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Abstract

In addition to hematopoietic stem cells (HSCs), human bone marrow (BM)
contains a population of non-hematopoietic mesenchymal stromal
stem/progenitor cells (MSCs) that can generate cells of the skeletal lineages
in vivo. Furthermore, human BM-MSCs and their descendants are essential
constituents of hematopoietic microenvironment and play pivotal roles in
supporting and maintaining hematopoiesis. Despite intensive research on
BM-MSCs, our knowledge about the precise phenotypic signature and
functional properties of primary MSCs is still limited. In the current thesis we
therefore aimed to address these issues by employing a variety of approaches.
Using gene expression array analysis we have identified a new phenotype for
prospective isolation of human BM-MSCs with thus fur unmet precision.
Low/negative expression of CD140a on lin/CD45/CD271* cells marked a
highly enriched BM stromal population, possessing all typical in vitro and in
vivo BM-MSC properties. Single-cell gene expression (Fluidigm) analysis
revealed homogeneity of this population in terms of the expression of
selected MSC-relevant genes. Next, to evaluate stem cell properties of this
putative stromal stem cell population, we utilized CFU-F assay as well as the
recently developed mesensphere assay, which enables MSC amplification
while preserving their immature phenotype. With both assays, we have
documented clonogenicity and in vitro self-renewal capacity of
CD271*/CD140a""" cells, however, in vivo self-renewal was observed only

when cells were propagated as mesenspheres. Finally, to identify the
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underlying cause for the observed functional differences between adherent
and non-adherent cultured BM-MSCs and to compare with primary BM-
MSCs, we performed comparative gene array analysis to elucidate possible
differential gene expression signatures. Several distinct clusters of genes
were identified with different expression patterns between primary and
cultured cells, and also between adherent and non-adherent MSCs. Cluster
analysis enabled the identification of a number of potentially important MSC

regulatory genes as candidate markers for future studies.

Taken together, we provided evidence that lin/CD45/CD271*/CD140"""
cells present a rare homogeneous population of BM-MSCs that demonstrated
all essential stroma cell properties, including hematopoietic support function,
and — importantly - fulfilled stringent stem cell criteria, i.e. in vitro and in
vivo self-renewal and differentiation. Furthermore, we have identified
profound gene expression differences between primary, adherent and non-
adherent BM-MSCs. This research contributes to a greater understanding the
biology of human BM-MSCs and the mechanisms that regulate their different

properties.
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Popularvetenskaplig sammanfattning

Mesenkymala stamceller (MSC) &r en typ av stamceller som kan isoleras fran
olika vavnader i kroppen hos en vuxen manniska, inkluderat benmérgen. |
den humana benmargen finns det tva typer av stamceller, det vill siga MSC
och hematopoetiska stamceller. De hematopoetiska stamcellerna ansvarar for
den dagliga produktionen av blodceller. Benmérgens MSC a andra sidan, kan
mogna ut och bilda andra typer av celler som benceller, fettceller och
fibroblaster. Benmargens MSC bildar aven mikromiljon som har till uppgift
att stodja och bevara blodbildning. Under de senaste artiondena har MSC
studerats ingaende, men fortfarande finns det obesvarade fragor sa som; hur
kan MSC urskiljas fran andra celler i benmargen, eller vilka ar deras exakta

funktioner och egenskaper i kroppen.

Malet med avhandlingen har darfor varit att forsoka besvara dessa fragor
genom olika infallsvinklar. | den forsta studien har vi identifierat en ny
fenotyp som gor det mojligt for oss att isolera en relativt homogen, det vill
séga en renare population av benmargens MSC. Renheten hos en population
utvarderas genom deras formaga att bilda kolonier da de odlas pa plast. Celler
med denna foérmaga kallas colony-forming unit fibroblast (CFU-F). Celler
med fenotypen som vi har funnit i denna studie har den hogsta kapaciteten att
bilda CFU-F som hittills har rapporterats. Vi har &ven transplanterat in dessa
celler under huden pa immundefekta moss och kunde da se att cellerna
bildade ben, fett och benmargs-bindvdv, vilket visar pa deras

differentieringsformaga in vivo (férmagan att mogna ut till andra celltyper).
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Det traditionella sattet att odla MSC é&r pa en plastyta in vitro. Cellerna ska
fasta pd plasten och i narvaron av ratt odlingsmedium delar sig cellerna
enkelt. Ett nytt satt att odla MSC pa &r att anvanda sig av en icke vidhaftande
metod. Denna metod innebér att man forhindrar cellerna att fasta pa plasten
och istéllet bildar cellerna sma sfarer som flyter omkring i odlingsmediumet.
| vara studier har vi visat att odling av MSC i sfarer kan ha vissa fordelar
jamfort med den konventionella metoden. MSC som har isolerats baserat pa
den fenotyp som identifierats och som odlats som sférer, har visat sig vara
mer omogna celler. Nar vi transplanterade dessa sfarer under huden pa
immundefekta moss sag vi ett okat antal av sfarer efter primara och
sekundéra transplantat. Detta betyder att cellerna har en sjélvfornyande
kapacitet vilket innebar att de har férmagan att bilda exakta kopior av sig
sjalva. MSC som odlats med hjalp av den traditionella metoden hade daremot
inte denna formaga. Vi har dven kunnat visa att sfarerna kunde bilda ben, fett
och bindvav da vi genomférde en serie transplantationer (s.k. serial
transplantations), vilket indikerar att de har differentierings férmaga in vivo.
Vi har alltsda kunnat visa att MSC fran benmargen har foérmaga till
sjalvfornyelse och differentiering in vivo. Detta ar tva essentiella egenskaper
som en stamcell ska besitta, och detta har ingen tidigare kunnat visa hos MSC

isolerade fran human benmérg.

Baserat pa tidigare fynd, det vill sdga de olika funktionella egenskaperna hos
MSC odlade med den traditionella odlingsmetoden jamfort med MSC odlade
som sfarer, bestamde vi oss for att analysera dem i detalj pa en molekylar
niva. Detta gjorde vi genom att anvanda en metod som heter microarray. Med
denna metod fann vi skillnader i genuttryck mellan MSC som odlats pa det

traditionella sattet, MSC som odlats i sfarer och MSC som inte odlats alls. Vi
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har identifierat flera gener som kan vara viktiga for regleringen av MSC och

dessa ar darfor kandidatgener for framtida studier.

Sammanfattningsvis bidrar studierna i denna avhandling till att forbéattra den
biologiska kunskapen om MSC. Vi har identifierat en fenotyp som goér det
enklare att isolera humana MSC fran benmargen och som ger en renare
MSC-population. Vi har ocksd visat att dessa celler uppfyller
stamcellskriterierna, det vill saga formagan till sjalvfornyelse och att mogna
ut till andra celltyper. Denna information &r synnerligen viktig for framtida
studier dar man vill designa reparationsstrategier och metoder for att ersatta

stroma stamceller i benmargen.
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Introduction

Bone marrow mesenchymal stem cells (BM-MSCs) are a class of adult stem
cells which can give rise in vivo to skeletal lineages including bone, adipose
tissue and stroma, and therefore they generate a number of niche candidate
cells which through direct and indirect mechanisms play central roles in the

support and maintenance of hematopoiesis.

In the current thesis we aimed to address some open key questions regarding
the biological features of human BM-MSCs, including their phenotype and

stem cell properties.

Mesenchymal stem cells (MSCs)

History and nomenclature

The earliest description of bone marrow (BM) fibroblast cultures dates back
to 1910 when Carrel and Burrows cultured bone marrow cells derived from
dogs, cats and frogs and observed the growth of elongated spindle-shaped
cells which were later named fibroblasts®. Berman et al.? adapted the culture
methods for human cell culture and established long-term culture of rapidly
growing human bone marrow fibroblast-like cells. Years later, the existence
of a mesenchymal stem cell population in the BM was reported in a study

showing that heterotopic implantation of BM can generate ectopic bone and

19



marrow?. Similar observations were made by Friedenstein and colleagues in a
series of breakthrough seminal studies. They assigned the formation of
ectopic BM to a rare subpopulation of bone marrow cells that were detectable
from the remaining cells by their plastic adherence property. Importantly,
they proposed the existence of precursor cells in the BM by showing their
ability to form single cell-derived fibroblastic colonies (the colony-forming
unit fibroblasts, CFU-Fs) %%, They named these cells as osteogenic stem cells

or bone marrow stromal stem cells” 8.

Later studies towards characterization of CFU-Fs showed that there was a
linear relationship between the number of seeded cells and the number of
fibroblast colonies generated, suggesting the clonality of CFU-Fs® *° and this
was supported by time lapse photography and chromosome analysis of CFU-
Fs derived from mixed male and female plated cells* ¢. They described the
CFU-F colonies as the aggregation of more than 40 fibroblast-like cells and
reported their frequency as 1 per 10° marrow cells®. In the absence of cell
sorting technology based on the cell immunological phenotype, bone marrow
stromal cells were purified from bone marrow aspirates by their plastic
adherent property, thus cell culture was the main method to separate the
stromal cells from hematopoietic cells. Later, the term “mesenchymal stem
cells” (MSCs) was coined to address adult bone marrow progenitor cells with
capacity to differentiate into skeletal lineages'. Mesenchymal stem cells
gained vast popularity over the last two decades as they were introduced as a
type of adult stem cells with a broad range of differentiation potential that
make them an attractive candidate for tissue repair and cell therapy.
However, during the recent years some confusion has been created regarding

the terminology, characteristics and function of these cells.
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In the field of MSC biology, two different definitions of mesenchymal stem
cells have been introduced. The first one defines MSCs as a class of adult
stem cells with self-renewal and multi-lineage differentiation potential, found
in different tissues and supply a reservoir of newly generated cells for
replacing old cells and play critical role in the tissue homeostasis (Fig.1). In
the second view, which has been widely applied in the field, MSCs are not
necessarily “stem cells”. They are culture-expanded cells that can be derived
basically from any type of connective tissues and have gained popularity as a
cell therapy tool for a number of diseases based on their immunomodulatory
and anti-inflammatory effects but not any possible stem cell function®?.

The “stem cell” term applied in the second view was challenged when
heterogeneity of culture-expanded bone marrow-derived cells was
suggested®®. This resulted in the International Society for Cellular Therapy’s
(ISCT) consent to use the term “multipotent mesenchymal stromal cells” for
the fibroblast-like plastic adherent cells for which stem cell activity had not
been demonstrated yet, and restrict the term “mesenchymal stem cells” only
for those cells that meet stringent stem cell criterial®. One year later, ISCT
defined human MSCs as plastic-adherent cells that express the surface
markers CD90, CD73 and CD105 and lack the expression of CD34, CD45,
CD14, CD19 and HLA-DR surface antigens. Additionally, MSCs are
required have in vitro differentiation potential towards adipocytes, osteoblasts

and chondroblasts®.

The focus of current thesis is the rare population of non-hematopoietic
mesenchymal stromal stem cells in human bone marrow, i.e. primary cells
with in vivo multilineage differentiation capacities towards skeletal lineages

according to the first definition®.
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Figure 1. In vivo differentiation potential of BM-MSCs. MSCs residing in the BM
have self-renewal capacity to generate identical cells, as well as differentiation
potential to produce skeletal lineage cells including osteoblasts, chondroblasts and
adipoblasts (The graph was taken from Frenette et al., 2013 with permission of the
publisher).

Human MSCs in different tissues

Bone marrow is the most common and the best studied source for isolation of
MSCs, however MSCs derived from other tissues such as fat, peripheral
blood, synovial membrane, lung, heart, amnion membrane and umbilical cord
have been the subject of a number of different studies'®. MSCs isolated from
these sources show similarities and differences with BM-MSCs in regard to
their phenotype, clonogenic potential and differentiation capacity. For

instance, similar to BM-MSCs, primary adipose tissue MSCs (AT-MSCs) are
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positive for CD90Y, CD146' CD271'° and negative for CD31 and CD45"’.
In contrast to BM-MSCs, AT-MSCs are positive for CD34° and negative for
CD105Y. Compared to BM-MSCs, AT-MSCs have a higher proliferation
rate®® but similar CFU-F frequency and tri-lineage differentiation potential®”
2L However, recent in vivo and epigenetic studies have shown that BM-MSCs
and AT-MSCs have distinct in vivo differentiation potential and molecular
signatures? 2, highlighting the need of rigorous studies to better characterize
MSCs derived from different sources and to identify the exact phenotype and

function of their primary MSC.

Ontogeny of MSCs

During the development period, the embryo is formed by pluripotent
embryonic stem cells (ESCs) derived from the inner cell mass of blastocyst
that generate all the various tissues in the body?*. Later in life, another class
of stem cells, called multipotent adult or somatic stem cells, can be found in
different tissues which are more restricted in their potency compare to ESCs
and which have maintenance and repairing roles in the tissues that they

reside®> %,

One of the best-described multipotent adult stem cell types is the
hematopoietic stem cell (HSCs), residing in the bone marrow and efficiently
providing all the blood cell types throughout the life of the organism?’.
Hematopoiesis takes place within the context of the hematopoietic stroma
with the assistance of different bone marrow stromal cells consisting of
mesenchymal stem cells and their descendants. Despite the significant
progress in the field of MSC biology, several aspects including their

ontogeny and developmental origin with respect to their function remain
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uncertain. In both mouse and human embryos MSCs have been found in
main hematopoietic sites during the development including in aorta-gonad-
mesonephros (AGM) region, fetal liver and bone marrow?3°. Most of the
information about the anatomical mapping of MSCs during the development
has been gained through lineage tracing studies in transgenic mouse models
and due to the restrictions of human embryo studies, our knowledge about the
origin of human MSCs is still limited. In general, it is believed that both
mouse and human MSCs are a derivative of the mesoderm layer3!, however
some lineage tracing studies in transgenic mouse models have shown that the
early waves of MSC generation during development are developed from
SOX1* neuroepithelium and later from neural crest®? %,

Additionally, the fact that bone marrow MSCs express some of the neural
markers such as CD271 and Nestin, as well as their capacity to form
mesenspheres, which is similar to neurosphere formation, suggest a possible
relationship with the neuroectoderm layer®*. A more recent study has
assigned different functions of mouse MSCs to their distinct developmental
origin, i.e., MSCs derived from the mesoderm layer are mainly involved in
skeletogenesis through endochondral ossification, while neural crest-derived
MSCs are HSC niche-forming cells in the same bones?. Although these
studies suggest a multiple origin for mouse MSCs, the developmental
hierarchy of different MSC derivatives regarding their niche function in

postnatal life remains to be clarified.

Human primary MSC surface markers

To study the biological properties and physiological functions of native

MSCs in their environment, identification of their phenotype which enables
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researchers to isolate them prospectively in the primary state is crucial.
Primary MSCs refer to freshly isolated bone marrow stromal cells based on
their specific surface marker profile using recently developed sorting
technology® (Fig. 2). On the other hand and as described above, there are
cultured MSCs which are isolated based on their plastic adherence capacity

and have a typical surface marker profile, as defined by the ISCT?.

Several positive and negative candidate surface markers have been reported
to identify human primary MSCs. Positive markers include STRO-1%,
CD146%, CD271%, CD140b*, CD106%°, CD105%, SUSD2%, CD73%,
CD56% and CD90%. Negative markers consist of CD31%, CD34*, CD45%
and CD44. However, cells expressing these markers have shown a poor
enrichment for human BM cells with CFU-F activity, which are considered to
reflect the primary bone marrow stromal stem/progenitor cells. CD271 is a
marker that can identify all the colony forming cells in human bone marrow
and is commonly used for isolation of human primary BM-MSCs* 50,

however the frequency of CFU-F in CD271* population is not high.

To purify this population further, we therefore investigated possible novel
primary MSC markers and found that low/negative expression of CD140a on
CD271" cells identified a close to pure population of human primary BM-
MSCs with the highest stem/progenitor content that had been reported thus

far®t.
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Figure 2. Conventional and prospective MSC isolation methods. In the traditional
way, MSCs are isolated based on their plastic-surface adherence property, which
results in a heterogeneous population of cultured stromal cells. In the prospective
isolation method, MSCs are FACS sorted based on the expression of specific surface
markers. This method allows to isolate a more homogenous MSC population (The
graph was taken from Mabuchi et al., 2013 with permission of the publisher).

Multipotency of human MSCs

In 1999 Pittenger et al. introduced an important characteristic of MSCs. They
showed in vitro differentiation potential of human MSCs toward three
mesodermal lineages, including osteoblasts, adipocytes and chondrocytes
following culture in presence of induction media®. Later, various studies
reported on the capacity of MSCs to differentiate into other cell types such as
neuronal-like cells® (cells had a typical neuron morphology and expressed
neural markers including neuron-specific enolase (NSE) and neurofilament-
M (NF-M), hepatocyte-like** (cells expressed hepatic proteins including
hepatocyte nuclear factor (HNF) and alpha-fetoprotein (AFP) and showed

some hepatic functionality) and airway epithelial cells® (cells functionally

26



contributed to apical CI- secretion). However, in order to claim that MSC
have such a broad differentiation potential it is necessary to demonstrated that
differentiated cells exhibit full functionality in vivo before one can claim that
a certain cell type is produced. Although a number of in vivo studies have
shown differentiation of human MSCs to skeletal and cardiac muscles®® %7,
others have reported contradictory results®® %, suggesting that more
investigations are needed to explore in vivo differentiation potential of MSCs.
Also, it is important to note that in vitro multipotency of MSCs has to be
tested at clonal level to be able to claim that multiple lineages have been
derived from the same progenitor cell. However, the majority of studies have
only investigated MSC differentiation in bulk cultures.

One defining feature of any class of stem cells is their in vivo multilineage
differentiation potential. In the context of BM-MSCs, serial transplantation
studies showed that mouse Nestin® perivascular stromal cells generated the
hematopoietic microenvironment in vivo®. In human fetal bone marrow,
CD140a and CD51 marked human Nestin* mesenchymal stromal cells that
were capable of transferring the hematopoietic niche activities in vivo®.. In
adult human bone marrow, expression of CD146 identified stromal cells
which could generate a heterotopic bone marrow niche following
subcutaneous implantation®”; however the in vivo studies presented in this
seminal publication were not performed in a serial transplantation setting. To
investigate the in vivo differentiation potential of human BM-MSCs, we
therefore performed serial transplantation assays in one study included in this
thesis and we were able to demonstrate that human primary bone marrow
CD271*/CD140a""" cells fulfilled stringent stem cells criteria, i.e. in vivo

self-renewal and multilineage differentiation potential®?.
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MSC self-renewal

Self-renewal, the process of generating daughter stem cells with preserved
undifferentiated state to maintain the stem cell pool, is another major
criterion of all postnatal stem cells. In the field of MSC biology, most of the
studies evaluating MSC stem cell activity have been limited to in vitro
experiments and relied on the CFU-F assay as the main evaluation tool. Only
few numbers of studies have investigated the in vivo self-renewal activity of
mouse and human MSCs. Besides the CFU-F assay, a novel non-adherent
sphere culture system was introduced into the field as an alternative tool to
evaluate the stem cell activity of MSCs®. It was shown that mouse Nestin*
perivascular stromal cells formed mesenspheres in a modified culture
condition adapted from neurosphere assay®® and exhibited in vivo self-
renewal activity in serial transplantation experiments®. In vivo self-renewal
capacity of human bone marrow MSCs was not thoroughly investigated
before. In this thesis, using the novel mesensphere assay adapted for human
cells, we therefore investigated for the first time the self-renewal activity of a

pure population of MSCs in a serial transplantation setting®?.

Immunomodulatory effects of MSCs

MSCs have been reported to possess anti-inflammatory and
immunoregulatory functions by affecting both the adaptive and innate
immune system, and MSC have therefore been applied in a number of
clinical trials for treatment of diseases such as graft versus host disease
(GVHD), multiple sclerosis (MS), and Crohn’s disease®. In the innate
immune system, MSCs recruit monocytes and macrophages in response to an

injury and enhance tissue repair process. In addition, MSCs by secretion of
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growth factors such as interleukin 6 (IL-6) and granulocyte-macrophage
colony stimulating factor (GM-CSF) facilitate the recruitment of neutrophils
to the site of injury and promote their anti-inflammatory function. MSCs
modulate adaptive immune responses mainly through suppression of CD4*
and CD8* T cells, which is mediated by indoleamine 2, 3- dioxygenase (IDO)
or nitric oxide (NO) in humans and mice, respectively. Furthermore, MSCs
inhibit B cell activity through cell cycle arrest and reduced production of
immunoglobulin®: % In addition, other mechanisms have been proposed and
in order to better understand the MSC immunoregulatory properties, more
studies are needed to address the underlying procedures.

MSCs as skeletal stem cells

In 2004 Bianco and Robey proposed a new term for BM-MSCs as “skeletal
stem cells”®”. They argued that an adult stem cell is usually described by the
cell types that it generates, similar like hematopoietic stem cell. Multipotent
BM-MSCs that were introduced by Friedenstein and others have shown in
vivo differentiation potential limited to skeletal lineages, including
osteoblasts, chondroblasts, adipocytes, fibroblasts and reticular cells. Even
though different studies have indicated a wider range of differentiation
capacity for BM-MSCs, strong experimental evidence is still lacking.
Therefore, they suggested until solid proof is provided that shows a clonal
stromal cell can generate other cell types than skeletal lineages in vivo, the
proper term for BM-derived stromal cells would be skeletal stem cells.
Skeletal stem cell is a more stringent term that implies proven in vivo

potential of BM stromal stem cells®": %8,
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MSCs and their descendants as Niche components

The niche concept

HSCs reside in a supportive and highly dynamic microenvironment, the so-
called niche, in the BM. During the development, in both mouse and human,
hematopoietic niches are found in different sites, including yolk sac, AGM,
liver, spleen and bone marrow. After birth, in the normal conditions bone
marrow is the major site of hematopoiesis®. Under the control of precise and
complicated regulatory signals provided by niche, HSCs undergo self-

renewal, lineage differentiation, maturation and mobilization™.

The critical role of the hematopoietic niche is highlighted by the fact that
mutations and abnormalities of the non-hematopoietic cells of the BM can
cause hematopoietic malignancies™. In the initial concept, the niche was first
hypothesized as a unit that regulate HSC self-renewal and differentiation.
Later studies proved the existence of regulatory niche in the Drosophila
Melanogaster gonad’ ™ as well as other mammalian tissues including brain,
skin and intestine’. In the BM hematopoietic niche context, the first in vivo
proof of existence of niche elements with HSC regulatory function was
obtained using transgenic mouse models in two different studies’® 7’. Both
studies showed that higher number of osteolineage cells obtained following

genetic modifications resulted in higher number of HSCs.

It is worth to note that most of our current knowledge about the
hematopoietic niche comes from mouse studies through different transgenic
mouse models and in vivo lineage trace studies. The BM niche is comprised
of multiple cell types and various soluble factors. The main cellular

components of the niche include MSCs, osteoblasts, endothelial cells,
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perivascular cells, sympathetic nerve fibers and non-myelinating Schwann
cells. In addition to the main niche cells, there are several accessory cells,
including osteoclasts, adipocytes, megakaryocytes, macrophages, T-
regulatory cells and dendritic cells®** 7 ’® (Fig. 3). Different soluble factors as
chemokines, cytokines and growth factors are generated by cellular
components of the BM. The majority of them which are involved in the
regulation of hematopoiesis include C-X-C motif chemokine ligand 12
(CXCL12)", stem cell factor (SCF)®, transforming growth factor beta (TGF-
B)8, granulocyte-colony stimulating factor (G-CSF)®, thrombopoietin
(TPO)®, angiopoietin-18, IL-6%, interleukin 7 (IL-7)% & Notch ligands®
and Wnt ligands®.
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Figure 3. The hematopoietic stem cell niche. The diagram illustrates the most
important cellular candidates in bone marrow microenvironment with known
functions in regulation of hematopoiesis (The graph was taken from Frenette et al.,
2013 with permission of the publisher)
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Anatomical structure of the bone marrow niche

Advancements in high-resolution imaging techniques and developed
transgenic mouse models have enabled scientist to dissect constituents of
bone marrow niche. Bone marrow is a densely vascularized tissue, containing
central arteries that branch to small arteries and finally to small arterioles
close to the bone surface. Small venous sinusoids arise from endosteal region
and move towards the central marrow while making various anastomoses and
finally join each other and create the main sinus in the center of bone

cavity®.

Within the BM microenvironment, at least two distinct niches have been
proposed: the endosteal (osteoblastic) niche and the perivascular (pericytic

arteriolar) niche™.

Endosteal niche

A minority of HSCs in the BM are localized adjacent to bone surface-lining
osteoblasts, indicating the existence of endosteal niche’’. Different
osteolineage cells secrete a number of soluble factors implicated in HSC
regulation. G-CSF produced by human mature osteoblasts mediates HSC
mobilization® °1. In the mouse, angiopoietin-1, the ligand of the Tie2
receptor, which is mainly expressed by osteoblasts, promotes HSC
guiescence and therefore maintains long-term repopulating capacity of
HSCs?®. Osteopontin, a glycoprotein produced by osteoblasts, has a
constraining effect on mouse HSC numbers and negatively regulate HSC

pool size®.

In spite of these findings and many other studies indicating the role of

osteolineage cells in hematopoiesis, their contribution is under debate. For
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instance, global expansion of mouse osteoblasts using a bone anabolic agent
makes no impact on hematopoiesis®® or conversely, deficiency in osteoblasts

function in arthritis mouse model has no effect on long-term HSCs%.

One possible explanation for these controversial findings is the heterogeneity
of the osteolineage cells. Mouse osteolineage cells at different stages (early-
stage and late-stage) have different impacts on hematopoiesis®®. Early-stage
osteolineage cells produce more CXCL12 and SCF; therefore have a better
supporting effect on long-term HSCs compare to more mature osteolineage
cells®. In addition, early-stage osteolineage cells expressing osterix (Osx*)
play a role on B lymphocyte maturation’. More mature osteolineage cells
expressing osteocalcin (Ocn*), on the other hand, only slightly impact B
lymphocyte production while significantly affecting T lymphocyte

generation®’.

Vascular niche

The predominant localization of HSCs close to the blood vessels motivated
the notion that vascular regions may have a crucial role in HSC regulation.
Mesenchymal stromal cells that surround blood vessels and express different
markers have been suggested to be the main perivascular niche component.
In humans, expression of CD271% and CD146% are reported to define
perivascular MSCs with HSC supporting functions. Perivascular
mesenchymal stromal cells in different transgenic mice models have been
shown to promote HSC maintenance. Nestin® MSCs showed high levels of
expression of HSC regulatory molecules including SCF, CXCL12 and
Angiopoietin-1%°, CXCL12" perivascular cells named CAR (CXCL12-

abundant reticular) cells are adjacent to sinusoids and co-localize with SLAM

33



signature (CD150*CD48CD41) HSCs® and Leptin receptor positive
perivascular cells express SCF, which is essential for HSC maintenance!®.
All of these perivascular cells have MSC characteristics, suggesting that

MSCs are a major component of perivascular niche.

Moreover, arterioles that are preferentially located in the endosteal region
harbor quiescent HSCs. In mice, these small arterioles are enclosed by NG2*
pericytes and produce high levels of niche factors that are required for HSC
maintenance. Depletion of NG2* pericytes leads to increased cycling of

HSCs and decreased long-term repopulating activity of HSCs%*,

Another vascular niche candidate are endothelial cells which release different
growth factors and balance the rate of self-renewal versus lineage
differentiation of mouse HSCs through AKT signaling pathway®,
Functional evidence supporting the contribution of endothelial cells in the
niche comes from a study showing that deletion of the Gp130 gene in mouse
endothelial cells is accompanied by bone marrow hypocellularity and
dysfunction®. In addition, endothelial cells express different adhesion
molecules such as E-selectin which promote mouse HSC proliferation'® and
VCAM-1 that correlates with homing of HSCs'%,

Nerve fibers from the sympathetic nervous system run along the blood
vessels in the BM. Non-myelinating Schwann cells, which enclose the
sympathetic nerve fibres are reported as a mouse perivascular niche
component. They are in direct association with a high proportion of HSCs
and activate latent TGF-B which in turn induce HSC hibernation through
inhibition of lipid raft clustering®. Furthermore, it has been shown in mice
that sympathetic nervous system regulates egression of HSCs from bone

marrow through alteration of CXCL12 expression!®. In addition, circadian
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oscillation of physiological trafficking of HSCs into the blood stream is
regulated by adrenergic signals delivered by sympathetic nerves into the

mouse bone marrow niche!®’.

Accessory cells of the niche

Bone-resorbing osteoclasts in concert with bone-forming osteoblasts are
responsible for bone remodeling. As a niche component, the role of
osteoclasts in HSC regulation is conflicting. It has been reported that their
activation may trigger proliferation of mouse HSCs and promote
mobilization of HSCs from bone marrow!%; however another study suggests

a dispensable role for osteoclasts in HSC regulation®.

Bone marrow also contains adipocytes, so-called fatty marrow, which its
amount correlates with age. As a niche component they are a negative
regulator of hematopoiesis. By production of adiponectin®, neuropillin-1*
and lipocalin-212 they impair proliferation of hematopoietic progenitors.
Administration of adipogenesis antagonist enhances mouse bone marrow

engraftment in transplantation settings®?.

Macrophages are another player in the bone marrow microenvironment. In
mice, it has been found that following G-CSF administration and HSC
mobilization, a population of macrophages associated with the endosteal
region was depleted and osteoblast function was suppressed. In vivo depletion
of macrophages imitated the effect of G-CSF administration, led to loss of
osteoblasts and induced HSC mobilization into the blood stream, suggesting
the central role of macrophages in HSC maintenance!'4. Moreover, CD169*

mouse macrophages are shown to support HSC retention. Depletion of
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CD169" macrophages induces down-regulation of HSC retention molecules
in MSCs and leads to HSC mobilization®®,

Bone marrow niche in homeostasis

The bone marrow microenvironment plays an important role to maintain the
homeostasis condition for hematopoiesis and ensure the daily need of rapid
blood cell production. HSC fate decisions and maintaining the balance
between self-renewal and differentiation takes place in the bone marrow
niche under the influence of extremely complex extrinsic and intrinsic

mechanisms.

Asymmetric stem cell division is a crucial phenomenon that maintains the
stem cell pool and also generates large number of differentiated cells. In
Drosophila, germ stem cell polarity and orientation of mitotic spindle in
relation to its contacted niche cell is a critical step in asymmetric stem cell
division which is regulated by different cues from the microenvironment!2®.
In the human hematopoietic system, asymmetric division of HSCs has been
shown in vitro by observation of unequal distribution of specific markers
between the daughter cells during mitosis'’. In addition to intrinsic factors,
extrinsic signals growth factors and cytokines from the microenvironment

regulate HSCs asymmetric division!® 11°,

Mobilizations of HSCs from the bone marrow, their entering into the
circulation, and their return and homing to the bone marrow are important
physiological processes during homeostasis and following injury that are
tightly regulated by niche factors. In fact, HSCs are retained in the BM under
the control of restraining factors produced by the niche and a breakdown of

maintenance mechanisms is sufficient for mobilization. CXCL12/CXCR4 is
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an essential axis in the regulation of HSCs mobilization. The chemokine
CXCL12, which is constitutively produced by different niche cells (CAR
cells, MSCs, osteolineage cells, etc.), interacts with its receptor CXCR4
expressed on HSCs, and retains the HSCs in the bone marrow. Down-
regulation of CXCL12 in mouse niche cells or up-regulation of CXCL12 in
peripheral circulation induced by G-CSF or following an injury, leads to HSC
mobilization® 12, Another possible retention mechanism in  mouse and
human bone marrow is interaction of very late antigen 4 (VLA-4), an
adhesion receptor expressed by HSCs, with its different ligands such as
VCAM-1, osteopontin and fibronectin!?*. Proteolytic cleavage of these
adhesion pathways by proteases cause dislodging of HSCs from the bone

marrow?!2t 122,

Bone marrow homing of circulating HSCs, which is a mirror event of
mobilization, is a multistep process that involves similar pathways as the
mobilization process. Up-regulation of CXCL12 in different niche cells plays
a pivotal role in recruiting HSCs. Furthermore, over-expression of adhesion
molecules such as VCAM-1, ICAM-1, E-selectin, and P-selectin by

endothelial cells are crucial for HSC homing*?.
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AiIms of the thesis

BM-MSCs are important cells for not only the skeletal system, but also for
hematopoietic stroma and the HSC microenvironment. The exact phenotype
of human primary BM-MSCs and their stem cell properties, i.e. self-renewal
and differentiation were not well-defined. The overall goal of this thesis was
therefore to investigate basic biological features of bona fide human BM-
MSC population and in particular, to address the open questions regarding
their phenotypical characteristics and functional stem cells properties.

More specifically, the aims were as follows:

e To identify the precise phenotypic profile of human BM-MSCs
(Paper 1)

e To develop a novel non-adherent culture method (“mesensphere”) for
the evaluation of human BM-MSC characteristics (Paper 1)

e To study functional in vivo stem cell properties of prospectively
isolated human BM-MSCs (Paper 111)

e To investigate the possible different molecular signatures of
prospectively-isolated primary BM-MSCs, compared to adherent and
non-adherent culture-expanded MSCs in order to identify potential

MSC key regulatory genes (Paper IV, manuscript)
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Methods

This chapter provides a brief description of the experimental procedures. The
reader is referred to more detailed information given in the Materials and
Methods of the respective publications included in this thesis.

Fluorescence activated cell sorting (FACS)

Following the incubation in blocking buffer (DPBS, human normal
immunoglobulin and fetal bovine serum), BM-MSCs and lineage-depleted
bone marrow mononuclear cells (BM-MNCs), respectively were stained with
monoclonal antibodies. In the majority of experiments combinations of anti-
CD45, CD31, CD71, CD235a, CD271 and CD140a antibodies were used.
Sorting gates were set according to the corresponding fluorescence-minus-
one (FMO) controls. Cells were sorted on a FACS Aria Il or a FACS Aria lll
cell sorter (BD Biosciences). Dead cells were excluded by 7-amino-

actinomycin (7-AAD, Sigma) staining.

CFU-F assay

BM-MNCs were FACS-sorted based on the respective marker combinations
and the CFU-F frequency of sorted cells was evaluated by plating the cells at
clonal density in standard MSC medium (StemMACS MSC Expansion
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Medium, Miltenyi Biotec). At days three and seven the medium was
changed. On day 14, cells were fixed with methanol and stained with Crystal
Violet. Colonies containing > 40 fibroblast-like cells were defined as a CFU-
F4,

Mesensphere assay

FACS-sorted BM-MNCs were seeded at low density (<1000 cells/cm?) or
single cells in ultra-low adherence plates in presence of sphere growth
medium®, To prevent cell aggregation, cultures were left untouched for one
week and afterwards, the cells were fed twice weekly. Mesenspheres were
sub-cultured following enzymatic digestion with 0.25% type | collagenase
(StemCell Technologies) and re-plated at clonal density.

In vitro differentiation assays

BM-MSCs derived from adherent and sphere cultures were differentiated
towards the adipogenic, osteogenic and chondrogenic lineages. For
adipogenic differentiation, cells were cultured for 14 days in AdipoDiff
medium (Miltenyi Biotec) and stained with Oil red O (Sigma) following
fixation. For osteogenic differentiation, cells were cultured in osteogenesis
induction medium [DMEM high glucose/L-glutamine (PAA) containing f-
glycerophosphate (Sigma), L-ascorbic acid-2-phosphate (Wako chemicals)
and dexamethasone (Sigma)] for 21 days and calcium depositions in the
cultures were detected by alizarin red staining (Sigma). Chondrogenic

differentiation was induced by culturing cell pellets for 28 days in
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chondrogenesis-induction medium [DMEM high glucose/L-glutamine (PAA)
containing L-ascorbic acid-2-phosphate, L-proline (Sigma), pyruvic acid
sodium salt (Sigma), ITS* culture supplement (BD Biosciences) and TGF-f3
(R&D systems)]. Cryosections of fixed pellets were stained with goat anti-
human aggrecan (R&D systems) and a corresponding secondary antibody.
Nuclei were stained with 4', 6-diamidino-2-phenylindole (DAPI, Life
Technologies). Sections were analyzed with an Axiovert 200M fluorescence

microscope and an AxioCam HRm camera (both from Carl Zeiss).

In vivo transplantation

For primary in vivo transplantation assay, FACS-sorted cells were cultured
under adherent and/or sphere conditions. After expansion, cells were
harvested and loaded overnight on hydroxyapatite/tricalcium phosphate
ceramic powder (HA/TCP; TRIOSITE, Zimmer) followed by subcutaneous
implantation into 8 week old NOD.Cg-Prkdc® 112rg™"/SzJ (NSG) mice.

To evaluate in vivo differentiation capacities, implants were removed after 8
weeks, fixed, decalcified, and paraffin embedded. Sections were either
stained with hematoxylin/eosin and analyzed as described 2% or prepared for

immunohistochemistry analysis.

To assess in vivo self-renewal, implants were removed after 8 weeks and
digested in type | collagenase (StemCell Technologies) for 2 hours at 37°C.
Harvested cells were stained with specific anti-mouse and anti-human
antibodies. After exclusion of dead cells by 7AAD, human sorted cells were
plated at clonal density for sphere and CFU-F colony formation. After 10 and

14 days, sphere and CFU-F colonies were counted, respectively.
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Single cell Real-time gPCR (Fluidigm)

Single cells from human primary BM were sorted directly into the lysis
buffer [low EDTA TE buffer (Teknova), NP-40 (Sigma) and SuperaselN
(Life Technologies)]. cDNA synthesis on single cells was performed using
gScript cDNA supermix kit (Quanta Bioscience). Specific Target
Amplification (STA) of 48 genes of interest was carried out by TATAA
preamp grand master mix kit (TATAA Biocenter) and the final product
underwent exonuclease treatment using Exonuclease | kit (New England
Biolabs). The samples were mixed with Evagreen supermix-low ROX
(BioRad), DNA binding dye and loading reagent (both Fluidigm) and loaded
into the 48.48 dynamic array IFC chip and run on BioMark™ system. The
data analysis was performed using BioMark Real-Time PCR Analysis and

Singular Analysis Toolset software (Fluidigm).

Microarray Analysis

Total RNA from primary, adherent and sphere cultured cells were isolated
using the RNeasy plus micro-kit (Qiagen) according to the manufacturer’s
manual. RNA was subjected to a two-round amplification using the
TargetAmp™ 2-Round Biotin-aRNA  Amplification Kit (Epicentre,
Madison). The amplified RNA was then analyzed for gene expression using
Illumina Human HT-12 expression v4 BeadChips (lllumina). Data analysis
was performed using the GenomeStudio software. Differentially expressed
genes were determined using LIMMA for R'?* using a FDR cutoff of 5%.
Heatmaps were created in Genesis'?® using hierarchical clustering using the

correlation distance (1-r) as a measure of similarity.
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Ethical considerations

Human bone marrow samples were aspirated from healthy donors with
approval  from regional ethical board in Lund (Regionala

etikprévningsndmnden i Lund).

All animal procedures were performed in accordance with approval from the
regional animal ethical committee (Malmé/Lunds djurforsoksetiska ndmnd).
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Summary of results

Paper |

Low/negative expression of CD140a identifies the candidate

primary mesenchymal stromal cells in adult human bone marrow

Although we and others have previously reported that primary BMSCs were
exclusively enriched in CD271* cell fraction in human bone marrow*, there
is still a considerable number of non-colony forming cells in this population
(CFU-F frequency was around 1 in 20). This study therefore aimed to detect
new marker(s) that would allow a better characterization of BMSCs.
Comparative gene expression profiling between CD271* and CD271 cells
was performed and in total 215 up-regulated and 97 down-regulated genes in
the CD271* fraction compared to the CD271 subset were found. Twenty
eight out of 215 up-regulated genes were surface markers and except few of
them that were previously reported in the context of MSC isolation (CD106,
CD140b and CD10), the majority were novel MSC markers including
CD151, CD81, CD18, CD140a, TGFBR3, LEPR, IFNGR2 and FGFRS3.
FACS analysis of these surface markers on lin/CD45/CD271" cells was
performed and CFU-F content of each sub-population was evaluated. Among
all the tested markers, using CD140a enabled to identify a highly enriched
population of lin/CD45/CD271*/CD140a""" cells with a CFU-F frequency
of 20.8 + 9.6 per 100 plated cells. Primary CD271*/CD140a""" cells co-
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expressed MSC typical markers, including CD105, CD90, CD140b and
STRO-1 whereas they lacked the expression of CD31 and CD34.
Quantitative RT PCR revealed higher expression of pluripotency genes
(Nanog, Oct4 and Sox2) in sorted CD140a cells compared to CD140a*
fraction. Moreover, CD140a""-derived cultured cells showed robust in vitro
tri-lineage  differentiation  potential ~ (adipogenic,  osteogenic  and
chondrogenic), and more importantly, in vivo they generated bone,
adipocytes and hematopoietic stroma when transplanted subcutaneously into
NOD-SCID mice. Finally, co-culture experiments showed that CD140a'""-
derived cultured cells supported CD34" cells expansion and expanded cells
were functionally capable to reconstitute hematopoiesis when injected into
immunodeficient mice. Taken together, low/negative expression of CD140a
on lin/CD45/CD271" cells allowed to identify a close to pure population of
the candidate human primary mesenchymal stromal cells, which is an

important step towards understanding the physiological role of MSCs in vivo.
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Paper 11

Self-renewing human bone marrow mesenspheres promote

hematopoietic stem cell expansion

Based on the results of a previous study that showed Nestin* mouse BM-
MSCs contained all the CFU-F activity and were capable to generate self-
renewing mesenspheres®®, here we aimed to develop a novel mesensphere
assay for studying human BM-MSC properties as non-adherent
mesenspheres. In this study we used combination of CD105, a candidate
surface marker that co-expressed with a subset of Nestin® cells in bone
marrow biopsies, and CD146 which was known to be expressed by human
primary BM-MSCs®, but we have later shown mesenspheres generated from
our own phenotype (paper IlI). Human CD45/CD31/CD71
/CD146%/CD105" population contained all the clonogenic and sphere-forming
cells and sorted cells had similar efficiency to form CFU-F (3.4% + 2.1%)
and mesenspheres (5.9% + 2.3%) when seeded at clonal densities. Human
mesenspheres had a compact structure containing dense fibroblast-like cells
with average diameter of around 200 um. They kept their surface marker
profile over the culture (P=4) and showed robust differentiation capacity into
mesodermal lineages following induction, while in undifferentiated state they
promoted ex vivo expansion of transplantable CD34" cells through secreted
soluble factors in transwell co-culture systems. Secretome analysis of human
bone marrow mesenspheres grown in chicken embryo extract (CEE) revealed
the existence of different clusters of proteins such as growth factors, calcium
binding proteins, extracellular matrix proteins, cadherins, integrins and

intermediate filaments. Taken together, these data indicated the capacity of
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human BM-MSCs to generate mesenspheres, comparable to the previously
characterized mouse mesenspheres. Human mesenspheres conserved their

immature phenotype and maintained their ability to support hematopoiesis.
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Paper 111

Human non-hematopoietic CD271°°5/CD140a'°"- bone marrow
stroma cells fulfill stringent stem cell criteria in serial

transplantations

Self-renewal and differentiation are the two key properties of any class of
stem cells, however stem cell properties of human adult BM-MSCs had not
been demonstrated thoroughly. Based on the results of the prior two papers,
in the current study we aimed to investigate in vitro and in vivo stem cell
properties of the lin/CD45/CD271*/CD140a'" bone marrow stromal cell
population by employing novel mesensphere and standard CFU-F assays.
Single cell Fluidigm analysis of lin/CD45/CD271*/CD140a""" cells was
performed to study heterogeneity of this putative stromal cell population. The
results demonstrated homogeneous mMRNA expression levels of
hematopoietic supporting genes (CXCL12 and ANGPT), the majority of
MSC associated genes (LEPR, VCAM1, BMP5 and VEGFC) and most of the
differentiation genes (ALPL, LPL and PPARG). Additionally, principal
component analysis (PCA) showed that CD271*/CD140a'" cells formed a
distinct population compared with non-colony forming CD271" population.
Next, we evaluated the in vitro clonogenic potential of freshly isolated lin-
/CD45/CD271*/CD140a""" cells by utilizing standard CFU-F assay and
novel non-adherent mesensphere assay and comparable colony frequencies
were obtained with both assays (19.3 + 2 and 17.5 + 2.3 CFU-F and spheres
per 100 plated cells, respectively). In order to test whether both assays
identified the same population of clonogenic cells, crossover replating

experiments were performed and the results showed comparable capacities of
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CFU-Fs and mesenspheres to form secondary and tertiary colony generations.
In vitro self-renewal as indicated by increasing numbers of CFU-Fs and
spheres was observed up to the third generation and decreased thereafter.
Furthermore, CFU-Fs and mesenspheres displayed a typical surface marker
profile (CD73, CD105, CD90 and HLA-ABC positive; CD31, CD34 and
HLA-DR negative) and comparable in vitro tri-lineage differentiation
potential (osteoblasts, adipocytes and chondrocytes). Next, to study in vivo
self-renewal and differentiation potential of this putative stromal cell
population, CFU-Fs and mesenspheres derived from freshly sorted cells were
serially transplanted subcutaneously into NSG mice. After 8 weeks, implants
were removed, human cells were FACS-isolated (based on CD90 and CD105
expression) and re-transplanted under CFU-F and mesensphere conditions.
CFU-Fs did not show self-renewal, whereas mesenspheres in vivo self-
renewal was demonstrated by increased numbers of mesenspheres recovered
after primary and secondary transplantations (1.16 + 0.06 and 2.34 + 0.13 —
fold, respectively). Moreover, lin/CD45/CD271*/ CD140a"" -derived
mesenspheres displayed in vivo differentiation capacity into bone, fat and
stromal tissues in primary and secondary transplantations. Taken together,
our results demonstrated that human lin/CD45/CD271*/CD140a""" cells
cultured as non-adherent mesenspheres are capable of in vivo self-renewal

and differentiation and therefore meet stringent stem cell criteria.
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Paper IV

Comparative gene expression analysis of primary human bone
marrow mesenchymal stromal cells and their in vitro descendants

(generated in adherent and sphere cultures)

In paper I1l, we have provided evidence that mesenspheres, but not adherent
cultures preserve the in vivo self-renewal capacity of BMSCs in serial
transplantations®2. This important functional difference between the two
culture methods prompted us investigate the gene expression profiles of BM-
MSCs-derived mesenspheres and adherent cells and compare them with their
primary isolated counterparts. Gene expression array analysis of primary lin-
/CD45/CD31/CD71/CD235a/CD271* cells and MSCs derived from these
sorted primary cells in adherent and sphere cultures was performed. A
considerable number of genes was differentially expressed when comparing
adherent and non-adherent MSCs. Moreover, many genes were found to be
different in primary cells compared to both adherent and sphere cultured
cells, whereas expression of only a fewer number of genes in primary cells
was similar to either adherent cultured or sphere cultured MSCs.
Interestingly, culturing the cells for longer periods of time (passage 3) did not
induce more pronounced changes in gene expression profile of adherent and
non-adherent-cultured cells. Next, gene cluster analysis was performed to
study possible distinct gene expression patterns in different cultured and
primary cells. Among 16 generated clusters, 8 of them showed up-regulated
or down-regulated genes in primary cells compared to both types of cultured
cells. Therefore these clusters reflected culture-induced gene expression

alterations. In other gene clusters, similar gene expression levels in primary
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cells and either adherent or sphere-cultured cells were observed. Based on
our recent finding that demonstrated the advantage of sphere-cultured MSCs
over adherent-cultured cells in preserving stem cell properties, we focused on
two of the clusters (clusters 3 and 5) that represented the genes with similar
expression levels in primary and sphere-cultured cells, while they were
different in adherent-cultured cells. Gene ontology analysis of these two
clusters revealed a diverse range of annotated biological functions. In both
clusters several transcription factors that have been reported to play a role in
MSC regulation were identified, such as FOS, EGR1, ATF4 and NFE2L.
These genes can thus be considered as potential candidates for further
investigations in order to understand the mechanisms that regulate BM-MSCs
properties. Taken together, our data showed a significantly different
molecular signature between BM-MSC-derived adherent and non-adherent
cells. Furthermore, we observed an immediate change of molecular profile of
primary BM-MSCs upon culture. Potential regulators found by cluster
analysis are important candidates aiming to uncover gene regulation

mechanisms that govern biological properties of human adult BM-MSCs.
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Discussion

Human bone marrow mesenchymal stromal cells (BM-MSCs) are a rare
population of non-hematopoietic cells which are important constituents of
hematopoietic stem cell niche and play a central role in regulation and
maintenance of hematopoiesis. During recent years, extensive studies have
been done on different aspects of BM-MSC biology. However, still
uncertainties remain regarding the phenotypic signature and functional
properties of primary isolated human BM-MSCs. Moreover, most of our
knowledge about BM-MSC properties has been gained from culture
expanded cells which may not reflect the properties of native MSCs and little
is known about their characteristics compared to their primary counterparts.
Therefore, in the current thesis we aimed to gain new insight into the field of
MSC biology by characterizing human primary BM-MSCs and studying their
functional properties. Here, we are introducing a new phenotype for the
prospective isolation of a close to pure population of human primary BM-
MSCs and we provide evidence that this cell population meets stringent stem
cell criteria. Furthermore, we demonstrate the molecular signature changes of
BM-MSCs which occur early upon culture, which is an important finding and

emphasizes the significance of studying the cells in their native primary state.

In this chapter a more general discussion, including the relevance and
limitations of the current work in regard to what is known in the field is

presented. For a more detailed discussion of the individual data sets the
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reader is referred to the discussion sections of the manuscripts included in

this thesis.

Characterization of human primary BM-MSCs

Conventional approach for isolation of BM-MSCs relies on the expansion of
unfractionated bone marrow mononuclear cells based on their plastic
adherence property. The main disadvantages of this approach include non-
specificity which allows the expansion of undesired adherent cells in the
culture, and more importantly, phenotypic and gene expression profile
alterations of the cells upon culture, as it has been reported by us and others*
5,126 Therefore, it is certainly preferable to study prospectively isolated cells
based on the expression of selective surface markers when aiming to

characterize native MSCs in their physiological state.

To fulfill this aim and considering that the precise phenotypic definition of
human BM-MSCs was unknown when we started with our experiments, we
applied comparative gene expression analysis to identify a new phenotype,
which would allow to effectively purify the human BM-MSC population.
Although, several surface molecule antigens have been reported for
prospective isolation of human primary BM-MSCs, including CD271%,
CD105*, CD106, CD146%, Stro-1%, CD31%, CD45*" and CD44%, none of
them is specific for human BM-MSCs. Previously Churchman et al.*® and
Tormin et al.*® had shown that all CFU-F colony forming cells in the human
BM were exclusively enriched in the non-hematopoietic CD271" fraction, but
the CFU-F frequency in this population was only 5% which indicates a high

percentage of non-colony forming cells in this cell population. In order to
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enrich the colony forming population, combinations of other candidate
markers, such as CD140b, CD56 and CD146, with CD271 were reported
before*® 126, None of these marker combinations could enrich the population
significantly, however they could help to discriminate functionally different
subsets of MSCs. Using array-based global gene expression analysis we
identified CD140a as a candidate surface marker that in combination with
CD271 enriched the clonogenic stromal cell population significantly. We
demonstrated that low/negative expression of CD140a on CD271" primary
stromal cells identified a close to pure population of human BM-MSCs with a
20% frequency of colony forming cells. A similar CFU-F frequency was
reported by using combination of CD271 and CD90 markers for isolation of
human BM-MSCs*, however these authors collected the samples from
crushed femur heads which has a poor hematopoietic activity in human
adults, whereas we isolated the stromal cells from aspiration of iliac crest
BM, which is an active hematopoietic site. The percentage of clonogenic
cells that we obtained almost matched the ones reported for other types of
adult stem cells, like HSCs. In order to better characterize
CD271*/CD140a"" cells and understand a possible heterogeneity of this
population, we performed single-cell gene expression analysis (Fluidigm)
and studied the expression of a panel of selected MSC-relevant genes. The
cells expressed quite homogeneously the majority of genes associated with
hematopoietic support and MSC function at single cell level, which was in
accordance with the reported data on bulk sorted CD271* stromal cells*®. The
developmental basis for the origin of primary human BM-MSCs is poorly
understood. In mice, two sources, including mesoderm and neural crest, have
been suggested as the origin of BM-MSCs®. To study the developmental

origin of the stromal cells, some selective mesodermal and neural crest
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markers were tested, however they showed low levels of expression which
may be explained by the fact that these genes are mainly master regulators of
mesoderm and neural crest specification during the embryonic period and
that they may get down-regulated in the adult cells. In this regard, fetal bone
marrow MSCs seems to be a more appropriate material to map the
developmental origin of bone marrow stromal cells. Identification of a highly
enriched population of BM-MSCs was a critical step towards the next studies
with the aim of investigating the stem cell characteristics of stromal cells in
human adult BM.

BMSCs and their progeny in the hematopoietic niche

Mesenchymal or skeletal stem cells are multipotent cells that are capable to
differentiate into skeletal lineages. Osteoblastic cells were the first
mesenchymal population that was proposed as a niche cell type based on in
vivo mouse studies which showed that genetic modification of osteoblasts
change the HSC number and influence the hematopoiesis’® 7’. More recent
studies have assigned specific roles for different subtypes of osteoblasts in
the regulation of hematopoiesis™ . Another mesenchymal niche candidate
are perivascular cells that are located around blood vessels and are marked by
expression of Nestin®, LEPR®, Mx-1-Cre!?’" in mouse and of CD146% and
CD271* in human bone marrow. In our studies we have demonstrated the
capacity of human CD271*/CD140a""" cells to form bone and stroma in
vivo, however in situ studies in order to detect the localization of this

population in the BM were not performed.
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Are BM-MSCs stem cells?

Although human BM-MSCs have been extensively called “stem cells” in the
literature, their stem cell properties were not investigated thoroughly.
Mendez-Ferrer et al®® proved that mouse Nestin* -derived mesenspheres can
self-renew and generate hematopoietic activity in vivo, and therefore meet the
requirements to be considered as stem cells. In humans, Sacchetti et al®’
reported that CD146" -derived CFU-Fs are self-renewing stem cells and
capable of generating in vivo hematopoietic microenvironment. This was the
first study defining the stem cell properties of human adult BM-MSCs.
However, we believed that some important points were not addressed in the
Sacchetti et.al. study®. First, they did not perform serial transplantation
experiments and all the in vivo results were obtained from the primary
heterotopic transplantation assay. Additionally, Sacchetti et al compared in
vivo generated colony numbers with pre-expansion culture input CFU-F
values, which led to an underestimation of the actually transplanted number
of colonies. Later, Pinho et al®® showed that human fetal bone marrow
CD51%/CD140a* -derived mesenspheres have self-renewal capacity and are

capable to transfer hematopoietic niche activity in vivo.

In order to investigate these properties in human adult bone marrow, we
therefore investigated the in vivo self-renewal and differentiation potential of
single-cell- and bulk-sorted CD271*/CD140a°"- BMSCs in serial
xenotransplantation experiments to study the stemness properties of this
putative BM-MSC population in a rigorous manner. In our work, when we
calculated the CFU-F content of culture-expanded cells before
transplantation, implantation of adherently cultured CFU-Fs resulted in a

more than 100-fold reduction of colony numbers after primary
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transplantation, which was in contrast to the Sacchetti et al results. This is
most probably due to the different approach to calculate the CFU-F content
of transplanted cells, as it is mentioned above. In parallel to standard CFU-F
assay, we investigated the potential stem cell properties of this population
through non-adherent mesensphere assay, which was employed in mouse
studies®® and established in a human study by us*?® and showed to be capable
to preserve MSCs in an immature condition. Through sphere assay and serial
transplantation experiments, for the first time, we could provide definitive
proof that primary human adult BM-MSCs fulfill stem cell criteria, i.e. in
vivo self-renewal and differentiation capacity, in accordance with what has
been demonstrated for mouse and human fetal MSCs using sphere
transplantation approach. The obvious functional advantage of non-adherent
mesenspheres over adherent cultured cells that we observed in our results
encouraged us to compare the molecular signature of these two different
types of cultured cells and with primary BM-MSCs, aiming to identify
potential regulatory molecules that induce functional differences.
Interestingly, we found distinct clusters of genes being differentially
expressed between mesenspheres and adherent MSCs. We chose two clusters
which had a similar gene expression level between primary cells and
mesenspheres and were different in adherent cells, and therefore might
contain genes that are involved in preserving stem cell characteristics in
mesensphere cultures, for more detailed analysis and identified several
potential regulatory molecules relevant to BM-MSC properties. These
candidate markers are important clues for future studies aiming to identify
regulatory mechanism of different physiological properties of BM-MSCs,
such as self-renewal, differentiation, proliferation and hematopoietic support

function.
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Sphere assay

The sphere-forming assay as a non-adherent culture condition to study stem
cells from different sources has been applied widely in stem cell biology. For
the first time, this method was used in the neural stem cell field when the
sub-ventricular zone (SVZ) of the brain was dissected and primary cells were
plated in non-adherent conditions and formed floating spheres, called
neurospheres'?. Later, the sphere assay was used to investigate stem cells
derived from different tissues, such as breast®, prostate'*!, pancreas**? and
retina*®, as well as in cancer stem cell research'®. Although the sphere assay
appeared to be a proper retrospective assay to evaluate functional
characteristics of stem cells and may provide readout of the stem cell or
progenitor cell pool size in the tissue, some limitations of this method which
may lead to a misinterpretations of the data should be taken into
consideration. The main principle of the sphere assay is clonality, meaning
that each sphere has been generated from a single cell. Thus, the plating cell
density is the major factor that impacts on clonality'®*. A wide range of cell
densities has been suggested by different groups (from 0.2 to 20 cells per
microliter), and at least for neurosphere assays the plating density of 1-10
cells per microliter has been suggested as a reliable cell density®®. In our
research, we either generated the spheres from single-cell sorted cells or in
case of bulk-sorting, we employed the density that was recommended for
mesensphere formation in the literature®® ¢ (<500 cells/cm?). Besides, the
sphere cultures should be left untouched to reduce the chance of cell
aggregation and in the optimal condition it should be verified that spheres are
formed as a result of cell proliferation and not cell aggregation (e.g. with

time-lapse imaging techniques)®®> 136, Another critical consideration for
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sphere assay is that mainly actively dividing cells respond to growth factors
and cytokines present in the medium and dormant stem cells which are
predominantly in G state may not be detected by this method. Additionally,
not only stem cells but also amplifying progenitors can give rise to spheres
and therefore, considering of sphere forming assay as a readout of in vivo
genuine stem cell frequency may be misleading®®. In our research, since the
hierarchy of stromal stem and progenitor cells in the bone marrow and their
phenotypic profile is not well-defined yet, at this point we cannot claim that
whether our results are showing genuine stem cell or multipotent progenitor
activities, or both. Additional studies are needed to map the hierarchy of BM
stroma compartment and provide the precise definition of each population
and their functional properties, comparable to what has been extensively done
in the hematopoietic system.

Concluding remarks

A considerable number of publications about human BM-MSCs can be
retrieved from databases, which are mainly performed on culture expanded
MSCs and thus indicate some biological features or therapeutic potential of
cultured stroma cells. Mainly due to the rarity of human BM stromal cells
and limited knowledge about their precise phenotypic definition, only a few
numbers of studies have investigated the biological and functional properties
of BM-MSC:s in their native state (primary or bona fide BMSCs). This thesis
presents several studies that provide important information for better
understanding of biological characteristics of this native human bone marrow

stromal compartment and pave the way for future studies towards revealing
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the detailed mechanisms that regulate the different properties of human BM-
MSCs.
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