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1 Objectives

The humanmatrix metalloproteinass 19 and 28 (MMP-19 and -28) are abundantly
expressed in epithelial tissueBlowever, their functions in this compartment and their
functional overlap haveot been elucidated so faMMP-19 contributes to IGBignaling,

cell prolieration, and migration and is able to cleaveeveral soluble proteingand
components of extracellular matrix, including those found in the basement membrane
MMP-28was shown to be important in wound healing.

Functional studies on MMPR9 and-28 were perfamed mainlyin vitro, but their role in
vivo is largely unknown. Muse models are commonly used to establish functions of
molecules in a living organiswhich then enables us to draw conclusions to the human
system. Mice witha functionaldeletion of a spcific gene, so called knockout mice, are
widely used to determine thén vivorole of the gene Thus, the phenotype of such mice
cancharacterizehe function of the targeted molecule.

To study the function aboth MMPsin vivg mice with targeted disrupon of theMmp19

and Mmp28 genes were generated.Since little is known about the rolef MMPs in

inflammation and as both MMP-19 and -28 show constitutive expression in the
epithelium, the main goal of the worlpresented here wado reveal the impact of
deletion oftheseMMPsin inflammatory reactionsf the colon

In order to delineate the role of MMR9 and MMR28 in the pathogenesis of induced
colitis and,in a wider contextjn the innate immunity of theintestine, the following aims
were defined:

1. Toestablish the DSt®Bduced colitis model.

2. Toelucidate MMP19 and -28 functions in acute inflammatioin the colon so called
acute colitis

3. To analyzethe influence of MMP-19 and -28 during the healing phase, so called
recovery phase after an acute colonnflammation.

4. To determindong-term effects of MMR19 deficiency inchronic inflammation

Analyzing the function of MMB9 and MMR28 in the colon usingsingle anddouble-
deficient mice can provide new insighs into the pathophysiological role of these
proteases in maintaining theepithelial barrier, especially in inflammatomeactionsand
immune responsed-urthermore, these studies camprove the understanding of MMP
activity in healthy and inflamed colonic tissue addfine a role of theseproteolytic
enzymes in inflammatory bowel disease (IBD)
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2 Introduction

2.1 Intestine and epithelial barrier function

2.1.1 Intestine ¢ abrief overview

The gut consists of the small and large intestileesmall intestineof vertebratesfollows
the stomach andis followed by the large intestinelt consists of three partsthe
duodenum,the jejunum,andthe ileum. The primary function of the small intestine is the
digestion and absorption of nutrients and minerals found in fobloe large intestinalso
compriseghree parts the caecumthe colon andthe rectum.

Asthe colon is central for the analysesthis work this part of thelarge intestinewill be
described in more detailn mammals the colonconsists of four sections: thescending
colon, thetransverse colonthe descending colonand thesigmoid colon Thecolonis the

last part of thedigestive systemit extractswater and salt from solid wastedefore they

are eliminated from the body, and is the sitan which floraaided (largely bacterial)
fermentation of unabsorbed material occurgnlike thesmall intesting the colon does

not play a major role in absorption of foods and nutrients. However, the colon does
absorb water, potassium and some fat solubkamwiins[1].

2.1.2 Architecture of the colonic wall

The large intestine of all mammals consists ofesal concentrically arranged layers, as
the other organs of the digestive tract: lamina mucosa, lamina propria, lamina muscularis
mucosa, lamina submucoslamina muscularis externaubserosaandserosa.

Mucosa

Lamina propria
Muscularis mucosa

Submucosa

Serosa

Figure2-1: Schematic representation of the general structure and layers of the colon
Taken fromhttp://www.aboutcancer.com
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The mucosa lines the large intestinamen and lies at the critical interface between the
SEGSNYIt Sy@ANRYYSYyd | yR (K B8&dint Rmécesabehy G SNy I
one of the mat dynamic tissues) the body. The mucosa is comprised of gitleelium

and a basement membrane, supporting connective tissue called the lamina propria, and a
sheet of smooth musculature, the lamina muscularis. The luminal surface of the ceacum
and colon wall is rich in microflora that is important for digesting clexgarbohydrates

and synthesizing products, such as vitamins and amino acids. Therafbayier that
avoidsinvasionby bacteria butis alsopermeable for water and ionss essentialA simple
epithelium lines the lumen and includes absorptive andetecy cells as well as varying
numbers of goblet cells that produces mucin. The mucin coats the epithelium and is an
integral and important part of the innate barrier against penetration of foreign
substances.In addition, some lymphoid cells can be founoh the epithelium the
intraepithelial leukocytes (IEL). It has been reported that IELs might be involved in the
downregulation of the local immune responspreventing an overeaction against
luminal antigens crossing the epithelium. At the bottom ofe tlerypts a pool of
undifferentiated cells (stem célike cells)persistsin the so called proliferative area
which generatesnew cells that migrate to the epithelial layer. The turnover of the cells in
the intestine is one of the fastest in the body.elhasement membrane of the epithelium

IS supported by connective tissue elements, called lamina proprthidiayer, fibroblasts,
endothelial cells, some smooth muscle cells, and a large number of immune cells
(lymphocytes, plasma cells, macrophagessn@ells, eosinophils, and dendritic cells) are
located. The numbers of immune cells vary with the state of inflammation in that[drea

3]. The outer boundary of the mucosa is formed by a thin layer of smoothleusds,

the lamina muscularis mucosa. This sheetly consists of two to six layers of cglg. The
submucosa consists of connective tissue bordering the lamina muscularis mucosa and the
outer two layers of smooth musculature (lamina muscularis externa). Cell types present in
this area are mainly fibroblasts, some macrophages, ncafls, few eosinophilsand
plasma cells. All cells are embedded in a matrix of loosely packed collagen bundles and
some elastin fibres. There are also large arteries and veins present that branches to both
the lamina mucosa and the lamina muscularis extd5].

2.1.3 The epitheliumg barrier function and interface to the gut lumen

Mucosal surfaces are lined by a simple epithelium. Epithelial cells establish and maintain a
barrier between the external environment dnthe internal milieu.The mammalian
intestine is covered by a single layer of epithktells that is renewed every2days.The
function of the epithelium is enhanced by protective effects of products of goblet cells
(mucins, trefoil peptides) in theniesting, which are secreted onto thenucosal surface.
Functionally, thebarrier results from tight junctions connecting the epithelial cells.
Transmembrane proteinsuch asclaudins play a crucial role building and determining

the function oftight junctions; claudinsare regulated by several cytokines (e.g. TNB

and occludinstransmembrane proteins that can regulate the barrier. These proteiag m
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be a link between barrier function and inflammatory and immune respodsest as
important as knowing bw the epithelium is forming an effective barrier is the analysis of
the epithelium playing an active role in the mucosal immune raspo The epithelium
mediatesinnate immune responses by expressing a large number ofik®lteceptos
(TLR) that serveasa pattern recognition receptor@PRRsfor microbial products such as
LPS (binding to TtA, bacterial DNA (TESR and viral replication intermediates (FBR

[6; 7]. These receptors enablepithelial cells tosample and monitor the intestinal flora
and reacton theluminalbacterialchangeswith an appropriate output of chemokines and
cytokines. There ardurther PRRsexpressed by the epithelium, including the NOD
proteins, which serve as a signal transductiont sensing contents of the lumen and-co
ordinating a mucosal responsé potential pathogens. Key cellular components
mediating the mucosalmmune responseare antigenpresenting cellsuch asdendritic
cells(DCsyand mucosal lymphocyte®Cs can be pried by antigens that permeated the
epithelial barrier or been obtained by direct luminal sampling. They stimulate Thl
lymphocytes, which produce cytokinemdinly IL-2 and IFN, also otherythat results in

the activation of macrophages. Active macrophageroduce a broadspectrum of
cytokines and other mediators, including-12, 1-:18 and more IFN, which further
stimulates Thl lymphocytes taeate a feedback cycle.-IL, 1-6, and TNP I NS Ifaz
released by macrophagewhichleadsto the amplification of the inflammatory response

by stimulating other, diverse cell types. Several chemokines are involved as well, for
example MIF (macrophage inhibitory factor) that enhances the expression ef. TR
main signaling pathways involved in this activatarkey immune and irdimmatory cells

are the NFF . 0 y dzO f-kadpaR) tie MAR] (Bhidberactivated protein) kinase and
the PI3 (phosphotidyl inositol) kinase pathwdgs9; 10]

Intact TJ Bacterial antigens Defective

. [
barrier QB P °Q TJ barrier

Activated
Th-1 cell

IFN-y

Activated
macrophage

Figure2-2: Barrier function of the intestinal epithelium.
In case of defective barrier bacterial contents can enter the tissue, activate macrophages and T
cells, which then produce pamflammatory cytokines such as TNFPaken fron]11].



INTRODUCTION 5

As the epitheliumof the intestineis a very dyamic areawith a very short turnoverin
comparison to other tissuegepair and healingprocesses also occtdiast under normal
conditions.Suchproceses start with an initial phase called restitutiofil2; 13]in which

the continuity of the surface epithelium is-gstablished. This is done by extension and
migration of the epithelial ells from the edge of the woundnucosal ulceratio)y cell
proliferation, the production of extracellular matrix componenénd firally remodelling

to rebuild the normal intestinal architectureRestitution provides a rapid mechanism for
covering a defect in the barrier and does not involve proliferation of epithelial [dlis
14]. It resultsin an area that, while protected, is not physiologically functional. Healing
requires that the epithelial cells on the margins of the defect proliferate, differentiate
and migrate into the damaged area to restore the normal cellular architecture and
function. These events areegulated by cytokines, growth facto(EGF, TGF and trefoil
factors[15; 16] Remodelling is also dependent on the balance between the production of
extracellular matrix (ECM) components, matrix metalloproteinases (MMPs) and their
inhibitors, the tesue inhibitors of metalloproteinases (TIMRS)].

To know about the function of theepithelium is importantto understard the
susceptibility to IBDas there are several mouse mutant lines deficient in the expression
of epitheliatspecific proteins (e.g. kerat®, intestind trefoil factor (ITF)) that
spontaneously develop colitifl8]. A better knowledge of mucosal physiology would
provide important insights into the pathology of IBD, which is still incomplete
understood.Alsg the impact of MMPn the development, onsetand recovery of the
diseaseemains elusive

2.2 Inflammatory Bowel Disease (IBD)

Inflammatory bowel diseases (IBDs) are chronic inflammatory disorders of the
gastrointestinal tractin the Western World about 1 in 1000 people is affected by this
relapsing and remitting disease, which s8ll incurable. Genetic, psychosomatic, and
environmental factors such as gut flora and nutrition are known to be involved in the

onset as well as progression of the disedd®e onset of IBD typically occurs in the second

and third decades of life andraajority of affected individuals progress to relapsing and

chronic disease. Family aggregation has long been recognized. The inheritable component
seems strongerin NE Ky Q34 RAA&SI &S (xi2g Ay dz OSNI GA @GS
¢KS (g2 YI22N) (& LISa (2andulcératiie bdBtigUCNRdteya2d RA & ¢
also other forms of IBD thadre less prevalente.g. collagenous colitis or lymphocytic
colitis[21; 22; 23] The mainRRA FFSNBY OS 06SG46SSy / NBPKyYyQa RAA&:
the site ofinflammation: UC is restricted to the large intestine whereas CD can occur in

the small and/or the large intesting-igure 23).
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Figure2-3: Schematic representation of the affected areas of patients suffering from IBD.

Both CD and UC are characterized by mucosal ulceration, which is continuous and restricted to
the colon in UC but patchy and possibly spréaugh the whole intestinal tract in Caken

from http://www.hopkinsmedicine.org

Histologically dzt OSNJ G A @S O2ft AGAa Aa NBadaNROGSR
affecting the whole bowel walkey features of UC include diffuse mucosal inflammation
extending proximally from the rectum to different intensities. Together with severe
inflammation and the associated production of a complex mixture of inflammatory
mediators, extensivesuperficial muceal ulceration developg19]. Histopathological
features include theccumulation oheutrophils within the lamina propria and the crypts,
where they form micreabscesses (Figure4). Depletion of goblet cell mucin is also
common.In contrast,CD igather characterized by the aggregation of macrophages that
frequently fom granulomas (Figure-#). Although any site of the gastrointestinal tract
may be affected, involvement of the terminal ileum is most comifiéh 23]

Crohrma RA&SI a8 ulcerative colitis

o b% )
4 ?Wuﬁ :

“' 7‘!\. .

Granuloma Crypt abscess

Figure2-4: Histological features of IBD: CD versus UC.

/ NRB Ky Q &biopsk fiol la teréninal ileum with active disea3ée pcture shows a granuloma
composed of compaanacrophages, giant celland epithelioid cells. The noduie surrounded by
marked infiltration of lymphoid cells, plasma cells and other inflammatetis. Ulcerative colitis
colonicmucosal biopsyvastaken fom a patient with active diseases well The crypt abscess is
composed of transmigrated neutrophils and the surrounding epithekxmibits features of acute
mucosal injuryAdapted from[23].
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The main clinical features of IBD are diarrhoea, abdominal pain, blood loss, loss of
peristaltic function, and bowel obstruction8oth diseases are associated with several
extrarintestinal manifestationsuch adiver problems, arthtis, skin manifestations and

eye problems[24; 25] In general people suffering from IBD have a higher risk of
developing colortarcer, especially those witdC[26].

Concerninghie cytokine secretion by activated lymphocytes, a typical and stfonglper

type 1 (Thl)cytokine profile (increased secretion ¢fimor necrosis factor (TN#),
interleukin (IL32, interferon (IFNY, 1:12, 1:18) was described in individuals suffering
from CD, in contrast to much weaker support for a T helper type 2 (Th2) pathogenesis
(increased secretion of 4, 1I-5, 11-:10) in UC patientR27; 28; 29; 30; 31; 32WhileThl
cytokinesare notraised in UC, ther isonly little evidence forincreased Th2 cytokine
levels However, the presence of autoantibodies, such as the -rmeirophil
cytoplasmatic antibody, is sugge& of a Th2 pathogenesis in UB3]. A massive
overexpression of matrigegrading enzymewas also found in fibroblastes UC These

cells areultimately responsible for ulceration and fistutarmation [34; 35]

2.2.1 Factors leading téBD

Genetic and environmental factors act together to cause inflammation in IBD. In
susceptible individualghe luminal microflora can providantigens and adjuvants that
stimulate either pathogenic or protective immune responses. Environmental triggers
necessary to initiate oreactivate the disease (Figureb®

Luminal microbial
antigens

Genetic
susceptibility / N _Immune
‘ / \lesponse
/ \
| \\
| \
{‘ }l
Environmental
triggers

Figure2-5: Interaction of various factors influencing IBD.

The main fators contributing to the development of IBD agegenetic suscefility and an
impaired immuneresponse;both are influenced by the luminal bacteria. Several environmental
triggers are necessary to initiate the disea&dapted from[36].
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Concerning environmental factors, it has to be stated that both UC and CD are
predominantly associated witindustrialized temperate regions and are rare in tropical
countries with poorsanitation and a lwv level of overcrowdingThe highest incidese

rates and prevalence of UC and CD have been reported from northern Europe, the UK,
and North America. Low incidence areas can be found in southern Europe, Asia, and most
developing countrieg37]. Interestingly, migration to developedountries leads to an
increased risk of coming down with IB88; 3; 40] further supporting the hypothesis

that genetic factors are not solely responsible for tthisease. Various environmental
factors have been proposed to contribute to tlemhanced risk of IBD in industrialized
countries;including nutrition, infecons[41; 42] smoking statu$43; 44; 45; 46; 47Jand

the level of stress experiencéd; 49; 50]

''f OSNI A @S O2figeéisk @re podenic/dis@nd¢sionra 26)R Genetic
predispositionwas further substantiated by the discovery of susceptitdgions on 12
chromosomes so far. Susceptibdtei for UC were foundn chromosome 12for CDon
chromosome 5, 14, and 1@&nd on bromosome 1, 6and 19 for bothUC andCD[21; 51,

52]. Alterations in genes of the immune system such as NOD2, IL23R and ATG16L1 are
specifically associated with CD in white populations but are not observed ianpsati
suffering from UQ53; 54; 55]

ConcerningNOD2 three major polymorphisms in or around thexternal leucinerich
repeat within the recognition region of the nucleotidénding oligomerization domain
molecde 2(NOL2) on chromosome 16 were detect¢gd; 56] Nodmolecules (NODard
NOL[2) togetherwith Toltlike receptors (TLR1 to 9) belong to the pattern recognition
receptor family, which are exgssed by gut epithelialetls, monocytes, and particular
dendritic cells (DCs) in the tiaepithelial and subepithelialayers. These cells are
specialized for sampling microbial and other luminal antigéiis 58]already withinthe

gut bysendinglong dendrites into the lumen.

Therefore, a genetically determined disturbance in recognizing the consgasagen
associated molecular patterns (PAMPs) of these microbial antigens asdhsequent
signalingmay result in decreased activatiasf nuclear factor'B (NF ¢B), which isa
pivotal transcriptional factorcontrolling proinflammatory cytokines. Aonsequence of
mutations in NOR may therefore be a decreased ability to kidithogenic gut bacteria
[59; 60] Inaddtion, there isa possible role for TLR4 polymorphismdBDsuggested by
the observation that mice with a missense mutation of tl&4 gene have a high
incidence of spontaneous colij§1; 62] Altogether, nutations in PAMBignalingseem
to be generdly associated with IBDand diminished PAMFsignalingitself may be a
contributing factor to the development ahe disease[63]. Interestingly, NOBP has not
been faundto be associated with Cin Japari64], highlighting the complex nature of this
disease
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Figure2-6: IBD immune network.

Genes specific for both CD and UC fige ellipses), for CD (green ellipses) and for UC (pink
ellipses) have been identified. Previous and current data from animal models indicate that IBD
associated genes are positively (blue lines) or negatively (red lines) linked together, making a
complicaed network. For example, both NOD2 and autophagy, which are primamigived in
epithelialdefense against commensal microbiogae controlling IL-23/Th17 axis through antigen
presentation. The HR3/Th17 axis cadlirectly activate epithelial defenséntough 22 and also
represent akey determinant of differentiation of effector versus regulatory immuesponses.
Regulatory immunity can modify the-23/Th17 axis andlso influence epithelial defens&aken

from [65].

It is also known that the gut microbial flora plays an important role in the induction of IBD.
Multiple bacterial strains as well as special bacterial products (e.g. flagellin, LPS) are able
to induce proinflammatory cytokines like TRIF | Yy R A 8 {IlSBNih Batzpphages
and epithelial cells in the gu66]. In general, it was showthat experimental colitis
cannot develop when mice are kept &ngermfree environment[67; 68] This suggests
that the normal intestinal microflora is required to initiate or maintain the inflammatory
process of IBD. Aydregulation of the gut flora could be one of the causes of TBBreis
alsosome indicationthat IBD could beconsideredan autoimmune diseasas antigens
(bacteria) are present in the body from birtmwardsand, to some degreghave always
access to the internal milieurhus,in case he immune systenfails to differentiate
betweenself and foreign antigens, an autoimmune reaction againstibrenal intestnal
floramight be the consequendé9; 70]
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2.2.2 Animal models of IBD

Several animal models have been developed to mimic IBRn ideal model,hte key
characteristicdike morphological alterations, inflammatiosymptoms,pathophysiology,

and courseof diseaseare similar to human IBD. Treatments applied should exhibit the
same effects. The genetic background of the animal should be well defined and the
immune system wellcharacterize. Environmental factors, espmlly nutrition and
enteric flora, should be controllableand the induction of colitis should be stable,
reproducible and predictable.

Mice are relatively easy and cheap to maintain compared to oth@mmals, have short
reproduction cycle and allow genetic manipulation, including the cell type specific
deletion of genesThemousegenome is 95% identical to that of humans. Inbred strains
provide a stable andharacterizel genetic background. Furthermore, mjdaé bred in
animal facilities equipped Wi individually ventilated cages (IVC), environmental factors
and microflora can be controlled (reviewed[#1]).

Commonly used animal models for IBD include gene konatkchemically inducedand
adoptive transfer modelgFigure 27). The IE2 knockout [72] and [10 knockout [73]
mouse modés are examples for gene knodut models of IBDin both models colitis is
most probably due to an increased Thl immune response accompanied by a lack of
regulatory Fcells. Inducible colitis models include the induction by 2tdr6trobenzene
sulfonicacid (TNBS) enema or dextran sulfate sodium (D@&S)'5; 76; 77; 78; 79; 80]
TNBS and DSS are thought to induce colitis by damaging the mucosal [7arrié8; 81;

82]. Fequently applied adoptive transfer models use the transfer of CD<4ell$
expressing high levels of CD45RB (CD45RUBigJr the marker for nave Fcells CD62L

[84] into mice wth severe combined immunodeficiency (SCID).

A shared characteristic of the described mod@gure 27) is the combined impact of
genetic factorsjntestinal flora and other environmentatiggerson the severity of the
inflammation[85; 86; 87; 88]
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Figure2-7: Overview of Mouse Moded of Inflammatory Bowel Disease.

Several mouse models for IBD are known, including various-dgfigert mice as well as
chemical models, and T cell transfer models, whildbw studyingdifferent aspects of the disease.
Taken from89].

2.2.2.1 Induction of colitis by dextran sulfate sodium (DSS)

Dextran sulfate sodium (DSS) is a hepki& polysaccharide containing up to three
sulfate groups per glucose molecu(€igure 2-8). Induction of colitis in rodents by
application of DSS in the drinking water is a widely used andcivatbcterizel model of
colitis in mice, first described by Okayasual. 1990 [80]. Morphological changes are
similar to human ulcerative coliti80]. Additionally, anticalitis drugs applied in human
ulcerative colitis such as sulfasalazine, olsalazine and mesalazine have a therapeutic effect
in DSS coliti$90; 91] The inflammation is restricted to the large intestif&0; 92]
Erosion and inflammation of the mucosa are both most frequent and severe in the distal
part of the colon[74; 80; 92] Its severity is dependent on the concentration of D&,

but also on the molecular weigh75]. Concentrations described the literature range
between 1% and 7%. The most commonly used molecular weight is 406000
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Figure2-8: Chemical structure of dextran sulphate sagh (DSS).
The picture was taken from www.sigmaaldrich.com/fluka/product.

The exact mechanism of colitis inductibg DSSemains unknown. A direct toxic effect

on the epithelium could lead to the inflammatiq@4]. In the acute phase (from day 3 to

7), prior to the appearance of inflammatory processes, an increased permeability of the
intestinal mucosa has been shoy81]. Due to the damage of the epithelial barrier, toxic
products of luminal bacteria such as endotoxin or peptidoglycans might permeate into
the mucosa causing damage to the epithelial cells of basal crypts and thereby inducing an
inflammatory reaction. As DSS is taken up by macrophages, inhibition of phagocytic
capacity is another possible mechanism rendering the intestinal epithelium more
susceptible to bacterial infectiof74].

The role of lymphocytes in the induction and maintenance of the disease is a matter of
debate and published results have so far been contradictory. Acutedd8&:d colis
occurs in SCHice, lacking Band Flymphocytes[95; 96] though in Rag knockout

mice, lacking lymphotgs in general, severity of D8fluced colitis is decreased
dramatically[97]. While acute DStduceal colitis ischaracterizel by proinflammatory
cytokinese.g. IL-1 and TNF accompanied bythe Thl immune response through the
expression of H12 and IFN [93], chronic DS#iduced colitis shows a mixed Th1/Th2
cytokine profile[98].

Another controversy in the DSS modeths effect of enteric bacteriaOn one hand, it

was shown thatDSS treatment of germfree IQI/Jic mice leads to an even more severe
colitis comparedo SPF micg99]. On the other handit was reported thatthe molecular
weights ofDSSn the feces werdghe same as those of the D8She drinking watef75],
suggesing that the chemicatannot bedegradedby gut bacteria irthe intestinal lumen .
Antibiotic treatment improves acute DSS colitis but has no effect on established chronic
colitis[100].

Several studies using mouse models to analya# like receptor (TLR)gsialing have
suggested a rol®f this pathwayin DSSnduced colitis. While MyD88 knoeut mice
showed severe colitis after DSS treatment that is refractory to antibiotic treatnj&@d ],
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colitis in TLR9 knoakut mice was reduced compared to wildtype midd02], indicating
that disturbance of multiple Tlpathways is detrimental for the homeostasis of the
intestinal epithelium, while Cp@&otifs of the bacterial flora mightrigger DS$duced
colitis. Recently, probiotic bacteria, such aBroprionibacterium freudenreichii,
Bifidobacterium infanti@nd Bifidobacteriumadolescentidiave been reported to be able
to attenuate DSS colitid03; 104; 105]a N K fetSaNdescribed the influence of inbred
background on the extent and severity of colitis after exposure to DSS: significant
differences for all parameters scored have been found for all strains. Susceptibility
caecum lesions deeased from C3H/HeBir, C3H/HeJ, C57BL/6J 1B9S2/SvPas.
Concerning lesionformation in the colon, C3H/HeBir,C3H/HeJ, C57BL/6J and
129S2/SvPamouse straingvere highly susceptible whereas, DBAWZkless susceptible
to DS986; 102] Melgaret al.found that fivedays of treatment with 3% for C57BL/6 and
5% for BALB/strainsrevealed similar symptoms in the acute phakewever, disease
resolved in BALB/c mice but became chronic in C57BL/6, indicating that ExA& Biore
resistant to DSS than C57BL/6 nb@6].



INTRODUCTION 14

2.3 Matrix metalloproteinases (MMPs)

MMPs, also known asairixins,build a large family of highly homologous zidependent
endopeptidaseswhich are widely distributed in all kingdoms of lji®7]. They belong to

the superfamily of metzincin proteases, together with a disintegrin and
metalloproteinases[108] [108] and ADAM proteases with thrombospondin motifs
(ADAMTSSs)109]. MMPs play important roles in many physiological processes such as
embryonic development, wound healingnd tissue repairHowever, theyalso show
unwanted activities in a variety of disorders, including cancer, arthaitid cardiovascular
diseaseq110; 111; 112; 113; 114RAlthough they are best known for their capacity to
degrade extracellular matrix (ECM) components, they have become increasingly
recognised for their functions in processing of cmliface receptors, chemokines and
signaling moleculed 15].

2.3.1 Classification and substrate specificities

The 24 MMPs that have been identified in humans to date can be classified in two main
groups based on their structural characteristics: secrdigme and membranenchored

or membranetype (MT}MMPs (Figure2-9). Domain organisation and substrate
specificty are criteria for further divisiofl16]. The molecular structure shared by most
MMPs consists of four functional domains: a signal peptide that targets them for
secretion, a propeptide of around 10 kDa containing the conserved cysteine swatiih
PRCGXPD, a catalytic domain of around 20 kDa featuring the conservbohding motif
HEXXHXXGXXH, andtar@inal hemopexidike domain of around 30 kDa that mediates
substrate and inhibitor interactions. A linker peptide of variable length, aeddted the
WKAY3IS NBEIAZ2Yy QI doBdidirovd the $iémopexHike obd: Diverhehde A O
from this basic core design reflects the evolution of MMPs into distinct subgroups. The
secretedtype MMPs can be further divided into collagenases, strosiayy gelatinases,
matrilysing and other MMPs, according to differences in structure as well as substrate
specificity(Figure 29). MMP-1, MMR8 and MMR13 aredesignated agollagenases and
have the ability to cleave collagens I, 1l and Ill at a spestgcthreefourths of the
distance from the Nerminus[17; 107] In addition, they are also able to proteolytically
process other ECM proteins as well as certain cytokines suck8d441lZ] and TNH118].
Stromelysins, which share their structural design with the collagenases, degrade a variety
of ECM components but are not able to cleave native collagen. Other substrates of the
stromelysins include stromalell derived factorl, Ecadherin and prointerleukin-1 beta

[119]. The gelatinases comprise two members, MRIRgelatinaseA) and MMP9
(gelatinaseB). They feature three fibronectin type Il repeats located inside the \datal
domain which facilitate binding and digestion of denatured collaggek(ines. Collagen
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types I, IV, V, VII, X, IX, elastin, fibronectin, aggrecan, vitronaatihlaminin are among

the substrates for gelatinases as well as various-BG&M molecwds like preTNF, TGF X
pro-Il-m 1 X -ILI8)ME] monocyte chemoattractant protein (MGRJ118; 119; 120; 121]
MMPs with the simplest domain arrangement of all are the matrilysins (M\Vihd
MMP-26) as they lack & hinge region and the hemopexin domain. Whereas both family
members share the ability to degrade ECM proteins like type IV collagen, laeiain
entactin, they also exhibit differential activities: MMP mediates the ectodomain
shedding of several cellgace molecules like Fas ligafitR2], Ecadherin[123], and
syndecanl [124], and MMPR26 has been shown to activate proMMP (see 1.2
Regulation of MMP activity). In comparison, only little is known about other secreted
type MMPs wich diverge too much in sequence and substrate specificity to be classified
in one of the previous subgroups. MMR shows weak proteolytic activity against a
number of ECM components such as collaggre VI, gelatine,and laminin butit also

R A 3 S apibteinasemnhibitor and insuliike growth factor binding proteid (IGFBR).
MMP-12 or metalloelastase is a very potent enzyme for degradation of the fiborous ECM
protein elastin[17; 107; 116]

The group of MAMMPs includes type | and type Il transmembrane-MIWIPs as well as
GPfanchored MTMMPs (Figure 29). The type | transmembrane proteases comprise
MT1-MMP (MMR14), MT2MMP (MMR15), MT3MMP (MMR16) and MT&VIMP
(MMP-24). They are characterized by a long hytrabic sequence followed by a short
cytoplasmic tailthat is involved in numerous cellular events, such as activation of
MERK/ERK and dgrgosine pathways. Besides their capacity to cleave a variety of
substrates including ECM components, they are theomg@hysiological activators of
proMMP-2. MT4MMP (MMP-17) and MTEMMP (MMR25) belong to the GPI anchored
MT-MMPs. In contrast to the low enzymatic activity of MWMP against ECM proteins,
MT6-MMP potently processes gelatin, collagen 1V, fibronectinjrfjaind proteoglycans.
The two members of the type Il transmembrane MMPs, MMP23A and MMF23B,
have identical amino acid sequence, but are encoded by distinct genes. They are unique
among the matrixin family as they lack the signal peptide, the cystiteh motif and

the hemopexin domain. Instead, they contain cysteine array and immunoglobulin
domains in their shortened cytoplasmic tail. So far, no substrate for the ¥818nzymes
has been identified17; 107; 16].
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Figure2-9: Classification of MMPs based on structural characteristics
Adapted from[107].

2.3.2 Regulation of MMP activity

MMP activity is regulated at three main levels: gene transcription, posttranslational
activation of zymogens, and intestion of MMPs with inhibitorg110; 113] Additional
mechanisms that findune MMP activity include mRNA stability, esliface recruitment

and autolysig113] (Figure 210).

2.3.2.1 Transcriptional regulation

Trarscription is consideredsakey regulatory step for most MMPs (excluding VHEZIP
[107; 110; 113]Whereas under normal physiology, the majority of MMPs is expressed at
low or nondetectable levels, their gene transcription can be induced Imgaly cell and
tissue specific manner by a variety of signals. These includefl@onmatory cytokines
such as TNF, I:1, and IFN, growth factorssuch asEGF, KGRnd VEGFand ECM
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proteinsor celtcell interaction[113] (Figure 210). The main signaling pathways involved
are the p38 mitogen activated protein kinase (MAPK, ERK1/2) pathways, thg, Bifd

the JAKSTAT pathway§l07; 113] MMP-1 transcription, for example, is induced in
dermal fibroblasts in response to-1Lvia MAPK signaling. This pathway activates
members of the Jun and Fos families of oncoproteing which bind to the AR
transcriptionfactor binding site. The AFsite is thought to be the major mediator of
MMP gene regulation and is present in most MMP promoters. The polyomavirus
enhancerA binding proteir3 (PEA3) site, which binds oncoproteins of the ETS family, is
another mportant transcriptionfactor binding site shared by many MMPs. It is thought
to act cooperatively with the AR site to promote MMP production in cancer cells.
Transcription of MMPL, -3, -9, -13 and-14 can be induced byNF" through NF°B
signaling, ad the effect of interferons on MMP expression are mediated by STAT sites
[107; 113; 125] Constitutive expression, as observed for MRIFMTEMMP, and MMR

28, is associated with the lack of a TATA box and the pcesefithe GC cislement,
which binds the ubiquitous Sp1l family of transcription fac{@25].

MMP transcription can also be influenced by genetic variation in the promoter region of
MMP genes, which affects affinities for transcription factors orates or abolishes
transcription factor binding #&es. Such functional polymorphisms have been
demonstrated in various MMP genes, for example MRJMMR3, MMR9, and MMR12,

and are often associated with disease susceptidilis].

2.3.2.2 Activation of zymogens

MMPs are initially synthesized as inactive zymogens (proMMPs) with -peptodle
domain that must be removed to activate the enzynfEigure 210) [17; 116] In its
AYLFOGAGS O2yFT2NXNIGA2YyE GKS OéadsSAyS Ay GKS
catalytic zinc tanaintain latency of the proMMPeor activation, the prodomain of MMPs

is removed in an autocatalytical manner or by other proteases, and the cysteine is
replaced by a water molecule to allow enzyme catalysis to proceed. Dependent on the
type of MMP, this process takes place either in gegicellular space, intracellularly or at

the cell surface. Most MMPs are secreted as proMMPs and activated by other active
MMPs or seringproteases. For example, MME MMR2, and MMR26 are able to
activate proMMP9, and MMPR7 activates proMMPA., proMMR2, and proMMR9.
Plasmin is thought to be a major contributor to initiate extracellular proMMP activation
via the cysteine switch. Some MMPs (MWWUP, MMR28, and the MTMMPS) can also be
activated intracellularly. These proteases contain a conserved RXRilike enzyme
recognition motif between their proand catalytic domains anthus, can be activated by
furin, a serin proteasewithin the Golgi networkf17]. MMP-2 is activated at the cell
surface through a unique multistep pathway that involves MAMIP and the tissue
inhibitor of metalloproteinases 2 (TIMB: The @erminal domain of TIMR facilitates
nor-inhibitory binding to the proMMR2 Gterminal domain via electrostatic interactions

to allow an adjacent free, active MAMMP to process proMMR into an active enane.
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More recently, it has also been suggested that proMRIBan be activated by coagulation
factors such as protein C, thromband factor Xa via an MVIMP independent routg17;
110; 113]

2.3.2.3 Interaction with inhibitors

MMP activities are blocked by two major types of endogenous inhibitors: general
AY KA 0 A (2 NEnacroglotizDrikhat bré present in the plasma and tissue fluids, and
by more specific inhibitors, such as TIMPgyure 210)[17; 1261 -macroglobulin is a
glycoprotein, consisting of four identical subunits of 180 kDa. It inhibits most proteases by
entrapping the proteinase within the macroglobulin, followed by clearance of the
complex through receptemediated endocytosis(by Low density lipoprotein recepter
related protein 1 LRPL (CD91) Four human TIMPs (TIMR -2-, -3- -4) have been
identified; they are anchored in the ECM or secreted extracellularly. TIMPs consist of 184
- 194 amino acidsThe NterminalN33A 2y oOAyRa (2 (KS aat aQ
inhibits MMP activity, whereas the-t€rminal region interacts with the hemopexin
domain of proMMP2 and proMMP9 to stabilze the proenzyme inhibitor complex. TIMPs
inhibit all MMPs tested so far, althoughMP-1 is a poor inhibitor for most type | MT
MMPs[17]. TIMR3 has been shown to potently block MMPand MMP9 as well as the
majority of ADAMs. TIMR is unique in that it also functions as activator of M@IPBy
specific interaction with MT-MMP and proMMP2 at the cell suace (see above,
Activation of zymogeng}17; 127]

Several other proteins have beesescribed to inhibit MMPs: RECK, GPJanchored
glycoprotein that suppresses angiogenesis, inhibits MIMRMR9, and MMR14 [128].

Other molecules that can block MMP activity include TFPI2, a serine protease inhibitor,
and PCPE, at€rminal proteinase enhancglL7; 127]



INTRODUCTION 19

| Regulatory signals

Soluble Cells @ ECM
Factors (8§>
¢ l’ l Cell surface

o Ioereeeed oot 10eereeee?
88 | 8%88&%&%8| 38&%88%&%8| BE83888

l/&Signal transduction
L AT Activation
1

MMP mRNA
14—[ Posttranscriptional processing ‘

mature MMP
mRNA

ST

[Stabilization l ITransIation |

Transport

i

l Activation

[inhibition | ——{[_mmp_]

Figure2-10: Levels of regulation of MMP expression and activity.

Diverse regulatory signals, such as soluble factors, extracellular matrix-ge{CMjeractions or
celkcell contacts interact with specific receptors at the selfface and initiate a cascade of events
that lead to the generation of functional matrix metalloproteinases (MMPSs), which are localized
to the cell surface (MMMPSs) or secreted to the extracellulapace(proMMPs). ProMMPs are
activated in an autocatalidal fashion or by other activated MMPs. MMP activity can be inhibited
by diverse endogenous inhibitors. Adapted frfii3].

2.3.3 MMP functions in health and disease

MMPs play a primary role in many aspects of normal physiology, including embryonic
development, cell migration, @und healing, and tissue resorption. At the same time,
MMP deregulation is implicated in diverse human pathologies, like cardiovascular
diseases, rheumatoid arthritis, neurological disordeencer and other[107;110; 113]

Early characterisation of MMP knockaubuse modeldias provided insight into the role
of some of the protease®IMP-14 deficiency, for example, caused multiple abnormalities
in the remodelling of skeletal and connective tissues, as well paifred angiogenesis.
Mice lacking MMR20 had defects in tooth development and Mmp8Il mice showed
altered mammary gland morphogenesis. However, the vast majority of MMP single
knockout mice displayed no major physiological alterations, pointing towards
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mechanisms of enzymatic compensation and redundancy. Transgenic mouse models
overexpressing different members of the MMP family validated the contribution of the
proteases to tumour progression, since high levels of MMPs often correlate with poor
clinical autcome in cancer patientd 07].

Several ativities of the proteases can be linked to tumour growth: first, MMPs can
support vascularisation by mobilising proangiogenic factors, such as basic fibroblast
growth factor (bFGF), vascular endothelial growthtda¢VEGF) or transforming growth
factor-i 0-it {ILT5]; they can also process callihesion moleculeshereby promoting
cancer metastasisMMP-7 has been shown to cleave the proapoptotic FAS ligand,
allowing tumour cells to become resistant to apoptosis sigfielS; 115] Nevertheless,
early clinical studies invohg synthetic MMP inhibitors (MMPIs) have not shown the
desired efficacy. In fact, MMPIs even promoted cancer progression in some cases by
enhancing tumour vascularisation or expression of MMPs, such as-8MPhuman
fibrosarcoma cells. With hindsight, tbe results are not surprising as MMP function has
turned out to be far more complex than previously thought. Mi@IR12, and -19, for
example, have been shown to act as tumour suppresgb®®], and the sheddase
activities of some MMPs has been linked to angiogenesis inhibition rather than promotion.
MMP-2, -7, -9, and -12, for instance, can process plasminogen to release the potent
angiogenesis inhibitorangiostatin [115]. Furthermore, MMPs have recently been
demonstrated to be able to activate or degrade ofwkines and cytokine§ll15]. In
summary, MMPs exhibit functions that exceed their vagtepted role in exacellular
matrix remodelling. Future therapeutic strategies for intervention with MMP activity
need to consider their emerging roles as regulators of inflammation and cell signaling.

2.3.4 MMPs in healthy and diseased colon

2.3.4.1 MMP and TMP protein expressionn healthycolon

Under normal conditions, MMPs are present at low levels, usually in the inactive form,
and are responsible for normal tissue homeostasis. MM&xpression was observed in
subepithelial and pericryptal fibroblast/myofibroblasts, in laminagia mononuclear

cells (macrophages and lymphocytes), and in vascular endothelial cells. Also some
expression was seen in the laminar muscularis mucosa. In contrdgta few cells in the
lamina propria were found to express MMPand MMR9. Neither MMP1 nor MMR7

was expressed in normal colon. MMB expression was detected at low levels in colonic
epithelial cells.Expression of their nhibitors TIMP2 and -3 were observed in the
epithelium of the colon as well as in few lamina propria mononucleds ¢EB0]. In
addition, also MMR19,-26, and-28 expression was shown normal intesting131].

Normal colofic epithelial cells express transcripts for MNIP-3, -7, -10, and-12. Weak
expression for MMR2, -8, and-9 could be found, whereas MMPL, -13, and -14 were
not detectedat RNA leve[132]. The inconsistence in detecting MMPs in healthy colon
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tissue can be explained by using different methods for deteatiommunostaining130]
versus mMRNA analydi32]. MMPs released by intestinal epithelium may be involved in
the pathogenesis of IBD by promoting local mucosahage.

2.3.4.2 MMP and TIMP expression in intestinal epithelial cell lines

MMP expression has been detected so far in several cell types of the intestinal mucosa,
like myofibroblasts, smooth muscle cells, activhfE cells, and macrophages. However,
only little is known aboutexpression pattern, regulation, and function of these
proteinases in the epithelium of the guBpontaneous expressiasf MMP-1, -3, -7,-10,
-11,and-13was detected in several intestinal epithelial cell lines-29TDLEL), whereas

other MMPs were undetectabld 32]. After stimulation with TN#, levels of MMF3, -10,
and-13 were increased. MMB2 mRNAwhich was not expressed in unstimulated cells,
could be induced byNFh treatment. By contrast MMP-2, -8, -9, -14 mRNA remained
undetectable even after cytokine exposure. TIMP mRNA levelsinechainchanged as
well.

2.3.4.3 MMPsand TIMBin IBD

The expressiorand functional activityof several MMPs are increased in epithelial cells
from patients with active IBD. Ulceration is a main feature of IBD. High levels of both
MMP-1 and MMR3 were detected irthe granulation tissue around ulcers in specimens
of IBD patients. Fibroblasts in these ulcers exmdddMP-13 and TIMRB [133]. The
epithelium at the edge of the ulceexpressedMIMP-7, which appearedo be impotant

for re-epithlization after injury{134]. Myofibroblasts in the mucosa expresshigh levels

of MMP-1, -3 and-9 in IBD[135], whereas MMF2 and-10 expressio wasincreased in

the epithelium[133; 136] MMP-12 and MMP14 were overexpressed in macrophages
and myofibroblasts in the lamina propria of the inflamed gut.

Similar to healthy colon, abundant MMPexpression wa¥ 2 dzy R Ay FAalddzZ IS
disease samples. Differences could be seen between acute inflammation with granulation
tissue and chronic inflammatiocharacterize by fibrosis. In case of acute inflammation

MMP-2 was detected in large mononuclear macrophdige cells, and in endothelial cells
whereas during chronic inflammation the proteinase was localized in fibroblasts and large
mononuclear macrophagkke cells.High levels of MMB expressionwere detected in

both types of inflammation and in the sanell typesthat expressedVIMP-2. MMP-9

protein was abundant in leukocytes, in granulocytes, and in giant cells in acute specimens
whereas only few granulocytestained positive for the proteasen the chronic state.

MMP-1, -7, and-10 expression wagrtually not detectable[130].

Up-regulation of MMP activityin inflammation can induce a breakdown of the ECM
provided thatlevels between active MMPnd their inhibitors ae deregulated.This is
believed to happenn patients suffering from IBD: an overproduction of MMPs in the
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intestine and the failurgo control their activity by TIMPs igrobably the main cause of
ulceration, tissue inflammatigrandfistulaeformationin CD and U{137; 138; 139; 140]

Expression of MMPs and TIMPs is alsoegulated in other diseases of the intestine, like
enterocolitis (ipregulation ofMMP-3) [141], collagenase cais (upregulation of TIMA,
downregulation of MMP-1, -13) [142; 143]and colorectal cancer where MMPgea
involved in metastasis (upregulation BIMP-1, -2, -3, -7, -9, -13, 14)[144]. In contrast to
other MMPs overexpression of MMR2 is associated with increased survival in colon
cancer[144].

2.3.4.4 MMPs and the intestinal immune system

Many MMPssuch asMMP-1 and MMR7 play an important role in tissue homeostasis and
the repair of different epithelial tissud434]. However, here is hcreasing evidence that

in addition to their direct effects on extracellular matrix, MMPs are also involved in
immune responses, foexamplethe recruitment of inflammatory cells to the intestine.
Another possible mechanism of MM&ttion is the modulation of biologically active
mediators (chemokines and cytokines) such as-TNi#rd interleukins.The following
section describes MMP fuctions in cell recruitment, chemokine and cytokine release,
and antimicrobial peptide activation.

The presence of MMHAs necessary for lymphocyte transmigration through the basement
membrane[145; 146; 147; 148]The role of MMP9 in migration of neutrophils across the
basement membrane is nowell understood but TIMR1, the preferential MMPO
inhibitor, was found to inhibit neutrophil migration. In several animal models of colitis,
MMP inhibitors have been shown teduce neutrophil accumulation in the intestinal wall
[149; 150] It was also reported that neutrophil infiltration is reduced in MgPor
MMP-12-deficient mice[151; 152] MMP-3 was also shown to control the mobilization of
T cells in the lamina propr{a53].

MMPs can modulate biologically active mediators such asi TGRF", and interleukins
(I-1 and IE6). They hve the ability to shed the pmoflammatory cytokines from the
surface of macrophages, which are known upregulate MMP productionin
macrophages and parenchymal celSleavage of TGFby MMR3, -9, and -14 was
reported in cell and tissue culture models, the actioa in vivohas to be showrj154;
155]. The main activator for {Li is caspasé (ICE) but at least three MMPs can cleave
and activate the precursor asell: MMP-2, -3, and -9. Here MMPs show a dual role as
they either activaé (MMP-3, -9) or degrae@ (MMP-3) the cytokine[156]. Similarly,
ADAM17 (TACH the main sheddasef TNF" [157; 158]but also several MMPs (MMP,
-2,-3,-9, -17) can process proTMFto its active form. It seems that ADAM17 is mainly
responsible for the inducible shedding where high levels of-TiHfe needed and MMPs
like MMR7 and MMP12 constitutively shed proTN# from macrophages which is
required for normal tissue repajll1l8; 158; 159; 160]Macrophageglay an important
role in tissue damage and their numbers are strongly increased in the mucosa of IBD
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patients thus, macrophage are a potentially important source of MMR at the
inflammatory site

MMPscanalsodirectly modulate chemokine activity and establish chemokine gradients.
Several members of the monocytlhemotactic protein (MCP) group of €i@&mokines
can be activated or inactivated by cleavageough MMPs. For example MMP cleaves
CCL7 and the truncated chemokine than acts as an antagonist. Similarly1MB]P13,
and-14 cleave CCL2, CCaBd CCL13 to produceceptorantagonistg§121]. Also several
CX&hemokines are processed by MMPs (CXCL11l, CXCL5,.@xGil6xrasesthe
cleavage leads to a loss of chemotactic actifiyl]. In contrat the cleavage of CXCL8
(IL-8, the mouse homolog IKC) by MMP leads toa significant increase of its
chemotactic activity162; 163].

Host recognition of bacteria is an important factor in IBD; it is thought that patients have
a deregulated immune response to endogenaus flora. MMR7, as one of the few
MMPs steadily expressed in healthy mucosal tissue, has been shown to &etiva
antimicrobial peptides (AMPs) likedefensinsthat are produced by Paneth cells and are
bactericidal. Coexpression of MMPand defensins washownin these cells of the small
intestine in mice. Also in this context MMPplays an important role as déctivates the
proforms of MMR7 and-9 [164; 165; 166]

2.3.4.5 MMPs and animal models of IBD

Overthe lastseveralyears mouse models of IBD have been developed to identify the role
of MMPs in the disease. Higher mRN®els of MMP-3, -7, -9, -12, and TIMRL in colonic
tissues of mice treated with DSS to induce coltisre reported [149]. During the
dewelopment of DS$duced colitis, he expression of MMPs is upgulated,
accompaied by increased production of pioflammatory cytokines

Several MMRleficient mice were used in different models of colitis to reveal the role of
MMPs in IBD. It turned out thator example MMP-10 is potective in DS$duced colitis
MMP-12-deficiert mice were less susceptible to TNiB8uced colitis than WT animals
[167] and the lack of MMF protects mice against acute injury in a DSS colitis model
[168], which shows the negative effect of these proteinases in colitis .

MMP-9, according to the expression levé, the main MMP involved in TNB®luced
calitis, whereas levels of MMP remain unchangefiL69; 170] Epithelial derived MMP
plays a crucial role in D@®luced colitis as it is important for tissue damage and in
Salmonella typhimuriuamduced enterocolis [170; 171] Interestingly it was found that
neutrophil MMR9 is neither needed for migration ndor indudion of tissue damage.
MMP-9 deletion leads to reduced inflammation and severity of cdliti&l]. In contrast to
MMP-9-deficiency, deletion of MMR exacerbates colitis, these mice are highly
susceptible to DSSnd Salmonella typhimuriuanduced colitis[172]. Using adouble-
deficient mouse for MMP2 and -9, it turned out that MMP-9-mediated tissue injury
overrides the protective effect of MMR during coliti173].
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In contrast to MMP, mucosaderived MMPR2 may be a critical host factahat is
involved in the regulation of the host response to luminal pathogens or toxins, an
important aspect of healing and tissue resolution. A critical balance between the two
gelatinases determines the outcome of inflammatory response during acutéscolit

In general it seems thatthe inducible MMPssuch asMMP-9 and-12 mediate tissue
damage and other negative effects in colitis whereas the constitutively expressed MMPs,
like MMR2 and-10 are more protective ithe disease.

Recently several MMP inhilbors were tested in mouse models of IBiich allresulted
in reduced tissue injury and inflammation in the treated mi€able 21).

Table2-1: MMP inhibitors tested in animal models of colitis.
Adapted fron [149; 150; 169; 170; 174]

Inhibitor Chemical class MMP inhibition Dose (mg/kg) Model  Outcome
1,10Phenanthroline Phenanthroline Broad spectrum 20 DSS, effective
TNBS
Marimastat Hydroxamate Broad spectrum 40 TNBS effective
Batimastat Hydroxamate Broad spectrum 5-20 TNBS effective
CGS7023 Hydroxamate Collagenase, 20 DSS, effective
gelatinase, TNBS
stromelysin
ONO4817 Hydroxamate Broad spectrum 30 DSS  effective
except for
MMP-1 and-7
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2.3.5 Matrix metalloproteinases-19 and-28

2.3.5.1 Matrix metalloproteinase 19 MMP-19)

The human matrix metalloproteinase 19 was first cloned from a cDNA library, generated
from the synovium of a rheumatoid arthritis patient by Sedlacek et{&l5]. It was
discovered as aautoantigen in rheumatoid arthritis. Thereafter it was also named RASI
(rheumatoid arthritis sign of inflammation) which indicates the origin of the enzyime].
Independentlyand in parallel, MMRL9 was cloned by two other groups from cDNAla t

liver and mammary gland.77; 178]

The human MMRL9 gene is located on chromosome 12 mapping to the 14q rediodi,
while several other MMP genes are found on chromosofd. Whereas most other
MMPs are encoded by 10 exqgriuman and murine MMHR9 are encoded by 9 exons.
Therein, exons 13 determinethe prodomain, exos 4 and 5 mainly encode for the
catalyticdomain, and the hemopexilike domain is distributed over 4 exs[180; 181]

The human proenzyme consists of 508 amino acids and has a molecular weight of 57.4
kDa. Detailed characterization of the sequence and comparison to all other known MMPs
showed thatMMP-19 had the leas similarity to all other family memberd82]. It does

not belong to any of the described subgroups like collagenases, gelatinases, stromelysins,
or membranetype MMPs. LatelyanothernovelMMP, MMR28 (epilysinwas discovered

that is the closeshomologie to MMP-19[183; 184] The identity of the catalytic domain

is 46%. Further analysievealed more similarities to MTMMP and the group of
stromelysins (especially stromelys3h and thus itwvasalsotermed stromelysin4 (Gordon
Research ConferenceQ@1).

MMP-19 is like most other members of the MMP familgecreted as aymogeneand
displays the typical structural features characterizing this enzyme family. The proteinase
consists of a signgeptide, a propeptide domain, a catalytical domain, ageirregion,

and a hemopexiike domain.The active part of MMR9 matches the ones of other
matrix metalloproteinases but the hemopexike domain shows leghan 25% identity

to other MMPs. Despite of the typical domain structure of the family of matrix
metalloproteinases MMHA9 also exhibits specific featuredAt first, there is a
characteristicthreoninerich region at the @erminal part consisting of 27 amino acids.
This hydrophobic region has no known function so far and does not show any sequence
homology to other members of the MMP familRifferences arealsofound in the aute
inhibitory part of the sequence within the propeptide domain where the consensus
sequence is PRCGLED in contrast to the generally found PRCXXRDiqUikiteature
enables he enzyme to be autocatalytaxctive[185]. Mutation studies where the carboxy
terminal proline was replaced by glutamic acid on other MMPs showed the same effect of
selfactivation of the proenzyme[186; 187] Within the hinge region, a unique
oligoglutamic acid stretch followed by a prolineh sequence (NH2
EEEEETELPTVPPVPTEPSHMated; the function is unknown so farThe catalytic
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domain of MMP-19 contains an additimal cysteinethat is also present in MMR8 and
MMPsfrom chicken (CMMP) and xenopus (XMMPg§4; 188] hMMP-19 contains two
putative Nglycosylation sites and mMMEQ has fouf176; 180; 181]

It was reportedthat the hemopexidike domain is responsible for the association of
MMP-19 to the cell surfac§l89]. The mechanism of thiateractionwith the cell surface
isunclear

MMP-19: expression pattern regulation,and proteolytic activity

MMP-19 expression differs from the other MMPs as it is expressed in normal, healthy
tissue, suggesting a role in tissue homeostasis. Its mMRNA is highly expressedus
tissues except of braifil78; 179] Protein expression is more restricted to several cell
types like vascular smooth muscle cells, myoepithelial cells, basal keratinocytes, epithelial
cells of different tissuemammary gland190], colon[131], intestine,lung, ovary, spleen
[191]), and microglia that express the enzyme constitutively. Other cells (also epithelial
cells and endothelial cells) show differential regulation of MMP In healthy blood
specimens, PBMC (peripheral blood mononacleells) that are positive for the surface
marker CD14 produce MMEQ as welli.e. macrophageq189]. Thisspecificexpression
pattern suggests a specific role for MM in the epithelium and the basal membraag

well as macrophages

Role in wound healing

The role of MMPL9 in the wound healing process is still poorly understood and
controversial. Despite its association with cell proliferation, Suomeda al have
demonstratedthat MMP-19 isnot expressed in daling wounds of the skifl92]. By
contrast, a study by Hietet al suggests that the protease is expressed during later phases
of wound repair by skinesident and infiltrating cells including fibroblasts and endothelial
cells. The same authors have also shown that macrophagestbaathe wound bed
produce MMP19 protein[193], a finding that is in line with other reports demonstrating
expression of the enzyme in blood mononuclear cells and myeloid[t&Bs 189] Thus,

the role of MMP19 in tissue repair might be associated with macrophage function. This
cell population is believed to be essential in wound healing due to its capacity to remove
cellular debris and to release a large number of grofettors. It seems plausible that
MMP-19 could be involved in the release of membraassociated cytokines and growth
factors from the macrophages or could facilitate their migration in the wound[@éd].
However further studies are needed teerify these hypotheses.

Expression in cancer

During tumor growthMMP-19 acts as a negative regulatoir angiogenesis and invasion
[195] and induction of fiborosarcomas is reduced MMP-19-deficient mice[177]. MMP-
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19 shows differential expression in squamous cell carcinoma (SCC)ptrégulated
during melanoma progressiofil96] but downregulated in colon cancefl31]. High
expression was detected in human lung cancer and astroglial tumors where ibfFsm
invasion of glioma cell§197]. The loss of MMR9 is associated with malignant
progression in chronic wound$98] and it can act as mumor suppressor angdhowsanti-
angiogenic activities in nasopharyngeal carcingh@®].

Regulation

Analysis of the promoter region of MMBD revealedhat several transcription factors like

AR1, AR2, Ets, B¢ . T a& O3 |c¢rRbin®torthes @amoter sequence. Also
regulatory elements as RARE (retinoic acid response element) and TH (TGR/ KA 6 A G 2 N
element) are present in this regid81). Potent inhibitors of MMPL9 activity are TIMR,
-3,and-4,whereas TIMRLis less capable afhibiting this proteinas¢185].

Proteolytic activityand substrates

Known substrates of MMR9 are mainly members of the extracellular matrix (EGK&)
collagen type IV, lamint¥ ikhain tenascinC, and nidogen. Also fibrinogen, fibrin, COMP
(cartilage oligomeric protein), aggrecan, and brevican are processed by W/R85;
197; 200; 201; 202]The analysis of substrate specificity was done mainly ixitro
experiments by using the recombinant catalytical dama85]. Also hoAmatrix proteins
like IGFBB (insulinlike growth factor binding protei3) and a variant of VEGF (vascular
endothelial growth factor) are cleaved by MMB [203; 204] MMP-19 is also able to
cleave MMP9 but this does not lead to enzyme activatid5].

Because of its unique featur@scludingexpression pattern, autocatalytic activity, and the
ability to cleaveseeral important ECM protein®IMP-19-deficientmice weregenerated

2.3.5.2 Generation of MMP19-deficient mice

The murineMmp19gene was first amplified from liver cDNA andnfra mouse myoblast

cell line[180]. The genesi located on chromosome 10 and shows 78%ilarity to its
human orthdog. The homology for the catalytic domain is 84%, while the hemogian
domain with only 65% is less identical to human MMRFigure 211). All characteristics

of the human MMP19 are also displayed in the murine om@MMP-19 protein consists

of 527 amino acids and has a molecular weight of 59.1 kDa. In comparison to the human
protein the murine one lacks one glutamic acid residue in the oligoglutamic acid stretch
[180; 205]
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Figure2-11: Human and murine orthologuesf MMP-19.
The schematigicture of human and murine MMP9 is showirg the homologyof the two
enzymes (by courtesy of Dr. Reldv Sedlacek)

MMP-19-deficient micewere generatedby targeted disruption of the\impl19 gene, as
shown in figure2-12 [206]. To desigra targeting constructa part of exon 3 and whole
exon 4 encoding for the catalytic domain were replaced by a nemmggsistance
cassette orientated in the opposite direction to the endogenddmpl9 gene. For
O2 y & i NHzO (i A-anyl hothdlogylioK e targeting construct, a 2.8 kb fragment
spanning a region including exon 2 and most of exon 3 was amplified from geDdAic
using PCRIK S -amnthomology was createtthe same wayit is spanning a region of 2.8
kb including exon 5 and part of exon 8. The completestruct, called pPNT/mmp19del,
was injected into mouse embryonic stem calisrived from 129 strainThe neonycin
resistant colonies were screened for homologous recombination by Southern blotting
[207]. Two selected clones (G5 and F6) were introduced into blastocysts via
microinjection and chimeras were generatef208]. Mice were aalysed by PCR and
animals positive for the disrupted MM allele were backcrossed to C57BL@3Nnice.
Resulting MMPL9-deficient mice develop without obvious alteration in morphology,
weight, size, and fecundity compared to wilghe mice, which is comsent with the work

of Pendas et al.who generated MMPL9-deficient mice by replacing thédmpl19
promoter region and exons 1 and277]. Breeding of mice heterozygotsr the targeted
gene for MMP19 produces theexpected Mendelian ratio oknockout animals of 25%.
Thus, MMP19 does not seem to be essential for blastodysplantation or embryonic
development. No apparent changes in the histoladybrain, bones, heart, kidney, liver,
lung, reproductive organs, pareas, skin, angpleen of MMP19-deficient mice were
seen at 1, 3, 6, and 12 months.

Previous studies showed that MMB is steadily expressed in thenormal healthy
epithelia,macrophagesand smooth muscle cejlg may play a role in wound healing, cell
proliferation, migration and vascularisationThe impact of this metalloproteinase in
acute as well as chronic inflammatory diseases is not known so far.
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Figure2-12: Generation of MMP19-deficient (MMP-19 -/ -) mice.

(A) Schematic representation of the muribdmpl9 gene and its exon/introforganization as
previowsly described by Mueller et apPNT targeting vector construct, and the resulting deleted
active site locus of the mouse mmpl9 gene are depicligte targeting construct was generated

by replacement of 1088 bp region &fmpl9 gene spanning the end of exon 3 and the whole
exon 4 encoding the catalytic domain by the neomycin resistance cassette. (B) For screening of
MMP-19-deficient mice Southern bt analyses were performedProbing led to identification of
either a 7.3 kb band (wiltype allele, +/+) or a 5 kb band for thargeted allele(-/-). In
heterozygous mice (+/ both alleles are present. (C) Genotyping of targeted alleles using PCR.
Wild-type alleles are detected by an 800 bp band, while PCR for the -MMfficient allele
results in a 600 bp product. (D) Primary keratinocytes isolated fromtyplel heterozygous, and
homozygous MMH.9-deficient mice were analyzed for MMED expression byvestern blotting

using antiMMP-19 antibodies purified against a peptide derived from the hinge region of murine
MMP-19, that isdetectedin size of 59 kD4206]

2.3.5.3 Matrix metalloproteinase 28 MIMP-28)

Epilysin (MMPR28) is thelatest member of the mammalian matrix metalloproteinase
(MMP) family of extracellular proteaseh. was cloned fromhuman keratinocyte and
testis cDM libraries[183; 209] The cDNA contains an open reading frame of 1560
nucleotides codingfor a 520 aa protein.The humanMmp28 gene is located on
chromosome 17417911.2)[209], which is a locus that differ from all other knowfmp
genes.Mmp28 gene conists of only eight exons instead of ten, which is typical for Mmp
geneg[183]. This unique gene organisation can just be found in one other MMP,-UMP
(Stomelysir3). It seems that these two MMPs are the most samdnes but concerning
overall gene organizatiolimp28resembles most closeMmp19[181].
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MMP-28 contains a prodomain, a zHinding catalytic domain, and a hemopeike
domain. In contrast to most other MMPs (except of MI#IP and the membrandound
MT-MMPSs) it also contains a furin activation sequence and can be activatedgdisi
secretion. The furin site is conserved and functional as well in the {8IRomologues in
mouse andXenopus leaviEXMMR28) [210]. The catalytic domain is typical for soluble
MMPsalthoughthe sequence ofhe Znrbinding site(HEIGHTLGLTH) is unique as no other
MMP contains threonine within this sequence.

The identity between human and mouse epilysin is 85% of the overall amino acid
sequence and 97% in the catalytic domdiill], which suggestsa wellconserved
function of this proteinase. These findings are supported by the high identity to XR8yIP

as 56% of the overall amino acids and 65% in the catalytic domain are identical to the
human sequence[212]. The epilysin hmologue in Xenopus laevigXMMR28) is
expressed imeural tissues, where it cleaves theural cell adhesion molecule

Gomparison of the amino acid sequence of M@ with other MMPs shoed that it is
most closely related to MMR9. This resembles the na@lés from the gene analysis.

MMP-28: expression patternregulation,and proteolytic activity

Epilysindiffers from most other MMPs as it is expressed in normal, healthy tissue,
suggesting a role in tissugmeostasis Its MRNA is highly expressed intissat lower
levels inlung, heart, gastrointestinal tragsmall intestine, colon)brain and in wounded
epidermis [211] in humans. The expression pattern in miceslghtly different; the
highest expressiois found in lung but mMRNA could be also detetia placenta, heart,
uterus, and the gastrointestinal tracfA peak of epilysin expression can be found during
the embryonal development at day E14 in developing neural system. The expression
pattern in rats resembles the one in mic€his pattern of exmssion is different from
most other members of the MMP family, as most MMP are expressed only under special
conditions, like injury, inflammation, or several diseaf&k3]. The MMP28 expression
pattern suggestshat epilysin plag an important role in normal tissue homeostasis and
turnover.

Regarding tissue and cell culture, MMB is expressed in epithelial It (from skin,
placenta,and lung and bone marrow derived macrophagds€33]. mRNA could be also
detectedin unstimulated and PMA and iomycin stimulated T lymphocyte€ytokines
like TN & SNB LINE LJ2ha &presior?of MIWP-BR8dz®ito [214].

Roleof MMP-28in wound healing

As MMPR28 was found to be expressed in keratinocytes and in intact human skin, several
wound healing experiments were done to analyze a putative ofl epilysin. Irex vivo
models MMP-28 was detected in nomigrating keratinocytes at a distance from the
wound edge as well as in migrating ones at the wound €d§8&; 214](Figure 213).
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These observations mawdicate a role of MMP28 in epithelial cell proliferation or
rebuildingof the newly formed basement membrane during wound repair.

Dermal wound

010 % e 010 Epidermis

MMP-9, -10 -
*] i&jf:z‘b C:EbLfo. 3

Migrating Proliferating
keratinocytes keratinocytes

== Basement
membrane

MMP-3,-19 MMP-1

Epilysin (MMP-28)

Figure2-13: MMPs in wound healing.
MMPs are expressed in different areabthe epithelium during dermal wound healingjaken
from [209].

Expression in cancer

MMP-28 expression is upegulated in various different types of cancergeinvasive
ductal cell carcinomg215], squamous cell carcinoma (grade[214], but also several
cases of dowsregulation of this enzyme are reported (e.g. basal and squamncell
carcinoma (grades Il and 1[B14], colon carcinoma (epithelium)l31]. The role and
expressionof MMP-28 seems to be dependent on the type and stage of cankerell
culture, MMP-28 mRNA has been detected in colon adenocarcinoma cells, ovarian
carcinoma cells, pancreatic adenocarcinoma cells and breast carcinoma cells.

Regulation

Like allother MMPs MMP-28 is tightly regulated on the transcriptional level besauof
overlapping biological functions and substrate specifidRgomoter analysis of epilysin
revealeda sequence known as ébx, a homologue to the consensus binding site for the
Spfamily of transcription. It is highly conserved in human and mousempters
indicating an important role in regulation of gene expressidhe transcription factors
Sp1l (inducer of transcription) and Sp3 (inducer or repressor of transcription) bind to the
GTbox. A mutation in the Gbox resulted in significantly reducedatrscriptional activity
especially in keratinocytg210].

Histone deacetylation inhibitors (HDAC) can induce MMRranscription as well as few
other Mmp genes. In general, mos8mp genes are repressed by these iiitors [216].
The actual target of the HDAC inhibitors sedmbe Sp1 as it is regulated by acetylation
itself[217].

Another mechasm of MMR28 regulation is the caonpartmentalization of the cell.
Experiments showed that MMP8 is attached to the cell membrane; the responsible
structural part of the enzyme is the hemopexin domain. This mechaofspericellular
localizationseems to le an epithelialcell specific structure as it does not occur in other
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cell types.Cells which went through EMT showed no longer cell surface expression of
epilysin thatsuggests that during EMT there is a downregulation of the receptor binding
epilysin to the cell surface. MT1-MMP induction during EMT may cause the
destabilization or degradation of the surface receptor avith thisa loss of bound MMP
28[218].

Proteolytic activity

Recombinant MMR28 was used taletermine substrates of this new proteinase; thest
one verified was caseifl83]. The proteolytic activity could be inhibited by EDTA and
batimastat, a selective MMP inhibitodn vitro XMMP28 and recombinant bman
MMP-28 degraded the neural cell adhesion molecule (NCAM).

The functions of epilysin still are largely unknovsseverd MMPs function in immunity,

it was hypothesizedhat also MMPR28 may have a regulatory role in the tissue response
to environmental challenge. To test thisdMP-28 KO mice were generatemh the
laboratory of William CParksWashington University (St. Louis, MOSA

2.3.5.4 Generation of MMP28-deficient mice

The murineMmp28 gene was cloned from the SV129 genome (gene ID 118458). Fo
construction of the homologous extensions of the targeting construct, a 4BckRIXbd

TN IAYSYyd O2yGFrAyAy3d GKS o0Q GSN¥YAyYydza 2F Aydnd
a 21 kboXhd-EcovL FNJF AYSyid O2yidlAyAy3d (GKSand Q dzyi
downstream sequence (FigAx Two cassettes were inserted into the target gene; a pgk
neomycin resistance cassette was inserted between the two arms and a diphtheria toxin
ORUOIO OF&aasSiasS gra FdzZaSR (2 (GKS andone®ithRd [ A
Xhd (theXxhd. &aA0S 0 GKS pQ SyR 27F 0 KSSakske2rNII I NI
the neomycin cassette). Transfection of 129X1/SvJ (RW4) embryonic stem (ES) cells was
done by the Murine Embryonic Stem Cell Core of the SitemarceCaGenter at
Washington University (St. Louis, MO). For screening of ES cell clones, genomic DNA was
isolated and digested witBanmH|. Southern blotting of the digests was done using & 694

0L LINPOS (2 GKS 0Q (SN Xhe tarigeing goRstruigt TFighy G NB y 1
Positive ES cells were injected into C57BL/6 blastocysts by the Mouse Models Core at
Washington University. Genotyping of mouse tail DNA was done by PCR and positive
results were confirmed by Southern hybridization (FB). ForPCR, we used two forward
LINAYSNBS 2yS ALISOATAO G2 GKS 2¢ f20dza opQD¢
G2 GKS GFNBSGO O2yaiNHzOG opQD! DD!! ! ¢¢D/! ¢/ D/
LINARYSNY 6p @/ / / ¢/ / ¢ Ditotgenerbte & 2359 bpop@ductoim the WT

Mmp28 gene and a 324 bp product from the mutated gene Feg>14). Male chimeric

mice were bred to female C57BL/6 mice to generate germline heterozygehesh were

then bred to yield homozygous nulBIMP-28 KOmice were therbaclcrossed formore

than 10 generations witlC57BL/6 mice from Taconic. Wiighe and MMR28 KOmice
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(C57BL/6NTac background) were houssddescribedh y Wal G SNAFf | yR aSi
3.1.1 Agematched mice of both genotypes were used for all studi&€milar to many
other MMP knock out mice, also MMEB KO mice revealed no overt phenotype.
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Figure2-14: Generation ofMMP-28-deficient (MMP-28 -/ -) mice.

(A) The targeting construct was designed to replace most of trengxincluding exon 5, which
codes for the catalytic domain. After recombination, exorn& 4nd the full coding portion of the

exon 8 are removed, and the epilysin transcript only contains exQBs(B)ES cell clones were
screened by Sdhern hybridizaion; WT epilysin gene givesdakb kand while targeted gene gives

a 7.5 kb band(C)F1 offspring of chimeric mice were screened by Southern and PCR analysis. For
the PCR assay, the recombined locus produces a larger DNA fragment (324 bp) than tha¢ from th
WT gene (259 bp). Three primers were used, the position and orientation of which are indicated
by arrowheads: a WT forward primer, a neomycin cassette forward gorimnd a common
reverse primef219].
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3 Material and nethods

3.1 Mice andin vivomodels

3.1.1 Animal housing

Housing of mice anth vivoexperiments were performed after approval by the Animal
Care Committee of the Institute of Molecular Genetiddrague, Czech Repubiit
compliance with national and #titutional guidelines. Mice were housed in open cages
with 12h/12h light/dark cycleunder standard conditions and were provided with
autoclaved foodRod18A10, LASvendi, Soest, Germaagyl acidified drinking water ad
libitum.

Health monitoring was peofmed on a quarterly basis according to the recommendations
of the Federation of European Laboratory Animal Science Associations (FELASA).
Additionally,Helicobacterspecies were tested every three months. Test results showed
an infection withHelicobacterduring the time of the breeding and the experiments for
this study. Mice with targeted disruption of th&mpl9 gene were generated as
described above (introduction). For colony maintenance, MMP-/- mice were
backcrossed to C57BL/6NCrl background (Eba&ivers Laboratories, Sulzfeld, Germany).
All assays were performed with MMB -/- mice that have been backcrossed at least to
the F20 generation. Studies focussing on the role of MRvere performed using the
MMP-19 F6 line as the second line, G5d daiot show any different characteristic in
previous experiments.

MMP-28-deficient mice were kindly provided by Wiliam C. Parks (University of
Washington, Seattle, USA). The generation of MMF/- mice was published previously

by Manicone et al[219]. Experiments to study the role of MMEB were carried out with
MMP-28-deficient mice backcrossed more than 10 times to C57BL/6NCrl background. In
order to obtain agedmnatched MMRdeficient mice for the experiments, bkcrossed
mice heterozygous for MMB9 or MMR28 were crossed. After genotyping of the
newborn mice, those with homozygous deletion of the MMP locus were crossed further.

To generate mice lacking MMB and-28 homozygous mice of both strains were crossed
which resulted in double heterozygous animals in the F1 generation, which were then
further breed to obtaindouble-deficientanimals, named MMR9/-28 dbKO.
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3.1.2 Genotyping of mice

3.1.2.1 Isolation of genomic DNA from mouse tail

For MMP genotyping, genomic DNA waslated according to a protocol described by
Hogen et a[220]. A short part of the tail (0-8.4 cm) was cut from-&eeks old animals;

the tail biopsy was then cut into smaller pieces and incubated in 1 ml lysis buffer (200 mM
NaCl, 100 mM Tris, 5 mM EDTA, 0.2% SDS, pH 8.0) with proteinase K (7.2 mUgdnd plac
in a water bath at 58 overnight. 1 ml phenol: chloroform (1:1) was added to the
digested tissue and mixed for 15 s and centrifuged (9902xmin) to separate the phases.
The upper phase was transferred to a new tube and mixed with 1 ml chlorofarch, a
centrifuged again (900 g, 2 min). The aqueous supernatant was transferred into new
tube and mixed with 1 ml 100 % ethanol and )Gsodium acetate (3 M, pH 6.0). For
precipitation of DNA the solution was mixed carefully. Following another centrifugat
step the pellet was washed with 75% ethanol. After discarding ethanol, the pellet was
dried at room temperature and dissolved in 180dHO overnightat &£ / ® v dzl f AG& 2
DNA was measured at 260 and 280 nrhe genomic DNA samples were stored at 4

until they were used for PCR.

3.1.2.2 PCR of genomic DNA

Mice were genotyped by PCR according to the original me{R@0; 221; 222] After

isolation of genomic DNA two separate PCRuget for detecting the targeted ahthe

wildtype allele of MMPL9 were performed. Components for the reactions such as PCR
buffers, dNTPs, MgZland Taepolymerase were purchased from Fermentas (St. Leon

Rot, Germany). The forward primer for the wildtype allele was designed on exon 4
(ml-! M n >CCEOATCTTCAATGTACAO = (KS NBEBINBSMmMDRY S 2V
p -GATCGCCAGGTTCAGIQthese primers amplified a fragment of 800 bp. For the
targeted allele a forward primer on exon 3 (fhlo >AGATEGATGACGCCAGAAR) | Y R
a reverse one based on the sequence of the MN&& cassette (neofwd,
p-OQTTCTATCGCCTTCTT@ACB $SNB dzaSR>X GKS NBIFIOlGA2Yy NB:
Control setups with DNA from MMB9 -/-, MMP-19 +/-, and WT mice as well asthout

DNA template were run additiorigl One reaction consisted ofSLmM MgCJ, 2 mM

dNTPs, 0.5M of each primer, 1.25U Tggplymerase, and 50 100 ng genomic DNA in

PCR buffer (10 mM Tris, 50 mM KCI, 0.8% Nonidet P40, pH 8.8). TiwoB@R is
descibed in table 31. Steps 2 to 4 wereepeated 30 times.
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Table3-1: PCR conditions for genotyping of MMED knockout mice.

Step Temperature  Time
1 - initial denaturation hpc/ 2 min
2 - denaturation hpc/ 30 sec
3-annealing cnc/ 30 sec
4 - extension THc/ 2 min
5 - final extension THc/ 5 min

Detection of the MMP28 wildtype or mutated allele was performed in one reaction. The
following primers were used: The witgpe allele was amplified with a faard (Epi WT,

p -GTGAAGATGTCCCATGCABGA )Qand a reverse primerMMP28 rev common,

p -AGGGCCCTCTTTCATAQIALD )QThe mutated MMR28 allele was detected by a
forward primer MMP28 KO Forp-GCTGACCGCTTCCTCGETAEH )Qand the same
reverse pmer (MMP28 rev common). The set up is the same as for genotyping of
MMP-19 allele. The PCR program is described in tal@deS3e 2 to 4 were repeated 30
times. The size of the PCR fragment for the WT allele was 535 bp, and the one for the
disruptedallele of MMP28 834 bp.

Table3-2: PCR conditions for genotyping of MMEB knockout mice.

Step Temperature  Time
1 - initial denaturation dpc/ 2 min
2 - denaturation hpc/ 30 sec
3 -annealing cccl 30 sec
4 - extension THcC/ 1 min
5 - final extension THc/ 5 min

3.1.2.3 Agarose gel electrophoresis

PCR products were analyzed by agarose gel electrophoresis. PCR products were mixed
with 10 x loading buffer (40% glycerol, 0.1% (w/v) bromephenole blue, 0.1% (Wgngexy
cyanole, 40 mM Tris, pH 8.0) and loaded into slots of agarose gels (1% in TAE buffer) that
were run with 9 V/cm2 in TAE buffetQ mM Tris, 20 mM Acetic acid, 1 mM EDTA;
pH=28.0). A DNA standard (Fermentas) was used to compare the sizepifiachDNA.

PCR fragments were visualized by ethidium bromide (Roth, Karlsruhe, Germany) staining
(final concentration in the gel: 0.5g/ml) and UV transllumination at<=312 nm (BioRad,
aNyOKSYy> DSNXIyYye&ouod
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3.1.3 Animal model of DS$hduced colitis

3.1.3.1 Induction of DS&olitis and determination of the disease activity index score

Acute colitis was induced by administration of 2% dextran sulsa@ium (DSS) (TdB
Consultancy, Uppsala, Sweden) in the drinking water for 6 days. To study the recovery
phase of colitis the disease was induced by 2% DSS in the drinking water for 5 days
followed by 10 days of regular, naidified, UV irradiated andltfiated drinking water.

For maintaining chronic colitis this procedure was repeated twice. Groups of four to eight
mice were used to monitor the disease activity indBAl)[223], which consists of three
parameters loss of body weight, intensity of bleeding and stool consisteffacal blood
losswas determinedusing the hemoccult test (Beckman Coulter, Krefeld, Germahil)
parameters were recorded daily. DAl and histology were performed as previously
describedby Siegmund et aJ224] and Grivennikov et aj225].

The murine colitis phenotypes were measured by the disease activity index score, which
is the sum of body weight, didrea, and bleeding scores determined daily during the
treatment, as previously describgg24; 226]

All scores were relative to the scores on day 0, which were set as 0. For body weight, no
weight loss was scored &s The scoring system was following: loss of¢18%0 weight, 1;

loss of 5%; 10% weight,2; loss of 10&620%,3; 20% and higher body weight loss, 4. For
stool consistency, 0 was scored for wieltmed stool pellets, 1 was scored for loose stool
pellets, 2 vas scored for pasty and seffiormed stools that did not adhere to the anus
(mild diarrhea), 3 was scored for slimy stool (moderate diarrhea) and 4 was scored for
severe watery diarrhedhat adhered to the anus and contained blood. For bleeding,
which was aalyzed by the Hemoccult faecal occult blood test (Beckman Coulter), 0 was
assigned for no blood, 2 was assigned for positive Hemoccult test, and 4 was assigned for
gross bleeding. The determination of the DAI is summarized in taBle 3
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Table3-3: DAl assessment

Body weight loss

0

A OwWDN PR

No loss

1¢5% loss of body weight
5¢10% loss of body weight
10¢20% loss of body weight
>20% loss of body weight

Stool consistency

0

A WODN B

Normal feces

Loose stool

Watery diarrhea

Slimy diarrhea

Severe watery diarrhea witl
blood

Bleeding

0
2
4

No blood
Positive Hemoccult test
Visible bleeding
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3.2 Tissue analysis

3.2.1 RNA analysis

3.2.1.1 RNA extraction from colon tissue samples

Total RNA was extracted from 10 mgjon tissue samples using the TissueLyserll (Qiagen,

USA) in combination with the RNeasy Mini kit (Qiagen, USA). In brief, tissue samples
stored in RNALater (Ambion, USAmatn ¢ / ¢ SNB LJ | Gi6dplagtiytubas Y  wl
O2y Gl Ay Ay 3a c nuffer antl stainfess stéeb Beads (Qiagen), followed by
disruption through higkspeed shaking (2 x 1.5 min at 20 Hz) at room temperature. Total

wb ! gl a GKSYy Aaz2ftl 0SSR dzaAy3d (GKS wb! SlFaeé a
instructions.

3.2.1.2 cDNA synthesis

Hrst Strand cDNA Synthesis kit (Fermentas, Canada) was used to prepare cDNA from
isolated RNA. Per one sample, 500 ng of RNA was mixed witbfloligo (dTy)s primer

and diluted by DER@eated water to a final volume of 18l. The mixture was incubate

Fd tvn ¢/ F2NJ mn YAYXZ OSYUNRTFTdAdzZASR SHofx O022f S
Reaction buffer, 2| of 10 mM dNTP mix, 3 of RiboLock RNase Inhibitor (20>)/was

added to each sample. Afterwards>2of M-MuLV Reverse Transcriptase (20-Qivas

I RRSR FTYR GKS YAEGdzZNBE AyOdz:ol SR Fi ot c¢c/ ¥
AyOdzo I GA2y G tvn ¢/ F2N p wWAydzi®as yR (KS

3.2.1.3 Semiquantitative reattime PCR

To determine MMPL9 and MMP28 transcript levels in colon ofild-type or mutant mice,
semiquantitative reaitime PCR was performed. Expression of murine GAPDH
(MGAPDH_RT_F: p-BACTTTGGCATTGTGGAAGS Iy RMGAPDH_RT_R:
p-GTCTTCTGGGTGGCAGBGAE t/w FNI IYSyd &aAiil Sousp 0L
control. The exorspanning primers used for MMPs were able to distinguish between
transcripts of WT and deficient mice as they were designed in the modified exons of the
genes and could not bind to cDNA from Mid€ficient animals. The forward primerrfo
murine MMR19 binds in exon 4nfMMP19 _RT_F3p-@TCTTCAATGTGCCCTOQAC
whereas the reverse primer binds in exon 5 mMMP19 RT R3:

p - QCACGCTGCTCCAGTAGTIMeabresulting product had a size of 82 bp. Thenprs

for detecting murine MMR28 bind DNA in exon 4 and 5, generating a product of 101 bp
(MMMP28_RT_F3: p-QCTGTACGGAAAGCCT@IQG I yRMMP28_RT_R3:
p-GTCTGCTCTGGGAGTT@TIQEh&@ PCR setp wasthe same as for the genotyping
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(3.21) but instead of genomic DNA>2 of cDNA were used in the reactiolhe PCR
program is described in Table43 Steps 2 to 4 were repeated 35 timeheTproducts
were analyzed by gel electrophoresis using a 1.5% agarose gel.

Table3-4: PCReonditions of the RTIPCR.

Step Temperature  Time
1 - initial denaturation dhpc/ 2 min
2 - denaturation hpc/ 15 sec
3-annealing cnc/ 20 sec
4 - extension THc/ 30 min
5 - final extension THc/ 3 min

3.2.2 Colon organ culture

Colons were excised, flushedth PBS containing 2% Penicillin/Streptavidin, and opened

along the longitudinal axis. Thereaftérom the distal color8 x 8 mm (24 mf) biopsies

were excised and incubated for 24 h in aw@ll plate containing 1 ml fresh RPMI 1640

lacking FCS but sulgmented with2z LISYAOAf ft Ay YR &adNBLII2Ye&O
Culture supernatants were harvested anllept at -H nc / dzy G A € I aasSa
cytokines/chemokines by ELISA or-Blex suspension array systéBio-Rad Laboratories

Inc., CA, US)

Supernatants wee analyzed for KC and MdRevels by ELISA (R&D Syste@srmany)

I O0O2NRAY3I (G2 GKS YIydzZFlI OGdzNENDRa LINRP(G202f a4
using ELISA plate reader (Tecan Reader Infinite M200) and were evaluated using a
standard curve. Otherytokines and chemokines were determined by-Blex bead array
(see3.2.3.2)

3.2.3 Cytokine analysis

The concentrations of 23 cytokindé-(", 11-1 , 1-2, 11-:3, IL:4, IL-5, IL:6, 11-9, IL:10, 1:12

(p40), IE12 (p70), 13, 1:17A, eotaxin, &CSF, GNCSF|IFN!, KC, MCR, MIR1h, MIR

1, RANTES, TNF were analyzedn plasma and CEC supernatants usingFéx Pro

Mouse Cytokine 2Plex Assay with a Bllex instrument based on Luminex xXxMAP
technology (BieRad). The procedure was carried out accordingtd y dzF | O dzNB NJ
instructions with high sensitivity range standard settings. The conditions of the assay

were standardized and optimized, prior to the analysis, to ensure optimal reproducibility.

The plasma samples were centrifuged for 10 min at 133@Dbefore the assay and

diluted 1:3 in an appropriate sample matrix. Pooled plasma sample was used to control
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for inter-assay variation. The results were automatically calculated witHPEisManager

Software version 4.3 with fivyparameter logistic equations.

Cytokinelevels of KC, MGPadditionallywere measured in colon explant culture (CEC)
supernatants using the ELISA Hu& G (1 AG FF OO0O2NRAy3a (2 GKS Yl
(R&D Systems).

3.2.4 Myeloperoxidase activity measurement

Myeloperoxidase (MPO) actiyj which is widely used to quantify neutrophil
accumulation in tissues, was assessed using @hgianisidine method[227]. Tissue
samples were harvested and immediately frozen in liquid nitrogen. MPO activity was
measured in colon tissue taken from the distal colon. After freezing in liquid nitrogen,
equal aliquos of tissue samples (38 buffer/mg colon tissue) were homogenized in MPO
buffer (50 mM potassium phosphate buffer (KOpH 6.0, containing 0.5%
hexadecyltrimethylammonium bromide buffer,¢E,,BrN) (0.1 g/20 ml KRY), incubated

4 cnc/ T 2tNdged atkl0,d0¢/rBm f& S yhin. 18 of the supernatant were
mixed with 50>l peroxidase substrate. After 20 min 50 of HSQ were added to stop

the reaction and the absorbance was measured at 450 nm ofEldBA plate reader
(Tecan Reader Infinite MBPand evaluated using a standard curve.

3.2.5 Histochemistry techniques

3.2.5.1 Tissue processing

The isolated colon was divided into three parts, proximal (containing the ceacum), middle,
and distal part, and fixed in 4% neutral buffered formaldehyde (10% forjnalih x PBS

for 24 h. Fixed tissue was rinsed under running tap water for at least 30 min. Tissues were
dehydrated in an ascending ethanol and xylol series in a 16h protocol ugisgw S | t
Vacuum Infiltration Processor (Sakura, USS@mples were emioeled in paraffin Tissue

¢ S1t ¢Embedding Console System, Sakura,)US# sectioned to 4m using a
microtome (Leica RM2165). Mouse spleens were treated the same way.

3.2.5.2 Hematoxylineosin staining

Sections were deparaffinized by washing three timeshwiylene for 5 min. Descending
alcohol set (2 x 100%, 1 x 95% , 1 x 70% ethanol, 10 min each) was used for rehydration.
The sections were rinsed in distilled water twice for 5 min, stained by hematoxylin (50 ml
of 5% KAI(SH x 12 HO), 1 ml of 10% hemaxylin (Sigm&ldrich, Czech Republic) in

96% ethanol, 1 ml of 2%k, and 10 drops of 35% HCI) for 1 min and differentiated by
running tap water for 3 min. Sections were washed once in distilled water and
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counterstained by EosiM for 20s and rinsed itap water for 1 min. Dehydration was
performed by ascending alcohol set (1 min in 70%, 80%, and 100% ethanol) and the
sections were incubated with xylene for 3 min. Slides were allowed to dry and PERTEX
Mounting Media (CellPath) was used as a mountingeaadror histological evaluation of

the tissue damage, areas of inflammatory lesions were microscopically evaluated and
guantified, essentially by the method of Cooper et{@2].

3.2.5.3 Trichrome staining

After deparaffinization and dehydration, slides were stained with Mallory Trichrome kit
65L!'tt!t ¢l > LaGlrfteov FOO2NRAY3I (2 GKS YIydzFl Ol
with distilled water three times and incubated for 3 min with reagent A (fuchsine acid),
washed again and incubated with reagent B (phosphomolybdate) for another 3 min.
Reagent B was allowed to run of the slide and immediately after reagent C (Mallory
solution: methylenblue, Orange G, oxalic acid) was added and slides were incubated for

5 min. Slides were washed with distilled water and differentiated in 96% ethanol for 1

min followed by dehydration and mounting.

3.2.5.4 Immunohistochemistry (IHC)

Slides were stained for piération marker kb7 (DAKO, Denmark), macrophage marker

F4/80, as well as for collagen | and IV (all AbD Serotec, UK). Antibodies were summarized

in table 35. For the k67 and the collagen | antibody the pneatment for epitope
retrieval was done by 2 Af Ay3d GKS &t ARSa Ay wmn Ya [/ AGN
20 min. For the F4/80 and the collagen IV antibodies the epitope retrieval was done by
incubation with 0.01% Proteinase K (20 mg/ml) (Biolabs, Germany) in 20 miAIris

buffer (pH 74) for 5 min at RT. Afterwards, slides were washed in 1 x PBS three times for

5 min and blocked for endogenous peroxidase with 3%,Hh 1 x PBS for 10 min.

A second blocking step with 3% Idat milk powder, 2% BSA, and 0.1% jlaN1 x PBS

was carried out for 1h at RT to reduce unspecific binding. Subsequent incubation with the
primary antibody, which was diluted in 1 x PBS containing 10% FCS and 0.1%w&aN

R2yS F2NJ mK & w¢ 0 CFrBE yollagen 2 ahd IO hethotaryK G | G
antibody was diluted 200 times in 1 x PBS + 10% FCS withoytaNaNlides were

incubated for 1.5h at RT. As these antibodies were biotinylasteptavidinHRP

(BD Pharmingen, USA) was added to the slides and incubated for 30 min 8heRT.
visualization of positive cells by the chromogen DAB-(dj@minobenzidin) (DAKO,
5SYYIFNJUO o6F& LISNF2NXYSR | OO2NRAY3 G2 GKS YI
staining procedure was completed by a counterstaining with hematoxylin (30 sec) to
visualize the nuclei of the cells.
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Table3-5: Primary antibodies used for immunohistochemistry.

primary antibodies distributor dilution
e v ADSems Uk 1200
?:Izylc:;cz}nla: 1rg)bbit antmouse Collagen | AbD Serotec, UK 11000
?:Izyf;%nﬁ 7r(a)l;abit antimouse Collagen IV AbD Serotec, UK 11000
monocione oL anmouseki? DAKO, Denmark  1:50
Table3-6: Secondary antibodies used for immunohistochemistry

secondary antibodies distributor dilution
?;o;gfs;zd polyclonal rabbit antiat IgG DAKO, Denmark 1200
biotinylated polyclonagjoat antirabbit IgG  Vector Laboratories, 1300

UK
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3.3 Cell analysis

3.3.1 Migration assay

RAW264.7 cells were cultured under standard cell culture conditions in RBXD media
(Media facility, Institute of Molecular Genetics, Prague, Czech Republic) swykd

with 10% FCS (PAA, Austraid 1% penicillin/streptomycigo t ! | = | dzZa G NRF 0 | @
5% C@ CIiMplatel6 with the xCELLigence RTCAIm3Rument (Roche)were usedto
monitor migration of macrophages in retine using label freeconditions. The ©4-
platel6 is a 16wvell modified Boyden chamber composed of an upper chamber and a
lower chamber. The upper chamber msealed atits bottom by a microporous
polyethylene terepthalate membrane. These micropores permit the physical
translocation of cells fnm the upper part to the bottom side of the membrane. Tlhever

side of the membrane (side facinipe lower chamber) contains interdigitated gold
microelectrode sensors which will come in contact with migrated cells and generate an
impedance signalThe lower chambers contaii6 wells, which each of them serves as
reservoir for achemoattractantsolution on the bottom side of the wells. For optimal
RAW 264.7 cellmigration, it was determined that extracellular matrix proteins are
necessary. The membrarieerefore wascoated with 10>g/cn? of collagentype IV. After
CliMplatel6 assembly, 106l of cell suspension (30 000 cefisr wel) were added to
each well of upper chambeihe CiIMplatel6 was placed in the RTCA DP Instrument
equilibrated in a CQ incubata and migration of RAW264.7 cells was continuously
monitored. Thecombination of chemoattractast(colon explant culture supernatants
RPMI mediancluding various cytokines/chemokingsovidesa signal which induceghe
directional migration of RAW64.7 cellsthrough the micropores of the CHdlatel6
Migrating cells were detected by the electronic sensing and data are expressed as slopes
of cell index values.

3.3.2 Isolation and analysis of murine cells

To futher analyze the impact of MMRBeficiency, diferent cell types were isolated from
wild-type, MMPR19, MMP-28-deficient, and MMPL9/28-double-deficient mice.
Experiments were carried out with peripheral blood mononuclear cells (PBMCs) and
splenocytes. Blood collection was performed by reatrbital bleeding of anaesthetized

mice. Blood was collected in heparin coated tubesA(ONER @S G (i,SSarstedt, o nn
b NYo NB OK i o aofl Nidfting, & 0

Cells were washed in PBS and centrifuged for 5 min at 300'& remove erythrocytes,

cells were treated withsterile filtrated 1 x ammonium chloride lysis buffer (150 mM

NH,CI, 10 mM NzCQ, 1 mM EDTA, pH 7.4) for 5 min on ice. After centrifugation (5 min at
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300 xg) and washing with PBS, cells were resuspended in PBS containing 1% BSA and
0.1% Nah| counted usiig the Neubauer counting chambemd used for FACS analysis.

Spleens were isolated from C57BL/6NCrl mice and passed through a nylon mash into a
50 ml tube containing 5 ml 1 x PBS supplemented with 1% penicillin/streptomycin. The
cell suspension was ceiftrged at 300 xg for 5min at room temperature. The cell pellet

was resupended in red cell lysis buffer, incubated for 5 min on ice and centrifuged again
at 300 x g for 5 min. The supernatant was discarded, cells were washed with 1 ml PBS and
resuspendedn FACS solution (PBS, 1% BSA, 0.1%),Naid counted using Neubauer
counting chamber.

3.3.3 Flow cytometry

Analysis by flow cytometry was performed using cells isolated from blood and spleen.
Once the cells were resuspended in FACS solution (PBS, 1% BSKWais)l%llowing

steps were performed on ice. For each analysis 300 000 cells were taken and
centrifugation steps were run with 300 cfor 5 min at 4C. For detection of surface
molecules only antibodies directly conjugated with fluorochromes were use&inisg

with antibodies was performed in 108 FACS solution for 30 min on ice in the dark.
Antibodies used for flow cytometry are listed in following table (Tafy).3Before
incubation with fluorochromeconjugated antibodies cells were pneated with rat antt
mouse CD16/CD32 antibodies to blo&lcreceptors to reduce unspecific binding.
Additionally, in each experiment unstained cells were prepared to generate the settings
of the FACS (LSRII, BD, CA, USA) before starting the measurement. Also, all antibodies
were used in single stainings for coemsation.

Singlecell suspensions were washed with FACS bufR&S, 1% BSA, 0.1% jadhd
incubated with combinations of the following antibodies:

Antibody cocktail

Mix 1 (T cells) /' 50 %2 [/ 5nZ |/
Mix 2 (T and B cells) CD4, CD25, B220

Mix 3 (NKT cells) / 5npX /50 ¥2Z
Mix 4 (macrophages) CD45, CD11b, F4/80

Mix 5 (granulocytes) CD45, CD69, Ly6G/C

Cells were analyzed on an FACS LSRIl (BD Immunocytometry Systems, CandJSA)
analysis was performed using FlowJo software (Tree Star, OR, USA).
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Table3-7: Antibodies used for flow cytometry.

Molecule Host and Species Specificity Fluorochrome Distributor

/| 508 monoclonal hamatr antkmouse FITC EXBIO

CD4 monoclonal rat antimouse APC EXBIO

CD8 monoclonal rat antimouse Alexa700 EXBIO

CD11b monoclonal rat antimouse FITC BD Biosciences
CD25 monoclonal rat antimouse FITC BD Biosciences
CD45 (pan)  monoclonal rat antimouse Alexa647 gift of Dr. Waldman
CD69 monoclonal rat antimouse PE BioLegend

Ly6 G/C monoclonal rat antimouse FITC BD Biosciences
F4/80 monoclonal rat antimouse PE BioLegend
NK1.1 monoclonal mouse aminouse PE BD Biosciences
B220/CD45R monoclonal rat ati-mouse PE BD Biosciences
CD16/CD32 monoclonal rat antimouse -- BioLegend
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3.4 Protein analysis

3.4.1 Expression and purification of human MMEQ GS3usion protein
(GSTMMP19)

MMP-19 was produced as a fusion protein with glutathietransferasg228]in the BLR
(DE3) strain oE. coli(Novagen, Germany) using the expression vector pEEXThe
recombinant protein starts Nerminally with the GST fused in frame to Phe, the first
amino acid of the propeptide doain, and ends with Arg, the first amino acid of the 36
amino acidlong Gterminal tail. The expression of MMB was induced by 0.6 mM IPTG.
MMP-19 was produced as a fusion protein of glutathidtransferasg228]and MMR19

as described203; 229] Purification was done according to Rohman and Harisoroie
[230] with slight modificationsin brief, the pelleted bacteria were resuspended in 20 ml
buffer A (sonication buffer, 100 mM triethanolamui#Cl (TEACI), 150 mM NacCl,

1% Triton XLOO, pH 7.4) and disrupted in the presence of CompT)'qubeoteinase inhibitor
(Roche, Mannheim, Germany) by ndtcation. The sonicate was pelleted and the
supernatant transfered into 4 ml of buffer B (100 mM THE&l, 200 mM Mg&l500 mM

KCI, 100 mM ATP, pH 7.4) and incubated for 30 min at room temperature. This step was
followed by an incubation for 45 min with5 ml 50% slurry of Glutathione Sepharose 4B
(GE Healthcare, UK). The sepharose mixture was washed three times with 10 ml buffer C
(100 mM TEAICI, 150 mM NaCl, 20 mM MgC30 mM KCI, 1% Triton, 10 mM ATP,
protease inhibitors, pH 7.4). In the last washstep buffer D was used (100 mM TH®AI,

150 mM NaCl, 20 mM MggCB0 mM KCI, 5 mM ATP, pH 7.4). For elution of the bound
fusion protein we used 50 mM T+#$Cl with 10 mM reduced glutathione, pH 8.0 which
was prepared freshly prior use. 5 elutions werefpemed and analyzed by SIPAGE.
¢KS FTNIOGA2ya 6SNB LR22ftSR YR RAlFft&@aSR 2@S
TrisHCI, 150 mM NaCl, 5 mM MgCh mM CaGJ pH 7.4) using a Slidelyser cassette
(PIERCE, USA) to get rid of the reduced gluta¢hidhe concentration was determined
using BCA kit (PIERCE, USA).

3.4.2 Determination of GSIMMP-19 activity

To test whether the purified MMR9 protein was active, a cleavage assay using a
guenched fluorescence substrateMiP-2 Substrate, fluorogenic, Calbloem) was
LISNF2NYSR F2NJ mK |4 otc/ o [/ tSH@I3IS 2F GKS
fluorescence. Different concentrations of GEMP-19 WT (1.5 6 >g/well) were used in

order to evaluate the protein dependency of tlaetivity. Asample withod GSTMMP-19

served as contrdb exclude self degradation of the fluorogenic substrate during the assay.

To verify the specific effect of recombinant G8WP-19 the inhibitorMMP-9/MMP-13
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Inhibitor I (10 >M, N-Hydroxyl-(4-methoxyphenyjsulfonyt4-benzybxycarbony
piperazine2-carboxamide, Calbiochem) was used to block its activity. All assays were
carried out in TNC buffe5Q mM TrisHCI, 150 mM NaCl, 5 mM MgCh mM CagG]

pH 7.4) containing 186M ZnC{.

3.4.3 Fractalkine cleavage assay

The proessing of 1>g human fractalkine (R&D Systems, USA) was done in TNC buffer

(50 mM TrisHCI, 150 mM NaCl, 5 mM Mg@ mM CagG]J pH 7.4) containing 18M ZnCJ

With 4> GSTMMP-Mmp G oT1c/ F2NJ opKd ¢2 RSOGSNXYAYS
inactve MMR19 mutant (E213A) was used instead of the active protein as well as a
setup without any enzyme to observe s@lfocessing of fractalkine.

3.4.4 Protein isolation from tissue biopsies

Colon biopsies were sndpozen in liquid nitrogen and stored ay n cColdn from DSS
treated WT and MMPA.9-deficient mice were excised, crushed in liquid nitrogen and
lysed for 45 min on ice in modified RIPA buftsd MM Tris HCI, 150 mM NacCl, 0,1% SDS,
0.5% DOC (sodium deoxycholate), 1% Tritd®X pH 7.5rontaning 1 mM EDTA, and
proteinase inhibitos (CompleteEDTAfree, Roche, Germany).

3.4.5 BCA protein assay

BCA Protein Assay kit (PIERICRJSA) was used to determine the protein concentration

in tissue lysates. The protein samples were 10 times dilutedHfOd standards and
g2N]lAy3 NBIF3ISYyld 6SNB LINBLI NER | OO2NRefy 3 G2
the sample or standard, 10€ of working reagent was added. The mixture was incubated

Fd ot ¢/ F2NJon YAydzwiSad IyR 0a2NblyOS 27F 2
by a Tecan Reader Infinite M2Q@ecan group, Switzerland). The concentratioin

samples was calculated from the standard curve.

3.4.6 TCA protein precipitation

Supernatants (RIPA media without FCS) of colon explant cultures had to be concentrated
before analysis by immunoblotting. Concentration was done by (T@éhloroacetic acid)
protein precipitation. In brief, to one volume protein 1/100 volume of 2% DOC (sodium
deoxycholate) were added and the mixture were kept on ice for 15 min. Afterwards 1/10
volumeof 100% TCA were added and kept on ice for 1 h. The precipitated proteies wer
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collected by centrifugation at 10000 k¥ 2 NJ mn YAY | d nc/ ® ¢KS
washed in icecold acetone to get rid of residual TCA. The protein pellet was resuspended
directly in reducing Laemmli sample buffer. In case the protein mixture changed
yellow, indicating remains of TCA a few microlitres of 1 M Tris, pH 8.8 were added until
the colour changed back to blue.

3.4.7 Preparation of protein samples for SEFAGE

Lysates or mixture of recombinant proteins were mixed widducing loading dye

(250 mM Tris, 40% glycerol, 20%nercaptoethanol, 8% SDSPB% bromophenol blue)

{FYLX Sa 6SNB YAESR o6& @2NUSEAY3I | yR AyOdzml!
colon lysates, 3G9 of protein and 10| of concentrated CEC supernatants were e&d

on a polyacrylamide gel. For the analysis of the fractalkine cleavage assayoflLthe

digest were loaded.

3.4.8 Immunoblotting (Western blotting)

Proteins were separated on 12.5% SDS gels, followed by electrophoretic transfer (transfer
buffer: 3.03 g Tis, 14.27 g Glycine, 20% methanolito a PVDF membrane, pore size
(0.45>m) (MachereyNagel, Germany). Membranes were blocked with 5%-fadmilk in

TBST buffer containing 20 mM THEI, 500 mM NaCl, and 0.1% Twe&én pH 7.5

(5% TBSTM buffer) f@an hour at room temperature. For detection, polyclonal goat-anti
fractalkine antibody (Santa Cruz, CA, USA) orfeatttalkine serum (gift of Dr. Andreas
Ludwig, Aachen, Germany) were diluted in 2% TBSTM buffer and incubated on the
membrane overnight. er three washing steps, the bound antibody was detected using
peroxidaseconjugated rabbit antgoat antibody (Jackson Immuno Research, West Grove,
PA) and the ECL plus Western Blotting Detection System (GE Healthcare, UK). Signals
were recorded with alminescent Image Analyzer (L-8@0,Fujifilm Life Science, USA).

Table3-8: Primary antibodies used for immunoblotting.

primary antibodies distributer dilution
lyclonal Iki i

polyclonal goat antfractalkine antibody (20) Santa Cruz, USA 1:500

(se7225)

Dr. Andreas Ludwic

1:2000
Germany

fractalkine antiserum (polyclonal rabbit)

)
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Table3-9: Secondary antibodies used for immunoblotting.

secondary antibodies distributer dilution
peroxidaseconjugated rabbit antgoat Jackson Immuno 1 - 20 000
antibody Research, USA
peroxidaseconjugated goat artiabbit

PIERCE 1:1
antibody CE, Germany 0 000

3.4.9 Zymography

For the detection of gelatinase activifg.g.MMP-2 (gelatirase A) and MMPB (gelatinase

B) an 8% SDBAGE containing 1 mg/ml gelatine was prepared. Colon homogenates of
healthy and DS8eated WT andVIMP-19-deficient mice were used in this analysis. The
gel was prepared as follows:

After finishing the protein segration, gels were washed two times for 20 min2rb%
Triton %100 to remove the SDS. Afterwards they were incubated for 24h in TNC buffer

(50 mM TrisHCI, pH 7.5,5mM CaEl mn ¥ 8.05%\dtchx1nno0 G oTtc/ @

of gelatinase activity werdisplayed by staining with 0.5% Coomassie Bh2&WR(Sigma,
Germany) and appeared in white on a blue background.

3.5 Barrier function

3.5.1 FITC dextran administration

Intestinal permeability was assessed by administration of -matabolizable
macromolecule HIGdextran 4 (MW: 4000 Dalton) (TdB Consultency, Uppsala, Sweden).

FITGextran was administered by gavage (0.6 g/kg body weight) 4 h before sacrifice.

Food and water were removed 4 h before administratig¢hole blood and plasma were
obtained byretro-orbital bleeding of anaesthetized mice. Blood was collected in heparin
Dilutions of FIT@extran 4 in PBS were used as a standard curveahadrption of 100>
serum or standard was measured in a fluorometer at 488 nm.

¢ |



MATERIAL AND METHODS 51

3.6 Statistical analysis

Lff LI NFYSONRO RIGF | NB LINB a 950 SSatisticak ™ YS |y
analyses were performed with GraphPad Prifrata from two groups were analyzed for
AAIYATAOF yOS dza A yiést. MoredyibueRviesé domparedaysing ewelyB R
ANOVA (KruskaVallis and Dunns Post test). Differences were considered significant at

p < 0.05 and marked with *. ** designate < 0.005 and *** p < 0.001.
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4 Results

4.1 Constitutive expression of MMA9 and MMP28 in mouse
colon

Unlike human MMPL9 and MMP28, which have been shown to be expressed in normal
intestine[131], expression oftie murine orthologs in the colon is less well characterized.
To address this point, colonic tissue samples of wildtype (n = 3), -MPand
MMP-28-deficient mice (both n = 3) were analysed for basal expression of {WM&nd
MMP-28 by semnuantitative PCR. GAPDH mRNA expression served as endogenous
control (Figure 41A and C)The expected PCR fragment had a size of 65 bp. As shown in
Figure 41, MMPR19 and MMP28 were constitutively expressed at similar levels in colonic
tissue of wildtypemice. The absence of MMED or MMPR28 transcript in the tissue of the
respective knockout mice was in agreement with the genotyping data confirming the
disruption of the MMP genes. MME9Q expression levels in the colon of MMB-/- mice

as well as MMR28 expression levels in the colon of MMBP -/- mice were comparable to
those observed in the wildtype animals (FiguréBland D). The size of the PCR products
was 82 bp for MMRL9 and 101 bp for MMR28.

A

1

s
8 8

+/+ 19 -/-28 -/-

Figure4-1: mRNA expression of MMR9 and MMR28 in mouse colon.

MRNA for both MMPs was detected in murine colonic tissue by -gamititative RTPCR.
Transcripts could not be detected in tissues from Md#ficient mice. +/+: wildtype; 1b-
MMP-19-/-; 28 -/-: MMP-28 -/ -.
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4.2 Acute colitis

To investigate the impact of MMP9 and MMP28 deficiency on colitis development,
acute colitis was induced in WT (n = 10), MMP/- (n = 11), MMR28-/- (n = 7) as well

as MMR19/-28 doubledeficient (n = 12) micby administration of 2% DSS in the drinking
water for six days. Only males was used for all experiments as a significant gender bias in
susceptibility to DS#duced colitis were reported. Female mice seemed to be more
susceptible to the treatmen{168]. The use of females was also avoided from the
beginningof the study because of the probable influence of hormonal changes during
longterm experiments (e.g. chronic colitis). Untreated mice, wildtyged single MMP
deficient mice (n = 5) were used as control. The mice were sacrificed after they had
received mrmal drinking water for another twalays (Figure 2). Body weight, disease
activity index(DAI)[223], and survival rates were monitored daily. Besides, changes in
colon length, spleen size and weight were recardand histological analysis of colon and
spleen tissue was performed.

Figure4-2: Induction of acute colitis, course of experiment.
Mice were treated with 2% D$& 6 days and then receiveddays nomal drinking water.

4.2.1 MMP-19- but not MMP-28-deficient mice show increased susceptibility
to colitis

In contrast to the DSBeated MMR28 -/- mice, which only started to lose weight from

day 5 and had not lost more body weight than the treated wildtyperels after day 8,

the MMP-19-deficient mice lost weight starting at day 3 and, at the end of the
SELISNAYSYyi(> aK26SR | &A3IYyAFAOlIYydteé& KAIKSNI
GSNRdza MH p 072 Z-3A)JThe untrebtedigonirol aninadid duBse any

weight. The prominent weight loss of the MMBP -/- mice was reflected in a higher

disease activity indej23] score compared to the MMR8 -/- mice (DAl on day 7: 4.0

N ®pyl9daversis2.3r 1 dpc28H@ a@®SNEAdzA Hdn 5 ndo 62 ¢
4-3B). The more severe colitis in the MMP-/- mice also resulted in the death of about

15% of the animals. In contrast, RIMP-28-deficientmice survived (Figure-3C).
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Figure4-3: MMP-19 -/ - but not MMP-28-/ - mice are more susceptible to colitis than WT mice.

(A) Body weight development of D88ated WT (n = 10), MMB8 -/- (n = 7, left panel) and
MMP-19-/- (n = 9, right panel) micever the course of acute colitis (8 days). The body weight of
untreated animals was recorded as control (right panel). (B) Development of disease activity index
[223] of DSSreated MMR28 -/- (left panel) and MMPL9 -/- (right panel) mice. Data points for
body weight and DAI are expressed as the mean value of all surviving animals within one group
B {5® 6/ 0 { dzNIWEi&)fdr MNPEANGABfEpantelYand MMPg -/ - (right panel).

Analyzing thecolon of the mice on day 8, all D8&ated animals displayed a shortened

O2f 2y O2YLI NBR (2 GKS dzyiNBIFGSR O2yGNBf 3N
However, whereas the colon length of the treated M¥®-/-YA OS o6ndyH p ndn
70.9% ofuntreated colon length) was not significantly different from the one of the
GNBFGSR gAfRGIRLIS FYAYIEa 6ndcp 5 ndd/F OYI )
YAOS 61 a NBRdAdZzOSR (2 ody p n4ANamdCPYSI A PSP ppd
Size and wight of the spleen were increased in the B&&ated WT mice compared to

the untreated control (Figure -4B). This was not observed for the spleens of the
MMP-28- or MMP-19-deficient mice. Accordingly, the spleen weight of the MiEP-/-

mice was snilar to the one measured for the control animals and significantly reduced
compared to the spleen weight of the WT mice (Figu#B4and C). MMR8 -/- mice had
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a similar body weight than MMP9 -/- and untreated mice but also in this experiment
there wasa tendency for an increased spleen in WT animals.

Taken together, most of these data demonstrate an increased susceptibility of-MMP
deficient mice to DSBduced colitis.
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Figure4-4: Colon length ad spleen weight of MMPL9- and MMP-28-deficient mice with acute

colitis.

(A) Colon length of DSf®ated MMPR28 -/- (left panel) and DS®eated MMR19 -/ - (right panel)
compared with the treated wildtype and the untreated controls. Whereas no significant
differences were observed in the colon length between treated WT and ¥81knockout mice,

the colon length of the MMHAS9 -/- mice was significantly reduced compared to the wildtype
(-12.5%, p < 0.01). (B) Spleen weight of -D&8ed MMR28 -/- (left panel) and DS8eated
MMP-19 -/- (right panel) compared with the treated wildtype and the untreated controls. The
spleen weight of the MMR9 -/- (right panel) but not the MMR8 -/- (left panel) mice was
significantly reduced compared to the wildgpp 5+ GF F2NJ 6! 0 FYyR 0.0 | NB
(C,D) Representative pictures showing colon length (C) and spleen size (D) of treated WT,
MMP-19-/-, and MMP28 -/ - mice.
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4.2.2 Acute colitis is nost severe in MMPL19/-28 doubledeficient mice

Functiona redundancy and compensation mechanisms due to overlapping substrate
specificity are comimn among the MMP family member§o assess if MMP9 and
MMP-28 could compensate for each other in tlsngledeficient mouse models, the
acute colitis experiment warepeated with MMPL9/-28 double knockout mice. Wildtype
and MMR19-/- mice served as controls.

The most striking result was a dramatic reduction in survival of the MMR28
double-deficient mice compared to the control animals (survival rate ap 8 WT, 100%;
MMP-19-/-, 85%; MMP19/-28 -/-, 25%) (Figure-8C). Those MMR9/-28 dbKO mice that
survived lost also more weight and showed a higher DAI score than the-NMMP
singledeficient or wildtype mice (Figure3A and 45B).
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0 T
0 1 2 3 4 5 6 7 8
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Figure4-5: Acute colitis is considerablyxacerbated in MMP19/-28 doubledeficient mice.

Body weight changes (A), disease activity infZ33] (B) and survival (C) of D8&ated WT

(n = 10), MMP19 -/- (n = 9) and MMHR.9/-28 dbKO (n = 3) were recorded daily and monitored
over 8 days. Data points for body weight and DAI are expressed as mean values of all animals
GAUKAY 2yS 3ANRdzZ) 5 {5
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In addition, the colon lerth was significantly reduced compared to wildtype animals
6ndmMm B NPHP OYI APPSO c n drI9 ¥- cofodgii Thespleeh,f | NJ
however, did not display any major changes in size and weight (Figi)te 4

Together, these findings demomate that the phenotype of the MMR9/-28 double
knockout mice is more severe than the one observed for the MR - singledeficient

mice. Considering that the MMB8 -/- animals did not show a phenotype, this indicates

the capacity of MMPL9 to at leas partially compensate MMR8 function but not vice

versa.
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Figure4-6: Colon length and spleen weight of MMP9/-28 doubk-deficient mice with colitis.

(A) Colon length of DSf&ated MMR19/-28 doubledeficient, MMP19 -/- , wildtype (WT) and
untreated control mice. The MMP9/-28 dbKO {7.9%) and the MMR9 singledeficient mice
(-12.5%) showed a significantly reducedlon length compared to the wildtype animals.
(B) Spleen weight. No significant differences were detected between the groups.
(C) Representative pictures showing the shortened colon and the unchanged size ofddple=n
MMP-19/-28 dbKO mice.

To evaluate if the onset or progression of colitis was different between the strains, a time
course experiment was performed (Figure’¥ Acute colitis was induced as described,
and every second day three mice per strainravesacrificed in order to analyze the
development of the shortening of the colon, the size of the spleen as well as histological
parameters. Up to day 2, no shortening of the colon was detected in any of the strains,
and differences to the healthy contrailice were not significant. The first signs of disease
were observed at day 4, with a reduced colon length of the MIMRP - mice compared to

the WT and MMR28 animals. However, the differences were not significant at this point.
By contrast, in case of éhdoubledeficient mice, the colon was shortened to an average
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of 5 cm, which was highly significant (p < 0.005). Analyzing the colon length two days later
(day 6), a statistically significant difference was seen in MMIFsingle as well as
MMP-19/-28 doubledeficient mice compared to the wildtype group (p < 0.05). This
difference was still observed at day 8 (p < 0.05).

The weight of the spleen did not change significantly throughout the experiment but at
day 8, spleens of wildtype mice were markeligger than those of MMR9 -/- animals

(see also 4.2.1). However, no significant difference was detected among the mutant
strains, MMP19-/-, MMP-28 -/-, and MMR19/-28 doubledeficient mice.

A . B
8,0 X 180,0
= 70 * % W 150,0 -
g 6,0 N _§, !
T 50 + 120,0 mWT
2 4,0 - 3 90,0 - OMMP19 KO
< 30 2 60,0
S 20 g OMMP28 KO
S 1,0 - 5 3007 @ MMP19/28 dbko
0,0 - : : 0,0 : : ‘
day2 day4 day6 day8 day2 day4 day6 day8

Figure4-7: Monitoring colon length and spleen weight during the course of colitis.

Acute colitis was induced in WT (n = 12), MMP-/- (n = 12), MMR28 -/- (n = 12), and
MMP-19/-28 dbKO mice (n = 12). Every other day until the end of the experimenBjdaymice

per group were sacrificed, and colons and spleens were analyzed for changes in size and weight.
(A) A continuous reduction in colon length was observed in all groups, with no significant
differences between MMR8-deficient and wildtype mice. Inontrast, the colon length of the
MMP-19-deficient and the MMPL9/-28 doubledeficient mice were markedly reduced compared

to the wildtype animals throughout the experiment. (B) The spleen weight of wildtype mice
increased steadily during the course ofetlexperiment, whereas the one of the other groups
increased only until day 4 and afterwards remained largely unchanged or even decreased.
* p <0.05; **, p <0.005.

4.2.3 MMP-19 single and MMP-19/-28 doubledeficient mice developed
anemic spleens

The spleen consists of two major parts, the red pulp and the white pulp. Whereas the
white pulp is responsible for the immune response, the red pulp filters the blood for
pathogens and dying cells and serves as a reservoir for mond@agk Under normal
conditions the red pulp is always filled with blood in order to clean it. Analysis of mouse
spleens after acute DSf&atment revealed signs of severe anemia (loss of red blood
cells) in case of the MMP9-deficent and MMP19/-28 doubledeficient animals. This
phenotype is due to the excessive blood loss caused by the acute colitis and damaged
epithelia, which leads to internal bleeding into the colon and is detectable during the
course of colitis. At day 8 allrains had anemic spleens; however, the doubédicient

mice were most affected as all surviving mice depicted this phenotype.
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4.2.4 Extensive colonnflammation and damage in MMHRleficient mice with
acute colitis

For histological analysis, the mouse colon was divided into three g@msximal, mddle,

and distal. All parts were analyzed throughout the study. Only results of the distal part of
the colon are shown as this area was reported to be the most affected one in DSS
induced colitid98; 232] which & in line with the obtained resultd'hree mice per group
and experiment were randomly picked and the tissue sections evaluated in a blind
analysis by a pathologistColon sections stained with hematoxylin/eosin were analyzed
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Figure4-8: Development of anemic spleens during the course of acute caliti

Spleens were found to be anemic alreatyday 4 in more than half of the experimental cohort of
MMP-19 -/- and MMR19/-28 doubledeficient mice. At day 8 also the other strains showed a
decreased number of red blood cells in the spleensd@uible-deficient mice were showing this
phenotype. Two independent experiments were performed.
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for parameters related to tsue destruction and inflammation (Figurel4).

All untreated mice did not show any signs of disease, even if analyzed in detall

(Figure 49).

Figure4-9: Representative pictures of colons of urdated (healthy) mice.
Hematoxylin/eosin staining of WT, MM -/-, MMP-19 -/-, and MMR19/-28 dbKOmice,
magnification x 100.
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All DSSreated mice showed clear signs of colon inflammation and damage. Thus, about
50% of the colon mucosa of WT mice digplhinflamed lesions and oedema (Figur&Q}

and 411A and 411B), and about 40% of the tissue was affected by crypt damage (Figure
4-11G). An oedema is an abnormal accumulation of fluid in the tissue dueteased
blood vessel wall permeability e.g. rihg inflammation It is one of the first signs of
inflammation caused by a strong acute inflammatory respof$e. spatial extent of crypt
damage needs to be seen in conjunctioiththe depth of damageA damage score of 1
means the whole crypt is destroyed and not recognizable anymore.

A considerable neutrophil influx was another symptom of increased inflammation (Figure
4-11B). However, the most severe colon damage was obsdoretie MMR19-deficient

mice. The area showing inflamed lesions covered about 80% of the tissue, which was
significantly more than seen in all other groups (FigwELA). Ulceration intensity and
depth as well as crypt damage and depth were also signifig increased compared to

the WT and the MMR8 -/- mice (Figure 4.1C, D, G and H). Ulceration describes the loss
of the epithelium in the colon during D&®atment. In case of 100% ulceration intensity
the whole epithelium is absent. The depth scofsoadescribes how deep the ulceration
affects the mucosa. Remarkably, the MM8&deficient mice displayed generally less
severe colon inflammation and destruction than the WT animals. For instance, the extent
of inflamed lesions and the intensity of ulcéom were markedly reduced, although no
significance was achieved. The MN®-28 doubledeficient mice showed a trend
towards more severe colon damage than observed in the MMP sidgfecient animals.
However, the differences were not significant, whmobably resulted from the fact that
only surviving mice were analyzed. Furthermore, especially the NISAtReficient mice
showed a high percentage of hyperregenerative tissue (FigutdF). Regeneration
means normal restoration/repair of the epitheliumshich is a positive effect. In contrast,
the term hyperregeneration means that large numbers of immature epithelial cells are
present at the site of restoration, the repair mechanisms are not controlled properly,
which can lead to tumor development.

Talen together these findings further support the increased susceptibility of the
MMP-19-deficient mice to DS$duced colitis and suggest that they are also morene
to develop colon cancer.


http://en.wikipedia.org/wiki/Inflammation
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Figure4-10: Representative pictures of proximal colon after acute colitis of WT, MHZ®-/ -,
MMP-19-/ -, and MMPR19/-28 doubledeficient mice.

Extensive oedema formation could be observed in MMPR/- and MMP doublealeficient mice
(arrows), compared tanilder influx of liquids in WT and MMZEB -/- animals. Arrowheads are
pointing to the epithelium of the mucosa, which is still present in WT and MBP- mice but
nearly completely absent in MME9 -/- and MMP doubledeficient mice.Hematoxylin/eosin
staining,magnification x 40.
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Figure4-11: Histological analysis of colon tissue of MMiIficient mice with colitis.

Colon tissue sections of D88ated WT, MMP19 -/-, MMP-28 -/-, and MMPR19/-28 double-
deficient mice were stained with hematoxylin/eosin and analyzed for parameters related to
inflammation and tissue destruction. Untreated mice of each group served as controls. All DSS
treated animals showed clear signs of colon inflammation andeéistamage. The most severe
symptoms, however, were observed for the MMB-deficient mice, which displayed a
significantly higher percentage of inflamed lesions (A), ulceration (C) and crypt damage (G) as well
as hyperregenerative tissue (F) than WT ardd®28-/- mice. The MMPL9/-28 doubledeficient

mice showed a trend towards more severe colon inflammation and damage compared with the
WT animals but no significant differences were seen (data are shown as dot plot with means.
* p <0.05).

4.2.5 Decraased and delayed neutrophil influx ankigher inflammation
scores inMMP-19-deficient mice

Analysis of hematoxylin/eosin stained distal parts of the colon over the course of acute
colitis revealed that the percentage of inflamed colonic tissue in MMPF/- mice is
higher during the whole treatmenfFigure 411A) whereas oedema formation is similar

in both lines at the beginning and only significantly increased at day 8 in the-MMP
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deficient mice(Figure 411B) The amount of neutrophils in the inflamedi$sue rose to

90% of all cells in WT mice on day 2 of the treatment, during the progression of the
disease the numbers of neutrophils decreased to 20% of all cells at day 8. At this time
point of the colitis, WT and MMR9-deficient mice showed the samaumbers of
neutrophils in the inflamed colon tissue, whereas at the beginning neutrophils were not
accumulating at the sites of inflammation in MMBP -/- mice (Figure 412C) Anulceris a

sore in the lining of the colon epithelium, accompanied by degration of tissue. Ulcers
could result in a complete loss of tlepitheliumand often affect the underlying layers of

the colon wall as well. The disrupted bleeding tissue causes inflammation in the colon,
causing diarrhealt was a few days before ulcdian developed in the DStgeated mice

but it was earlier seen in the MME9 -/- mice and around 90% of the tissue was affected

in these animals compared to only 20% in WT riikegure 411D)
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Figure4-12: Higher inflammatory lesion extent and low numbers of neutrophils in lesions over

the course of acute colitis in MMR9-deficient mice.

The percentage of inflamed colonic tissue (A) in MMP/- mice is higher during the whole
treatment, whereas oedei formation (B) is similar in both lines at the beginning and only
significantly increased at day 8 in the MNB-deficient mice. Neutrophils are not accumulating in
the tissue of MMPL9 -/- mice, nhumbers stayed at low levels during the course of col@js If
contrast, the amount of tissue affected by ulceration of the mucosa rose to 90% until the end of
the experiment (D).

In addition to the evaluation of the amount of neutrophils in the tissue, MPO
(Myleoperoxidase) activity was measured in WT and M -/- mice at day 8 of the
experiment. MPO is an enzyme produced mainly in neutropp88; 234]but also other
inflammatory cells like macrophages. MPO is secreted by activated neutrophils and
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macrophages durm inflammation and after phagocytosis of bacteria. The higher the
amount of this enzyme the more neutrophil granulocytes are present in the analyzed
tissue, which indicates higher inflammation. An increase of MPO levels was detected in
MMP-19-deficient mie, whereas WT mice showed only low activity (Figute¥ Thus,
these results supported the histological findings where a slight tendency of higher
numbers of neutrophils was observed (Figurel2C) and indicated more severe
inflammation in MMP19-deficient animals than in wildtype mice at day 8. The elevated
numbers of neutrophils in the knockout tissue fit with the increased activity of gelatinases
in the tissue as neutrophils are one source of these enzymes (see section 2.4.).
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Figure4-13: Increased MPO levels in MMP9-deficeient mice.
MPO levels in the colon of MMP3-deficient mice (n = 3) were increased compared to WT
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4.2.6 Higher amount of activegelatinases in colon tissue of MMP9-
deficient mice after administration of 20 DSS

To analyze theegulation of other MMPs in WT and MM -/- mice under normal and
disease conditions a method called zymography was appl®&anographyis an
electrophoetic technique to detecigelatinolytic activity. It is based oiSDSPAGEhat
includes asubstrate in this case gelatine, copolymerized with thelyacrylamidegel.
Areas ofgelatinolyticactivity appear as clear bands against a darkly stained background.
Gelatire is the most commonly used substrate, and is useful famahstrating the
activity of gelatinedegradingproteases such as MMR and MMRP9 (gelatinases A and
B). Preforms of MMR2 and MMP9 could be detected in colon lysates of untreated enic
Also a faint signal for the active enzymes was visible (Figared). Analysis of the band
intensities revealed that around 20% of MA2Pand less than 10% of MMP were
present in their active form (Figure¥4C). Analyzing D&®ated mice sufferingrbm
acute colitis, no changes were observed for levels of active MM®P WT animals,
whereas the MMPL9 -/- mice showed a fourfold higher amount of active gelatinase A.
Concerning MMP, there was a slight increase in the active form of the enzyme, which
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was not significant. In MMB9-deficient mice in contrast, the amount of active MNP
was elevated five times (Figurel4B and C).

A
WT WT 19KO 19KO
<+— pro-MMP-9 (92 kDa)
<+— active MMP-9 (88 kDa)
<— pro-MMP-2 (72 kDa)
*+— active MMP-2 (66 kDa)
B
<— pro-MMP-9 (92 kDa)
“— active MMP-9 (88 kDa)
<+— pro-MMP-2 (72 kDa)
active MMP-2 (66 kDa)
C 1093 * %k %
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Figure4-14: Zymography of colon lysates of healthy and diseased WT andRVIM -/ - mice.

(A) Zymogram of colon lysates of healthy WT and M - mice (n = 2). (B) Zymogram of colon

lysates of WT and MMP9-/- mice treated with DSS (n = 3). (C) Evaluation of percentage of active

MMP-2 and MMP9 in the colon lysates of WT aMMP-19 -/- mice by Aida Image Analyzer
software5F G F NB aK2gy +ta YSIya 5 {5 FFF LI f nonni

4.2.7 MMP-19-deficient mice had increased permeability of the mucosa

A coordinated regenerative response is required to maintain the intestinal barrier
function. Inpaired barrier integrity leads to fast and severe progression of intestinal
diseases. Membrane integrity was measured in the experiment by permeability of FITC
dextran [235]. FIT@extran was administered by oral gavage four hours before sacrifice
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and plasma was analyzed for the presence of FITC. In untreated animals, only low levels
of FITC were detected and no differermmuld be found between WT and KO mice. Upon
DSS administration, the intestinal barrier became permeable for-#X€an in both

lines although to higher extent in MMPS-deficient mice (Figure -45). This
demonstrated the highly destroyed barrier in tMMP-19-deficient animals.
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Figure4-15: Permeability in colon of WT and MMR9 -/ - mice.

Acute colitis was induced as describ&dasma FlT-@extran concentrations in WT (n = 2) and
MMP-19-deficient (n =2) mice 4h after administration. No significance was detected as only two
mice per group were used but there is a strong tréadiards an increased permeability in the
MMP-19-deficientmice.

4.2.8 Reduced proliferation and no significant change in amount of
macrophages in MMRdeficient mice with acute colitis

Proliferation in the colon tissue was analyzed by immunohistochemistry using an
antibody against murine 7, which is a nuclear antigen expressed by all proliferating
cells. Only dark brown stained nacivere counted as positive.

Renewal of the colonic epithelial cells starts from the basal part of the crypts, from where
dividing cells migrate towards the apical side. In the intestine, a constant cell turnover is
needed to replace cells damaged througbntact with luminal contents. Under normal
conditions, cells migrate at a constant speed to the 4dlonding segments of the crypts.

In untreated mice a normal proliferative pattern was observed (Figtt6A).

In contrast, the proliferation was diminied in the DS®eated animals (Figure-46B and

C). A significant difference was detected among WT, MBIBeficient, and MMP19/-28
double-deficient mice; in WT animals 25% ofeKi positive cells were present, whereas in
the MMP-deficient mice only 10%fahe epithelial cells were proliferating. This strong
reduction of proliferating cell in acute colitis is due to the destructive effect of DSS to the
epithelial cells, especially the basal ones.
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Figure4-16: Decreased proliferation of epithelial cells in colon of WT, MMB -/ -, MMP-28 -/ -

and MMP-19/-28 dbKO mice

The proliferation pattern in healthy colon mucosa was the same for all strains, a representative
picture is shown (A and C). Strongly disited numbers of proliferating epithelial cells were
observed in all DSgeated mice (C) although MMEQ -/- and MMR19/-28 doubledeficient mice
showed significantly less cells positive for the proliferation mark&7Kin the mucosa (B and C).
Data areshown as individual data points with means, n = 2 for untreated mice; n = 5 fer DSS
treated mice. *, p < 0.05.

Macrophages function in both innate as well as adaptive immunity of vertebrate animals
and are the most important mediators in wound healifigney phagocytose (engulf and
then digest) cellular debris and pathogens, either as stationary or as mobile cells, and in
addition stimulate lymphocytes and other immune cells to respond to pathogens by
releasing various cytokines. Another important funaotiof macrophages is phagocytosis

of ageing and apoptotic neutrophils, which are the predominant cells at the early stages
of inflammation. Under normal conditions, only few macrophages are present in the
colon mucosa (10%) (FigurelZB). Acute inflammatio leads to activation and migration

of macrophages to the site of tissue damage to initiate the healing process. At day 8 of
acute DS$hduced colitis, inflammation was already well established in the colon.
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Macrophages were detected with an antibody ag#inF4/80, a transmembrane
glycoprotein specific for these cell type. High numbers of macrophages were found in the
mucosa of all analyzed mouse strains, although with no significant differences. Still, F4/80
positive cells were reduced by trend in the MMB/-28 doubledeficient mice
(Figure 417A and B), an observation that fits well with the severe phenotype as the
healing process in those mice appears to be impaired.
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Figure4-17: Similar numiers of macrophages present in colon of WT, MMP -/ -, MMP-28 -/ -

and MMP-19/-28 dbKO mice in acute colitis.

The amount of macrophages in the inflamed colon tissue was not significantly different in the
analyzed mice (B), representative pictures are shq&h Brown cells were positive for the
macrophage marker F4/80. Data are shown as individual data points with means, n = 2 for
untreated mice; DSBeated mice: n =5, WT; n =6, MMB -/-; n =5, MMP28 -/-; n = 3,
MMP-19/-28 dbKO. *, p < 0.05.



RESULTS 70

4.2.9 Levels of cytokines and chemokines remained unchanged in plasma of
MMP-19-deficient mice

Only a few samples could be analyzed by BioPlex assay, as the number of tests available
was limited. Plasma and supernatant of colon explant cultures were randoogdg{but

both from the same mouse). In case of the untreated control animals, two samples were
analyzed, for the treated ones three to six. Selected cytokines/chemokines out of a panel
of 23 are shown in this study.

To reveal the severity of acute coliiad the systemic impact of the inflammation in mice,
levels of various inflammatory cytokines and chemokinemouse plasma were assessed.
Overall, there was no significant difference in the cytokine/chemokine levels. Acute phase
cytokines like Hm h | - Rerelelevated in comparison to control although not changed
between the DS8eated mice of different geotype. Levels of TNF | YR [RGAHR y 2 i
change significantly (Figure-18A) and the same was true for the chemokine
concentrations no significant differences were detected between the treated groups
(Figure 418B). Interestingly, very high levels ofQ& (granulocyte colongtimulating
factor) were observed in plasma samples from all mouse strains. This chemokine
stimulates the bone marrow to produce granulocytes that are released into the blood
stream in order to migrate to sites of inflammation. Alg&tsher, as no prenflammatory
cytokine exhibited an increase in the plasma, the mice suffering from acute colitis did not
exhibit any systemic inflammatory response.
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Figure4-18: No significant differencs in levels of cytokines and chemokines in plasma of mice

with acute colitis.

In general, concentrations of piiaflammatory cytokines (A) and chemokines (B) in murine
plasma were elevated compared to untreated samples but no differences were detedieddre

the treated groups. Data are shown as individual data points with means, n = 2 for untreated
groups; DS8eated mice: n =7, WT; n=7, MMB -/-; n = 3, MMPF28 -/-; n = 4, MMPL9/-28
dbKO. No significant differences were detected.
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4.2.10Pro-inflammatory cytokines are highly elevated in mice with acute
colitis

All chemokines assessed in the supernatants of colon explant cultures (CEC) were
enhanced in DS®eated mice compared to control animals (Figur&9). In general, Thl
cytokines like TNF and IFNN g SNB A y ON&A9 sin§I® andh MMR19A28
double-deficient mice and showed higher values than wildtype mice. MIMF/ - mice
exhibited also remarkably high values of the jqnlammatory cytokine IL-6 secreted
from colon tissue, which points to a high local acute phase response in the méceafL

be secreted bymacrophagesn response to specifimicrobial molecules, referred to as
pathogenassociated molecular patternBAMP3S. The high 6 concentrationorrelated
with the destroyed epithelium and likely invasion of bacteria into the tissud. Was
significantly increased in supernatants of MNI®/-28 doubledeficient mice, only a
tendency to higher concentrations was observed in case of MMIF/- mice. Anti
inflammaory Th2 cytokines analyzed were-4Land IE10, which were found to be
significantly increased in colonic tissue of M¥® single and MMR19/-28
double-deficient animals pointing to an attempt of the immune system to suppress the
inflammation. Th2 cytokines stimulate theumoral immune systemthey induce B cell
proliferation, and increase neutraliziragtibodyproduction.
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Figure4-19: Highly elevated cytokine levels in colon tissue of MMB single and MMP-19/-28

double-deficient mice.

Pro- and antiinflammatory cytokines weranalyzed by BioPlex assay in supernatants of CEC.
Increased levels of all depicted cytokines were found especially in the ddafiéent animals.
Data are expressed as dot plot with means, n = 2 for control mice, n = 3 for28MRgle and
MMP-19/-28 dbuble-deficient animals, and n = 7 for MMBB-deficient and WT mice (* p < 0.05,

** p < 0.005, ** p <0.001).

4.2.11Extremelyhigh increase in chemokines release from colon tissue of
MMP-19/-28 doubledeficient mice

To be able to complete the picture obtaithdrom the histological analysis, amounts of
chemoattractants released from mouse colon tissueem vivocolon explant culture
model were analyzed. Levels of chemokines in all lines were elevated in comparison to
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unchallenged control mice. Comparing th8®reated mice, it was obvious that WT and
MMP-28 -/- mice produced the same amounts of chemokines, which were significantly
lower than those of MMPA9 -/- and the doubledeficient animals (Figure -20).
Interestingly, extremely high values were found f&1CSF, KC, and MCPThese three
proteins play an important role in the attraction of neutrophils and macrophages to sites

of inflammation. KC (keratinocyte chemoattractant protein that replaces the activity of
human IE8) and MCHL (monocyte chemoattraant protein) act on activated neutrophils

as well as macrophages. RANTES, which was elevated as well, plays an active role in
recruiting leukocytesinto inflammatory sites and inducegqliferation and activation of
Natural Killer (NKgellsubsets
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Figure4-20: Increased chemokine levels released from colon tissue of MlPsingle and
MMP-19/-28 doubledeficient mice.

Chemokines rgponsible for the attraction of inflammatory cells, especially neutrophils and
macrophages, depicted enhanced levels in CEC supernatants oflddMPand doubledeficient
mice. Data are expressed as dot plot with means, n = 2 for control mice, n = 3/&2Blsingle

and MMR19/-28 doubledeficient animals, and n = 6 fdviMP-19-deficient and WT mice

(* p <0.05, ** p < 0.005, ** p < 0.001). Concentrations of KC and-M@ere analyzed by ELISA,
whereas all other values were obtained from tmailtiplex analysis (BioPlex).
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4.2.12Enhanced production of chemokines released from MMP-/- colon
tissue promotes higher migratory level of RAW cells

Migration of cells is essential for inflammatory processes, since granulocytes,
macrophages, and otherldod cells have to cross the basement membrane of the
vascular endothelium to act at the site of affected tissues. Collagen type IV is the main
component of the basement membrane that has to be disrupted upon transmigration.
Migration through connective $sues containing high amounts of collagen type | requires
activity of collagen type-tleaving enzymes. Cells often migrate in response to, and
towards, specific external signals, a process catledmotaxis Chemoattractants are
inorganicor organicsubstances possessing chemotariucer effect in motile cells. The
chemoattractant moiety of aligand is often target cell specific and concentration
dependent. Most frequently investigated chemoattractants ahemokines As
remarkable high levels of several chemoattractants were observed in explants of colonic
tissue of MMP19-deficient and MMPL9/-28 double-deficient mice, the functionality of
these chem&ines was addressed. RAW 264.7 cells, a mouse leukaemic monocyte
macrophage cell line, were used in a migration assay towards supernatants of colon
explant cultures derived from WT and MM -/- tissues to study if some chemokines
were not active due to lasence of MMPL9 processing. Cells migrated three times faster
towards the supernatant of MMR9 -/- colon tissue (Figure-21), which resembled the
higher concentrations of various chemokines in these samples. Probabhaatioe
chemokines in this mixterdid not impair the migratory efficiency of a monocytic cell line.
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Figure4-21: Mouse macrophages migrate faster towards colon explant culture supernatants of
DSSreated MMP-19 -/ - mice.

Migration of RAVE64.7 cells exhibited three fold higher level through a layer of collagen type IV
towards supernatants of colon explants cultures from rf8&ed MMR19-deficient mice, which
contained significantly higher levels of cytokines and chemokines than the eswoipiained from

WT mice. (n = 4; **, p < 0.005)
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4.2.13Increase in granulocytes but reduced T cellmibers in peripheral
blood of MMP-19-deficient mice with acute colitis

To investigate if MMHA9-deficiency had an impact on cell populations present in blood

spleen, leukocytes from peripheral blood and spleen of wildtype and M®P- mice

were isolated and analyzed by flow cytometry. CD3, CD4, and CD8 were used as
celtsurface markers for T cells, representing the adaptive arm of the immustersy

whereas Ly6G/C (for granulocytes) and F4/80 (for monocytes/macrophages) were the
markers chosen to identify innate immune cells. The NK marker NK1.1 was used in
combination with CD3 to detect unconventional NKT cells, which have the capacity to

elict both adaptive and innate immune responses.

Analyzing the peripheral blood, a highly significant decrease in CD4+ and CD8+ T cell
numbers was observed for the MMB-deficient mice compared to the WT and
untreated animals (CD4+ T cells: MW®-/-, 143 H P> GSNEDzZA 2¢3X Hnd
dzy NB I G SR O2yiNRf 3INRdzZLIE HHDPp B HDPE: 2F /5
cells were significantly increased in both groups of-D&8ed mice, although not as
pronounced in the MMPL9 knockout mice as ithe WT animals (Figure-2RA). The

decrease in conventional CD3+ T cell numbers was accompanied by a marked increase in
CD45+/CD11b+/Ly6G/C+ granulocytes in the peripheral blood of the-MMieficient

mice. This increase was aboufdd compared to the BStreated wildtype group and

highly significant (MMA9-/-X om®n 5 nodn @GSNAEdzA 2¢X mcdn §
the untreated control animals, the blood of the WT also contained a significantly higher
proportion of this cell population (Figure2RC). The increase of granulocytes in mouse

blood nicely gestogether with the elevated levels of-GSF in plasma. Remarkably, the

F4/80+ monocyte population in the blood of the MMB-deficient mice remained largely
unchanged compared to the healthy consand was significantly diminished compared

tothe DSSINB I § SR 2 ¢ YAOS 62 ¢9-/-3y doydyp rH GNP TS NH dega s
4-22C).

In the spleen, CD4+ T cell numbers of the MMP-/- mice were similar to those

observed in the control groulthough significantly higher than those of the Ei&&ated

WT mice. In contrast, the CD8+ T cell population was increased about 50% compared to
0KS 2¢ FyYyR (G0KS O2yUNRf FTYyAYFf& o6dzyiNBI G4SR
versus MMP19-/-Z ™M c %;p < Bi0D%) (Figure2B).

Despite a trend towards increased numbers of granulocytes (Ly6G/C+ cells) in spleen of
MMP-19-deficient mice, no significant differences were seen between the three groups
(Figure 422D). The macrophage population (F4/804Hg)elvas only increased in spleens

of treated WT but normal in MMR9 -/- mice (Figure €2D).

Taken together, these data indicate an abnormally strong innate immune response of the
MMP-19-deficient mice to DS$hduced colitis, which negatively affectsneponents of
the adaptive immune system.
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Figure4-22: Adaptive and innate immune cell populations in blood and spleen of wildtype and
MMP-19-deficient mice with acute colitis.

Leukocytes were isolated from peripheral blood and spleen from wildtype and-¥MP mice

and analyzed by flow cytometry. A significant decrease in T cell numbers in the blood of
MMP-19 -/- mice was matched by a significant increase in granulocytes compared to the WT. In
contrast, the monocyte population was reduced (A and D). CD&#IsTveere increased in the
spleen of MMP19 -/- mice, whereas granulocyte numbers remained unchanged and
macrophages were reduced compared to the WT (B and D). * p < 0.05; ** p < 0.005, *** p < 0.001.
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4.3 Recovery phase

In this experiment, the acute colitisas induced by administration of 2% DSS for 5 days
and this period was followed by an extended recovery phase of 10 days (Fig@je®he
objective of this experiment was to analyze the significance of the MMPs studied in the
wound healing process in dis.

0o 1 2 3 4 &5 6 7 8 9 10 11 12 13 14 15

o 4 w0 4

Figure4-23: Induction of acute colitis followed by a recovery phase.
Five days of DSS administration led to acute colitis, during a ten day water period the mice could
recover from the acute dease.

4.3.1 Reduced survival and incomplete recovery of MMP-deficient mice

In contrast to the wildtype and MMR8 -/- mice, which behaved similarly during the
experiment, the MMP19-deficient mice showed a more severe colitis from which they
never fully ecovered. Survival of the MMBD -/- mice was significantly reduced
compared to the WT animals, with mice starting to die from day 9. Opposed to the WT
mice, which all survived the experiment, 40% of WM& P-19-deficientanimals did not
survive (Figure 24C). For the remaining mice, maximum body weight loss was observed
Fd RIFe y FT2NJ 2¢ OpndB-/-pycdm: @S 0l | FIR® I dd R2
4-YAOS oyodn B 0PM:E0P 2 KEBNDica regniked theirbodiR ( & LIS
weight relatiwely fast and still showed an increasing trend at day 14 (Figt&éAd left

panel), the recovery of the MME9 -/- mice was less pronounced and their body weight
OSIraSR 2 AYyONBlIasS G266l NRa GKS SyR 2F GKS
WT mce) (Figure @4A, right panel). They also showed a higher DAI score than the WT
mice with a peak value of 3.6 at day 7 (Figus248). In contrast, WT and MME3 -/-

mice did not differ significantly in DAI and survival rate (Figu2dB and C). The suwval

rates of WT and MMR8 -/- mice, however, was relatively poor compared to the survival
rates observed for both groups in other experiments. Here, a possible explanation could
be the slightly lower mean body weight of the mice at the beginning of ¥peement.
Consistent with disease development, WT and MR&-/- mice did not display any
significant differences in colon length or spleen weight (Fige284 and B, left panel). In
contrast, MMR19 -/- mice showed a shortened colon and an increasspieen weight,

which was reflected in a markedly enlarged spleen (Figt#BAland B, right panel).

~
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Figure4-24: MMP-19-deficient mice show impaired recovery from colitis.

(A) Weight development ding recovery fromacute colitis Whereas the body weight of
MMP-28 -/- and WT mice developed in a similar way (left panel), the MMHF - mice lost more
weight than the WT animals and never regained their original weighDAI score. In contshto
the MMP-28 -/- mice (left panel), the DAI score of the MMB-deficient mice was consistently
higher than the one of the WT miceC)(Survival curves (Kaplaheier). MMPR19 -/- but not
MMP-28 -/- mice showed a significantly reduced survival compaedhe WT mice. Data are
expressedasmeap {5 O0f ST tdadBWTYgroyp; nf= 6 cDHBatked NIMR28 -/-
group; right paneln = 14, DS8eated WT group; n = 14, D88ated MMR19-/- group).
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Figure4-25: Colon length and spleen weight of MMP9- and MMP-28-deficient mice afte

recovery from acute colitis.

(A) Colon length. Whereas no significant differences were observed in the colon length between
treated WT and MMR28 -/- mice (lef panel), the colon length of the MMP9 -/- mice was
significantly reduced compared to the wildtypd9.1%, p < 0.005)(right panel). (B) Spleen weight.

The spleen weight in the MME9 -/- mice (right panel) but not in the MMPE8 -/- mice (left

panel) was significantly enhanced compared to the wildtype (+76.7%, p < 0.005).

(C, D) Representative pictures of colon (C) and spleen (D). Data are expressed gs mgah 0 f ST (i
panel: n = 6, DSEeated WT mice; n = 6, D&8ated MMP28 -/- mice; right panel: n = 14, DSS

treated WT mice; n = 14, D88ated MMR19-/- mice). **, p < 0.005.
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4.3.2 MMP-19-/- mice showed impaired recovery from colon tissue
destruction depicted in increased inflammatory lesion extent and
depth of tissue damage

After the recovery phase, histological analysis of the distal part of the colon tissue was
performed to assess potential differences in the wothehling capacity of the MMB9-

and MMR28-deficient mice. Colon sections stained with hematoxylin/eosin were
analysed for various parameters related to tissue destruction and inflammation as
described before (4.2 Acute colitis) (Figureztdand 427).

The most significant differences were seen between the colons of the wildtype and the
MMP-19-deficient mice: Wiiereas the wildtype had recovered and did not show any signs
of inflammation, about 40% of the MMBO -/- colonic tissue were still inflamed
(Figure 427A). In contrast, the extent of remaining lesions in the colon of
MMP-28-deficiert mice was clearly reduced. The persistent inflammation in the
MMP-19 -/- mice was also reflected in a considerable influx of neutrophils into the
lesional colon tissue, which was significantly higher than the one observed for the
MMP-28 -/- mice (MMP-19 -/-, 15% versus MMR8 -/-, 3%, p < 0.05) (Figure2ZE).
Further major differences between the MME3- and the MMP28-deficient group were
related to the extent of tissue destruction: The depth of ulceration (Figs2€[4) as well

as the percentge of crypt damage (Figure4lG) and crypt damage depth (Figur@ZH)

were significantly greater in the MMP9-deficient mice. However, the percentage of
oedema and hyperregenerative tissue was similar in both groups (FieRir& 4nd C).

Taken together,these data clearly show that MMP3-deficient mice exhibit lower
capability to recover from the colon damage and inflammation inflicted by-ib&@ed
colitis than the wildtype and MM28-deficient mice.

Figure4-26: Representative pictures of colon sections of WT and Mi#ideficient mice after
ten days of recoveryArrowsare pointig to oedema, which in case of the MNI®-/- was filled
with inflammatory cells. Arrowheads showhe rebuilt mucosal echitecture (crypts and
epithelium were present) in the WT mice, whereas in the MMP-/- the tissue was still
destroyed. Hematoxylin/eosin staining agnification x 40
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Figure4-27: Histologial analysis of colon tissue after recovery from colitis.

Sections of colon tissue of DB&ted WT, MMPL9- and MMR28-deficient mice were stained

with hematoxylin/eosin and analyzed for parameters related to inflammation and tissue
destruction. Comparetb the MMP-28 -/- mice, the extent of inflamed lesions (A), the neutrophil
influx (B), ulceration depth (D), percentage of crypt damage (G), and crypt damage depth (H) were
significantly increased in the colon of the MMB -/- mice (p < 0.01). Althougthé¢ colon of the
MMP-28-deficient mice showed some remaining signs of destruction, it had mostly recovered
from the colitis, similarly to the colon of the D8&ated wildtype mice which was
indistinguishable from the untreated control animals. Data areNelpa & SR & YSFya s {
all groups).
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4.3.3 Decreased proliferatiorof colon epithelial cellsn MMP-19- and
MMP-28-deficient mice

The strongly reduced proliferation of epithelial celh the acute phase of colitizas
totally restored n the WT mice. In contrast, numbers of epithelial cells positive for the
proliferation marker Kb7 in the mucosaof MMP-19-deficient were decreased
dramatically ¢ only some hyperproliferative areasvere found (Figure 428A and B)
Interestingly, also theMMP-28-deficient mice showed impaired proliferation activity
when compared to WT animals (Figur28B).
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Figure4-28: Proliferation of colon epithelial cells islecreased in MMRJeficient mice.

The amout of proliferating cells was decreased more than 40% in Midftient mice compared
to WT animals (B). Representative pictures are shown for WT and-MMP mice (A). n = 2,
MMP-19 -/-, and MMPR28 -/- mice in control group; n = 6, WT and MMP -/- miceand n = 5,
MMP-28 -/- mice in DS®&eated group. *, p < 0.05.

The number of macrophages (F4/80 positive cells) seen in the colon increased by more
than 20% in all analyzed mouse strains in comparison to the acute phase of the colitis.
There was no sigicant difference between the WT, MMBE9-, and MMR28-deficient
mice (Figure €9). High amounts of macrophages in the tissue indicate the healing
process.
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Figure4-29: Similar numbers of macrophagescolon tissue of mice recovering from colitis.

The numbers of F4/80 positive cells increased compared to the acute phase of colitis, however,
the amount of macrophages did not differ among WT, MMR/-, and MMP28 -/- mice. n = 2

for untreated mice; n = 6 E6treated mice.

4.3.4 Increased cytokine and chemokine concentrations in plasma of
MMP-19-deficient mice point to a systemic inflammatory response

To compare the development of the recovery and healing process in the inflammatory
response among DSfeated wildtype, MMP28 -/-, and MMR19 -/- mice, plasma
cytokine and chemokine concentrations were analyzed at day 14, i.e. at the end of the
defined recovery phase. In contrast to the nsignificant results in plasma of acute
inflamed mice, now the immunessponse became a more systemic one as elevated levels
of pro-inflammatory cytokines were detected in plasma of recovered mice. Whereas the
cytokine levels in plasma of the treated WT and MR8deficient mice were not
significantly different from those meared in the untreated control group, the-iLh | Yy R
IL-6 concentrations in the plasma of the treated MMBP -/- animals were markedly
increased. Levels of-B.were shown to be at least ten times higher than in plasma of WT
mice. Such high levels of-6Lwuld denote an acute phase response in recovering
MMP-19-deficient animals. Analysis of the liver enzymes ALT (alanine aminotransferase)
and AST (aspartate aminotransferase) revealed no enhanced systemic response similar to
acute colitis (see section.36, Figure 83). However TNFh | y R L SWSt a NBY!I
largely unchanged (Figure-30A). Furthermore, the levels of the chemokines MCP
G-CSF, and KC were also significantly higher in plasma of-MMP mice than in WT
animals (Figure -80B) High levels of these chemokines in the blood marked as well a
starting systemic response to the injury in the gut. Strikingly increased levelsCEFG
(Granulocyte colomgtimulating factor)pointed to the beginning of a systemic response

as this chemake stimulates thebone marrowto producegranulocytes Corresponding

to the high values in MMR9-deficientmice inflammation was more pronounced in these
animals. No difference was found in levels of GHF.


http://en.wikipedia.org/wiki/Bone_marrow
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Figure4-30: Cytokines and chemokines in plasma of healtmice and MMP singleleficient

mice during reovery phase following acute colitis.

Cytokine (A) and chemokine (B) levels in plasma prepared on day 14 were determined by BioPlex
bead assay. Data are represented as individual data points and mean of duplicate measurements
(n =2, WT and MMR9 -/- mice in control group; n = 4, WT and MMB -/- mice and n = 2,
MMP-28 -/- mice in DS®eated group) *, p < 0.05**, p < 0.005*** | p < 0.001.

4.3.5 Enhanced release of cytokines and chemokines from colon tissue of
MMP-19-deficient mice

Whereas the levelsfocytokines were going back to normal values in case of wildtype
mice, MMR19-deficient mice still depict increased concentrations in the supernatant of
colon explant cultures (Figure3L). I-1 levels are even higher after recovery then they
were in acué colitis. Concentrations of -10 in MMR19 -/- mice were found to be
increased twice compared to acute colitis (see section 4.2.10, FigL®g, 4vhich pointed

to a strong antinflammatory reaction in these animals. In WT mic&0Lconcentrations
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are rormal. Levels of TNF | YR RGWKR y 20 OKIFy3IS YdzOK Ay 02
inflammation; they are just slightly decreased but still significantly enhanced in the
MMP-19-deficient mice.
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Figure4-31: Cytokines in supernatants of colon explant cultures were significantly increased in
MMP-19 -/ - mice.

CEC supernatants analyzed by BioPlex bead assay showed high levelsinffamproatory

cytokines Itm i 16 Yy RMMR1P-deficient animals whereas the Wilice showed much lower

levels of these cytokines. TNF | yR L@l adAftf NBfSFaAaSR Ay KA3IK
the acute colitis although in general the cytokine levels are lower than in the acute experiment.
Also antiinflammatory cytokines ke 14 and IE10 were highly elevated iMMP-19-deficient

mice. (n = 2, WT and MME3-/- mice in corrol group; n = 3, WT antfiMP-19-/- mice in DSS

treated group; *, p < 0.05; **, p < 0.005; ***, p < 0.001).

Concentrations of various chemokines relea$eun the healing tissue were lower when
compared to the acute phase of colitis (Figur82). The extremely high levels ofGCSF

and MCPL were reduced to moderate ones but still the MMB-deficient mice showed
increased values when compared to WT micevels for KC and RAES did not change
much during the recovery phase and were increased in knockout animals all the time.
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Interestingly, the amount of produced Mi#h 6 Yl ONR LK 3S Ay FE | YYI {2
doubled in the MMPL19 -/- mice, whereas it was only slightly incredsn WT mice. M2

Is crucial for immune responses towards infection and inflammation, it is a major factor
produced bymacrophagesafter they are stimulated withbacterial endotoxins and
activate humangranulocyteswhich canlead to acute neutrophilic inflammation. VHP

also induces the synthesis and release of otheripflammatory cytokines such as-1l-

IL-6, andTNFh from fibroblastsand macrophages.

The recovery resulted in a decreased inflammatory response and a starting healing
process in the WT mice, whereas MNIBdeficient mice stl suffered from pronounced
inflammation. As they showed high levels of both paod antiinflammatory cytokines,
there are both stages presentacute inflammation and healing.
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Figure4-32: Chemokinesn supernatants of CECs of healthy and MNIB-deficient mice during
recovery phase following acute colitis.

The levels of several chemokines (KC, MIORIR1, and RANTES) were significantly higher in the
supernatants of MMHAL9 -/- mice than in those of th&V/T animals. Concentrations of@SF and
GM-CSF are lower than in the acute colitis but not significantly different between the analysed
groups. A twofold increase in MiPwas observed in the knockout animals, which did not occur in
WT mice (n =2, WT amdMP-19 -/- mice in control group; n = 3, WT and MMB-/- mice in DSS
treated group; levels for KC were analyzed by ELISA, n = 4, WT and MM#Pnice in control
group; n =10, WT and MMB3 -/- mice in DS®eated group * p < 0.05, ** p < 0.005).
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4.3.6 No significant changes in ALT and AST plasma concentrations of
wildtype and MMP-19-deficient mice: the systemic response does not
involve liver

Alanine aminotransferase (ALANdaspartate aminotransferase (AST) are crucial enzymes

in the amino acid metatlism. They are found in various organs but are most abundant in
the hepatocytes found in the liverLeakage of the enzymes, particularly ALT, into the
blood stream is an important marker for liver damage or abnormal liver fund228e;

237]. However, both enzymes can also be dysregulated in a variety of disorders and
diseases that are not directly associated with liver dysfunction. Since imbalanced ALT and
AST levels often indicate systemic inflammatjip86; 237] levels of both enzymes were
measured in the plasma of wildtype and MMB-deficient mice during acute colitis and
after the recovery phase.

The normal range of ALT and AST plasma levels, as described for he@bh' Gbce are

Hn B MA ' kYf F2NJ ! [ ¢Chhar¥sRRiver tabagatoNed\s shawiyih F 2 NJ
Figure 433, both ALT and AST plasma levels of WT and-WBA4R mice remained within

the normal range during acute colitis and after the recovery phasspite a clear
increase of the transferases in MM -/- mice in acute colitis

These results suggest that Dif8uced acute colitis did not lead to systemic inflammation,
neither in the WT nor in the MMB9-deficient mice but there was a tendency tewklop

a more systemic immune response in MNI®deficient animals.

A B
35 - 100 -
30
80
25 -
£ 50 | E 60
S awWT 3 mwWT
- [
z 15 m] o] 2 40 okKo
10 -
20 -
5 -
0 0

acute  recovery acute recovery
colitis phase colitis phase

Figure4-33: ALT and AST levels in mouse plasma remain within the normal range.
ALT (alanine aminotransferase) (A) and AST (aspartateotranisferase) (Blevels in plasma of
WT and MMP-19 -/- mice during acute colitis and after the recovery phase.
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4.3.7 MMP-19/-28 doubledeficient mice do not recover from acute colitis
In order to be able to analyze the recovery of the MiU#-28 doubledeficient mice

from acute colitis, the experimental conditions had to be modified, as initial studies
showed that the mice did not survive the treatment applied for the sfgficient

animals (Figure-34).
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Figure4-34: 100% mortality of MMP19/-28 doubledeficient mice during recovery from acute
colitis.
The KaplamMeier survival curve clearly depicts the fast progress in mortality of the deuble
deficient mice. After 9 days 50% of mice and after 12 daywiat were dead (n = 12; WT and
MMP-19-/-: n = 14, MMPL9/-28 dbKO: n = 12).

Thus, a much milder treatment was chosen to analyze doedbéfeeient mice in the
recovery phase from acute colitis. The five days lasting supply of DSS in the drinking water
that was established for the previous experiment was shortened to just three days of
treatment (Figure 45), which basically showed no effect in WT animals.

day

o 1 2 3 4 5 6 7 8 9
[ I T T T TR T N T T |

Figure4-35: Modified recovery experiment for theéreatment of MMP-19/-28 doubledeficient
mice.

The shorter treatment with 2% DSS was used to decrease the mortality of doefdéent mice
during the recovery.

10

Despite the relatively mild treatment, the MME9/-28 doubledeficient mice developed
colitis rapidly and showed a steep increase in the DAI score that peaked at day 6
(Figure 436B). In contrast to the wildtype mice, which all survived the experiment, the
MMP-19/-28 dbKO started to die from day 6 and displayed a very poor overall durviva
rate of just 50 % (Figure36C). The remaining mice lost about 12% of their body weight
until day 8, and afterwards, recovered only moderately and never regained their original
weight (Figure 486A). These results were highly significant and in stramgrast to the
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data obtained for the WT animals, which showed only very mild symptoms of disease
throughout the experiment.
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Figure4-36: Body weight changes, disease activity indg@23], and survival curves dMMP-19/-

28 doubledeficient and WT mice after recovering from colitis.

(A) Weight development after recovery froatute colitis MMP-19/-28 double-deficientmice lost
significantly more weight than the Whimals, which did not lose any weight (maximum weight
loss at day 8: 1@ o0z X LI XX 5 defigent@dnintalk BeveR2gined $heir original
weight (day 10105 T3z = LJ(BpHVIMP-29/428 ploubsedeficient mice showed a higher DAI
than WT even at the end of the experiment) Survival curves (Kaplheier) showedhat only
50% of the doublaleficient animals survived the milder treatment and managed to recover. Data

are expressed asmean { 5 0O y-re&ted VI mibe{ n{= 10, D8Bated MMPR19/-28 dbKO
mice).

2 KSNBla (GKS O2tz2y 27T (Nt dof display any ¥ignidcant 0 7 dn
changes to untreated mice, the colon of MMB/-28 doubleRS FA OASY G | yAYLI f &
cm) was one third shorter than in WT mice (Figw&/A and C). Comparing the size and
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weight of the spleen, no enlargement was obsehue WT animals but doublgeficient
mice showed an increase in weight about 45% (FiguB¥Bl and C). Splenomegaly
usually associated with increased workload (such aemiag, which suggests that it is
a response to hyperfunction.
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Figure4-37: Colon length and spleen weiglof WT and MMP19/-28 doubledeficient mice.

The parameters were measured in untreated, healthy mice as well as in mice which are
recovering from colitis (day 10) (A and B) and representative pictures are shown (C). Data are
expressed asmean { 5 donfrol Micey k= 6, DS&ated WT mice; n = 5, D&Bated
MMP-19/-28 dbKO mice). *** p < 0.001

4.3.8 Hyaline arteries are present in the spleen of all MMP/-28 double
deficient mice

As the spleen from MMR9/-28 dbKO mice exhibited a significantlylegweight, spleen
tissue after the recovery was isolated, sectioned and stained with hematoxylin/eosin to
reveal the reason of the spleen enlargement. Strikingly, arteries from the daldfieient

mice showed deposition of hyaline material in 100 % ssue sections. In wildtype mice
only about 30 % of mice showed hyaline material in the inner wall of the blood vessels
(Figure 438). Thickening of the walls of arterioles by the deposition of homogeneous pink
hyaline material is callechyaline arteriolosclerosis and leads to hardening of the vessel


http://en.wikipedia.org/wiki/Hemolytic_anemia
http://en.wikipedia.org/wiki/Hyaline
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wall [238]. This process is due to thecaenulation of extracellular matrix components.
This phenotype might be responsible for the enlargement of the spleen as cells do not
have proper access to the blood stream. Two experiments were performed showing
similar results.
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Figure4-38: Hyaline arteries in the spleen of MMR9/-28 doubledeficient mice recovering

from colitis.

Percentage of mice in an experiment (two in total) showing hyaline arteries in the spleen. 100% of
spleen sections stained withematoxylin/eosin showed deposition of hyaline material in the
blood vessel; only 36% of WT mice depict this phenotype.

4.3.9 MMP-19/-28 doubledeficient mice showed severe signs of colitis at
cellular level in the colon wall

At the end of the recovery expienent, histological analysis of the distal part of the colon
tissue was performed. Colon sections stained with hematoxylin/eosin of WT (n = 3) and
MMP-19/-28 double-deficient mice (n = 3) were analyzed for the same parameters as
described before (see 4.2chte colitis) (Figure-89 and 440). Colon tissue of untreated

mice was analyzed as well and served as control. In addition, the colon tissue was also
assessed for symptoms of acute and chronic inflammation as well as for inflammation
depth.

Figure4-39: Representative pictures of WT and MMP9/-28 doubledeficient mice recovering
from acute colitis.

Colon tissue sections of D88ated WT and MMA9/-28 dbKO mice were stained with
hematoxylin/eosin, alows mark oedemain the tissue(only present in the MMHA9/-28 double
deficient mice), and arrowheadsrea pointing to the epithelium. Hematoxylin/eosin staining,
magnification x 40.
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Whereas the DS®eated WT mice showed hardly any signs of colon inflaton or
tissue destruction, the colons of the MMI®/-28 doubledeficient mice were highly
inflamed and damaged (Figure-32 and 440). All parameters measured were
significantly increased compared to the WT group (Fige#8,4 < 0.05).

Colon tissue othis experiment was accessed for differences in acute versus chronic
inflammation (Figure 411). Simplifiedacute inflammation is described by a majority of
neutrophils present in the tissue, oedema formation, and severe tissue alterations may be
presentas well as necrosis. During chronic inflammation predominantly lymphocytes and
plasma cells are accumulated in the tissue and usually fibrosis is pré@sentolon tissue

of treated wildtype mice appeared essentially healthy, whereas about 50% of tbe itol
MMP-19/-28 dbKO tissue was chronically inflamed and about 20% showed signs of acute
inflammation. Inflammation depth was also very pronounced in these animals, and
differences to the other groups were significant (Figu414.

These results illustta that the healing process of the colonic tissue in MIAP-28
doubledeficient mice suffering from acute colitis is severely impaired and the
inflammatory response dramatically exacerbated.
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Figure4-40: Histological analysis of colon tissue of MMI®/-28 doubledeficient mice

recovering from acute colitis.

Colon tissue sections of D88ated WT (n = 3) and MMP9/-28 dbKO mice (n = 3) were stained
with hematoxylin/eosin and analyzed for paratars related to inflammation and tissue
destruction.Compared to the WT mice, the values of all parameters measured were significantly
higher in the MMP19/-28 dbKO group. DS&ated wildtype mice did not show major differences

to the untreated control aimals. Data are shown as dot plot with means. The difference between
the treated WT and MMR.9/-28 dbKO mice was significant in all panels (*, p < 0.05).
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Figure4-41: Extent of acute and chronic inflamation in colonic tisue of DS$reated MMP-

19/-28 mice.

MMP-19/-28 dbKO mice showed a higher percentage of acute and chronic inflamed tissue. WT
animals appeared healthy. The depth of inflammation was significantly increased in deficient
versus wildtype nge. Data are shown as mean. Differences betweent2atd WT and dbKO

mice are highly significant, p < 0.005.

4.3.10Reduced epithelial cell proliferation and macrophage accumulation in
colon tissue of MMP19/-28 doubledeficient mice

The number of proliferang cells was dramatically decreased in the colonic tissue of
animals with acute colitis (see section 4.2.8, Figulé) Proliferation was normal in the
WT mice that recovered from colitis but still decreased in MMRleficient mice. In the
modified recovery experiment for the doubldeficient mice, significantly lower numbers

of Ki67 positive epithelial cells were seen compared to the WT, so proliferation was
reduced (Figure42A and B).
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Figure4-42: Epithelialcell proliferation was decreased in MMB9/-28 dbKO mice.

Whereas WT mice showed nearly normal amount of proliferating cells in the intestine, the
number of Ki67 positive cells in doubldeficient mice was decreased 75% compared to tyyild
colons (B). Representative pictures of B®8ted animals are shown (A). n = 2, WT and
MMP-19/-28 doubledeficient mice in control group; n = 3, WT and MY#7-28 doubledeficient

mice in DS®eated group, * p < 0.05.

Macrophages are reqred for initiation of the healing process by phagocytosis of bacteria
and cell debris. They also release numerous cytokines (e.g. growth factors like EGF, TGF,
and FGF as well as interleukins) to attract fibroblast to the site of repair. After a short
DSSreatment and seven days to recover, WT mice hardly showed any signs of colitis.
Macrophages were still present in the colon tissue to support the healing process. In the
tissue of treated MMPL9/-28 doubledeficient mice no significant increase in the amb

of macrophages was seen (Figurd3A and B).



RESULTS 97

P h Lt
o RN gl
AR

Q2
B E 100
o 80
.E
.w w
3 A
o 40
® v
E 20 ] A
2 =
® L% ; . o
N N
660 660 4(\ °+o
o o O
5 o ®
& © o
5 N
80 S
Q\'\f N
N
Q
“,\“

Figure4-43: Reduced macrophage accumulationénlon tissue oMMP-19/-28 dbKO mice.
Macrophages were present in slightly higher amounts i iMce, numbers in doublgeficient
mice did not differ significantly from untreated mice (B). Representative pictures ofr&$&d
animals are shown (A). n = 2, WT and MMIP-28 doubledeficient mice in control group; n = 3,
WT and MMP19/-28 doubledeficient mice in DS8eated group.

4.3.11MMP-19/-28 doubledeficient mice recovering from colitis had highly
elevated levels of cytokines and chemokines in plasma

Plasma levels of a variety of cytokines and chemokines were determined by BioPlex bead
analysis The MMP19/-28 doubledeficient mice showed enhanced levels of several pro
inflammatory cytokines in plasmaror instance, the tuh | y6Rcondeftrations
increased more than twofold compared to those measured for the wildtype animals
(Figure 444A). These differences were highly significant (p < 0.005), and not observed for
other cytokines. Strikingly, TNFevels were slightly decreased compared to the WT, and
IFNe £ S@Sta NBYIFIAYSR dzyOKIFy3aISRd Ly fAYS gAlK
treated WT mice had recovered from colitis and showed similar cytokine levels than the
untreated control groups.

The concentrations of several additional chemokines were also significantly elevated in
the plasma of the MMR.9/-28 dbKO mice, most notably KC an€€&F, which in the DSS
treated wildtype and the untreated control animals remained at very low levels. In
contrast, no significant differences were detected in the amounts of #1@Rd GMCSF
(Figure 444B), which means only chemoattractants for neutrophils are upregulated in the
double-deficient mice.
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Figure4-44: Cytokines and chemokine levels in plasma of healthy and MIA?-28 double

deficient mice recovering from acute colitis.

Cytokines analyzed by BioPlex bead assay showed high levelsiofigmomatory cytokines such
| ¥ B MMP19/-28 double-deficient animals whereas cytokines of the WT mice

as lkmi

remained at normal levels. There were no significant differences inhTNA- Y R

Lf CShd S ¢

including the control mice (A). Levels of the chemokines KC d@@8F3were significantly higher in
the plagna of MMR19/-28 dbKO mice compared to the WT animals. For {GPnonsignificant
increase was observed, whereas @8F levels did not change (B). (n = 2, WT and-M¥ViR8
doubledeficient mice in control group; n = 4, WT and Mi#7-28 doubledeficientmice in DSS
treated group) * p < 0.05, ** p < 0.005.

az
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4.3.12Highly enhanced release of cytokines and chemokines from colon
tissue correlates with DAI in MMR.9/-28 doubledeficient mice

Colon explant cultures (CEC) from m®8ted wildtype, MMP19/-28 dbKO and
untreated control mice were prepared after the recovery phase. The supernatants were
analyzed after 24h culture for cytokine and chemokine concentrations by BioPlex bead
assay.

Whereas no significant differences were detected in -D&8&8ed WT and thauntreated
control groups, the levels of praand antiinflammatory cytokines as well as several
chemokines were highly elevated in the supernatants of the MIMP28 double
deficient mice. The upregulated pinflammatory cytokines included -ll, 16, TN~ X
IFN YR (GKS ¢ Kunil4 &ad L iwerg Smong[the upregulated anti
inflammatory cytokines (Figure4b).
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Figure4-45: Cytokines in supernatants of colon explant cultures fromatthy and recovering
tissues.

Cytokines analyzed by BioPlex bead assay showed high levelsioflgmmmatory cytokines HL

6h | YR, andIFL7 ih MMP doublaleficient animals whereas the WT mice showed no
elevation of these cytokines. Artiflammatory cytokines such as-fLand IL10 were highly
elevated in MMPL19/-28 dbKO mice (A), n = 2, WT and MM®-28 doubledeficient mice in
control group; n = 3, WT and MMB®/-28 doubledeficient mice in DSteated group. All
differences were highly sigigant (*** p < 0.001 for all cytokines).

All chemokines measured showed also highly elevated levels in the-MIP8 dbKO
mice. They included -GSF, GMCSF, KC, RANTES, NMCRBnd MiIPla. In contrast,
concentrations in the CECs of the B&&ted WT mie were only moderately
upregulated or remained unchanged compared to the WT group (Figd6.4

These data are in agreement with the observed severity of disease in the-\MEB
dbKO mice and the histological analysis of the colon. The increased tHEv@i-
inflammatory cytokines and chemokines indicate ongoing inflammation and illustrate the
impaired healing process seen in the MMP douthdicient mice. On the other hand, the
presence of antinflammatory cytokines suggests the initiation of diseassolving
mechanisms, too.
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Figure4-46: Chemokines in supernatants of colon explant cultures from healthy and recovering
tissues.

The levels of several chemokines (KC, MIORIR1, GCSF, and GI@SFere significantly higher

in the supernatants of MMR9/-28 doubledeficient mice than in those of the WT (B), n = 2, WT
and MMPR19/-28 double-deficient mice in catrol group; n = 3, WT antMMP-19/-28 double
deficient mice in DSeated group. All differaceswere highly significan{***, p < 0.001 for all
cytokines).























































































































































































