Lniversitat
wien

DIPLOMARBEIT

Titel der Diplomarbeit
»1he role of podoplanin in cutaneous wound healing “

Verfasser

Florian Koban

angestrebter akademischer Grad

Magister der Naturwissenschaften (Mag.rer.nat.)

Wien, 2011

Studienkennzahl It. A441

Studienblatt:

Studienrichtung It. Genetik und Mikrobiologie
Studienblatt:

Betreuerin / Betreuer: Ao.Univ.Prof.Dr. Pavel Kovarik






Danksagung

All denjenigen gebihrend zu danken, welche mir dieser Diplomarbeit geholfen haben
hatte einen gréReren Umfang als die vorliegendeifdelbst.

Zuallererst mochte ich Prof. Johannes Breuss unfl Pavel Uhrin danken, welche mir die
Gelegenheit gegeben haben an diesem Projekt ziteswrhend mich mit endloser Geduld

betreut haben.

Ebenfalls gebuhrt mein Dank Nikolina Papac Milieund Judit Mihaly-Bison, die mich
ermutigt, kritisiert und in meiner Arbeit vorangebtben haben. Ich danke Revu Ann
Alexander, Matthias Unseld, Alexander Stockenhubed Gabriel Wagner, die mich

abgelenkt haben.

Besonderer Dank gilt meinen Eltern, die mich irrmlHinsichten unterstiitzt und mir dieses

Studium ermdglicht haben.

Ich danke meinem Grol3vater, der mich schon als Kimdlogische Probleme begeistern

konnte. Ich hoffe ich habe auch nur ein Fliinkchenaderillanz. Ich denke oft an dich!

Von ganzem Herzen danke ich meiner Paulina. Duighwlurde Alles besser!






Contents

Y 6] 1 = T TP P PPN 7
ZUSAMMENTASSUNG ....uuieie e e e e e eee e e ee et s s e e s e e e e e e e aaaeeeeeeesssssnnnnnsesssssnnnnnn s 9
IO ] o o 18 o3 1 (o] o IO PP PP PPPPRRPPRPTPPPRRIS 11
00 o o (o] ] =T o1 1 S PUPRTTR 11
1.2 Development of the lymphatic Circulation ..............ccooovvviiiiiiiciiicie e, 13
1.2.1 The role of podoplanin in the developmertheflymphatic circulation....... 15
1.3 The role of podoplanin during tumour iINVasiQN................eevvviiiiiiniieeeeeeeeeeenn 17
1.4 Cutaneous WouNd NEaAlING...........uuu i e e e e 21
1.5 Podoplanin KO MICE ....ccccceeeeiieieeeeeee et e e e e e e nena e e e e e e e e e e 27
2 Y |11 PP PPPPPRPPP 29
3. Materials and MethOS ...........cvviiiiiiiiiceee e 31
3.1 SCratCh WOUNG @SSAY.......uuruuuunnnns s s e e e eeeeeeeaseeeeesssssnsnnaaasseesaeaaaasasaaaaaaeeees 31
3.2 Excisional wound MOEl .........cooiiiiiiiieeeei e 31
3.3 Tension WOUNd MOUTEI .........ccoiiiiiiii et e e 32
G 1153 (o] [ T )2 32
3.5 IMMUNOFIUOIESCEINCE .....ccoiiiiiiieeie e sttt 33
3.7 StatiStiCal ANAIYSIS........uuuriiiiiiei e e e e e e e e e ea e 34
A, RESUILS ...t e e e e e e e e 35
4.1 Podoplanin leads to increased and collectillevdgration.............ccccceeeeeeeeeeeennn... 35
4.2 Podoplanin is expressed during the full prooéseepithelialization ..................... 37

4.3 Podoplanin is expressed in healing epiderrsis distant from the invading

L] | PP PPPPUPPPPPPRP 39
4.4 Podoplaniti mice show impaired wound healing in macroscopidisti.............. 41
4.5 Podoplanin deficient mice show impaired wouontiaction................cceeevvvveeeennnes 43



4.6 Impaired wound contraction in podoplahiran be confirmed by histological
10 [0 | 2T PP PP PP PPPPPPPPPPPPPPPPP a7

4.7 Impaired wound healing in podoplai@ is not caused by reduced

reepithelialiZation.............oooi i e 49

4.8 Podoplanin does not influence keratinocyteif@m@tion ................ccccovvvvvveciennnn. 3.5

4.9 Podoplanin co-localizes with F-actin in basaiainocytes .............covvvvvvcieiiiienennn. 55
5. Additional Preliminary RESUILS ........uuuuiiiiiiiie e r e e e e e 57

5.1 Podoplanin possibly participates in interactibetween keratinocytes and

FIDFODIASTS ... 57
5.2 Podoplanin might play a role in lymphatic ploysgy after wounding.................... 59
B. DISCUSSION....ceiiiiiiiiiiie e e e ettt et e ettt e e e st e e e e e e e e eesnn e e e e e e e nannnnneeeeeen 61
7. RETEIBNCES ...ttt e e e e e e e e e e 67



Abstract

The following work addresses the role of podoplasm3kDa mucin-type transmembrane
sialoglykoprotein, during cutaneous wound healifge protein participates in physiological
and pathological processes like development ofiythmghatic system and tumour invasion.
During these events podoplanin seems to increalbelacemotility and tissue invasion.
However, the exact biochemical function of the pnois still unclear.

In this study podoplanin knock-out and podoplaniidstype mice were wounded using
different excisional wound models. To assess theseguences of podoplanin deficiency
during wound healing, | quantified the size of thheund area and the degree of wound
contraction by image analyses of macroscopic imagesibody stainings and fluorescent
microscopy provide an impression of molecular digance of podoplanin expression at the
wound site.

| was able to identify podoplanin in basal keratiytes and fibroblasts, in a wide area within
and around excisional wounds during the whole @uwk reepithelialization. Podoplanin
deficiency seems to lead to delayed wound healiogvever | was not able to observe any
difference between podoplafdinand podoplaniti” mice concerning epidermal invasion.
Furthermore accelerated wound healing in podopl4nimice is characterized by increased
wound contraction. So, | assume that podoplaninamagcreasing effect rather on wound
contraction than on reepithelialization. This coble confirmed histologically. Preliminary
experiments suggest that increased wound contractiuld be the result of podoplanin
dependent reorganization of the actin cytoskeletbnbasal keratinocytes and wound
fibroblasts.

Many further experiments will be necessary to tJatihe exact role of podoplanin during
wound healing processes. The investigations ortapis will definitely help us to understand

the role of podoplanin during embryonic developreerd tumour progression.






Zusammenfassung

Die vorliegende Arbeit befasst sich mit der Funktigelche Podoplanin, ein 43kDa mucin-
artiges transmembranes Sialoglycoprotein wahremdkuatanen Wundheilung erfillt. Dieses
Protein ist sowohl an physiologischen als auch amglogischen Prozessen, wie etwa der
Entwicklung des lymphatischen Systems oder der Taosbreitung beteiligt. Podoplanin
scheint wahrend dieser Ereignisse sowohl die zebulBeweglichkeit als auch die
Ausbreitung ganzer Gewebe zu férdern. Die genaoehbmische Funktion dieses Proteins
ist allerdings bisher nicht aufgeklart.

In dieser Studie wurden Podoplanin knock-out unddpéanin Wildtyp Mause gewundet,
wobei unterschiedliche Stanzwundmodelle eingesetzirden. Um die Folgen der
Podoplanin-defizienz wahrend der Wundheilung eiokétzen, wurden sowohl die Grél3e des
Wundareals als auch der Grad an WundkontraktionelwiBildanalyse makroskopischer
Aufnahmen quantifiziert. Antikdrperfarbungen undudileszenzmikroskopie bieten einen
Eindruck von der molekularen Bedeutung von Podaplan der Wundstelle.

Ich war in der Lage Podoplanin auf basalen Keragten und Fibroblasten grol3flachig
innerhalb der Wunden zu identifizieren. Dabei kentie Expression dieses Proteins wahrend
des gesamten Verlaufs der Reepithelialisierung &dawlt werden.

Der Verlust von Podoplanin scheint zu einer Verzogg im Wundheilungsprozess zu
fuhren, charakterisiert durch eine verminderte Wamdraktion. Uberraschanderweise war
ich nicht in der Lage einen Unterschied beziigliehEinwanderung der Epidermis zwischen
Podoplaniii” und Podoplanifi zu beobachten. Daraus schloss ich, dass das Fehlen von
Podoplanin eher einen mindernden Effekt auf die t¥ontraktion als auf die
Reepithelialisierung hat. Dies konnte histologisobstatigt werden. Erste Experimente
deuten darauf hin dass die erhbhte Wundkontrakiesultat einer podoplaninabhangigen
Umstrukturierung des Aktincytoskeletts von basakeratinocyten und Wundfibroblasten
sein konnte.

Viele weitere Experimente werden notwendig sein dien genaue Rolle von Podoplanin
wahrend der Wundheilung aufzuklaren. Die Untersaghdiese Gebiets wird uns sicher
helfen, die Rolle von Podoplanin wéahrend der Embajentwicklung und der

Tumorausbreitung zu verstehen.
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1. Introduction

1.1 Podoplanin

During the last decades our knowledge about andnbeirest in a protein called podoplanin
have increased, because of its potential role motu invasion. Although the biological
mechanism of realizing its function is hitherto natown, we have gained in knowledge
about its chemical structure, expression, locabrat interaction partners and the
consequences of its activity.

Podoplanin was first described as a 43 kDa prabeirthe membrane of podocytes of the
kidney by a group around Dontscho KerjasthKurther studies by the same group revealed
that the loss of podoplanin function leads to rdjattening of these podocytes and it was
postulated that podoplanin is important to for te#l type to maintain its cellular sh&pe

In the following, more and more was discovered eonmiig the molecular nature of
podoplanin. So, it was revealed that it is a mugpe transmembrane sialoglycoprotein
which is expressed on lymphatic endothelial cell&EGs), but not in vascular endothelial
cells. For the development of the lymphatic system p&atop is of tremendous importance
and lymphatic endothelial cells (LECs) express mpdaian throughout the whole life of a
mammalian organism.Furthermore podoplanin is found on the surface afous tumour
cells, for example in tumours of the ChISquamous cell carcinomaKasposi's sarconia
angiosarcomaor testicular germ cell tumodrdn all of these cancers a direct correlation can
be observed between podoplanin expression andchtasion potential of the tumour, which
suggests a possible connection between podopladicel motility.

In fact, a huge number of studies prove a coraidbetween podoplanin and a spread cellular
shape and a higher migratory potential. In thipees podoplanin is mainly observed during
physiological processes in which a higher invasemequired. So far, not much is known
about the way this rather small protein participate processes determining cell-shape and
the migratory behaviour. Podoplanin does not seehatve any enzymatic activity and to date
the number of interaction partners is rather small.

Taken together, three main processes are knowtichvan appearance of podoplanin can be

observed:
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1. Separation between lymphatic and blood circulatioming mammalian embryonic
development.

2. Tumour invasion; in the specific types of cancentimaed above.

3. Wound healing; at the basal layer of keratinocygesiewly formed epidermis and

dermal fibroblasts around the wound area

In the following we will discuss all of these phytigical processes in context of podoplanin,
in order to get an image of the workings of thistpm. Probably to date, the function of
podoplanin is best understood during lymphatic tgment although most time and effort is
spent on understanding the role of podoplanin mawr progression. About podoplanin in
wound healing very little is known, especially basa of the fact that before podoplanin KO
mice existed there was no sufficient procedurenaly@e wound healing in the absence of

podoplanin.
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1.2 Development of the lymphatic circulation

The lymphatic vasculature consists of a network biihd-ended, thin-walled vessels
traversing the whole body to drain and to recybke protein-rich interstitial fluid, from the
extracellular space back into the blood. This stedalymph fluid reaches the blood
circulation via the thoracic duct, which connecke tblood system with the lymphatic
vasculature. Beside this function, lymphatic vessee responsible for the transport of white
blood cells and dendritic cells from the periph&rghe lymphoid organs.

Both functions are guaranteed by the loose conthetaeen lymphatic endothelial cells
(LECs) and the lack of a continuous basement memebrahich facilitates the uptake of large
macromolecules and migrating célls

The development of the lymphatic vasculature sfates than the development of the blood
vascular system, referring to this it was worthehib study if the lymphatic system arises
from the blood vessels, already developed in thky eanbryo. In fact, already 1902 it turned
out that endothelial cells bud from veins to depdigmphatic sacs, which sprout their cells to
form the lymphatic vasculature during embryonicelepment’.

In mice the development of the lymphatic vasculattarts around day 9 with the expression
of lymphatic vessel endothelial hyaluronan recepftyvel), on blood endothelial cells of the
cardinal veif’. Interestingly, deletion of Lyvel during embryogsis does not affect the
development of a normal lymphatic vasculature, sdsi assumed that another, factor
determines lymphatic development out of the bloastulatur&.

New insights into LEC specification revealed thangcription factors COUP-TFIl and Sox18
are promising candidates for the initiation of LEE€velopment. Around embryonic day
ED9.5 cells on one side of the cardinal vein bdgiexpress prospero-related homeobox 1
(Prox1). In contrast to Lyvel, Prox1l seems to baighest importance for the development
of the lymphatic vasculature, as homozygous Praficieéncy leads to a complete lack of
lymphatic vessels before embryos die at EDT4Brobably Prox1 is a key player in LEC-
specification, as from this point Prox1 positivdl€ start to express various lymph-specific
markers like neuropilin 2 (Nrp2) or podoplatfinDevelopment of lymphatic vessels requires
guided budding of LECs out of the cardinal veinjchhafterwards builds up the lymph sacs,

the origins for the whole lymphatic system of tlngamism.
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Figure 1: Development of the lymphatic vasculature®. a | Although Lyvel is probably the first LEC
marker expressed on cells of the cardinal vein, it does not seem to have an effect on the normal
development of the lymphatic vasculature. The unknown factors in the graphic are most likely the
transcription factors COUP-TFII and Sox18 which induce the expression Prox1. b,c | Expression of
Prox1 on one side of the cardinal vein leads to occurrence of an LEC phenotype consisting in

expression of different LEC specific proteins like podoplanin or neuropilin 2. d |

On the action of

VEGFC LECs bud from the cardinal vein to form primary lymph sacs, which in turn start to sprout
LECs towards the periphery to act as origins for lymphatic vessels.

The action of vascular endothelial growth facto(MEGFC) regulates the development of

blood vasculature and lymphatic vasculature andireg the presentation of VEGF Receptor
3 (VEGFR3) on the surface of LEES®
Around ED12 primary lymph sacs develop consistihgECs originated from the embryonic

veins, which start to spread throughout the whadelyb this leads to formation of the

functional lymphatic vasculature at around ED14.5
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1.2.1 The role of podoplanin in the development dhe lymphatic circulation

Since the time point of podoplanin expression iwspective LECs correlates with the
initiation of LEC budding, one can assume that pdalwin fulfils a function during this
process. In fact, mice which are deficient in pddom expression show blood filled
lymphatic vessels which indicate a non-separati&mwéen the two circulatory systeths
During the studies about podoplanin and

Podoplanin+/+ Podoplanin -/-
the circulatory separation it could beED16.5 ) ED16.5

shown that platelets arriving from the
cardinal vein aggregate between the veli
and the prospective lymph sac in orde
to mediate their separation. This
aggregation phenotype could only be
observed in mice presenting podoplanir
on the surface of LECs. It was suggeste

E135 +%
that interaction with podoplanin enables

B

platelets to aggregate, which in turn SEEECLE [ mon sl

Cardinal

Ll Cardinal
vein

leads to complete secession of the lymp

sac. In this case there should be

molecular Signalling mechanism, Lyve-1  Plateletintegrin oy,B; Lyve-1  Platelet integrin oy,p;
between podoplanin expressing LEC:

and platelets. Previously it was reveale(

Cardinal veln

that the C-type lectin-like receptor 2
(CLEC-2) which is specifically

expressed on platelets and” = ;
Figure 2: Podoplanin deficiency disrupts

megakaryocytic cell lines, interacts withdevelopmental separation of the lymphatic system
.18 from the blood vascular system, cognizable by the
podoplanit®, blood filled lymphatic vessels in the skin.
Podoplanin expression on LECs leads to platelet
aggregation at the budding position of the primary
lymph sac. Podoplanin-/- mice do neither show
this platelet aggregation nor sufficient separation

between the lymph sac and the cardinal vein®’.
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Clec-2, which was first described as a receptottersnake toxin rhodocytin, triggers a signal

transduction pathway including Syk and SLP76 follaywontact with this toxit.

_Rhodocwn

Sre YP YP,
iy | i : :
- L8 AL
L | Loy
Atypical —

Figure 3: Rhodocytin-CLEC-2 interaction
activates Platelets via Syk and SLP76.
Since podoplanin is able to interact with
CLEC-2 and deficiency in Syk and SLP76
disrupts lymphatic separation from the blood
circulation, it is likely that podoplanin-CLEC-2
interaction triggers the same signaling
pathwayzo.
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It is likely that interaction between podoplanin
and CLEC-2 activates the same signalling
cascade which finally leads to platelet
aggregation at the separation site.

Taken together the role of LEC-expressed
podoplanin during lymphatic development
consists in activation of platelets arriving from
blood of the cardinal vein, in order to aggregate
and mediate lymphatic separation from the
blood circulation.

The detailed physiological mechanism of this
separation is hitherto not known.



1.3 The role of podoplanin during tumour invasion

The transition form a benign resting tumour to digmant invading tumour is one of the most
significant reasons for a negative clinical outcameancer patients. This transition of tumour
cells requires changes in their capabilities toeaehto migrate and to degrade the surrounding
extracellular matrix (ECM) in order to move frometlprimary tumour towards peripheral
tissue. Many events leading to tumour progressieratileast partially mediated by the action
of transmembrane proteifis These molecules are responsible for functione Lkll-cell-
adhesion, cell-matrix-adhesion or for the activatiof intracellular signal transduction
pathways. Integrins for example form connectionghextracellular matrix; molecules called
cadherins participate in cell-cell contacts. A sfieclass of cell surface proteins called matrix
metalloproteinases (MMPs) are proteases which Hheeability to degrade extracellular
matrix. This is important for tumour invasion aslives for wound healing, since in both cases
cells have to move from one position to anotheipberal positioA™.

During the last years, a protein of the Cadherms<| the so called E-Cadherin was moved into
the focus of intensive investigation, as it turread that its loss on the cell surface supports
tissue disassembly, cell motility and in conseqeenenour metastasfs

Several reasons are known for the inactivation @aéherin on the cells surface, besides
mutations, the activation state of the small GTRd&s&c and RhoA has effects on the adhesive
functions of the protein. The activity of these GEPs can change cellular polarity and
morphology; during this cellular junctions are f3st

Rho-GTPases fulfil their functions by reorganizthg actin cytoskeleton. Some of the effector
proteins in this mechanism are the similar prot@mnsn, radixin and moesin, in short ERM.
These proteins connect the transmembrane ECM mcé€id44 to the actin cytoskeleton
which promotes cell motiliy/.

Similar to CD44, podoplanin has the ability to naiet with proteins of the ERM family
intracellularly’™. In contrast to CD44, nothing is known about arGMEbinding function of
podoplanin and maybe the functions of these twtepre are essentially different.

In 2006 it turned out that podoplanin, expresselladin-Darby canine kidney (MDCK) type-

Il epithelial cells, interacts with ERM proteins order to activate RhoA and to promote
epithelial-mesenchymal transition (EMT), a proceksing which epithelial cells acquire
mesenchymal features, which results in cells withmi@gratory potential comparable to
fibroblasts. A complete EMT is often observed ighly aggressive kinds of cancer. The group

of Ester Martin-Villar pointed out, that MDCK celighich express human podoplanin down-
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regulate epithelial genes like E-cadherin, catensrsd cytokeratins and upregulate
mesenchymal genes like N-Cadherin, vimentin orofilectin. In consequence the migratory
behaviour of these cells changes from a rather staigctive migration pattern to a faster and
individualized. Furthermore it is suggested that dlctivation of RhoA is a consequence of the
interaction between podoplanin and ezrin, the Riamfivation in turn promotes epithelial
mesenchymal transitiéh In short, podoplanin on MDCK cells seems to asgeavith ERM
proteins at the plasma membrane, which increasesfuhction of RhoA. RhoA activity
induces cell physiological processes which, in egngence result in epithelial-mesenchymal
transition (EMT), in order to support cell motilitfConcerning cancer, this increased cell
motility is a risk factor for tumour metastasis andasion.

However, in contrast to the results of the groujester Martin-Villar in MDCK cells, we will
see that during tumour invasion podoplanin obvipisis the capability to promote migration
in the absence of epithelial-mesenchymal transition

In 2006 the group around Andreas Wicki used tramsgmouse lines, which co-express a
potent proto-oncogene and podoplanin in the pascrea

As expected, mice developed a pancreas carcinothpaioplanin significantly increased the
invasive potential of the primary pancreas tumobsgression of podoplanin on tumour cells
changes the cellular shape towards a mesenchyreabptpe, as observed during epithelial-
mesenchymal transition. Interestingly podoplanimaur invasion does not seem to be
accompanied with the loss E-cadherin at the ceflsa. This is surprising, as the loss of E-
cadherin is one of the hallmarks of EMT. Obviougydoplanin enables the cell to become
invasive without of down-regulation of the E-cadhdevels. As well as E-cadherin also its
anchor proteing catenin and p120 catenin, which are normally degulated during EMT,
are kept by invading tumour cells expressing poatoipf’. Since E-cadherin requires these
catenins to fulfil its proper function, one can wsg that the whole arrangement for

establishing adherens junctions is maintainedpWahg podoplanin expression.
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The need for an EMT without the loss of

E-cadherin

E-cadherin remains elusive. In fact it
provides the possibility to induce tumour
cell invasion without dissolving

epithelial adherens junctions. Otherwise

it could be advantageous to dissolve and
re-establish E-cadherin junctions faster

in some podoplanin-dependent manner.

Similar results were obtained by Wicki

Rip1Podo; Rip1Tag2

| - - i -
| e Ecadneriy |

s g i, o 7 Pl
b ﬂ% W e ﬂi

et al when they stably transfected MCF7

breast carcinoma cells with a podoplanin
expression construct. When these cells
formed an epithelial layerin vitro,

expression of podoplanin did not lead to

- - ] -'{ I :TA."
loss of E-cadherin on the cell surface but Rip1Podo; Rip1Tag2
to a dramatic change in cellular shape G

and an increased migratory behaviour.

e |
n

Like others before, the group emphasizes

the interaction between podoplanin and

]
o

percent of E-cadherin pasitive
CACinomas per mouse
n
(=3
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ezrin. These proteins especially co- RipiTag2  Rip1Podo; Rip1Tag2

localize at the cell membrane of Figure 4: Podoplanin induces tumour
invasiveness without loss of E-cadherin®’
A-F| Immunohistochemical studies reveal that
podoplanin expressing tumour cells
(Rip1Podo;RiplTag?2) at the invasive front do
be shown, that podoplanin expression not have to downregulate E-cadherin levels in
order to gain invasive properties. In contrast, no
raises the phosphorylation level of ezrin, E-cadherin can be detected in podoplanin non-
. . expressing tumours (RiplTag2), these tumours
suggesting that podoplanin affects the probably underwent full EMT. G| Significant
. L . . maintenance of E-cadherin in
function of ezrin in a biochemical way. Rip1Podo:Rip1Tag2 tumours compared to
Rip1Tag2 tumours.
Tu, Tumour tissue; Ex, exocrine tissue

filopodia. This leads to relocalization of

actin to filopodia. Additionally it could

This in turn could be caused by
functional regulation of Rho-GTPases.

It is known that the concentration of actin at italia-like structures can be the result of
decreased RhoA activity In fact it could be shown, by performance of Rhadivity assays
that the expression of podoplanin leads to downatigm of RhoA activity in MCF7 celfé.
This is insofar surprising and confusing as thsuleis contradictory to the results of Ester

Martin-Villar's group, which revealed a podoplardependengctivation of RhoA in Madin-
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Darby canine kidney (MDCK) cells. At this pointig important to mention that MCF7 cells
express a high intrinsic level of RhoA, whereas MD¢Ils exhibit a low intrinsic activity of
RhoA?°. So, maybe podoplanin regulates RhoA to achieseaific level of RhoA activation.
In general, both groups describe the same celleffact of podoplanin: a podoplanin-

dependent support of migratory capabilities.
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1.4 Cutaneous wound healing

Wound healing is a physiological process which mddes tumour progression in many
aspects. Briefly, | want to outline the hallmarkgyeneral cutaneous wound healing processes.
Oversimplified, wound healing can be subdivided iBtdifferent phases:

* Inflammation

» Tissue formation

» Tissue remodelling
At the beginning of the first phase a fibrin cletformed which serves as temporary wound
protection and as provisional extracellular mafax cell migration. This clot consists mainly
of platelets and mesh of crosslinked fibrin fib&ré\s a first line of defence against foreign
particles, neutrophils enter the wound, followed tmpnocytes which become activated
macrophages which fulfil their phagocytic and groviactor releasing functios These
growth factors like TG& and TGPB or PDGF (platelet-derived growth factor) suppogtvn
tissue formatioff.
During tissue formation, the most important parthis formation of new epidermis consisting
of keratinocytes, a process which is called reepdhzation. As these keratinocytes are the
predominant cells which express podoplanin duriraumd healing, this cell type is in the
focus of this study. Keratinocytes are connecteth@mhbouring keratinocytes by adherens
junctions called desmosomes and they are connéotdte basement membrane by so called
hemidesmosomes. Reepithelialization starts with tissolution of desmosomes and
hemidesmosomes of keratinocyteand the reorganization of the actin cytoskeletdmictv is
regulated by the activity of Rho-GTPa¥e8 All of these events allow movement of
keratinocytes into the wound area. Besides mignakeratinocytes now begin to proliferate, in
order to provide new material for complete woundsate. In general, keratinocytes with a
high proliferation rate remain behind the activiligrating cells®.
During invasion of keratinocytes into the woundaaradditional fibroblasts move into the
wound, in order to create new granulation tissuacftdphages continuously supply the wound
with growth factors. In a process called neovas@dtion new blood vessels grow into the
wound to ensure the supply with oxygen and nutstént
Approximately one week after injury, when tissuaration slowly ceases, the wound begins
to reorganize in a process called tissue remodelliburing this fibroblasts turn into
myofibroblasts by expression afsmooth muscle actin(SMA) which forms microfilaments

along the cytoplasmic face of the plasma membréh@fibroblasts are capable to form
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connections between other cells and the matrixs thay are able to exert contractile forces
on the wound leading to wound contracfiorn the end of wound contraction the granulation
tissue is replaced by a scar, during a processccatillagen remodelling, this is characterized
large highly cross-linked collagen bundfes

In general a scar regains at maximum 70% if trength of normal skifi.
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1.4.1 Podoplanin is expressed during cutaneous wadinhealing and other skin

remodelling processes

Little is known about the cellular processes legdifrom resting, low-proliferative
keratinocytes to migrating, high-proliferative celit the wound margin after injury. Like
mentioned above, the first steps in reepitheliibrarequire the dissolution of connections
between neighbouring cells like other keratinocytnected by desmosomes) and cells of
the dermis (connected by hemidesmosomes). Aftaiodiation keratinocytes enter a state of
increased motility and proliferative activity. Allese initial events point to a role of epithelial-
mesenchymal transition in a way we have seen diwimgur progression.

Indeed, there is evidence that keratinocytes alethding edge of healing epidermis undergo a
process which is reminiscent of EMT, since thedés @xpress mesenchymal markers like
vimentin or fibroblast specific protein 1 (FSF1)This raises the question if podoplanin
expression by keratinocytes at the wound margipspdarole during wound healing

In 1997, a first proof was published, that podopias expressed by keratinocytes in cutaneous
healing. By introducing a wound into mouse skirg gnoup was able to stain a protein called
PA2.26 antigen in the basal region of keratinocytest to the wound. This protein was later
found to be identical with podoplanin. Furthermdine group around Alberto Gandarillas
found out that not only the keratinocytes of thedbaskin layer but even dermal fibroblastic
cells express podoplanin during tissue regenerafMneady by this point a possible relation

between podoplanin and cell motility was postul&ted

Figure 5: Immunohistochemical
identification of Podoplanin in
wound keratinocytes“.
Podoplanin is solely expressed at
the high-proliferative basal layer of
healing epidermis and in dermal
fibroblasts. Podoplanin = red, the
arrow marks the site where the
incision was made.

Beside the results concerning wound healing thiskvetearly shows a connection between
podoplanin expression and skin carcinogenesis,esite work actually discusses the
expression of podoplanin on keratinocytes and acfibroblasts during squamous cell

carcinoma.
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To sum up the results of this study, expressiopaafoplanin can be observed after cutaneous
injury, during skin carcinogenesis and followingatment of the skin with phorbol esters like
TPA. The group points out that all these proceseekide an increase of cell motility.
However, podoplanin expression can not be obsemedompletely untreated skin under
normal physiological conditions. This suggests aedli role of podoplanin in tissue
remodelling processé&s

However, it the role of podoplanin during wound lim@awas not investigated so far, as no
work addressing this issue was published to date.

Nonetheless the results about podoplanin expreskergtinocytes in carcinogenesis are
interesting and can be considered as the best foasigestigate the role of podoplanin during
wound healing. In further studies it could be shaigo for keratinocytes that podoplanin co-
localizes with ERM (ezrin, radixin, moesin) familpembers, which leads to a massive
rearrangement of the actin cytoskeleton towardbralflastoid cell morphology. Podoplanin
obviously redistributes ezrin, to enable an inteoacbetween these two proteins at plasma
membrane projections like lamellipodia and filogdbo, a relation between podoplanin and
cell migration was highly probabffe To support this notion another study revealeat th
podoplanin which is expressed by MCA3D keratinosyeads to destabilization of adherens
junctions mediated by E-cadherin, downregulatiobasal keratins, induction of vimentin and
keratin K8 and the acquisition of a malignant ptigpe'>. All these events point to a function
of podoplanin during epithelial-mesenchymal traositin keratinocytes, since the loss of E-
cadherin and the expression of vimentin are ctitlt@lmarks in the transition from an
epithelial to a mesenchymal state. Very intere$finBT-PCR to quantify E-cadherin gene
expression shows only a slight reduction in thadcaiption of Cadherin mRNA. However the
functional protein could not be detected performiigstern immunoblotting with cell lysates,
instead several smaller peptides were detected Jiggests that previously functional E-
cadherin proteins were proteolytically degradedaasesult of podoplanin expression. The
levels ofp-catenin however were equally in podoplanin expressells and control cefl§
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Figure 6: Left] Quantification of E-cadherin mRNA by RT-PCR. Right] Western
immunoblotting of cell lysates for E-cadherin Protein.
Control cells line 1-2, podoplanin transfectants line 3-5 42

These results expand the data obtained by Andreaki V¥t al who discovered that
podoplanin expression on invasive pancreas tumlaads to maintenance of E-Cadherin
during invasion. According to this model it is pds that E-cadherin is detectable on the
surface of podoplanin expressing cells, but thegommas not functional anymore. This result
is confirmed by another study by a group arouneéB¢artin-Villar in 2005%. However, this
model still allows a mechanism of rapid restoratadncell-cell-contacts, compared to cells
which undergo full EMT by genetic down-regulatidnaolherens molecules.

Taken together, podoplanin is expressed on actieeatinocytes. The action of podoplanin
influences the morphology and the migratory behaviof keratinocytes during these
processes and it seems to hold true that podoplsmgports the formation of cell-cell
junctions during a mesenchymal cellular state.

By use of squamous cell carcinoma models we wele @bgain much insight into the
function of podoplanin expressed by keratinocytas @we hope that this knowledge will help
us to understand the role of podoplanin during vdohealing. Since the establishment of a
podoplanin knock-out mouse line by the group aroBadel Uhrin is a very new progress in
this field, it was not easy in the past to perfamvivo wound healing experiments, in which
normal wound healing can be compared to podopiahibited wound healing.

Next, | will briefly describe the establishmentpddoplanin deficient mice, which allowed us
to study the contribution of podoplanin to cutareawund healing.
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1.5 Podoplanin KO mice

In former trials to create podoplanin null micee tAnimals died immediately after birth in
consequence of respiratory failure. This suggestsola of podoplanin during lung
development. Indeed loss of podoplanin causes dresma the development of lung
alveol™®. Nonetheless a further try by Pavel Uhrin usin@/2 and Swiss mice was finally
successful creating surviving podoplakimock-out mice, of this background.

The podoplanin knock-out mice established by PeNeln, were generated by disrupting the
coding region of the podoplanin gene. More pregiséhe murine gene for podoplanin
consists of 6 exons which code for different paftthe protein. Using a targeting vector, the
group was able to exchange the exons I, Ill, \d &hby a neomycin phosphotransferase
cassette in 129S/v embryonic stem cells. Thus tlieplaningene was completely disrupted.
The obtained chimeric mice were crossed with C5¥#Bice and the disrupted podoplanin
allele was partially transmitted to the offspringhe thereby generated podoplatin

heterozygous mice where intercrossed yielding ptaohip™ mice™.

1kb
i
BamH| s BamHl BamHI
EcoRl Mool *v, EcoRl \ EcoRlI
WT allele 1 v/ \; : | ,/ "
,r T I
I ~23kb TR v vV W
E"axt 5" int 3ink 3 gt
H = H

Figure 7: Disruption of the podoplanin gene by homologues recombination with the
pPNT.podoplanin targeting vector. Black boxes represent exon sequences. Exons II-V are

exchanged by the neo gene, upon homologues recombination®.

As mentioned above, previous podoplakimock-out experiments showed a neonatal death
rate of 100%, probably because of respiratory failldlso in this protocol, mice show a
mortality of around 70% (40% during embryonic deyshent, 55% during the first postnatal
week). It is hitherto unclear why — in this backgnd - around 20% of the individuals become

fertile adult animals with normal life spans.
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2. Aims

In the present study | want to clarify

differences in the process of wound SUmmay

Podoplanin is sialomucin typel transmembrane
glycoprotein, presented on the surface of LECs,
cells of various invading tumours and
keratinocytes and dermal fibroblasts during skin
remodeling processes like wound healing.

healing between podoplanin knock-out °
and wild-type mice. For this | am taking

advantage of the podoplanknock-out

Podoplanin seems to increase cell motility as it is
expressed in physiological processes during
which a higher migration potential is required.

mouse strain which was generated by

Pavel Uhrin, one of my supervisors. This

The interaction between podoplanin and Clec-2
on platelets is necessary for separation of blood
and lymphatic circulation during embryonic
development.

should allow a fast and reliable
approach, to reach my goals.

By macroscopic and microscopic studies - During tumour invasion of specific cancers,

podoplanin can be detected at the invasive front.
There, it is suggested to increase the invasive
potential during maintenance of cell-cell junctions.

I will try to assess specific properties of

wound healing which are affected by

- So far, nothing is known about the mechanisms
concerning podoplanin expression on basal
keratinocytes and dermal fibroblasts following
injury. Investigating this is in the focus of this
study.

podoplanin.
So far, nobody knows when podoplanin

is expressed in the course of wound

Podoplanin interacts with the actin-cytoskeleton
via proteins of ERM (ezrin, radixin and moesin)
family (especially ezrin). This interaction leads to
re-localization of all of its components to
migratory structures like filopodia.

healing and identification of a specific
time window during which podoplanin is

expressed maybe points to a specific

- Expression of podoplanin probably triggers
incomplete  epithelial-mesencyhmal transition
which allows the formation of cell-cell-contacts via
cadherins during migration processes. This could
lead to collective migration of whole tissue
sheets.

function of podoplanin.
Considering the previous results,
generated during the last years, one can

assume that reepithelialization in wild- Recenth podopianin Gockeout e ool e

established. Although with a death rate of 70%
during embryonic and early postnatal
development.

type animals happens faster, because of
an increased invasion potential of
podoplanin expressing keratinocytes.
Furthermore, it will be worthwhile to focus on therphology of invading keratinocytes and
the organization of the cytoskeleton, as both igiaisly dramatically reorganized by the
presence of podoplanin.

Herein, | will address both, the function of podmph on basal keratinocytes as well as on
dermal fibroblasts. Since both cell types are oftmwitical importance for the success of
wound healing, it is likely that podoplanin fulfiéscrucial function during wound healing.
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3. Materials and Methods

3.1 Scratch wound assay

Sterile fibronectin coated glass cover slips (Mailieéd Micro Cover Glasses) were provided by
Johannes Breuss and fibroblasts were a gift fromnes Stockinger. A circular silicone frame
was applied on the cover slip using a brush andsiBaye-Paste (GE Bayer Silicones). Cover
slips were put into 6-well-plates. NIH3T3 fiborbiga¢NIH3T3WT) and podoplanin transfected
NIH3T3 fibroblasts were diluted to final concenioat of 300cells/pL in RPMI medium with
10% serum and penicillin/streptomycin. 100uL of de#l suspensions were applied into the
circular frame. Cells were cultivated until confhiee over night at 37°C and 5% &€Qhe
cover slip was fixed onto a metal plate showingrautar recess right at the position of the
circular cell layer, medium was changed. A scrates introduced into the middle of the cell
layer using a pipette tip (for 200uL) and anotherer slip was fixed onto the other side of the
recess. The whole construct was inserted into gm@ls AX70 microscope and images of the
scratch wound were taken automatically every 8 teméor 3 hours.

3.2 Excisional wound model

3 to 6 months old podoplanin wild-typ and knock-ouite of the same sex were transferred
into separate cages, providing enough water and. fislce were anaesthetized 2.5 parts
Ketasol (Graeub)l part Rompun (Bayer), and 6.5 parts sterile dedtiwater (Mayrhofer
Pharmazeutika). For every 10 grams of mouse wé&igfat. anaesthetic were injected under the
abdominal skin.

Fully anaesthetized mice were shaved on the baakthe forelegs using 70% Ethanol and a
conventional razor blade (Gilette). Two 6mm circudacisional wounds were marked using a
sterile 6mm biopsy puncher (kai medic&kin was lifted inside the mark using sterile fgse
and excised around the trace using sharp andesseigsors.

Wounds were photographed using a stereo micros@lympus 3100), a Sony DSC W200
digital cameraand a ruler close to the wound; mice were transfebrack into the appropriate
cages. Every 24 hours mice were anaesthetized bfluesan inhalation (lasts for

approximately 1 minute) and wounds were photogrd@sedescribed.
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In the end, mice were sacrificed softly by isoflmoinhalation, photographed and shaved again
if required. Wound tissue was excised and froze®@T tissue tek using liquid nitrogen.

Wounds were divided into two equal parts. Embeddstie was stored on -20°C.

3.3 Tension wound model

This is a modified model of a wound model origigadublished by Robert D. Galiaffo

Mice were chosen, kept, shaved and anaesthetizedessibed before. A hole of 6mm
diameter was punched into a 0.5mm thick Pressdbssiecone sheet (invitrogen) using a 6mm
biopsy puncher, a silicone ring was circularly eed from the whole silicone sheet around 3-
5mm outside of the inner hole edges, using coneraliscissors. This results in a silicone
torus with a hole- diameter of 6mm and a full digenel2-16mm. Two of these silicone
constructs were stitched onto the same positioeasKtisional wounds were introduced. For
this, 8 sutures in equal distances fix the silicang on the back skin of the mice; thereby the
skin was gently pulled from an inward position umaath the silicone toward a rather outward
position, this slightly tense skin was then fixedhe silicone by a suture.

Inside each silicone structure, a 4mm circular @®oial wound was traced using a sterile 4mm
biopsy puncher. Skin was lifted inside the trac@egisharp sterile forceps (because tense skin
is harder grasp) and excised around the trace wdiago and sterile scissors. Mice were
photographed and sacrificed as already describeel.sllicone torus was removed by cutting

the sutures and the wound tissue was treated aglokzh

3.4 Histology

8um transversal cryosections were produced stadinegtly at the division site of the wound,
using a MICROM HM 500 OM cryostat. Sections wereratl at -20°C if not immediately
needed, or at least air-dried for 30 minutes fomediate use. Tissues were fixed and
histological staining was performed using Hemacalapid staining (Merck Chemicals),
according to users manual. Stained tissues werdriasl and embedded using Entellan Neu

(Merck Chemicals).
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3.5 Immunofluorescence

8um cryosections which were stored at -20°C wesedfifor 2 minutes in -20°C acetone. OCT
Tissue Tek surrounding the tissue was washed awaygumains water, for at least ten
minutes. Slides were inserted into Shandon CoveMaapparatur and equilibrated with
50mM Tris/HCI buffer. Unspecific protein bindingtess of the tissue were saturated with 2%
normal goat serum (Dako) for 20 minutes. Primaryibaies were optimally diluted in
Antibody Diluent (Dako) and slides were incubatedhwappropriate primary antibody
dilutions (see table below) over night at 4°C. &idvere washed three times with 50mM
Tris/HCI. If required, secondary antibodies werdéroplly diluted in Antibody Diluent (Dako).
Slides were incubated with secondary antibody idihgt (see table below), for 30 minutes. If
required, streptavidin was optimally diluted in Aady Diluent and slides were incubated
with streptavidin solutions for 5 minutes. Nuclezne counterstained with Hoechst (Molecular
Probes). Samples were washed three times with 5m$/HCI| and mounted in Ultramount

(Lab Vision Corporation)

Antibody or staining compound Hg/mL | Dilution | Incubation

Primary antibodies

Hamster anti mouse Podoplanin (Acris) 3.3 1/15(¢ o/n
Rabbit anti mouse Ki67 (NeoMarkers) 5 1/150 o/n
Biotin conjugated anti mouse CD41 (eBioscience) 5 | 1/100 o/n
Rabbit anti mouse Lyvel (abcam) 5 1/200 o/n
Secondary antibodies

Biotin conjugated rabbit anti hamster (Acris) 4 ags | 30
Alexa Fluor 555 goat anti rabbit (invitrogen) 4 ((]1)9) 30’
Staining compounds

Hoechst (Molecular Probes) 10 1/1000 30’
TRITC Phalloidin (Sigma-Aldrich) 5 1/200 30’
Alex Fluor 555 Streptavidin (Molecular Probes) 3 500 10’
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3.6 Microscopy and image analysis

Microscopic images of histological and immuonflusment stainings were taken with a
motorized Olympus AX70 microscope by 10x, 20x afd WplanApo air objective lenses and
using a coole@-View Il Camera. Image analysis was performedai§ielf’ imaging software

(Olympus Softmaging Solutions).

3.7 Statistical analysis
Statistical significancevas calculated by unpairgdtest and log rank test using GraphPad

Prism software. Significance was assignel ¥@alues less than 0.05.
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4. Results

4.1 Podoplanin leads to increased and collectivelcmigration

In my first experiment | wanted to know if the egpsion of podoplanin has any consequence
on the migratory behaviour of cells. According ke fiteraturé” podoplanin expressing cells
should show an increased and more collective motifian cells which do not express this
protein. As we unfortunately failed to cultivatéroblasts or keratinocytes from WT and
podoplanin KO mice, we compared NIH3T3 wild-typéréiblasts and NIH3T3 podoplanin
transfected fibroblasts in a scratch wound asday,cells were a generous gift of Hannes
Stockinger.

WT (NIH3T3) and podoplanin over-expressing (NIH3®8BOE) fibroblasts were seeded on a
fibronectin matrix and cultivated until confluenags reached. A scratch was introduced into
the cell layer using a pipette-tip and “healing”tbé scratch was monitored for the following

three hours.

NIH3T3WT NIH3T3Podo OE

Figure 8: Scratch wound assay on
fibronectin using WT and
podoplanin over-expressing NIH3T3
cells. After 3 hours NIH3T3PodoOE
cells show increased and more
collective migration into the scratch
compared to NIH3T3 WT cells.

Oh

3h

First, we observed that scratch wounds of WT arabpl@nin over-expressing (PodoOE) cells
differ right from the beginning. The scratch throlyT cells seems to be straight and smooth,

whereas it seems to be ruffled and uneven in cad2odoOE cells. Probably podoplanin
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supports intracellular cell-cell contacts alreadythe state of confluence. Therefore some of
the cells which are affected by the scratch rema#tecched to the adjacent scratch margins and
re-enter the scratch immediately.

Furthermore, we observed an increased and coléentigration in PodoOE samples compared
to WT. These results are consistent with the pwsithat podoplanin supports cell migration
and contributes to maintenance of cell-cell inteoas during migration processes.

If we assume that cells which express podoplaninduvound healing behave in a similar
way, it is imaginable that podoplanin has a suppereffect on the collective invasion of

epidermal keratinocytes into the wound area.
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4.2 Podoplanin is expressed during the full process reepithelialization

Next, | wanted to examine when and by which cgllesy podoplanin is expressed, during
cutaneous healing. According to the studies of @edlias et &l*, podoplanin is expressed at
least 48 hours after wounding in basal keratinacyted dermal fibroblasts near the wound
margins. With this experiment | wanted to confirnege results and | performed a study to
reconstruct a time course, for the expression dbptanin during wound healing. For this, |
sacrificed wounded WT mice every 24 hours, from flamntil day 8 and checked the wounds
for podoplanin expression, using a monoclonal awlybagainst this protein on 8um tissue
sections.

Fluorescence microscopy reveals, that podoplanaxjsessed in basal keratinocytes, during
the whole course of reepithelialization, which &tat around day 2 and lasts until around day
8. However, podoplanin seems to disappear frometloetls after complete epithelialization
of the wound area, which is achieved approxima#tlgay 8 (see figure 9). This suggests a
role of podoplanin which is not restricted to angtidct phase of wound healing, like the
inflammatory phase in the beginning or tissue restiod) in the end of the healing process.
Therefore it is worthwhile to consider a role ofdpplanin during rather general aspects of
healing epidermis, like keratinocyte migration,|gesation or wound contraction.

The expression of podoplanin seems to reach a petkeen day 4 and day 6, during
maximum proliferation and reepithelialization.

In general, we can confirm the observations of @atlds et al, as we obtain a positive signal
for podoplanin in both, basal keratinocytes andofitasts within the dermis. Additionally,
fibroblastoid structures within the granulatiorstis were positive for podoplanin (see figure
9; day 5). This could point to a role of podoplaimrrecruited fibroblasts at the site of injury

in order to support development of provisional mxaand wound contraction.
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Figure 9: Podoplain is expressed in the basal keratinocyte layer of healing epidermis,
throughout the whole process of reepithelialization. The figure shows podoplanin stainings for
every 24 hours from day 1 until day 8. At around day 8 the whole wound area is covered with a newly
formed keratinocyte layer. Podoplanin expression in basal keratinocytes of healing epidermis seems
to last throughout the whole sequence of reepithelialization. At the end of epidermis formation
podoplanin expression seems to cease, until it is almost completely gone at around day 8 (successful
staining for podoplanin at day 8 is indicated by podoplanin® lymphatic vessels PLV in the sample)
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4.3 Podoplanin is expressed in healing epidermissal distant from the invading front

Interestingly, | was able to detect podoplanin oy at the invading front of the epidermis,
but along the whole migration distance, from thidahwounding site to the invading edge of
the epidermis (see figure 10). This result makedifficult to believe in a function of

podoplanin which is restricted solely to the invagifront of the forming epidermis, as

described for invading tumours.

Podo+/+ day 4 £

Figure 10: Day 4 wounds clearly show expression of podoplanin (red) in the basal keratinocyte layer
(white arrow). The pale, green area above the basal layer shows the full thickness of the keratinocyte
layer. Obviously, podoplanin is expressed even at locations far away from the actual migration front of
the keratinocyte sheet (red arrow) and affects even areas between the first hair roots behind the
wound area (green arrow). Podoplanin positive fibroblastoid cells within the granulation tissue are
indicated by a yellow arrow.

D dermis; ED epidermis; GT granulation tissue.

Distinct expression of podoplanin can be even aleskrin pre-existing epidermis after
wounding. The hair roots which are indicated byegrearrows are parts of pre-existing
epidermis at the wound edge, and we can see a elgaession of podoplanin in basal
keratinocytes, between these hair roots. The epaeareas behind these hair roots show that
podoplanin expression is not a general phenomehbasal keratinocytes, since these areas
do not express the protein. So, we can assumdhatignals (still unknown) which trigger
the expression of podoplanin even affect areas¢hwtio not directly belong to the invasion
site (red arrow). This in turn, leads to the asswnp that podoplanin is active during
general, basic rearrangements of the epidermis.

To date we do not have any explanation for thegmes of podoplanin in these distant areas.
As hair roots supply the wound with additional kevacytes derived from stem cells, one
possibility could be that podoplanin plays a raleinlg keratinocyte migration or proliferation

to supply the invasive front with additional cells.
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4.4 Podoplanir” mice show impaired wound healing in macroscopic stlies

Keratinocytes of the basal skin layer and dermiatoblasts around healing wounds show
remarkable expression of podoplanin, which we dbalserve in healthy unwounded skin.
The basal skin layer is the migratory and prolifi@eactive part of the epidermis. Therefore
one might hypothesize that podoplanin fulfils sanifunctions during wound healing as during
tumour invasion and metastasis and podoplaninipedieratinocytes show a higher invasive
potential into the wound area, than keratinocytblwdo not express this protein.

Comparing wounds of podoplanin wild-type and knocit-mice will allow us, to assess
differences in the wound healing capacity dependmghe expression of podoplanin.

To get a first idea about these differences, loshiced two 6mm excisional biopsy punch
wounds onto the shoulders of 7 podoplakmock-out and 7 wild-type mice, resulting in 14
wild-type and 14 knock-out wounds. For the wounttoduction, only the dermis and the
epidermis were cut away. These wounds were obsdovdatie following 13 days and pictures
were taken everyday.

The first criteria | wanted to analyse, was theetithhe wounds need to close. Complete wound
closure was defined as, the development of a hrgie, scar-like skin surface, from a red and

crustal wound surface.

day O day 7 day8 closed! Figure 11: Wound

closure in an average
podoplanin Wt mouse.
At day 8 a blood red
wound surface was not
visible anymore and the

X ' - — 5 wound seems to be
ﬁ; i T completely sealed.
e e Lty

Statistical analysis of the wound closure timedthrintroduced wounds revealed, that wound
closure in podoplanitVT mice happens significantly faster (see figurg¢. Cbmplete wound

closure in KO mice seems to be approximately 2 diyayed, as it happens earliest at day 9,
compared to WT mice which show first events of wabgtosure already at around day 7. The
whole batch of WT wounds shows complete closurevéen day 7 and day 11, whereas KO

wounds close between day 9 and day 13.
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4.5 Podoplanin deficient mice show impaired woundantraction

Subsequently, | wanted to analyze how both typew@minds develop during the course of

time. For this, two criteria were taken into acdoun

1. The visible wound area
2. Change of the wound shape as an indicator for waontraction

The visible wound area was considered as the esallacking any obvious epidermal ingrowth
(brighter, pale area), the change of the wound eslagpan indicator for the contraction of the
wound, was measured as the ratio between the afeaticl the horizontal wound extension (see
Figure 14). For the macroscopic assessment of dumevcontraction we hypothesized that the
skin shows a higher flexibility in the axis fromduteto detail than around the mouse torso;
therefore the wounds should become a gap-likesliepe as consequence of contractile forces.
The pictures of the wound healing processes in-type& and knock-out mice suggest an
impaired healing progress in podoplaki® mice. Surprisingly healing of WT wounds seems
to be characterized by a higher degree of woundraction (see Figure 15). This is indicated
by a massive decrease of the wound area (nearly &0élby visible distortions of the wound
shape in wounds of podoplaffihmice already at day 2. Podoplanin seems to infleehe
initial phase of wound contraction, which basicalgpends on immigrated fibroblasts and the
polymerization of actin into F-actin within thesells*’. As | mentioned before, podoplanin can
be detected at dermal fibroblasts during skin regtimgd) and it might play a role during
fibroblast migration into the wound aféa

43



head <+— podoplanin KO — tail

head +— podoplanin Wt — tail

Figure 13: Comparison of wound healing in podoplanin KO and Wt mice. Mice were wounded
(6mm biopsy punch wound) and healing was observed for 13 days, photos were taken every 24 hours.
KO mice seem to show impaired wound healing, which could be due to decreased wound contraction.
Furthermore some knock-out animals show efflux of a transparent fluid (white arrow), this could
indicate malfunction of lymphatic vessels around the wound area. Numbers indicate the day after
wounding.

Figure 14: Image analysis of the wounds measuring the wound area (a) and the ratio between vertical
and the horizontal wound extension, yellow lines indicate the measurements. um and pm?’ are given
automatically by the software.
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Evaluation of all 28 wounds by image analysis aatistical analysis for every day shows that
the reduction of the wound area and the appearah@eund contraction are significantly

impaired in podoplanin KO mice (see Figure 15).

b
average wound area % wound shape change
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Figure 15: Statistical analysis of the reduction of the wound area in percent of the original area (a;
average wound closure) and of the wound contraction. The p values of 0.0001 designate the results as
significant for the days 2, 3 and 4 in the decrease of the wound area and for the days 1 and 2 in the
change of the wound shape.

a: Podoplanin KO mice seem to be impaired in decreasing the size of the wound area, starting at the
very beginning.

b: Wounds of podoplanin KO mice show a lesser degree of changing the wound shape which indicates
impaired wound contraction, especially in the very first and the last part of wound healing.

As we can see in the left chart, the decreaseeofMbund area over time is homogenous in
both, podoplanirknock-out and wild-type mice. This decrease is @mléaster in wild-type
mice, and basically wound healing in both typesafe show a rather linear healing process.
Concerning wound closure we see the biggest difterat day 4 after wounding, a time point
where the level of reepithelialization and the esgion of podoplanin are highest. After that
time point wound healing in knock-out mice seemsadtch up, until wound closure in wild-
type increases again between day 8 and day 9. ifbigase can not be explained by
reepithelialization, as the production of new epmias is either completed or really subsided
at that point (indicated in figure 9). An event idgr wound healing which often coincides
with day 7 or day 8 is the switch from fibroblastsmyofibroblasts, which function as the
contractile element during the end of wound hedfin§o, the significant decrease of the
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wound area in wild-type mice compared to knock-oute could be due to an increased
fibroblast and myofibroblast activity.

The right chart shows the effect of contractileces on the overall shape of the wound in KO
and WT mice. The degree of contraction by this mesass most prominent between day 1
and 4 and day 7 to 9, the latter phase of contmaatbincides with the transformation of
fibroblasts into myofibroblasts. Both podoplanin VAhd KO mice show a similar time-
course of wound contraction during the observatmamiod, however in KO mice this
contraction seems to happen at a lower level. Bogence of contraction events resembles
the population of the wound with contractile cels, described in the literature. During the
first 5 days after wounding, fibroblasts mainly trdsute to wound contraction, after that day
myofibroblasts appear which leads to the highesesif wound contractidh
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4.6 Impaired wound contraction in podoplaniri” can be confirmed by histological studies

To confirm the fact that podoplanin expression gbaotes to wound contraction, | analyzed
histological samples of day 4 excisional wounds. thess, 5 WT and 5 KO animals (1 KO
animal was lost at day 2) were prepared by introadnof 2 6mm circular excisional wounds
per animal. At day 4 10 WT wounds as well as 8 KQumds were harvested and histological
sections were analyzed by Hematoxylin and Eosinisgaand morphometric image analysis.
Wound contraction was calculated in percent, asdinrease of the distance between the
margins of the dermis (see figure 19; black lined)ich is 6000 pum directly after wounding

and reduces during wound healing solely by woundreation activities.

wound contraction day 4 Figure 16: Histological evaluation of
WT and KO mice significantly shows
that podoplanin deficiency impairs
wound contraction. KO wounds
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By this measurement of the wound contraction, it ba shown that podoplanin deficient
mice have a significantly lower wound contractiastgmtial than podoplanin WT mice. This
result is consistent with our macroscopic obseovati Taken together it seems to be true that

podoplanin positively influences wound contraction.
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4.7 Impaired wound healing in podoplanin KO is not caused by reduced
reepithelialization

To analyze the definite effect of podoplanin onpiteelialization during wound healing, |

abolished the contributory effect of wound conti@tt

For this | fixed two plastic rings, each onto ofm®w@ider of one mouse. Into the middle of
these rings | introduced a 4mm circular wound (&gp&re 17; 6mm circular wounds are not
desirable because of the size of the whole cort$trincconsequence, the plastic rings will
prevent wound contraction and the process of wobedling is solely restricted to

reepithelialization.

In the following | will term these wounds as temsiwounds.

Figure 17: Generation of tension wounds to prevent wound contraction and to restrict healing
to reepithelialization. The full procedure is described in Materials and Methods.

Altogether 6 podoplanifiand 6 podoplani#” micewere wounded, resulting in 12 wounds for
each genotype. After wounding, the wounds wereitod for the following 4 days. Since
at this time reepithelialization reaches a maximmmece were sacrificed and the wounds were
analyzed histologically.

A macroscopic estimation of the healing progressmdit reveal any significant correlation

between reepithelialization and podoplanin expogssee figure 18).
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Day 4

Figure 18: A  macroscopic
example of podoplanin™ and
podoplanin"' tension wounds. An
obvious difference between these
wounds can not be observed.

podoplanin™

podoplanin**

To analyze reepithelialization, i.e. the developtmehnew epidermis, | had to terminate
wound healing at some specific point (day 4) to soea the formation of epidermis
histologically.

Sections of podoplanih and podoplanii* wounds were histologically stained using
Hematoxylin and Eosin (see figure 19) and the ndatyned epidermis was measured using
image analysis. For this the newly formed epidermiss defined as the keratinocyte
proliferation from the dermal margins to the outestinvasion site of the epidermis.

| was not able to detect a significant differenoethe wound reepithelialization between
podoplanid™ and podoplanifi” wounds. Although the difference is not significaitteven
seems that the loss of podoplanin on the cell sarfupports reepithelialization (see figure
20). If this comes true, this would be very surnpgsas it is broadly accepted that podoplanin

supports cellular invasion, which should actuadigd to the opposite effect.
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podoplanin™

podoplanin™*

1 mm

Figure 19: Histological comparison between podoplanin"' and podoplanin'”+ wounds at day 4.

Green curves: keratinocyte migration distance; red lines: non-epithelialized area; black lines: distance
between original wound margins after wounding.

Fluorescent images show podoplanin stainings (red) in the KO and the WT wound.

D dermis; ED epidermis; GT granulation tissue.
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Since the statistical evaluation of all 12 KO and@ Wounds does not show any significances,
one can at least postulate that increased wourohaa WT mice is probably not caused by
an increased level of reepithelialization. Therefdhese results suggest that the function of
podoplanin in cutaneous wound healing does not isbrie supporting migration of

keratinocytes into the wound area.
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4.8 Podoplanin does not influence keratinocyte prderation

To assess a possible effect of podoplanin on kerayte proliferation | performed antibody

staining for Ki-67, a protein solely expressed dgrthe cell cycle, which is therefore an
excellent marker for proliferating keratinocytedieTantibody was used to stain excisional
wounds 4 days after wounding.

As indicated in figure 21, we did not see any obsidifference in the amount of proliferating

keratinocytes in the basal epidermal layer.

+/+ day4

Figure 21: Ki-67 staining (red) for day 4 podoplanin WT and KO wounds. The obtained signal does
not reveal any relevant difference concerning keratinocyte proliferation.

This and the previous results suggest that podoploes not accelerate reepithelialization.
This supports the hypothesis that podoplanin suppaound healing by influencing a

different physiological process, likely wound cation.
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4.9 Podoplanin co-localizes with F-actin in basaldtatinocytes

As previous studies described, podoplanin is ablateract intracellularly with actin via the

adapter protein ezfin This interaction triggers the appropriate ceflgearrange their actin

cytoskeleton and to increase their migratory priger Indeed, this effect was shown for
carcinoma celff and kidney celf$. In this experiment | wanted to find hints on the
interaction between actin and podoplanin in epid¢rmound healing. To make the two
proteins visible by fluorescence microscopy, | ugedonoclonal antibody against podoplanin
and fluorescence labelled phalloidin, a toxin frétmanita phalloides (death cap), which

specifically binds actin.

podoplanin

+/+

Figure 22: Podoplanin co-localizes with actin at the basal membrane of healing epidermis.
Costaining of podoplanin (red) and actin (green) leads to the assumption that both proteins interact
with each other, in order to rearrange G-actin towards F-Actin filaments.

The fluorescence images reveal that intense afgtinisg in healing podoplanifi epidermis
is solely restricted to the basal epidermal ardaerer we expect podoplanin expression. In
fact, co-staining of podoplanin and actin shows th@h proteins are clearly present in the

same cell layer, in wounds of podoplahimmice.

55



In contrast to this, in newly formed epidermis afdpplaniri’, actin seems to be localized
over the whole epidermal tissue and just a wealceutnation of F-actin bundles can be

observed in the basal region.

The notion that podoplanin affects the organizatbthe actin cytoskeleton of keratinocytes
is supported by the fact, that in some cases padopkxpressing solitary keratinocytes can
be observed, which reside in higher epidermal kRy#r these cells the actin cytoskeleton
differs remarkably from the surrounding podoplamon-expressing cells, in terms of

polymerization of actin into filaments (see figl2®).

actin podoplanin merge zoom

Figure 23: Podoplanin seems to lead to intracellular polymerization of actin to F-actin bundles.

According to the literature, podoplanin interacishvactin, in order to promote cell motility.
Since | could not find any relation between podopiaexpression and increased cell
migration of keratinocytes, it is likely that thegoplanin mediated rearrangement of the actin

cytoskeleton fulfils functions beside the suppdrt&l migration.

56



+/+

5. Additional Preliminary Results

5.1 Podoplanin possibly participates in interactios between keratinocytes and
fibroblasts

To analyze molecular differences between podopl&ramd podoplanifi mice, concerning

wound contraction, it is necessary to pay attentiorthe cells which are mainly responsible
for this phenotype, i.e. fibroblasts within the wdutissue. The fibroblast density within the
granulation tissue seems to be high 5 days aftarndiog. So, | analyzed appropriate
excisional wounds using a monoclonal antibody aigindoplanin and fluorescence labelled

phalloidin, since the action of wound fibroblastfies on the function of F-actin.

actin podoplanin merge

Figure 24: Actin and podoplanin staining in 5 day Wt and KO wounds. The staining shows
fibroblasts (white arrows) of the granulation tissue in close vicinity to the dermis. The podoplanin
positive wound is characterized by a higher amount of fibroblasts which may be orientated to connect
the upper lying epidermis.

Fluorescent images were taken from the granuldaissue next to the dermis and directly
below the newly formed epidermis, since this is ribgion to where fibroblasts migrate into

the wound area. First of all, we observed a higlitemdance and density of wound fibroblasts
in case of podoplanin positive wounds, this sugg#s¢ possibility that podoplanin might

support an increased collective migration of fidasks, as we have seen during my first
experiment (see figure 24).

Interestingly fibroblasts seem to directly interadth cells of the epidermis, and the degree of
interaction seems to correlate with the intensify podoplanin expression. In case of

podoplanin negative wounds, we observe a ratherganied pattern of wound fibroblasts,

which do not seem to be connected to epidermas.c€bnsequently, these observations
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suggest that podoplanin possibly plays a role dufilbroblast migration into the wound area
and during association of these fibroblasts wittgpdanin expressing keratinocytes.

There is another possibility which could resulaiphenotype which would be characterized
by an increased amount of fibroblastoid structurght below the podoplanin expressing
epidermal layer. It could be shown that mesenchyealld can have an epithelial origin; these
cells develop in a process called epithelial-melsgmal transition (EMT). It is known that
podoplanin supports a process which is reminiscdnEMT. Probably, development of

fibroblasts out of podoplanin expressing keratitesy
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5.2 Podoplanin might play a role in lymphatic physblogy after wounding

A secondary finding during this study was the obagon, that some KO wounds secrete a
transparent liquid (see figure 13 white arrow). sThquid really seems to arise from the
wound, as it can be observed at the same positvien @ couple of days. These wound
exudates can be caused by malfunctions of the latigplystem. If lymphatic vessels do not
become occluded after injury, interstitial fluidght extravasate from these severed vessels.
Following injury the coagulation of platelets is amportant factor to occlude bleeding blood
vessels. Additionally platelets have the capabiiityinteract with podoplanin via Clec-2, as
described above. As lymphatic endothelial cellsresp podoplanin constitutively, it is
reasonable to ask, whether platelets which extedgaffom severed blood vessels interact
with podoplanin on severed lymphatic vessels ttaita their sealing. As we have seen in the
introduction, the interaction between podoplaninyenphatic vessels and Clec-2 on platelets
leads to separation of the lymphatic system froentlood vascular system during embryonic
development. This process ends up in occlusiveragpa of both circulatory systems. It is
conceivable that a similar process is initiatedpbgtelets, which enter disrupted lymphatic
vessels following injury. Elimination of such a mhylogical process by podoplanin
deficiency might explain the secretion of fluid ppgdoplanin KO wounds.

To investigate this hypothesis, | stained woundugssections 3 days after wounding, using
antibodies against Lyve-1, a general marker forplgatic vessels and CD41, a protein

expressed on platelets.
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Lyve-1

+/+

Figure 25: Lyve-1 and CD41 staining for lymphatic vessels and platelets podoplanin KO and Wt
mice. The images show dermal areas right beside the wound granulation tissue, where blood from
severed blood vessels might enter disrupted lymphatic vessels. Platelets possibly lead to similar
separation and occlusion events in podoplanin expressing lymphatic vessels, as during embryonic
development. Podoplanin negative tissue clearly shows blood filled lymphatic vessels.

The images were taken from dermal areas in claseityi to the actual wound area, as this is
the expected site where platelets could probaligrethsrupted lymphatic vessels.

In fact, lymphatic vessel and platelet staining vasrs our expectations. Concerning

podoplanin positive wounds we can see a site wpkielets seem to contact a lymphatic
vessel, in order to initiate lymphatic separatibn.any case, we were not able to observe
lymphatic vessels which were filled with platelateund podoplanin WT wounds.

A different situation is observable in podoplani® Knice, where we obtain a clear platelet
signal from the inside of lymphatic vessels arotimel wound area. Many of the lymphatic

vessels near the wound area of podoplanin KO neeensto be wide open and intact (not
shown).

These data could be a good starting point, to iiyete the interaction between platelets and
lymphatic vessels during the wound healing. Howes#ice this is not the focus of this study
many things remain elusive and should be studiefditblyer experiments.
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6. Discussion

The fact that podoplanin, a 43 kDa mucin-type tna@sbrane sialoglycoprotein is present
on the surface of basal keratinocytes and dernmablfiasts during wound healing, was
already described 1997 by Alberto Ganderillas ét. &urprisingly, hitherto nobody
described a specific role for this protein in catans healing processes. The cellular function
of podoplanin and its regulation are still unclddowever, it seems to be a key player in a
variety of processes during which a higher degfeeeth motility is required, for example
tumour invasion and metastasis as well as develofaherocessé&?"*’

All in all, my studies confirm and expand the résubtained by the group around Alberto
Ganderillas. Podoplanin is expressed during reelmtization of cutaneous wounds by basal
keratinocytes of newly formed epidermis. Also ddrfraoblasts inside the wound area and
in its close vicinity induce the expression of ppldmin. Our assessment of the time course
revealed strong induction of podoplanin proteinrespion in keratinocytes at day 3 post-
wounding and the loss of expression when reepdldition is completed. Podoplanin can
not be detected in the intact, normal epitheliunpok wounding the expression of
podoplanin becomes induced in the activated ejtmelaround the wound margins
including also nearby hair roots. However interggy, podoplanin expression can be
identified at positions of the epidermis behind thetual invasion site. This is insofar
interesting as it is not consistent with previolsservations of invading and metastasising
tumours, which suggest, that podoplanin is expresséy where tumour cells invade tissues
of the periphery. The fact that podoplanin is appty expressed during the whole sequence
of reepithelialization and the fact that it is eegged over a wide epidermal area which is
affected by the wound, makes podoplanin to a pnotmdiich might participate in a general
aspect of wound healing. Due to this, it is hardb&dieve in a restricted function of
podoplanin during processes like matrix degradatiioectly at the epidermal invasive front,
the inflammatory response in the beginning or gssemodelling in the end of wound
healing.

Considering the literature which describes podaplas a molecule increasing cell motility,
it seems likely that keratinocytes at the wound gime - upon expression of podoplanin —
might gain a higher migratory potential comparegdaoplanin deficient keratinocytes and
this might cause faster wound closure in caseaofoplanin WT mice. Support of this
expectation was provided by the result that ovemression of podoplanin in NIH3T3 cells
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increased “wound healing” in the so called scratabund assay in cell culture. This
observation is consistent with the results of Aadr@Vicki et &’, which describe collective
invasion of pancreas tumour cells, which are tegtsfd with the coding region of
podoplanin behind the insulin promoter. Wicki etvéntion, that this phenomenon depends
on the ability of podoplanin expressing cells tgrate by maintenance of cell-cell junctions
(i.e. E-cadherin). This includes the possibility the formation of new tissue on a higher
level of organization, since collective migratidioes the invasion of whole cellular sheets
instead of single cells which have to reorganize fanctional tissues. This process is highly
desirable, to achieve efficient closure of cutarsemaunds.

By monitoring podoplanin deficient and podoplanxpeessing wounds for a period of 2
weeks, significant differences can be observedhisymacroscopic study, WT wounds seem
to be completely closed approximately 2 days eaardlen podoplanin KO wounds.
Corresponding to the opinion that podoplanin enbarthe migratory potential, we first had
hypothesized that accelerated wound healing mightcadused by a higher motility of
keratinocytes, which would lead to a higher reegi#tization rate.

Unexpectedly, we were unable to detect a signific#fiference in the migration distance of
keratinocytes from the original wound margins tadgarthe middle of the wound of
podoplanii”™ and” animals. Nor did we note any gross differencehimarganization of the
newly formed epidermis.

However, the observation was made that WT wounel€laaracterized by a higher degree of
wound contraction. Wound contraction does not ddpam reepithelialization, but on the
action of fibroblasts and myofibroblasts within teanulation tisst€. By macroscopic
inspection alone it is difficult to decide whethaster wound healing of WT wounds is a
result of increased development of new epidermisfancreased contraction of the wound.
Evaluation of histological sections of day 4 exansl wounds confirmed that podoplanin
expression corresponds to significantly enhancednaaontraction while cell proliferation
did not differ between wt and knock-out animalsu3hwvound contraction seems the likely
explanation for accelerated wound healing in poalopl WT mice.

A modified version of a wound healing protocol byptRrt D. Galian& gave me the
possibility to investigate wound healing in the efose of wound contraction. A plastic ring
which was fixed around the wound stabilized the meb@rchitecture and wound closure
therefore depended solely on the formation and gmation of new epithelium. Using this
model | was not able assess any significant maopisor histological difference between

podoplanin KO and WT wounds. And the trend pointather to an even slightly higher
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reepithelialization rates in podoplanin KO woundkhis clearly contradicts our first
hypothesis that accelerated wound healing depends faster epidermis formation. On the
other hand this finding supports the interpretatibiat podoplanin influences wound
contraction.

In addition | was not able to discern any differemoncerning the keratinocyte proliferation
rate, between podoplariffiand” wounds.

Taken together, podoplanin does not seem to hayedmact effect on the keratinocytes
during reepithelialization processes.

One of the first insights into the function of pptknin was the observation that podoplanin
interacts with the actin cytoskeleton via the adaptolecule ezriii. | was able to confirm
that podoplanin leads to rearrangement of the astioskeleton, within basal keratinocytes
of healing epidermis. However my studies do noeadany correlation between podoplanin-
dependent actin-rearrangement and increased cefuddlity. A connection between the
rearrangement of the actin cytoskeleton and wowmdraction is imaginable, as keratinocyte
at the wound margins might participate in contragthe wound.

A related question is, if there is any interceltudannection between keratinocytes of newly
formed epidermis and (myo-)fibroblasts within theumd gra