrasting BMSCs and this
is clearly shown in the variation in secreted proteins produced by these lines. Interestingly,
the Y101 line, which also demonstrates potency, also had a differing secretome to the Y201
and Y202, although was more similar to Y201 overall. This status as an overlapping and
possibly transitional secretome between Y202 and Y201 suggests a change in secretory
phenotype according to the level of potency beyond simply differentiation competent vs
incompetent, and the use of proteins that differ between potent and nullipotent subsets may

be useful for identification of potency markers.

Collectively the proteomic comparison of Y201 and Y202 cell secretomes across
the total secretome and the EVs revealed a common theme of differences in ECM
associated proteins. Of interest was the relative enrichment for different ECM proteins
detected in the total secretome from the 2 lines, with Y201 upregulated proteins containing
significantly more matrisome annotated proteins than would be expected. The ECM
enrichment was also highlighted through GO and KEGG pathway enrichment. The striking
upregulation of numerous ECM components in Y201 suggests that this cell subset may
function as a matrix synthesising BMSC, capable of patterning the marrow through
production of ECM proteins to create a supportive niche for BMSCs. The potential for Y201
ECM functions are of particular interest given its tripotent differentiation potential. It was
also noted that not all ECM proteins differed significantly between stromal subsets, which

could also be indicative of a “core” versus “functional” matrisome, with the proteins that
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differ between subsets from these core proteins capable of driving aspects of cell

phenotype.

Some Y201 upregulated ECM proteins were higher in expression than both Y101
and Y202, indicating that some ECM proteins may specifically play essential roles in the
support of the tripotent MSC phenotype, such as aggrecan and periostin which were
considerably more highly expressed in Y201 than the other clones. This also reveals the
potential for ECM to be used as a biomarker to segregate BMSCs of varying differentiation
competency. Equally, matrillin-2 and lumican were both expressed at higher levels in Y202
than Y201 and Y101, highlighting these as potential markers of nullipotent or inflammation
responsive BMSCs. The differences in ECM protein abundance likely resulted in the
differences in ECM structure and organisation seen by SEM in Figure 3.11 and could
explain how conditioned media was capable of inducing migration in non-migratory BMSCs

through differential abundance of migration promoting ECM components in the Y201CM.

Within the secreted protein data, significant fold-increases and high overall
abundance were noted for ECM components periostin and aggrecan in the Y201
secretome. Periostin has a well-documented role in co-ordination of the ECM structure and
the expression of it is known to be upregulated in response to TGFB1 (Horiuchi et al., 1999;
Norris et al., 2007). Among phenotypic differences in Y201 and Y202 the contrast in
differentiation capacity is perhaps most striking, and the secretion of periostin may function
in Y201 to facilitate osteogenic differentiation, having previously been linked to osteogenic
potential of MSCs in vitro and to the control of osteogenic potential by periosteal stem cells
in vivo (Coutu et al., 2008; Duchamp de Lageneste et al., 2018). Periostin has also been
shown to be important for imparting tensile strength in tissues through regulating collagen
fibrillogenesis, which could possibly explain why Y201 cells that secreted considerably more
periostin produced a thicker and more complex ECM (see Figure 3.12), although
experimental interrogation of these matrices would be required to demonstrate different
biophysical characteristics (Norris et al., 2007). In a study of epithelial cell-derived periostin,
collagen matrices produced through stimulation of the TGFf signalling pathway by periostin
resulted in stiffer matrices, and so this increased stiffness could be expected for Y201 ECM
vs Y202ECM (Sidhu et al., 2010). Other proteins significantly upregulated in Y201
secretome have been associated with positive (CEMIP, BGN, THBS2, JAG1) and negative
(THBS1) regulation of osteogenic differentiation (Bailey Dubose et al., 2012; Chen et al.,

2019). This highlights the possible priming of an extracellular environment for differentiation
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by potent MSC subsets, but with suppression of lineage commitment in the absence of
appropriate stimuli. There appeared to be other proteins differentially expressed between
the clones that also have associated roles with the TGF signalling pathways, such as LTBP
1, 2, 3 and 4, which could indicate a differential mechanism of TGF signalling between
clones. Previously high TGFB expression/overexpression has been associated with
inhibition of differentiation towards osteogenic and adipogenic and induction towards
chondrogenic lineages (Denker et al., 1995; Fierro et al., 2011). The presentation and
binding of TGFp is likely different between clones due to differential expression of LTBPs
and the TGFB activating ECM component THBS1 (Schultz-Cherry et al., 1994). The
potential for autocrine signalling to control TGFB signalling and cell functionality may also
be present via miRNA regulation of gene expression, as miR-21, which was significantly
more highly expressed in Y201 EVs, downregulates TGFf receptor 2 (TGFBR2) and TGF1
and with mir-21 knockout murine BMSCs demonstrating reduced anti-inflammatory
signalling and mir-21 shown to regulate differentiation of BMSCs (Wu et al., 2015). Follow
up studies will be important to assess the role secreted TGF3 may play in co-ordination of

heterogeneous phenotypes.

Presence of increased aggrecan was also interesting as it is an important ECM
component and a key proteoglycan required for cartilage formation, and was previously
shown to be constitutively expressed by BMSCs (Mwale et al., 2006). Secretion of this
protein at high levels could correlate or be predictive of chondrogenic differentiation
capacity. Binding of various ECM components in conditioned media to integrins may drive
the migratory phenotype and the inherently high enrichment for matrix production in Y201
cells could explain their migratory profile. It would be of interest to develop investigations
into biophysical properties of these matrices as they may reflect functionality in vivo as
MSCs are likely to reside within specific niches. In Figure 3.3 and Figure 3.4 | demonstrated
how secreted factors from Y201 were more potent in inducing migration in non-migratory
Y202 cells compared to Y202 signals, also resulting in a change in overall cell morphology.
ECM proteins such as fibronectin have previously been shown to facilitate migration of
BMSCs, mediated through integrin binding (Veevers-Lowe et al., 2011). Fibronectin was

found at high levels in both Y202 and Y201, albeit significantly higher in Y201 secretome.

The increased expression of CXCL12 in Y201 was also noted. High expression of
this cytokine is associated with chemotactic responses for HSCs, and could represent

possible differential in vivo functionality for Y201-like BMSCs (Sugiyama et al., 2006). There
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was no significant difference in CXCL12 expression between Y201 and Y101 however,
indicating that expression of this cytokine may also correlate with stem-functions, and
highlighting how there may be heterogeneity within CXCL12 abundant BMSC populations.
Interestingly murine CAR cells overlap highly with the LepR population of murine BMSCs
and this population has been shown to be heterogeneous by scRNA-seq and so Y201 and
Y101 may be representative of analogous heterogeneity in humans (Tikhonova et al., 2019;
Zhou et al., 2014)

The most highly abundant differentially expressed proteins in Y202 secretomes
included Follistatin-like-1, Fibrillin-1 and Lumican. Follistatin-like-1 has been implicated as
an inflammatory signalling molecule which may contribute to the pathogenesis of arthritis
and could be a candidate for explaining upregulated inflammatory gene expression of Y202
when exposed to Y202 secreted factors (Chaly et al., 2012; Miyamae et al., 2006). Fibrillin-
1 has shown to regulate the availability of TGF-B, a signalling protein with key roles in
regulating ECM production (Chaudhry et al., 2007; Massagué, 2012). The increased
expression of Lumican in Y202 secretome could also further explain the decreased
migratory capacity and high basal inflammatory signalling of Y202 cells as Lumican has
been shown to impede migration of MSCs and has also been implicated in inflammatory
cell chemotaxis in corneal and was recently shown to play a role in inflammation induced in
osteoarthritis by facilitating activation of inflammatory signalling by Toll like receptors

(Barreto et al., 2020; Carlson et al., 2007; Malinowski et al., 2012).

Collectively these differences in secreted ECM protein expression between these
lines may help to explain the functional differences and could be used to direct functionality

and behaviour of MSC subtypes.

To develop a greater appreciation for differences in secreted signalling capacity
between our lines | also investigated the content of EVs. | demonstrated here that there was
a shift in significantly different proteins with Y201 derived EVs enriched for a greater number
of different proteins, suggesting a more diverse or concentrated packaging of EVs with
protein cargo, given that isolations were performed from roughly the same number of cells.
The presence of various membrane bound ECM binding proteins in the EVs, such as
integrins, gave confidence that the proteomics was identifying EV associated protein, and
this was corroborated with TEM and NTA supporting the presence of EVs. Equally, it was
noted that only 50% of proteins identified in EV isolation were also found in total secretome,

highlighting this as a distinct sub-compartment of the secretome. | showed that both Y201

118



and Y202 produced EVs with similar size distributions determined by NTA and
demonstrated presence of classical cup-shaped EVs by TEM, although this shape is

associated with collapse during TEM preparation (Raposo and Stoorvogel, 2013).

While Y201 and Y202 appear to produce physically similar EVs, the protein content
of vesicles varied dramatically, implying a differential capacity to signal via EVs. The
presence and specific enrichment of particular matrix binding proteins within Y201 EVs also
seems to correlate with the idea of patterning the immediate niche with EVs. The cells may
produce a matrix layer and subsequently secrete vesicles capable of binding the matrix,
these vesicles could then act as signalling packages to other cells that migrate over the
matrix, an important function reviewed by Rilla et al. (2019) and Rackov et al. (2018). | noted
increased presence of all 3 type VI collagen chains necessary to form a functional collagen
type VI helix in Y201 EVs, which were also upregulated in Y201 secretome (albeit only
coléal was upregulated significantly) compared to Y202. Interestingly the relative
abundance was reversed between the total secretome and the EV compartments with
coléal most abundant in secretome and col6a3 most abundant in EVs, suggesting that
col6a3, which is the largest of the three chains, may be enriched during the EV isolation
process. This enrichment could be coincidental due to size or could indicate that col6a3
may be bound preferentially by EV associated molecules preferential binding substrate for
EVs.

Only 10 miRNAs presented significantly higher expression in Y201 versus Y202 and
analysis of the predicted targets of these again highlights a potential targeting cell function
towards control of the ECM. Combining this with the previous proteomic analyses provides
a consistent interpretation that Y201 cells are contributing largely to the ECM that is laid
down and signalling to control the organisation and constituents laid down by other cells via

paracrine interference through miRNAs.

In addition to the protein level comparisons, the increased abundance of miR-29a-
3p and miR-29b-3p in EVs from Y201 provided further evidence of a concerted effort by
Y201 to alter the expression of various ECM proteins in their microenvironment as the
conserved miR-29 family has well documented roles in regulation of ECM proteins
(Roderburg et al.,, 2011). There is a further indication that miR-29 could have roles in
regulating osteogenesis as previously it was shown to also target DKK1, a negative
regulator of osteogenesis that was exclusively detected in the secretome of non-potent

Y202 cells. A recent study also demonstrated that mi-29a was capable of improving
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osteogenesis and angiogenesis (Lu et al., 2020). This finding again highlights a possible
role in co-ordination of the local environment by secreted factors, given the important roles
of vascularising and mineralising tissue. It should be noted that the Nanostring analysis
performed is limited by quantifying a filtered set of miRNAs and that use of a sequencing
approach may result in greater differences between BMSC subtype EV miRNAs being

detected.

4.4 Conclusions

Collectively these findings show the considerable emphasis of a tri-potent BMSC
subset in producing a suitable extracellular environment and could highlight how BMSC
phenotypes are maintained through the production of appropriate ECMs in in vitro culture.
The data also makes clear the large variation in secreted factors between BMSC
subpopulations which will need to be strongly considered when selecting populations for
development of cell-free BMSC therapies, as well as indicating potential origins of BMSC
secreted factors in a mixed population. It also highlights another method through which we
can distinguish heterogeneity, in a potentially non-destructive manner, through the use of

secreted factors.

120



5 Immunolocalisation of MSC subtypes and ECM components

5.1 Introduction

5.1.1 Localisation of MSC subtypes

Localisation studies using cell-surface markers, fluorescent reporter mice and
lineage tracing experiments have identified BMSCs expressing LEPR, CD146, CD271,
Nestin and other cell surface markers at perivascular and endosteal locations (Jones et al.,
2002; Méndez-Ferrer et al., 2010; Sacchetti et al., 2007; Zhou et al., 2014). The Y202 clone
has previously been shown to express the cell surface marker CD317 and primary human
MSCs sorted for CD317 expression recapitulate the proinflammatory expression profile of
these cells (unpublished data and James et al. (2015)). Recently, comparative gene
expression analysis revealed correlation between murine peri-sinusoidal stromal cells and
CD317* BMSCs (Balzano et al., 2019). LEPR* has been shown to mark perisinusoidal
stromal cells in vivo and so | therefore aimed to show evidence for CD317*LEPR* stromal

cells in mouse bone marrow to mark an equivalent subpopulation of these cells.

The heterogeneity of stromal populations has gained increasing interest with the
advent of scRNAseq approaches revealing heterogeneity within populations of BMSCs
defined by the same cell-surface markers (Baccin et al., 2020; Baryawno et al., 2019;
Tikhonova et al., 2019; Wolock et al., 2019). Dissection of heterogeneity and determination
of cell functionality by cell surface markers may be limited in capacity, as was shown by
subdivision of the LEPR* population in the aforementioned studies into 4 distinct subgroups.
Subpopulations may have overlapping cell surface markers and the functionality of
subtypes will likely be defined more by their gene expression profiles and paracrine
signalling functions. This further complicates the isolation of functionally distinct stromal
populations if the differential expression does not reveal sufficiently discriminatory surface
markers. For in vivo localisation it may help to understand whether subpopulations isolated
by the same surface-marker expression have differences in their secretomes. The presence
of subtype enriched or specific factors in the local environment of a cell may help to better
identify subtypes by non-destructive assessment of secreted factors, as well as providing
markers to identify specific locations in vivo. Localisation and compaosition of the niches of
functionally distinct BMSCs is particularly important for fundamental understanding of how
BMSCs function under homeostasis and in response to diseases and injury. In the previous
chapter | have revealed differences in secreted products of clonally derived stromal

subpopulations in vitro. | postulated that, akin to the use of cell-surface markers, secreted
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factors may also be useful for defining the location and identity of stromal cell subtypes.
Soluble factors may have potent local functions; however, they may be capable of diffusion
or transport away from the immediate microenvironment (as has been suggested with
CXCL12, an important stromal derived niche factor). | utilised my observations of
differentially expressed ECM proteins by three contrasting stromal cell subtypes in vitro to
inform selection of six candidate niche-marking ECM components that may discriminate
between nullipotent (Y202), bipotent (Y101) and tripotent (Y201) BMSCs. The ECM protein
lumican was more highly expressed in Y202 than both Y101 and Y201; CEMIP and collagen
VI were more highly expressed in both Y101 and Y201 than Y202; aggrecan, periostin and
biglycan were upregulated in Y201 versus Y101 and Y202 (Table 4.1). | used
immunofluorescence labelling of sections of mouse and human bone marrow to identify
location of these ECM proteins in vivo. | used the commonly accepted stromal marker LEPR
for murine BMSCs and selected the marker CD271 in human tissue, which has been shown
to contain the CFU-F stromal fraction of human marrow (Jones et al., 2002; Quirici et al.,
2002; Zhou et al., 2014). | also hypothesised that BMSCs that produce periostin may utilise
this protein for adherence and migration and so also looked for expression of the known
periostin binding integrin ITGAV which has further been implicated as a possible marker of
BMSCs (Pinho et al., 2013).

5.1.2 ECM proteins in the BMSC niche

Investigations into the bone marrow niche predominantly focus on the
haematopoietic and stromal compartments, with emphasis on the cellular constituents.
Beyond the cellular makeup of the niche, we must also strive to define the soluble factors
and matrix components. Self-renewal and differentiation capacity are key features of stem
cells, and these features of BMSC behaviour that are known to be facilitated through ECM
adherence in vitro (Chen et al., 2007). Investigation into the matrix may therefore give key
insight into functionality of distinct stromal niches in vivo. There have been various studies
to identify ECM proteins within bone marrow, including collagens-IV and VI, tenascin-C,
fibronectin, laminin and periostin, although most of these have not focused on finding the
exact localisation of specific ECM components with respect to BMSCs, but have focused
more on overall distribution of protein within the bone marrow (Coutu et al., 2017; Klein et

al., 1995; Nakamura-Ishizu et al., 2012; Nilsson et al., 1998).

ECM proteins are of high importance in the cellular niche, both for structural support

and also for the co-ordination of biochemical signals and their availability to cells (Gattazzo
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et al., 2014). Biomechanical forces experienced by a cell such as stiffness are likely linked
to the microenvironment and the niche ECM composition will influence this, which can have
dramatic implications for stem cell fate and even immune responses (Engler et al., 2006;
Wong et al., 2020). Developing a more complete understanding of the composition of the
immediate microenvironment and niche of BMSC subtypes could lead to more appropriate
in vitro recapitulation of the niche to expand and maintain important multipotent subtypes
ex vivo which could in turn facilitate the development of regenerative therapies using
multipotent BMSCs. Equally, it could help to understand how the niche can alter during
disease or act aberrantly to support disease progression which is a key area of interest in

haematology (Duarte et al., 2018; Medyouf et al., 2014).

The localisation of the niche within the complex bone marrow microenvironment is
also likely to be important for the understanding of the native functions of BMSC
subpopulations. The architecture of bone marrow varies considerably between endosteal
regions and diaphysis and between cortical and trabecular bone, which may have
consequences for locations of specific subtypes, as has been suggested by a group
highlighting varied potency in BMSCs isolated from different bone regions (Herrmann et al.,
2019). As mentioned previously a large amount of this work has been done with respect to
the HSC supportive populations of BMSCs, with evidence for a predominantly perivascular
localisation. The localisation of potent stromal subsets outside of their roles in the
heamatopoietic niche has been limited, although recent studies have emphasised the
importance of growth plate regions for identification of osteo-chondral and stromal
committed progenitors (Chan et al., 2018; Chan et al., 2015). By developing an
understanding of the distribution of BMSC subpopulations, we may not only be better
capable of isolating specific subtypes but we may learn more about the specific niches and

how these are capable of maintaining phenotypes.

5.1.3 Haematopoietic stem cells and ECM components

In this chapter | performed immunofluorescence studies in mouse and human bone
marrow to localise proteins that were identified as significantly differentially expressed
between the Y201 and Y202 BMSC subtypes. | hypothesised that these matrix proteins
may be important for the maintenance of Y201 stem-cell functions and may therefore mark
stem-cell matrix and subsequently stem-cell localisations in vivo. | demonstrate that the
Y201 upregulated matrix proteins have diverse distributions but are only all found in the

endosteal regions of femurs. Furthermore, | show how these proteins can be found in the
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immediate microenvironment of a subset of CD271* bone lining stromal cells in human
tissue, a known population of multipotent stromal cells (Jones et al., 2002; Quirici et al.,
2002).
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5.2 Results
5.2.1 Survival of HSCs on BMSC derived ECM

The relationship between BMSC and HSC has been long documented with
suggestions of BMSC support of HSC survival. | aimed to determine if the ECM produced
by different BMSC subsets were capable of facilitating survival of HSCs ex vivo. Single
HSCs were seeded onto Y201 ECM, Y202 ECM or tissue culture plastic in 96 well plates
and cultured for 10 days under serum-free conditions. At assay endpoint, survival of
individual HSCs was calculated by visual identification of colonies by light microscopy.
Counts of colonies per plate revealed a significant increase in survival of HSCs when
cultured on Y201 ECM (p=0.0008) or Y202 ECM (p=0.0106) versus tissue culture plastic
(Figure 5.1). Observations of the colonies indicated that colony sizes of HSCs cultured on

ECM tended to be smaller than those that survived on plastic (data not shown).
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Figure 5.1 Analysis of the effects of Y201 and Y202 derived ECM on HSC survival
ex vivo

Survival of single mouse HSCs at day 10 post seeding into individual wells of a 96 well
plate (60 per plate). HSCs were isolated by FACS onto plastic or layers of ECM deposited
onto plastic by Y201 (pink) or Y202 (green) cells. HSC survival was determined by
manual counting of colony formation in vitro at day 10. N=3-4. Kruskal-Wallis, *p<0.05
***n<0.001 ns = not significant. This work was performed in collaboration with Juan
Rubio-Lara.
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5.2.2 Localisation of CD317* MSC subtype in murine bone marrow

The cell-surface marker CD317 was previously shown to be selective for Y202-like
cells from BMSC populations and we have shown that primary human BMSC cultures
sorted using this marker recapitulate their phenotype (James et al., 2015). | looked for
colocalisation of CD317 and LEPR* stromal cells and found at low frequency some CD31
LEPR*CD317* cells in perisinusoidal locations (Figure 5.2). CD317 expression was
detected in other regions of the marrow but only colocalized with LEPR staining in the
perisinusoidal locations. Clear positive staining for these markers is shown versus the

isotype control (Figure 5.3)
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Figure 5.2 Immunofluorescence images of CD317* stromal cells in mouse bone
marrow

Immunofluorescence detection of the Y202 stromal cell marker CD317 (violet, AF647) with
the stromal cell marker LEPR (green, AF488) in mouse bone marrow, arrows. CD31 was
used as an endothelial and megakaryocyte marker (red, AF568) and nuclei are shown (blue,
DAPI). * = sinusoid. Inset is an enlarged view of the dashed box. Scale bar = 50um.

Biotin-Goat isotype —

Figure 5.3 Isotype control immunostaining for LEPR, CD31 and CD317 in mouse bone
marrow

Immunofluorescent imaging of appropriate isotype control stained mouse femurs
secondaries added for detection. There was minimal fluorescence activity, likely as a result
of autofluorescence in the bone marrow. Biotin conjugated goat-anti-mouse isotype (green,
AF488), Rat-anti-mouse isotype (red, AF568) and Rabbit anti-mouse isotype (purple,
AF647) and nuclei stained (blue, DAPI).
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5.2 .3 Differentially expressed Y201 and Y202 ECM proteins in murine bone
marrow

Using immunofluorescence labelling and confocal imaging of mouse femurs, |
detected presence of six ECM proteins (collagen VI, biglycan, aggrecan, periostin, CEMIP
and lumican) identified from the proteomic interrogation of BMSC secretomes in chapter 5
(Figure 5.4). Aggrecan and periostin were highly upregulated by Y201 cells in vitro and
presented possible stem-cell specific or enriched ECM proteins, therefore the in vivo
location of these ECM proteins in the bones was evaluated. Aggrecan and periostin were
detected around chondrocytes and in periosteum respectively, which are known sites of
expression, but were also detected at low frequency in close proximity to, or lining, the
endosteal surface in both epiphyseal and diaphyseal regions (Figure 5.4C,D,I&J).
Expression of aggrecan and periostin appeared more prevalent in the trabecular regions of
the epiphyses, as is shown in the expanded views in Figure 5.5. The morphology of
aggrecan and periostin expressing cells in the epiphyses did not appear to resemble the
typical cuboid shape associated with osteoblasts. Biglycan was detected at high abundance
along the majority of the endosteum and along trabecular bone in the epiphyses as well as
in cartilage (Figure 5.4B&H). There was also less frequent expression of biglycan in some
possible perivascular areas, and high expression around megakaryocytes. Collagen VI was
found endostealy as well as in a fine meshwork in the marrow and this distribution is further
covered in section 5.2.4. CEMIP also presented expression predominantly in the endosteal
region of bone marrow (Figure 5.4E&K). Lumican, which was significantly more highly
expressed in Y202 secretome, was revealed to have a broad distribution pattern, prevalent
along the endosteum and throughout the marrow as well as in the pericellular matrix of
chondrocytes (Figure 5.4F&L). The endosteal/trabecular surface was the only area where

all proteins could be found.
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Figure 5.5 Enlarged views of immunofluorescence labelling of aggrecan and
periostin in trabecular regions of mouse bone marrow

Enlarged frames corresponding with white boxes from Figure 5.4C (left) and D (right). These
panels highlight the primarily endosteal localisation of aggrecan (left) and periostin (right) in
bone marrow. Arrows point to cells in direct contact with the endosteum.
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Collagen VI has a polarised distribution in mouse femurs

| used immunolabelling of collagen VI to determine its distribution in mouse femoral
bone marrow (Figure 5.6). In Y201 secretome Col6al was detected at significantly higher
levels, and the other collagen chains (Col6a2 and Col6a3) were increased, albeit not
statistically significantly. Collagen type VI has been implicated with a role in promoting
haematopoietic cell adhesion and but its function in the bone marrow has yet to be fully
determined (Klein et al., 1995). In the EV proteomic experiments, all three chains were
significantly more highly expressed in Y201 EVs. By immunofluorescence | observed a
widespread distribution of collagen VI in adult mouse femurs, with strong staining in articular
cartilage, skeletal muscle and in smooth muscle cells surrounding bone marrow arteries
and arterioles (Figure 5.6). Increased exposure revealed more subtle expression of collagen
VI in the marrow space. As shown in Figure 5.4A and Figure 5.6 expression was high in
endosteal regions, particularly along trabeculae in the epiphyses. When imaging the entire
bone the meshwork pattern of collagen VI was notably enriched towards the epiphyses, and
was particularly striking in the distal diaphysis and in both epiphysis (Figure 5.6A,D&E). In
the diaphysis the distribution appeared to be most prevalent at the endosteal edge and in
the medial diaphysis with a decrease in expression between these regions (Figure 5.6D).
The targeting of the type VI collagen antibody was confirmed with a Col6al knockout mouse
that is known to result in total absence of whole collagen VI and an isotype control is shown

for the whole mouse femur staining (Figure 5.7and Figure 5.8).
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Figure 5.6 Immunofluorescence images of collagen VI distribution in mouse femur

Representative immunofluorescence of a mouse femur for nuclei (blue, DAPI) and collagen
VI (violet, AF647) with higher magnification images taken from A) Proximal epiphysis B)
Proximal diaphysis C) Mid diaphysis D) Distal diaphysis E) Distal epiphysis. Arrows point to
smooth muscle labelled arteries and arterioles. Scale bars in insets are 50um.
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Figure 5.7 Col6 antibody targeting confirmed in a col6al knockout mouse femur
Immunofluorescence imaging demonstrating highly specific targeting of rabbit-anti-col6
antibody in bone marrow demonstrated by complete absence of fluorescence signal in
the bone marrow of a col6al knockout mouse. Demonstrated appropriate targeting of the
antibody used in Figure 5.6. Scale bar = 50um

1000 ym

Figure 5.8 Isotype control for collagen VI staining in whole mouse femurs

Immunofluorescence detection of signal from rabbit-anti-mouse isotype stained femur
showing a lack of staining in response to goat-anti-rabbit 647 conjugated secondary
antibody. There is evidence of some autofluorescence in skeletal muscle tissue but absence
in bone and bone marrow regions incidcating appropriate targeting of the anti-col6 antibody
in Figure 5.6.
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5.2.4 Stromal subtype ECM proteins are identifiable in human bone

Using immunofluorescence labelling | identified expression of five ECM proteins
differentially upregulated by Y201 BMSCs (collagen VI, biglycan, aggrecan and periostin)
or Y202 BMSCs (lumican) in sections taken from human femoral heads (Figure 5.9). Given
the diversity of human bone marrow structure | attempted to look for expression of these
proteins against trabecular bone and in haematopoietic cell rich marrow regions (Figure
5.9). | demonstrated a broad expression pattern of collagen VI and lumican in both
endosteal bone lining regions and in marrow rich regions (Figure 5.9A E,F&J). In contrast,
biglycan was highly abundant in bone lining regions but with no detectable expression in
marrow (Figure 5.9B&G). Periostin was found associated with bone lining cells, as well as
at low levels throughout the marrow and with particularly strong expression by some round
cells found in close proximity to trabecular bone (Figure 5.9D&I). Aggrecan was observed
primarily in contact with trabecular bone (Figure 5.9C&H). Overall the only site where
expression of all these proteins was identified was trabecular bone lining regions. ECM
components were not always found in the direct presence of a cell, suggesting deposition

and migration away by cells.
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Figure 5.9 Immunofluorescence detection of ECM proteins in human bone sections
Immunofluorescence detection of various ECM proteins (red) in cryosections of bone from
human femoral heads. Shown are areas with trabecular bone pieces (left column), marrow
regions (middle column) and the respective isotype controls used to set detection limits (right
column). Nuclei were stained with DAPI (Blue). Open arrows indicate where ECM protein is
found in a bone lining region but not with an associated nucleus, closed arrows show areas
where a nucleus and the ECM protein are both present. b = Bone. Scale bars = 100um.
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5.2.5 Colocalisation of periostin and aggrecan with CD271* stroma

Proximity of CD271* stromal cells to aggrecan and periostin was assessed due to
being the two most highly different ECM proteins in Y201 secretome (Figure 4.4). Periostin
and aggrecan are ECM proteins more commonly associated with periosteal and cartilage
distributions and their significant abundance in tripotent undifferentiated BMSCs was
unusual, | therefore utilised these as candidate markers of a possible Y201-like BMSC
population in vivo. Using CD271 as a marker of human BMSCs with high potency |
demonstrated co-localisation of CD271* bone lining stromal cells with periostin and
aggrecan in sections of human femoral heads (Figure 5.10 and Figure 5.11). Some CD271*
cells were found colocalised with periostin coated regions of trabecular bone (Figure 5.10).
There were also regions of positive endosteal CD271* that did not colocalise with any
periostin (Figure 5.10, arrows). Aggrecan was also identified in regions where elongated
CD271" cells were in contact with trabecular bone. It was noted that not all CD271" cells
lining trabecular bone were found on top of or in proximity to periostin or aggrecan but those
that did appeared bright. Another key observation was that CD271* cells found in marrow
regions were devoid of significant aggrecan or periostin expression (Figure 5.12). The
positive expression of these proteins was set against isotype controls that showed limited

fluorescence (Figure 5.15).
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Figure 5.10 Immunofluorescence images of CD271" bone lining cells and
periostin in human bone

Immunofluorescence detection of a group of prospective bone lining stromal cells,
expressing CD271 (green, AF488) and over the top of a periostin ECM (red, AF568)
with nuclei (blue, DAPI). White box area is expanded in the bottom panel. White arrows
show positive CD271* staining with no evidence for underlying periostin. Scale bar =
50um.
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Figure 5.11 Immunofluorescence images of CD271* bone lining cells and aggrecan in
human bone

Immunofluorescence detection in human bone tissue of a prospective bone lining stromal
cell marked by CD271 expression (green, AF488) found localised on top of aggrecan on
ECM (red, AF568) and nucleus (blue, DAPI). White box area (i) is enlarged in the bottom
panel. Scale bar = 50uM.
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Figure 5.12 Immunofluorescence labelling of periostin and aggrecan with CD271 in
marrow rich regions of human bone

Immunofluorescence detection of CD271* reticular cells (green, AF488) in human bone
marrow regions with absence of detection of aggrecan (left) or periostin (right) (both red,
AF568). Scale bar = 50um.
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5.2.6 ECM markers of a stromal niche and ITGAV

Given the role of the ECM in driving BMSC migration, as identified previously in
section 3.2.7, | hypothesised that endosteal lining BMSCs may use specific integrins to bind
and drive migration in vivo. Integrin-alpha-V (ITGAV/CD51) is known to form integrin alpha-
beta dimers that can bind periostin and has been shown to be expressed by MSCs and is
expressed by Y201 and Y202 cells (unpublished data, (Li et al., 2010)). | used an anti-
ITGAV antibody to detect colocalisation of ITGAV expressing cells and periostin on the
surfaces of trabecular bone (Figure 5.13). Given the similar distribution patterns observed
for aggrecan and periostin, | also determined the localisation of ITGAV and aggrecan,
identifying colocalisation in the trabecular bone region of elongated ITGAV* cells identified

against trabeculae in contact with aggrecan (Figure 5.14).

Figure 5.13 Immunofluorescence detection of ITGAV and periostin in human bone

Maximum intensity projection immunofluorescence image of a section of human bone.
Nuclei (blue, DAPI), ITGAV (green, AF488) and periostin (Red, AF568) are shown. White
arrows indicate where ITGAV expressing cells may crossover with extracellular matrix
containing Aggrecan. Scale bar = 10um.
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Figure 5.14 Immunofluorescence detection of ITGAV and aggrecan in human bone
lining cells

Immunofluorescence of human bone tissue with nuclei (blue, DAPI), ITGAV (green, AF488)
and aggrecan (Red, AF568). Zoomed views of two ITGAV* cells surrounded by aggrecan
are shown in A and B. Scale bar = 50um.
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Mouse isotype

Figure 5.15 Isotype control for periostin and aggrecan co-staining with ITGAV and
CD271 in human bone

Immunofluorescence image of human bone stained with isotype control antibodies for
periostin/aggrecan (rabbit, red) and ITGAV/CD271 (mouse, green) captured using the same
settings used in Figure 5.13 and Figure 5.14. There is clear absence of significant detectable
green and red fluorescence in the control stained sample. Scale bar = 50um.
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5.3 Discussion

In this chapter | attempted to identify the localisation of a CD317* stromal subset in
murine tissue and determine if secreted ECMs from different stromal subsets were capable
of improving survival of HSCs. | also aimed to demonstrate whether the secreted ECM
components of heterogeneous BMSCs determined from proteomic analysis of secretome
could be used as markers of the in vivo localisation of phenotypically distinct subtypes in

Vivo.

The relationship between MSCs and HSCs has been extensively described and
developmentally MSCs are resident in the niche before HSCs arrive and may play a role in
patterning the microenvironment to suit the HSC, with chemoattractive CXCL12 expression
helping to maintain the cells in the niche (Ding and Morrison, 2013; Greenbaum et al., 2013).
We demonstrated a significant improvement in ex vivo survival of murine HSCs on our
hTERT derived ECM, with the Y201 matrix increasing survival more than 2-fold on average,
although we did not observe increased expansion as has been suggested in previous
experiments using BMSC derived ECM (Krater et al., 2017). The matrix likely provides pro-
survival signals through a combination of mechanical or biochemical signals and indicates
further how MSCs may act to support haematopoiesis in vivo through the development of
appropriate niches. The in vitro MSC matrix produced by Y201 and Y202 cells may present

an environment akin to the in vivo haematopoietic niche, hence the improved survival.

The identification of CD317* stromal cells in vivo in perisinusoidal locations
potentially highlights a population of stromal cells in mouse that is orthologous to our Y202
human stromal subset. It should be understood that CD317 is upregulated in response to
interferon alpha and at age 8-12 weeks a naive laboratory mouse is unlikely to have been
exposed to significant immunological insult as to cause a spike in interferon (Kawai et al.,
2008). Expression of CD317 in BMSCs may therefore be lower than in human BMSC
donors who will have likely been exposed to infections and inflammatory stimuli. It would be
of interest to see if CD317 expression in murine stromal cells spikes with inflammatory
responses. This could also help to explain the considerable variation seen in CD317*
stromal population percentage seen in adult femoral head donors, if this population
increases or CD317 expression increases under inflammatory conditions. The
perisinusoidal location of this population may also correlate with the distribution of lumican
in mouse and human tissue. This ECM protein was enriched in Y202 secretome and was

more abundant in perivascular/central marrow locations than ECM proteins expressed more
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abundantly by Y201 cells, corroborating a possible niche location for Y202-like stromal cells
in perivascular locales. The potential contribution of lumican to a perivascular niche may
further correlate with the pro-inflammatory phenotype of Y202/CD317" BMSCs, as lumican
has been implicated in promoting inflammatory responses in colitis and was recently shown
to exacerbate inflammation of chondrocytes during osteoarthritis (Barreto et al., 2020; Wu
et al., 2007). A 2019 study using microarray data showed a correlation between the gene
expression profiles of Y202 cells and those of perisinusoidal stromal cells in murine bone
marrow, indicating further the concept of unique niches and appropriate localisation of this
subset (Balzano et al., 2019).

Collagen VI has been predominantly investigated for its role in skeletal muscle,
however, there have been indications for an important role of this collagen in bone
architecture and bone marrow function (Bonaldo et al., 1998). This functionality may be
conserved between species given that the meshwork expression seen in mouse bones was
also observed in sections of human femoral head. The interesting distribution of collagen
VI potentially reveals a functional compartmentalisation of marrow. Collagen VI has been
shown to act as a cytoadhesive for haematopoietic lineages which correlates with a function
of stroma in haematopoietic support (Klein et al., 1995). The col6al knockout mouse, which
results in complete loss of total collagen VI, was shown to have decreased trabecular bone
formation, also highlighting the potential importance of this collagen to appropriate
development of bones from skeletal stem cells as trabecular regions in mouse bone are
found towards the epiphyses (Alexopoulos et al., 2009; Christensen et al., 2012). NG2, a
prospective stromal cell marker, has a binding site for collagen VI, and could therefore
indicate a function for collagen VI in stromal cell migration (Tillet et al., 2002). Despite
collagen VI being statistically significantly upregulated in Y201 secretome versus Y202 it
was still relatively highly abundant in the Y202 cells, indicating that this may be an important
ECM protein for a variety of stromal subtypes. This could help to explain the extensive

expression of this ECM protein in bone marrow.

| showed previously that the Y201 multipotent stromal subset had a highly
contrasting secretome to that of the Y202 nullipotent stromal cell. The major differences in
secreted protein were largely enriched for ECM components (Figure 4.8). Here | have
revealed the localisation of these ECM proteins in bone marrow in both mouse and human
tissue suggesting some conservation of function in the role of these ECM proteins. The use

of cell surface markers to identify stromal cell subtypes has long been key for identification
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and sorting for specific cell function and potency, however, | demonstrate that secreted
outputs may allow further discrimination of subtypes and may also sufficiently identify their

in vivo location if sufficiently discriminatory ECM proteins are selected.

Truly multipotent progenitors of skeletal lineages are likely to be rare in adult tissue,
and the composition of their niche may be specialised to promote their maintenance. The
deposition of varied ECM proteins could be important for maintenance of cell-function in
vivo and in vitro and offers a potential secreted marker of cell functionality. Collectively the
localisation data highlight that the primary location where all Y201 upregulated proteins
were identified was along the endosteal or trabecular region of bones, although expression
of proteins such as collagen VI, biglycan and CEMIP were fairly ubiquitous and may not
powerfully discriminate a distinct niche. CEMIP expression in mouse bone corroborated
previous in-situ-hybridization work in human bone indicating expression in endosteal
locations (Chen et al., 2019). Aggrecan and periostin demonstrate high fold-increase in the
secretome of Y201 versus Y202 and in human tissue were found underlying and colocalised
with some, but not all, CD271* bone lining cells. These proteins could help demarcate
presence of a unique stem cell niche in bone marrow along the endosteal region of bone
trabeculae, where previously multipotent progenitors, including CD271* cells have been
shown to preside (Jones et al., 2010; Nuttall et al., 1998). | hypothesise that these ECM
components are important for the generation of a specific niche to complement their
appropriate maintenance in vivo and that assaying for matrix composition of extracted cells
in vitro may help to identify appropriately potent populations. Together, the multipotent
characteristics, high CFU-F capacity and the in vivo colocalisation of CD271 and ECM
components highlights how ECM could be used to identify stem cell niche in vivo. It would
be of interest to expand the immunofluorescence work to look for dual-labelled
periostintaggrecan* niches along with more markers of known stem cell populations such
as CD146, CD56 and CD164 (Chan et al., 2018; Sacchetti et al., 2007). To determine the
importance of periostin and aggrecan to the stromal niche it would also be of interest to sort
primary human stem cells with known criteria into plastic culture and assess their matrix
production. Functional assessment of periostin and aggrecan containing matrices on stem

cell characteristics such as differentiation and self-renewal would also be of interest.

Periostin has previously been linked with controlling the regenerative potential of
periosteal skeletal stem cells, as well as supporting HSCs in the foetal liver niche and

regulating their quiescence (Biswas et al., 2020; Duchamp de Lageneste et al., 2018). The
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observation of low abundance periostin by immunofluorescence in mouse bone marrow
was extremely rare and was not reported in larger assessments of protein distribution
across whole long-bones, although BMSC-derived periostin has also been shown in mouse
to have functional effects in leukaemia, suggesting it is present in marrow (Coutu et al.,
2017; Duchamp de Lageneste et al., 2018; Ma et al., 2019). Aggrecan has a well
characterised role in cartilage development, however its role in trabecular bone and stem
cell niches is understudied. Aggrecan in cartilage facilitates compression resistance but this
key proteoglycan has also been shown to act as a binding partner for hyaluronan (HA),
which is capable of maintaining MSC quiescence, and may therefore indicate a potential
functional role for aggrecan in the MSC matrix (Watanabe et al., 1997; Wong et al., 2017).
An elegant lineage tracing study using an aggrecan-Cre mouse revealed expression of
aggrecan by mesenchymal progenitors in epiphyseal marrow during development which
could correlate with the expression of aggrecan seen in trabecular lining stromal cells (Ono
et al., 2014).

Co-expression of ITGAV with the ECM proteins further indicates a potential
mechanism for integrin binding to matrix, and could highlight the mechanisms by which
these cells interact with their local microenvironment and actively migrate across the
trabecular surface. ITGAV has also previously been shown to identify quiescent bone lining
cells that are capable of contributing to the osteogenic lineage, this population also had
some overlap with MSCs by surface marker expression and could correlate with a similar

population of cells (Matic et al., 2016).

Overall, | have identified proteins that could be important for functionality of
prospective multipotent BMSC niche that correlates with CD271* BMSC localisation in vivo.
This work reveals the potential candidacy for use of markers of the niche, in addition to cell-

surface markers, to identify stromal subpopulations.
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6 General Discussion

6.1 The aims

The aims of this PhD were to utilise a panel of heterogeneous BMSC clones to
identify variation in paracrine signalling between subpopulations and establish if secreted
factors were capable of altering the phenotype of other BMSC subtypes. -Omics
approaches were employed to screen for differences in the secretomes before using
differentially expressed secreted proteins to identify the localisation of distinct subsets in

Vivo.

6.2 Summary of key findings

CM from migratory Y201 cells was capable of increasing migration on non-migratory
Y202 cells. This was accompanied by a change in cellular morphology resulting in Y202
cells appearing more fibroblastic. 1 subsequently demonstrated that this increase in
migration could be recapitulated by culturing Y202 on ECM derived from either cell line, and
| showed that this migratory capacity was FAK-dependent. These findings demonstrating
induction of a migratory phenotype by soluble factors led me to interrogate the secreted
factors of these cell types using omics approaches. | performed LC-MS/MS and NanoString
analyses to identify differences in secreted proteins, extracellular vesicle proteins and
MiRNAS. | observed that the secretome of the tri-potent Y201 clone was highly enriched for
ECM products when compared to Y202. Subsequent investigation of the ECM produced
by Y201 and Y202 cells revealed considerable structural differences which were apparent

by SEM and FIBSEM.

I concluded from these in vitro studies of BMSC clones that the secretome of
subtypes was important for maintaining cellular phenotype, and | used information from our
proteomic approach to select candidate markers of a multipotent stromal cell ECM in vivo.
| identified the expression of 6 ECM proteins (5 upregulated in Y201 and 1 upregulated in
Y202) in mouse bone marrow, with these proteins found primarily in the endosteal regions.
| subsequently identified the expression of periostin, aggrecan, biglycan, collagen VI and
lumican in human bone marrow sections. Periostin and aggrecan were the two most highly
differently expressed proteins in Y201 secretome versus Y202 secretome. | identified rare
expression of periostin and aggrecan, predominantly lining trabecular regions in human
bone. | then used CD271 and ITGAV, well characterised markers of BMSCs, to demonstrate

colocalisation with periostin and aggrecan, exclusively in the trabecular regions, although
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not all CD271* or ITGAV® cells were positive for periostin or aggrecan, highlighting the
potential of these proteins to mark a subtype of BMSC.

Overall 1 highlighted how secreted factors from stromal subtypes are capable of
influencing BMSC behaviour, particularly migration. These data also re-iterate that more
stringent classifications are required to identify functionally distinct stromal cell populations
and that assessment of cell-secreted factors may provide an assayable approach to identify

subtypes.

6.3 Secreted factors and their potential in understanding heterogeneity and
relation to cell phenotype

There have been various studies analysing the secretome of BMSCs by proteomic
approaches, including in comparisons with MSCs isolated from alternative tissue sources.
This thesis represents a novel approach to investigate the secretome of distinct BMSC
subpopulations through comprehensive analysis of two compartments of the secretome,
investigating the soluble proteins and EV encapsulated proteins and miRNAs. The use of
the secretome to predict cell functionality is not a new concept for BMSCs, and has been
utilised in combination with transcriptomics to predict responses to possible inflammatory
situations in vivo (Chinnadurai et al., 2018). This approach, however, did not use clonal
populations and looked more generally at overall population responses, which are likely

heterogeneous.

| identified functional differences in secretomes between heterogeneous BMSCs
and subsequently identified varied abundance of secreted factors that mirrored this
heterogeneity. The ECM was consistently identified as a major difference in the secretomes

of phenotypically distinct BMSCs subtypes.

6.3.1 ECM as a regulator of BMSC function

Observations of differential ECM expression show promise as a candidate approach
for the localisation of potent subsets, but could also help in identifying the functionality of
distinct subpopulations. Given the upregulation of aggrecan and periostin in a multipotent
progenitor there is potential that these proteins may act to facilitate the maintenance of the
stem cell phenotype and be important in other aspects of the stem cell niche. Considering
the maintenance of the immortalised BMSC phenotypes in vitro, secreted ECM potentially
indicates a mechanism through which phenotype is maintained by the production of a

“niche” environment by deposition of ECM.
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The importance of periostin in stem cell niches was established in knockout mice
presenting with malformation of long-bone trabecular regions, potentially indicative of an
exhaustion of stem cell progenitors, and they also have a reduced capacity for repair from
periosteal skeletal stem cells in a model of fracture healing (Duchamp de Lageneste et al.,
2018; Rios et al., 2005). Furthermore, in HSCs, a link between ITGAV and periostin has
been established in regulation of stemness with increased proliferation and faster loss of
primitive progenitor cells in periostin knockout mice (Khurana et al., 2016). This finding of
periostin and the regulation of HSCs could possibly correlate with the functionality |
identified of improved HSC survival on the Y201 ECM ex vivo, although evidence for
incorporation of the periostin in the ECM would be needed. It may also highlight a
mechanism through which BMSC subtypes are able to support haematopoiesis in vivo
through interaction between BMSC ECM and HSCs.

In contrast to periostin there is little known about aggrecan in the role of stem cell
maintenance, perhaps due to its prevalence as a marker of cartilage and chondrogenic
differentiation, although expression of aggrecan has been seen in other studies of BMSCs
(Mwale et al., 2006). Despite the lack of information regarding aggrecan and its role in stem
cell maintenance, there is characterisation of its role in the binding of hyaluronic acid (HA)
which is a key glycosaminoglycan of ECM (Kiani et al., 2002). HA has important roles in cell
migration and has been implicated in maintenance of stem characteristics in embryonic
stem cells when cultured in a 3D hydrogel environment but not in a 2D culture (Gerecht et
al., 2007). Presentation of HA may therefore be important for function and could explain
functionality of Y201 ECM. The protein CEMIP, a hyaluronan binding protein, was also
present at higher levels in the Y201 matrix, further implicating a possible role of HA in

modifying the ECM.

The structure of the ECM produced by Y201 was visibly different to that of Y202 and
there is considerable evidence to suggest that the mechanics of growth surfaces are
capable of influencing differentiation and other cellular phenotypes such as inflammatory
signalling. The influence of surface topography and structure has been demonstrated to be
of fundamental importance for maintenance of stemness through manipulation of the
surface experienced by BMSCs, indicating that a native matrix may produce a topography
with similar characteristics (McMurray et al., 2011). It would be interesting to determine if
the mechanics of Y201 and Y202 matrices altered inflammatory signalling differently, given

the inherently high basal expression of inflammatory genes in Y202. This could correlate
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with recent work performed using hydrogels of varying stiffnesses that demonstrated BMSC
inflammatory signalling could be enhanced by a softer matrix (Wong et al., 2020). The Y202
may naturally produce a matrix that perpetuates a high basal inflammatory gene expression.
The presence of soluble matrix components in CM may also help to explain the dramatic
increase in expression of the 8 inflammatory genes in Figure 4.10 if binding to these
components is sufficient to trigger increase gene expression. This soluble expression of
ECM components from Y201 could also link to the increase in cell migration seen with

Y201CM on Y202 and how this was recapitulated using decellularized ECM.

Interestingly, TGFB1 was identified at higher levels in the EV fraction of Y201
samples and the binding partners of TGFB1, LTBP1 and LTBP2 were identified at
significantly higher levels in secretome. LTBP1 has been shown to bind TGFf1 and facilitate
its attachment to ECM (Taipale et al., 1994). TGF31 also has a role in chemotactic migration
of BMSCs as well as acting to negatively regulate osteogenic differentiation, potentially
highlighting a role in maintenance of stem-cell functionality (Maeda et al., 2004; Tang et al.,
2009b). This interplay between the ECM and the role of TGFB1 could help to explain the
regulation of the stem cell phenotype and the considerable effort that is exerted by the Y201
tripotent BMSC clone into producing and patterning its ECM. There is also a potential
coinciding role of the stromal marker ITGAV in the activation of TGF1 with various integrin
heterodimers contained ITGAV demonstrated to facilitate release of latent bound TGF31 or
bind it in its latent form (Annes et al., 2004; Asano et al., 2005; Mu et al., 2002; Munger et
al., 1998). Overall the findings indicate a strong influence of ECM on driving heterogeneous

cell functions with potential regulation by both mechanics and presentation of cytokines.

Clear distinctions between functionally heterogeneous BMSC populations can be
drawn from their secretory phenotype. The use of ECM in particular provides an attractive
prospect for the development of studies into subtype localisation and phenotype as | have
demonstrated clear differences in the ECM produced by heterogeneous stromal cell types,
and now efforts to understand the function of these ECMs and how they control BMSC
phenotype may help us to understand essential biology with regards to functions such as

migration, inflammatory response and stemness.

6.3.2 ECM as markers of in vivo BMSC subtype localization

Periostin and aggrecan subsequently proved to colocalize with CD271* and ITGAV*
bone lining cells in vivo. CD271" BMSCs have previously been shown to occur in endosteal

regions, so the colocalisation in this region indicates an appropriate localisation (llas et al.,
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2020; Tormin et al., 2011). Given the tripotent phenotype of Y201 it could be that the
expression of these matrix proteins is capable of marking tripotent subpopulation locations
in vivo (Figure 6.1). Follow up work to isolate CD271* aggrecan and periostin expressing
primary cell subsets is necessary to determine if these possible biomarkers of potency are
consistent and selective. This use of ECM components presents a novel approach to aid
localisation of specific BMSC subtypes, and expands upon the work that has previously
been undertaken to identify the localisation of BMSCs in vivo. The majority of previous
studies demonstrated localisation and potency but without complete characterisation of

heterogeneity within populations collectively expressing the same surface markers.
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Figure 6.1 The ECM may mark functionally distinct population locations in vivo

A schematic of the putative bone marrow niche of endosteal/trabecular located CD271*
cells (blue) demonstrating how the ECM components periostin and aggrecan could
potentially highlight the location of tripotent clones in vivo. CD271* BMSCs are shown lining
the endosteal region.
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6.4 Heterogeneity in the context of modern single-cell approaches

BMSCs have often been studied as if they were homogeneous populations, despite
considerable evidence for heterogeneity in their morphology, behaviour, potency and gene
expression. Heterogeneity exists both intra- and inter- donor and advances in identifying
subtypes by surface markers has proven useful at dissecting this heterogeneity to a degree
(Table 1.1). However, it is evident from the latest ScCRNAseq studies that provide
comprehensive profiling of heterogeneity at the transcriptomic level, that better markers, or
alternative ways of classifying cells, are required to unravel functionally distinct subtypes
and their locations (Baryawno et al., 2019; Tikhonova et al., 2019; Wolock et al., 2019).
These studies investigated non-haematopoietic, skeletal lineages and BMSCs through
varied isolation and separation strategies, however they all independently clustered murine
LepR* BMSCs into 4 subgroups, confirming a level of heterogeneity within the population.
Despite this, looking at expression within these groups in the study by Baryawno et al.
(2019), which offered a larger number of clusters with which to define stroma and
progenitors, there still appears to be variation within these subgroups and considerable
overlap, even in expression of markers commonly used to help define subgroups such as

LepR and CXCL12.

It is difficult to categorically state where the immortalized clones used in this study
fit in the cell-type clusters as defined in these studies, both because they are performed in
mouse rather than human cells and equally that they are categorized by relative expression
across a large number of cell subpopulations, which makes determining high and low
expression by relative comparisons tricky. For instance, CXCL12 is more highly expressed
by Y201 versus Y202 yet there could feasibly be other stromal cells that express
considerably higher CXCL12 than even Y201. However, when looking at the publicly
available datasets from Baryawno et al. (2019) and Tikhonova et al. (2019) for aggrecan
and periostin, both indicated an upregulation of the respective genes for these ECM proteins
within primitive osteolineage precursors or LepR MSCs, suggesting a potential for these to
mark potent populations, although neither study confirmed potency of cells in their relative
subcompartments, as lineage was inferred from gene expression analyses. These studies
at the single cell level undoubtedly provide considerable power for compartmentalizing,
however, the observed level of variation and stochasticity seen in transcriptomes and the
attempts to compartmentalize these may be artefacts of an absolute approach to cell

identity, when in actuality the plasticity and variation seen in BMSCs may mean that the
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overlap in phenotypes results in no true cell subgroups, but rather indicates a more plastic
and dynamic mix of phenotypes. The fluctuation in phenotypes means other methods of
distinguishing cells that overlap more closely are needed, particularly for the selection of
appropriate populations for therapies. Interestingly a study of dendritic cells by Shalek et al.
(2014) that utilized an elegant microfluidic mechanism for blocking paracrine signalling
between cells highlighted how paracrine signals were able to strongly influence
heterogeneity, therefore indicating the importance of understanding secreted factors and
their influence on cell phenotype and plasticity. | demonstrated a level of plasticity in some
aspects of cell phenotype, including inflammatory gene expression and migration, in
response to secreted factors. This provides a significantly reduced model of the complex
make-up of the bone marrow microenvironment but highlights BMSC heterogeneity and
plasticity and a potential for BMSCs to drive changes in other BMSCs phenotype through
secreted factors, which may help to drive the exceptional diversity seen in single cell

studies.

6.5 Secreted factors for selection of therapeutic populations

Periostin and aggrecan could be promising in the development of assays and
strategies for identification of tripotent cell populations for regenerative therapies, and other
more broad targets overlapping with Y101 population could be included if osteo-chondral
differentiation is required. These targets have been determined following in vitro culture of
immortalised clones and so confirmation of their specificity with primary cells will be
important, although, immortalisation of BMSCs has been shown to maintain the phenotype
of primary cells in terms of differentiation capacity, and the Y201 has previously been shown
to preserve mechanoresponsiveness seen in primary cultures (Abdallah et al., 2005;

Galarza Torre et al., 2018; Twine et al., 2018).

If secreted markers such as ECM products are identified as subtype/potency
markers then this could result in new approaches to the selection of cell populations for
therapeutic purposes (Figure 6.2). The use of ELISAs or antibody arrays may provide
appropriate throughput/sensitivity, and there is even evidence for technologies capable of
screening secreted factors at the single cell level (Hsu et al., 2018; Lu et al., 2013). The
non-destructive nature of assaying secreted factors is also of benefit for clonal expansion
and isolation of sufficient cell numbers for therapies. Furthermore this work reveals the
secreted content of heterogeneous BMSCs, providing possible avenues for the

development of conditioned media or secreted factor derived therapies through selection of
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populations with more homogeneous and therapeutically viable assortment of proteins or
EVs. Determination of how these heterogeneous secretomes may differ in various
therapeutic settings may even provide a greater arsenal of therapeutics cell populations
through understanding of the secreted factors of subtypes.
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Figure 6.2 A strategy of using secreted products for the selection of cells for
theranies

A potential pipeline for the isolation of therapeutically relevant BMSC populations from a
heterogeneous mix. Sort individual cells (potentially in combination with cell surface
markers) and expand cells in vitro. Use high sensitivity assays for detection of previously
determined secreted markers of potency (such as ECM products) and select clones for
applications based upon this approach.

6.6 Conclusions

The study of BMSC heterogeneity is important for fundamental understanding of the
roles of specific subtypes in bone marrow during homeostasis and disease, as well as for
selection of appropriate populations for therapeutics. The work presented in this thesis
reinforces the necessity for improved scrutiny and characterisation of BMSC populations,
particularly if they are to be developed for various therapeutic applications requiring

selection of homogeneous, effective and reproducible populations (Wilson et al., 2019a). In
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this thesis | aimed to demonstrate differences in BMSC subpopulation functions by a
thorough characterisation of immortalised clonal lines. | provided clear evidence for
differential protein secretion by heterogeneous BMSC clones and these secreted factors
could prove predictive of BMSC phenotype, something that could be confirmed with follow-
up studies. | specifically noted large differences in the expression of ECM proteins between
clones, which proved effective as a novel strategy for the identification of subpopulations of
BMSCs in vivo in combination with classical cell-surface markers. The ECM of specific
BMSC subtypes may drive their phenotype or act as an indicator of distinct populations, a
feature that could be confirmed with larger-scale assessments of primary BMSC cultures. |
also observed plasticity in BMSC subtype morphological, migratory and inflammatory
phenotypes that could be altered be secreted factors from other BMSCs which has
consequences for the in vitro study of BMSCs and may need to be considered when drawing

conclusions from mixed populations of cells from primary cultures.

The development of technologies to investigate heterogeneity at the single-cell level
is likely to reveal increasingly heterogeneous populations of BMSCs. Investigation and
compartmentalisation of populations by their transcriptomic profiles is informative, however,
| propose that assessment of BMSC secretomes could prove useful as a non-destructive
methods for characterisation and identification of functionally distinct cell subpopulations,

as well as potentially improving selection of therapeutically effective populations.
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7 Appendix

Supplementary Table 1 List of proteins and fold changes between 44 proteins
significantly more abundant in Y201 vs Y202 total secretome

Log2 fold Log2 fold Log2 fold
Protein change Y201 vs | Protein change Y201 vs | Protein change Y201 vs
Y202 Y202 Y202
ACAN 6.71 SULF1 3.44 LAMC1 1.93
POSTN 6.17 OLFML2B 3.39 THBS1 1.81
C2 6.06 THBS2 3.31 VCAN 1.81
CD248 493 THBS3 3.14 NOTCH3 1.77
CEMIP 492 CXCL12 2.99 LTBP1 1.70
COL5A3 4.56 ENPP2 2.93 ADIRF 1.68
HSPB6 4.56 SPOCK1 2.88 TNXB 1.60
SERPINB2 4.26 AKAP12 2.82 DCN 1.59
TNFRSF11B 416 S100A4 2.79 COLBA1 1.44
MASP1 413 MY LK 2.75 LTBP2 1.37
CRIP2 3.84 CYTL1 2.44 NOTCH2 1.32
LAMAZ2 3.80 JAG1 2.29 FN1 1.17
SCUBE3 3.68 MFAP2 2.22 FABP5 1.10
A2M 3.66 NOV 2.20 ADAMTS7 1.08
ADAMTS1 3.47 BGN 1.93
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Supplementary Table 2 List of proteins and fold changes between 129 proteins
significantly more abundant in Y202 vs Y201 total secretome

Log2 Fold Log2 Fold Log2 Fold

Protein change Y202 vs | Protein change Y202 vs | Protein change Y202 vs
Y201 Y201 Y201
DKKA1 infinite PSAT1 2.24 WARS 1.47
CESH 6.49 SRPX2 2.23 FLNB 1.46
DS 5.23 AKR1B1 2.20 LTBP4 1.45
LCP1 478 HEXB 2.13 PLOD3 1.45
QPCT 459 MINPP1 2.09 PDXK 1.43
DSC3 4.39 FLRTZ2 2.08 GSS 1.43
COL4AS 4.38 HNRNPC 2.07 CLSTN1 1.42
IL18 420 HGS 2.06 RNASETZ2 1.42
P5G9 4.04 PSPH 2.M FKBP4 1.40
|GFBF2 3.66 CAP2 1.99 WDR1 1.38
BCHE 3.61 PGM1 1.97 SEC31A 1.37
OLFML1 34 TARS 1.94 NPC2 1.35
EIF4A2 3.39 RCN1 1.92 ADAMT S5 1.33
PLOD2 3.36 ERP29 1.91 EZR 1.33
CPA4 3.36 PFKP 1.90 P3H1 1.30
MATNZ 3.32 CFH 1.79 FHL2 1.29
LUM 3.28 PA2G4 1.79 CTSZ 1.28
AP2A1 3.23 CFB 1.77 KTN1 1.28
HSPA13 3.15 CDH3 1.75 PXDN 1.26
DKK3 3.08 HSPB1 1.72 GLRX3 1.23
MSLN 293 MANZA1 1.71 CCT7 1.14
NPR3 292 HAGH 1.71 PSMEZ2 1.14
PSMD1 289 AXL 1.69 CLTC 1.13
PRKACA 272 LRRFIP1 1.69 CNN2 1.10
SERPINBE 2.70 DAG1 1.69 FBN1 1.10
CRYAB 2.66 TALDO1 1.68 IQGAP1 1.10
| CAMA 2.64 RGMB 1.68 ANXAT 1.04
EMILIN2 2.55 BTD 1.67 UGGT1 1.01
NNMT 254 GBP1 1.67 CsT3 0.99
LOXL3 252 FSTL1 1.65 CCT5 0.95
PGM3 2.51 GSTM3 1.65 FHL1 0.92
PDLIMA1 249 COL5AZ 1.64 PKM 0.90
PVR 240 CCTBA 1.63 KPNB1 0.87
TUBB2A 240 COL12A1 1.63 | DH1 0.87
ATPSB 2.38 SERBP1 1.61 RBMX 0.80
CLU 2.37 TWSGH 1.61 SCRM1 0.76
UCHL1 2.36 SERPINH1 1.57 OLFML3 073
P4HA1 2.36 HY OuU1 1.56 XPNPEP1 0.73
NANS 2.35 CYR61 1.54 TAGLN2 072
ULBP2 2.3 UBA1 1.54 PABPC1 0.63
AKR1C3 2.3 S0D1 1.50 CSRP1 0.47
FAM3C 226 GGH 1.49 GSTO1 0.45
LGMN 2.25 CNDP2 1.48 PLOD 0.45
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Supplementary Table 3 List of proteins and fold changes between 162 proteins
significantly more abundant in Y201 EVs vs Y202 EVs

Log2 Fold Log2 Fold Log2 Fold

Protein change Y201 vs | Protein change Y201 vs | Protein change Y201 vs
Y202 Y202 Y202
AKAP12 9.17 MYO1D 2.40 DSTN 1.35
SLC26A1 8.56 PSAT1 2.32 LRRC17 1.35
SULF1 7.86 NRP1 2.31 AARS 1.34
HIST2H3A 6.52 IGSF8 2.29 ACTN1 1.34
BST1 4.81 MAPK1 2.28 CALM1 1.30
GJA1 4.75 PTP4A2 2.25 GLIPR2 1.29
CPNE2 4.41 PCOLCE 2.17 ITGA7 1.29
FLOT1 4.25 CDH11 2.14 SRC 1.29
HSPB6 4.13 ARPC1B 211 PGAM1 1.27
SLIT3 4.12 COL6A3 2.10 CPNE1 1.24
S100A4 4.11 WDR1 2.07 COL1A2 1.22
MAP1B 3.94 QSOX1 2.06 EHD2 1.22
SQSTM1 3.78 TGFBI 2.06 ERP29 1.21
ITGA11 3.70 COL6A2 1.96 VIM 1.20
40787 3.65 PDCD6IP 1.94 SARS 1.18
CPNES8 3.58 SCUBE3 1.92 ALPL 1.17
BGN 3.44 HTRA1 1.91 KPNB1 1.17
LRRC32 3.40 FN1 1.88 MYO1B 1.16
HEG1 3.33 RFTN1 1.88 CSRP1 1.12
PLAUR 3.31 CLIC4 1.86 RAB7A 1.10
CD63 3.30 EHD1 1.86 RAB32 1.10
CEMIP 3.25 PLXNB2 1.82 LDHB 1.09
FH 3.23 COL6A1 1.80 LMAN1 1.09
RHOC 3.19 SLC1A4 1.76 YWHAH 1.09
RECK 3.12 PAFAH1B1 1.76 ANXA2 1.08
ITGA4 3.06 COL1A1 1.74 ST13 1.08
FAP 3.03 WNT5B 1.74 RPL27 1.08
CAVIN1 2.99 ATP2B4 1.73 RAB6A 1.03
CALD1 2.83 LDHA 1.71 RPL10 1.01
PTTG1IP 2.80 RELN 1.70 STOM 1.00
SLC1A5 2.75 A2M 1.69 POSTN 0.98
PTGFRN 2.75 CHMP1A 1.69 RAB1B 0.97
LAMB2 2.75 CAPNS1 1.64 CD44 0.96
VTA1 2.74 ACTN4 1.59 PFN1 0.93
RNH1 2.73 TAOK3 1.59 HSPD1 0.92
KIDINS220 2.69 HNRNPM 1.59 GFPT1 0.91
MRGPRF 2.69 CD9 1.54 STAT1 0.89
COL4A2 2.67 CORO1C 1.53 RAC2 0.88
CD81 2.62 YWHAQ 1.50 YWHAG 0.86
CSPG4 2.62 uBB 1.49 HBA1 0.85
CHMP2A 2.61 NRAS 1.49 TFRC 0.84
RPL29 2.58 CPNE3 1.49 DPYS 0.81
SDCBP 2.57 CYFIP1 1.46 RPSA 0.80
TTYH3 2.57 RPL6 1.46 CLTC 0.78
ANPEP 2.54 COL4A1 1.45 HSPA8 0.76
ENAH 2.50 FSCN1 1.44 HSP90AA1 0.75
TGFB1 2.48 KCTD12 141 MAMDC2 0.70
DCN 2.48 CD59 141 EEF2 0.67
VDAC1 2.46 LAMP1 1.40 ACTB 0.66
GPC1 2.46 IQGAP1 1.39 TLN1 0.65
ADAM9 2.44 CAP1 1.38 FLNA 0.65
PDLIM5 2.42 STXBP2 1.37 GANAB 0.63
PODXL 2.41 RPL17 1.37 APOM 0.60
FARP1 2.40 PABPC1 1.35 TNXB 0.57
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Supplementary Table 4 List of proteins and fold changes between 14 proteins significantly
more abundant in Y202 EVs vs Y201 EVs

Log2 Fold change

Protein 502 vs Y201
LTF 482
MATN2 4.08
RAB1A 2.71
NAV1 2.40
AFM 2.13
TSPAN14 2.05
UCHL1 1.97
NG 1.02
FSTLA 1.66
LOXL3 1.62
PLOD2 1.34
PLSCR3 1.33
CTGF 1.11
JCHAIN 0.36
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Supplementary Table 5 List of Matrisome annotated proteins that did not differ
significantly in normalised abundance between Y201 and Y202 total secretome

Mean Normalized Mean Normalized Mean Normalized
Protein Abundance Log2 FC  Protein Abundance Log2 FC  Protein Abundance Log2 FC
Y201 Y202 Y201 Y202 Y201 Y202
SPARC 1.24E+09 1.22E+09 0.02 SRGN  6.17E+06 7.44E+06 -0.27 SVEP1 510E+05 4.17E+05 0.29
COL1A2 8.68E+08 7.32E+08 0.25 TNC 5.72E+06 3.49E+06 0.71 PAMR1 5.01E+05 8.62E+05 -0.78

COL1A1 4.28E+08 447E+08 -0.06 |SERPINE1 4.93E+06 1.52E+07 -1.62 SEMASA 4.26E+05 2.33E+05 0.87
IGFBP7 3.98E+08 4.05E+08 -0.02 CRIM1  4.89E+06 6.80E+06 -0.47 PLAU 4.03E+05 1.20E+06  -1.57
TIMP1 1.86E+08 1.14E+08 0.71 CSPG4 3.93E+06 7.15E+06 -0.86 CSsTB 3.70E+05 9.22E+05 -1.32
FBLN1  1.30E+08 5.57E+07 1.22 ADAM10 3.69E+06 3.16E+06 0.22 CCBE1 3.46E+05 1.12E+06 -1.70
ECM1 1.13E+08 7.05E+07 0.68 CD109  3.69E+06 2.60E+06 0.51 PAPPA  3.36E+05 5.81E+05 -0.79

COL6A2 1.08E+08 4.69E+07 1.21 LAMA4  3.69E+06 1.99E+06 0.89 SDC4 3.29E+05 1.94E+05 0.76
COLBA3 7.94E+07 2.73E+07 1.54 CTSL 3.67E+06 6.57E+06  -0.84 COL11A1 3.02E+05 1.92E+05 0.65
TGFBI  7.20E+07 1.37E+07 2.39 INHBA  3.43E+06 9.78E+05 1.81 ADAMTS2 2.88E+05 1.48E+05 0.96
COL4A2 7.19E+07 4.57E+07 065 |SERPING1 3.35E+06 2.39E+06 0.49 SRPX 2.65E+05 6.49E+05 -1.30
LGALS1 6.41E+07 8.47E+07 -0.40 SEMATA 3.30E+06 4.15E+06 -0.33 ADAM15 2.41E+05 1.51E+05 0.67
TIMP2  6.15E+07 5.80E+07 0.09 IGFBP1  3.23E+06 4.90E+06 -0.60 FST 2.40E+05 2.23E+05 0.11

PCOLCE 6.07E+07 3.63E+07 0.74 EFEMP2 3.06E+06 3.22E+06 -0.07 |SERPINB1 2.11E+05 5.82E+05 -1.46
IGFBP6 6.02E+07 2.74E+07 1.14 AGRN  3.06E+06 1.39E+07 -2.18 LGALS3 2.01E+05 9.52E+04 1.08
COL3A1 5.63E+07 1.44E+08 -1.36 COLBA1 3.01E+06 2.51E+06 0.26 SMOC1 1.99E+05 2.21E+05 -0.15
IGFBP4 5.47E+07 3.82E+07 0.52 CTSD 2.50E+06 4.18E+06 -0.74 GAS6 1.92E+05 1.54E+05 0.32

HSPG2 5.21E+07 4.99E+07 0.06 EMILIN1 2.45E+06 3.08E+06 -0.33 PLAT 1.75E+05 2.13E+05 -0.28
COL4A1 5.08E+07 5.03E+07 0.01 NID2 2.19E+06 4.36E+06  -0.99 SBSPON 1.72E+05 2.67E+05 -0.64
CTSB  4.86E+07 2.62E+07 0.89 CSF1 2.15E+06 2.15E+06 0.00 WISP2  1.54E+05 8.07E+05 -2.39
EFEMP1 4.30E+07 8.44E+07 -0.97 GPC1 2.12E+06 2.33E+06 -0.14 ADAM12 1.18E+05 1.41E+05 -0.26
MMP2  3.81E+07 512E+07 -0.43 FBN2 1.98E+06 5.37E+06 -1.44 PRELP  1.01E+05 1.39E+05 -0.45

IGFBP3  2.23E+07 8.93E+06 1.32 CLEC11A 1.82E+06 3.08E+06 -0.76 NTN4 9.47E+04 4.40E+04 1.11
COL5A1 2.22E+07 2.83E+07 -0.35 FBLNS .57E+06 5.55E+05 1.51 SEMA3B 8.94E+04 295E+05 -1.72
MFAPS  2.14E+07 1.12E+07 0.93 FSTL3 .56E+06 2.38E+06  -0.61 PCOLCE2 7.90E+04 3.53E+04 1.16

SERPINEZ 1.96E+07 1.86E+07 0.07 LAMA1  1.49E+06 7.55E+05 0.98 LIF 7.85E+04 1.55E+05  -0.98
ITIH2 1.73E+07 8.98E+06 0.95 LOXL1 1.35E+06 3.03E+06  -1.17 MMP19  7.53E+04 1.33E+05 -0.82
MFGE8 1.61E+07 1.37E+07 0.23 MEGF6 1.31E+06 2.69E+06 -1.04 AGT 7.10E+04 8.95E+04  -0.33

HTRA1  1.35E+07 7.71E+06 0.81 LAMB2
LAMB1  1.31E+07 8.20E+06 0.67 MMP1

.28E+06 3.76E+05 1.77 ANXA6 6.81E+04 1.13E+05 -0.73
.25E+06 4.26E+06  -1.77 GDF15  4.60E+04 1.55E+05 -1.75
S100A11  1.27E+07 1.05E+07 0.28 HAPLN1 ATE+06 3.90E+05 1.59 |SERPINF1 4.16E+04 2.20E+03 424
LOX 1.11E+07 9.54E+06 0.22 FBLN7 .09E+06 3.95E+05 1.46 ADAM17 3.74E+04 8.40E+04  -1.17
LOXL2 1.05E+07 9.83E+06 0.10 LAMAS5  9.57E+05 2.99E+05 1.68 LTBP3  3.52E+04 1.13E+05 -1.68
NID1 9.96E+06 6.62E+06 0.59 S100A16 8.93E+05 6.61E+05 0.43 ANGPT1 3.30E+04 7.79E+04 -1.24
CLEC3B 9.53E+06 1.48E+07 -0.61 CTSA  8.15E+05 6.92E+05 0.24 SNED1  2.68E+04 8.93E+03 1.59
CTGF  7.95E+06 7.46E+06 0.09 |ADAMTSL1 7.45E+05 1.63E+06 -1.13 VIT 2.35E+04 2.91E+04  -0.31
ABI3BP 7.95E+06 1.03E+07 -0.38 CTHRC1 T7.41E+05 5.81E+04 3.67 SEMA3F 1.56E+04 5.67E+04 -1.86
RELN 7.83E+06 1.90E+06 2.04 VEGFC 6.51E+05 1.02E+06  -0.65 PAPPA2 8.62E+03 0.00E+00 infinity
BMP1 7.23E+06 7.78E+06  -0.11 EDIL3 6.42E+05 1.84E+06  -1.52 ESM1 468E+03 2.26E+04  -2.27
ANXA2  7.17E+068 5.57E+06 0.36 ANXA5  5.63E+05 5.00E+05 0.17 PDGFC 3.68E+03 3.87E+04 -3.39
ADAM9 7.14E+06 8.78E+06 -0.30 MMP14  5.13E+05 2.63E+05 0.97
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7.1 Code used for EV miRNA data processing

***{r setup, include=FALSE}
knitr::opts_chunkSset (echo = TRUE)
library (readxl)
library (tidyr)
library (data.table)
library (plyr)
library (dplyr)
library (ggplot2)

library (ggrepel)

library (pheatmap)

library (viridis)
source ( 'mysummary.R')

#Read Data in

Read data in from Excel file

***{r Original import, include=FALSE}
miRNA <- read excel ("nanostring export table.xlsx")

“* Y {r Tidying}
names (MiENA) <- < ("miRNA",
"Accession™,
"Class MName",
"Enalyte Type",
"PC_Samples above Threshold™,
"yz2o0z_av,
"yY202_B",
"yz2o0z_c",
"y202_D",
"yi01l_a",
"y1l01_B",
"yi01l_c",

"yl0l_ D",
"yioz_a",
"yl0z_B",
"yigz_c",
"yl0z_D",
"Y201_av,
"y201_B",
"y201_c",
"y201_D",

"yl01ls A",
"¥1015_B",
"yYli01ls c",
"¥1015_D",
"Y101_avg",
"Y102_awvg",
"Y201_avg",
"Y202_avg",
"Y101.5_avg",
"Y202_st.dev",
"Y101l st.dev",
"Y102_st.dev",
"Y201_st.dev",
"Y101.5_ st.dev")
MiRMA <— miENA[,1:25]

# column type indexes

¥202 <— which(colnames (miRNA) %like% "Y202 ™
Y201 <- which(colnames (miRNA) %like% "Y¥201 "
Y101 <— which(colnames (miRNZ&) %like$% "Y101 ™
Y102 <- which(colnames (miRNA) %like% "Y102_"
¥101.5 <- which (colnames (miRNA) $%$1like% "Y1015 ™)
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"**{r Stack gather data}
miRMA stack <- miRNA $>%
gather (key,value="count"”,
—miENA,
—-Accession,
—Class_Name,
—Enalyte Type,
—-PC_Samples_ above Threshold) %>%
extract (key, c("celltype", "rep"),
"(YL0-91{3,4N\\_(.)™)

# Extract column name into two columns, celltype and replicate, ¥[numbers]{3 or 4 numbers
in the sample name) }

# Gather data - value="count" renames value column to count

# $>% is called a pipe - instead of intermediate data frames pipe the ocutput of one command
straight intoc the input of the next

“*{r Calculate means}

miRNA SUM <- mysummary (data=miRNA stack, measurevar = "count"”, groupvars = c("celltype",
"miRN Yl))

str (miRNA _SUM)

Sy
HEH R R R R R R R R

#

# identifying sig differences between all lines

#

HEH R R R R R R R

# factor levels
miBRNA List <- unique (miRNA stackSmiRNA)
# build Im of miRNA counts by cell type ~ lineage for each gene #unique makes list based
upon unigue names (828 * 5%n4)
# miRNA stackSmiRNA is tidy: (Stacked data)
models <- sapply(miRNA List, function(my) {
Im(count ~ celltype, data = miBNA stack, miRNA == my)
}, simplify = FALSE)

# apply AENOVA to Ilm for each gene
RNOVA.tables <- sapply(models, anova, simplify = FALSE)

ANOVA.tables[1]

# create table of miRNAs, p values and whether signifcant

# unpopulated table

miRNMA tests all <- data.frame miRNA = character(), F = numeric(}), p = numeric(), sig =
logical())

#i is a convention used for index - when making a for loop it can be used to signify the
changing index
for(i in l:length (ANOVA.tables)) {
F <- round (ANOVA.tables[[i]]1[["F wvalue™]1]1[1]1, 3)
p <- round (ANOVA.tables[[i]1[["Px(>F)"11[1]1, 4)
sig <- p <= 0.05
miRNAnova <— hames (ANOVA.tables[i])
miRNA tests all <- rbind(miRNA tests all, data.frame (miRNAnova, F, p, sig))
}

table (miRNA tests allSsig)

ggplot (data = miRNA_tests_all, aes(p)) +
geom histogram(bins = 20, fill = "white", color= "black")

#Make histogram of counts for all samples

ey

hist (miRNA stackScount)

#Make a subset of 201s wvs 202s

ey

miRMA stack 201vs202 <- miRNA stack[miRNA stackScelltype $like% "¥20",]

v
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ey
#add a tag to indicate whether a count is >20 and excludes loading controls and spike ins
as all true miBRNA will have prefix "hsa-"

miRNA stack 201wvs2025filter <- miRNA stack 201vs2Z0ZScount >= 20 &

miRNA stack 201vs2025miRNA $like$ "hsa-"

#check how many individual samples have counts greater than 20

table (miRNA stack 201vs2025filter)

#make list of unigue miRNAs that have at least one sample with counts >=20

miRNA over20 <- unique (miRNA stack 201vsZ02SmiRNA[miRNA stack 201wvs2025filter])

#select from miRNA stack where the miRNA is in the list

miRNA filtered <- miBNA stack 201vs202 [miRNA stack 201vsZ025miRNA $in% miRNA over2(, ]

)
FHEFEFRE R EE R A AR A AR R R A R A R A AR R R A

#

# identifying sig differences between all lines for Filtered set
#

FHEFEFRE R R A AR A A R AR R R A R A R A AR R R

# factor levels
miRNA List <- unicue miRNA filteredSmiRNA&)
# build 1m of miRNA counts by cell type ~ lineage for each gene #unicque makes list based
upon unicue names (828 * 5%nd)
# miRNA stack$miRNA is tidy: (Stacked data)
models <- sapply(miRNA List, function(my) {
Im(count ~ celltype, data = miRNA filtered, miRNA == my)
}r simplify = FALSE)

# apply ANOVA to 1m for each gene
ANOVA.tables <- sapply(models, anova, simplify = FALSE)

AMNOVA.tables[1]

# create table of miENAs, p values and whether signifcant

# unpopulated table

miRNA tests_all <- data.frame (miENA = character(), F = numeric(), p = numeric(), sig =
logical())

#i is a convention used for index - when making a for loop it can be used to signify the
changing index
for(i in 1l:length (ANOVA. tables) ) {
F <- round (ANOVA.tables[[i]]1[["F walue"11[11, 3)
p <- round (ANOVA.tables[[i]][["Pr(>F)"11[1]1, 4)
sig <— p <= 0.05
miRNZnova <— names (ANOVA.tables[i])
miRNA tests all <- rbind(miRNA tests all, data.frame (miENZnova, F, p, sig))
}

table (miRNA tests allSsig)

ggplot(data = miRNA tests all, aes(p)) +
geom histogram(bins = 20, fill = "white", color= "black")

Make a subset of 201s ws Z02s
“iry
miRNA stack 201vs202 <- miRNA filtered[miRNA filteredS$celltype %like% "¥20",]

“ry

FEFHFEE A A R R R R R R R R R R R R R

#

# identifying sig differences between 201 and 202

#

FHEFH R A R R R R R R R R R R R R

# factor levels
miRNA list 201vs202 <- unigue (miBNA stack 201wvs2025miRNA)
# build Im of miRNA counts by cell type ~ lineage for each gene #unique makes list based
upon unique names (828 * 5#%nd)
# miRNA stack 201vsZ025miRNA is tidy: (Stacked data)
models <- sapply(miRNA list 201vs202, functionimy) {
Im({count ~ celltype, data = miRNA stack 201vs202, miRNA = my)
}r simplify = FALSE)
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# apply ANOVA to Im for each gene
ANOVA.tables <- sapply(models, anova, simplify = FALSE)

ANOVA .tables[1]

# create table of miENAs, p values and whether signifcant

# unpopulated table

miRNA tests 201vs202 <- data.frame miRNA = character(), F = numeric(), numDf = numeric (),
dencmDf = numeric(), p = numeric(), sig = logical())

#i is a conwvention used for index - when making a for locp it can be used to signify the
changing index
for(i in 1:length (ANOVA.tables)){

F <- round (ANOVA.tables[[1]][["F valu="]1][1], 3)
p <- round (ANOVA.tables[[i]]1[["Pr(>F)"11[11, 4)
numDf <- ANOVA.tables[[i]][["DE"]]1[1]

denomDf <- ANOVA.tables[[i]][["DEf"111[2]

sig <—- p <= 0.05

miRENAanova <- names (ANOVA.tables[i])

miRNA tests 201vs202 <- rbind(miRNA tests 201vs202, data.frame (miRNAanova, F, numDf,
dencmDEf, p, sig))
}

ANOVA.tables[[1]]1[I["DE"]]
table (miRENA tests 201vs2025siqg)
write.table (miRNA tests 201vs202, file="miRNA tests 201vsZ02.csv", sep=",")

ggplot (data = miRNA tests 201vs202, ass(p)) +
geom histogram(bins = 20, £ill = "white", color= "black")
ey
#Multiple test correction - use package 'g-value'
#library (gvalue)
# miRNA tests 201vs2025g <- gvalue (miRNA tests 201vs2025p, fdr.level = 0.05, pi0 =
0.2125) Sgvalues
#MiRNA tests_201vs2025g <- p.adjust (miRNA_ tests_201vs2025p, method = "BH")
#MiRNA tests_201vs2025g sig <- miRNA tests_201wvs2025g <= 0.05
ey
# making heatmap of p miRNA differences 201 wvs 202
Y201vs¥202sig <- miRNA tests 201vs2025miRNA[miRNA tests 201vs2025sig]
Y201vsY202sig «<- droplevels (Y201lvsY20Zsig)
Y201lvs¥202sig <- as.character (Y201lvsY202sig)
Heatmap201lvsZ02 <- miRNA[miENASmIiENA %in% Y201lwvsYZ02sig, ]

v

S qry
Heatmap20lvs202 <- as.data.frame (HeatmapZ0lvs202)
row.names (Heatmap201vs202) <- HeatmapZ0lvs2025miRNA
Heatmap <- HeatmapZ0lvs202 %>% select(Y202_A, ¥Z0Z_B, Y202 C, Y202 D, Y201_A, Y201_B,
Y201 ¢, ¥201 D) %>% as.matrix()
cal z score <- function(x){
(x-mean(x))/sd(x)
}
Heatmap norm <- t(apply(Heatmap, 1, cal z score))
sample col <- data.frame (lineage=rep (c("Y201", "¥202"),c(4,4)))
row.names (sample col) <- colnames (Heatmap)
helust201202 <- heclust (dist (Heatmap norm), method="complete™)
plot (hclust201202)
#fmiENAclust <- cutree(tree=as.dendrogram(hclust201202), k=2)
rheatmap (Heatmap norm, clustering method="complete”,
annotation col=sample col,
color = viridis (100},
cutree rows = 2,
cutree cols = 1)
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Abbreviations

bFGF — basic fibroblast growth factor

BMSC — Bone marrow stromal cell

CAR cell - CXCL12 abundant reticular cell

CFU-F — Colony Forming Unit Fibroblast

CM — Conditioned media

CXCL12 — C-X-C motif chemokine 12/Stromal derived factor 1
DAPI - 4'.6-diamidino-2-phenylindole

DKK1 — Dickkopf related protein 1

DMEM - Dulbecco’s Modified Eagle Medium
DMSO - Dimethyl sulfoxide

ECM — Extracellular Matrix

EDTA — Ethylenediaminetetraacetic acid

EV — Extracellular Vesicle

FA — Focal adhesion

FAK — Focal adhesion kinase

FAKi — Focal adhesion kinase inhibitor

FBS — Foetal Bovine Serum

FIBSEM — Focused ion beam scanning electron microscopy
GFP — Green fluorescent protein

GO - Gene ontology

HA — Hyaluronic acid

HSC - Haematopoietic Stem Cell

hTERT — Human telomerase reverse transcriptase
IFNy — Interferon gamma

IFNYR1 — Interferon gamma receptor 1

IL10 — Interleukin-10

IL12 — Interleukin-12
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IL18 — Interleukin-18

IL6 — Interleukin-6

IL8 — Interleukin-8

ISCT — International Society for Cell and Gene Therapy
ISEV — International Society for Extracellular Vesicles
LC-MS/MS - liquid chromatography tandem mass spectrometry
LPS — Lipopolysaccharide

LTBP(1,2,3 or 4) — Latent transforming growth factor beta binding protein (1, 2 ,3 & 4)
miRNA — Micro ribonucleic acid

MRNA — Messenger ribonucleic acid

MSC — Mesenchymal stem cell

NFkB — Nuclear factor kappa B

NK cell — Natural Killer cell

OSX — Osterix

PBMC — Peripheral blood mononuclear cell

PBS — Phosphate buffered saline

PDGFRa - Platelet derived growth factor receptor alpha
PDGFR} - Platelet derived growth factor receptor beta
PFA — Paraformaldehyde

PRX1 — Peroxiredoxin 1

RNAseq — RNA sequencing

scRNAseq — single cell RNA sequencing

SE — Standard error

SEM — Scanning electron microscopy

TEM — Transmission electron microscopy

TGFB — Transforming growth factor beta

TGFBR2 — Transforming growth factor beta receptor 2

TNFa — Tumour necrosis factor alpha
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TSG-6 — TNFa stimulated gene 6
VEGF — Vascular endothelial growth factor

W/V — weight to volume
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