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Introduction

1. Introduction

1.1. Haematopoietic system

Haematopoiesis is the process of production and differentiation of mature blood cells from
haematopoietic stem cells (HSCs) in the bone marrow¥2. This maintains a balance of cells and soluble
factors within the blood during the lifetime of an individual'2. The HSCs are quiescent for most of their
lifespan, but when activated can undergo either asymmetric division to maintain stem cell number
while generating new progenitors, or symmetric divisions that generate either 2 stem cells or 2
progenitors®. Differentiation of HSCs to mature cell types is a multistep process, in which HSCs first
give rise to multipotent progenitor cells, with a decreased capacity of self-renewal’?. Subsequent steps
of differentiation diminish self-renewal ability, while the proliferative activity tends to increase. The
multipotent progenitors give rise to lineage-specific common myeloid progenitor (CMP) or lymphoid
progenitor (CLP) cells. These cells have no true self-renewal potential and instead undergo proliferative
differentiation into cells of the myeloid lineage such as megakaryocytes, monocytes, granulocytes and
erythroid cells; or into cells of the lymphoid lineage such as B-, T-, natural killer (NK-) and dendritic

cells, respectively (Figure 1)*2,

Bone marrow

'
. Hematopoetic stem cell

¢ (HSC)
(@ Multipotent progenitor
cells (MPP)
1 ' 1
Commc_)n myeloid Common lymphoid
progenitor cell progenitor cell (CLP)
| (CMP) |
Megakaryocyte erythroid Granul9cyte macrophage
progenitor cell (MEP) progenitor cell (GMP)
| Dendritic cell NK-cell T-cell B-cell
l l progenitor progenitor progenitor progenitor
Erythroid Monocyte
. Granulocyte
Megakaryocyte "
e pmf;? ftor progenitor cell l Dendriticcell ~ NK-cell T-cell B-cell
o0 3
© .
Platelets Erythrocytes Eosinophil Basophil Neutrophil Macrophage

Figure 1 Hierarchal differentiation of haematopoietic stem cells to mature blood cells. Created with

BioRender.com?.
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The self-renewal and differentiation of the HSCs to mature blood cells is tightly regulated by intrinsic
and extrinsic process within the bone marrow?°. Accordingly, disruption of the balance between
self-renewal and differentiation can lead to a disease state. The risk of such disruptions increases with
aging as mutations accumulate in the stem cell pool. While the majority of mutations has either no
affect or is disadvantageous for the stem cell, some mutations can interfere with the balance between
self-renewal and differentiation and result in outgrowth of the affected clone. Low-level,
non-neoplastic over-representation of a mutated clone is known as clonal haematopoiesis (CH) and is
now recognised to be a common phenomenon in the elderly®. However, the accumulation of more
disruptive mutations, sometimes in addition to a pre-existing CH mutation, leads to more severe
phenotypes, including myelodysplastic neoplasms (MDS) or acute myeloid leukaemia (AML)”°. In all
these cases, the changes intrinsic to the mutated haematopoietic clone are accompanied by changes
in the bone marrow microenvironment (BMME) or “niche” with which it interacts, so that disease
progression is determined by the properties of the niche as a whole, and not simply by those of the

haematopoietic clone.

1.2. Bone marrow microenvironment

The BMME forms a variety of different niches within the bone marrow. A bone marrow niche is a
distinct anatomical location where haematopoiesis is supported by intricate signalling between the
haematopoietic compartment and the other “stromal” cells that surround it. Communication takes
pace via cell-cell; cell-matrix interactions and by the paracrine release of soluble growth factors and

10-12 haematopoietic bone marrow niches are further divided into endosteal (near the bone)

cytokines
and vascular (near blood vessels) niches'>!3, which can involve either sinusoidal or arterial
endothelia'®. Each of these niches typically comprise a dynamic assembly of cellular components that
includes mesenchymal stromal (MSCs), endothelial, osteogenic, adipogenic, neuronal, and
haematopoietic cells as well as non-cellular components including extracellular matrix (ECM) and

exosomes!!”

13, Although the essential role of bone marrow niches in maintaining the stem cell pool
and regulatory haematopoiesis is widely accepted, it is far from completely characterised. This is partly
because the complexity of cellular interactions takes place in a 3D environment of superimposed

growth factor signalling, metabolic, and oxygen gradients%*314

, all of which are likely to contribute to
homeostasis. De-regulation in any of these niche characteristics could potentially disrupt normal
haematopoietic, control mechanisms, and promote a disease phenotype!®'>20, A common starting

point for characterisation of niche interactions has been to focus on mesenchymal stromal cells. These
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cells are not only a major supportive component for normal haematopoiesis but also are involved in

the evolution of clonal disorders such as MDS and AML01813,21,22
1.2.1. Mesenchymal stromal cells

From the analytical perspective, MSCs are generally described as a plastic-adherent subset of
non-haematopoietic cells in the bone marrow with the ability of osteogenic, adipogenic and
chondrogenic differentiation?. However, over the years there has been many discrepancies about the
nomenclature and other tissue sources of these cells?372%. Therefore, in 2006, International Society for
Cellular Therapy defined a minimal set of criteria for the MSCs®. They state MSCs i.e. multipotent
mesenchymal stromal cells as plastic-adherent cells, which must express surface specific antigens like
CD105, CD73 and CD90 and lack CD45, CD34, CD14 or CD11b, CD79a or CD19, and HLA class II%.
Additionally, the cells must be able to differentiate into osteoblasts, adipocytes and chondroblasts
in vitro®3. However, the different differentiation pathways of the MSCs are not strictly separated. There
seems to be a balance and plasticity among the differentiation pathways, which is governed by
epigenetic mechanisms?2. Different subsets of bone marrow MSCs express different markers like
SCA-1, CD271, CD146, CD166, nestin, and platelet-derived growth factor-a?*?>?’, Within the bone
marrow, the MSCs provide indispensable cues for haematopoietic stem and progenitor cell (HSPC)

homeostasis, mobilisation, and homing?.

MSCs comprise about 0.001 to 0.01 % of the bone marrow cells?® that are mostly present in the
perivascular area wrapped around the vessels!®?°, They are involved in organization of the
haematopoietic microenvironment via cell-cell contact, and matrix bound paracrine secretion of
growth factors?22%31, Modulation of HSC and HSPC development by MSCs has been attributed to the
difference in the location of the MSCs and growth factors within the bone marrow%#2232 The MSCs
near the bone surfacei.e. close to their differentiated counterparts, osteoblasts and near the arterioles
are thought to promote HSC quiescence!®'*2232 Moreover, the MSCs close to the sinusoidal niches are
thought to be involved in HSPC maintenance and retention®!#22_ |n addition, the HSPCs fate is also
governed by cell-cell contact via presentation of notch ligands3%34, Furthermore, HSPC mobilization,
cycling and differentiation is governed by paracrine signalling mediated by soluble growth factors like
stem cell factor (SCF), Stromal cell-derived factor 1 (SDF-1), transforming growth factor beta (TGFB),
activins, and various immunomodulatory cytokines?%3>3, Generally in the bone marrow, growth
factors secreted by the MSCs and other stromal cells are bound to different ECM components, thereby
maintaining a gradient of growth factor pool3®37-*!, Interactions of MSCs with HSCs in the bone marrow

are summarised in Figure 2.
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Figure 2 Role of MISCs in the bone marrow and their interaction with HSPCs. Differentiated counterparts of MSCs
like osteoblasts modulate HSC behaviour via cell-cell interactions and production of cytokines like BMP-4. MSCs
also govern HSC function through cell-cell interactions via presentation of various ligands. Paracrine signalling
mediated via MSC-secreted soluble growth factors is involved in homing and migration of HSCs and HSPCs. These
growth factors are presented to the HSCs in its active form via the MSC secreted ECM. The image was created

with BioRender.com?.

1.2.2. Extracellular matrix

Extracellular matrixis three dimensional protein meshwork, that provides mechanical and biochemical
supports to surrounding cells in the microenvironment?2. It maintains stiffness, and hydration, and
provides compartmentalization of growth factors. In the bone marrow, these ECM components are
spatially localized and known to regulate various aspects of haematopoiesis including homing,

migration, proliferation, and differentiation via biophysical and biochemical interactions3%%2,
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1.2.2.1. Biophysical composition of ECM

Structural support by ECM is very well understood. However, the biophysical regulation behind it is
often overlooked. ECM regulates the behaviour of the surrounding cells via mechanical scaffolding,
fibre orientation, and elasticity*>=*. The cells recognise these topographical changes via cell adhesion
molecules such as integrins that mediate a process of outside-in and inside-out signalling**=*". This
modulates the intracellular actin cytoskeletal dynamics and ligand density, leading to changes in cell
cycle, migration, and differentiation**™*. Similar to the spatial localization of the different cells in the
niche, the biophysical cues are also spatially coffined. The rigidity (young’s modulus) of the ECM which
can be measured by atomic force microscopy (AFM), is expressed as the stress required for the
deformation of a given substrate. AFM analysis of the pig bone marrow, has revealed a stiffer matrix
(> 30 kPa) near the endosteal surface, with softer matrix being present towards the vascular niche and
adipose tissue (1-3 kPa), as well as in the area immediately surrounding cell membranes (< 1 kPa)*"48,
Previous studies have shown that biophysical properties, pore size, and rigidity can directly influence
HSPCs behaviour. Matrix with larger pore size and increased rigidity was shown to better support the
proliferation of HSPCs and to maintain stemness*. Moreover, HSPCs cultured on fibronectin or
collagen coated stiff substrates exhibited a certain polarized morphology compared to the round
morphology that is seen on soft substrates and that is associated with fate specification®*’. Similarly,
reduced expansion of Lin-SCA 1+ c-Kit+ (LSK) murine stem cells was observed when they were cultured
on tropoelastin substrates with intact signalling domains but impaired elasticity*®. Myosin Il is thought
to be an integral component in mechano-transduction of the HSPCs In response to varied stiffness and
polarized myosin Il was observed in HSPCs cultured on stiffer matrix, in contrast to the non-polarized
myosin Il seen when cultured on softer matrix***. The polarized myosin Il on stiffer matrix resulted in

increased asymmetric division and higher CD34 marker expression on HSPCs*C.

1.2.2.2. Biochemical composition of ECM

In addition to providing structural and biophysical support, ECM is also known to regulate cell
proliferation and differentiation through the actions of its various biochemical components. ECM is
composed of complex, dynamic spatially organised components including glycoproteins, collagens,
and proteoglycans with their associated glycosaminoglycan (GAG) chains*2. The matrix is a major
extracellular reservoir of proteases and growth factors, which bind to the matrix components and are
presented to the cells in the active form*°°2, ECM composition undergoes constant remodelling
during homeostasis and malignant haematopoiesis, suggesting that matrix composition and turnover
may provide an opportunity to explore new options for disease monitoring markers or therapeutic

targets*?°3>5, The ECM-haematopoietic cell interactions are summarized in Figure 3.
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1.2.2.2.1. Glycoproteins

Glycoproteins are a family of highly glycosylated, multifunctional proteins®. Various glycoproteins like
fibronectin, secreted protein acidic and rich in cysteine (SPARC), tenascins and laminins are known to
be involved in modulating haematopoietic behaviour in normal and stress haematopoiesis®®>°
(Figure 3). Fibronectin is predominantly present in bone marrow parenchyma, where it is involved in
adhesion, migration and differentiation of HSPCs through arginylglycylaspartic acid (RGD)-mediated
binding of integrins®®3. Increased fibronectin levels in MSCs of patients with pre-fibrotic myelofibrosis

co-related with their reduced haemoglobin levels®. Moreover, various types of multiple myeloma cells

showed increased adhesion to fibronectin®.

The glycoprotein tenascin-C (TNC) is known to interact with fibronectin via its epidermal growth factor
(EGF)-domain which regulates growth and differentiation particularly in the lymphoid niche®”%%%7_ It is
localized in the endosteal layer in between developing haematopoietic cells®”%%, In contrast to a
well-characterised anti-adhesive function, tenascin mediates specific adhesion to HSCs®®”°. However,
this adhesive property decreases in some multiple myeloma cells, even though TNC is found at high

levels in the bone marrow of multiple myeloma marrow®®.

SPARC, also known as osteonectin, is secreted by both osteoblast and endothelial cells and is known
to support the development of erythroid progenitor cells’. Moreover, high levels of SPARC in HSCs are
found during the its migration from the fetal liver®®. Increased return of HSCs to quiescence after
5-florouravil treatment was seen in mice, which did not express SPARC®®, indicating the role of SPARC
in maintaining stem cell pool during stress haematopoiesis. Furthermore, decreased expression of
SPARC was observed in the stromal cells of hypo-cellular aplastic anaemia patients'”’2. While,
increased SPARC expression was observed in MSCs from hyper-cellular bone marrow of LR-MDS

patients?’, indicating that SPARC may play a role in maintaining the overall cellularity of the marrow.

High molecular weight (HMW) ECM glycoproteins such as laminins are preferentially localized close to
the vascular niche underlying the endothelial cells®*®3, 15 different laminins are named based on the
combination of consist of a, B and y chains, encoded by 11 genes (five a, three B and
three y isoforms)’3. In the bone marrow, a4 or a5 are the major isoforms present in combination with
a range of different B and y chains3%4%%, Increased adhesion of multiple myeloma cell lines to the a4
chain was observed in comparison to other ECM proteins like fibronectin and collagen I, while
haematopoietic cell lines adhere to a4 chain either poorly or not at all®>’*7>, Genetic deletion of the
a4 chain in mice nonetheless led to a reduction in proliferation, migration and reconstitution ability of
the HSPCs®®, suggesting that the HSPC-laminin interaction is important for normal haematopoiesis.

Increased adhesion of acute myeloid leukaemia cells to laminin was also associated with increased
6
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monocytic differentiation both in vivo and in vitro’®. The fact that HSPC adhesion to laminin increases
myeloid differentiation®, suggests that laminin may play a particularly important role in niches

supporting myelopoiesis.

1.2.2.2.2. Glycosaminoglycans and proteoglycans

Proteoglycans consist of a core protein attached to a GAG side chains’”””®. In addition to the protein
core, the GAGs and the sulphation pattern greatly influence the proteoglycan function’”’8. GAGs
mainly consist of repeating units of hexosamine (N-acetyl-galactosamine or N-acetyl-glucosamine) and
hexuronic acid (D-glucuronic or L-iduronic acid) or galactose sugars’”’8, Based on the combination of
the sugar chains there are 5 major GAGs: hyaluronic acid (HA), heparan sulphate (HS), chondroitin
sulphate (CS), dermatan sulphate (DS) and keratan sulphate (KS)””’8. All the GAGs except HA undergo
sulphation and are attached to a protein core’”’. Biosynthesis of the GAGs is a multi-step non-template
driven enzymatic process (refer to Table 1 for a few enzymes involved in GAG synthesis and
degradation)”. GAGs play a multifunctional role in the ECM by providing biophysical cues like stiffness

and hydration to the ECM but also maintain and present morphogenic gradients®.

The role of HS proteoglycans (HSPG) has been extensively studied in comparison to other sulphated
GAGs. HSPGs are known to bind several growth factors and cytokines including TGFB, Granulocyte-
macrophage colony-stimulating factor (GM-CSF), IL3, SDF-1, IL8, and fibroblast growth factor in the
bone marrow to modulate homing and engraftment of the HSCs®%2, In addition to, maintaining growth
factor gradients, HSPGs also modulate the proliferation and differentiation of HSPCs by modulation of
WNT and RANK/RANKL/OPG pathways®828  Accordingly, deficiency of exostosin-1 (EXT-1, a key
enzyme of HS synthesis) in a mouse model lead to decreased engraftment of the HSCs in in the bone

marrow®.

CS is an another sulphated GAG that is widely distributed throughout the BMME®®. However, there is
limited information about the role of CS in haematopoiesis. The CS proteoglycan, versican is known to
interact with HA and to play a role in inflammation, T-cell migration and trafficking®8. Increased
proliferation of HSPCs was observed following ex-vivo exposure of CS®¥. Moreover, an increased LSK
cell fraction in bone marrow and delayed short-term reconstitution in HSPCs, were observed in a
CS-N-acetylgalactosaminyltransferase-1 (CSGALNACT1) knock out mouse model®®, both of which

indicate retardation of haematopoiesis.

HA, the only non-sulphated GAG, has diverse functions ranging from homing, engraftment and
modulation of inflammation within the marrow via its interactions with its receptors CD44 and

hyaluronan-mediated motility receptor RHAMM)®¥%>_ A triple knock out mouse model lacking all three

7
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hyaluronan synthase (HAS) genes had decreased HSPC numbers in the bone marrow together with
increased extra medullary haematopoiesis. Similar observations were made in the haematopoietic
activity during chemical inhibition of HA in the in vitro long-term bone marrow cultures®.These
observations are consistent with a role in regulating the stem cell pool by promoting the quiescence
of HSCs%. Moreover HA plays a diverse roles in regulating inflammation in a manner that is strongly
dependent on its molecular weight. HMW-HA is known to be anti-inflammatory, while low molecular
weight (LMW) HA is known for being pro-inflammatory®°>%?, Increased levels both of HA and of its
receptor CD44 have been reported in certain haematological disorders, including AML, chronic
lymphocytic leukaemia, and multiple myeloma® 1%, Finally, the fact that ligation of CD44 with
LMW-HA reduced the drug-induced apoptosis in a myeloid cell line KG1, show that HA environments

may modulate the drug response’®?,

Table 1 List of enzymes that play a role in GAG biosynthesis and degradation.

Name GAGs involved | Function

GAG modifying enzymes

Hyaluronan synthase 1 (HAS1) HA HA synthesis'%
Hyaluronan synthase 2 (HAS2) HA HA synthesis'®
Hyaluronan synthase 3 (HAS3) HA HA synthesis'®3
Carbohydrate sulfotransferase 11 CS Catalyses the transfer of sulphate to
(CHST11) position 4 of the N-acetyl-galactosamine

residue of CS'%

Chondroitin sulphate N- CS Elongation CS chains by transfer of
acetylgalactosaminyltransferase 1 N-acetyl- galactosamine to the core tetra
(CSGALNACT1) saccharide linker1®*

Chondroitin sulphate synthase 1 CS Transfer glucuronic acid and
(CHSY1) N-acetyl-galactosamine to the CS chain!®
Dermatan sulphate epimerase (DSE) | DS Conversion of D-glucuronic acid to

L-iduronic acid®
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Exostosin 1 (EXT-1) HS Transfer glucuronic acid and

N-acetyl-glucosamine HS chain?0®

GAG degrading enzymes

Hyaluronidase 1 (HYAL-1) HS Degradation of HA%
Heparanase-1 (HPSE) HS Degradation of HS%
1.2.2.2.3. Collagens

Collagens are the most abundant ECM proteins consisting of a chain triple helix with alternating triplet
amino acid sequence comprising of glycine-X-Y with X often being proline and Y often being
hydroxyproline!®’. The a chains undergo glycosylation and hydroxylation in the endoplasmic reticulum
followed by crosslinking by lysyl oxidase (LOX) and LOX-like (LOXL) enzymes before being secreted by
the cells!?’. The 28 known collagens are sub-divided into different groups based on their structure and
assembly. The major groups of collagens are fibril forming collagens (collagen |, 11, 11, V, XI, XXIV, XXV1),
fibril associated collagens with interrupted triple helices (collagen IX, XIlI, XIV, XVI, and XIX to XXIl),
network forming collagens (collagen IV, VIII, and X), membrane bound collagens (collagen XIll, XVII,
XXII, XXV) and multiplexins (collagen XVII1)¥7. The cells interact with collagens through different cell
surface receptors like Leukocyte associated immunoglobulin like receptor (LAIR), Discoidin domain
receptor (DDR), integrins, and membrane bound proteoglycans!®®. Collagens do not only regulate the

biophysical properties of the ECM but also provide biochemical support to the cells?%10%110,

In the bone marrow , the expression of collagens |, 11, IIl, IV, V, VI, XI, XIV, XIV had been reported with
collagen | and IV being the most abundant and well-studied*. Collagen | is found throughout the bone
marrow while collagen IV is mainly located near the central marrow around sinusoids®®!!, Cytokines
and growth factors, particularly TGFB are known to regulate collagen | synthesis 1127114 Many erythroid
and myeloid cells display strong attachment to collagen | and IV!*®, Moreover, HSPC culture on
collagen | showed slightly diminished proliferation but an increase in colonies using colony forming
unit (CFU) assay when compared to suspension cutures'®%®, However, results are inconsistent, with
other studies having reported increased proliferation of HSPCs cultured on collagen I-coated
substrates®. Both platelets and megakaryocytes interact with collagen | via expression of the collagen
receptor integrin alpha2 betal (ITGA2B1), resulting in inhibition of pro-platelet formation at sinusoids.
In contrast, binding between the same integrins and collagen IV has been reported to promote platelet

formation!'”!18, Binding assays have also indicated displacement of collagen| by collagen IV
9
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specifically at the sinusoids. This level of organisation that may help to prevent premature platelet
release into the bone marrow cavity while subsequently promoting pro-platelet formation at the
sinusoids!8, Increased levels of bone marrow collagen IV have been found in patients with strongly

reduced platelet counts!?,
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Figure 3 Localization of different ECM components in the bone marrow and its interactions with HSPCs. Range
of ECM proteins and GAGs are involved in controlling the proliferation, migration and differentiation of
haematopoietic cells of al lineages in the bone marrow. HSC: haematopoietic stem cell, HSPC: haematopoietic

stem and progenitor cell. The image created with BioRender.com* and was adapted from Zanetti & Krause.2020%2.

Multiple myeloma cells also attach more strongly to collagen IV than to collagen |, indicating a
potentially differential role of collagens in disease®®. Attachment of leukemic cells to collagen | via
ITGA2B1 inhibits doxorubicin-induced apoptosis in acute T-cell lymphoblastic leukaemia and in
AML}>120 Fyrthermore, recent studies have shown that either targeting the ECM via LOX and LOXL
enzymes or by blocking HSPC-integrin alpha5 betal (ITGAVB1) interactions in haematological

malignancies like myeloproliferative neoplasms and AML can improve the therapeutic response >*121,

Although collagens | and IV are the most prevalent in bone marrow, there is clear evidence that other
collagens also play key roles. The levels of collagen VII have also been reported to be diminished in the
bone marrow of multiple myeloma patients®. A degradation product of collagen XVII, endostatin, is
known to increase the bone marrow vascularity in AML patients and is associated with favourable

outcomel?%123,
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Collectively, the results to date indicate a strong role of biophysical as well as biochemical properties
of the ECM in modulating HSPC behaviour as well as in improving the therapeutic response in
haematological disorders. This suggests that a better understating of the bone marrow ECM in
homeostasis and in diseases like MDS and AML may provide novel therapeutic targets in otherwise

hard to treat haematological malignancies.
1.3. Myelodysplastic neoplasms (MDS)

1.3.1. Definition and classification

MDS are heterogeneous neoplasms of myeloid lineages. They are considered disorders of the elderly
with a median onset age of 70 years at an incident of 75 per 100,000 compared to 4-5 per 100,000 in

the younger population!?

. MDS are characterised by ineffective haematopoiesis and peripheral blood
cytopenia in one or more haematopoiesis lineages. Single or multiple driver gene mutations and
chromosomal abnormalities in the HSC or HSPC compartment lead to MDS*?41?%, These somatic gene
mutations account for the dysregulation of epigenetic, DNA repair, cohesion complex, and spliceosome
pathways. The International prognostic scoring system (IPSS) was developed in 1997, revised (IPSS-R)
in 2016 and updated in 2022 (IPSS-M) to classify MDS into low risk (LR-), intermediate (Int-) and high
risk (HR-) groups'?”128, This classification is based on the number of dysplastic lineages, cytogenetic
and genetic abnormalities, presence or absence of ring sideroblasts (abnormal deposition of iron in

the mitochondria of erythroid precursors), and percentage of blasts in the bone marrow and peripheral

b|ood127,128

One third of the MDS cases progress to AML'?°. The progression of MDS to AML is a multistep
process (Figure 4). The early stages (LR- and Int- MDS) are characterised by accumulation of somatic
clonal mutations in combination with a myelosuppressive environment. This eventually leads to hyper
methylation and hence downregulation of tumour suppressor genes, leading to an immune evading
environment in the later stages (HR-MDS)'?°. Moreover, the interaction of the haematopoietic
compartment with its microenvironment has become increasingly evident in disease pathogenesis and
progressiont®?2, BMME especially MSCs and their differentiated counterparts like osteoblasts have
been known to harbour genetic abnormalities, providing fitness advantage to the clonal progenitor

and aiding in disease initiation and progression'”-21130,
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Figure 4 Model of clonal evolution, progression to MDS and its transformation to AML. Clonal cells (orange)
within the healthy HSPC compartment (green) gain additional driver mutations (red) which are the basis of
pre-MDS and eventually lead to a systematic progression from LR-MDS to HR-MDS and to AML. In few cases, the
driver clones can directly transform to either HR-MDS or AML as represented by the dotted lines. The image was

created with BioRender.com* and was adapted from Chen.et al.2018’.
1.3.2. Current treatment options

The current treatment strategies for MDS patients are based on the IPSS-R with the major focus to
improve the quality of life while delaying disease progression'?>*3!, The median survival of LR-MDS is
5 to 8 years after the initial diagnosis, therefore the treatment aims to improve cytopenia especially
anaemia using erythrocyte transfusion and erythroid stimulating and maturing agents like

125 | enalidomide, an immunomodulatory drug is also used to

erythropoietin or darbepoietin alfa
improve the erythroid counts in transfusion dependent LR-MDS patients'?>*31132 Activin receptor
ligand traps luspatercept and sotatercept have been shown effective in treating late stage
erythropoiesis defects in LR-MDS patients with SF3B1 mutations or ring sideroblasts®2,
Immunosuppressive agents antithymocyte globulin (ATG, either horse or rabbit), with or without
addition of cyclosporine is recommended in hypoplastic MDS*3%!32, However, the response to the
treatments is only short-lived and the disease develops towards HR-MDS and AML, with increasingly

severe symptoms and a very poor prognosis.

With the median survival time of less than 12 months for HR-MDS, the treatment aims to delay disease
progression to AML!'?®, The first line of therapy for HR-MDS is intensive chemotherapy using
hypomethylating agents (HMA) like azacytidine (AZA) and decitabine, with only AZA being currently
approved in Europe®!. However, the response rate to AZA is low with a complete or partial remission
in 40-50 % of the patients!3!. AZA followed by allogenic haematopoietic stem cell transplantation
(HSCT) for the patients with blast count less than 10 % have been tested to reduce the risk of relapse
after transplantation?>13%132 HSCT is potentially curative but is rarely an option in elderly and frail

patients.

12
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Due to the challenges related to treatment of MDS, there is an unmet need for new and effective
therapies to slow or stop disease progression at the stage of LR-MDS and improve the response to
therapies in HR-MDS. Recent studies have revealed the role of bone marrow inflammation and
pyroptosis of progenitor cells in driving clonal progression in MDS3%133, Based on this, a number of
anti-inflammatory drugs are already entering clinical trials*3*. In addition, the role of BMME, specially
mesenchymal signalling in modulating and predicting therapeutic response has been increasingly

investigated®*,

1.3.3. MSCs in MDS

Mesenchymal cells and their differentiated counterparts have long been implicated in MDS
pathogenesis'>'2122_ However, contradicting results regarding the cell surface marker expression and
differentiation potential of MDS MSC have been reported!’"1%27135 A number of studies observed
increased adipogenic differentiation of MDS MSCs, while other studies found no changes in their
differentiation profile!®%13>136 peregulated SDF-1, SCF, B-catenin, Notch and Wnt signalling are also
observed in MDS MSCs16:34112.137-141 £y rthermore, the mesenchymal compartment harbours certain
cytogenetic, genetic and epigenetic aberrations which are different from the ones observed in the
haematopoietic compartment'®137.142143 |ndeed, MSCs are thought to contribute to the inflammatory
and immune microenvironment of the bone marrow and to contribute to the expansion of the clonal
progenitors, thus promoting the development and progress of the disease!”!37:144145 MDS MSCs
exhibit reduced support of healthy donor-derived HSPCs in vitro where they increase apoptosis and

suppress differentiation without affecting the proliferation>*3>,

Similar findings were observed in mouse models, where MDS MSCs support long-term engraftment
and expansion of MDS HSPCs”. Moreover, increased myeloid differentiation was observed in MDS
HSPCs when compared to healthy donor-derived HSPCs when engrafted alongside MDS MSCs in
mice!”. The impact of MDS MSCs on HSPCs behaviour was reversed by direct treatment of MDS MSCs
with current treatment options like AZA, luspatercept and lenalidomide®>12135 |nterestingly,
transcriptomic analysis of human MDS MSCs with or without AZA treatment showed dysregulation in
pathways related to inflammation and ECM synthesis and remodelling?”'®. Currently, the role of
inflammation in MDS is receiving much attention, however, the role of MSC-derived ECM MDS has still

been largely underexplored.
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2. Aim

The involvement of the BMME especially MSC-HSPCs signalling in MDS progression and therapeutic
response is indisputable’54112, BMME provides a supportive milieu for haematopoiesis and may be
targeted by clinically available drugs such as AZA'*®. However, pathological changes in the composition
of the ECM and the involvement of the ECM in the response to therapy is poorly explored. Therefore,
this study was carried out with the aim of characterising the MDS MSC-derived ECM (both LR- and
HR-MDS) in comparison to that from healthy age matched donors in terms of composition, biophysical
properties and functional haematopoietic support. This study also aims to evaluate the impact of
in vivo and in vitro AZA therapy on MDS MSC-derived ECM.

These analyses will help uncover disease-specific properties of the ECM contributing to the
pathogenesis of MDS. This will also allow a better understanding of the changes in the
microenvironment and its response to current therapies, with the ultimate aim of identifying new

therapeutic targets that may be used to develop novel interventions for the treatment of MDS.
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3. Materials and Methods

3.1. Patient cohort

MSCs from MDS patients (n = 10) inclusive of LR-MDS including Int-MDS (n =5) and HR-MDS (n = 5)
based on IPSS-R classification and controls from haematologically healthy donors who underwent hip
replacement surgery (n =7) were collected after informed written consent. The control and MDS
cohorts were age matched with a median age of 66.8 + 2.5 years for the LR-MDS group, 63.4 + 5.5
years for the HR-MDS group, and 65 + 2.8 years for the controls. To investigate the impact of
treatment, MSCs from MDS patients at time point of diagnosis (n = 7), after receiving 3-4 cycles of AZA
therapy (n =7) and post-HSCT (n = 3) were collected with median age of 65 * 4.6 years, 65 + 4 years,
and 71 £ 4.7 years respectively. The MDS patient and healthy donor characteristics are summarized in

Table 2.

Table 2 Characteristics of patients and healthy donors

No. Sex Age | Diagnosis IPSS IPSS-R Sample type Time point
1 M 59 MDS High High MSC Diagnosis
2 M 62 MDS Int-2 High MSC Diagnosis
3 M 62 MDS High Very high MSC Diagnosis
4 M 61 MDS High Very high MSC Diagnosis
5 M 73 MDS Int -2 High MSC Diagnosis
6 M 69 MDS Int-1 Low MSC Diagnosis
7 F 66 MDS Int-1 Int MSC Diagnosis
8 M 63 MDS Low Low MSC Diagnosis
9 M 67 MDS Int-1 Int MSC Diagnosis
10 M 69 MDS Int-2 Int MSC Diagnosis
11 F 70 MDS Int-2 Int MSC Diagnosis
12 F 62 MDS High Very high MSC Diagnosis
13 M 69 MDS Int-1 Int MSC Diagnosis
14 M 70 MDS Int-2 Int MSC Diagnosis
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15 59 MDS Int-2 Int MSC Diagnosis
16 61 MDS High Very high MSC Diagnosis
17 65 MDS High High MSC Diagnosis
18 71 MDS - - MSC AZA 4 cycles
19 62 MDS - - MSC AZA 4 cycles
20 69 MDS - - MSC AZA 3 cycles
21 70 MDS - - MSC AZA 4 cycles
22 60 MDS - - MSC AZA 4 cycles
23 62 MDS - - MSC AZA 4 cycles
24 65 MDS - - MSC AZA 4 cycles
25 73 MDS - - MSC Post-HSCT
26 64 MDS - - MSC Post-HSCT
27 71 MDS - - MSC Post-HSCT
28 64 - - - MSC

29 65 - - - MSC

30 68 - - - MSC

31 61 - - - MSC

32 68 - - - MSC

33 62 - - - MSC

34 67 - - - MSC

35 64 - - - MNC

36 68 - - - MNC

37 62 - - - MNC
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3.2. Materials

3.2.1. Software and devices

Table 3 List of laboratory equipment used for the experimental work

Tool Company
550 EVL Autoclave Tuttnauer
Analytical balance AX4202 Sartorius
Bioanalyzer Agilent
Biotek 800™ TS Absorbance Reader Biotek
Bright field microscope primovert Zeiss
Centrifuge 5424R Eppendorf
Constant climate chamber KBF-S 240: Hot air oven Binder
DNA Engine Thermal cycler Bio-Rad
EPSON Perfection V750 Pro Scanner Epson

FACSVerse flow cytometer

BD Biosciences

Fluorescence microscope

Keyence

Frescco -17 Centrifuge

Thermo Fisher

Hera cell 150i CO2 Incubator

Thermo Fisher

Heraeus Mega centrifuge

Thermo Fisher

Inverted Phase Contrast Microscope

Leica

KS 4000 i control Incubator

IKA

MACS MS columns

Miltenyi Biotech

MACS Pre-Separation Filter

Miltenyi Biotech

MilliQ water purification system

Millipore

Mr. Frosty™ Freezing Container

Thermo Fisher Scientific

Nano drop one

Thermo Fisher

Nano wizard 2

JPK instruments
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Neubauer haemocytometer

Paul Marienfeld

Real-time PCR system 7500

Applied biosystems

Scanlaf Mars Laminar flow cabinet

Labogene

Serological pipettes

Sarstedt

Shaker

Edmund Bihler

Tissue culture dish (6-well and 24-well)

Techno Plastic Products

Tissue culture flasks (T75 and T25)

Sarstedt

Vortex Genie 2

Scientific industries

V-shaped cantilever (NPN-TR-TL-Au) Bruker

Water bath Lauda
Table 4 List of software used for experimental work

Software Name Company

7500 System software

Applied biosystems

BioRender

Y Combinator

BZ-800 analyser

Keyence

Citavi 6 Swiss Academic Software GmbH
EPSON Scan2 Version 6.4.94.0 Epson

FlowJo 10.8.1 LLC

Graph pad Prism 8.0.1 Dotmatics

Imagel NIH

JPK data processing 7.1.18 Bruker

Microsoft office Microsoft
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3.2.2. Reagents

Table 5 List of chemicals and reagents used for the experimental work

Reagent Company
Acetic acid Merck
Bovine chondroitin sulphate-A Sigma-Aldrich
Bovine serum Albumin (BSA) CalBiochem
Chondroitinase ABC Sigma-Aldrich
Chondroitin sulphate-A/C Innovent e.V.
Citrate phosphate dextrose Sigma-Aldrich
Cysteine hydrochloric acid Sigma-Aldrich
EDTA Disodium salt Sigma-Aldrich
Ethanol Merck

Fluor mount-G Mounting Medium

Thermo Scientific

Heparinase | from Flavobacterium heparinum

Sigma-Aldrich

High molecular-weight hyaluronan

Innovent e.V.

Human serum albumin (HSA)

CSL Behring

Hyaluronan (10kda)

Lifecore Biomedical

Hyaluronan molecular weight ladders Amsbio

Low molecular-weight hyaluronan Innovent e.V.
Magnesium chloride (MgCI2) Sigma-Aldrich
M-Bond-610 Adhesive ME systems
Oilred O Sigma-Aldrich
Pancoll human, Density: 1.077 g/ml PAN-biotech
Papain from papaya latex Sigma-Aldrich

Paraformaldehyde

Laborchemie Apolda GmbH

Pepsin from porcine gastric mucosa

Sigma-Aldrich

Porcine heparin

Sigma-Aldrich
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Pyrogallol Merck
RNAase inhibitor Applied biosystems
Shark chondroitin sulphate-C Sigma-Aldrich
Silica beads (10 mm) Kisker Biotech GmbH
Silver nitrate Sigma-Aldrich
Sodium acetate Sigma-Aldrich
Sodium phosphate dibasic Sigma-Aldrich
Sodium phosphate monobasic Sigma-Aldrich
Sodium thiosulfate Merck
B-Mercaptoethanol Sigma-Aldrich
Stains-all stain Sigma-Aldrich
Tris hydrochloric acid Sigma-Aldrich
Tris-acetate Sigma-Aldrich
Triton-X 100 Carl Roth
Table 6 List of reagents used in cell culture
Reagent/medium Company
3-Isobutyl-1-methylxanthine (IBMX) Sigma-Aldrich
5-Azacytidine (AZA) Sigma-Aldrich
Ammonia solution Merck
Ascorbic acid Sigma-Aldrich
Cell Genix GMP SCGM Cell Genix
Citrate-phosphate-dextrose solution Sigma-Aldrich
CTS TrypLE select enzyme Gibco
Dexamethasone Sigma-Aldrich
Dimethyl sulfoxide (DMSO) Sigma-Aldrich
DMEM Glutamax low glucose Gibco
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DNAse-1 Sigma Aldrich
Fetal bovine Serum (FBS) PAN-Biotech
Fibronectin human plasma 0,1 % solution Sigma-Aldrich
FMS-like tyrosine kinase 3 ligand (FLT3-L) Peprotech
HBSS, Calcium, Magnesium, Gibco
Indomethacin Sigma-Aldrich
Insulin (human) Sigma-Aldrich
Interleukin 3 (IL-3) Peprotech
MethoCult™ H4434 Classic Stem cell technologies
Phosphate buffer saline (PBS) Gibco

Stem cell factor (SCF) Peprotech
Trypan blue Gibco
B-Glycerophosphate Sigma-Aldrich

Table 7 List of cell culture and cryopreservation medium used in the experimental work

Medium Component Final
Concentration
MSC medium Dulbecco’s modified Eagle’s medium low | 1 X
glucose
FBS 10%
Osteogenic medium
Dulbecco’s modified Eagle’s medium low | 1 X
glucose
FBS 10%
B-Glycerophosphate 20 mM
Ascorbic acid 50 uM
Dexamethasone 0.1 uM
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Adipogenic medium
Dulbecco’s modified Eagle’s medium low | 1 X
glucose
FBS 10%
IBMX 500 pM
Indomethacin 100 mM
Insulin 1 mg/ml
Dexamethasone 1uM
MSC cryopreservation medium
HSA 2%
DMSO 10%
PBS
HSPC medium
Cell Genix GMP SCGM 1X
FBS 2.50%
SCF 2.5 ng/ml
FLT-3L 2.5 ng/ml
IL-3 2.5 ng/ml
HSPC cryopreservation medium
Cell Genix GMP SCGM 1X
FBS 50%
DMSO 50%
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Table 8 List of buffers and solutions used for the experimental work

Buffer/solution

Chemical reagent

Final Concentration

Pepsin buffer

Acetic acid 0.5M
Pepsin 0.1 mg/ml
Sodium phosphate buffer (0.2M)
Sodium acetate 0.1M
Na,EDTA 0.01 M
Cysteine HCL 0.005 M
PBS
Papain extraction reagent
Sodium phosphate buffer 0.2M
Papain 0.1mg/ml
ddH20
TAE buffer
Tris-acetate 0.04 M
Na-EDTA 1mM
ddH20
Stains-all reagent
Stains-all stain 5mg
Ethanol 50%
RLT buffer
RLT 1ml
B-Mercaptoethanol 10 pl
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Wash buffer BSA 0.50%
Citrate phosphate dextrose 0.60%
MgCl, 1mM
PBS

DNase buffer
Wash buffer 1X
DNase | 10 pg/ml

Table 9 List of commercial kits used for the experimental work

Kit name Company

RNeasy Micro Kit Qiagen

QuantiTect SYBR Green PCR Kit Qiagen

High-Capacity cDNA Reverse Transcription Kit

Applied biosystems

Sircol™ - Soluble Collagen assay kit

Biocolor Life science assays

Blyscan™ - sulphated Glycosaminoglycan (sGAG) assay kit Biocolor Life science assays

CD34 Micro Bead Kit, human

Miltenyi Biotech

Hyaluronan ELISA kit R&D Systems
3.2.3. Antibodies
Table 10 List of antibodies used for immunostaining.
Antibody Company CatLog number
Chondroitin Sulphate monoclonal antibody Cs56 | Sigma C8035-100UL
Antibody produced in mouse
Donkey anti goat Alexa Fluor plus 594 Invitrogen A32758
Goat anti-Mouse I1gG (H+L), Super clonal™ | Invitrogen A28175
Recombinant Secondary Antibody, Alexa Fluor™ 488
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Goat Anti-Rabbit IgG H&L (Alexa Fluor® 594) pre- | Abcam ab150088
adsorbed
Goat Anti-Type IV Collagen-UNLB Southern Biotech | SBA-1340-01
Mouse anti-Vinculin Monoclonal Antibody (VLNO1) Invitrogen MA5-11690
Rabbit polyclonal anti-Collagen | antibody Abcam ab34710
Rabbit polyclonal anti-Fibronectin Rockland 600-401-117
Table 11 List of lectins used for histochemical-lectin staining
Lectins Company CatLog number
Lectin peanut agglutinin Alexa Fluor™ 488 Conjugate Invitrogen L21409
Lectin wheat germ agglutinin, Alexa Fluor™ 594 Conjugate | Invitrogen W11262
Table 12 List of antibodies used for flow cytometry
Antibody Fluorophore Company Product number | Dilution cell type
CD90 FITC BD 561969 1:100 MSC
CDh73 PE BD 550257 1:50 MSC
CD105 APC BD 562408 1:100 MSC
CD166 PE BD 559263 1:50 MSC
PECD146 APC Miltenyi Biotech | 130-120-771 1:125 MSC
CDh44 FITC BD 560977 1:50 MSC/HSPC
CDh34 APC BD 345804 1:500 HSPC
CcD117 APC Cy7 Bio legend 313227 1:100 HSPC
CD38 PerCP-Cy5.5 Bio legend 303522 1:50 HSPC
CDh41 BV-421 Bio legend 303730 1:1000 HSPC
CD51 PE-cy 7 Bio legend 327915 1:100 HSPC
CD61 FITC BD 347407 1:25 HSPC
CD29 PE-cy 7 Bio legend 303026 1:1000 HSPC
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3.2.4. Primers

All the primer oiligos were synthesised by Invitrogen, Germany. 100 uM primer stocks were prepared
by re-suspending the oligos in nuclease free water and stored at -20 °C until further use.

Table 13 List of primers and their respective sequences used for RT-qPCR

Target Forward primer (5‘ -3°) Reverse Primer(5‘ -3°)
Hyaluronan synthase 1 (hHAS1) | CGGAGATTCGGTGGACTACG CCCAGGAGTCCAGAGGGTTA
Hyaluronan synthase 2 (hHAS2) | GTCGAGTTTACTTCCCGCCA ATCACACCACCCAGGAGGAT
Hyaluronan synthase 3 (hHAS3) | GGTCATGTACACGGCCTTCA CCAGGACTCGAAGCATCTCG
Carbohydrate sulfotransferase ATGCGGAGGAATCCCTTT GCAGGACAGCAGTGTTTGAG
11 (hCHST11)

Chondroitin sulphate N- CATGGCCAACACGCTTATCA CTGAAGTTGGCAGCTTTGGAAG
acetylgalactosaminyltransferase
1 (hCSGALNACT1)

Chondroitin sulphate synthase 1 | GCACGACCACTACTTGGACA TCGCTGCTGTTCAAACTCCT
(hCHSY1)

Collagen | alpha 1 (hCOL1a1) AGGCTGGTGTGATGGGATT TCCAGCCTCTCCATCTTTGC
Collagen IV alpha 2 (hCOL4a2) AGCCTGGATTGGTCGGTTT AAGTCCTCTGTTGCCTTGCT
Collagen VIl alpha 2 (hCOL7a1) CCTTGCTGGAGACCTGGTG CTCCTGGGTCACCCTTGAAA
Dermatan sulphate epimerase GGAAACAACTTGGGTGCCTTG | GACCTCATCCCAAGGAGCATC
(hDSE)

Exostosin 1 (hEXT-1) TGCCTGTCGTCGTCATTGAA AGGCGAAATCCACCTCTGTT
Fibronectin (hFN1) GGACATGCATTGCCTACTCG TGGCATTGGTCGACGGGA
hiL18 TGCAGTCTACACAGCTTCGG ACTGGTTCAGCAGCCATCTT
hiL1b TGATGGCTTATTACAGTGGCA GGTGGTCGGAGATTCGTAGC
hiL6 TGGCAGAAAACAACCTGAACC | CCAGTGATGATTTTCACCAGGC
hNLRP3 CAAGCAAGATGCGGAAGCTC GTCCTCCACCAGGTAGGACT
hS100A9 CGGCTTTGACAGAGTGCAAG GCCCCAGCTTCACAGAGTAT
hSPARC GAGGGCCTGGATCTTCTTTCT TAGCTCCCACAGATACCTCAG
hué6 AACGCTTCACGAATTTGCGT CTCGCTTCGGCAGCACA
Hyaluronidase 1 (hHYAL-1) ACACGACAAACCACTTTCTGC GCCCCAGTGTAGTGTCCATA
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Tenascin-C (hTNC) AACCAAAACCACACTCACAGGT | GGCTGGTCTCTGCAGTTTCA
CcT

3.3. Cell culture

3.3.1. MSC isolation and cell culture

MSCs were isolated from the bone marrow aspirates as described by Oswald et al., 2004; Hempel et al.,
201611619, Briefly, 5-7 ml of bone marrow aspirates were diluted at the ratio of 1:2 in 1 X PBS. The
diluted aspirate was carefully layered over pancoll solution with the density of 1.077 g/ml
(PAN-Biotech, Germany) at a ratio of 1:3 of pancoll and centrifuged at room temperature (RT) and
1400 rpm without break (acceleration: 9 and deceleration: 0). Mononuclear cells (MNCs) at the
interface of the ficoll were aspirated and washed with 1 X PBS. MNCs were cultured in T25 culture
flasks at the density of 1-3 x 10°% in MSC medium (refer Table 7). Non-adherent cells were removed the
next day via PBS wash. The medium was changed every 2-3 days until cells reached confluence. MSCs
were selected for their plastic adherent property and characterised according to the criteria of the
International Society for Cellular Therapy®.The cells were then cryopreserved at passage 0 or
passage 1. The cells for the subsequent experiments were expanded in DMEM-low glucose (Gibco,
Germany) with 10 % fetal bovine serum (FBS, PAN-Biotech, Germany) at 37 °C with 5 % CO, in a cell
culture incubator. To investigate the impact of AZA treatment, the cells were cultured in MSC medium

containing 10 uM AZA (Sigma, Germany).

3.3.2. MSC passage, cryopreservation and thawing

MSCs at 90-100 % confluence were recovered via trypsination. When most cells detached from the
plastic surface, the trypsin reaction was stopped by adding MSC medium and centrifuged at RT and
1200 rpm for 10 minutes. The pellet was re-suspended and cells were counted using a Neubauer

haemocytometer and 4 % trypan blue solution (Gibco, Germany) using the formula:

sum of cells counted in all squares

Cell count (x 10”4 cell per ml) = ( )x dilution factor

number of squared counted

The cells were replated at a density of 1500-2000 cells/cm? or cryopreserved at a density of
1-5 x 10° cells/ml in MSC cryopreservation medium (refer Table 7) and stored in liquid nitrogen. When
needed, one vial of cells was thawed in a 37 °C water bath for 2-3 minutes and diluted dropwise with

MSC medium, followed by a PBS wash and plated into a T-25 flask.
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3.3.3. Proliferation studies of MSCs

The proliferation of MSCs was observed by culturing them in a culture flask seeded at a density of
1500-2000 cells/cm? up to four passages. The cells were subcultured after they reached confluence. At
the end of each passage, the viable cells were counted as described in 3.3.2. Expansion factor (referred
as population doubling), absolute cell number, and fold change within one passage was calculated as

follows:

Expansion factor

= Total cell number at confluence/ starting cell number at same passage

Absolute cell number

= Expansion factor x total number of cells at end of previous passage

Fold change = log10 (Absolute cell number at a given passage

/ starting cell number at the first passage)

3.3.4. Analysis of osteogenic differentiation and Von kossa staining of MSCs

MSCs from MDS patients and healthy donors were analysed for their ability to differentiate into
osteoblasts. The cells were seeded at a density of 1 x 10% cells per cm? and cultured at 37 °C with
5% CO,. After 24 hours, the medium was replaced by MSC medium supplemented with
10 uM AZA (Sigma). After 3-4 days, the medium was replaced with osteogenic medium (refer Table 7).
The cells were cultured for 21 days with medium change every 2-3 days. The calcium deposition was
observed using Von kossa staining. Briefly, the medium was discarded and the cell layer was washed
with PBS, and fixed with 4 % paraformaldehyde (Sigma, Germany). The monolayer was stained with
2 % (w/v) of silver nitrate (Sigma, Germany) for 15-30 minutes. 2 mg/ml Pyrogallol (Merck, Germany)
was used as a developer and fixed using 300 mM of sodium thiosulfate (Merck) at RT. 12 images per
sample were taken using a Keyence BZ-X810 microscope. Calcium deposition was quantified using
Imagel (NIH). Each Image for a given sample was scored based on the percentage of area stained and

subsequently the mean score for each sample was calculated.

3.3.5. Analysis of adipogenic differentiation and Oil Red-O staining of MSCs

MSCs from MDS patients and healthy donors were analysed for their adipogenic differentiation
potential after treatment with AZA. The cells were seeded and cultured for 3-4 days with or without
AZA as described in 3.3.4. After 3-4 days, the medium was replaced with an adipogenic medium (refer

Table 7) and cultured for 14 to 21 days. Oil droplets were stained using Oil Red-O staining. Briefly, the
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medium was discarded and washed with PBS, and fixed with 4 % paraformaldehyde. The monolayer
was stained with 2 mg/ml of Oil Red-O (Sigma, Germany) in ethanol (Merck, Germany) for 15 minutes
at RT. The monolayer was washed with PBS three times and 12 images per sample were taken using a
Keyence BZ-X810 microscope and quantified by Imagel) (NIH). Each image for a given sample was
scored based on the percentage of cells stained and subsequently the mean score for each sample was

calculated.
3.3.6. Generation of ECM from MSCs

MSCs were used in the second to fourth passage for all experiments. To yield cell-free ECM substrates,
MSCs were seeded on poly-octadecene-alt-maleic anhydride (POMA) and
5 pug/cm? fibronectin (Sigma, Germany) coated glass cover slides as described previously.
Dr. Valentina Magno from the Leibniz Institute of Polymer Research Dresden, TU Dresden, Dresden,
Germany, provided the POMA coated cover slides of diameter 32 mmand 13 mm for 6 well and 24 well
plates, respectively. The MSCs were cultured for 10 days at 37 °C with 5 % CO; in the MSC medium.
Medium change was performed every 2-3 days. For in vitro AZA treatment condition, after 24 hours of
seeding, 10 uM AZA was added to MSC medium. This was used for every subsequent medium change.
Decellularization was performed on day 10 using an aqueous solution of 20 mM NH;OH (Merck,
Germany), and DNA residues were removed by incubating the samples with DNase | (Merck, Germany)

asindicatedin Figure 5. Samples were washed in PBS and stored in Hank’s balanced salt solution (HBSS)

with calcium and magnesium (Merck, Germany) at 4 °C until further use for no more than a month.

MSC culture on Poly octadecene-alt - Decellularization
maleic anhydride and fibronectin-coated 20mM NH40H and DNase-|
slides for 10 days

Structural analysis

Functional analysis
Hematopoieticinteraction of MACS-sorted
CD34+ hematopoietic stem and progenitor

cells cultured on ECM after 7 days Biochemical analysis

Figure 5 Schematic diagram of the ECM generation and work plan for characterisation of the ECM substrates.
The image was created with BioRender.com®.
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3.3.7. Isolation, cryopreservation and thawing of CD34+ HSPC.

HSPCs were isolated from granulocyte colony-stimulating factor (G-CSF)-mobilized peripheral blood
(leukapheresis) from healthy donors, collected at the Bone marrow transplantation centre of the Carl
Gustav Carus University Hospital, TU Dresden. Informed written consent was given by the donors and
the study was approved by the local ethics committee (ethical approval no. EK 307082018). The cells
were purified by immunogenic sorting using CD34 Microbeads Kit Ultrapure (Miltenyi Biotech,
Germany) following the manufacturer’s instructions (Figure 6). Briefly, a small volume of the
leukapheresis preparations (1-2 ml) was diluted in 8-10 ml PBS and centrifuged at RT and 300 x g for
10 minutes. The pellet, with up to 2 x 108 cells, was re-suspended in 300 ul of DNase buffer (refer
Table 8). The cells were incubated at 4 °C for 30 minutes with 100 ul of human FcR blocking reagent to
avoid unspecific binding of the beads to the Fc receptors and 100ul of anti-human CD34 microbeads
for binding of anti-CD34 antibodies coupled to 50 nm sized magnetic beads to the CD34 antigen
receptor. The samples were washed with DNase buffer and then separated by passing it through the
MACS column attached to a magnetic platform. The cells in the MACS column were washed three times
with 1 ml wash buffer (refer Table 8). After the removal of the MACS column from the magnetic field,
the CD34+ cells were flushed out with wash buffer. The cells were washed with 1 X PBS and counted
in a similar manner as in 3.3.2. The cells were cryopreserved in aliquots of 1-4 x 10° cells/ml in HSPC
cryopreservation medium (refer Table 7) until further use. The cells were thawed at 37 °C water bath
for 2-3 minutes and diluted dropwise to HSPC medium (refer Table 7) and incubated at 37 °C for
30 minutes (to avoid clumps) followed by a PBS wash. The purity of isolated HSPCs was analysed by
CDA45, CD34, and CD38 marker expression using flow cytometry. The cells with >95 % purity for CD34

expression were used for further experiments.
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HSPC isolation from mobilized
Leukapheresis samples

Manual labelling of CD34+ cells

Manual separation of CD34+ cells

Hematopoietic interaction of MACS sorted
CD34+ HSPCs cultured on ECM

* Cell count

, Characterization of HSPC N p- %”;'%A‘J?%éé{?. ___, * CFU
Flowcytometry: CD45, CD34, CD38 - - . FIowcytometry

\
y M Cell count

. Adherent fraction
Supernatant fraction

= Supernatant

% fraction
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Elution of CD34+ cells
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Figure 6 Schematic diagram of the immunogenic sorting of CD34+ cells from leukapheresis samples and its
subsequent culture on the ECM substrates. After 7 days of culture, the HSPCs in the supernatant fraction were
counted and subjected to CFU assay and flow cytometry analysis. The image was created with BioRender.com®.

3.3.8. Cell culture and proliferation of HSPCs on different ECM

Isolated HSPCs from 3-4 donor samples were thawed and pooled for each experiment. Cells were
counted in a similar manner as in 3.3.2 and seeded on different ECM with a density of 1 x 10* cells
per cm? in HSPC medium as mentioned in 3.3.7. The cells were cultured at 37 °C with 5 % CO; for 7
days without medium change. After 7 days, the cells in the supernatant and adherent layers were
counted. For the supernatant fractions, the cells in the medium that were not attached to the ECM
were used (refer to Figure 6). For the adherent fraction, the cells attached to the ECM were recovered
by PBS washed and mechanical disruption of the ECM using a pipette. The cells recovered from
different fractions were centrifuged at 1200 rpm for 5 mins. The pellet was re-suspended in 100 pl of
PBS and counted. Each fraction was analysed for cell surface markers using flow cytometry. 10 ul of

cell suspension from each fraction for a sample was pooled and counted for CFU assay.

To investigate the growth factor presentation of the ECM substrates. Different ECM substrates were
pre-incubated overnight in HSPC medium with or without growth factors at 37°C with 5 % CO,. On the
next day, the ECM was washed once with PBS and seeded with HSPCs with a density of 1 x 10 cells per
cm? in HSPC medium without growth factors. As controls, ECM substrates with overnight
pre-incubation with HSPC medium without FBS and growth factors were used. Furthermore, for the

controls HSPCs were cultured in either HSPC medium with or without growth factors containing
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medium on the ECM without pre-incubation. The cells were incubated at 37 °C with 5 % CO; for 7 days

without medium change. The cells were processed as mentioned above for CFU assay.
3.3.9. CFU assay

CFU assays were carried out using CD34+ HSPCs harvested after 7 days of culture on different ECM
samples, 300 cells were plated in MethoCult™ H4434 Classic (Stem cell technologies, Germany).
Colonies were counted after 2 weeks and classified into CFU-Granulocyte, erythroid, macrophage and
megakaryocyte (CFU-GEMM), CFU-granulocyte and macrophage (CFU-GM), and CFU-erythroid (CFU-E)

based on presence or absence of hemoglobinized cells.
3.3.10. Cell surface marker detection by flow cytometry

MSCs and HSPCs were analysed for different cell surface markers using flow cytometry. The harvested
cells were washed with PBS before staining. All the antibody cocktails (refer to Table 12) were diluted
in 2 % BSA/PBS solution to avoid unspecific binding of antibodies to the Fc receptor. 50 pl of antibody
cocktail was added to the cells and incubated at RT for 15 minutes in the dark. The cells are washed
with 2 % BSA/PBS solution and re-suspended in 100 pl of 2 % BSA/PBS and stored at 4 °C until
measured using FACS verse flow cytometer (BD biosciences). The data was analysed using

FlowJo 10.8.1 (LLC) software.
3.3.11.LMW-HA stimulation of MNCs

Healthy bone marrow MNCs were isolated as mentioned in 3.3.1. MNCs (5x10° cells/ml) were
stimulated with 10 pg/ml of LMW-HA of size 10-20 kDa (Life core Biomedical, USA) for 24 hours in
HSPC medium. Unstimulated cells were used as a control. mRNA was isolated using an RNeasy micro
kit (Qiagen, Germany). The mRNA expression of different inflammatory genes relevant to MDS such as
hiL6, hiL1B, hiL18, hNLRP3, hPYCARD, and hS100A9 (refer Table 13 for the primer sequences) was

analysed by real time semi-quantitative PCR (RT-qPCR).
3.4. Biophysical analysis

3.4.1. Atomic force microscopy (AFM)

AFM measurements were performed using Nano Wizard 2 AFM (JPK instruments) mounted on an
inverted optical microscope (Leica, Germany). Young’s modulus was measured using 200 um long,
V-shaped cantilever (NPN-TR-TL-Au, Bruker) with a nominal spring constant of 80 mN/m. The

cantilevers were modified with silica beads (@10 mm, Kisker Biotech GmbH, Germany). Briefly, the
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beads were attached to the cantilevers using M-Bond-610 Adhesive (ME systems, Germany) and cured
overnight at 85 °C. The cantilevers were then stored at RT until further use. Each cantilever was
calibrated using thermal noise spectrum and Lorentz function (JPK SPM software). Force-distance
curves were acquired in closed loop, constant height mode using 3 nN contact force and 5 um s
approach/retract velocity. Each data set was generated by probing a minimum of 45 different spots on
each sample. The data processing software provided by the AFM manufacturer (JPK Instruments) was

used to extract the elastic modulus from approach force-distance curves.
3.5. Biochemical analysis

3.5.1. Quantification of total collagen

Total collagens in the different ECMs were quantified using Sircol assay (Biocolors, UK) according to
manufacturer’s instructions. Briefly, the ECMs were subjected to pepsin treatment (refer Table 8 for
the pepsin solution) at 4 °C overnight to release the terminal non-helical collagen telopetides into the
solution. The collagens in the solution were concentrated at 4 °C overnight by first neutralising the
pepsin solution using neutralization buffer containing NaOH in Tris HCL solution followed by addition
of concentration reagent containing polyethylene glycol in Tris HCL at a pH of 7.6. Later, the collagen
pellet was obtained by centrifugation at 12,000 rpm and 4 °C for 10 minutes. The centrifuged pellet
was incubated in Sircol dye reagent containing Sirus red in Picric acid for 30 minutes on a shaker to aid
the formation of collagen-dye complex. This complex was precipitated by centrifugationat 12,000 rpm,
RT, for 10 minutes. The collagen pellet was washed with ice-cold acid salt wash containing acetic acid
and NaCl. The bound dye was released using alkali reagent containing 0.5 M NaOH. The released dye
solution was measured at the absorbance of 540 nm using a Biotek 800™ TS Absorbance Reader
(Biotek, Germany). Sample concentration was obtained from a collagen standard curve generated

from a collagen Type | solution provided by the manufacturer.
3.5.2. Quantification of sulphated GAGs by Blyscan assay

The sulphated GAGs (sGAGSs) in the ECM substrates was measured using a blyscan assay kit (Biocolors,
UK). Briefly, sGAGs were extracted using papain extraction reagent (refer Table 8) at 65 °C for 3 hours
to release the GAGs into the supernatant. Blyscan reagent containing 1, 9-dimethyl-methylene blue
was added to 100 ul of the sample and was incubated at RT for 30 minutes, to allow the formation of
the sGAG-dye-complex. The complex was pelleted, and the dye was eluted by adding a sodium salt of
an anionic surfactant. The eluted dye was measured spectrophotometrically at 660 nm in duplicates
using Biotek 800™ TS Absorbance Reader. Total sGAG content was later calculated using a calibration

curve of the known concentration of sGAGs supplied by the manufacturer.
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3.5.3. Immunostaining

Rabbit anti-human Collagen | antibody (Abcam, Germany), and a rabbit anti human fibronectin
antibody (Rockland) together with goat anti-rabbit Alexa Fluor™ 594 (Abcam, Germany) secondary
antibody were used to detect collagen | and fibronectin respectively. Goat anti-human collagen IV
antibody (Southern Biotech, Germany) together with donkey anti-goat Alexa Fluor™ 594 (Invitrogen,
Germany) was used to detect collagen IV. Mouse anti-human CS antibody (Sigma-Aldrich, Germany)
together with goat anti-mouse Alexa Fluor™ 488 (Thermo-Fisher, Germany) secondary antibody was
used to detect CS deposition. Briefly, The ECM substrates were fixed in 4 % paraformaldehyde (Sigma)
for 15 minutes and blocked using 2 % BSA/PBS (Merck) for 1 hour at RT. The substrates were incubated
with the aforementioned primary antibodies overnight at 4 °C followed by two PBS washes. Later the
ECMs were incubated with the respective secondary antibodies for 1 hour at RT. The stained substrates
were mounted using fluorescence mounting medium and stored in the dark until imaging. The
substrates were imaged using a Keyence BZ-X810 microscope and fluorescence intensity was

measured using Imagel (NIH).

HSPCs on different ECMs were stained using mouse anti-human vinculin antibody (Invitrogen,
Germany), goat anti-mouse Alexa Fluor™ 488 secondary antibody, and DAPI. The cells were fixed in
4 % paraformaldehyde (Sigma) for 15 minutes, permeabilized using PBS containing 0.1 % Triton X 100
for 15 minutes, and blocked using 2 % BSA/PBS (Merck) for 1 hour at RT. The cells were then incubated
with primary antibody overnight at 4 °C followed by incubation with the secondary antibody and DAPI
for 1 hour at RT. The stained substrates were mounted using fluorescence mounting medium and

stored in the dark until imaging.

3.5.4. Lectin staining

Lectin peanut agglutinin Alexa Fluor™ 488 Conjugate (Invitrogen, Germany), and Lectin wheat germ
agglutinin, Alexa Fluor™ 594 Conjugate (Invitrogen, Germany) were used to stain
N-acetyl-galactosamine GAGs and N-acetyl-glucosamine GAGs respectively. The ECM substrates were
fixed in 4 % paraformaldehyde (Sigma) for 15 minutes and blocked using 2 % BSA/PBS (Merck) for
1 hour at RT. The substrates were incubated with lectins conjugated with fluorophores for 1 hour at
RT. The stained substrates were mounted using fluorescence mounting medium and stored in dark
until imaging. The substrates were imaged using a Keyence BZ-X810 microscope and fluorescence

intensity was measured using Imagel (NIH).
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3.5.5. Separation and visualization of ECM GAGs

Cells were cultivated on POMA-fibronectin-coated glass cover slides in 6-well plates for three weeks
prior to decellularization with 20 mM ammonia and DNase | treatment as described in 3.3.6.
Separation and visualization of ECM GAGs was performed by Dr. Sandra Rother and Dr Toni Radanovic
from Centre for Molecular Signalling, Saarland University School of Medicine, Saarland, Germany.
GAGs in the different ECM were extracted as described previously*®. 5 pl hyaluronan molecular weight
ladders (Amsbio) and 3-6 pug of commercially available GAGs: Low- and high-molecular-weight (LMW-
HA, HMW-HA) and CS-A/C mixture (Innovent e.V., Germany), porcine heparin, bovine CS-A and CS-C
shark (all from Sigma-Aldrich, Germany) were used as controls. Before the sample run, the agarose gel
was pre-run for 6 hours at 80 V in the TAE buffer (refer Table 8). The gel run, separating the ECM GAGs
was performed at 100 V for 3 hours. The GAGs were stained overnight with “Stains-all” reagent in the
dark. The gel was washed with water before de-staining by exposing it to light until the background
staining is reduced. The gel was imaged using an EPSON Perfection V750 Pro scanner and analysed by

EPSON Scan2 Version 6.4.94.0 software (Both from Epson, Germany).
3.5.6. Quantification of HA in the ECM substrates

Cells were cultivated on POMA-fibronectin-coated glass cover slides described in 3.5.5. Quantification
of HA in the ECM substrates was performed by Dr. Sandra Rother and Dr. Toni Radanovic from Centre
for Molecular Signalling, Saarland University School of Medicine, Saarland, Germany. The dried ECMs
were enzymatically degraded by overnight incubation with papain (1 mg/ml) in PBS at 60 °C. The
amounts of hyaluronan in the cell-derived ECMs were quantified by sandwich enzyme-linked

immunosorbent assay (ELISA) following the manufacturer’s instructions (R&D Systems).
3.6. Molecular biology

3.6.1. Cell Lysis and RNA isolation

Total RNA was isolated from MSCs after 10 days of culture on a plastic culture dish as well as from
24 hours stimulated MNCs using RNeasy micro Kit (Qiagen, Germany) according to the manufacturer’s
instructions. Briefly, the cells on the plastic culture dish were lysed using an RLT buffer supplemented
with B-Mercaptoethanol. The lysate was homogenized using a QIA shredder spin column (Qiagen,
Germany) by centrifugation at full speed for 2 minutes. RNA was precipitated by adding equal volumes
of 70 % ethanol. The RNA was precipitated using an RNeasy MinElute® spin column centrifuged at
11,000 rpm, for 30 seconds at RT followed by a DNase | treatment (Sigma Aldrich) for 15 minutes at RT
to degrade any DNA present on the column. The DNA-free column containing RNA was washed and
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precipitated once again using RPE buffer and 80 % ethanol. The RNA was eluted in RNase-free water
by centrifugation at 11,000 rpm, for 1 minute. The total RNA concentration is measured using Nano

drop one (Thermo Fisher Scientific, Germany).

3.6.2. Reverse transcription

mRNA was reverse transcribed to cDNA using the High-Capacity cDNA Reverse Transcription Kit
(Applied Bio systems, Germany) according to the manufacturer's instructions. For each reverse
transcription reaction, 1 pg of total purified RNA was used. A 2 X master mix was prepared (Table 14)
and 1 pg of RNA was added to get a final concentration of 1 X master mix. The samples were then
mixed adequately and the reaction was set up in accordance with the manufacturer’s instructions

(Table 15).

Table 14 Composition of standard reaction master mix for reverse transcription of RNA samples

Component Volume
H20, PCR grade 3.2l
RT Buffer 2.0l
dNTP Mix (100mM) 0.8 pl
RT Random Primers 2.0 ul
RNase Inhibitor 1.0 ul
MultiScribe Reverse Transcriptase 1.0 ul
Volume per tube 10.0 pl
DNase free RNA (1 pg) 10.0 pl
total Volume 20.0 ul

Table 15 Amplification program for reverse transcription of RNA samples

Temperature Time (minutes)
25°C 10:00

37°C 120:00

85°C 05:00

4°C HOLD
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3.6.3. RT-qPCR analysis

Relative expression of specific transcripts was analysed by RT-gPCR using QuantiTect SYBR Green PCR
Kit (Qiagen, Germany) according to the manufacturer’s instructions (refer Table 16 for amplification
program information) on Real-time PCR system 7500 (Agilent Bio systems). For each reaction 10 uM

working concentration of forward and reverse primers were used.

Table 16 Amplification program for cDNA during RT-qPCR

Temperature Time

Stage1l | 95°C 15 minutes

Stage 2 | 95°C 15 seconds
60 °C 30 seconds 45x Data collection
72°C 30 seconds

Stage 3 | 95°C 15 minutes
60 °C 30 minutes Data collection
95°C 15 minutes

The staining dye intercalates with the double stranded cDNA resulting in the DNA-SYBR green complex,
which is detected by the laser at 494 nm. This signal is directly proportional to the amount of dsDNA i.e.
the amplified transcripts. CT (AACT) method was used to quantify the relative expression to the
control. Briefly, a CT value is calculated based on a minimum signal above a threshold. The CT values
were normalized against U6 snRNA as the “housekeeping gene”. Relative expression to the control was

calculated as

ACT = CT traget gene — CT housekeeper gene

AACT = ACTsample — AControl

3.6.4. Next generation sequencing and analysis of mRNA

Dr Knut Krohn at the Core unit DNA Technologies, Sachsischer Inkubator fir klinische
Translation (SIKT), Leipzig, Germany performed the next generation sequencing of mRNA. The mRNA
from different MSCs was sequenced using transposon-based RNA-Seq with NEB depletion. Sequencing
of 2 x 150 bp was performed with a NovaSeq sequencer (lllumina) according to the instructions of the

manufacturer. De-multiplexing of raw reads, adapter trimming, and quality filtering were done as
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149 Reads were mapped against the human reference genome (hg38) using

described previously
HISAT2%, Stringtie and the R package Ballgown were employed to calculate differential expression®®2,

Expression data were normalized using the DESeq2 R Bioconductor package!*2.

Nora Grieb at Department of Haematology and Cell Therapy, Faculty of Medicine, University of Leipzig,
Leipzig, Germany performed the further analysis of the expression data. All the mRNA transcripts
differentially regulated between the healthy and MDS MSCs with a p-value below 0.1 were used for
further analysis. Gene set enrichment analysis (GSEA) was the differentially regulated targets was
analysed by R Bioconductor cluster profiler'>3, Go enrichment analysis was performed using gseGo and

visualized by dotplot function.
3.7. Statistical analysis

Statistical analysis was performed using Graph Pad Prism software version 8.01. (Graph Pad Software).
Data is presented as mean + standard deviation (SD). For relative quantification measurements, one
sample t-test and unpaired t-test were performed. For multiple group comparisons, ANOVA followed
by Tukey’ or Sidak’s posthoc test was performed. A p-value of less than 0.05 was regarded as being
statistically significant with *p< 0.05, **p< 0.01, ***p< 0.001, ****p< 0.0001. Statistical analysis for
GSEA analysis was performed using Fisher exact test with elimination algorithm and p-adjust values
were calculated using Benjamini-Hochberg corrections, p-adjust value of less than 0.1 was regarded as

significant.
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4. Results

4.1. The biophysical and biochemical composition of MSC-derived ECM
is altered in MDS

4.1.1. MSC from healthy donor and MDS bone marrow have similar phenotypes

Bone marrow MSCs from healthy donors, LR- and HR-MDS MSCs were analysed for their proliferation
in culture, cell surface markers and potential for adipogenic and osteogenic differentiation.
Structurally, the MSCs from all the groups had comparable fibroid morphologies. However, the
HR-MDS MSCs generated a more disordered monolayer structure evident under bright field
microscopy (Figure 7A). Trypan blue counting revealed no significant differences in the proliferation
rate and doubling time between MSC groups (Figure 7B, C). Moreover, the expression of MSC surface
markers such as CD73, CD90, CD105, CD44, CD166 and CD146 (see annex | for the gating strategy) was
comparable between healthy and MDS MSCs (Figure 7D).

The adipogenic and osteogenic differentiation potential of MSCs showed a high degree of
inter-individual variability (Figure 7E, F), with a tendency for individual samples to be biased towards
one or the other lineage and a marked adipogenic differentiation in some of the LR-MDS samples that

did not, however, reach significance (Figure 7E).
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Figure 7 MSCs from healthy donor and MDS patient bone marrow have similar characteristics.
A) Representative bright field images of MSC morphology from healthy donor, LR- and HR-MDS patients in culture.
B) Cell counts represented as log10 fold change from the starting number and C) Doubling time of MSCs
determined by trypan-blue staining at indicated passages. Values represent mean + SD of n = 6 for healthy donor
MSCs and n = 5 for each LR- and HR-MDS MSCs. D) Flow cytometry analysis of MSC surface markers before the
start of ECM generation. E, F) Left: Representative images of the staining of MSCs with Oil Red O and Van kossa
stains for adipogenic and osteogenic differentiation respectively. Right: Quantification of the differentiation
staining of the MSCs using ImagelJ. Bars represent mean + SD in triplicate of n = 6 for healthy donor MSCs and n =
5 for each LR- and HR-MDS MSCs.

4.1.2. The biophysical properties of bone marrow MSC-derived ECM differ between
MDS patient and healthy donors

The biophysical properties of the in vitro generated ECMs produced by healthy donor and MDS patient
MSCs were analysed with regard to structure, deposition pattern and rigidity. Both LR- and HR-MDS
MSCs deposited an ECM that appeared in bright field microscopy to be more dense and compact than
that of healthy donor MSCs (Figure 8A). The rigidity (young’s modulus) of ECM from each source was
analysed using atomic force microscopy by DrlJens Friedrichs at the Leibniz Institute of Polymer
Research Dresden, Germany. This revealed a progressive reduction in rigidity from nearly 2 kPa in

healthy donor to 1.3 kPa in LR-MDS to under 1 kPa in HR-MDS-MSC derived ECM (Figure 8B).
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Figure 8 The biophysical properties of the ECM derived from healthy donor vs MDS MSCs. A) Representative
phase contrast images of the ECM from healthy donor, LR- and HR-MDS MSCs. B) Elastic modulus measurements
of the ECM from healthy donor, LR- and HR-MDS MSC analysed by AFM. Bars represent mean + SD in duplicates
for n=5 samples per group. *p < 0.05, ***p< 0.001.

4.1.3. Fibronectin deposition in the ECM is unchanged in MDS versus healthy donor
derived MSC

As a first step towards biochemical analysis of the matrices, fibronectin deposition was detected
immunohistochemically using a rabbit polyclonal anti human antibody. The fibrous fibronectin
deposited by the MSCs could be clearly distinguished from that originally used to coat the POMA slides,
which appears as a diffuse and relatively uniform layer below the ECM. Densitometry revealed no
significant difference in the overall levels of fibronectin deposited by healthy donor, LR- and HR-MDS
MSCs (Figure 9). However, the pattern of deposition was altered, being more dense and compact in
the matrices from MDS MSCs (Figure 9), consistent with the bright field observations of the ECM shown

above (Figure 8).
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Figure 9 Fibronectin levels are unchanged in MDS vs healthy donor MSC-derived ECM. Top: Representative
images of ECM samples immunostained for fibronectin. Bottom: Semi-quantitative analysis of relative
fluorescence intensity in the immunofluorescence images by Imagel analysis. Bars represent mean + SD of n = 3
MDS samples, each measured in an independent experiment and expressed as fold change relative to the
accompanying healthy MSC ECM control, shown by the dotted line with the ordinate value of 1.

4.1.4. MDS MSCs deposit high levels of collagens

Total collagen content in the MSC-derived ECM from each source was quantified by the Sirius red
binding (Sircol) assay. MDS MSCs were found to deposit higher levels of collagens when compared to
healthy donor MSCs (Figure 10A). The collagen content of the ECM increased progressively from
0.08 pug/cm? in healthy donor to 0.11 pg/cm? in LR-MDS and to 0.16 ug/cm? in HR-MDS derived
samples, in which the difference to healthy donor levels reached significance (Figure 10A). Two of the
most abundant collagens: collagen | and IV were semi-quantified using an immunostaining approach.
This showed MDS MSCs (both LR-and HR-MDS) to deposit around twice the amount of collagen | than
healthy donor MSCs, consistent with the increase in total collagens described above (Figure 10B).
Moreover, MDS MSCs also deposited significantly higher amounts of collagen IV (Figure 10C), the levels
in ECM from LR-MDS and HR-MDS MSC being 3 fold higher and 2 fold higher respectively than in ECM
produced by healthy donor MSCs. Indeed, both collagens | and IV were most prominent in LR-MDS
derived ECM and somewhat lower in that from HR-MDS (Figure 10B, C), suggesting that the higher
overall collagen content of ECM from HR-MDS is probably due to an increase in other collagens in the
ECM. More accurate quantification by dot blot analysis was attempted but was unfortunately

unsuccessful due to the low amounts of protein available.
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Figure 10 MDS-associated changes in the collagen content of MSC-derived ECM. A) Total collagen quantification
of the ECM from healthy donor, LR-MDS and HR-MDS MSC. Bars represent mean + SD of n =7 healthy donor MSCs
and n = 5 for each of the LR- and HR-MDS MSC samples. B, C) Left: Representative images of collagen | (yellow)
and collagen IV (red) immunostaining respectively. Right: Bars represent mean * SD of n = 5 for each LR- and
HR-MDS MSC samples, each measured in an independent experiment and expressed as fold change relative to
the accompanying healthy MSC ECM control, shown by the dotted line with the ordinate value of 1. An asterisk
above the bar indicates significant differences to the control: *p< 0.05.

4.1.5. MDS MSC-derived ECM has an altered GAG profile

GAGs commonly constitute a major component of the ECM and were assessed first using the Blyscan
assay that stains all the sulphated GAGs. This revealed no marked difference between the ECM
produced by MSCs from MDS and those from healthy donor marrow (Figure 11A), although there was
a slight tendency towards higher levels in LR-MDS. In order to analyse the content of individual GAGs
at higher resolution, fluorophore-conjugated lectins specific for either N-acetyl-glucosamine and sialic
acid (wheat germ agglutinin) or N-acetyl-galactosamine and terminal B-galactose (peanut agglutinin)
groups were used. N-acetyl-glucosamine residues are present in HA, HS and KS, while
N-acetyl-galactosamine or terminal B-galactose is found in CS, DS and KS. The specificity of lectin

binding was confirmed by pre-digestion of GAGs with heparinase and chondroitinase ABC (Annex lll).

Wheat Germ agglutinin staining identified an accumulation of N-acetyl-glucosamine groups in MDS
MSCs-derived ECM, with a significant two-fold increase in LR-MDS MSC-derived ECM over that of
healthy donor MSC-derived ECM (Figure 11B). This increase was specific for LR-MDS, since MSCs from

43



Results

HR-MDS deposited levels of these GAGs similar to those from healthy donors (Figure 11B). Peanut
agglutinin staining also revealed disease stage specific changes in N-acetyl-galactosamine containing
GAGs content between the MDS subtypes. Here, too, LR-MDS MSCs deposited two-fold higher
amounts of N-acetyl-galactosamine containing GAGs when compared to the healthy donor MSCs.
However, HR-MDS MSCs deposited far lower amounts of these GAGs compared to both healthy donor
and LR-MDS MSCs (Figure 11C).
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Figure 11 Disease stage specific changes in the GAG composition of MDS MSC-derived ECM. A) Quantification
of sulphated GAGs of ECM from healthy donor, LR-MDS and HR-MDS MSC using Blyscan assay. Bars represent
mean * SD of n =7 healthy donor MSCs and n = 5 for each of the LR- and HR-MDS MSC samples. B,C) Left:
Representative images from the lectin staining using Wheat germ agglutinin (red) which binds to
N-acetyl-glucosamine GAGs (HA, HS and KS) and sialic acid and peanut agglutinin (green) binds to
N-acetyl-galactosamine and terminal f3-galactose containing GAGs (CS, DS and KS) from each sample group.
Right: Semi-quantitative analysis of relative fluorescence intensity in the immunofluorescence images by ImageJ.
Bars represent mean # SD of n =5 for each of the LR- and HR-MDS MSC samples, each measured in an independent
experiment and expressed as fold change relative to the accompanying healthy MSC ECM control, shown by the
dotted line with the ordinate value of 1. An asterisk above the bar indicates significant differences to the
control: *p< 0.05, ***p< 0.001. Differences between the two MDS groups are shown by the p-value above the
respective bars.

4.1.6. LR-MDS MSC derived ECM contains high levels of CS and HA

The changes indicated by peanut agglutinin staining were analysed further by specific immunostaining
with an antibody to CS. Consistent with the peanut agglutinin staining, the CS content of MSC-derived

ECM was around 2 fold higher in LR-MDS than in healthy donor samples, while the CS content of
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HR-MDS MSC derived ECM was 3-7 lower compared to either healthy or LR-MDS
respectively (Figure 12B). This was further confirmed by gel electrophoresis and stains all staining,
which showed reduces intensity of CS-A/C in ECM from HR-MDS when compared that from LR-MDS
MSC (Figure 12C, D). However, since the levels of CS-A/C in both healthy and HR-MDS samples were
below the reliable detection limit of the gel electrophoresis/stains all assay, no quantitative

comparison was possible.

To follow up the differences in GAGs stained by wheat germ agglutinin reported above, an ELISA assay
was used to detect HA in the various ECM preparations. Here, too, the specific antibody-mediated
detection supported the results of agglutinin staining, with significantly 2-3 times higher levels of HA
in ECM from both LR- and HR-MDS MSCs compared to that from healthy donor MSCs (Figure 12A).
Although the HA levels in HR-MDS ECM were somewhat lower than those in LR-MDS ECM, this
difference was small compared to the significant difference in the amounts of wheat germ agglutinin
staining (Figure 11B), suggesting that the latter may reflect significant differences in the expression of

HS or KS.

The levels of HS present in the ECM samples proved to be too low for detection in the gel
electrophoresis-stains all assay. However, HA was detectable in all samples tested (Figure 12C, D), with
the highest concentrations in LR-MDS as previously seen using the ELISA assay. The electrophoretic
separation of ECM proteins revealed a wide size distribution of HA ranging generally from 110 kDa to
1510 kDa (Figure 12C), although a relatively large amount of LMW-HA with a molecular weight of less
than 20 kDa was detected in one of the LR-MDS donor MSC-derived ECM (Figure 12D).
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Figure 12 Disease stage specific changes in the HA and CS composition of MDS MSC-derived ECM. A) Total HA
quantification of the ECM from healthy donor, LR-MDS and HR-MDS MSC using ELISA. Bars represent mean + SD
in triplicate for n = 4 for healthy donor MSC-derived ECM and n = 3 for each of the LR- and HR-MDS MSC samples.
B) Left: Representative images of CS immunostaining of ECM from healthy donor, LR-MDS and HR-MDS MSC.
Right: Semi-quantitative analysis of relative fluorescence intensity in the immunofluorescence images by ImageJ.
Bars represent mean + SD of n = 3 for each of the LR- and HR-MDS MSC samples, each measured in an independent
experiment and expressed as fold change relative to the accompanying healthy MSC ECM control, shown by the
dotted line with the ordinate value of 1. An asterisk above the bar indicates significant differences to the
control: *p< 0.05, ***p< 0.001. Differences between the two MDS groups are shown by the p-value above the
respective bars. C, D) Gel images of stains all gel staining to characterise the GAGs in the ECM samples from
healthy donor, LR-MDS and HR-MDS MSC. The arrow indicates the HA detected in the sample. HA: Hyaluronic
acid, HMW-HA: High molecular weight-hyaluronic acid, CS-A/C: Chondroitin sulphate-A/C.

4.2. MDS-associated changes in the ECM involve both transcriptional

and post-transcriptional regulation

4.2.1.1. mRNA levels of core ECM genes only partially reflect the level of the

corresponding proteins in the ECM

Having identified differences in the protein composition between ECM samples derived from healthy
donors, LR-MDS and HR-MDS patient MSCs, a targeted RT-qPCR approach was used to investigate the
expression of a range of ECM-related genes like COL1al, COL4a2, COL7a, TNC, SPARC and FN1 and
GAG modifying enzymes like HAS1, HAS2, HAS3, HYAL-1, CSGALNACT1, CHYS-11, CHST-1, DSE-1 and
EXT-1 (refer Table 1 for the enzyme function) in the MSCs. Although there was a high degree of

inter-patient variability, each of the 3 collagen genes tested (COL1a1, COL4a2 and COL7al) tended to
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be expressed at higher level in the LR-MDS than in either healthy donor or HR-MDS (Figure 13). This
reflects the overall pattern of collagen| and IV protein expression noted above, consistent with
transcriptional activation of collagen gene expression in LR-MDS. However, HR-MDS MSCs express
levels of collagen | and IV mRNA that are comparable to those of healthy donor MSCs, despite the
higher collagen content of the HR-MDS ECM shown above (Figure 13). This implies a
post-transcriptional level of collagen | and IV in HR-MDS that may affect either translation or protein

turnover.

The GAG modifying enzymes also showed a variable pattern of expression, but there was a tendency
for high expression of HAS1 (hyaluronic acid synthase 1), particularly in LR-MDS MSCs, that is in line

with the increase in HA in the ECM deposited by these cells (Figure 13).
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Figure 13 Relative mRNA levels of core ECM proteins and GAG modifying enzymes in the MDS. Gene expression
of a range of ECM proteins and GAG modifying enzymes of LR- and HR-MDS MSCs analysed by RT-qPCR. Bars
represent mean * SD for n = 4-5 MDS samples expressed as fold change relative to the healthy MSC sample, shown
as the dotted line at ordinate value of 1.

4.2.1.2. Transcriptomic analysis is indicative of ECM deregulation in HR-MDS

Moreover, LR- and HR-MDS MSCs were further analysed at the transcriptomic level using next
generation sequencing of the mRNA. A total of 12 x 10° reads per sample were detected after pre-
processing and mapping to the human genome comprising of 22447 transcripts. GSEA analysis
revealed activation of pathways involved in inflammation, cell migration, adhesion and organization,
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with suppression of pathways related to nucleic acid binding and osteoblast differentiation in LR-MDS
MSCs when compared to healthy donor MSCs (Figure 14A). Similar to LR-MDS MSCs, pathways
involved in cell migration and adhesion were also activated in HR-MDS MSCs (Figure 14B).
Interestingly, contradictory to the protein levels, pathways related to KS catabolism, ECM, and
connective tissue development were suppressed in HR-MDS MSCs in comparison to healthy donor
MSCs (Figure 14B) . This suggests that transcriptomic analysis is indicative of ECM deregulation in HR-
MDS but does not reflect the differences observed at the protein level. This may be due to collection
of mRNA at the end of ECM generation experiments causing a feedback inhibition or stabilization of
the mRNA of ECM genes in MDS MSCs. Furthermore, it was also indicative of increased inflammation

in LR-MDS marrow which might conceal the changes related to the ECM.
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Figure 14 MDS MSCs are transcriptionally different from healthy donor MSCs. GSEA of the differentially
regulated pathways in A) LR-MDS MSCs and B) HR-MDS MSCs when compared to healthy donor MSCs.

4.3. MDS MSC-derived ECM modulates HSPC behaviour

4.3.1. LMW-HA stimulates inflammatory markers gene expression in bone marrow

MNCs

The detection of LMW-HA in LR-MDS MSC-derived ECM (Figure 12D) suggests a possible link between
alterations in the ECM and the inflammatory state known to be a feature of LR-MDS*?. Since, LMW-HA
has been reported to promote inflammation®. To test directly the pro-inflammatory effects of
LMW-HA on the BMME, bone marrow MNCs were stimulated with LMW-HA for 24 hours and
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expression of a range of inflammatory genes like IL1b, IL18, NLRP3, IL6 and S100A9 were analysed.
There was indeed a consistent trend towards higher expression of all inflammatory genes tested,
24 hours after exposure to LMW-HA (Figure 15). Only, in the case of /IL-6, the increase was significant
(Figure 15). These results demonstrate that specific changes in the composition of the MSC-derived
ECM in LR-MDS bone marrow could contribute to the inflammatory environment that is thought to

drive evolution of the disease.
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Figure 15 Low molecular weight HA stimulates pro-inflammatory gene expression in bone marrow MNCs. The
relative mRNA expression of pro-inflammation genes IL1b, IL18, NLRP3, IL6 and S100A9 measured via RT-qPCR
analysis after stimulation by LMW-HA. Bars represent mean + SD for n = 3 expressed as fold change relative to
the unstimulated MNCs, shown as the dotted line at ordinate value of 1. An asterisk above the bar indicates
significant differences to the unstimulated control. *p< 0.05.

4.3.2. MDS ECM has a functional impact on the HSPCs behaviour

To further investigate the functional impact of the MDS ECM on HSPCs, CD34+ HSPCs from both
healthy donor and MDS patient bone marrow were cultured for 7 days on decellularized ECM derived
from healthy, LR- and HR-MDS MSC. The cells were then assessed in terms of number, surface makers,
colony formation ability, and cell morphology. HSPCs derived from MDS patient marrow showed little
or no proliferation on any of the ECM tested (data not shown). Moreover, no colony forming cells were
present after 1 week (data not shown), limiting the comparison to the effects of healthy and MDS ECM
on HSPCs from healthy donors. These HSPCs proliferated similarly on ECM from all sources, although
there tended to be fewer cells adhering to the MDS MSC-derived ECM (both LR- and HR-MDS) than to

the healthy donor derived ECM (Figure 16A). There was no change in the overall percentage of early
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progenitor cells (assessed as CD34+ and/or CD117+) at the end of the 7 day culture period on the
different ECMs (Figure 16B, C, D). Progenitor cells expressing CD34 were consistently enriched in the

ECM adherent fractions (Figure 16B).
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Figure 16 Neither proliferation nor surface marker expression of HSPCs are differentially affected by culture on
ECM from healthy donor, LR- or HR-MDS MSCs. A) Proliferation of HSPCs on different ECM as determined using
trypan blue. The supernatant fraction denotes the cells in aspirated medium whereas the adherent fraction
denotes the cells in contact with the ECM. The cell numbers are expressed as fold change over day 0.
B, C, D) Surface marker expression of CD34, and/or CD117 on the live HSPCs in the supernatant and adherent
fraction of ECM from healthy donor, LR- and HR-MDS MSCs. Bars represent mean + SD for n = 4. An asterisk above
the bar indicates significant differences to the control: *p< 0.05, **p<0.01.

As potential determinants of the interaction of HSPC and matrix, the expression of a range of integrin
proteins such as CD41 (ITGAIIb), CD51 (ITGAV), CD61 (ITGB3) and CD29 (ITGB1) and of the HA receptor
CD44 was investigated by flow cytometry (Figure 17). For gating strategy refer to annex Il. No change
in the integrins and CD44 expression was observed after culture on different ECMs (Figure 17). Each of
the integrins tested was expressed at a higher level on the ECM-adherent cell population than on the
supernatant cell population. This differential distribution of integrin-expressing cells reached
significance for both CD41 and CD61 in the case of ECM from HR-MDS (Figure 17A, C). However, the
distribution of CD51 and CD29/CD44 expressing cells between ECM and supernatant did not differ
between the ECM derived from healthy donor MSCs and those from MDS patient MSCs.

There was a significant increase in the expression of CD41 in the adherent fraction of the ECM when

compared to the supernatant fraction (Figure 17A). The expression of CD51 and CD61 remained higher
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than that of the supernatant fraction (Figure 17A, B, C, E, and F). CD29 was expressed by all cells
regardless of their adherent or supernatant fractions of the ECM in all the samples (Figure 17F). No
difference in the expression of CD44 was observed on HSPCs cultured on different ECM nor in the

adherent or supernatant fractions (Figure 17D).
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Figure 17 HSPC expressing selected integrins or CD44 associate similarly to ECM from healthy donor, LR- and
HR-MDS MSCs. A) CD51, B) CD41, C) CD61, D) CD44, E) CD51 and CD61, and F) CD29 surface marker expression
on live HSPCs cultured on ECM from healthy donor, LR- and HR-MDS MSCs as analysed by flow cytometry. Bars
represent mean + SD for n = 4. An asterisk above the bar indicates significant differences to the control: *p< 0.05,
**p<0.01.

Although the analysis of selected adhesion receptors revealed no quantitative difference between
HSPC binding to ECM from heathy donor- or MDS patient-MSCs. Immunostaining of the
ECM-associated HSPCs for vinculin to examine cell shape showed that HSPC interacting with
MDS-derived ECM lose their polarity (Figure 18A). While HSPCs interacting with ECM from healthy
donors maintained their typical polarity (Figure 18A). Therefore, there might be a qualitative difference

in binding that may potentially affect HSPC behaviour.

The ability of the ECM to maintain the functional haematopoietic potential of HSPCs was assessed by
transferring the cells produced after 7 days of culture on ECM into colony assays. Interestingly, the
HSPCs cultured on MDS MSC-derived ECM (both LR- and HR-MDS) had a diminished capacity to form
CFU-GM (granulocyte and macrophage colonies) and CFU-E (erythroid colonies) when compared to
HSPCs cultured on healthy donor MSC-derived ECM (Figure 18B). This loss of potential was more
marked for ECM of LR-MDS than HR-MDS (Figure 18B).
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Figure 18 Diminished support of healthy HSPCs on MDS MSC-derived ECM. A) Representative images from the
immunostaining of HSPCs on ECM substrates using anti-vinculin (green) and DAPI (blue). B) CFU assay after
culturing of HSPCs on ECM from healthy donor, LR- and HR-MDS MSCs for 7 days. Bars represent mean + SD for
n =4 samples per group. *p < 0.05, ***p< 0.001, ****p< 0.0001.

4.3.3. MDS and healthy ECM have similar growth factor retention and presentation

capacities

ECM is known to maintain growth factor gradients and to present ligands to target cells in an active
form®.. It was therefore of interest to test whether the differences between healthy donor and
MDS-derived ECM in terms of haematopoietic support are associated with altered growth factor
binding. The HSPCs were cultured for 7 days on the different ECMs that had been pre-incubated in
medium containing FBS with or without the HSPC growth factors; SCF, IL-3 and FTL-3-L. After 7 days,
the haematopoietic potential of the cultured cells was assessed by colony assay. Increased colony
formation ability was observed on all ECMs that had been pre-incubated with growth factors when
compared to the ECMs that have been pre-incubated with FBS (Figure 19), verifying the expected
growth factor retention/presentation capacity of the matrices. However, there was high variability in

colony formation ability of matrix-cultured HSPCs and no consistent differences between the matrices
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from HD, LR-MDS or HR-MDS MSCs (Figure 19), indicating that growth factor presentation ability of
the ECM is not the decisive factor in modulating the HSPC behaviour on MDS MSCs derived ECM.
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Figure 19 MDS ECM does not differentially affect the growth factor presentation capability of the ECM. CFU
assay of HSPCs cultured on ECM from healthy donor, LR- and HR-MDS MSCs after 7 days. Above: Prior to the HSPC
culture the ECM were pre-incubated with either growth factors or FBS. Below: Control cultures in which HSPCs
were cultured in either growth factor or FBS containing medium on the ECM without any prior preincubation.

Bars represent mean + SD for n = 3 samples per group.
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4.4, AZA therapy reverts MDS-associated changes in MSC-derived-ECM

4.4.1. MSCs isolated from MDS patients before and after AZA treatment or HSCT

have similar phenotypic properties

The therapy with the HMA, AZA is commonly used to treat MDS, particularly in the later high-risk stages
of disease, and has been used as a conditioning (clearing) treatment before allogeneic HSCT2>131,132,
However, it is not clear to what extent the beneficial effects are achieved by action on the
haematopoietic clone itself or whether effects on the stromal cells that establish the haematopoietic

niche can also contribute to the response.

To investigate the effects of in vivo AZA therapy and HSCT on the BMME, MSCs were isolated from
HR-MDS patients at diagnosis, following 3-4 cycles of AZA therapy and following a subsequent HSCT.
Cultured MSCs were evaluated in terms of their proliferation, cell surface markers and both adipogenic
and osteogenic differentiation potential. Bright field microscopy of the MSCs revealed no
morphological differences between the different MSC groups (Figure 20A). Structurally, the MSCs from
all the groups displayed a similar fibroid, disorganised morphology (Figure 20A) similar to that of the
HR-MDS MSCs presented in 4.1.1. There was no significant difference in the proliferation and doubling
time of the MSCs, although the MSCs derived from patients post-HSCT tended to maintain proliferative
activity for longer (Figure 20B, C). There was no difference in the classical MSC surface markers CD73,
CD90, CD105, CD44, CD166 and CD146 among the different groups of MSCs (Figure 20D). There was
also no significant difference between the samples in terms of osteogenic or adipogenic differentiation
capacity (Figure 20E,F). Although the MSCs isolated post-HSCT showed a non-

significant (p= 0.84) trend towards adipogenic rather than osteogenic differentiation (Figure 20E, F).
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Figure 20 Phenotypic characteristics does not differ after AZA therapy and HSCT. A) Representative bright field
images of MSC morphology from MDS patients at diagnosis, and after receiving AZA therapy and post-HSCT.
B) Cell counts represented as log10 fold change from the starting number and C) Doubling time of different MISCs
determined by trypan-blue staining at indicated passages. Values represent mean + SD of n = 3 for each group.
D) Flow cytometry analysis of MSC surface markers before the start of generation of the ECM. E, F) Right:
Representative images of the staining of MSCs with Oil Red O and Van kossa stains for adipogenic and osteogenic
differentiation respectively. Left: Scoring of the differentiation potential of the MSCs using ImageJ. Bars represent
mean + SD in triplicate of n = 3 for each group.

4.4.2. Improved rigidity and structure of ECM after AZA treatment

As reported above, MDS-derived ECM has a higher density and a lower rigidity than that derived from
healthy donors (Figure 8). These effects are reversed following AZA treatment of the patients, with an
decrease in density revealed by bright field imaging (Figure 21A) and significantly increased the rigidity
to almost 2 kPa as measured by AFM (Figure 21B). Measurements were performed at the Soft Matter
Physics Division, Peter Debye Institute for Soft Matter Physics, University of Leipzig, Leipzig, Germany.
The physical properties of the ECM made by MSCs from AZA treated patients were therefore similar
to those of ECM deposited by healthy donor MSCs (refer to 4.1.2), indicating a restoration of the
biophysical properties. However, ECM from MSCs isolated from the same patients post HSCT displayed

an intermediate stiffness of 1.3 kPa, indicating a partial reversion to the pre-treatment phenotype
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Figure 21 Changes in the biophysical properties of the ECM from MDS MSCs isolated before and after AZA
therapy and HSCT. A) Representative phase contrast images of ECM from MDS MSCs of patients at diagnosis,
after receiving AZA therapy and post-HSCT. B) Elastic modulus measurements of the ECM from MDS MSCs of
patients at diagnosis, and after receiving AZA therapy and post-HSCT as analysed by AFM. Bars represent mean
+SD in duplicates for n = 3 samples per group. *p < 0.05.

4.4.3. Improved deposition of collagens after AZA treatment

The effects of AZA and HSCT therapy on the increased collagen deposition observed in MDS
MSC-derived ECM were assessed by sircol assay and immunohistochemistry of ECM and by gene
expression analysis of the cultured MSCs. Total collagen content of ECM from MSCs isolated
post-AZA therapy was reduced to 0.07 pg/cm? (Figure 22A) to more closely resemble the situation in
healthy donors, while HSCT was followed by a partial reversal of this effect, resulting in levels
intermediate (0.12 pg/cm?) between healthy donor (0.08 pg/cm?) and untreated MDS patient
(0.14 pg/cm?) marrow (Figure 22A). Although the variation in collagen mRNA; COL1al, COL4a2 and
COL7a1 was high, in contrast to the overall protein levels (Figure 22A), the general trend towards
increased rather than decreased mRNA expression following therapy (Figure 22B). Specific immune
histochemical analysis using antibodies to collagens | and IV confirmed that the levels of these collagen
proteins in the ECM were almost reduced to half, while the corresponding mRNAs were higher in the

treated MSCs relative to the untreated condition (Figure 22C, D).
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Figure 22 Changes in the collagens in MDS MSC derived ECM post AZA therapy. A) Total collagen quantification
of the ECM from MDS MSC from patients at diagnosis, after receiving 3-4 cycles of AZA therapy and post-HSCT
using sircol assay. B) Relative mRNA levels of COLal, COL4a2 and COL7al measured via RT-qPCR. C, D) Left:
Representative images of collagen| (yellow) and collagen IV (red) immunostaining respectively. Right: Bars
represent mean + SD of n = 3, each measured in an independent experiment and expressed as fold change relative
to ECM from MIDS MSC of patients at diagnosis as control, shown by the dotted line with the ordinate value of 1.
An asterisk above the bar indicates significant differences to the control: **p<0.01.

4.4.4. AZA treatment does not improve the GAG profile of MDS MSCs

Further, the impact of AZA treatment and HSCT on the GAG composition of the MDS ECM was analysed
by lectin staining. There was no apparent difference in either wheat germ agglutinin or peanut
agglutinin staining in the ECM from MSCs isolated following AZA treatment (Figure 23A, B). Similar to
the collagens, the variability between samples from patients post-HSCT was particularly high
(Figure 23 A, B). The same was true for CS level determined by immune histochemical staining
(Figure 23C) and for GAGs separated by gel electrophoresis and stained with stains-all (Figure 23D).
The high variability in the HSCT sample group may be due to differences between patients in terms of
treatment response, residual MDS cells and the intensity of graft versus host disease (GvHD), which

occurred to some extent in all cases.
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Figure 23 GAG composition of MDS MSC-derived ECM does not change after AZA therapy or post HSCT.
A, B) Left: Representative images from the lectin staining using wheat germ agglutinin (red) which binds to
N-acetyl-glucosamine GAGs (HA, HS and KS) and sialic acid and peanut agglutinin (green) binds to
N-acetyl-galactosamine and terminal f3-galactose containing GAGs (CS, DS and KS) from each sample group.
Right: Semi-quantitative analysis of relative fluorescence intensity in the immunofluorescence images by Imagel.
C) Left: Representative images of CS (yellow) immunostaining of ECM samples. Right: Semi-quantitative analysis
of relative fluorescence intensity in the immunofluorescence images by ImageJ analysis. Bars represent mean + SD
of n = 3 for each group, each measured in an independent experiment and expressed as fold change relative to
the ECM from MDS MSC of patients at diagnosis as control, shown by the dotted line with the ordinate value of 1.
D) Gel images of stains all gel staining to characterise the GAGs in the ECM samples from MDS MSCs of patients
at diagnosis, and after receiving AZA therapy and post-HSCT. HA: Hyaluronic acid, HMW-HA: High molecular
weight-hyaluronic acid, CS-A: Chondroitin sulphate-A, CS-C: Chondroitin sulphate-C.
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4.4.5. AZA treatment improves ECM-mediated haematopoietic support

To further investigate the potential functional impact of AZA treatment and HSCT on MDS ECM, healthy
donor HSPCs were cultured on the various ECM samples (HR-MDS MSC at diagnosis, post-AZA
treatment and post-HSCT) for 7 days and then were analysed for proliferation, colony formation ability,
and cell morphology. No difference was detected in the proliferation of the HSPCs on different
ECMs (Figure 24A). However, transfer of cultured cells to colony assays revealed an increased colony
forming capacity of HSPCs that has been cultured on ECM from treated compared to untreated MDS
patients (Figure 24B). Moreover, the HSPCs on HR-MDS MSC-derived ECM from patients post-AZA
treatment and post-HSCT showed a more polarized morphology (Figure 24C), similar to that seen

previously when the HSPCs were cultured on healthy donor derived MSC ECM (Figure 18B).
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Figure 24 MDS ECM improves haematopoietic support post-AZA therapy and post-HSCT. A) Proliferation of
HSPCs on different ECM as determined using trypan blue. The supernatant fraction denotes the cells that are not
attached to the ECM whereas the adherent fraction denotes the cells in contact with the ECM. The cell numbers
are normalized to the cell number at day 0. B) CFU assay after culturing of HSPCs on ECM from MDS MSCs of
patients at diagnosis, and after receiving AZA therapy and post-HSCT for 7 days. C) Representative images from
the immunostaining of HSPCs on ECM using anti-vinculin (green) and DAPI (blue). Bars represent mean + SD for
n =3 samples per group. *p < 0.05.
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4.4.6. In vitro AZA treatment does not change the phenotypic characteristics of MDS
MSC-derived ECM

Having shown that AZA therapy of patients leads to stable changes in the biology of bone
marrow- MSCs in terms of their subsequent deposition of ECM. It was of interest to compare this long
term in vivo AZA effect to the possible indirect and direct effects of AZA treatment on MSCs in vitro.
To address this, the MSCs isolated from untreated patients at the time of diagnosis were cultured
in vitro, and treated with 10uM AZA. These AZA treated MSCs were compared to both untreated MSC
and MSC from treated patients (in vivo AZA MSCs). Due to limited availability of the relevant MSC
samples at lower passage numbers, these experiments were performed using samples from a patient
cohort different to that used in 4.4.2. The MSCs were analysed for their proliferation, cell surface
markers, adipogenic, and osteogenic differentiation ability. Structurally the MSCs from all the groups
displayed a similar fibroid, disorganised morphology similar to that of HR-MDS MSCsin 4.1.1 and 4.4.2
(Figure 25A). The proliferation rate of untreated MDS MSCs was slightly but not significantly higher
than that of treated MSCs (Figure 25B, C). In vitro AZA treatment had no effect on the expression of
standard MSC surface markers CD73, CD90, CD105, CD44, CD166 or CD146 (Figure 25D). Nor was there
any significant difference detected in the osteogenic or adipogenic differentiation capacity between

untreated MDS MSCs and in vitro and in vivo AZA treated MDS MSCs (Figure 25E, F).
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Figure 25 Phenotypic characteristics does not differ after in vitro and in vivo AZA therapy. A) Representative
bright field images of MSC morphology from untreated MDS MSCs as well as after in vitro or in vivo AZA
treatment. B) Cell counts represented as log10 fold change from the starting number and C) Doubling time of
different MSCs determined by trypan-blue staining at indicated passages. Values represent mean + SD of n = 4
for each group. D) Flow cytometry analysis of MSC surface markers before the start of generation of the ECM.
E, F) Right: Representative images of the staining of MSCs with Oil Red O and Van kossa stains for adipogenic and
osteogenic differentiation respectively. Left: Scoring of the differentiation potential of the MSCs using Image).
Bars represent mean * SD in triplicate of n = 4 for each group.
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4.4.7. AZA has direct and acute effects on ECM deposition by MSCs, as well as
long-term effects that may be indirect

To examine the effects of in vitro AZA treatment of MSCs on the physical properties of deposited ECM,
the MDS MSCs isolated from untreated patients at diagnosis were cultured in vitro and treated with
10uM AZA during the ECM generation process. Bright field images revealed a decrease in ECM density
following either in vivo or in vitro AZA treatment, compared to ECM from untreated cells (Figure 26A).
At the same time, the rigidity of the ECM was increased both in the MSC from AZA treated patients
and, to a lesser extent, by in vitro AZA treatment of MSCs from untreated patients (Figure 26B). This
suggests that AZA treatment can induce direct and acute changes on MSCs themselves, as well as

longer lasting effects that may require interaction with other cells of the BMME.
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Figure 26 In vitro AZA treatment has a tendency to revert the changes in the biophysical properties of the ECM
from MDS MSCs. A) Representative phase contrast images of the ECM from untreated MDS MSCs as well as after
in vitro or in vivo AZA treatment. B) Elastic modulus measurements of the different ECMs as analysed by AFM.
Bars represent mean + SD in duplicates for n = 3 samples per group. *p < 0.05.

4.4.8. Collagen incorporation into ECM is affected differentially by in vivo and

in vitro AZA treatment

Analysis of collagen levels in ECM showed that there was no significant effect of either short-term
in vitro AZA treatment of isolated MSCs or protracted in vivo AZA treatment of patients on the overall
collagen content. However, there was a tendency of lower collagen levels in both cases (Figure 27A).
Deposition of the major collagens | and IV into ECM was reduced to half in MSCs isolated following AZA
therapy in vivo, but not in therapy-naive MSCs exposed to AZA in vitro (Figure 27C, D). Focusing on the
major collagens | and IV once again revealed distinctly different consequences of in vivo vs in vitro
treatment. In vitro exposure to AZA tended to decrease mRNA levels in the MSCs, but not the levels of
the corresponding protein in ECM, while in vivo treatment of patients yielded MSCs with unchanged
levels of collagen | and IV mRNA but significantly lower incorporation of the corresponding proteins
into the ECM (Figure 27B, C, D). This suggests multiple effects of AZA on collagen deposition by MSCs
that include acute and direct modulation of gene expression in MSCs as well as long term
reprogramming of MSCs by extended in vivo treatments that are likely to be affecting multiple cell

types in the BMME.
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Figure 27 In vivo but not in vitro AZA treatment changes the collagen I and IV content of MDS MSC derived
ECM. A) Total collagen quantification of the ECM from untreated MDS MSCs as well as after in vitro or in vivo AZA
using sircol assay. B) Gene expression of COLal, COL4a2 and COL7al analysed by RT-qPCR analysis. C, D) Left:
Representative images of collagen| (yellow) and collagen IV (red) immunostaining respectively. Right: Bars
represent mean + SD of n=4, each measured in an independent experiment and expressed as fold change relative
to the accompanying untreated MDS MSC ECM control, shown by the dotted line with the ordinate value of 1. An
asterisk above the bar indicates significant differences to the control: *p< 0.05 **p<0.01.

4.4.9. Invitro AZA treatment partially alter haematopoietic behaviour of HSPCs on
MDS MSC-derived ECM
The functional effect of in vitro AZA treatment on MDS MSC-derived ECM on HSPCs was examined.

Healthy HSPCs were cultured on different ECM (MDS MSCs at diagnosis and after in vitro and in vivo
AZA treatment) for 7 days and then were analysed for proliferation, cell morphology and colony
formation ability. No significant difference was detected in the proliferation of HSPCs on different
ECMs (Figure 28A). Interestingly, contradictory to improved support of HSPCs observed on MDS MSC
from patients post-AZA therapy observed in 4.4.5, a variable effect of in vivo and in vitro AZA therapy
was observed on the CFU capacity (Figure 28B). Improved colony formation of HSPCs on the ECM from
in vivo AZA treated MDS MSCs was observed in only one patient out of the four patients analysed
indicating the heterogeneity of the disease. This variability in colony formation capacity of the HSPCs
on in vivo AZA treated MDS MSC derived ECM did not correlate with the AZA treatment response of
the patients. Moreover, no increase in the colony formation unit capactity was observed on in vitro
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AZA treated MDS MSC-derived ECM (Figure 28B). Moreover, polarized morphology of HSPCs on ECM
from in vitro and invivo AZA treated MDS MSCs was observed when compared to untreated
MDS MSCs (Figure 28C) which was similar to that observed in 4.3.2. These partial changes in the HSPC
behaviour on both in vitro and in vivo AZA treated ECM indicates a synergistic direct and indirect effect

of AZA on MDS MSC-derived ECM which is independent of the collagen composition of the ECM.

A B
Cell number 1507
12+
o © A A
> 10 =
3 S 100-
C 34 8
o ™
“— ~
g S s0- Y
S 1 ° . -
b} (&) L] - -
i ﬁ
'
0~ o.l T . T _
Untreated In vitro AZA In vivo AZA Untreated In vitro AZA In vivo AZA
3 Supernatant Il Adherent . CFU/BFU-E I:I CFU-GM . Total
ntreate n vitro n vivo
C Untreated In vitro AZA I AZA

Figure 28 In vitro AZA treatment partially modulated the haematopoietic behaviour of MDS MSC-derived ECM.
A) Proliferation of HSPCs on different ECM as determined using trypan blue. The supernatant fraction denotes the
cells that were not attached to the ECM whereas the adherent fraction denotes the cells in contact with the ECM.
The cell numbers were normalized to the cell number at day 0. B) CFU assay after culturing of HSPCs on ECM from
untreated MDS MSCs as well as after in vitro or in vivo AZA treatment for 7 days. C) Representative images from
the immunostaining of HSPCs on ECM substrates using anti-vinculin (green) and DAPI (blue). Bars represent mean
+SD for n =4 samples per group. *p < 0.05
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5. Discussion

The importance of the BMME and especially of MSC-HSPC interactions in MDS has become increasingly
evident in the past decade!®'”?2, However, the role of MSC-derived ECM is still underexplored. To
address this, the reported study investigates the biophysical and biochemical composition of the ECM
derived from cultured bone marrow MSCs from MDS patients compared to those from healthy donors.
This study also analyses the associated ECM changes in their ability to support HSPCs. This work
revealed MDS-associated alterations in the ECM formation by MSCs that were maintained through

subsequent culture. These alterations also affected HSPC support.

Moreover, the changes were also investigated in ECM from MSC isolated before and after treatment
of MDS patients with AZA and also after subsequent HSCT. This revealed the two stages of therapy to
be associated with varying degrees of reversion of ECM phenotype, with a potential to resemble more
closely the healthy ECM. This study is one of the first to provide evidence that HMA therapy in vivo
results in stable changes at the level of MSC-derived ECM that may have functional consequences for

support of haematopoiesis.

5.1. Phenotypic and transcriptional characteristics of MDS MSCs

The surface marker phenotypes of MSCs cultured from healthy donor and MDS bone marrow were
analysed alongside the characterisation of their respective ECMs. Consistent with the results of
previous studies3>136154 no difference was observed between the healthy donor and the MDS MSCs
for any of the markers CD73, CD90, CD105, CD44, CD146 or CD166 (Figure 7D). Although, this surface
marker phenotype is clearly robust, there have been conflicting reports of MDS-associated changes in
the properties of bone marrow MSC in terms of both proliferation and differentiation capacity, with
accelerated senescence being reported in some studies'>?1>, In the experiments described here, no
change was observed in the proliferation of MSCs from either LR- or HR-MDS compared to those from
healthy donors (Figure 7B, C). Similarly, a number of studies have reported a bias towards adipogenic
and away from osteogenic differentiation capacity MDS MSCs*®% while others found no
difference'>!3%, Again, the study reported here, revealed no consistent difference in the differentiation
profile of MDS MSCs compared to those from healthy donors, with effective differentiation into both
lineages being retained in all cases (Figure 7E, F). Similarly, the analysis of surface phenotype, growth
and differentiation characteristics of MSC isolated from MDS patients before and after treatment with
AZA (in vitro and in vivo) and subsequent HSCT revealed no consistent differences (Figure 20 E, F, and
Figure 25E, F). This supports a previous report in which MDS-derived MSC were exposed to AZA

in vitro'®. The reason for the apparent inconsistencies in the properties of cultured MSCs reported in
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different studies is unclear. Given the heterogeneity of the disease, it is possible that some of the
inconsistency between studies is a consequence of differences between the patient groups studied
and the relatively small sample numbers available. Indeed, the variation within groups in our studies
was often quite large, as may be expected from a heterogeneous disease group. However, it is also
likely that the precise culture conditions and particularly the medium and serum used also vary
between studies and affects the phenotypes observed. In this respect, it is interesting that the
non-targeted RNA Seq analysis of the cultured MSCs in this study identified a decrease in the levels of
mRNA for genes in the “osteoblastic differentiation” or “ossification” pathways in LR-MDS and HR-MDS
respectively (Figure 14). This suggests that, at the RNA level at least, there may well be a latent
tendency for less osteoblastic differentiation in MDS-derived MSC. It is possible that the extent to
which these underlying differences in gene expression lead to consistent changes in cell behaviour and
may well depend on the precise growth conditions used. The experiments reported here used

consistent conditions and a single batch of pre-tested serum in an attempt to minimise such variation.

Gene expression in the cultured MSCs was studied using two approaches: a targeted analysis of ECM
associated genes by RT-gPCR to be discussed below and a non-targeted RNA Seq to identify pathways
most affected in a non-biased manner. The RNA Seq approach identified a number of processes at the
MRNA levels depending on disease status (Figure 14). LR-MDS MSCs were observed to have increased
expression of genes involved in inflammation, as well as regulatory transcription factors and a
decreased expression of genes involved in osteoblastic differentiation, while HR-MDS MSCs have
decreased levels of genes affecting ECM production and cartilage/bone formation. The predicted
increase in the expression of inflammatory pathways in LR-MDS MSCs is of high interest, since
inflammatory processes are thought to play a decisive role at this stage, with specific changes in
inflammatory gene expression in the haematopoietic cells being associated with specific MDS
mutations®*1°%, |t will be interesting to investigate further the relationship between the
haematopoietic and stromal cells in this context. The decreased expression of genes associated with
osteoblastic differentiation and osteogenic processes in MDS is interesting, since these processes are
generally thought to be negatively affected in MDS. Moreover, in contrast to the ECM proteins
analysed in this study, there was a suppression of genes involved in ECM pathways in HR-MDS MSCs.
Here, it will be necessary to analyse and validate these findings in more detail in order to identify firstly
the specific positive and negative regulators affected in each pathway. Secondly, to identify the extent
to which changes at the mRNA level of certain genes are reflected by the corresponding proteins and
the concerned pathways. The targeted analysis of ECM related genes at both the mRNA and protein
level discussed below suggests that alterations in mRNA often fail to result in changes in the amount

or activity of the corresponding protein.
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5.2. Biophysical alteration in MDS MSC-derived ECM

Next, using a previously developed approach¥’, in vitro ECMs were generated by culturing MSC
monolayers on POMA-fibronectin coverslips followed by decellularization using NH;,OH and DNase-1
solution. The ECM generated by healthy donor, LR- and HR-MDS MSCs were then subjected to

biophysical, biochemical and functional characterisation.

Alterations were found in the structure and rigidity of the ECM associated with both LR- and HR-MDS
MSCs (Figure 8). The ECM deposited by the MDS MSCs was denser and softer (decreased rigidity) than
that of the healthy donor derived ECM (Figure 8). These changes were progressive, beginning in LR-
MDS and becoming more prominent in HR-MDS, suggesting that they may reflect the quantitative MDS
cell load within the marrow. This is not necessarily intuitive, since inflammatory processes tend to
reach a peak in LR-MDS and to subside again in the later stages of HR-MDS, presumably reacting to a
shift in MDS cell phenotype resulting from clonal selection. Recently, Xu, Q. et al observed increased
expression and activity of MSC-mediated LOX and LOXL2 in MDS marrow®*. LOX and LOXL enzymes
catalyses the cross-linking of collagen and elastin fibres in the ECM**’, Increased expression of LOX and
LOXL proteins would be expected to lead to an increase in the degree of crosslinking and therefore in
the rigidity of the ECM. The MDS-associated increase in LOX/LOXL expression would therefore be
expected to increase the rigidity of ECM rather than to lead to a decrease, as was observed in the
reported study. Since the rigidity of the ECM can also be modulated by the concentration of ECM
proteins, nano-scale fibre deposition, fibre topology and hydration of the ECM109158-160 it seems likely
that one or more of these factors more than compensates for any increase in LOX /LOXL expression in

the cultured MSCs.

The decreased rigidity of the ECM in MDS was reversed in MSCs isolated from the patients post-AZA
therapy (Figure 21B). Similarly, direct exposure of cultured MDS MSCs to AZA also resulted in a
corresponding increase in the rigidity of the ECM, although this still remained lower than that observed
from MDS MSCs isolated from patients post-AZA therapy (Figure 26B). It therefore seems likely that
the AZA-mediated restoration of ECM rigidity is a result of the effect of AZA, both directly on the MSCs

and indirectly via effects on the haematopoietic MDS clone.

Modulation of the rigidity of MDS ECM was also observed in MDS MSCs from patients post-HSCT. There
was an increased rigidity of the ECM produced by MSCs from patients post-HSCT but it remained lower
to that observed in the ECM from the MDS MSCs of the patients post-AZA therapy (Figure 21B). This

may be due to the presence of the residual clones in the marrow and post-HSCT related GvHD.

68



Discussion

5.3. MDS associated changes in the composition of MSC-derived ECM

Alongside the biophysical cues, the ECM also provides biochemical cues governing homing,
engraftment, proliferation and differentiation of the cells in a given microenvironment®”°1%2, Using
targeted approaches, a selection of biochemical ECM components including glycoprotein (fibronectin),
collagens and GAGs were analysed in the various ECMs generated from the different MSC samples. An
immunostaining approach revealed no detectable differences in the fibronectin composition of the
ECM from healthy donor and MDS-derived MSCs. However, consistent differences were seen in both

collagens and GAGs.

5.3.1. Alterations in collagens

The overall collagen content of ECM was analysed by sircol assay and the specific content of collagens |
and IV by immunostaining. Both an increase in total collagen and a specific increase in collagens | and
IV were observed in ECM from both LR- and HR-MDS MSCs compared to healthy donor-derived ECM
(Figure 10). Interestingly, HR-MDS MSC derived ECM contained a higher level of overall collagen than
LR-MDS MSC-derived ECM, but lower amounts of collagens | and IV, which are expected to be among
the most prevalent. This firstly suggests that HR-MDS MSCs deposit an increased amount of a collagen
species other than | and IV. Secondly, the expression of collagens | and IV peaks at the stage of LR-MDS,
together with sterile inflammation. Since collagen gene expression can be affected both positively and

negatively by a range of cytokines'®'~'**

, itis possible that the peak in collagens | and IV is a result of a
response to the inflammatory environment of LR-MDS bone marrow. MDS MSCs have previously been
reported to have an increased level of in TGFB/ SMAD (mothers against decapentaplegic)

112114 which is known to be a potent stimulator of collagen expression®>%’_ Although the

signalling
inhibition of TGFB signalling in the MDS MSC following treatment with a TGFB-ligand trap has been
shown to improve the haematopoietic support of healthy HSPCs by MDS MSCs*?, the effects on

collagen gene expression or collagen deposition have not yet been determined.

While the effects of ligand traps were not analysed here, those of the commonly used HMA, AZA was
analysed. Here the effects on the expression and incorporation of collagens into ECM appear to depend
strongly on the context. AZA treatment of MDS patients changed the bone marrow MSCs such that
they subsequently incorporated less collagen | and IV protein into the ECM, even though, there was
no decrease in the corresponding mRNAs in the MSCs (Figure 22B, 27B). This suggests a shift in
post-transcriptional regulation that decreases the translation, stability or incorporation into ECM or
possibly increases the degradation rate of collagen once incorporated. In contrast, direct exposure of
cultured MSCs to AZA for a period of 10 days led to a decrease in mRNA levels of collagen | (Col1al)

and IV (Col4a2), but not to a reduction in collagen | and IV protein in the ECM (Figure 27B). This suggests
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that the isolated MSCs respond to AZA exposure with a reduction in collagen | and IV gene expression
combined with a compensatory increase in stability, incorporation or durability of the collagen proteins
in the ECM. Furthermore, it would appear that the response to AZA may also depend on the duration
of treatment, since a short term 48 hour exposure of healthy donor MSCs to AZA has previously been
reported to increase the mRNA levels of Collal and Col4a2'%®,rather than to decrease them, as was
seen in the reported study, following the longer 10 day exposure (Figure 27B). These contrasting
effects of different treatments demonstrate the multiple levels at which AZA can act both directly on
MSCs and indirectly via effects on interacting cells in the BMME. This also highlights potential
differences between short and long term responses. For this reason, while the potential of AZA to
impact the ECM is clear, the complexity of the response is likely to make detailed characterisation of

the relevant mechanisms challenging.

5.3.2. Alterations in GAGs

No significant changes in the total sulphated GAG content were observed when comparing healthy
donor MSC-derived ECM with those from either LR or HR-MDS (Figure 11A). However, significant
differences were found between LR- and HR-MDS MSC derived ECM in the content of specific GAG
species. Specifically peanut agglutinin, which binds to N-acetyl-galactosamine or terminal 3-galactose
residues in GAGs such as CS, DS and KS, revealed significantly higher levels in LR- than in HR-MDS
samples (Figure 11C). While this was partly due to an increase in LR-MDS, the dominant feature was a

IM

strong decrease in the signal in HR-MDS MSC samples. Immunostaining and “stains all” staining of
electrophoresed matrix proteins confirmed a significant reduction in CS in HR-MDS derived
ECM (Figure 12B). Although the precise relevance of this reduction to the disease state remains
unclear, a mouse knockout model of CSGALNACT1, reported delayed short-term reconstitution and
increased LSK HSPCs in the bone marrow®. This suggested that CS is required for controlled

haematopoietic differentiation and that a reduction in CS may therefore be involved in the over

proliferation of progenitor cells seen in HR-MDS.

Those GAGs that are stained by wheat germ agglutinin, which binds to N-acetyl-glucosamine residues
in HA, HS, KS and to sialic acid residues, were also increased as a group in LR-MDS and reduced
significantly in HR-MDS (Figure 11B). Here, though, the final levels of these GAGs in the HR-MDS MSC
derived ECM were similar to those of ECM from healthy donor MSCs. Specific analysis of HA confirmed
that this GAG species was actually significantly higher in both LR and HR-MDS relative to healthy donor.
Although increased levels of HA have previously been noted in serum of the HR-MDS patients!®, both
the source and the relevance remain unclear. It is interesting that the gel-electrophoretic analysis of

HA revealed a relatively large amount of low molecular weight HA species in one of the LR-MDS
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samples (Figure 12D), since LMW-HA tends to be pro-inflammatory, while HMW-HA has the opposite
effect®°*%7 |t is therefore possible that LMW-HA contributes to the inflammatory characteristic of the
LR-MDS marrow environment. The significant increase in IL6 expression induced by the exposure of
bone marrow MNCs to LMW-HA together with increases in a range of other inflammation genes that
did not reach significance (Figure 15), suggests that this could, at least in principle, contribute to the

inflammatory microenvironment in LR-MDS.

Furthermore, AZA treatment, had no effect on the GAG content of ECM as revealed by lectin- and
“stains all” gel- staining (Figure 23). This does not rule out potential effects on the sulphation pattern,
which can also be decisive for function'®7°, However, it cannot be detected by agglutinin staining,

but it does suggest that AZA primarily effects collagen rather than GAG deposition.

5.4. Functional impact of MDS MSCs-derived ECM on healthy HSPCs

Characterisation of the interaction of HSCPs with ECM was limited to healthy donor derived HSPCs,
since those from MDS patients were not maintained on any of the ECM tested, regardless of source. It
is therefore not possible to judge whether or not MDS-derived ECMs may offer a surface particularly
supportive of MDS cells. The preferential interaction of HSPCs with the ECM appeared to be
comparable, with a similar degree of enrichment of both CD34+ and CD34+/CD117+ cells on all ECM
tested. Despite of this, there were clear indications of a compromised interaction between healthy
donor HSPCs and MDS-derived ECM, since under these conditions the healthy donor HSPC lost their
typical polar morphology as well as a proportion of their colony forming potential, while both were
retained on healthy donor derived ECM (Figure 18). This study is among the first to describe an impact
of MDS-derived ECM on HSPC behaviour. Although the increase in colony forming potential on
MSC-derived ECM from AZA treated patients was not observed in all cases (Figure 24B and Figure 28B)
this most likely reflects the heterogeneity of disease. This is similar to the observations of Xu, Q. et al
where in vitro AZA treatment resulted in improved erythroid differentiation in only 25 % of the AZA-

treated MDS MSCs samples tested®.

The changes in cell morphology of HSPCs cultured on the different ECM (Figure 18A) are in line with
previous studies that have already shown the properties of haematopoietic cells to be responsive to
changes in substrate rigidity as well as to various ligand and ECM protein coatings***®. Specifically,
HSPCs displayed polarized morphology on the stiffer ECM produced by healthy donor MSCs or by MDS
MSCs from patient’s post-HSCT, or following in vitro or in vivo AZA treatment. The non-polarized round
morphology was seen on the softer ECM produced by LR- and HR-MDS MSCs. A previous study
reported that the polarization of myosin Il fibres seen during growth on stiffer matrix resulted in

increased asymmetric division®°. This suggests that there may be a bias towards symmetric division on
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softer matrix. Hence, the softer ECM observed in the MDS MSC-derived ECM may drive the symmetric

division of the MDS clone, contributing to accumulation of the blasts in the MDS marrow.

The observed changes in cell morphology could also be a result of changes in the ligand density and
availability on the denser MDS MSC-derived ECM. CD29 (ITGB1), CD41 (ITGA2), CD51 (ITGAV), CD61
(ITGA3) and hyaluronic receptor CD44 are known to interact with different ECM proteins to regulate
maintenance, homing and proliferation of HSPCs*3147171172 Specifically, Krater et.al observed increase
in CD51/61 expression of HSPCs cultured on a decellularized ECM, while other studies have shown a
role of CD51/61 in the fate specification of HSPCs'’. Furthermore, an anti-CD51/61 antibody has been
reported both to decrease the CFU potential of HSPCs cultured on fibronectin coated surface??, and to
reduce the erythroid differentiation potential of HSPCs cultured on decellularized ECM>4. In contrast
to these previous reports, the current study identified no change in the CD51/61 expression of HSPCs
cultured on ECM form the various sources. These conflicting observations may be a consequence of
differences in the methods employed: integrins bind to ECM target ligands as an active heterodimer
complex comprising of an alpha and beta subunit. CD51 can form heterodimers with CD29, CD61, and
ITGB5Y3. The antibody used by Kréiter et.al was raised to a CD51/61 heterodimer. While, two different
flow cytometry antibodies for the alpha and beta subunits were used in the current study. This may
therefore detect the two integrins regardless of its active stage or its proximity to each other.
Moreover, interactions between integrins and non-integrin receptors such DDR, LAIR-1, and RHAMM

within the different ECM cannot be ruled out.

One possible explanation for the altered support provided by MDS ECM for HSPCs could be a change
in the ability of the ECM to present growth factors involved in the regulation of cell proliferation and
differentiation®!. However, while pre-loading of ECM with growth factors improved their subsequent
support of HSPCs, there was no difference in this respect between ECM derived from healthy donor

MSC and that from MDS patient MSCs (Figure 19).

In summary, this study has demonstrated changes in ECM structure, collagen content, and GAG
composition between the ECM of MDS and healthy MSCs. This is one of the first to show an impact of
MDS-derived ECM on both the morphology and function of HSPCs. The focus on MSC-derived ECM is
a clear limitation, since MSCs may highly contribute to the ECM environment of the haematopoietic
niche, but are certainly not the only cell type to do so. Future studies should be extended to consider
the ECM contributions from other cell types, particularly those of endothelial and osteoblastic
lineages. The study presented here provide a starting point for more comprehensive analyses of this
nature. Finally, the partial revision of the MDS ECM phenotype following invivo AZA treatment

suggests that the ECM itself may be a potential therapeutic target. A more detailed understanding of
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the contribution of ECM to disease processes will probably enable us to find novel therapeutic targets

to improve drug response in MDS.
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Myelodysplastic neoplasms (MDS) are a group of heterogeneous, clonal disorders characterised by
ineffective haematopoiesis and peripheral blood cytopenia. MDS is highly progressive, difficult to treat,
and is one of the most common blood cancers, affecting 4-5/100.000 people below the age of 70 and
many more thereafter. Single or multiple driver gene mutations and chromosomal abnormalities in
the haematopoietic compartment lead to MDS. These somatic gene mutations account for the
dysregulation of epigeneticc DNA repair, cohesion complex, and spliceosome pathways. The
International prognostic scoring system (IPSS) that was developed in 1997, revised (IPSS-R) in 2016 and
updated in 2022 (IPSS-M) classifies MDS into low risk (LR-), intermediate (Int-), and high risk (HR-)
groups. The haematopoietic disorder is accompanied by changes in the bone marrow
microenvironment (BMME) and especially in mesenchymal cells (MSCs). BMME provides a supportive
milieu for haematopoiesis and can be targeted by clinically available drugs such as AZA. The
non-cellular component of the BMME, the extracellular matrix (ECM), is a framework providing
structural and biochemical support via cell-ECM interactions and the maintenance of growth factor
gradients. To date, studies of bone marrow interactions in homeostasis and disease have focused
largely on soluble and membrane-associated factors, while the involvement of the ECM in MDS and its
response to therapy is underexplored. Therefore, this study aimed to characterise the MDS
MSC-derived ECM of both LR- and HR-MDS in comparison to that from healthy age matched donors in
terms of composition, biophysical properties and functional haematopoietic support. This study also
aimed to evaluate the impact of in vivo and in vitro AZA treatment on MDS MSC-derived ECM. To
investigate this, in vitro ECMs were generated by culturing of MSC monolayers on chemically prepared
coverslips followed by decellularization using NH4,OH and DNase-1 solution. The biophysical properties

of the ECM were analysed using atomic force microscopy (AFM). Using targeted approaches, a
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selection of biochemical ECM components including glycoprotein (fibronectin), collagens and
glycosaminoglycans (GAGs) were analysed in the various ECMs generated from the different MSC

samples.

AFM analysis revealed that MDS MSCs producer a softer ECM than the healthy donor MSCs, and that
this difference becomes more prominent as the disorder progresses from LR-to HR- MDS. An increase
in overall collagen content and a specific increase in collagens | and IV was observed in the ECM
deposited by both LR- and HR-MDS MSCs when compared to healthy donor MSCs. Lectin staining
revealed disease stage-specific differences in GAG composition: The levels of GAGs carrying
N-acetyl-glucosamine and those carrying N-acetyl-galactosamine sugars were both increased in ECM
from LR-MDS, while ECM from HR-MDS retained high levels of N-acetyl-glucosamine but contained
only low levels of N-acetyl-galactosamine GAGs. The changes in N-acetyl-galactosamine and
N-acetyl-glucosamine GAGs were further confirmed by chondroitin sulphate (CS) immunostaining, and
hyaluronic acid (HA) ELISA respectively. Electrophoretic analysis revealed the presence of low
molecular weight (LMW)-HA in one of the LR-MDS MSC-derived ECM. Furthermore, the stimulation of
MNCs with LMW-HA showed an increase in gene expression of pro-inflammatory cytokines like /L6
suggesting the possible involvement of LMW-HA in the inflammatory bone marrow state of LR-MDS.
ECM derived from both LR- and HR-MDS MSCs had a reduced ability to support HSPC, as revealed by a

loss of both polar morphology and subsequent colony-forming potential.

The decreased rigidity of the ECM produced by MSCs from MDS patients was reversed in MSCs isolated
from the patients post-AZA therapy. Similarly, direct exposure of cultured MDS MSCs to AZA also
resulted in a corresponding increase in the rigidity of the ECM, although this remained lower than that
observed from MDS MSCs isolated post-AZA therapy. A reduction in the collagen content of the ECM
was only observed when using MSC from AZA-treated patients, but not following in vitro AZA
treatment of MSCs from untreated patients. This indicated that the AZA-mediated restoration of ECM
rigidity is an indirect result of effects in the context of the BMME and not on the MSCs alone.
Interestingly, a few ECMs derived from MDS patients after AZA therapy had an improved ability to
maintain functional HSPCs, as assessed by subsequent colony formation assay. Moreover, a polarized
morphology of HSPCs cultured on the ECM derived from both in vivo and in vitro AZA-treated MDS
MSCs, suggests a partial restoration of the HSPC behaviour on the AZA-treated MDS ECM.

In conclusion, this study has demonstrated changes in the structure, collagen content, and GAG
composition of ECM derived from MSCs from MDS patients compared to healthy donors. This study is
one of the first to demonstrate an impact of MDS-derived ECM on both the morphology and function

of HSPCs, supporting the relevance of the bone marrow ECM in haematological malignancies. The
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partial revision of the MDS ECM phenotype following in vivo AZA treatment suggests that the ECM
itself may be a potential therapeutic target. An improved, in-depth understanding of the contribution
of ECM to disease processes is therefore likely to enable us to find novel therapeutic targets to improve

drug response in MDS in the future.
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Myelodysplastische Neoplasien (MDS) sind eine Gruppe heterogener, klonaler Erkrankungen, die
durch ineffektive Himatopoese und Zytopenie des peripheren Blutes gekennzeichnet sind. MDS sind
hochgradig progressiv, schwer zu behandeln und gehoren zu den haufigsten Blutkrebserkrankungen,
von denen 4-5/100.000 Menschen unter 70 Jahren betroffen sind. Die Inzidenz steigt mit
zunehmendem Alter deutlich an. MDS wird durch einzelne oder mehrfache Mutationen von
Treibergenen und Chromosomenanomalien im hdmatopoetischen Kompartiment verursacht. Diese
somatischen Genmutationen sind fir die Dysregulation von epigenetischen, DNA-Reparatur-,
Kohadsionskomplex- und SpleiBosomen-Signalwegen  verantwortlich. Das Internationale
Prognosesystem (IPSS) wurde 1997 entwickelt, 2016 Uberarbeitet (IPSS-R) und 2022 aktualisiert
(IPSS-M), um MDS in Gruppen mit niedrigem Risiko (LR-), mittlerem (Int-) und hohem Risiko (HR-)
einzuteilen. Die hamatopoetische Erkrankung geht mit Veranderungen in der Mikroumgebung des
Knochenmarks (BMME) einher, insbesondere bei mesenchymalen Zellen (MSCs). Das BMME bietet ein
unterstitzendes Milieu fiir die Himatopoese und kann durch klinisch verfiigbare Medikamente wie
AZA beeinflusst werden. Die nichtzellulare Komponente der BMME, die extrazelluldre Matrix (ECM),
ist ein Gerist, das durch Zell-ECM-Interaktionen und die Aufrechterhaltung von
Wachstumsfaktorgradienten strukturelle und biochemische Unterstiitzung bietet. Bislang haben sich
Studien Uber die Interaktionen im Knochenmark bei Homoéostase und Krankheit hauptsachlich auf
[6sliche und membranassoziierte Faktoren konzentriert, wahrend die Beteiligung der ECM an MDS und

ihre Reaktion auf die Therapie noch nicht ausreichend erforscht ist. Daher zielte diese Studie darauf
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ab, die aus MDS-MSCs abgeleitete ECM sowohl bei LR- als auch bei HR-MDS im Vergleich zu der von
gesunden, altersgleichen Spendern zu charakterisieren, und zwar hinsichtlich der Zusammensetzung,
der biophysikalischen Eigenschaften und der funktionellen hdmatopoetischen Unterstiitzung. Ziel
dieser Studie war es auch, die Auswirkungen einer in vivo und in vitro AZA-Therapie auf die aus MDS-
MSCs stammende ECM zu untersuchen. Hierfiir wurden in vitro ECMs durch Kultivierung von MSC-
Monolayern auf chemisch-praparierten-Deckglasern und anschliefender Dezellularisierung mit NH,OH
und DNase-1-Losung erzeugt. Die biophysikalischen Eigenschaften der ECM wurden mittels
Rasterkraftmikroskopie (AFM) analysiert. Mit gezielten Ansdtzen wurde eine Auswahl biochemischer
ECM-Komponenten, darunter Glykoproteine (Fibronektin), Kollagene und Glykosaminoglykane

(GAGS), in den ECMs analysiert.

Die AFM-Analyse ergab eine weichere ECM, die von MDS-MSCs im Vergleich zu gesunden Spender-
MSCs gebildet wurde, was mit dem Fortschreiten der Erkrankung von LR- zu HR-MDS noch deutlicher
wurde. Sowohl in LR-MDS- als auch in HR-MDS-ECMs wurde im Vergleich zu gesunden Spender-ECMs
ein Anstieg des Gesamtkollagengehalts und eine spezifische Zunahme der Kollagene | und IV
beobachtet. Darliber hinaus zeigte die Lektinfarbung krankheitsspezifische Unterschiede in der GAG-
Zusammensetzung: Der Gehalt an N-Acetylglucosamin-tragenden GAGs und an N-Acetylgalactosamin-
tragenden GAGs war in der ECM von LR-MDS erhoht, wahrend die ECM von HR-MDS einen hohen
Gehalt an N-Acetylglucosamin, aber nur einen geringen Gehalt an N-Acetylgalactosamin-GAGs
aufwies. Die Veranderungen bei den N-Acetyl-Galactosamin- und N-Acetyl-Glucosamin-GAGs wurden
durch Chondroitinsulfat (CS)-Immunfarbung bzw. Hyaluronsdure (HA) ELISA weiter bestatigt. Eine
Elektrophoretische Analyse zeigte das Vorhandensein von niedermolekularem (LMW)-HA in einer der
von LR-MDS-MSCs stammenden ECM. Dariiber hinaus zeigte die Stimulierung von mononuklearen
Zellen mit LMW-HA einen Anstieg der Genexpression von pro-inflammatorischen Zytokinen wie IL6,
was auf eine Rolle von LMW-HA im entziindlichen Zustand des Knochenmarks von LR-MDS hindeutet.
Dariber hinaus wies die ECM von LR- und von HR-MDS, eine verminderte Fahigkeit, hamatopoetische
Stammvorlauferzellen (HSPCs) zu unterstiitzen, auf. Dies zeigte sich in einem Verlust sowohl der

polaren Morphologie von HSPCs als auch des anschliefenden koloniebildenden Potenzials selbiger.

Dariber hinaus wurde die verringerte Steifigkeit der ECM von MDS-MSCs, die nach der AZA-Therapie
aus den Patienten isoliert wurden, umgekehrt. In dhnlicher Weise flihrte die direkte Exposition von
kultivierten MDS-MSCs mit AZA zu einer entsprechenden Erhohung der Steifigkeit der ECM. Diese war
jedoch geringer als bei den nach der AZA-Therapie isolierten MDS-MSCs. Die Verringerung des
Kollagengehalts der ECM wurde nur in der in vivo mit AZA behandelten MSC-ECM beobachtet, nicht
aber in den in vitro mit AZA behandelten Proben. Dies deutet darauf hin, dass die AZA-vermittelte
Wiederherstellung der ECM-Steifigkeit ein Ergebnis der indirekten Wirkung von AZA im Knochenmark
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ist und eventuell vom MDS-Klon ausgeht. Interessanterweise wurde bei einigen ECMs von MDS-
Patienten nach der AZA-Therapie eine Verbesserung der Koloniebildung hierauf- kultivierter HSPCs
beobachtet. Dariiber hinaus deutet eine polarisierte Morphologie von HSPCs, die auf der ECM von in
vivo und in vitro AZA-behandelten MDS-MSCs vorkultiviert wurden, auf eine teilweise

Wiederherstellung des Verhaltens von HSPCs auf der AZA-behandelten MDS-ECM hin.

Zusammenfassend lasst sich sagen, dass diese Studie Veranderungen in der Struktur, im Kollagengehalt
und in der GAG-Zusammensetzung zwischen der ECM von MDS-MSCs und der ECM von gesunden
MSCs nachgewiesen hat. Dies ist auch eine der ersten Studien, die einen Einfluss der aus MDS-MSCs
stammenden ECM auf die Morphologie und Funktion von HSPCs zeigt. Dies weist auf die Rolle der ECM
bei der Entstehung hamatologischer Malignome hin. Darliber hinaus deutet die teilweise Korrektur des
MDS-ECM-Phanotyps nach einer in vivo AZA-Behandlung darauf hin, dass die ECM selbst ein
potenzielles therapeutisches Ziel sein konnte. Ein besseres und tieferes Verstiandnis des Beitrags der
ECM zu MDS-Krankheitsprozessen wird es uns daher ermaoglichen, neue therapeutische Ziele zu finden,

um das Ansprechen auf Medikamente verbessern zu kénnen.
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Annexes

9. Annexes

9.1. Annex |
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Figure 29 Gating strategy for flow cytometry analysis of MSCs. Representative plots of flow cytometry analysis.
A) MSCs were gated to exclude cell debris based on the forward and side scatter. B) Single cells were gated based

on forwards scatter area and height. C) Single cells were gated for its positive expression of CD73, CD90, CD105,
CD44, CD166 and CD146 against an unstained control (grey).
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9.2. Annex I
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Figure 30 Gating strategy for flow cytometry analysis of HSPCs on different ECMs. Representative plots of flow
cytometry analysis. A) HSPCS were gated to exclude cell debris based on the forward and side scatter B) Single
cells were gated based on forwards scatter area and height. C) Live cells were gated using propidium iodide.
D-J) Live cells were gated for positive expression of CD29, CD34, CD41, CD44, CD51, CD61, and CD51+CD61+ cells.
K) Live cells were gated for CD117 and CD34/CD117+ cells.
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9.3. Annex Il

A Peanut Agglutinin Wheat Germ Agglutinin Chondroitin Sulfate

Figure 31 Analysis of specificity of lectin staining and CS staining after pre-treatment with heparinases-1 and
chondroitinase ABC respectively. Representative images of HR-MDS MSC-derived ECM using A) Peanut agglutinin
which binds to N-acetyl-galactosamine and terminal 3-galactose containing GAGs (CS, DS and KS). B) Wheat germ
agglutinin which binds to N-acetyl-glucosamine GAGs (HA, HS and KS) and sialic acid without or with enzymatic
pre-treatment with chondroitinase ABC and Heparanase-1. C) Representative CS immunostaining images of

HR-MDS MSC-derived ECM after pre-treatment without or with enzymatic pre-treatment with chondroitinase
ABC.

Without digestion

After digestion
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