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PROLOGUE

Una nifia muy sencilla
con zapatos de tacon,
pues solo con eso brilla
y sobresale del monton.

Sus ojos son dos luceros
gue imponen claridad,
son sus minimos deseos

una Unica verdad.

Su pelo negro rizado
es signo de distincion
y su perfecto acabado

por todo causa impresion.

La dentadura que tiene
es por gracia de Dios,
se sonrie cuando quiere

y provoca sensacion.

Pues era nifia bonita
que la miras y te extrafa,

con eso se justifica,
ique ha nacido en Espafia!

Emilia de la Torre
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SUMMARY ——

A SUMMARY

Tissue repair requires a well orchestrated intemmadf various cellular and molecular events
such as cell migration, proliferation, differenittet, and remodelling of extracellular matrix.
Recent studies provide evidence that bone marraweatkestem cells including human mesen-
chymal stem cells (hnMSC) may be involved in theseEesses. Endogenous hMSC are thought
to be mobilized from bone marrow to migrate tossité injury and inflammation, where they
participate in the repair of damaged areas. Furtbe, transplantation of hMSC into injured
tissues was shown to improve the regeneration psottedough differentiation of hMSC into
tissue types such as bone, fat, and cartilage vmglthe release of various paracrine factors
from these cells. Therefore, an enhanced undelisigmd the mechanisms controlling hMSC
functions is required for the development of naadl-based therapies.

At the beginning of this study almost nothing waswn about the molecular requirements that
direct h(MSC movement through extracellular mati&CM) barriers such as basement mem-
branes finally enabling tissue repair at the imgmhibody site. Since degradation of ECM
mediated by specific proteolytic enzymes, in pattc by matrix metalloproteinases (MMPS),

is an important prerequisite for cell migration, were primarily interested to study the role of
MMPs and related factors for h(MSC migration.

Consequently, the first aim of this study was talgre the expression and functional role of
MMPs and the endogenous tissue inhibitors of nogiaditeinases (TIMPS) in the capacity of
hMSC for transmigrating through human reconstitutegsement membranes. This was
achieved by use of various molecular biologicabchemical and cellular methods including
gRT-PCR, RNA interference (RNAI), Western blottirapd the establishment of a modified
Transwell-invasion assay solely applying human coments.

Thereby we were able to demonstrate that hMSC éxibtrong constitutive expression
and synthesis of MMP-2 and membrane type 1 (MT1)®&k well as of their inhibitors
TIMP-1 and TIMP-2. hMSC were shown to traverse nstituted human extracellular matrix
(hECM) which was effectively blocked by addition synthetic MMP inhibitors. Detailed
studies applying RNAI revealed that gene knock-datrMMP-2, MT1-MMP, or TIMP-2
substantially impaired hMSC invasion capacity, velasr silencing of TIMP-1 enhanced cell
migration, indicating opposing roles of both TIMiRghis process.

Moreover, for the first time preliminary data prdeievidence for the existence of a novel
crosslink between the endogeneous TIMP-1 and thesWnalling pathway, repressing hMSC
proliferation, differentiation, and invasion cagsci

SUMMARY |1



——SUMMARY

Since inflammatory cytokines and chemokines arevknto mobilize immune cells and leuko-
cytes to tissue sites of injury, a potential impade of these factors in MMP/TIMP-mediated
invasiveness of hMSC was investigated. The inflatonyacytokines TGH1, -1, and
TNF-o were found to upregulate MMP-2, MT1-MMP, and/or M production in hMSC
which resulted in a strong stimulation of chemataatigration through ECM, whereas the
chemokine SDF-d exhibited minor effects on MMP/TIMP expression &edl invasiveness.

One interesting feature of hMSC is their capaaityransdifferentiate across the mesodermal
lineages into non-mesodermal cell types includili@-gand neuronal-like cells. This plasticity
renders hMSC as a valuable candidate for autologeplacement of damaged tissues in neu-
rodegenerative disorders. However, little is knosbout the molecular mechanisms which
regulate the hMSC plasticity.

In this context, we were able to demonstrate ferfitst time that the inflammatory cyto-
kine TNF-a induces neural properties in hMSC. After incubaid hMSC for 14-28 days with
TNF-a, the cells acquired neuroglial-like morphology haitit change in cell proliferation. In
particular, they gained the ability to form neurospe-like structures as an attribute
characteristic of neural progenitor cells. In aaif TNF-a significantly upregulated the ex-
pression of numerous genes suclLiés BMP2, SOX2, GFARndMAP2 which areimportant
to neural cell growth and function, wherddlsStranscription ceased, suggesting a neuroglial-
like character in these cells.

Moreover, studies on intracellular MAPK signallingvealed that inhibition of ERK1/2
activity but not of p38 and JNK abolished the Thifmediated regulation of neural genes, in-
dicating a pivotal role of ERK1/2 in neural trarfégientiation of hMSC. Strikingly, TNFe+
significantly enhanced expression of the chemok&neptor CXCR4 in hMSC during 14 days
of incubation which was shown to facilitate chenstita migration of these cells towards
SDF-1a, a chemokine known to be augmented in injurechiiiasues.

Taken together, in this dissertation it has beegighated for the first time in detail that hMSC
constitutively express particular MMPs and TIMPsiahhare upregulated by inflammatory
cytokines promoting the directed migration of hM&€ross human reconstituted basement
membranesn vitro. Interestingly, endogenous TIMP-1 may act as a ssmreof hMSC inva-
sion, proliferation, and differentiation. Moreovérhas been demonstrated tiawitro incuba-
tion of h(MSC with TNFe triggers neuroglial gene expression and enhanx&3R24-mediated
chemotactic invasiveness towards SDF-1. Thesetsesudicate a potential mechanism for the
recruitment and extravasation of hMSC into injutisduesn vivo and may provide a base for
the use of autologous hMSC for the treatment ofalegical disorders.
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INTRODUCTION——

B INTRODUCTION

One of the most exciting expectations of the sdiertommunity lays in the biology of stem
cells due to their ability to renew themselves tigto symmetric cell division and differentiate
via asymmetric division into a diverse range ofciplized cell typed. Therefore, it is to be
hoped that stem cells will play a crucial role lire treatment of a large number of so far incu-
rable diseases.

Recent studies have shown that various tissuesranodate adult stem cells that are in-
volved in specific tissue homeostasis and tisspaireipon injury. Yet, on the other hand, in-
creasing evidence suggest that stem cells mayb&sa source of cancer formatioience,
detailed understanding of the regulatory mechanisomérolling stem cell functions is one of
the most important challenges for future science.

In contrast to adult stem cells with restrictedadiéntiation capacity embryonic stem cells
are totipotent cells which can give rise to any okethe body. However, the isolation of human
embryonic stem cells, at least with methods avklabw, necessarily involves the sacrifice of
an embryo. This critical step in the procuremenstem cells has stimulated intense discussion
at all levels of academia, government, and sodietyeneraf > Fortunately, over the past few
years an alternative to this ethical dilemma dgwetlh as evidence accumulated indicating that
adult stem cells from bone marrow might have phtept properties similar in some respect to
that of embryonic stem celfs.

B.1 Human mesenchymal stem cells (hMSC)

Adult stem cells are defined as multipotent cellsiolv can produce a limited number of
different cell types:® Among all types of adult stem cells, bone marrasixed stem cells
(BMSC) are unigue with regard to their abundance #@eir role in the continuous lifelong
physiological replenishment of numerous differeell species. Traditionally, BMSC are
thought to develop into haematopoietic and mesanehytem cells. Human mesenchymal
stem cells (hMSC) contribute to the regeneratiomesenchymal tissues such as bone, fat, and
cartilage’ In addition, hMSC are essential in providing supgor the growth and differentia-
tion of primitive haematopoietic cells within there marrow microenvironment.

Although adult stem cells may not be as 'poweddoll diverse as embryonic stem cells,
accumulating evidence indicates that particulaMySI€ might have a broader differentiation
potential than previously thougtt** Moreover, hMSC offer many advantages for the dgwvel
ment of cellular therapeutics due to their eassalition and expansion, stable phenotype, and
compatibility with different delivery methods. ThusMSC provide a substantial opportunity in
the development of innovative therapeutical apfibce.

INTRODUCTION| 3



——INTRODUCTION

B.1.1 Isolation and characterization of hMSC

hMSC are present in various tissues such as calvperiosteum, and muscle of adult per-
sons** Due to its accessibility the bone marrow (BM)he fprimary source for isolation of
hMSC.

Purification of hMSC from bone marrow aspiratesiéhieved according to a protocol by
Friedenstein et df based on the adherence of the cells to the plastiace of cell culture
plates, whereas haematopoietic cells remain intisallr'® Purified hMSC represent a
heterogeneous cell population consisting of thregomcell types described as spindle-shaped
cells, large cuboidal or flattened cells, and rbpidelf-renewing cell$’*® Despite their
heterogeneity, hMSC populations from different sesrshow high reproducibility in their
biological function$’ especially with respect to their mesodermal déffgiation capacity.

Meanwhile, the presence or absence of a varietyetté markers have turned out to be
valuable tools for h(MSC charazterization as memtibnext.

B.1.1.1 Positive protein markers

hMSC expressing Stro-1 were shown to differentiate adipocytes, osteoblasts, chondro-
cytes, smooth muscle cells, and fibroblasts supmptiaematopoietic stem ceffs. However,
Stro-1 is unlikely to be a general MSC marker bseats expression is not exclusively seen in
MSCs and it is lost during culture expansforthis limits the single use of Stro-1 for MSC
identification and isolation. However, a combinatiof CD105, CD166, CD29 and CD44 has
proven to be useful in the molecular characteriratif h(MSC??

B.1.1.2 Negative protein markers

There is a consensus that hMSC do not express Clarllimmune cell marker), CD14 (a

macrophage cell marker), glycophorin-A (an eryttirimeage marker), or CD45 (a marker of
all haematopoietic cells). CD34 (a marker of primeithaematopoietic stem cells) is rarely ex-
pressed in hMSC, although being present in mous€dMED31 (expressed on endothelial and
haematopoietic cells) and CD117 (a haematopoi&tim/progenitor cell marker) are normally

absent in hMSG?

INTRODUCTION | 4
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B.1.2 Self-renewal and differentiation of hMSC

A characteristic feature of stem cells is theiligbfor asymmetric cell division, i.e the genera-
tion of identical cell copies by proliferation (l6eenewal”) as well as differentiation towards
specified cell types.

As graphically depicted in figure 1, genomic aremalyses have identified molecular sig-
natures maintaining stemness in stem cells like G¥fSGrowth factors and cytokines such as
leukemia inhibitory factor (LIFf** or fibroblast growth factors (FGF&)? as well as Wnt
proteing®*° were shown to be implicated in the control of M&&f-renewal. Nevertheless, the
identification of specific signalling networks arichaster” regulatory genes that govern the
unique MSC differentiation lineages still remairctzallenge. Detailed knowledge about bio-
logical effectors which maintain a desired diffdration program and prevent unwanted matu-
ration of hMSC is a prerequisite for effective am application of these cells.

= EGF
HGF PDGF
FGF(2)
Whnt(3a)

Self renewal

Differentiation

SOX-9 PPARY

BMP-2/6
Decorin
Chondroblast Osteoblast Adipoblast

Fig. L. Genes and factors involved in hMSC self-renewal anchesodermal differentiation.

Extracellular signalling factors including growthctors, and cytokines, and Wnt proteins have been
demonstrated to maintain mesenchymal stem cell (Ms&G-renewal or induce mesodermal differen-
tiationin vitro. (For details see text).

A further major characteristic of hMSC is their aapy for differentiation into the three
mesodermal lineages of chondrocytes, osteocytésadipocytes (Fig.1). However, the identi-
fication of molecular mechanisms controlling thetanation of hMSC still remains a great
challenge’
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——INTRODUCTION

B.1.2.1 Chondrogenesis

Chondrogenic differentiation of MSGs vitro mimics that of cartilage developmeantvivo.*
TGF{33, dexamethasone, and thyroxine are known to efftbi promote the chondrogenesis of
hMSC in vitro which can be examined by detection of anionicasalf proteoglycans deposi-
tion in the extracellular space using Safranirtédning and toluidine blu&’

Several expression markers associated with choedesis have been positively charac-
terized in MSC-derived chondrocytes, including @as transcription factors such as Sox-9
and components of the extracellular matrix (ECMg lthe collagen types Il and IX, aggrecan,
biglycan, and cartilage oligomeric matrix protdti’> However, specific signalling pathways
that induce the expression of these and other ebgedic genes are still unknown.

B.1.2.2 Osteogenesis

Differentiation of hMSC into osteoblastic cells cha inducedn vitro by a combination of
dexamethasong-glycerophosphate, and L-ascorbic acid 2-phosph#ter osteogenic diffe-
rentiation, calcium depositon can be demonstratedilizarin-Red staining of intracellular
mineralized nodules.

Several molecular markers are well characterise@steogenic differentiation. For exam-
ple, decorin, bone morphogenic protein (BMP)-2, &\P-6 were shown to promote osteo-
genesis in hMSC by acetylation of the RUNX2 g&he.

B.1.2.3 Adipogenesis

A combination of L-glutamine, dexamethasone, indivaene, insulin, and 3-isobutyl-1-me-
thylxanthine is used to induce adipogenic diffeisian in hMSC, which can be verified by
staining of intracellular fat vacuoles with Oil-Ré€xd

One strong marker for the adipogenic differentiatis the peroxisome proliferator-acti-
vated receptoy (PPARy), a nuclear hormone receptor which is criticalpnomoting adipo-
genesis in hMSC while repressing osteogeriési$e binding of PPARto various ligands,
including long-chain fatty acids and thiazolidin@ae compounds, induces the transactivation
and transrepression of PPARRecently the bipotent coregulator tafazzin (TAds disco-
vered to function as a coactivator of RUNX2 anchasorepressor of PPARthus promoting
osteogenesis while blocking adipogenésis.

INTRODUCTION| 6



INTRODUCTION——

B.1.3 Transdifferentiation of h(MSC (plasticity)

Bone marrow-derived human mesenchymal stem cdlsS®) were previously thought to be
lineage-restricted and only able to differentiat®imesodermal cell types such as adipocytes,
chondrocytes, and osteocyfesccumulating data from the past years, howevesyige evi-
dence that hMSC can transdifferentiate across deebarriers (“plasticity”) and adopt
expression profiles as well as functional phenatypenon-mesodermal types such as neuro-
ectodermal, endodermal, and visceral mesodermial'éef->°

One of the most striking properties of hMSC in tlusntext is their potential for
transdifferentiation into neural cells of both §lamd neuronal lineages. This has been shown
in vitro 3640 o' after transplantation of hMSC into the brain apihal cord. Des-
pite these multiple potentials of hMSC, little isden about the molecular mechanisms which
regulate hMSC transdifferentiation into neural-ligells. Nevertheless, the clinical findings
made hMSC valuable candidates for cell-based thegap patients with developmental and
neurodegenerative disorders of the central nenaysiem (CNS) including Parkinson’s
disease, Alzheimer’s disease, Huntington’s diseaskeamyotrophic lateral skleroéis*

andin viv

B.1.4 Tissue repair and regeneration: Clinical applicatioms of h(MSC

Therapeutical concepts based on the applicatiamdfryonic and neural stem cells are limited
by logistic and ethical problems. The benefit of 3 in clinical use is supported by easy
accessibility and isolation from bone marram yitro expansion in cell culture, and possibility
for retransplantation into the same patient withthe drawbacks associated with allotrans-
plantation and xenotransplantation.vivo studies showed that MSCs after peripheral injectio
can cross the blood-brain barrier and migrate tmatged areas in the brain, where they im-

prove functional recovery in e.g. patients withismic stroké!*®

Another interesting observation is that systemycdtélivered hMSC are mobilized to and
integrate into brain tumor tissu&s° which is similar to that in neural stem cellsAfter intra-
vascular or local delivery, hMSC were shown to fpmly integrate into glioma tissue
attracted by the release of cytokines and growdtofa, suggesting hMSC as delivery vehicles
in brain tumor therap$?>°>2
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A remarkable but less understood finding is theartgmce of hMSC in physiological
process of tissue repair and regeneration of hMBt@se cells are mobilized to travel from
bone marrow or peripheral blood into damaged tsd$ae re-colonization and differentiation
into new cell types. Transplantation experimentsaimmals and patients demonstrated that
MSCs migrate to sites of injury, where they enhamoend healing? support tissue regenera-
tion following myocardial infarctioni? home to and promote the restoration of bone marrow
microenvironment after damage by myeloablative aftéerapy’® or help to overcome the
molecular defect in children with osteogenesis irfgma®

B.1.5 hMSC migration and invasion through ECM

In haematopoetic stem cells detailed studies haeodstrated that homing from blood into
bone marrow as well as their mobilization from bonarow into blood and tissues is mainly
controlled by cytokines/chemokines, adhesion mdéssuand proteolytic enzymas>®
However, the molecular mechanisms regulating celvement across extracellular matrix
(ECM), relocalization, and specific differentiationhMSC are not clarified in detail, so far.

The ECM is a dynamic fibrillar protein meshwork qanising collagens, proteoglycans, fi-
bronectin, and laminin which form barriers betwetissue compartments and provide a
structural scaffold for tissue suppottBasement membranes represent a specialized form of
ECM that separate epithelium or endothelium froraret by a dense layer of ECM. Moreover,
ECM serves as a reservoir for growth factors that released during degradation and re-
modeling. ECM turnover also leads to the generadidinagments capable of mediating signals
through their interactions with cell surface adbe#ieceptor proteins.

A key requirement for migrating cells to reach adttarget sites is the ability to overcome
ECM barriers. These processes are mediated by fispgebteolytic enzymes including
metallo-, serine-, and cysteine proteinases. Simaeix metalloproteinases are supposed to be
the main ECM-degrading proteinases, a short rexdéwhese enzymes and their regulatory
endogenous inhibitors is given in the following ptea.
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B.2  Matrix metalloproteinases (MMPs) and their endogenas inhibitors

The MMP family comprises 23 Zirdependent endopeptidases capable of degradingétho
ECM components. Consequently, MMPs are found tmbaved in various physiological and
pathological process&8All MMPs are produced in a zymogen form, whichuiees activation
of the proenzymes by removal of their N-terminap@ptide (Fig. 2).

The MMPs can be divided according to their prefgaénsubstrates in gelatinases
(MMP-2, MMP-9), collagenases (e.g. MMP-1), and istetysins (e.g. MMP-3). Another
classification is based on their domain structusedapicted in Fig. 2. With respect to the
prominent role of the gelatinases MMP-2 and MMRa®] the membrane type 1 (MT1)-MMP
in cell migration, these particular MMPs are ddsedi in more detalil.

B.2.1 The gelatinases MMP-2 and MMP-9

Gelatinase A (MMP-2) and gelatinase B (MMP-9) farviMP-subgroup due to their ability to
preferentially cleave denatured collagens (gelatampinin, and collagen type IV as the major
constituent of basement membrane¥. Additionaly, MMP-2 digests the collagens typel), |
and 1115%2 Biosynthesis and activity of the gelatinases asoaiated with the invasive capaci-
ties of various cell types such as leukocytes, grelial cells, and metastasizing tumour c&ls.
These enzymes have three repeats of a type lIneton domain inserted in the catalytic do-
main, which mediates binding to gelatin.

MMP-2 seems to be especially important for osteegisnin human$’ since mutations in
the MMP-2 gene resulting in the absence of actineyeme are linked with an autosomal
recessive form of multicentric osteolysis, a raemgjic disorder that causes destruction and
resorption of the affected bon¥sln mice, knock-out of MMP-2 does not cause anyaa@pt
abnormality?® suggesting redundancy in function among the MM&ugr

The two gelatinases MMP-2 and MMP-9 are secretenh fthe cells as latent zymogens
which are rapidly complexed by the specific endagesrtissue inhibitors of metalloproteinases
TIMP-2 and TIMP-1, respectively. Like all MMPs, theequire activation by proteolytic re-
moval of the N-terminal proenzyme domain. WhereadWMP-9 is converted into its active
form by cleavage through soluble proteinases ssdidMP-3 and plasmin, proMMP-2 is acti-
vated on the cell surface by a uniqgue mechanisntigatpng TIMP-2 as well as membrane-type
1 (MT1)-MMP #°

INTRODUCTION| 9



——INTRODUCTION

MMP-7  (matrilysin)
MMP-26 (endometase)

(@)
ag\'a

MMP-1  (collagenase 1)
MMP-3  (stromelysin 1)

(
(
MMP-8 (collagenase 2)
Cat @ MMP-10 (stromelysin 2)
MMP-12 (metalloelastase)
(
(
(
(

Zn
— MMP-13 (collagenase 3)
MMP-19 (RASI-1)
MMP-20 (enamelysin)
MMP-27 (epylisin)

MMP-2 (gelatinase A)
MMP-9 (gelatinase B)

“cat \ 0@ MMP-21

MMP-11 (stromelysin 3)

Cat @ MMP-28 (epylisin)
Zn

MMP-14 (MT1-MMP)

MMP-15 (MT2-MMP)
MMP-16 (MT3-MMP)
MMP-24  (MT5-MMP)

MMP-17  (MT4-MMP)

MMP-25 (MT6-MMP)
ca Yy
Zn

MMP-23

Fig. 2 Domain structure of MMPs.
The domain organization of MMPs is as indicated:

Pro, propeptideCat, catalytic domainZn, active-site ZA"; Hpx, hemopexin domairfn, fibronectin
domain;V, vitronectin insert;l, type | transmembrane domaih; type Il transmembrane domain;
G, GPI anchorCp, cytoplasmatic domairGa, cysteine array region; amgl, IgG-like domain.

(Figure taken from Visse et &f.with some modifications).
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B.2.2 The membrane-type 1 (MT1)-MMP and activation of MMP-2

Another MMP-subgroup is represented by speciallidétPs, the so-called MT-MMPs which
are integrated into the plasma membrane of the Thi$ is mediated via a transmembrane do-
main, either type | or type Il with a GPI anchoiglF2). MT-MMPs can digest a variety of
ECM molecules.

The zymogen form of MT1-MMP (MMP-14) is intracelbuly activated during the secre-
tory pathway by furin or furin-like convertas&sMT1-MMP has collagenolytic activity by
cleaving collagens type |, I, and lll which expiaithat mice lacking the MT1-MMP gene
exhibit skeletal abnormalities during postnatalelepment® MT1-MMP also plays an impor-
tant role in angiogenesis by mediating the activatf proMMP-2%°

Ve MMP-2 Fig. 3: Current model of proMMP-2
activation by MT1-MMP in the
presence of TIMP-2.

For details see text.
.\ Latent MMP-2
TIMP-2

Active MT1-MMP

ProMMP-2 activation (Fig. 3) has been extensivélg®d, because it is an important step
for cancer cells to invade ECM barriers. The atibraprocess is not a simple interaction of
proMMP-2 and MT1-MMP but involves the endogenousibitor TIMP-2 as well® MT1-
MMP on the cell surface forms a complex with TIMRKough the catalytic domain of the
enzyme and the N-terminal inhibitory domain of TINMP Then the C-terminal domain of
TIMP-2 binds to the hemopexin domain of proMMP-2yieh results in the formation of a ter-
nary complex consisting of MT1-MMP, TIMP-2, ancoptMP-2.° The interaction of these
molecules is essential and proMMP-2 activation dugsoccur in the absence oft TIMP-2'2
Since MT1-MMP in this system is inhibited by TIMR-&@nhother MT1-MMP free of TIMP-2 is
required to carry out the activation of proMMP-2ig is achieved by homo-dimerization of
two MT1-MMP molecules via binding of their hemopexnd/or transmembrane/cytoplasmic
domains’®"In this complex one of the MT1-MMP molecules amssa receptor and the other
one acts as an activator. MT1-MMP homodimerizat®orucial in proMMP-2 activation be-
cause their separation effectively inhibits thisqass.*
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B.2.3 Regulation of MMP activity

In addition to degrading numerous ECM substratel8lFg were also demonstrated to cleave
(activate/inactivate) various non-matrix proteingls as cytokines, chemokines, and their re-
ceptors” Thus, MMPs should not be viewed solely as prossrafor matrix catalysis, but
rather as extracellular processing enzymes involvedaell-cell and cell-matrix signalling

events® 8

As for all secreted proteinases, the catalyticvdagtiof MMPs is primarily regulated by
proenzyme activation and inhibition of active MMPs.

B.2.3.1 Activation of MMPs via the cysteine-switch

After biosynthesis in the cell, proMMPs are keptigatalytically inactive state by interaction
between the thiol group of the cysteine residusgmein the prodomain and the zinc ion in the
catalytic site. To become catalytically active, thiel-Zn** interaction in the proMMP must be
disrupted (“cysteine-switch™’ Basically, this can occur by three mechanisms.4fig

() Non-proteolytic waymodification of the thiol by physiological oxidan disulfides,
electrophiles, or by non-physiologic compdsi such as alkylating agents or heavy
metal ion&®

(I Proteolytic waydirect cleavage of the prodomain by another jmate.

(11 _Autocatalytic waychemical or allosteric perturbation of the zymoder the
induction of an inter- or intra-moleculart@catalytic cleavage of the prodomain.

Latent MMP

(1) Non-proteotytic Proteolytic (Il)

Active MMP Active MMP
Fri
NET
Autocatalytic Zn
()
SH

Fig. 4 Mechanisms of proMMP activation.
For details see text.
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B.2.3.2 Inhibition by tissue inhibitors of metalloproteinases (TIMPS)

The TIMPs are specific endogenous inhibitors thiadl bo MMPs in a 1:1 stoichiometry. Four
TIMPs (TIMP-1, TIMP-2, TIMP-3, and TIMP-4) have be#lentified in vertebraté5sand were
shown to play important roles in the development m@modelling of tissues.

TIMPs have a two-domain structure with N- and CGnieal regions that each contain six
conserved cysteine residues forming three disulfideds®*®® The N-terminal domain com-
prises a region of higher homology among the folMHAs and is sufficient for inhibition of
MMP activity®? This domain holds residues that interact withZh&"-binding pocket of active
MMPs. The C-terminal domain of TIMPs is importawor fprotein-protein interactions and
binding to proMMPs, thereby regulating the MMP weation proces&?

TIMP-1 and TIMP-2 can bind proMMP-9 and proMMP-8spectively, through the C-ter-
minal hemopexin-like domain present in the two tieése<” Although, TIMP-2 and TIMP-4
can bind to proMMP-2 and inhibit MMP-2 and MT1-MMg&tivities, only TIMP-2 but not
TIMP-4 is able to form a trimolecular complex wghoMMP-2 and MT1-MMP as a prerequi-
site of proMMP-2 activatiof® The C-terminal domain of TIMP-3 also mediates urigpro-
tein-protein interactions by its binding to ECM qooments, whereas the other TIMPs are only
found in soluble formé&’

B.2.4 TIMPs as signalling molecules

Interestingly, distinct from their MMP inhibitoryctvity, accumulating evidence indicates that
TIMPs also act as signalling molecuf&&® This notion was further supported by recent
findings of the cell binding partners of TIMP-2 and, the integrina3fl and vascular
endothelial growth factor (VEGF) receptor-2, resjwety.®®®° Another discovery considers
CD63, a member of the tetraspanin family of meménaroteins, as a TIMP-1 interacting pro-
tein which also substantiates the role of TIMPs&aignalling molecul®.

By now, the intracellular signalling pathways inwedl in these new roles of TIMPs are not
clear. Furthermore, nothing is known, wether thecpsses are MMP-dependent or in-
dependent.
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B.3 The inflammatory cytokines

Cytokines are proteins and peptides which medmtrdellular communication. They are pro-
duced by a variety of cell types and play cento&s in the immune system being involved in
immunological as well as inflammatory diseaseslamfmatory cytokines such as trans-
forming growth factor (TGFBL, interleukin (I1)-B, and tumor necrosis factor (TNE)***are
especially increased in damaged and inflamed &S3tieereby activating inflammatory cells to
release detrimental substances as for examplegsegend oxygen radicals. Further, chemoki-
nes, like stromal-derived factor (SDR)-tepresent small chemotactic peptides that ditest t

movement of circulating leukocytes to sites ofanfmation and injury®

TNF-a is a pleiotropic cytokine playing important albeften contradictory roles in numerous
physiological and pathophysiological processesuifiog immunity and inflammatiot.*®
Following cerebral ischemic injury, TNé&4s induced during a period time from minutes up to
a few hours and persists in the damaged tissuegltiie following days? TNF- is present

at elevated levels and implicated in various neegederative disorders such as Alzheimer’s
disease, Parkinson’s disease, amyotrophic lateezbsis, and strok€%*°*On the other hand,
TNF-a is reported to play a neuroprotective role andelkeved to contribute to repair and re-
covery after stroké®>'%*The biological and cellular effects of TNFare mediated through two
cell surface receptors, the TNF receptor type 1K-R1) and type 2 (TNF-R2). TNF-R1 is
stimulated by soluble TNE; while TNF-R2 is activated by the membrane-bounecprsor
preTNF¢.%* Shedding of preTN:-from the cell surface is accomplished by the memér
associated TNR- converting enzyme (TACEJ® Intracellular transmission of TN&-
signalling has been reported to occur via sevef@@rdnt pathways including that of Mf and
the mitogen-activated protein kinases (MAPKX).

We speculate that the presence of certain cytokotemmokines, and/or growth factors at dis-
eased or damaged tissues might mobilize hMSC frame bmarrow, peripheral blood, or
surrounding tissues into the defective sites. Taness may be enabled via upregulation of
MMP activity in these cells. This concept is sugpdrby own recent findings showing that
Wnt3a enhances MT1-MMP-dependent migration of boaerow-derived hMSC through hu-
man reconstituted basement membrdfi®sMoreover, previous studies of others had
demonstrated that SDF-1 and hepatocyte growth rfdetGF) stimulates chemoinvasion of
hMSC across Matrigel implicating MT1-MMP activit)’ Nevertheless, detailled analysis on
the role of inflammatory cytokines in hMSC invasi@and identification of particular
intracellular signal transduction pathways sucltthees MAPK-pathways or the Wifilcatenin
pathway involved in this process has not been pad, so far.
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B.4 The mitogen-activated protein kinase (MAPK) signaihg pathways

As mentioned before, MAPKSs play a crucial rolehe signalling of the inflammatory cytokine
TNF-0, but the MAPK signalling cascade can be also atgtv by a wide variety of other
stimuli. With respect to these stimuli three magarscade pathways can be differentiated
(Fig. 5). In general, ERK1 and ERK2 are preferdiytiactivated in response to growth factors
and phorbol esters, while the JNK and p38 kinasesnare responsive to stress stimuli ranging

from osmotic shock and ionizing radiation to cytukistimulation'®®

_ Stress Fig. 5: Overview of MAPK
Stimulus Growth factors Inflammatory cytokines signalling pathways

l l / \ Specific inhibitors of the pathway are

o PD98059 (MEK1/2 inhibitor),
MAPKKK B,;,'f;‘;fﬁ;ff;f’ SB203580 (MKK3/6 inhibitor) and
l JNK-11 (MKK4/7 inhibitor).

For further details see text.

l PD98059 | SB203580 | JNK-12 |

i @

Inflammation

] | Growth Apoptosis
Biological Differentiation Growth i . .
response Development Differreorrtliation (Flgure taken from Ce“ Slgna”mg

Technology with some modifications).

Although each MAPK cascade has unique charactesjsti number of features are shared
by the different MAPK pathways. Each cascade of MARs composed of a set of three evo-
lutionarily conserved, sequentially acting kinased1APK, a MAPK kinase (MAPKK), and a
MAPKK kinase (MAPKKK). The MAPKKKSs, which are semfthreonine kinases, are often
activated through phosphorylation and/or as a tesutheir interaction with a small GTP-
binding protein of the Ras/Rho family in responsextracellular stimuli. MAPKKK activation
leads to the phosphorylation and activation of a KK, which then stimulates MAPK
activity through dual phosphorylation on threonarel tyrosine residues located in the activa-
tion loop of kinase subdomain VIII. Phosphorylatiointhe MAPKSs results in their transloca-
tion to the nucleus, where they modulate gene ssmr by phosphorylating targets such as
downstream kinases and transcription fact@ts.

INTRODUCTION| 15



——INTRODUCTION

B.5 The Wnt signalling pathway in hMSC biology

The canonical Wnt cascade is also one of the nwgpral transduction pathways associated
with both stem cell functions and tumour cell depehent (Fig. 6). In some tissues, where
stem cell attributes are under the control of thet ignalling cascade, aberrant activation of
this pathway results in tumour formation.

Wnts regulate self-renewal of mesenchymal, haeno#&ttp, neural, intestinal, and skin
stem cell$3?° Evidences from our laboratory suggest that treatmdth Wnt3a also increases
hMSC proliferation and invasiofi® However, discerning the exact involvement of Wists
complicated by their pleiotropic effects. Exampbésanonical Wnt functions include the pro-
motion of long-term culture expansion of stem c¢elle increasedh vivo reconstitution of
haematopoietic lineages, and the Wnt3a-specifimteaance of skin and intestinal stem cell
populations’®

Frizzled Frizzled
®|
LRP5/6 LRP5/6| DSH
%1
@ Degradation
-GSK-3 (
gd>-p —
b9/ N

([XTarget gene @ <[> Target gene

Fig. 6: The canonical Wnt signalling pathway.

(A) In the absence of active Wnt ligands (“off stat@-ratenin is retained in a destruction complex
composed of Axin, APC, and GSR-Bubsequenthfi-catenin gets phosphorylated and after
ubiquitination it is degraded by the pre@mae. Under these conditions, Wnt target genes are
kept in a repressed state.

(B) Upon binding of Wnt ligands to the frizzled reaapf‘on state”) 3-catenin is uncoupled from
the degradation complex and translocatestire nucleus where it binds to TCF/LEF-family
transcription factors and activates Wnteagene transcription.

APC (adenomatous polyposis cof}cat (3-catenin); CK1 (casein kinase 1); DKK (Dickkopf);
DSH (Dishevelled); GSK{B(glycogen synthase kinasg3B LEF (lymphoid enhancer-related protein);
P (phosporylation); sFRP (secreted Frizzled-relatetein); TCF (T-cell factor).
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C AIMS OF THE STUDY

hMSC represent promising tools in various cliniapplications including the regeneration of
injured tissues by endogenous or transplanted hNHa@ever, the molecular mechanisms that
control hMSC mobilisation and homing, which requmeasion through extracellular matrix
(ECM) barriers, are almost unknown.

According to our working hypothesis as depictedignire 7, hMSC residing in their original
bone marrow niche are mobilised by gradients obkiyies/chemokines released at sites of
tissue injury and inflammation. This requires hM&Qmigrate through ECM barriers such as
basement membranes by the involvement of specifateplytic systems such as matrix
metalloproteinases (MMPs) and their inhibitors (F&) in order to reach the diseased tissues
(target niche), where they differentiate into fuocal cell types.

Circulation
Original niche : ECM «@ii ECM Target niche :
Bone marrow Injured and
inflammated tissue
hMSC
- |
Y z\/’f?'/" N
( Q ) <\\ ECM degradation L Q |
B ,,7,,:///\\(// . - o = // /
— Migration ~
Cytokines
MMPs / TIMPs B amokines
Extracellular matrix barrier Gradient of chemoattractants

Fig. 7: Working model for the present studies.

For details see text.
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To further elucidate the underlying molecular metsims, the major goals of this study were
as follows:

1. Analysis of the basal expression of MMPs aidPH in hMSC

For this aim gRT-PCR, zymography and Western bigttvere intended to be applied.

2. Establishment of an in vitro assay to study BNt8/asiveness

For this propose, establishment of a Transwellyassang solely biological material of human
source was planned in order to closer matchrtiwevo situation of h(MSC migration.

3. Investigation of the role of MMPs and TIMP$hMSC invasiveness

Application of synthetic MMP inhibitors as well 8NA interference (RNAI) technology was
attempted to be employed for the elucidation of $pecific role of particular MMPs and
TIMPs in hMSC invasiveness.

4. Studies on the role of inflammatory cytokined ehemokines on hMSC invasiveness

This aim was intended to study, wether a seleafonflammatory cytokines and chemokines
was able to regulate MMP/TIMP expression in hMS@ aot as chemoattractants for these
cells.

Moreover, the following aims should be also add¥dss

5. Evaluation of TIMP-1 as a requlator of hMSC fiimics

To clarify the specific role of TIMP-1 on cell pr@ration and differentiation of hMSC, a
knock-down of TIMP-1 expression was planned usidARtechnology. Furthermore, a pre-
liminary analysis of gene expression presumabluleggd by TIMP-1 was purposed.

6. Examination of TNk-effects on hMSC functions

For this aim, we intended long-term incubation Mf3C with TNFe and subsequent analysis
of differentiation and invasion capacities as vedlof effects of TNF: on specific gene ex-
pression and intracellular signal transductiondes:t

AIMS OF THESTUDY |18



MATERIAL AND METHODS——

D MATERIAL AND METHODS
D.1 Material

D.1.1 Equipment

Apparatus Source

Autoclave

3850 Systec GmbH, Wettenberg, Germany
VST 500-C 12D Zirbus, Bad Grund, Germany
Balance

Analytic Balance, A 120 S (0.001-12 g range)
Analytic Balance, 3716MP (0.001-250 g range)

SarmrGottingen, Germany
SarsiGottingen, Germany

Biophotometer
Biophotometer
Thermal printer DPU-414

Eppendorf, Hamburg, Germany
Seiko Instruments, Neu bseg, Germany

Cell Incubator
Type BB16 EC-CO2

Heareus Sepatech, Minchen, Germany

Centrifuge

Kontron, Centrikon H-401 with rotor A8.24
Heraeus, Varifuge 3.2 RS Heraeus
Heraeus, Sepatech Biofuge A (rotor 1230)
Heraeus, Sepatech Biofuge A (rotor 3042)

Kontronstruments, Eching, Germany

HeraepatBeh, Munchen, Germany
HeraepatBeh, Minchen, Germany

ELISA-Reader
DigiScan 400
MPP 3408

ASYS Hitech GmbH, Austria
ASYS Hitech GmbH, Austria

Electrophorese
XCell SureLock™ Mini-Cell
Power Supply EPS 301, EPS 601

Incubator Unihood

Invitrogen, Karlsruhe,e@nany
Amersham BioscienceMinchen,
Germany
Uniequip, Planegg, Germany

Fluorescence Microscope
Olympus 1X70, IX50

Olympus, Feldkirchen-Westerham,
Germany

PCR
Thermomixer Comfort
Lightcycler™ |i

Eppendorf, Hamburg, Germany
Roche, Mannheim, Germany
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Apparatus Source

Protein Transfer

XCell SureLock™ Blot Module Invitrogen, Karlsruh®ermany

Power Supply EPS 301, EPS 601 GE Healthcare, Freiermany
Roller RM5 Uniequip, Planegg, Germany

Biomax Cassette Eastman Kodak Co., New York, USA
Equipment for the cell culture Source

Flasks

Nunclon™ with Filter Caps (T25, T75) NUNC, Wiesbad&ermany

Plates

Multidishes Nunclon™ (6, 12, 24, 48, 96-well) NUN®Wjesbaden, Germany

Others

Cell Scrapers Nunclon™ NUNC, Wiesbaden, Germany
Falcon™ Conical Centrifuge Tubes (15, 50 ml) BD®ience, San Jose, USA
Microscope Slides 25 x 75 mm NUNC, Wiesbaden, Gagma
Poly-D-lysine Coated Cellware BD Biosciences, Sase]JUSA
Serological Pipettes (5, 10, 25 ml) NUNC, Wiesbadeermany

Transwell Chamber System (24-well, 8 um Por&ostar, Pleasanta, CA, USA

D.1.2 Chemicals

D.1.2.1 Cell culture

Chemical Source

Dulbecco’s Modified Eagle’s Medium (DMEM)  PAA Labtories, Pasching, Austria

Phosphate Buffered Saline (PBS) Sigma, Hamburgn@ey

EDTA Biochrom KG, Berlin, Germany
Human Extracellular Matrix (hECM) BD Bioscience,nSise, USA

Fetal Calf Serum (FCS) PAN Biotech, Aidenbach, Genn
Glucose Merck, Darmstadt, Germany

Heparin Sigma, Hamburg, Germany

Human Serum (HS) PAA Laboratories, Coelbe, Germany
Diff Quick Dade Diagnostika, Minchen, Germany
Nutridoma SP Roche, Mannheim, Germany

IL-1 Peprotech, London, England
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Chemical

Source

L- Glutamine

PAN Biotech, Aidenbach, Germany

Mesenchymal Stem Cell Basal/Growth MediumLonza, Wuppertal, Germany

(MSCBM), (MSCGM)

MMP-14 Biotrak Activity Assay
Penicillin/Streptomycin

Ro 206-0222

GM6001

Lipofectamine 2000

WST-1 Cell Proliferation Assay
CyQuant Proliferation Assay
AMD3100

Dimethyl Sulphoxide (DMSO)
Ethanol

Normal Goat Serum (NGS)
RPMI

SDF-1o.

TGF

TNF-a

Trypan Blue

Trypsin for h(MSC

Calbiochem, Schwalba&ermany
Biochrom KG, Berlin, German
Roche Diagnostics, Penzberg, Germany
Calbiochem, Schwalbach, Germany
Invitrogen, Karlsruhe, Germany
Roche, Mannheim, iGany
Invitrogen, KarlsrulBgrmany
Sigma, Hamburg, Germany
Merck, Darmstadt, German
Merck, Darmstadt, Germany
Sigma, Hamburg, Germany
PAA Laboratories, Coelbe, Germany
Peprotech, London, England
Peprotech, London, England
Peprotech, London, england
Sigma, Hamburg, Germany
Lonza, Wuppertal, Germany

D.1.2.2 Protein biochemistry

Chemical Source
Hyperfiim-MB GE Healthcare, Freiburg, Germany
Immobilon-P Milipore Corporation, Bedford, USA

Novex 10 % Zymogram (Gelatin) Gel
ProLong’Gold Antifade Reagent with DAPI
NuPAGE™ Novex 4-12 % Bis Tris Gel
NuPAGE™ LDS sample buffer

Whatman Filterpaper Nr.1

Invitrogen, Ksadhe, Germany
Molecular Probeggbn,USA
Invitrogen, Kadke, Germany
Invitrogen, Karlsruhe r@any
Whatman, Ammerbuch ntzery
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D.1.2.3 Antibodies

Primary antibody? Experimental application Dilution Source
MMP detection

ms anti MMP-2 1:100 Calbiochem, Schwalbach,
Germany
ms anti MMP-9 1:100 Calbiochem, Schwalbach,
Germany
rb anti MT1-MMP 1:100 Sigma, Hamburg, Germany
TIMP detection
rb anti TIMP-1 1:400 Sigma, Hamburg, Germany
ms anti TIMP-2 1:100 Chemicon, Massachusetts, USA
Neural Markers
ms antip-11l early postmitotic neurdf® 1:100  Sigma, Hamburg, Germany
Tubulin
ms anti MAP-2 mature neurdfi 1:100 Sigma, Hamburg, Germany
ms antioaGFAP mature glig* 1:300 Sigma, Hamburg, Germany
ms antiaGal C mature oligodendrocyté  1:300 Sigma, Hamburg, Germany
ms anti CXCR4 1:400
Control
gt antip-actin 1:400 Santa Cruz, California, USA

a8 ms=mouse; rb=rabbit; gt=goat; sh=sheep; dk=epnk

Secondary antibody? Dilution Source

gt anti ms Fluorescein (FITC) 1:1000 Molecular R®Oregon, USA
gt anti ms Rhodamine Red (RHOX) 1:1000 Moleculates, Oregon, USA
gt anti rb Rhodamine Red (RHOX) 1:1000 Moleculastias, Oregon, USA
gt anti sh Fluorescein (FITC) 1:1000 Molecular R®lOregon, USA
dk anti rb 1IgG 1:1500 GE Healthcare, Freiburg, Gamnn
Peroxidase-labelled anti rb 1:1000 GE Healthcameipbirg, Germany
Peroxidase-labelled anti ms 1:1000 GE Healthcambtirg, Germany

a8 ms=mouse; rb=rabbit; gt=goat; sh=sheep; dk=epnk
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D.1.3 Molecular biochemistry

D.1.3.1 Interfering sSiRNA molecules

Gene

Accession Number

Sequence

MMP-2

NM_004530

Target sequence

5- AAGGAGAGCTGCAACCTGTTT -3
SiRNA sense

5- GGAGAGCUGCAACCUGUUU -3’
siRNA antisense

5- AAACAGGUUGCAGCUcCUCC -3

MT1-MMP

NM_004995

Target sequence

5- AACCAGAAGCTGAAGGTAGAA -3
SiRNA sense

5- CCAGAAGCUGAAGGUAGAA -3
siRNA antisense

5- UUCUACCUUCAGCUUCUGG -3’

TIMP-1

NM_003254

Target sequence

5 - AATCAACCAGACCACCTTATA -3
SiRNA sense

5- UCAACCAGACCACCUUAUA -3
SiRNA antisense

5- UAUAAGGUGGUCUGGUUGA -3’

TIMP-2

NM_003255

Target sequence

5 - AAGGATCCAGTATGAGATCAA -3
SiRNA sense

5- GGAUCCAGUAUGAGAUCAA -3’
SiRNA antisense

5- UUGAUCUCAUACUGGAUCC -3’

Negative control

SiRNA sense

5- UUCUCCGAACGUGUCACGU -3’
siRNA antisense

5- ACGUGACACGUUCGGAGAA -3
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D.1.3.2 Chemicals and kits

Chemical/ Kits

Source

1% Strand cDNA Synthesis-Kit
AmpoLabeling-LRP-Kit

Biotin-16-dUTP

GEArray® Q Serie Signaltransduktion Pathfinder
LightCycler FastStart DNA Master SYBR Green |
QIAprep Spin Miniprep-Kit

QIlAshredder

RNeasy MiniElute-Kit

Roche, Mannheim, Germany
Superarray, Frederick, USA
Roche, Mannheim, Germany

Superaffagtlerick, USA
Radidl@annheim, Germany
Qiagen, Hilden, Germany
Qiagen, Hilden, Germany
Qiagen, Hilden, Germany

D.1.3.3 Solutions and buffers

Reagent Application Source
Denaturing Buffer 50 mM Tris, pH 7.5 Invitrogen, Karlsruhe, Germany
(Zymography) 200 mM NacCl

5 mM CaC}

0.2 % Brij35

126 mM Tris-HCI

20 % glycerol

4 % SDS

0.005 % bromophenol blue

Loading buffer
(Zymography
samples)

Invitrogen, Karlsruhe, Germany

PFA (4 %, 100 ml) 4 g paraformaldehyde

Sigma, Hamburg, Germany

10 N NaOH
10 ml 10 x PBS
Preservation buffer 5 % glycerol Invitrogen, Karlsruhe, Germany
(Zymography) 20 % EtOH
Renaturing buffer 2.7 % Triton X-100 Invitrogen, Karlsruhe, Germany
(Zymography)
Trypan Blue PBS pH 7,2 Sigma, Hamburg, Germany
0.5 % BSA
2 mM EDTA
0.5 % (v/v) trypan blue
Zymography stain 0.002 % Coomassie Blue R-350nvitrogen, Karlsruhe, Germany

30 % methanol
10 % acetic acid
PhastGel-Blue-R Tablets

Roche, Mannheim, Germany
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D.1.4 Cells

Cell type Source

hMSC  (human mesenchymal stem cells) Lonza, \Buph Germany
THP-1  (acute monocytic leukaemia cells) DSMrauhschweig, Germany

HT1080 (fibrosarcoma cells)

HMEC (human endothelial cells)
14ART (metastatic breast cancer cells)

3T3 (mouse fibroblasts)

DSMZ, Braunschweigyi@any

DSMZ, Braunsclgy&ermany
PFakenig, Freiburg, Germany

DSMZ, Braunschwé&grmany

A5 (non-metastatic breast cancer cells) rof. FFusenig, Freiburg, Germany

D.1.4.1 Features of hMSC donors

hMSC Lot # Age Race Sex Supplier

1F1061 21 Caucasian Female Lonza, Wuppertal, Ggrman
3F0664 19 Black Female Lonza, Wuppertal, Germany
3F1451 23 Black Female Lonza, Wuppertal, Germany
4F0591 32 Caucasian Male Lonza, Wuppertal, Germany
4F1127 23 Black Male Lonza, Wuppertal, Germany

4F1560 23 Black Female Lonza, Wuppertal, Germany
D.1.5 Software

Program Source

ArrayVision 8.0

CorelDRAW 12
ImageMaster-1D Elite
Image-Prd PLUS
LightCycler Software 3.5
Magic Scan V4.4

Microsoft Office EXCEL 2003
Origin 7.5

XFluor4 Safire2

Imaging Research, Braunschweig, Germany
Microsoft, Unterschleissheim, Germany
GE Healthcare, Freiburg, Geyna
Media Cybernetics, Silver Spring, USA
Roche, Mannheim, Germany
GE Healthcare, Freiburg, Germany
Microsoft, Unterschlsl®eim, Germany
OriginLab, Massachusetts, USA
Tecan, Crailsheim, Germany
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D.2 Methods

D.2.1 Cell culture

The experiments shown in this study were performigd hMSC which had been isolated from
bone marrow of different healthy persons (see D1L.Ahe hMSC lots had been tested by the
providing company for purity by flow cytometry agsis. The cells were positive for CD105,
CD166, CD29, and CD44. The absence of haematopoefiicontamination was ensured by
controlling cells for negative expression of CDI2D34, and CD48.The cells were also
checked for their ability to differentiate into tlesteogenic, chondrogenic, and adipogenic
lineage.

Cultivation of hMSC in our laboratory was performesing the MSCGM BulletKit according
to the supplier’s instructions at 37°C in a hunedifair atmosphere containing 5 % £Qells
were passaged at a confluency of ~90 % using TmygBITA.

For experiments under serum-free conditions, hMSfewwashed with serum-free me-
dium and incubated in DMEM supplemented with 1%rMaima SP in the absence or presence
of TGF$ (100 ng/ml), II-B (50 ng/ml), TNFe (50 ng/ml), or SDF-d (100 ng/ml). hMSC
proliferation did not significantly change duringp®sition to these agents for 48 hours as de-
termined by use of the CyQuant proliferation agdayitrogen). All experiments were carried
out with hMSC of the Bor 6" passage which exhibited an average cell doublimg tf 96
hours. Cells were tested by us for their abilityditferentiate into the adipogenic and osteo-
genic lineage as described in D.2.2.

For long term incubation studies of hMSC with TMFthe cells were seeded at a concen-
tration of 1.5x103 cells/cm?2 on tissue culture kagNalgen Nunc) and cultured in MSCGM
supplemented with 50 ng/ml of recombinant T&Fer up to four weeks. The medium was
changed once a week and the cells were dissoamtbd®BS containing 0.05 % Trypsin and
0.04 % EDTA and replated after three weeks.

For comparative analysis additional cell types wesed such as THP-1, HT1080, HMEC,
[14RT, 3T3 and A5 which were purchased from therzer Collection of Microorganisms and
Cell Cultures (DSMZ) (see D.1.4). Cells were growrRPMI-1640 supplemented with 10 %
(v/v) heat-inactivated fetal calf serum, 2 mM ghatae, 100 units/ml penicillin and 100 pg/ml
streptomycin. Incubation was performed at 37 °G inumidified air atmosphere in the pres-
ence of 5 % C@ Cells were passaged twice a week. For all furthgreriments cells were

washed two times with serum-free medium and maiathiunder serum-free conditions in
RPMI-1640 supplemented with 1 % (v/v) Nutridoma SP.
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D.2.2 Mesodermal differentiation of hMSC

For osteogenic and adipogenic differentiation hM&e cultured until confluency.

Differentiation into osteoblastic cells was indudgdusing hMSC medium supplemented with
100 nM dexamethasone, 10 nfivglycerophosphate, and 5 L-ascorbic acid 2-phosphate.
The medium was changed twice a week.

Differentiation of hMSC into adipocytes was achiéuey adding DMEM supplemented with
10 % (v/v) FCS, 40 IU/ml Pen/Strep, 4 mM L-glutamiipuM dexamethasone, 0.2 mM indo-
methacine, 0.01 mg/ml insulin, 0.5 mM 3-isobutytrkthylxanthine to the cells.

Three cycles of induction for 4, 5, and 6 days weeied out, interrupted by two periods
of 4 and 2 days of maintainance of the cells in DWMBEupplemented with 10 % (v/v) FCS,
40 IU/ml penicillin/streptomycin, 4 mM L-glutamin®,01 mg/ml insulin.

The differentiation capacity towards the two diffiet mesodermal lineages was verified by
typical changes at the morphological level as wslby the induction of mMRNA expression of
characteristic markers decorin for osteogenic @8Ry for adipogenic cells.

Additionally, after osteogenic differentation intedlular deposition of calcium was
demonstrated by Alizarin-Red staning (Fig. 8A). Betection of the mineralized nodules, cells
were fixed with 4 % paraformaldehyde and stainetth @il % Alizarin-Red staining solution in
water for 10 minutes. Adipogenic differentiation smeerified by Oil-Red-O staining of intra-
cellular vacuoles Fig. 8B). The Paraformaldehyde-fixed cells were coverath 8 mg/mi
Oil-Red-O dissolved in 60 % (v/v) isopropanol fdr thinutes.

Osteogenic Induction Fig. 8: Microscopic analysis
, oy, : of hMSC morphology
and differentiation.

(A) hMSC were incubated for
14 days in medium inducing
osteogenic differentiation, and
were subsequently stained
with Alizarin Red for
calcium deposition.

) ) . (B) hMSC were incubated for
Adipogenic Induction 14 days without and with
bR adipogenic differentiation
medium and then assayed
by Oil-Red-O for the
accumulation of lipid droplets
staining.

All scale bars indicate 5om.
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D.2.3 Quantitative real time-polymerase chain reaction (RT-PCR)

Isolation of total RNA from hMSC was performed wgithe RNeasy Mini Kit and an on-

column DNase digestion with the RNase-free DNases®ording to the manufacturer’s proto-
cols. The cDNA synthesis was completed following thstructions of the First Strand cDNA
Synthesis Kit for RT- PCR (AMV). Therefore, 500-108g of purified total RNA was used

and priming with oligo dT. gRT-PCR was carried aut a LightCycler applying the

LightCycler-FastStart DNA Master SYBR Green | Kit.

For amplification of specific transcripts the Li@hcler Primer Sets were used according
the manufacturers instructions. PCR was performigal Wil cDNA (see above), 2 ul primer
mix, 2 pl LC-FastStart DNA Master SYBR Green | maxd water to a final volume of 20 pl.
Amplification occurred in a three-step cycle prasedinitiated by denaturation at 95°C for
10 min to activate the polymerase followed by 4%ley of heating at 95°C for 10 sec,
annealing at 68°C for 10 sec, and extension at #?CL6 sec. The final PCR cycle was
followed by a melting curve analysis to confirm P@Rduct indentity and to differentiate it
from nonspecific products. The concentration ofhesample was calculated automatically by
reference to the respective standard curve as giededuring PCR according to the protocol of
the manufacturer. The amplified products were alsecked by electrophoresis on ethidium-
bromide stained agarose gels.

D.2.4 Microarray analysis

Gene expression was analysed by $tem Celland Human Signal Transduction Pathway-
Finder GEArray(Superarray Bioscience Corporation, MD, USA) apuylug of total RNA
according to the manufacturer’s protocol. The naimay data were quantified with the Array-
Vision software.
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D.2.5 Transfection of hMSC with small interfering RNA (siRNA)

RNAI technology was employed to generate specifiedk-downs of MMP- and TIMP-mRNA
transcription in hMSC. siRNAs targeted against hanmRNAs of MMP-2, MT1-MMP,
TIMP-1, and TIMP- 2 were designed in our laboratacgording to the protocol of Reynolds et
al'® Sense and antisense oligonucleotides were syméteby Qiagen. Non-specific SIRNA
which has no target in the human transcriptome wezsl as a negative control and was also
purchased from Qiagen. The respective sequences akepicted in D.1.3.1.

One day before transfection, hMSC were plateddersity of 5x103 cells/cfrin MSCGM
into 6-well dishes and allowed to reach 30 % caarilty after 24 hours of incubation. siRNA at
a final concentration of 25 nM was combined withpl @f Lipofectamine 2000 (Invitrogen) in
a total volume of 501 DMEM and allowed to complex by incubation for @0nutes at room
temperature. The transfection mixture was thenieppb the hMSC and incubated for 6 hours
at 37°C in a humidified atmosphere containing 5 @2CSubsequently, cells were washed with
PBS and maintained in MSCG-medium for 24 hours feedgplication in the experiments.

Cell viability and the capacity for differentiaticelong the mesodermal lineage (see D.2.2)
were not affected under these conditions.

D.2.6 Immunocytochemistry

For immunocytochemical analysis hMSC were seedéa amture slides. The cells were fixed

in 4 % paraformaldehyde in PBS. Subsequently, theire slides were washed in PBS and
blocked with 0.5 % Triton X-100 and 10 % NGS durB@ minutes at room temperature. The
culture slides were then incubated within the regpe antibodies (see D.1.2.3) in a solution
containing 0.5 % Triton X-100 and 10 % NGS for 2iteat 37°C. After several washes in

PBS the culture slides were incubated in the seaynantibody for 45 minutes at room tem-

perature. Secondary subclass-specific FITC- or Fé&d@Gpled antisera were applied at a
dilution of 1:50. After three further washes, thdture slides were mounted and stained in
ProLongGold antifade reagent with DAPI.

To rule out any unspecific binding of the secondanyisera, control experiments were
performed by using a primary antibody against aexpressed antigen (e.g. CD34).
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D.2.7 Zymography and MMP activity assay

Cell culture supernatants were analysed for thegmee of gelatinolytic enzymes by zymogra-
phy using precast 10 % polyacrylamide minigels ammbig 0.1 % gelatin as substrate. The
samples were mixed 1:1 with a nonreducing buffertaiaing 126 mM Tris-HCI, 20 % glyce-
rol, 4 % SDS and 0.005 % bromophenol blue.

After electrophoresis, the gels were washed twizeld minutes in 2.7 % Triton X-100
on a rotary shaker to remove SDS and to allow prst® renature. The gels were then incu-
bated in a buffer containing 50 mM Tris, pH 7.5026M NaCl, 5 mM CaGland 0.2 % Brij35
for 18 hours at 37°C. The zymograms were staine@@amin with 0.02 % Coomassie Blue R-
350 in a 30 % methanol/10 % acetic acid solutiangi®hastGel-Blue-R tablets. Zymograms
were scanned using a Umax ImageScanner driven lgycdean software.

As a marker for electrophoretic mobility of gela@s®s in zymograms, we used conditioned
medium from PMA-treated HT1080 fibrosarcoma cellgntaining the latent form of
proMMP-9 (~92 kDa), the latent form of MMP-2 (~7P&) and the activated form of MMP-2
(~66 kDa)*

For determination of MT1-MMP activity thEeMMP-14 Biotrak Activity Assay{Calbiochem,
Schwalbach, Germany) was used following the insisas of the manufactures.

D.2.8 Preparation of cell extracts and Western blotting

For detection of proteins in hMSC, Western blottwas applied to cell lysates. Lysis and pro-
tein extraction in hMSC were performed by usinguéfdr containing 50 mM Tris pH 7.4, 150
mM NaCl, 1 % Triton X-100, and a mixture of smalblacular-weight inhibitors of metallo-,
serine-, and cysteine-proteinases (Complete-Mirhjclv was then added to sub-confluently
grown cells. Thereatfter, the cell lysate was vateand incubated for 30 minutes at 4°C. Sub-
sequently, the supernatants containing extractetkips were collected by centrifugation at
16,000 x g and stored at —20°C.

SDS-PAGE gel electrophoresis was performed undircieg conditions in precast 4-12
% minigels applying the NUPAGE Bis-Tris-buffer syst. After electrophoresis the separated
proteins in the gel were electroblotted on polyVidjluoride (PVDF) membranes. The mem-
branes were blocked in 10 % non-fat milk and therubated with polyclonal rabbit antibodies
against MT1-MMP (1ug/ml) and TIMP-1 (0.4ug/ml), or polyclonal goat antibody against
actin (0.5ug/ml) or 1ug/ml monoclonal mouse antibodies against MMP-2 &9 as listed
in D.1.2.3.
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D.2.9 Cell invasion assay

Studies on chemoattractant-induced invasion capadithMSC were performed using the
24-well Costar Transwell chamber system (Fig\@@mbrane filters with a pore size ofuén
and a diameter of 6.5 mm were coated withu®f human ECM, which is mainly comprised
of laminin, collagen type IV, and proteoglycans\ypding a composition similar to that of hu-
man basement membranes.

Upper ,
compartment —

Cells

/‘
| Human ECM
Well —— |

Filter membrane

Lower

compartment Human Serum

as chemoattractant

Transmigrated cell

Fig. 9: Schematic representation of the modified Tanswell assay system for determination
of cell invasion.

For details see text.

The coated filters were dried overnight at roompgenrature under sterile conditions. Prior
to the experiment, they were reconstituted withusefree medium for 2 hours. The lower
compartment of the invasion chamber was filled @@ ul of DMEM containing 10 % human
serum or cytokines/chemokines as a source of chiraciants. Then the coated filter inserts
were placed into the wells forming the upper cortipant. h(MSC (5x10%) either untreated or
transfected with the respective siRNA (see D.1.8&j)e suspended in 2Q0 of serum-free
medium and seeded into the upper compartment ahttasion chamber. The invasion cham-
bers were incubated for 48 hours at 37°C in a hifi@eair atmosphere with 5 % GO

After incubation cells and ECM on the top surfacéghe filters were wipped off with
cotton swabs. Cells that had migrated into the foeampartment and attached to the lower
surface of the filter were counted after staininthvdiff Quick (Fig. 10).
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Fig. 10: Invaded cells after Diff Quick staining.

Cells that had migrated through the pores (8 pamj)
attached onto the lower surface of the filter wigxxed anc
stained with Diff Quick (violet colour).

Cell viability was assessed by trypan blue stainifige invasion rate was calculated from
the ratio of the number of cells recovered from ltheer compartment to the total number of
cells loaded in the upper compartment. Each invesiperiment was performed in triplicate.

For inhibition of cell migration hMSC were pre-irlzated for 30 minutes with 1Qg/ml
GM6001 (a synthetic broad-spectrum MMP inhibitdr 10 pg/ml AMD3100 (a highly
specific antagonist of the chemokine receptor CXE®4or with 10 pg/mlof Ro 206-0222

(a specific inhibitor for MMP-2, MMP-9, and MT1-MMFoefore being transferred into the
upper compartment. The respective inhibitors wése added to the medium in the upper and
lower compartment at the same concentratioriOqig/ml.

Preceding measurements had shown that incubatioM8IC with the inhibitors at a con-
centration of 1Qug/ml for 48 hours resulted in maximal inhibition céll migration without
substantially affecting viability and proliferation

D.2.10 Neurosphere formation

hMSC which had been pre-incubated for two weekihéabsence and presence of 50 ng/ml
TNF-a were seeded at a concentration of 1.5 %cHlis/cnf onto Cellware dishes coated with
poly-D-lysine and further cultivated in the absemac®l presence of TNé&-until cell spheroid
formation became visible.

D.2.11 Data analysis

Statistical significance was assessed by companean £SD) values of triplicate experiments
with the Student’d-test for independent groups. Significance was rassu for p<0.05.
Statistical analysis was performed using the Orfgihsoftware.
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E RESULTS

E.1  Analysis of MMP and TIMP expression in hMSC

At the beginning of these studies almost nothing lw@own about the expression of MMPs and
TIMPs in hMSC. Therefore, a detailed analysis of NWRexpression of MMP-2, MMP-9,
MT1-MMP, TIMP-1 and TIMP-2 as well as of the prateynthesis of these factors in hMSC
was performed.

Determination of mRNA expression in hMSC by gRT-PC&ealed a pronounced
transcription of MMP-2, MT1-MMP, TIMP-1, and TIMPA2hen compared to that of GAPDH,
whereas MMP-9 mRNA was only slightly detectableg(Ril).

10

10"
10?
10°
10
10°
mifm

MMP-2 MMP-9  MT1-MMP  TIMP-1 TIMP-2

—

A

&

mRNA expression relative to GAPDH

Fig. 11: Constitutive mRNA expression of MMPs and TMPs in hMSC.

gRT-PCR analysis of MMP-2, MMP-9, MT1-MMP, TIMP-Bnd TIMP-2 gene transcription was
carried out in hMSC cultivated in MSCG medium. Tresults are mean values +SD of mRNA
expression of the target factors relative to GAP@eL as 1) from a triplicate measurement representa
tive for three independent experiments with thriéfernt hMSC lots.

To verify these findings on protein level, Westdrotting analysis of cell-associated
MMPs and TIMPs was performed using hMSC lysatesaddition, conditioned medium ob-
tained from hMSC cultivated for 72 hours under seftee conditions was examined for the
presence of secreted MMPs and TIMPs. In accordasittethe mRNA data, the cell extracts
contained proMMP-2 (72-kDa), MT1-MMP (in form ofsitt8 kDa active species), TIMP-1
(30 kDa), and TIMP-2 (21 kDa) (Fig. 12A). FurthemapohMSC released substantial amounts
of proMMP-2 (72-kDa ) into culture supernatantsetitgr with a smaller portion of its acti-
vated 64-kDa form as well as TIMP-1 and TIMP-2 (FigA). MT1-MMP was not detected in
the culture supernatants corresponding to its aatgra membrane-anchored proteinase. MMP-
9 protein was missing in both hMSC lysates and tmmed medium (Fig. 12A), which was in
accordance with its extremely low mRNA expresserel.
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The findings on gelatinase secretion were confirfmgé 72 hour-time-course analysis of
hMSC culture supernatants applying zymography whjgbroved the accumulation of released

proMMP-2 as well as of its fully activated specieghereas MMP-9 was not detectable
(Fig. 12B).

A B

LY CMm hours
MMP-2 72 kDa
64 kDa
MMP-9 94 kDa
proMMP-9
MT1-MMP | memm— 58 kDa

proMMP-2
MMP-2

TIMP-1 EE| 30 kDa

TIMP-2 F e [ 21 kDa

Fig. 12: Constitutive protein expression of MMPs ad TIMPs in hMSC.

(A) Western blot detection of MMP-2, MMP-9, MT1-MMPIMP-1, and TIMP-2 in cell lysates (LY)
and conditioned medium (CM) of hMSC cultivated fé2 hours under serum-free conditions.

30-ul aliquots standardized by protein content wereasstpd by SDS-PAGE under reducing con-
ditions, blotted, and probed with the specific bodlies.

(B) 10-ul aliquots of culture supernatants taken at difietane points during a 72 hour cultivation
period of hMSC in serum-free medium werelys®l by zymography.

HT1080 conditioned medium containing proM@iFsroMMP-2 and active forms of MMP-2 was
used as a marker (M).
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E.2  Establishment of anin vitro assay to study hMSC invasiveness

The ability of cells, particularly of tumour cell&® migrate through ECM barriers is typically
examined byin vitro methods based on the modified Boyden chamber adpMatrigel-
coated inserts and FC¥.To closer match thim vivo situation of hMSC migration, we opti-
mized the assay by solely using biological matesfahuman origin. Instead of Matrigel that
represents ECM extracted from mouse tumor ti$¥U'e? we applied commercially available
human extracellular matrix (hECM) from healthy tiss The composition of this hECM is
similar to that of basement membranes. In addittmrman serum instead of fetal claf serum
was utilized as a source of unspecified chemoa#iné€. A schematic representation of the
Transwell assay is given in Fig.9.

E.2.1 Human extracellular matrix as cell migration barrier

Different amounts of hECM were coated onto thedwell inserts. The homogeneous distribu-
tion and complete coverage of the filter pores wilie reconstituted human basement
membrane was examined using Comassie Blue stabfipgpteins on the inserts. A concentra-
tion of 10 ug per insert was found to provide aprapriate cell migration barrier (data not

shown) and was used for further experiments.

E.2.2 Human serum as chemoattractant

Various dilutions of human serum were added to ltdveer compartment of the Transwell

assay. hMSC placed into the upper compartment algeeto traverse the reconstituted hECM
by migration towards the diluted human serum. Tie of invaded cells exhibited a maximum
towards a gradient of 10 % human serum and showddrther augmentation by an increase
of the serum concentration in the lower compartnoétihie Transwell system (Fig 13).

Fig. 13: Induction of hMSC invasiveness by
N human serum gradients.
< 5 hMSC (5x168) were placed onto filters coated
@ with hECM and incubated for 48 hours in the
® 4 . :
= presence of different concentrations of human
2 3] serum in the lower compartment.
©
2 2 Absolute cell invasion rate was determined in
§ ] percent calculated from the ratio of the number
1. of cells recovered from the lower compartment
to the total number of cells loaded in the upper
0- compartment. Data are presented as mean +SD
0% 5% 10% 20% of one triplicate experiment representative of
Human serum concentration three independent measurements.
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E.2.3 Time course analysis

hMSC invasion capacity was assayed for differenetintervals applying 10 pg hECM/insert
and 10 % human serum as a chemoattractant. Thefratgaded cells exhibited a maximum
after 48 hours of incubation and showed no furiherease by elongation of the incubation
period (Fig. 14).

Fig. 14: Time course analysis of hMSC
invasiveness under standardised

® conditions.
= 51 hMSC (5x16) were placed onto filters coated
%- 4 with 10 pg hECM and incubated for different
® time intervals in the presence of 10 % human
S 31 serum in the lower compartment.
§ 2. Absolute cell invasion rate was determined in
= percent calculated from the ratio of the number
8 11 of cells recovered from the lower compartment
0__* to the total number of cells loaded in the upper
compartment. Data are presented as mean +SD
6h 24h 48 h 72h

of one triplicate experiment representative of
three independent measurements.

E.2.4 Invasion potential of different cell types

Applying the “standard human invasion assay coosi as determined before with hMSC,

comparative analysis with various cell types of wnanvasive capacities was performed. As
shown in Fig. 15, the highest invasion rates wdrgeoved for THP-1 (human leukemic cells)

and HT1080 (human fibrosarcoma cells). Furthermbd®RT (metastatic breast cancer cells)
exhibited a strong invasive potential, whereas Aén{metastatic breast cancer cells) were
nearly unable to transmigrate hECM, which is cdesiswith the physiological properties of

both cell types. The hMSC invasion rate was sintitathat of [I4RT and human endothelial

cells (HMEC) indicating a pronounced invasive pttdrof these cells, whereas mouse fibro-
blasts (3T3) showed only weak abilities for directeigration through hECM towards human

serum (Fig.15).

Fig. 15: Comparison of the invasion potential

45- of different cell types.
THP-1 (1.5x18), HT1080 (1x16), HMEC
401 (5x10%), hMSC (5x16), Il4RT (5x10), 3T3

(5x10%), and A5 (5x18) were placed onto Tran-
swell filters coated with 10 pg of hECM and in-
cubated for 48 hours.

35+

30>

0] Absolute cell invasion rate towards 10 % HS
was determined in percent relative to control.

5. Data are presented as mean =SD of one tripli-
I I I cate experiment representative of three inde-

Cell invasion rate [%)]

pendent measurements.

THP-1 HT1080 HMEC hMSC I4RT 3T3 A5
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E.3 Role of MMPs and TIMPs in hMSC invasiveness

To reach damaged tissues migrating hMSC must e tabinvade the dense network of ex-
tracellular matrix (ECM) which is thought to be fl@ated by proteolytic activity.

E.3.1 Effect of synthetic MMP inhibitors on hMSC invasiveness

In order to investigate the involvement of MMPghe ability of hMSC to traverse human re-
constituted basement membrane, the invasion assayp&rformed in the presence and absence
of synthetic MMP inhibitors.

Addition of GM6001 representing a broad-spectrutiiior of MMP activity signifi-
cantly reduced the transmigration rate of h(MSC camag to untreated control cells (Fig. 16).
Likewise, Ro 206-0222, a highly specific inhibitoir MMP-2, MMP-9, and MT1-MMP acti-
vity, impaired the invasive capacity of h(MSC to a simdatent (Fig. 16)Cell viability was not
affected by either of the two inhibitors at the cemtration used to achieve maximal migratory
inhibition (data not shown).

120 -

80
60 -
*% *%
40 -
204
0

Control GM6001 Ro206

:

Invasion relative to control [%]

Fig. 16: Influence of MMP inhibitors on hMSC invasieness through a barrier of reconstituted
human basement membrane.

hMSC were placed onto Transwell filters coated wittman ECM and incubated for 48 hours in the
absence (control) or presence of the broad-spedulivi® inhibitor GM6001 (10ug/ml) or Ro 206-
0222 (10ug/ml), a highly specific inhibitor of MMP-2, MMP-&nd MT1-MMP. Cell invasion rate was
determined in percent relative to control cells @& 100 %). Data are presented as mean £SD of one
triplicate experiment representative of three irdgent measurements. **p<0.01.

From these data it can be concluded that MMPs alayajor role in the directed traversal of
hMSC through human ECM batrriers.
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E.3.2 Selective knock-down of MMP and TIMP expression bygiRNA

To clarify the individual contribution of constituely expressed MMPs and TIMPs to the
cellular invasion capacity, conditions to specificailence the gene transcription of MMP-2,
MT1-MMP, TIMP-1, and TIMP-2 in hMSC by RNAI weretablished.

As determined by qRT-PCR 24 hours after siRNA tieeiton, we achieved knock-down
efficiencies of 92-98 % for those MMPs and TIMPsewltompared to control cells transfected
with non-target-directed siRNA (Fig. 17). The doegulation of mMRNA expression was still
effective with levels between 70-98 %, when detaedi72 hours after treatment with the res-
pective siRNAs (Fig. 17).
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Fig. 17: Knock-down-efficiencies on mRNA levels dtIMPs/TIMPs.
hMSC were transfected with siRNAs targeting theegerpression of MMP-2A), MT1-MMP (B),
TIMP-1 (C), or TIMP-2(D).

Control cells were transfected with non-target-ctied siRNA (set as 100 %). Transcription of specifi
MRNAs was quantified by qRT-PCR 24 and 72 houses &RNA transfection. Data represent the mean
+SD of a triplicate measurement representative ffee transfection experiments. ***p<0.001;
*%*

p<0.01.
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In addition, the mRNA-results could also be con&dnon protein level. Time course
analysis of culture supernatants from hMSC transtewith sSIRNA against MMP-2 revealed a
pronounced decline of secreted proMMP-2 as deteuniny zymography (Fig. 18A). Like-
wise, successful blockage of MT1-MMP productionvwad| as of the release of TIMP-1 and
TIMP-2 in hMSC for 72 hours was demonstrated by Mtesblotting analysis (Fig. 18B).
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Fig. 18: Effect of MMP/TIMP knock-downs on protein level

(A) hMSC transfected with non-target-directed wargiRNA (NC) or with siRNA against MMP-2
(KD) were cultivated under serum-free conditionsl amalysed for secreted proMMP-2 after
different time intervals by zymography. For densi&dric quantification, enzyme release from
control cells transfected with non-target-direcs&INA was set as 100 % at each time point.

(B) Protein extracts obtained from hMSC 72 hours afmsfection with control sSiRNA (NC) or
with siRNA against MT1-MMP (KD) were examined. Setion of TIMP-1 and TIMP-2 from
hMSC carrying the respective knock-downs (KD) ontcol siRNA (NC) was examined by
Western blotting of 72 hour-culture supernataBtsctin was detected on the same blot to con-
trol for application of equal amounts of proteingach lane. Protein data are representative of
three independent experiments with similar results.

Hence, the RNAI technology represents an effedtned for studying the functions of MMPs
and TIMPs in hMSC.
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E.3.3 Invasion capacity of hMSC after knock-down of MMPsTIMPs

In a next step, RNAI was applied to elucidate thdiviidual role of constitutively expressed
MMP-2, MT1-MMP, TIMP-1, and TIMP-2 in the invasivaapability of h(MSC. For this inten-

tion, hMSC carrying specific knock-downs of MMPsdaiflIMPs were analysed in the
Transwell invasion assay.

Down-regulation of MMP-2, MT1-MMP, and TIMP-2 wefeund to significantly impair
the migration of hMSC through the reconstitutedelasnt membranes by 72 %, 75 %, and

65 %, respectively, when compared to control celisrying a non-target-directed siRNA
(Fig. 19).

In contrast, blockage of TIMP-1 raised the invasiedavior of hMSC (Fig. 19).
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Fig. 19: Effect of knock-down of MMPs and TIMPs onhMSC invasiveness.

hMSC carrying knock-downs for the expression of MRIRMT1-MMP (MT1), TIMP-1, and TIMP-2
were assessed for their ability to traverse hum@hEThe hMSC were applied in the Transwell inva-
sion assay 24 hours after their transfection acdhbated for 48 hours. Thereafter, cells that had mi
grated to the lower chamber were counted. Conkté cransfected with non-target-directed siRNA
were set as 100 %. Data are presented as meanf+3ie driplicate experiment representative of three
independent measurements. **p<0.001. **p<0.01.0®S.

These findings together indicate that the expressioMMP-2 and MT1-MMP as well as of
TIMP-2 enable hMSC to migrate across ECM, wherbasproduction of TIMP-1 exhibited a
repressive effect on this process.

Continuative analyses of TIMP-1 functions in hMS@Gldgy are given in chapter E5
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E.3.4 Validation of results in hMSC from different donors

Our findings on the expression of MMPs and TIMPd #reir importance for hMSC invasion
capacity, which had been obtained in a single hM&Ccould be confirmed by similar data
obtained in hMSC from additional healthy donorsy(F20).
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Fig. 20: Comparative analysis expression of MMPs @ahTIMPs in hMSC from different donors.

(A) MRNA expression of MMPs and TIMPs in cell lysatesvexamined by gRT-PCR. hMSC iso-
lated from three different healthy donors (lots @364, #1F1061, and #4F1127) were grown at
the 5" or 8" passage for 72 hours under serum-free conditiod€aamined for mMRNA
expression of MMPs and TIMPs.

Data from a representative experiment are givemMmBHNA expression relative to GAPDH
(mean of triplicate measurement).

(B) hMSC were grown for 72 hours under serum-frealitmms. Secretion of MMP-2, TIMP-1 and
TIMP-2 were determined by zymography or Western blmlysis of conditioned media. Pro-
duction of MT1-MMP was evaluated by Western blgtof cell extracts.

The respective protein bands were quantified byidemetry. Results are given as optical den-
sity units (mean of two determinations).

All hMSC specimens analysed in our laboratory shiba@mparable results with respect to
constitutive transcription (Fig 20A) and proteim#yesis (Fig 20B) of MMP-2, MT1-MMP,
TIMP-1 and TIMP-2.
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As outlined in table 1, the invasion rates of tiifeecent h(MSC samples after knock-down
of MMP-2, MT1-MMP, TIMP-1 or TIMP-2 correlated witlthe transfection efficiency in
different hMSC lots.

Expression 24 h Expression 72 h
siRNA hMSC donor mRNA | Protein mRNA | Protein Invasion
3F0664 9 32 12 48 25
MMP-2 1F1061 25 55 30 58 47
4F1127 37 37 40 57 41
3F0664 7 23 36 36 39
MT1-MMP 1F1061 10 19 24 21 45
4F1127 25 22 26 35 57
3F0664 12 ND 22 34 111
TIMP-1 4F0591 22 ND 7 15 117
4F1127 9 ND 6 22 120
3F0664 26 ND 30 54 56
TIMP-2 4F0591 31 ND 26 39 43
4F1127 22 ND 29 24 49

Table 1: Efficiencies of knock-down of MMPs/TIMPsin hMSC from three different donors and
influence on hMSC invasiveness.

hMSC were transfected with siRNA against MMP-2, MWIMP, TIMP-1 or TIMP-2. 24 h and 72 h
later cells were examined by gRT-PCR and Westlerrfdr residual mMRNA and protein synthesis.

The ability to traverse through human ECM was asd3a&84 h after transfection of the cells using the
Transwell invasion assay for a 48 h incubationqakri

All data obtained in knock-down cells are preseragedesidual mMRNA expression, protein production
and invasion capacity in percent compared to hM&asftected with non-target directed control siRNA
(set as 100 %). ND (not determined).

The results show a prominent decrease of the iomasapacity due to the reduced
expression of the MMPs and TIMP-2, whereas the kstlmwn of TIMP-1 was associated with
an obvious increase in the hMSC invasiveness (THble

Thus, the data strongly confirms that MMP-2, MT1-MMand TIMP-2 are essential for hMSC
traversal through human ECM, whereas TIMP-1 inkithis process.
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E.4  Role of inflammatory cytokines/chemokine in hMSC iwvasiveness

A variety of physiological stimuli has been desedbto induce or enhance MMP gene
expression in diverse cell types. These factosidecinflammatory cytokines such as TGE-
II-1B8, and TNFe as well as the chemokine SDE-1Since these factors are also found to be
increased in damaged and inflamed tissues, thewnly experiments were designed to eluci-
date a potential influence of these cytokines aedchemokine on the MMP-mediated invasion
capacity of hMSC.

E.4.1 Effects of TGF{1, II-18, TNF-a, and SDF-l on MMP/TIMP expression

To find appropriate cytokine/chemokine concentraichMSC were incubated with increasing
amounts of TGH1L, II-18, TNF-a, or SDF-1,, and analysed for mRNA expression of MMP-2,
MT1-MMP, MMP-9, TIMP-1, and TIMP-2 by gRT-PCR aftdifferent intervals.

Concentrations of 100 ng/ml for T@Fand SDF-& and 50 ng/ml for IL-g and TNFe
were determined as being most effective in thelegigun of MMP/TIMP expression (Table 2)
without affecting cell vitality (data not shown) canvere, therefore, used for further experi-
ments.

MMP-2 MMP-9 [ MT1-MMP | TIMP-1 TIMP-2
Concentration

[ng/ml] 1d 3d | 1d 3d | 1d 3d|1d 3d | 1d 3d
10 0.64 228 | 140 1.13 | 1.34 040 | 1.02 0.68 | 0.75 0.70
TGF-B1 50 030 220 | 079 099 | 144 099 | 074 0.70 | 0.77 0.71
100 027 283 | 068 134 | 1.14 193 | 098 093 | 0.80 0.8
10 130 0.89 | 227 440 | 651 232 | 0.88 0.77 | 098 0.8
IL-1p 50 132 137 | 286 560 | 779 298 | 1.01 098 | 0.88 0.82
100 129 098 | 320 348 | 790 252 | 1.03 0.99 |0.107 1.03
10 0.64 029 | 7.15 64.16| 456 1.78 | 1.08 090 | 0.86 0.81
TNF-a 50 029 039 | 7.85 92.04| 201 218 | 1.02 0.89 | 1.10 0.98
100 027 028 |12.16 6042 | 1.77 126 | 0.72 0.86 | 0.78 1.17
10 0.86 031 | 120 1.39 | 1.00 1.68 | 1.01 092 | 097 L15
SDF-1a 50 0.86 023 | 1.55 3.60 | 0.71 258 | 1.04 146 | 1.39 2.34
100 039 021 | 094 1.46 | 035 138 | 0.80 0.89 | 0.64 0.80

Table 2: Cytokine/chemokine dose finding experimeist

hMSC were incubated with 10, 50, 100 ng/ml of TEF4L-1p, TNF-a and SDF-#&. After 1 (1d) and 3
days (3d) cells were examined for mRNA synthesigitédP-2, MMP-9, MT1-MMP, TIMP-1, and
TIMP-2. The data are shown as x-fold change in mR&firession (GAPDH corrected) relative to
non-treated hMSC (set as 1). Values are given as moktriplicate determinations.
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More detailed studies revealed that incubationM8E with TGF$1 (100 ng/ml) induced
the mRNA expression of MMP-2 and MT1-MMP about &fand 2-fold, respectively, when
compared to untreated control cells, whereas th8dMP-9 and the TIMPs remained almost
unaltered (Fig. 21A). Addition of Il{1 (50 ng/ml) significantly stimulated the transcigpt of
MT1-MMP (~8-fold) and MMP-9 (~5-fold) but did notrengly alter the mRNA levels of
MMP-2 and the TIMPs (Fig. 21B). Exposure of hMSCItéF-a (50 ng/ml) was found to halve
the MMP-2 transcription level and concurrently dogie that of MT1-MMP (Fig. 21C). Re-
markably, TNFe exhibited a strong increase in MMP-9 mRNA synthesith values of
80-fold and 90-fold after 24 and 72 hours of indidig respectively, whereas TIMP-1 and
TIMP-2 expression was poorly affected (Fig. 21CddAion of the chemokine SDFzl
(200 ng/ml) to hMSC clearly diminished MMP-2 exmies and also reduced that of TIMP-2
and TIMP-1, yet to a minor degree. Interestinghg mMRNA levels of MT1-MMP and MMP-9
declined 24 hours after exposure to SDf-Aut showed some elevation above basal
transcription after 72 hours of incubation (FigD31
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Fig. 21: Influence of cytokines/chemokine on mRNAfAMIMPs/TIMPs in hMSC.

hMSC were incubated with TGFE (100 ng/ml)(A), II-18 (50 ng/ml)(B), TNF-u. (50 ng/ml)(C), SDF-

1o (100 ng/mi)(D) or left untreated (control) and cultivated underusn-free conditions for 24 and 72
hours. mRNA expression of MMP-2, MMP-9, MT1-MMP (NIJ; TIMP-1, and TIMP-2 were quanti-
fied by gqRT-PCR. Results are given as percent aghamgnRNA expression relative to untreated cells
set as 100%. Values represent the mean £SD ofripiedte experiment of two independent measure-
ments.
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In correspondence with the mRNA data, T@Fand II-B induced an augmentation in secre-
tion of proMMP-2 and its active forms from hMSC, eveas TNFe and SDF- & evoked a
reduction in the release of these enzymes as diexinby zymographic analysis of diluted
culture supernatants (Fig. 22A). TNFalso stimulated hMSC to produce proMMP-9 and its
active form which however became detectable onhoifi-diluted supernatants were analysed
(Fig. 22B).
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Fig. 22: Zymographic analysis of h(MSC supernatants.

hMSC were incubated with TGFE (100 ng/ml), II-B (50 ng/ml), TNFe (50 ng/ml), SDF-& (100
ng/ml) or left untreated (control) and cultivatedder serum-free conditions for 24 and 72 hours. Ali
quots of 72 hour-culture supernatants were sulgjecteymography. Medium samples were applied in
a 1:4 dilution to allow densitometric quantificati@of proMMP-2(A) or undiluted to achieve higher
sensitivity for the detection of proMMP{8).

- MMP-2

In addition, protein synthesis of cell membranefmMT1-MMP in hMSC was quantified
by the use of an assay measuring the biologicatlyvea form of this enzyme which is
characteristically produced immediately after ymthesis in the cell. In agreement with the
MRNA data, basal MT1-MMP activity was clearly enbath upon incubation of hMSC with
TGF$1 (~5-fold), II-18 (~9-fold), TNFea (~7-fold), and SDF- (~2-fold) (Fig. 23).

50- Fig. 23: Quantification of MT1-MMP synthesis in hMSC.

P hMSC were incubated with TGE: (100 ng/ml), II-B
T (50 ng/ml), TNFe. (50 ng/ml), SDF-& (100 ng/ml) or left
E’ 30.] untreated (control) and cultivated under serum-free
2 conditions for 72 hours
T 21 MT1-MMP protein was determined in cell lysates M3C
5 10 incubated for 72 hours with or without cytokinesg/stokine

using the “MMP-14 Biotrak Activity Assay”. Data are
o-—- . shown as mean +SD of one of two triplicate expenitse
Con TGF 1  SDF TNF

Summarizing our findings, TGR%, Il-18, TNF-, and SDF-& differentially regulate the
MRNA expression and protein synthesis of MMP-2, MRnd MT1-MMP in hMSC,
whereas that of TIMP-1 and TIMP-2 are less affettgthese cytokines or chemokine.
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E.4.2 Invasion capacity of hMSC towards gradients of cytkines/chemokine

To further elucidate a potential chemoattractivée ron hMSC, the cytokines TG
(200 ng/ml), II-B (50 ng/ml), and TNF: (50 ng/ml), as well as the chemokine SDF-1
(100 ng/ml) were added instead of human serum amaghttractant into the lower compart-
ment of the Transwell chamber in presence or alessehBRo 206-0222 (1{ig/ml), the specific
inhibitor of MMP-2, MT1-MMP, and MMP-9 activity.

Determination of hMSC migration rates after a 48riacubation period revealed highly
increased cell invasiveness stimulated by TBaH-~7-fold), 11-18 (~6-fold), TNFea (~3-fold),
and SDF-#& (~2-fold) relative to the serum-free medium algoentrol) (Fig. 24). By compari-
son, addition of 10 % human serum used as a ché&actant under standard assay conditions
increased spontaneous hMSC migration by 14-folth(dat shown).

The strong chemotactic responses of hMSC in tiaffgcthrough the ECM barrier towards
gradients of TGH1, 1l-18, and TNFe, respectively, were clearly abrogated or even
diminished below the level of spontaneous cell atign by the addition of Ro 206-0222,
whereas the SDFedstimulated invasion was only poorly attenuatedha presence of the
MMP-inhibitor (Fig. 24).
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Fig. 24: Chemotactic effects of cytokines/chemokinen hMSC invasion capacity
and the implication of MMPs.

hMSC were seeded in the upper compartment of Welhivasion chambers. The lower compartment
was filled with DMEM containing TGEB- (100 ng/ml), -t (50 ng/ml), TNFe (50 ng/ml), or SDF-d
(100 ng/ml) as chemoattractants. Control wells @metd DMEM medium only (Con). Both, upper and
lower compartments were provided without (blackshand with Ro 206-0222 (1@y/ml) to inhibit
MMP-2, MMP-9, and MT1-MMP activity (grey bars). A&ft a 48-hour period of incubation the amount
of migrated cells was quantified. Results are giasmx-fold increase relative to spontaneous cejrani
tion in control wells. All experiments were perfagdhin triplicate. The mean values +SD of one of two
equivalent separate experiments are shown. *p<@®050.01. ***p<0.001.

Taken together, these findings indicate that (imtiast to the chemokin&DF-la) the
inflammatory cytokines TGPB4, II-18, and TNFe act as strong chemoattractants for hMSC
and enable their directed traversal through basemmembranes which is dependent on the
activity of specific MMPs.
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E.5 TIMP-1 as a regulator of h(MSC functions

As shown in chapter E1, hMSC constitutively exprasd secrete high amounts of TIMP-1,
whereas MMP-9, the major target protease of TIM-hot produced in the cells. Moreover,
knock-down studies have demonstrated that TIMPHibéts only weak inhibitory impact on

hMSC invasiveness (see chapter E.3.3). These dismrs led to the speculation that strong
basal expression of TIMP-1 might serve additionabpses in hMSC function. Therefore, en-
dogeneous TIMP-1 was investigated for its influenoetwo important hMSC characteristics,
the cell proliferation and differentiation includjmelated effects on specific gene expression.

E.5.1 Influence of TIMP-1 on hMSC proliferation

The role of TIMP-1 expression in hMSC was silenbgdRNAi and cellular proliferation was
determined after 3 and 7 days of incubation. Sigguiftly higher numbers of viable hMSC
were detected after kock-down of TIMP-1 comparedawotrol cells transfected with non-target
directed siRNA (Fig. 25). These data indicate #ratogenously produced TIMP-1 represses
the proliferative capacities of h(MSC.
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Fig. 25: Cell proliferation after knock-down of TIM P-1.

hMSC transfected with control SiIRNA (NC) or siRNAanst TIMP-1 (KD) were seeded in 96-well
plates at 5 x 10cells / well containing 100 pl of serum-free cuitumedium. After 3 and 7 days of in-
cubation cell proliferation was determined using WST-1 assay. Absorbance at 450 nm was measured
in a multiwell-plate-reader. Values represent theam+SD of one triplicate experiment from two inde-

pendent measurements.
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E.5.2 Influence of TIMP-1 on hMSC differentiation

A characteristic feature of hMSC is their abilitydifferentiate into osteogenic and adipogenic
cells uponin vitro incubation with specific differentiation media. Trovestigate the role of en-
dogeneous TIMP-1 in these processes, osteogeniadipdgenic differentiation was induced
in hMSC 3 days after their transfection with TIMBBIRNA or control siRNA.

E.5.2.1 Osteogenic differentiation of hMSC after knock-dow of TIMP-1

After 2 weeks of incubation in osteogenic differation medium, hMSC both with and without
knock-down of TIMP-1 showed characteristic osteag@mrphological changes with a typical
cobble-stone arrangement of cells. Comparativeyaisabf calcium deposition as a marker for
osteoblastic cells using Alizarin-Red staining caded that TIMP-1-knock-down cells produce
a stronger red coloration than control cells (FBHA) suggesting enhanced osteogenic
differentiation in hMSC after downregulation of TRWL.

This finding was confirmed by mRNA expression asalyof decorin, an additional

characteristic marker for osteogenic differentiatiDecorin transcription was up-regulated by
50 % in knock-down cells compared to control c¢igy. 26B). Potential TIMP-1-mediated
interferences with cell proliferation were excludeg standardizing the gRT-PCR deter-
mination of decorin against that of GAPDH.
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Fig. 26: Osteogenic differentiation of hMSC after kock-down of TIMP-1.

hMSC were transfected with control siRNA (nc) dRNIA against TIMP-1. Thereafter, the cells were
incubated for 14 days in medium inducing osteogdifferentiation.

(A) Microscopic analysis of calcium deposition by Alin-Red staining. All scale bars indicates0.

(B) qRT-PCR analysis of decorin, a marker of osteapdifferentiation. The results are given as mean
values +SD of mMRNA expression relative to ®&Pfrom a triplicate measurement representative
for three independent experiments.

These data indicate that constitutive TIMP-1 praducin hMSC negatively influences the
capacity of these cells for osteogenic differerdiat
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E.5.2.2 Adipogenic differentiation of hMSC after knock-down of TIMP-1

To induce adipogenic differentiation, hMSC wereuibated for 2 weeks in specific differentia-
tion medium. After this time interval, the abilidf cells to form intracellular lipid droplets was
assayed using Oil-Red-O staining. Microscopicallysis revealed a higher number of lipid
droplets in hMSC with knock-down of TIMP-1 as comgzhato control cells (Fig. 27A). This
was confirmed by quantification of lipid formatian cells using Oil-Red-O staining which
revealed higher levels in cells with knock-downTdf1P-1 compared to controls (Fig. 27B).

In addition, the mMRNA expression of the adipogemiarker PPARy was shown to be
upregulated 2-fold in hMSC lacking TIMP-1 transtiop (Fig. 27C).
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Fig. 27: Adipogenic differentiation of h(MSC after knock-down of TIMP-1.

hMSC were transfected with control SiRNA or siRNAC) against TIMP-1. Thereafter the cells were
incubated for 14 days in medium inducing adipogelfferentiation.

(A) Microscopic analysis of intracellular lipid forniat by Oil-Red O staining.
All scale bars indicate Sn.

(B) Quantification of Oil-Red-O staining after lysiaells and measurement of absorbance at 450 nm.

(C) gRT-PCR analysis of PPAR-a marker of adipogenic differentiation. The résake given as mean
values +SD of mMRNA expression relative toRBA from a triplicate measurement representative
for three independent experiments.

Taken together, the data indicate a repressive ablendogeneous TIMP-1 in the ability of
hMSC for adipogenic differentiation.
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E.5.3 Microarray analysis of genes regulated by TIMP-1

To identify genes involved in the intracellular isadling of TIMP-1 in hMSC, we applied the
MRNA array“Human Signal Transduction PathwayFinde(Superarray Bioscience Corpora-
tion). Blockage of TIMP-1 transcription in hMSC BRNAI evoked upregulation>(2 fold) of
15 genes, the majority of which are known to beoined in the Wnt signalling pathway. They
include BIRC5, JUN, MYC, PPAR@hich are components of the Wnt pathway or represe
typical target genes such 8€F7, WISP1, WISP2ndWISP3

Two gene transcript8 MP2 andBMP4, were found to be decreased fold) in cells with
the knock-down of TIMP-1 compared to control c€liable 3).

Accession Number Symbol Name Modulation

NM 000633 BCL2 B-cell CLL/lymphoma 2 UP

NM 138578 BCL2L1 BCL2-like 1 UP

NM 001168 BIRCS * Baculoviral IAP repeat-containing 5 UP
(survivin)

NM 001200 BMP-2 Bone morphogenetic protein 2 DOWN

NM 130851 BMP-4 Bone morphogenetic protein 4 DOWN

NM_002228 JUN * Jun oncogene UP

NM 002467 MYC * V-myc myelocytomatosis viral oncogene UP
homolog (avian)

NM 003998 NFKp1 Nuclear factor of kappa light polypeptide UPpP
gene enhancer in B-cells 1 (p105)

NM_020529 NFKB1A Nuclear factor of kappa light polypeptide UP
gene enhancer in B-cells inhibitor, alpha

NM 015869 PPARG * Peroxisome proliferator-activated receptor UP
gamma

NM 015869 PRKCA Peroxisome proliferator-activated receptor UP
gamma

NM_004180 TANK TRAF family member-associated NFKB UP
activator

NM 003202 TCF7 * Transcription factor 7 (T-cell specific, HMG- UP
box)

NM 003234 TRFC Transferrin receptor (p90, CD71) UP

NM 003882 WISP1 * WNT]1 inducible signaling pathway protein 1 ~ UP

NM 003881 WISP2 * WNT1 inducible signaling pathway protein2 UP

NM_003880 WISP3 * WNT1 inducible signaling pathway protein 3  UP

Table 3: Genes modulated in hMSC by TIMP-1

hMSC were transfected with TIMP-1 siRNA and mainéai in culture for 3 days until TIMP-1 protein
expression was abrogated. Then cDNA microarrayyaitalvas performed. Results are shown for genes
modulated> 2-fold in knock-down cells as compared to celengfected with control siRNA. Genes
involved in the Wnt signalling pathway are markethw*).

Taken together, these findings clearly suggestrtipdication of the Wnt pathway in the trans-

mission of cellular effects mediated by endogendiP-1 in hMSC.
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E.5.4 mRNA analysis of Wnt target genes in hMSC after knok-down of TIMP-1

To verify a potential interaction between TIMP-1dahe Wnt signalling transduction pathway
as suggested by microarray analysis, we next exainihe regulation of typical Wnt target
gene$?® by TIMP-1. For this purpose mRNA expression of tiei cycle regulator cyclin D1
and the proteolytic enzyme MT1-MMP was monitored hiMISC with silenced and non-
silenced TIMP-1 transcription. Cells were analysédiay 7 after treatment without and with
wnt3a (150 ng/ml).

As to be expected, Wnt3a increased the expressias @mrget genes cyclin D1 in hMSC
transfected with siRNA (Fig. 28A). The stimulatoefjfect of Wnt3a on the expression of
cyclin D1 was significantly stronger in hMSC if TRRA1 production was abolished. This in-
crease in susceptibility to Wnt3a stimulation iticeith knock-down of TIMP-1 was dramati-
cally reduced upon addition of recombinant TIMPelthe cells (Fig. 28A). Similar results,
albeit with less obvious effects, were observethm expression of MT1-MMP, another Wnt
target gene (Fig. 28B).
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Fig. 28: Regulation of Wnt target genes by TIMP-1.

gRT-PCR analysis of the Wnt target genes cyclin®)land MT1-MMP(B) after 7 days of incubation
in presence or absence of 150 ng/ml Wnt3a in hM&8&stected with control siRNA or TIMP-1 siRNA.
The results are mean values +SD of mMRNA expredston a triplicate measurement representative for
three independent experiments.

KD TIMP-1 (hMSC transfected with TIMP-1 siRNA) NQWNISC transfected with negative control
SiRNA), W (stimulation with Wnt3a), rec TIMP-1 (rembinant TIMP-1).

Taken together, these results strongly implicas¢ THMP-1 exhibits a repressive function on
the induction of typical Wnt target genes by Wnt8aMSC.
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E.6 TNF-a as an inductor of hMSC differentiation

As specified above, TNE-stimulates migration and modulates MMP expressibimMSC
during a 3 day-incubation period. Moreover, prefiary treatment of h(MSC with TN&for an
extended period of time (1-4 weeks) revealed premtirchanges in cell morphology, which
was investigated in more detail as outlined below.

E.6.1 Influence of TNF-a on hMSC functions

To analyse the influence of TNEon morphlogy and diverse cell functions, a longrténcu-
bation of h(MSC with TNFe was performed.

E.6.1.1 Influence of TNF-o. on cell morphology

Incubation of hMSC in the presence of TMK50 ng/ml) for 14-28 days induced remarkable
changes in cell morphology. After 14 days of treatimwith TNFe, hMSC had mostly lost
their typical flat spindle-shaped morphology andpthyed a more elongated and contracted
cell contour in comparison with untreated cellgg(R29A, B). Upon 28 days of exposition to
TNF-o the majority of cells had developed sphericalaette cell bodies which prevalently
showed radial and/or branched cellular extensiéng. 29C). This morphology is similar to
that of neuroglial cells such as astrocytes.

A Control cells BTNF-G (14 days) C TNF-a (28 days)

10x

40x

Fig. 29: Morphological changes of hMSC after longdrm treatment with TNF-a.

hMSC were grown in the absen@®) and presence of TNé&+(50 ng/ml)(B, C). Changes in cellular
morphology were monitored by microscopy after 1¥sd8) and 28 day$C) of treatment with TNFe.
Branching cellular extensions (black arrow) andesial cell bodies (white arrowbecame overt.
All scale bars indicate 5tm. Magnification: 4x, 10x, 40x.
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E.6.1.2 Influence of TNF-o on cell proliferation

To investigate the influence of TNdFon hMSC proliferation, cells were incubated fordiad/s
with different concentrations of TNé- At low concentrations (1-25 ng/ml) of TNFhMSC
proliferation was enhanced with a maximum of 2-fald5 ng/ml TNFe (Fig. 30). At the
higher dosage (50 ng/ml) of TNE-the cell division rate did not differ significayfrom that
of untreated control cells, whereas hMSC growrhagresence of 100 ng/ml TNFshowed a
reduced proliferative capacity (Fig. 30).
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Fig. 30: hMSC proliferation after 14
days of treatment with TNFe.

hMSC were incubated with different
concentrations of TNk-for 14 days and
then analysed using the WST-1 cell pro-
liferation assay. The results are mean
values £SD of triplicate deter-minations
on cellular proliferation relative to un-
treated control cells (set as 100 %).

E.6.1.3 Invasive capacity of hMSC after pretreatment withTNF-a.

Next, we investigated whether or not pretreatmémidSC with TNFea affected their capacity
for transmigration through human reconstitutedaodtular matrix (ECM) using the Transwell
assay. After pre-incubation for 14 days with insieg concentrations of TN&-hMSC showed
a dose-dependent impairment of their invasion dagpachen applying human serum as a
chemoattractant (Fig. 31).
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Fig. 31: Invasive capacity of hMSC
preincubated with TNFe.

hMSC were pretreated with different
concentrations of TNIle- for 14 days.
The cells were then analysed for their
potential to migrate through hECM to-
wards human serum using the Trans-
well-invasion assay. The invasion rate of
non-treated hMSC was set as 100%. The
results are mean values £SD of a tripli-
cate measurement.
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E.6.1.4 Microarray analysis of TNF-a-modulated gene expression in hMSC

The influence of TNFe on hMSC gene expression was investigated in datging the
GEArray Human Stem Cell Gene Array (Superarray @esce Corporation) which allows
determination of the transcription of marker gekaewn to be important for identification,
growth, and differentiation of various types okfs) cells. The microarray analysis was carried
out in hMSC after a 14 day incubation period indbsence or presence of TNE50 ng/ml).

This study revealed that TN&-upregulated the transcription of 40 genes in hM&®@
downregulated 6 genes by at least 2-fold compareohtreated control cell§ble 4. Many of
these genes includinGFAP, MAP2, LIF, BMP2, SOX2, NES, NCAM2, CDH2, 81860d
CXCRd4are characteristically expressed in neural (steii$ and known for their relevance in
the development of these cells.

Strikingly, a number of genes which were found ¢éonbbodulated in hMSC by TNé&-are
involved in the Wnt signalling pathway such @NNA1, CTNNB1, FDZ3, FDZ4, WNT3,
WNT5AandWNT7B(Table .

E.6.1.5 Validation of neural gene expression in hMSC treaie with TNF-a

To approve the data obtained by the microarrayiessydnRNA analysis of selected neural
marker genes was performed in hMSC cultivated witlos with TNFe (50 ng/ml) over a time
course of 14 days using qRT-PCR.

The transcription of LIF and BMP2 was upregulateoowt 11-fold and 13-fold,
respectively, as compared to untreated hMSC whéermdened 1 day after stimulation with
TNF-o and declined during prolonged cultivation (Fig.).3Expression of SOX2 was
constantly elevated 2-3-fold during 1-14 days, wlihat of MAP2 began to increase after 3
days reaching 3-fold augmentation after 14 daysxgosition to TNFe. In contrast, basal
transcription of NES was dramatically diminisheddly after treatment with TNé&-and further
persisted on a low level over 14 days of incubaffig. 32).

Thus, gRT-PCR analysis in hMSC confirmed the mig@a data demonstrating TNE+0
stimulate expression of LIF, BMP2, SOX2 and MAPB&geneas that of NES is blocked.
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Accession Number Symbol Name Modulation

NM 001200 BMP2 Bone morphogenetic protein UP

NM 001202 BMP4 Bone morphogenetic protein 4 DOWN

NM_ 004329 BMPRIA Bone morphogenetic receptor, type 1A uUp

NM 001203 BMPR1B Bone morphogenetic receptor, type 1B UP

NM 001204 BMPR2 Bone morphogenetic protein receptor, type I  UP

NM_019895 C3orf4 Chromosome 3 open reading frame UP

M34064 CDH2 N-Cadherin UpP

U26727 CDKN2A Cyclin dependent kinase inhibitor 2A UP

NM_001903 CTNNAL Catenin alpha 1 UpP

NM 001904 CTNNBI1 Catenin beta 1 UP

NM_003467 CXCR4 Chemokine receptor 4 UP

NM_004412 DNMT2 DNA (cytosine-5-)methyltransferase 2 DOWN

NM 017412 FDZ3 Frizzled homolog 3 UpP

NM 012193 FDZ4 Frizzled homolog 4 UP

X51943 FGF1 Fibroblast growth factor UP

NM_002009 FGF7 Fibroblast growth factor 7 UP

M55614 FGFR2 Fibroblast growth factor receptor 2 DOWN

NM_003923 FOXH1 FOXHI1 forkhead box H1 UP

NM 002015 FOXO1A FOXO1A forkhead box O1A UP

NM_002055 GFAP Glial fibrillary acidic protein UP

NM_000876 IGFR2 Insulin-like growth 2 factor receptor UP

XM 167711 ITGAS Integrin alpha 8 UP

NM_ 000526 KRT14 Keratin 14 DOWN

X13967 LIF Leukemia inhibitory factor Up

NM 002310 LIFR Homo sapiens leukaemia inhibitory factor UP
receptor (LIFR) mRNA

NM 031846 MAP2 Microtubule-associated protein 2 UP

712020 MDM2 P53 binding protein UP

NM_004540 NCAM2 Neural cell adhesion molecule 2 UP

X65964 NES Human nestin DOWN

NM 013957 NGR1 Neuregulin 1 UP

NM 005450 NOG Noggin UP

NM_002530 NTRK3 Neurotrophic tyrosine kinase receptor type 3 ~ UP

NM_ 002609 PDFGFRB Platelet-derived growth factor receptor, beta ~ UP
polypeptide

NM_000442 PECAMI1 Paleted endothelial cell adhesion molecule UP
(CD31 antigen)

U96180 PTEN Phosphatase and tensin homolog UP

NM_006272 S100B S100 calcium binding protein, beta UP

NM_006942 SOX15 SRY box 15 UP

NM 022454 SOX17 SRY box 17 UP

BC013923 SOX2 SRY box 2 UP

NM 003107 SOX4 SRY box 4 UP

NM_ 017489 TERF1 Telomeric repeat binding factor 1 UpP

D50683 TGFBR2 Transforming growth factor, beta receptor 2~ UP

NM_ 003380 VIM Vimentin DOWN

NM 030753 WNT3 Wingless-type MMTYV integration site UP
family,member 3

NM_ 003392 WNTSA Wingless-type MMTYV integration site UP
family,member 5A

NM_058238 WNT7B Wingless-type MMTYV integration site UP

family,member 7B

RESULTS——

Table 4: Genes modulated in hMSC after treatment wh TNF-a.

hMSC were incubated without and with TNR50 ng/ml) for 14 days. 1 pg RNA was isolated and
microarray analysis was performed using tBée Cell cDNA GEArray(Superarray Bioscience Cor-
poration). Results are shown for genes modulat@dold in the cells treated with TN&when com-
pared to non-treated cells (set as 1). The expresdithe genes was normalised to cyclophilin B.
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Fig. 32: mRNA expression analysis of neural markersy hMSC treated with TNF-a.

hMSC were incubated without or with TNFES0 ng/ml) for different time intervals. mRNA exgssion

of typical neural genes was examined by qRT-PCRyaisa Results are given as change in mRNA ex-
pression normalized against cyclophilin B (CPBatigk to untreated cells set as 1. Values reprekent
mean +SD of one triplicate experiment from two ipeledent measurements.

LIF (leukemia inhibitory factor), BMP2 (bone morgenetic protein), SOX2 (SRY box 2),
MAP2 (microtubule-associated protein 2), NE®man nestin).
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E.6.1.6 Detection of neural proteins in hMSC pretreated wih TNF-a.

On protein level, TNFe was shown to inducde novesynthesis of the neural marker MAP-2
and augmented the production of GFAP in hMSC asrdebhed by immunocytochemistry
(Fig. 33) which was in agreement with the mRNA d#téerestingly, while GFAP production
was homogeneously distributed within the hMSC pafoih, MAP-2 became only detectable
in a minority of cells upon incubation with TNEfor 28 days.

The neural marker proteinf-tubulin 1l and GalC were not detected by immuno-
cytochemistry, neither in untreated nor in ThHreated hMSC (data not shown).

Control + TNF-a

Fig. 33: Immunostaining analysis of hMSC treated wh TNF-a.

Immunocytochemical staining of neural marker prgein hMSC treated without (control) or with
TNF-a (50 ng/ml) for 28 days. GFAP and MAP-2 were stdiitered and green, respectively. Cell nu-
clei were counterstained with DAPI (blue). Scalesbadicate 5qum.

E.6.1.7 Neurosphere formation in hMSC pretreated with TNFw,

A characteristic feature of neural progenitor cédlgheir ability to build spheroids, the so-
called neurospheres. When hMSC were pretreated o (50 ng/ml) for 14 days and then
further cultivated with TNFe on poly-D-lysine coated dishes, they formed nepinese-like
structures (Fig. 34), whereas untreated hMSC did no

Fig. 34: Neurosphere formation of
hMSC treated with TNF-a.

hMSC were incubated with TN&{50
ng/ml) for 14 days and then cultivated
for another 2 days on dishes coated
with poly-D-lysin. Formation of neuro-
sphere like structures was assayed un-
der the microscope.

Scale bars indicate 50m.
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E.6.2 Influence of MAPK-inhibitors on the expression of reural genes

Next, we were interested in the intracellular signg mechanisms controlling the TNé&=me-
diated neural differentiation in hMSC. To explohe involvement of MAPKSs in this process,
inhibitors which block the signalling pathways oRE1/2, p38, and JNK were added to
cultures of hMSC grown in the presence of TMF-

After 1 and 7 days of incubation, cells were aradysor mRNA expression of neural
markers using qRT-PCR. Application of the ERK1/Rilritor PD98059 (20 uM) prevented the
TNF-o-induced mRNA upregulation of leukemia inhibitogctor (LIF), bone morphogenetic
protein-2 (BMP2), SRY box 2 (SOX2), and microtubaksociated protein 2 (MAP2). Further-
more, downregulation of human nestin (NE&)s circumvented (Fig. 36).

In contrast, neither the addition of SB203580, rdmkitor of p38 activity, nor the applica-
tion of JNK-12 which blocks JNK activity had sigimént influence on mRNA expression of
these genes (data not shown).

As shown exemplarily for GFAP, the protein syntlesi this neural marker in hMSC treated
with TNF-o was abrogated in the presence of PD98059 (Fig. 35)

TNF-a TNF-a + PD98059

Fig. 35: Immunofluorescence analysis of GFAP protaiexpression.

hMSC were incubated for 14 days in presence of @NBO ng/ml) without and with the addition of
PD98059 (20 uM) and were stained for GFAP in g{@&¢hC) and cell nuclei in blue (DAPI).
Scale bars indicate 50 um.

RESULTS|58



RESULTS——

s0. day 1 day 7 0. day1 day 7
s s
s =] 9]
5 251 8
: s !
g 20 S
% 5 6]
i []
g 1,54 E 5]
7 10 g 4
3 05
s 2
€ o] e 1
. 0.
PD98059 - + - + PD98059 - + - +
_ 35. day1 day 7 ;5. day 1 day 7
] 4 _ s
g 2
S 3,04 § 3,04
L o
é 2,5 ,‘é 25
T 20 % 20l
5 g
g 1,54 § 1,54
g 101 g 1,04
§ (3
g 0,5- % 05.
£
0 ol
PD98059 - + - + PD98059 - + - +
12. day 1 day 7
s b
£
g 1,01
e
2 08
®
o
5 0,64
‘®
£ 04l
3
S 02
(74
£
o
PD98059 - + - +

Fig. 36: Role of ERK1/2 MAP kinase in TNFe-induced neural differentiation.

hMSC were cultivated in the presence of TWE50 ng/ml) without and with addition of PD98059
(20 pM), a specific inhibitor of ERK1/2 phosphoryten. mMRNA expression of neural marker genes
was measured by gRT-PCR after 1 and 7 days of atmrb Results indicate change in mRNA
expression after normalization against cycloptifCPB) relative to untreated hMSC set as 1. Values
represent mean +SD of one triplicate experimentsgntative for two independent measurements.
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E.6.3 Influence of TNF-a on ERK1/2 phosphorylation

The detailed examination of ERK1/2 phosphorylatigriVestern blotting revealed that TNF-
strongly stimulated intracellular formation of ppbsrylated ERK1/2 after 7-14 days of incu-
bation. Interestingly, TNFe-also increased total ERK1/2 protein detectabldécell extracts
(Fig. 37A).

TNF-o-induced ERK1/2 phosphorylation was prevented ugdministration of PD98059
(Fig. 37B), an inhibitor of MEK1/2 (upstream kinasieERK1/2).
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Fig. 37: Western blot analysis of ERK1/2 in hMSC teated with TNF-u.

(A) Western blot analysis of phosphorylated form&RK1/2) and total amount of ERK1/2 in lysates
of hMSC after cultivation in the absencem@sence of TNfe-(50 ng/ml) after different time
intervals.

(B) Western blot detection of phosphorylated (p-ERK&hd total ERK1/2 after 14 days of
co-incubation with or without PD98059 (20 pM

B-actin was detected on the same blots to contrahfplication of equal amounts of protein present o
each lane.

Taken together, these results provide evidenceTiN&to-mediated differentiation of hMSC is

primarily regulated via the ERK1/2 signalling patyww
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E.6.4 Role of CXCR4 in the invasiveness of hMSC pretretakwith TNF-a,

Microarray analysis had indicated that mMRNA expoes®f the chemokine receptor CXCR4
was elevated in hMSC after stimulation with TMETable 4).

This finding was confirmed by a time course studing gRT-PCR which demonstrated
that TNFe induced a dramatic upregulation of CXCR4 trangimipby more than 20-fold on
day 1 and about 35-fold on days 3, 7 and 14 (F84\)3

Consistently, TNFe augmented CXCR4 protein present in cell extrastdetermined by
Western blotting (Fig. 38B).
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Fig. 38: mRNA and protein expression of CXCR4 in hN&C.
hMSC were incubated without (control) and with TS0 ng/ml) for different time intervals.

(A) gRT-PCR analysis of CXCR4 mRNA expression. Resuksgiven as x-fold change in
expression normalized against CPB.

(B) Western blot analysis using monoclonal antibodgenst 42 kDa CXCR4 in protein extracts
from hMSC after 3 on incubation.

B-actin was detected on the same blot to controhfglication of equal amounts of protein
present on each lane.
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Taking a possible involvement of CXCR4 in cell naijon into account, we investigated next
whether or not pretreatment of hMSC with TMFaffected their capacity for transmigration
through human reconstituted basement membranes EGiMg SDF-& as a chemoattractant
in the Transwell assay.

Pretreatment with TNle-exhibited an improved potential of h(MSC for tramgration of
ECM transmigration (Fig. 39). This may be a consege of enhanced CXCR4 expression
since application of AMD3100 (10 pg/ml), a specifiotagonist of binding of SDFelto
CXCR4, efficiently blocked the ECM transmigratioapacity towards SDFelin TNF-a-pre-
treated and untreated hMSC as well.

Similarly, addition of the broad-spectrum MMP-initdds GM6001 (10 pg/ml) caused a
dramatic reduction in chemotactic invasion by hM$f{ther treated or not with TNé&-
(Fig. 39), indicating the requirement of MMP's iistprocess.

Cell viability was not affected by AMD3100 and GMBD at the concentrations used to
achieve maximal migration inhibition.
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Fig. 39: CXCR4 invasion of hMSC pretreated with TNF-a.

hMSC were incubated in absence (control) or presericTNFe (50 ng/ml) for 14 days and then
applied in the Transwell invasion assay without arith addition of 10 pg/ml AMD3100 (a specific
antagonist of SDF-1 binding to CXCR4) or 10 pg/mI@01 (a broad-spectrum MMP-inhibitor).
Chemotactic invasion was induced by SDFahd cell invasion rate was determined in percelative
to control.

Results are presented as mean +SD of one tripkogderiment representative of three measurements.

Summing up, these data suggest that incubationM8C) with TNFa upregulatesCXCR4
expression which results in an increase of cellglasceptibility to SDF-d-directed trans-
migration of ECM involving MMP activity.
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F DISCUSSION

Great efforts have been made in the past few yweatemprehend the molecular mechanisms
involved in hMSC self-renewal and differentiatiof!* The regulatory network, however, that
allows hMSC to migrate from distant sources suchbase marrow, peripheral blood, or
surrounding tissues to areas of injury, where thayicipate in tissue repair and regeneration,
are still unclear. Therefore, identification of tais that control and enable the migratory capa-
bility of h(MSC represents an essential goal thatildead to a better understanding of hMSC
function and possibly enhance their applicatiotherapeutictrategies.

F.1  Expression of MMP and TIMP in hMSC

In order to participate in tissue repair and regatien processes, endogenous hMSC need to
migrate from bone marrow into the blood circulatigith subsequent extravasation into target
tissues:> This concept is supported by the presence of hlifS&ripheral blood and multiple
tissue types>*#1#Since MMP-2 and MMP-9 are known to contribute tie proteolysis of

,§?3—125

ECM enabling the migration of various cell typé we hypothesized that the two gelati-

nases may also facilitate this process in hMSC.

Our data show for the first time that hMSC consitrely express and secrete MMP-2 as
well as its specific inhibitor TIMP-2 which is knawto control both MMP-2 activity and acti-
vation!?® Analysis of hMSC culture supernatants revealedptiesence of MMP-2 not only in
its zymogen form but also as a fully activated gage. This observation is in concordance with
the detection of MT1-MMP and TIMP-2 production imese cells, since both factors are re-
quired for MMP-2 proenzyme activation. According tiee current understanding of this
process, the secreted proMMP-2 re-associatesimstasfep with the cell surface by building a
trimolecular complex with TIMP-2 and MT1-MMP, thatler being anchored in the plasma
membrane. In a second step, MT1-MMP performs N-tahtleavage of proMMP-2, giving
rise to an intermediate active form which is furtkenverted into the fully active species of
MMP-2."21?"The active MMP-2 may then dissociate from the setface or remain bound and
thereby facilitate collagen degradation and ceflifaasion*?®

In contrast to MMP-2, MMP-9 protein was absent M3C culture supernatants and only
barely detectable on the transcriptional leveledestingly, a remarkably strong expression of
the MMP-9 inhibitor TIMP-1 was measured in hMSC gesfing complete abrogation of the
MMP-9 activity in the cells under standard cultieat conditions. Our results showing striking
differences inMMP-2 and MMP-9 gene expression are explainable by their distinctnoter
structures’™'* and agree with data reported from other mesodeceld such as fibroblasts
and endothelial cells which constitutively secrst®P-2 but synthesize MMP-9 only upon

stimulationt?*13°
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F.2 Role of MMPs and TIMPs in hMSC invasiveness

Since it was of essential interest whether theinaots release of MMPs may allow hMSC to
migrate through ECM barriers, we exerted a methaget on the modified Boyden chamber
assay which has already been well establisheih faitro studies on tumour cell invasidf. To
closer match than vivo situation of h(MSC migration, the assay was optimhiasing biological
material of human origin. Instead of Matrigel theypresents ECM extracted from mouse tumor
tissue}t®11?
primarily comprised of laminin, collagen type IMidaheparan sulfate proteoglycan, the major
components of basement membranes (BM). In additiaman serum instead of fetal calf se-
rum was utilized as a source of unspecified chetramdants. By means of this assay, hMSC
were clearly demonstrated to exhibit the poteritaltargeted migration through the barrier of
human reconstituted ECM which we also showed by parative analysis of hMSC with

different other cell types.

we applied commercially available human ECM fromalthy tissue which is

Because both unspecific and gelatinase-specifibitoins of MMPs largely blocked the
transmigration process, while MMP-9 secretion was$ aetectable in hMSC, we assumed
MMP-2 and MT1-MMP to play a critical role in theviasive capacity of these cells. To vali-
date this hypothesis, specific knock-downs of mR&kpression of MMPs and TIMPs were
accomplished in hMSC by RNAI technology. ApplyiniRNA transfection of hMSC3 a
highly efficient blockage of mMRNA expression andtpin synthesis of MMPs and TIMPs was
achieved in the cells. Using these cells in thegmn assay it became clear that the constitu-
tive expression of MMP-2, MT1-MMP, and TIMP-2 buitrof TIMP-1 essentially contributes
to the ability of bone marrow-derived hMSC to tresee human reconstituted extracellular
matrix.

The fact that complete abolishment of hMSC invaisess by RNA interference against
MMP-2, MT1-MMP and TIMP-2 could not be obtained mag explained by the residual pro-
tein synthesis in transfected cells and by the liraemaent of additional so far not further
characterized proteinases in the degradation of HEVWMSC. Moreover, the differential
knock-down efficiencies for the expression of MMi&tsl TIMPs as observed in at least three
hMSC lots analysed in our study correlated welhwite invasion rates of the cells, thus again
confirming the relevance of MMP-2, MT1-MMP and TIMPIn the invasion process. The
variations in transfection efficiency as becomingr in the three hMSC lots investigated may
be due to the heterogeneity in cellular composititich is a characteristic feature of hM$SC
and thus may vary to some extent in hMSC isolateah idistinct individuals.

Taken together, we have shown for the first time tiMSC possess the capability for in-
vading human ECM and demonstrate that this prosessongly dependent on expression of
MMP-2, MT1-MMP, and TIMP-2 in these cells.
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F.3  Role of inflammatory cytokines/chemokine in hMSC iwvasiveness

Based on the hypothesis that signalling moleculesrexpressed in damaged or inflamed
tissues might trigger chemotactic migration of hMBCvivo*? the influence of distinctive
cytokines/chemokine on the MMP-dependent invasegacity of these cells was investigated

in vitro.

TGF{1 has been reported to be produced at elevateds lavevounds, where it exhibits
various functions including the stimulation of fitast and leukocyte migration. Our study has
shown a TGH1-induced upregulation of MMP-2 in hMSC which isagreement with similar
findings in other cell types such as tumour cefid &eratinocyte&"** In contrast to MMP-2,
expression of MT1-MMP is normally under minor irdhce of cytokines and growth factdrs.
However, the TGB1l-dependent induction of MT1-MMP expression in hM8fay be ex-
plained by a unique crosstalk mechanism betweem@ief1 and Wnt signalling pathways
recently described to initiate TGHR-evoked effects on hMSC proliferation and différaton

via accumulation of nucled-catenin**® Based on this finding and our recent ressktswing
that gene expression of MT1-MMP is controlled bylear p-catenin levels in hMSE&® we
postulate that the TGF1-induced upregulation of MT1-MMP in hMSC may bediaged via
B-catenin. Since TGB4 did not considerably influence the expressioilMP-1 and TIMP-2

in hMSC, its stimulatory effect on hMSC traffickitigrough human ECM appears to be mainly
facilitated by induction of MMP-2 and MT1-MMP, asevwhave demonstrated by the use of a

specific inhibitor against these MMPs.

For a better understanding of the potential intesadoetween TGHBL and Wnt signalling
and its impact on expression and activity of MMRs presumable crosstalk is depicted in
Fig.40 with a detailed explanation given in theufig legend.

In wounds and inflamed tissues, the proinflammatang chemotactic cytokines IBland
TNF-a are highly expressed and play multiple roles dutime early phase of healing and re-
pair > Both cytokines have also been reported to inflaghe expression of MMP-9 and other
MMPs or TIMPs in different cell type®:?+13413°
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Fig. 40: Proposed model for a potential cross-talketween Wnt and TGF#1 signalling and
its influence on the expression and activity of MN®s in hMSC.

0] Basal activity of the Wnt pathway in unstilated hMSC generates a constitutive level daf fre
B- catenin which is responsible for the expressioa.g. MT1-MMP®

(I TGF{1 binds and activates the membrane-anchored tygpaditype | receptor Ser/Thr
kinases, which phosphorylate the effesc@mad2 and Smad3. Subsequently, phosphorylated
Smad2/Smad3 form complexes with Smadiéwdllows translocation into the nucleus, where
they activate or repress target genes.

(1 A unique cross-talk between the TRnd Wnt pathway present in hMSC results in complex
formation between Smad2/3 gacktenin. Thus, two sets of partners, fheatenin/Smad2/3
anc-catenin/TCF/LEF, may then regulate the expressfatifferent target genesg®

(IV) Addition of exogenous active TR increased MT1-MMP production as well as proMMP-2

secretion, possibly as a result of ttieraction between the Wnt and the T@EFpathway via
106

B-catenin.

(V) Under these conditions, proMMP-2 is activated dfiading to TIMP-2 and MT1-MMP at the
cell surface.

(Vl) Moreover, MMP-2 can activate latent proT®E2 which then binds to its receptors driving a

positive feedback loop. Both MMP-2 ant MMMP efficiently degrade ECM components
which promotes the migratory and invagietential of h(MSC® In that way, the TGB1
and Wnt signalling pathways may act tbgg resulting in the amplification of hMSC

invasiveness.

(Figure taken from Neth et &° with some modifications).
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In our study it has been described for the firstetithat hMSC respond with high sensitivity to
II-13 and TNFe by strong upregulation of MMP-9 as well as of MVIMP transcription in
these cells. Very recent research has revealeld af®T1-MMP not only on the activation of
MMP-2, but also on an independent degradation @MEomponents such as fibronectin, vi-
tronectin, laminin, and collagen typé>[. Thus, enhanced MT1-MMP activity in hMSC may
also directly increase the cleavage of ECM, thebtributing to increased cell invasiveness.
This agrees with the fact that MT1-MMP has beemshto be essential in monocytic transmi-
gration through TNFRactivated endotheliurt?® demonstrating the importance of this enzyme
in cellular extravasation.

Despite of the fact that TN&-dramatically upregulated the extremely low basakl of
the mRNA expression of MMP-Bh hMSC, only little amount of this enzyme was sted
within three days of incubation. This suggests M&P-9 may play a minor role in TNé-
promoted invasion capacity of hMSC. Within the ibation period, MMP-2 expression was
also decreased under the influence of this cytoKievertheless, the early and simultaneous
increase of MT1-MMP and MMP-9 might be efficient darenough in facilitating
chemoattractive invasion of h(MSC towards a gradi¢tiNF-o produced in inflamed tissues.

The chemokine SDFeland its receptor CXCR4 have been intensively stlidoncerning the
migration, growth, and differentiation of variouslitypes including hematopoetic CD3dtem
cells. Exemplarily, modulations of SDF-1/CXCR4 leveontribute to the recruitment of leu-
kocytes from bone marrow to injured and inflamessuies®**® In our study, SDF-d stimu-
lated chemotactic migration of hMSC across humaME&though its influence was relatively
weak and barely dependent on MMP activity. Thigtkah cellular response towards SDFr 1
may be explained by the fact that only a small spiofation of hMSC has been shown to ex-
press functional CXCR4 receptdf8.Another explanation could be the potential cleavagd
inactivation of SDF-& by MMP-2 and MT1-MMP constitutively expressed iM&C which
may be similar to the mechanism already shown D34 cells!** Other authors have
described very recently that SDE-$timulates transmigration through a Matrigel learty
bone marrow- and cord blood-derived hMSC cultivéftedup to 18 passagé¥. The authors
provide evidence for the involvement of MT1-MMPthis process, which is confirmed by our
finding that SDF-& slightly upregulated the activity of MT1-MMP in be marrow-derived
hMSC. Moreover, the exposure of the cells to SoFd&creased transcription and release of
MMP-2 and also reduced the mRNA levels of TIMP-1l &iMP-2 in these cells, which indi-
cates differential regulatory influence of SD&-dn MMP/TIMP expression in hMSC.
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Thus, we have demonstrated that hMSC are capabtegoéting through human reconstituted
extracellular matrix. For this purpose, hMSC uslizonstitutively expressed MMP-2, MT1-
MMP, and TIMP-2. The essential contribution of thegene products to hMSC invasiveness
has been clearly shown by the use of syntheticbitdtts of MMPs and a detailed RNAI
approach. Moreover, the inflammatory cytokines TEF-II-18, and TNFe rather than the
chemokine SDF-d showed significant chemoattractive potential onS@/and induced cellu-
lar trafficking across human ECM barriers via upiegon of MMP-2, MT1-MMP, and/or
MMP-9. Therefore, hMSC fulfill essential requirent®fior homing, extravasation, and migra-
tion into tissues in response to inflammatory stimu

Taken together, these data may be of fundamenéslamece in clinical applications such as
the mobilization of endogenous hMSC from bone marnmo blood and to sites of injury by
cytokine administration, or the treatmenteaf vivoexpanded hMSC with cytokines to increase
their migration / homing potential after transpkitn into patients??

F.4  Importance of TIMP-1 in the regulation of h(MSC functions

TIMP-1 is best known for its capacity as an endogenhigh affinity inhibitor of MMP-9
thereby efficiently controlling the invasive behawr of various different cell types including
leukocytes and tumour cefl&**For this reason, TIMP-1 is usually found to beeapressed
with MMP-9 in many cell types. Strinkingly, we cdutlemonstrate that hMSC release massive
amounts of TIMP-1 but no MMP-9, suggesting rolesTaVP-1 distinct from its pure MMP-
inhibitory function during the cell invasion proses

Interestingly, endogeneous TIMP-1 in hMSC appearact as a repressor of proliferation
and differentiation into osteogenic and adipogetatls as demonstrated in this study by
analyses of TIMP-1 knock-down. Inhibition of prelfation by TIMP-1 is also documented in
mammary epithelial cel” In contrast, abundant data have shown that TIM®B#Lstimulate
cell proliferation in a wide range of ceff®*’ This is in agreement with the discovery of
TIMP-1, where it was found to be identical to atpin named erythroid-potentiating activity
(EPA) due to its ability to stimulate growth of nmg erythroid precursors and human leukemic
cells}*3!4 Therefore, the divergent findings with respecthe influence of TIMP-1 on cell
proliferation may depend on the different cell tyfeing studied.

For the first time, our data indicate an influe¢d IMP-1 on cellular differentiation of h(MSC
which may be mediated via negative interferencé wie Wnt signalling pathway. Yet, further
investigations are required to clarify if this effeis conveyed through blockage of MMP
activity or appears to be MMP-independent. This rbayachieved by direct interaction of
TIMP-1 with Wnt-receptors on the cell surface oribfjluence on intracellular Wnt-regulated
factors likep-catenin. Although CD63 has recently been recoghésea receptor of TIMP-12
the mechanisms of specific signalling triggerediiMP-1 still need to be elucidated.
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F.5 Influence of TNF-a on hMSC differentiation

TNF-a is secreted by various cell types including acédamacrophages and T lymphocytes
playing a central role in both innate and sped@fiquired immunity. TNFe exhibits pleiotropic
properties, including its ability to cause apoposi tumour-associated endothelial cells that
can result in the complete destruction of the tum@sculaturd:*®4°

In neurophysiology, results obtained during thet piesade describe that TNFmediates oli-
godendroglial cell death®*** microglia/astroglia reactivity and proliferatiotf:***as well as
demyelination:>! In contradiction, TNFe has also been reported to protect neurons fram i
jury, 1253 3gain denoting the multifaceted roles of this kirte. After incubation of hMSC
with TNF-a, the majority of the cells showed morphologicatr@cteristics similar to that of
astrocytes. The appearance of this neuroglial glgpaowvas simultaneously accompanied by

enhanced ode novosynthesis of several gene products typically pcedun neural cells.

Autocrine release of LIF and BMP-2 has been shawaynergistically induce astrocyte
differentiation from neuroepithelial celis vitro and also promote the differentiation of neural
progenitor cells into astrocyté¥’ Alike, we found that TNFe strongly upregulates both fac-
tors in hMSC, suggesting potential similaritieshnain astrocytic cell phenotype.

SOX-2, which is enhanced in hMSC by stimulationhwitNF-o, represents a marker
which is highly expressed in the neuroepitheliumtled developing central nervous system
(CNS)®® SOX-2 is also important in the maintenance of arsrand in the proliferation of
neural stem cell&?

MAP-2 is typically produced in post-mitotic neurdi§**® Surprisingly, we found hMSC
to express MAP-2 mRNA when treated with TMFagain suggesting a neuronal character of
these cells. A more detailed analysis on proteielleevealed that MAP-2 was synthesized in a
subpopulation of hMSC incubated with TNEMAP-2 usually indicates mitotically terminated
neurons. Since we did not detect expressioprinfoulin 11l (marker for immature neurons)’
it is likely that hMSC treated with TNE-did not represent functional neurons but rather
exhibit premature transcription of MAP-2, suggestat least the commitment of hMSC for
neural-like features.

After treatment with TNFe: the majority of hMSC expressed GFAP, a cytoskkletar-
mediate filament that is characteristically presenmature astrocytes and their precursots.
Strong expression of GFAP in the absence of nestthvimentin is typically found in astro-
cytes.
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Nestin was discovered as an early marker of nettta#jal cell development, being re-
quired for filament formation by coassembling witimentin!®® In accordance to these
observations, we found down-regulation of nestigetber with vimentin upon treatment of
hMSC with TNFe.

Furthermore, hMSC pretreated with TNNFwere able to build neurospheres which is a
characteristic property of neural progenitor c&lisAlthough, neurosphere formation without
functional validation is not sufficient for a rdbie determination of cell type and different
status, it is an additional evidence for a neuadlire of these cells.

Because TNFe exhibited strong morphological and molecular cleanig hMSC, we were in-
terested in the intracellular mechanisms contrgllinese processes. We identified the MAP
kinase ERK1/2 to be persistently activated afteatment with TNFe and to be responsible for
the regulation of neural gene expression in hMSKes€ data correlate with those reported
from bone marrow stromal cells describing the regqaent of ERK for neural differentiation in
these celld®

Adult stem cells in general and hMSC in particilave been of great interest as a resource of
autologous stem cells for cell replacement therapyeurodegenerative disorders and trau-
matic injuries. One major advantage in therapeusie of hMSC is their presumable ability to
differentiate into non-mesodermal lineages inclgdireuroectodermal cells as shown e.g. in
our in vitro studies. Suclin vitro-predifferentiation of hMSC into more restrictedlseould
enhance their ability to integrate into brain tesstter transplantation.

In the past years, several reports desdnbétro conditions for differentiating hMSC de-
rived from multiple mammalian speciggo neurons or at least into cells that exhibiinoaal
phenotypes. Some protocols include simple chemi€at§* while others use mixtures of
various growth factord®“*° or apply transgenic expression of particular géA& now, these
methods for hMSC differentiation remained not sgsbd after application in animal model
systems due to the limited viability af vitro generated neurons.

According to our data, pretreatment of hMSC withFFNtriggers their development into
neural-like cells which are fully mitotic and viablThus, similar to the use of neural stem cells,
TNF-o-committed hMSC may provide the opportunity fortr@asplantation into areas of neu-
ral tissue damage.

Moreover, we have shown that hMSC express highildevethe chemokine receptor CXCR4
after treatment with TNk= Consistenly, neural progenitors are also knownexpress
CXCR4!>1"several studies using rodent neural progenitove Isaggested the potential in-
volvement of chemokines in directing the migratioh neural progenitors during CNS
development®®® |n particular, the interaction of CXCR4 and itgdhd SDF-& has been
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strongly proposed to be important in neuronal paittg of cerebellum and hippocampus as
well as astrocyte development in the rat br&fn’°

Interestingly, after TNFinduced differentiation into neural-like cells, 9@ displayed
an enhanced sensitivity and invasion capacity tdevar gradient of SDFelsimilar to that re-
quired for neural progenitor cells during brain edepment. This enhanced invasion capacity
was inhibited by either blocking CXCR4 or the aityivof MMPs which indicates the impor-
tance of both the CXCR4/SDFrhxis and the proteolysis mediated by MMPs in ttue@ss of
directed hMSC migration.

Growing evidence over the last few years suggéstsitMSC might be an alternative to neural
stem cells as cellular vectors due to their unigupism for malignant tumours of the
brain®***° As shown in animal models, engineering hMSC irgllsoproducing interferon-R or
interleukin-2 before engraftment into the gliomads to a significantly increased survival as
demonstrated in animal modéfs®*™* Until now, the molecular mechanisms controlling
migration of h(MSC towards glioma are far from betoigar. In normal brain tissue, low levels
of SDF-lo are observed in astrocytes, neurons, and in tlagqgaytic cells around vessels.
However, in tumours, SDFelexpression is strongly enhanced with increasingotur
grade’’> Own studie'susing glioma cell spheroids as #nvitro tumour model demonstrated
that enhanced CXCR4 expression in hMSC pretreatiéidl TNF-o improved infiltration of
these cells into the glioma spheroid. This indisdtee importance of the CXCR4/SDE-a&xis

in the attraction of hMSC towards brain tumourspuplished data, manuscript V. Egea et al.,
submitted 2008). Inivo studies using glioma animal models are requiredatinlate potentially
enhanced tumour infiltrating properties of hMSCtprated with TNFe.

Taken together, for the first time our data dem@tstthat TNFe as a single cytokine induces
neural differentiation in hMSC which is largely dmiled via the ERK1/2 cascade. In contrast
to the protocols designed for induction of neurahsdifferentiatiort;®> TNF-u did not affect
the viability of h(MSC. Therefore, in the next futuwe intend to address with relialaevitro
andin vivo studies the question, whether hMSC pretreated ThiR-o. can develop into mature
neurons or astrocytes, possibly by direct celldb-mteraction with differentiated neural cells
as suggested by Jiang et&Thus, our findings may be helpful in the developtef innova-
tive therapies using hMSC for the treatment of ndagenerative diseases and malignant glio-
mas.

' Performed in collaboration with Prof. Goldbruni®epartment of Neurosurgery, LMU Munich, Germany).
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F.6 Conclusions

The results obtained in the presemvitro study as summarized and schematically depicted in
Fig. 41, provides novel insights in the biologyrdSC. Our findings deliver relevant infor-
mation on so far unknown molecular mechanisms winely be involved in the control of
hMSC invasiveness, proliferation, and differentiatin vivo, and thereby facilitate the clinical
application of hMSC e.g. on autologous therapiegshe treatment of disorders like neurode-
generative diseases and brain tumours.

Original niche : Target niche :
Bone marrow Injured and
inflammed tissue

Circulation
ECM @& ECM ...
| I TNFa
SDF-1a |/ TNFRUI
TNF-a |
i
v @<
ECM degradation > V
- vvp2 )
=MT1-MMP @ LG
TIMP-2

Transdifferentiation A

Gradient of chemoattractants

hMSC

Extracellular matrix barrier

Fig. 41: lllustration of results gained in this stuly.

hMSC residing in the bone marrow secrete TIMP-1clwhieeps cells in a quiescence state by repress-
ing proliferation, differentiation and invasion.(Ipflammatory factors like TGB; IL-1p, TNF-o and
SDF-Io released at sites of tissue injury induce motitiraof hMSC (Il) by upregulation of MMP-2,
MT1-MMP and TIMP-2 in these cells (Ill) allowing ¢fr traversal through ECM barriers (IV). Con-
tinuous stimulation by TNIe- induces differentiation into neural-like precursmglls via enhanced
ERK1/2 actvity (V).
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