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The secret of change is to focus all of the energy, not on
fighting the old, but on building the new.

Socrates






Legend

Abbreviation Full description

MI Myocardial Infarction

SHAM Sham-operated mice

NO Non Operated mice

BZ Infarct Border Zone

RA Infarct Remote Area

CLVs Cardiac Lymphatic Vessels
LVs Lymphatic vessels

LECs Lymphatic Endothelial Cells
BVs Blood vessels

ECs Endothelial cells (blood)

ECM Extra Cellular Matrix

EMT Epithelial Mesenchymal Transition
FRCs Fibroblastic Reticular Cells
CAF Cancer Associated Fibroblast




Abstract

Cardiovascular diseases, including myocardial infarction (Ml) and heart failure, are the leading
causes of death in the industrialized world. The epidemic problem of cardiomyopathies, together
with the limitation of their management, constitutes the bé&sisthe current interest in
regenerative cardiology. Restoration of the cardiac function is one of the main aims of the
cardiovascular research community. Although there are continuous news and scientific papers
about clinical trials of cardiprotective dugs and new approaches with the stem-lzatled
therapies, the knowledge regarding the scar formation after MI or-isnbamic
cardiomyopathies is confined to the discoveries from decades ago. Thus, there is still a question
that has to be addressed: whappens during the healing process of scar formation?

The repair and regeneration of the injured tissue are-reksted. In some instances, a
regenerative process of endogenous new cardiomyocyte formation amdseetarization occur
concomitantly withthe scar development. Unfortunately, physiologically the regeneration is
much less pronounced than the replacement fibrosis. As said, cardiac scars are dynamic living
structures, although, the blood vascular rarefaction and the po@ngemenesis conbute to

the deleterious effects of the cardiac inflammation and edema. However, the crucial role in the
maintenance of tissue fluid balance and immune surveillance is played by the lymphatic system,
suggesting that the lymphangiogenesis in the processaoffication is very important for the

heart healing. The lymphatic system is present throughout the entire body in all vertebrates and
regulates the tissue homeostasis, fluid balance and repair due to its function in the transport of
molecules and cell§he unique structure of the lymphatiessels (Vs) such as, discontinuous

basal lamina, fenestrations, wide lumen and lack of pericyte and smooth muscle cell lining, are

advantageous features for cell trangration and diapedesis. Hence, functioods are critical



for the circulationtrafficking of immune, cancer and other cell types. Cardiac lymphatic
vasculature undergoes substantial expansion in response to MI; however, there is limited
information on the cellular mechanisms mediating st lymphangiogenesis and
accompanying fibrosis. In the heart, the cardiac lymphatic system is crucial for the control of
intraamyocardial pressure and prevention of swelling, lipid transport and balanced regulation of
tissue inflammation and there is a documented between lymphatic malfunction and
cardiovascular diseases. Using a mouse model of permanent coronary artery ligation, we
examined spatiotemporal changes in the expression of lymphendothelial and mesenchymal
markers in the acutely and chronically infa myocardium. We found that at the time of
wound granulation, a thrdeld increase in the frequency of podoplatabeled cells occurred in

the infarcted hearts compared to raperated and shaoperated counterparts. Podoplanin is a
very interesting motein; it is expressed in a variety of different type of cells and in different
context; mostly orchestrates the lymphatic and the immune system but also the malignancy of
tumors. It is known that a multitude of stimuli can drive podoplanin expressiondimg
physiological differentiation factors in embryogenesis, potentially malignant factors such as pro
tumorigenic signaling pathways in cancer and-ipfammatory cytokines in immune diseases.

In our study podoplanin immunoreactivity detected L¥Wpositive LVs, as well as masses of
LYVE-1-negative cells dispersed between myocytes, predominantly in the vicinity of the
infarcted region. Podoplanitarrying populations displayed a mesenchymal progenitor marker
PDGFRU, and i nt er miltatmagter regulate vf phe yrephatiadenddthetiak
fate. At the stages of scar formation and maturation, concomitantly with the enlargement of
lymphatic network in the injured myocardium, the podoplaiih LYVE-1-negative

multicellular assemblies were appat in the fibrotic area, aligned with extracellular matrix



deposits, or located in immediate proximity to activated blood vessels with high VBEGFR
content. Of note, these podoplaim nt ai ni ng <cell s acquired the
hematoendothedi epitope CD34. Although Prek labeling was abundant in the area affected by

MI, the podoplanirpresenting cells were not consistently Risgositive. The concordance of
podoplanin with VEGFR3 similarly varied. Based our observations, podoplanin isifig
expressed not only by tlhgmphatic endothelial celld ECS9), but by different type of cells at the

time of inflammation; this heterogeneous cell cohorts that express podoplanin contribute to scar
tissue biology in early and advanced phases of scarat@in. Thus, our data reveal previously
unknown phenotypic and structural heterogeneity within the podoptasitive cell
compartment in the infarcted heart, and suggest an alternate ability of podqguksenting
cardiac cells to generate lymphagndothelium and préibrotic cells, contributing to scar

development.



Riassunto

Le malattie cardiovascolari rappresentano una delle principali cause di morte nel mondo

i ndustrializzato. Oggigiorno | 0insufficienza
patologie é trattata esclusivamente su base sintomatica; la mediceanre r at i va ha | 0 ¢
di curare le cause della insufficienza cardiaca ripristinando il tessuto cardiaco danneggiato e

' i mitando | 6estensione del tessuto <cicatrizi
letteratura, comprensiva di studi clinigyi farmaci cardioprotettivi e sulle terapie a base di

cellule staminali, le conoscenze riguardanti la formazione della cicatrice secondaria a infarto del
miocardico o a cardiomiopatie non ischemiche sono limitate a osservazioni di alcune decadi fa.
Oggi,grazie alle nuove tecnologie e allodoutilizz
precisione gli stadi inflammatori che esitano nella formazione della cicatrice e lo sviluppo
temporale di guestoul ti ma,; t a |l per mighoracersiméaz i o n i
somministrazione che la tipologia delle terapie cardioprotettive o riparative.

Durante la formazione della cicatrice, la rigenerazione, ovvero la formazione di tessuto
competente costituito da nuovi cardiomiociti e vasi sanguigfisi@ogicamente molto meno
pronunciata rispetto ai meccanismi che governano la fibrosi sostitutiva. Nelle fasi iniziali la
rarefazione vascolare e la inefficiente +se@iogenesi favoriscono gli eventi giibrotici, quali
inflammazione e 'edema intesti a |l e . Loomeostasi tessutale e |
indispensabili per rallentare e contenere la formazione della cicatrice vengono modulati dal
sistema linfatico. Il sistema linfatico ricopre un ruolo estremamente importante nella fisiologia
della formazione della cicatrice e del processo rigenerativo. Il sistema linfatico € presente in tutto

il corpo di tutti i vertebrati ove modula || 6o

di molecole e cellule. | vasi linfatici sono caeaizzati da una struttura peculiare, presentano una



lamina basale discontinua, fenestrazioni tra le cellule dei vasi, un ampio lume e mancano del
rivestimento pericitario e di cellule muscolari lisce, caratteristiche peculiari dei vasi ematici.
Queste prprieta sono vantaggiose per la trangrazione cellulare e la diapedesi. Pertanto, i

vasi linfatici sono fondamentali per la circolazione e distribuzione di cellule immunitarie,
tumorali o di altro tipo.

Nel cuore, il sistema linfatico e cruciale per dntrollo della pressione intr@iocardica ed il
trasporto dei lipidi, primaria fonte di energia dei cardiomiociti e subisce una notevole espansione
in risposta alloinfarto del mi ocardi o, anche
mediano lalinfangiogenesi e la formazione della cicatrice post ischemica. In letteratura, sono
presenti alcuni studi che descrivono il legame tra il malfunzionamento dei linfatici e le malattie
cardiovascolari.

Nel presente progetto di ricerca, usando un modellonmdi legatura permanente dell'arteria
coronaria discendente, abbiamo esaminato i cambiamenti gpagorali dell'espressione dei
marcatori linfeendoteliali e mesenchimali nel miocardio infartuato in fase acuta e cronica.
Abbiamo osservato che nel se$o di granulazione post ischemia vi € un notevole aumento
del | 6espressione dell a podoplanina, un marcat
associato anche a cellule non linfatiche. La podoplanina & una proteina dalle sfaccettature molto
interessanti; viene espressa da svariati tipi di cellule e in contesti diversi; per lo piu governa il
funzionamento del sistema linfatico e del sistema immunitario ma ha un ruolo importante nel
predire la malignita dei tumori.

Come atteso, nel tessuto ischemico cardiaco la podoplanina viesprassa insieme a LYVE

dalle cellule endoteliali che formano i vasi linfatici; allo stesso tempo, abbiamo osservato

numerose cellule podoplanina positive cheece pr i mev ano &deGd Rdllule mar ¢



progenitrici mesenchimali, e, in maniera meno costante-Bréattore di trascrizione deputato

a regolare il lineage linfendoteliale; queste cellule podoplariina P D & PR, non
delimitavano strutture vascolari, ma risultagatistribuite in maniera dispersa nel tessuto fibro
inflammatorio posinfartuale.

Nell e fasi di formazione e maturazione dell a
rete linfatica del miocardio danneggiato, le cellule podopldnsoao stateosservate nell'area
fibrotica, allineate con depositi di matrice extracellulare o situate nelle immediate vicinanze di
vasi sanguigni positivi al VEGFR . Nell a fase acuta dell 6infar
PDGFRb o al CD34 e smarimamendo aistrdbuité ia mamiera dispersa melio
stroma fibreinflammatorio. La ceespressione della podoplanina con il VEGERaltro
marcatore degli endoteli linfatici, risultava invece variabile rispetto al LYVE 1.

Sulla base delle nostre osservaziarella cinetica posischemica del tessuto miocardico, la
podoplanina viene espressa non solo dalle cellule endoteliali linfatiche, ma anche da altri tipi di
cellule che partecipano alla fase acuta e ¢
maniera importante alla modulazione del tessuto cicatriziale nelle varie fasi della riparazione del
danno tessutale.

In conclusione, questo studio ha confermato come i linfatici prendano parte al rimodellamento
del tessuto fibranfiammatorio posinfarto, rivelando una intensa e inattesa distribuzione del
marcatore linfatico, podoplanina; i nostri dati evidenziano come la podoplanina venga espressa
da <cellul e di di versa natur a, alcune dell e
riparazione mioaalica verso la fibrosi cicatriziale; queste nuove conoscenze consentiranno di
studiare in maniera piu approfondita i meccanismi endogeni di rigenerazione, e di attivare o

sopprimere pathway molecolari che finora non erano stati presi in considerazione.



Introduction

How can we fix a broken heart?

Love heals broken hearts but not cardiac wounds.

Cardiovascular diseases, including myocardial infarction (Ml) and heart failure, are the leading
causes of death in the industrialized world. The epidemic probl@ardiomyopathies, together

with the limitation of their management, constitutes the basis for the current interest in
regenerative cardiology. Restoration of the cardiac function is one of the main aims of the
cardiovascular research community. Althougkere are continuous news and scientific papers
about clinical trials of cardiprotective drugs and new approaches with the sterdbaséd
therapies, the knowledge regarding the scar formation after MI or-isnbamic
cardiomyopathies is confined to tdescoveries from decades ago. Thus, there is still a question
that has to be addressed: what happens during the healing process of scar formation?

MI may be the most common cause of ventricular scarring in humans, scars also occur in non
ischemic cardiomypathies due to replacemeditbrosis during bothpressure/volume overload

[1] and normal ageinff], although aging is not necessarily associated with fibpzsise[3]. In
addition, scars result from clinical interventions such as ablation and symgicatlure$4].

OFi brosis6é is not synonymous with aantfieddl evate
through the presence of collagiea key component of the acellular fraction of connective tissue.
Fibrotic scars, such as in skin, are generally acellular and predomicanijyosed of fibrillar
collage [5]. In the heart, however, scar tissue assumes a more proactive role than simply
preserving ventriglar integrity, facilitating force transmission, and preventing rupture.
Nonetheless, myocardial scarring does share common mechanisms and morphological

milestones with clasc wound healing (reviewed [8] [7]).



Briefly, injury is followed by spreading tissue necrosis, neutrophil infiltration, and macrophage
driven clearup of cellular debris. Subsequentyranular tissue formation, neovascularization,
and (partial) sympathetic 4ianervation occur. Infiltration from intreand extracardiac sources
and proliferation of fibrobladike cells occurs throughout, and is observed aly/ es a few
hours posinjury [8] [9]. Large amounts of newly produced collagen act to reinforce the healing
tissue, eventually establishing a steadyestatolving balanced extracellular matrix (ECM)
production by fibroblasts and degradatigia matrix metalloproteinases that are released by
leukocytes, fibrolasts, and smooth muscle ce]ls0]. The traditional view of scar formation
(based on observations in organs such as skin) sudbastsealing is followed by apoptosis of
the vast majority, if not all, of the cells (including fibroblasts), leaving a mature, fibrillar scar.
This whole process takes several weeks-ppsty, andi in the heart at lea$ttakes place in an
environmenbf rhythmically changing stress and strain.

Below (Fig 1) is shown a crossection of an infarcted mouse heart at one month after the left
ventricular descendent coronary artery ligation. The heart section is stained with the Masson

trichrome staining; its well recognizable the scar/fibrotic area colored in blue.




Fig 1. Scar formation after Ml in a mouse hearth.Thin cardiac cross section of mouse heart at
one month after Ml was stained with Masson trichrome staing, the border zone of the M| and the

newly formed fibrotic tissue is magnified on the left.

The Living Scar

Despite prevailing perceptions, cardiacrscare dynamic living striigres[11]. The abundantly

present ECM is interlaced with phenotyglly diverse groups of cells: interstitial fibrobldike

cells, functionally and structurally heterogeneous, endothelial cells, vascular smooth muscle
cells, surviving cardiomyocytes, immune cells, neurons, adipocytes and several type of
progenitor cel such as endothelial progenitor cells (EPCs), pericytes, mesenchymal stem cells

and cardiac progenitor cells (CPCsfhe scar is a metabolically dynamic tissue which
furthermore, exhibits nechi near passive and active Mmechani
generation by nomyocytes over time occurs at scales that are orders of magnitude longer than

the heartbeaf1?]. Contractile properties of the scar rely on the presence ovreors ¢ u-1 ar , U
smooth muscle actiexpressing nomyocytes, which persist in cardiac scars for many years
following injury, such as with M[13]. Note that not all subsets of fibroblagixpress contractile
proteins[14]. They also depend on the presence of an extensive cytaplébrillar system of

cell-to-cdl and cellto-ECM attachmentgl5|.

The impact of scar tissue on cardiac electrawlvity is a matter of debafd6]. Fibrosis can

exhibit variable degrees of density, from focal and compact (in the case of scars) to patchy and
diffuse. This can lead to the separatmistrands of myocardium, forcing excitation waves to

take anisotropic, circuitous patli$7] that may set the stage foe-entry of excitation [18].

Although fibrosis is strongly associated with an elevated risk of arrhythmogenesis, it is not well

10



understood how exactly it is involved iitheer the active generation or the passive maintenance

of abnormal electrical conduction episodes.

In some instances, a regenerative process of endogenous new cardiomyocyte formation and neo
vascularization occur concomitantly with the scar developmiéw repair and regeneration of

the injured tissue are inteelated. Unfortunately, physiologically the regeneration is much less

pronounced than the replacement fibr¢&g.

The healthy scar formation

As said, cardiac scaese dynamic living structurg4.1] although, the blood vascular rarefaction

and the poor neangiogenesis contribute to the deleterious effetthe cardac inflammation

and edem#§2(Q].

However, the crucial role in the maintenance of tissue fluid balance and immune surveillance is
played by the lymphatic system, suggesting that the lymphangiogenetiie process of
scarification is very important for the heart healj@d).

The lymphatic system is present throughout the entire body in all vertebrates and regulates the
tissue homeostasis, fluid lbace and repair due to its function in the transport of molecules and
cells[21].

The unique structure of the lymphatwessels (Vs) such as, discontinuous basal lamina,
fenestrations, wide lumen and lackpericyte and smooth muscle cell lining, are advantageous
features for cell tranmigration and diapedes|21] . Hence, functional Vs are critical for the
circulationtrafficking of immune, cancer and other cell typeShe lymphatianarkers function

and features are summarized in the table béfog/2).

11



Lymphatic Markers Lymphatic function Lymphatic features
Lyve-1 Tissue homeostasis Discontinuous basal lamina
Podoplanin Tissue repair Wide lumen
Prox-1 Cell trafficking (immune, | Lack of smooth muscle cell

cancer cells) lining
VEGFR-3

Fig 2. Characteristics of lymphatic vesseldn the table are summarized thejor markers of

the lymphatic endothelial cells and their role in the tissues all over the body.

The Lymphangiogenesis

The lymphatic vascular system is closely related to the blood vascular system in terms of origin,
morphogenesis, and the regulatorylecales required for its development and growth. The
lymphatic system develops in parallel and secondarily to the blood vascular system through
lymphangiogenesif22]. As revealed by lineage tracing, lymphatic endothelial cells (LECs) are
differentiated entirely from venous endothelial cells in a process controlled by the transcription
factorprospero homeobek (Prox1). Migrated LECs then form primary lymph sacs framich

LECs germinate, proliferate, and migrate to give rise to the entire lymphatic vascular network.
Vascular endothelial growthfact8r (VEGF-3) is a critical regulator foLVs growth, acting via

its receptor, VEGFR3, which is primarily found on LEE€[23]. Initial differentiation of the

LECs lineage begins from venousndothelial cells EC9 [24]. Through yetunknown
mechanisms, a subset of vendtSs starts to become committed to the lymphatic endothelial
fateat embryonic day (E) E8.5. These cells express the transcription factor Sox18, which directly
activates Prox1 by binding to its proximal promoter. Transcription factor-Pitben serves as
master regulator of LE€identity during embryonic developmesitd postnatal remodelin@5)].

Besides Prox, differentiating LECs at E9.5 also express lymphatic endothelialtoyain

12



receptorl (LYVE-1) and VEGFR3. Starting at E10.5podoplanin a typel transmembrane
sialomucintype Oglycoproteinis expressed on the LEGurface. LECs, stimulated wascular
endothelial growth factor CVEGFC) secreted from adjacent tissumigrate and proliferate to

form primary lymph sacs around E11.5. During this step, the lymphatic and venous systems
become separated via a process that invopagtoplanin,[26]. PodoplaninactivatesC-Type

lectin receptor 2 QLEC-2), thus activating the hematopoietic protein Syk/&p signaling
pathway and platelet aggregation. Aggregaggedat el et s fiseal of fo the
veins[27]. Finally, LVs maturation and remodeling occur in a stepwise manner, leading to the

formation of the complete lymphatic network.

In the cartoon below (Fig) are summarized the Steps of mouse lymphangiogdi2&is

Platelet
aggregates

E11.5-13.5

Podoplanin Podoplanin™

Cajgii: ! CLEC-2 Primary
Syk lymph sac
4 Smooth muscle cell Slp-76

BEC

CD31'""

CD31"eh 4 Vegfr3*
<™ LEC 5 v A
s« Platelets Eg;g? >< f?i{r
@ Nucleated and mature £ Prox1 RS
; , Prox1 - Podoplanin
erythrocytes p 3 . Podoplanin?
' , odoplanin CLEC-2? Mature
©@ Lylrlly:l]t]r(:)c}l:ﬁ and Mature blood S lymphatic
p capillary capillary

Fig 3. The embryonal lymphangiogenesisAt E8.5, ardinal vein ECs become lympsatic
competent. At EPE9.5, a subset of cardinal vein ECs begins expressing Sox18 and
subsequently, Prex a& E9.75. Starting at E10.5, podoplangexpressed in ECs. At E11.5,
primary lymph sac is formed from sprouted LEC#&hvaggregate platelets to seal and separate

from the vein. Maturé.Vs are then developed from the primary lymph sac. Araxd possibly
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podoplaninare critical not only for separating blood and lymphatic vascular system, but also for

maintaining LEG identity.

The lymphangiogenesis: Preg leadsthe transcription of podoplanin

Mouse Proxl was named as such because of its homology to the Drastyinieobox protein
prospero[29]. During mouse embryogenesis, PitbXs expressed in the developing central
nervous system (CNS), eye lens, pancreas, liver, skeletal muscles, and heart. ithlice w
tamoxi fen i ndWPmeldinddciblgRroxIdi hdunngtiefembryonic, postnatal, or
adult stages exhibit interconnected blogbsels (BVsandLVs and show dediffererdtion of

LECs intoECs; reduced expression of LE@arkers (VEGFR, podglanin, LYVE-1, etc.) and

the appearance &Cs markers (endoglin, CD34, etc.) may alsorimtably observe[28]. These
yndings indicate that LECdifferentiation is tightly regulated and that the differentiated £EC
phenotype is a plastic and dynamic condition that depends on constant Bobixity, for
maintenance. However, downstream target genes of Eribwough whicht controls the switch
fromECsto LECsand maintainsLEC dent i ty, remain t olifteracts dent i
with transcription factor COUPTFII to regulate expression of several lineage genes, including
VEGFR3 , ybrobl ast gr qrEFHR3), &nd oeurofin 1 22 [B@&. pHlowever, 3
phenotypes of mice lacking VEGFR FGFR3, or neuropilin 1 do not resemble the lymphatic
defects in inducible Pregi /i mice[30]. When Proxd was adenovirally transduced into human
dermal microvascular endothelial cells, expressioparfoplaninwas upregulated. Mice with
global deletion ofPodoplanin(Pdpri/i) exhibit misconnectedBVs and LVs that closely
resemble those obsed/&n inducible Proxli /i mice[31]. Both Prox1 andpodoplaninare also

constantly expressed in LECs naturally and appear to function in arau®&@omous manner.

14



Thus,podoplaninis hypothesized to function downstream of Rigxandpodoplaninexpression

is regulated by Proeg in LECs atthe transcriptional level. Four putative binding elements for
Prox1l in the 5Nj upst rpedaplaningegel avteaogrey yreasdi drd et
chromatin immunoprecipitation assay, Plbox was observed to directly
sequene of thepodoplaningene in LECs. DNApulld own assay co#fpindmted t hat
the putative binding element. In addition, luciferase reporter assay indicated thdt Istnals to

t he 5Nj r egul gbdoplagintosregglaiepatdaplanigent expression[32]. These

results suggest that Prdxregulatespodoplaninexpression at the transcriptional level in the
lymphatic vascular system. Thyspdoplaninpotentially serves as a major downstream target

gene of Proxl in the pathway essential for differentiation and neaiahce of lymphatic

identity. As described, mature LECs express LYy&EGFR3, Prox1 angodoplanin all of

those protein and transcription factors are very important for the formation and, scientifically, for

the identification of thé.Vs.

The heart dgends heavily on its lymphatic network for the return of the blood circulation of
extravasated molecules and fluids. Accordantly, surgical obstruction of cardiac lymphatics
rapidly leads to myocardial edema with wedlscribed acute, and chronic, as welleterious,

effect on cardiac functiof21].

In the cartoon belowFig 4) is described the mechanismBYs andLVs separatiorj2§].
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Fig 4. The separation of the lymphatic vessels from the cardinal veirPodoplaninis O

glycosylated during biosynthesis in LECs. Cell surfagposedpodoplaninbinds to platelet
receptorCLEC-2 andactivateghe Syk tyrosinekinaseand SLP-76 adaptorprotein. Syk/SLR76
signaling leads to downstream activation of phospholipase2C (-aP4.)C, resul ting
activation. Aggregated platelets form a plug to seal off the growing primary lymph sac from the

cardinal vein.

The lymphatic system in thieeart

In the heart, the cardiac lymphatic system is crucial for the control ofrmtogardial pressure

and prevention of swelling, lipid transport (major source of energy for myocytes), and balanced
regulation of tissue inflammation (reviewed [iB3] [34]). Although little is known about the
distribution and activity of cardiac lymphatic vessels (CLVS), there is a documented link
between lymphatic malfction and cardiovascular diseases, including-pistdema, fibrosis

and scarring, and the evolution of congestive heart fdi85lg 36].
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Based on the hitherto reported data, the adult cardiac lymphatic vasculature consists of a network
of subepicardial and subndocardial vessels and a plexus of myocardial capillaries of various
diameters and variable concentrations in difeerent regions of the heaf87] [34] [38] [39].

The intramyocardial lymphatics drain centrifugally, with each contraction, toward the superficial
epicardial lymphatic network composed of both blentled capillaries and larger precollectors
and valved collectingucts, with empty into periaortic and paratracheal lymph ngtigs

By employing immunohistochemical labeling LYVE Prox1, VEGFR3, it was established

that the localization and morphology of CLVs arbsantially altered in pathological conditions

[40] [21, 36]. Acutely after MI, the density of CLVs increasestie early phases of wound
granulation and is further elevated at later stages of tissue repair, superseding the number of
blood vessels (BVs) in the scdB6] [41] [21]. The postMI lymphangiogenés in the human

heart is mostly apparent in the scar, infarct border zone (BZ) and reactive peri¢&@jitis
Likewise, in murine models of MI, the development of new CLVs is primarily detected in
severely damaged myocarditand the adjacent B2 [43]. There is evidence that CLVs are
involved in adverse ventricular remodelif#g], potentially promoting the maturation of fibrosis

and fomation of a stable scdrl] [43]. Yet, experimentallyinduced impairment in cardiac
lymph flow leads to exarbated and prolonged inflammation after @8] [35], and promoting
postMI lymphangiogenesis is suggested to facilitate structural and functional recovery of the
mouse and rathearts[44] [2]]. Thus, lymphangiogenic processes in theroted heart may

have pleiotropic effects on the fibrogenic responses and scar maintenance.

Importantly, the cellular sources of the CLVs in the healing MI remain to be revealed. In order to
recognize putative cell populations participating in gdktlymphangiogenesis and fibrosis

during different phases of the wound repair, we performed characterization of the distribution of
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an established lymphendothelial epitopes, podoplanin, L-YVProx1 and VEGFR3, along

with the analysis of cell phenotypic markeassociated with angiogenic and fibrogenic
responses, including CD34, platette r i ved growth factor receptor
vi ment i-snmo catnhd nu ss$MAR Oua datia point tq ab unexpected heterogeneity in

the podoplanifpositive cardac cell compartment, which might be significant for the processes

of CLV growth after injury, development of fibrosis and scar maintenance.

In the three pictures (Fig) is shown the lymphatic vasculature in blue #me blood vasculature

in white in thick sections of a mouse heaRespectivelyfrom the left were pictured the

epicardium, miemyocardium and the endocardium; notice the distribution off Yfsealong with

theBVs and the major lymphatic collectors in the epicardium.

Fig 5. Thedistribution of the lymphatic system in the heart.In the three pictures is shown the
lymphatic vasculature in blu&Ys stained together with LYVHE and podoplanin) and tigVs

inwhite( st ai ned with i1isolectin B4) irtnRedpdttivelyk s ect
from the left was pictured the epicardium, miyocardium and the endocardium. In the
epicardium are very well visible (on the right) the sub epicardial lymphatic collectors that are
located under need the pericardium. The myocardial ded sub endocadial lymphatic

vasculature run parallel to the blood vasculature in a very well orchestrate organization.
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As expected, the distribution of th#&/s in the scar is different compared to the healthy tissue,
the lymphangiogenesisupersedes the angiogenesssit isshown in the picture below (Fig).
Notice that the lymphatic vasculature is stained in white and the blood vasculature in blue. In

order to show the scar structure, the heart has been labeled in greerSM#h

Fig 6. The distribution of the lymphatic system in the scaring heartBelow is shown a-®
reconstruction of a thick s e cRespectivelyttzBy9agzem) o f
stained in blue with the isolée B4 and the LVsare labeled in wh& with LYVE-1 and
podopl anin. The s c &MA, asiasnarkeeof fibtic Sssua.iTmeesettionvaf t h U
the scar tissue, as it is shown before with the Masson trichrome staining is very thin. As said,

during the scar formation the lymphangiogsis superseding the angiogenesis.
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Podoplanin, a small protein with many faces

Based our observations, podoplanin is highly expressed not only by the LECs, but by different
type of cells at the time of inflammation; this heterogeneous cell cohortsxirass podoplanin
contribute to scar tissue biology in early and advanced phases of scar maturation.

Podoplanin is a 3@o0 43kDa mucintype transmembrane protein. It has homologues in humans,
mice, rats, dogs, and hamsters and is relatively well comddretween species. It has been
reported to bind CLE@, which is highly expressed by platelets and immune qadidoplanin

also binds the CD44 and CD9 involved in cell motility and metastasis of immune and cancer
cells[49].

podoplaninit has been identified and studied in many different coatsixice it can be found on

the surface of many types of cells originating from various germ layers. Thus, it has been given
several names.

Podoplanin was first described &iECs as the E11 antigef6] and on fibroblastic reticular

cells (FRCs) of lymphoid organs and thymigitbelial cells as gp3847]. Podoplaninis also
homologous to T1a/rf4, one of the first molecular markers of alveolar type | epaheklls

[48, 49], PA2.26, which is upregulated in skin keratinocytes upon injaéy, OTS8, a molecule
induced in osteoblasts upon phorbol ester treatrftel}f and Aggrus,a plateletaggregating

factor [52]. Finally, this molecule was given the name podoplanin due to its expression on
kidney podocytes and possible involvement in thediaig of podocyte foot processgs3|.

While podoplaninexpression patterns in many of these cells have been well characterized, there
is still little known about the physiolagal functions of this protein.

Besides the lymphangiogenesis dnds distribution, the setting in whichodoplaninhas been

most exénsively studied is canc45]. The link between the lymphangiogenesis and cancer is

20



correlated with poor prognosis in cancer patients withgased lymphangiogene§h]. PDPN

is often used as a diagnostic merfs3] [54] [55]since is upregulated on tumor cells themselves
in several cancer types, including squamous cell carcinoma of the lung, heaehca[56] [57]

[58] [59malignant mesotheliomi@0] [61] skin cancers, osteosarcomas, gliomas and brain
tumorg62] [63]. Podoplaninis often expressed at the leading invasive edge of tumors and
appears to play a role ipitheliaFMesenchymal TransitionE(MT), invasion, and metastasis
[59]. Interactions between CLEZ andpodoplaninin tumors also likely play a role in tumor
progression and metastasis due to platelets interacting with tumojteilisiowever, the exact
mechanism ofpodoplanin action in tumor cells is still unclear; in some casgsdoplanin
expression mediates the downregulation @aBherin and promotes EM57], while in others,
podoplaninexpression enhances tumorigenesis and metastasis in the absence [BIENIT
vitro studies have provided compelling evidence that forced expressipadoplaninin cells

that normally lack this protein results in a more mesenchymal phenotyperidctiiopodia,

and increased migration and invasion, as discussed §hgV&9].

Interestingly, podoplaninis also upregulated by caneassociated fibroblasts (CAFs) in the
stroma surrounding various tumors, including adenocarcinomas and colorectal ¢é&bfers
Generally, the expression pbdoplaninon CAFs is associated with pogmmognosis. Whilghese
studies illustrate that podoplarexpression in CAFs is linked to poor prognosis foreuds, it is
important to keep in mind that the effect mddoplanii CAFs likely depends on the type of
tumor cells and the tissue from which the CAFs originate. In fact, one study of colorectal CAFs
found thatpodoplaninexpression was correlated with etter prognosi§66).

Recently, the expression of podoplanin has beenlatetewith chronic inflammatory diseases

characterized by hypeproliferation and an infiltrate oimmune cells like psoriasig7] and
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rheumatoid arthritig45]; not only, podoplaninis upregulated in experimental autoimmune
encephalomyelitis (EAE), where it is believed to accelerate inflammation and disease
progressior{68]. We are the first in describing actaracterizing the expression mddoplanin

in the process of scarification in the heart.

In the table below (Fig 7) are summarized the organs where podoplanin is expressed and its

function[45)].

Organ

Central norvous
system

Time of expreasion

Bognning day F9, bocomes restricted to choroid
plexus in adult mouse

PDPN function

No spedcific function reported during development;

high PDPN expression in brain tumors

Reference

Williams et al. (1996),
Kaji etal (2012),
Paterziel etal. (2012)

Heart Expressed in entire organ on day E9; continued  Requared for normal heart development, Martin-Villar etal. 2005),
axpression in adult heart specihcally for EMT in epicardum-denved cells Mahtab etal. (2008, 2009,
Dougkas ot al. (20080
Lungs Appears in loregut on day 9 belore lung buds; Raqquered for lung developmaent; specihcally the Rarmiroz ot al. (2003)
subsequently restncted to alveola type | offoctve maturation of alvectar type | epithelal
opithokal cells colls
Intestine Fxprossed on day F9 in forogut; continued No speafic function determned Farr atal. (1992a),
expression in lamina propia Willkams et al, (1896)
Lymphoid organs  Present in spleen 4 days postnatally; in adult, Required for proper formation and organzation of  Famr atal. (1992a),
expression by FRCs, LECs, and FDCs in lymph lymph nodes and spleen; necessary for efficent Bekians etal. (2007),
node and spleen, and thyrmec medullary epithelial  DC rmigration to and wathin lymph nodes; highly Raica etal. (2010),
calls axpressed by stroma and some | cells in ectopic Poters etal, (2011),
lymphod tissue Acton etal (2012),
Yu atal, 2000
Immune cell Expression pattern Function Reference
| coll Expressed only on 11/ cells, not other subsets  Plays a role in Ty 1/-diven development of ectopsc  Peters etal (2011)
germinal centers in FAE
Macrophages Expressed by nflammatory macrophages, such  Possibly plays a role in response to fungal Hou etal. (20100,

as thioglycollate elicited pantoneal macrophages

infections; can activate platelet aggregation

Kerrigan etal. 2012)

Fig 7. Podoplanin expression and functionln the table are listed the major organs where

podoplanin $ expressed and its function along to the belonged organ.
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The importance of podoplanin in the organ development

Podoplanin is first expressed in the developing mouse embryo on day E9 in the foregut,
proepicardial organ, and central nervous sysitégh [69). Throughout development, it is also
expressed in the fetal rat kidney, choroid plexus, intestine, and esogd&yu®ver time,
podoplaninexpression is increasingly restricted such that in an adult anpudbplaninis
predominantly expressed in alveolar type | cells, matsteoblasts, LECs, and FRCs in the T
cell zone of lymphoid organ$46] [49 [58]. PDPN is critical for normal development of some
of these organs and has been well studigabiioplanindeficient animalsPdpn’™ mice develop
normally until around day E10, which coincides with the appearangoadplaninprotein.
From days E1016, approximately 40% gbodoplaniii” embryos die; the ones that survive to
birth die within a few dayq469]. The defect in blootymphatic vascular separation the
phenotype most extensively studiepwdoplanindeficient mice. On day E11.ppdoplaninfirst
appears in the developing circulatory system on RfokECs [58]. It was first reported by
Schacht et al. (2003hat podoplanid™ mice have abnormal LVthat cannot properly regulate
lymph flow and that this defect did not appear in blood vessels. These findingsunber f
supported byFu et al. (2008)who reported that endothelial cell expressiopadoplaninwas
responsible for a bloelymphatic misconnection. Furthermore, continued expression of
podoplanininto adulthood was required to maintain proper vascular architecture, as an inducible
deletion of Fsynthase, a major glycosyltransferase required fgiy@an synthesis and normal
levels ofpodoplanirexpression, showed similar blobgnph mixing[31].

During the embryogenesis, the interaction of platelet GREAhdpodoplaninon LECs induces
platelet aggregation and prevents blood from flowing into b&w budding from the cardinal

vein. Furthermore, injecting podoplaninblocking antibody or otherwise inhibiting platelet
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aggregation is sufficient to disrupt lymphatic developmgit]. Overall, the model that has
emerged indicates that during the budding of the lymph sac from the cardingbaoplanin
becomes upregulated on PsbXLYVE-1" LECs and binds with CLEQ on platelets. This
interaction activates downstream signaling irtgdgts, which results in platelet aggregation. This
aggregation then allows for a complete separation of the bulefimfrom the developin@Vs.

In addition to its role inLVs developmentpodoplaninmay play a role in the development or
maintenance of ipphoid organ architecture, alveolar type | cells and alveoli structure and heart
formation[45]

Podoplanin iighly necessary for proper development of the h@adoplaninis first expressed

in the proepicardial organ on day E9.5 and by day E12.5, it is expressed in most of the heart.
Without podopanin expression, the hearts of developing mice exhibit hypoplasia in the
pulmonary vein, left atrium dorsal wall, and the atrial sept[ifid]. In this setting, the lack of
Podoplanin leads to a dysregulation of EMA process that involgethe transition of sessile
epithelial cells into more motile mesenchymal cells through the downregulation of epithelial
markers, such as adhesion molecules likea&therin[72]. In podoplanirdeficient mice, the
epicardiumderived cells responsible for cardiac development show increased levés of
cadherin and decreased levv@f RhoA compared with their wiltype counterparts, which is
indicative of impaired EMT[69]. While podoplaninhas been shown to play a role in regulating
EMT [57], these studies are the first evidence patoplaninmay play a role in physiological
instances of EMT in netransformed cells.

Overall, podoplaninis crucial for the development of multiple organs interestingbgloplanin
serves diverse functions in these organs. In some instances it is required fo2deRéndent

platelet aggregation, but in others it seems to have an intrinsic effect on proliferation or
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differentiation in a specific cell typg45]. This raises the question of whethgwdoplanin
function could to some degree be tissue specific. The range of physiological effects downstream
of podoplaninexpression may be due to different protein interactions and binding partners in
diverse cell types.

In the cartoon below are summarized the mianscription factor and cytokines that can

enhance and promote the podoplanin transcrig&an8) [45].

Fig 8. Transcription of podoplanin. The transcription of podoplanin can be led by different

type of stimuli; the major activators of the transcription areipilammatory cytokines.

Podoplanin signaling and molecular pathways

Podoplanin contains a single transmembrane domain, a short, nine amino acid cytoplasmic tail,
and a heavily glycosylated extracellular domgu7]. While there are no obvious conserved
protein domains ipodoplaim, several studies have identified specific residuepaioplanin

that mediate interactions with other proteins. The first hints at the cellular funcip@dablanin

came from[50], whodiscovered thapodoplaninwas upregulated in keratinocytes from induced
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epidermal carcinogenesis and was localized to membrane protrusions sudbpasliéil and
lamellipodia. Podoplaninco-localized with ezrin, radixin, and moesin (ERM) family proteins,
and was later found to directly bind ezrin and moesin. The ERM proteins function as connectors
between integral membrane proteins and the actin cytoskeleton. Thus, this interaction likely
underlies many of the effects th@idoplanirhas on cytoskeleton.

Podoplaniralso interacts with two integral membrane proteins that could help to further explain
how it affects cell motility and metastasis: CD44 and CD9.

CD44is widely expressed, affects many cellular functions such as migration and adhesion, and
the expression of some isoforms is linked to more invasive canbagin-Villar et al. (2010)

noted that CD44 angodoplaninwere coordinately upregulated in aggressive cancetice#

and subsequently found that they directly bind to one another. This interaction is dependent on
correct glycosylation of the extracellular domairpotioplanin and CD44 expression is required

for podoplanirinduced cell migratiof57].

Additionally, Nakazawa et al. (2008pund thatpodoplanindirectly interacts with the tetraspanin

CD89 through transmembrane domains 1 and 2 of CD9. CD9 acts m®lasuppresor in many
cancerq 73], and ceexpression of CD9 angodoplaninresulted in a CD9nediated decrease of
PodoplaniAinduced metastasis. CD9 inhibitpddoplaninmediated platelet aggregation without
directly interfering with CLEC2 binding ofpodoplanin[74]. This finding indicates that CD9
potentially disrupts CLE€ multimerizationwhich is required for downstream signaling. These
interactions provide some insight into hgwodoplanincan exert striking effects on actin
cytoskeleton rearrangement, cell motility, and metastasis.

The only known receptor fopodoplaninis CLEG2, a Gtype lectin that is expressed by

platelets, neutrophils, monocytes and dendritic cells (DG5). Glycosylation of T34 on
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podoplaninis required for CLE€ binding of podoplam. This amino acid resides in the
plateletaggregation stimulating (PLAG) domain, which is highly conserved betpegoplanin
homologueg76]. The effect of CLEE engagement byyodoplaninhas been extensively studied

in platelets; however, the effect of this interactiorpodoplanirexpressingcells has not been
addressed.

Podoplanininteracts with galect#8 on LECs, and this interaction is also dependent on
podoplaninglycosylation[77]. Galectin8 can have varying effects on adhesion depending on
whether itis secreted or membrae®und[45]; it seems thapodoplaninbinding to galectir8

may affect LECs adhesion, but additional studies are needed to fully elucidate the consequences
of this interaction.

Podoplaninalso binds CCL21 with high affinity, and this interaction is also dependent on
glycosylation ofpodoplanin[78]. This interaction has interesting implications for lymphocyte
trafficking, as both LECs and FRCs express CCL21 to direct lymphocyte aadr&fficking to

the T zone ofymph nodeg79].

It has yet to be examined whether the above binding partnpmxioplaninare celttype specific

or how interaction with one protein affects the bindingpotioplaninto another interacting
molecule. With the exception of the ERMs and CD44, it remains unclear whpethgslanincan

bind to several of these proteins at one tonewvhether such interactions might be mutually
exclusive. A more global understanding of these various interactions is critical to our overall
understanding gbodoplani® s mo |l ecul ar functi oM. and downstr
The cartoon below (Fi@) represent the molecular interactions of podoplanth s receptor

CLEC-2 and the bindings with CD44 and CDP®).
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Fig 9. Podoplanin binding. Podoplanin has its own receptor called CELECbut is able to

interact also with CD44 and CD9 as it is shown in the figure.

Podoplanin: the joker protein

In conclusion,podoplaninis a very interesting protein; it is expressed in a variety of different
type of cells and in different context; a multitude of stimuli can dpwdoplaninexpression,
including physiological differentiation factors in embryogenesis, potentially maligaators

such as praumorigenic signaling pathways in cancer and-ipftammatory cytokines in
immune diseases or scar formatiggundoplaninorchestrates the lymphatic and the immune
system but also the malignancy of tumors. Different pathways congropmdoplanin
upregulation or downregulation could result in the activation or inhibition of distinct downstream
signaling pathways and therefore different cellular outcomes.

There are still many unknown abopbddoplaninbiology that remain to be answeradd the

future studies will provide critical insights into whethmydoplanincan be used as a specific
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mar ker for the diagnosis of Aheat hyo fibrosi

besides that the metastasization.
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Aims

The majority of data examining the function and signaling pathwaysodbplaninare from
studies ofpodoplaninexpression in lymphangiogenesis and cancer, while these studies certainly
provide critical insight into cellular and molecular aspectpazfophnin biology, it is important

to understand whethgrodoplaninfunctions similarly in nofpathological settings and in cell
types where it isndét naturally expressed.
The aim of this project is to describe in a time dependent manner the expregsydozninin

the scar formation after Ml and analyze theespression opodoplaninwith several markers

that where not associated with f@doplaninexpression before.

The results of the study will provide terrific information regarding the biology oh##ding

heart after MI; a better understanding of the environment of the scar it will improve the feasible

but modest therapy for the cardiac regeneration that are currently carried on.
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Materials and Methods

Myocardial infarction

Experiments were conducted according to the NIH Guide for the Care and Use of Laboratory
Animals and were approved by the Institutional Animal Care and Use Committee (IACUC).
C57BL/6 and BDF1 Kit/GFP transgenj80] mice were used interchangeably wittentical
results.Myocardial infarction (MI) was inducesh female mice to reduce biological variability
related to sex at-2 months of age as follows: animals were anesthetized with isoflurane 1.5%
and ventilated, under sterile conditions the thorag a@ened via the third costal space, the atrial
appendage elevated, the left coronary artery log@2dFig 1), and a silk braided suture-(9

was inserted and tightened around the vessel near the origin. Then, the chest was closed and
pneumothoraxeduced by negative pressure, and the animals were allowed to recover. Sham
operated (SHAM) mice were subjected to an identical surgery procedure, with the exception that
the suture was not tightened around the artery.-dfmrated (NO) mice served as ddhal
controls. At the time of sacrific€52 Fig 2), with the animals under deep anesthesia, bilateral
thoracotomy was performed, the hearts were removed and either fixed and processed for
histological analysis, or enzymatically digestgsil] for singlecell assessment by flow

cytometry, as described below.

Immunohistochemistry of thin cardiac sections

Hearts were perfused with 10% formalin, fixed and embedded in paraffin. Cardiac tissues were
cut i nthick settiors.mrollowing deparaffinization, rehydration, and-hrehtced antigen
retrieval (pH 6.0), samples were indirectly immunolabeled withmemially-available primary

antibodies and corresponding fluorophomnjugated secondary reagents; a complete list of
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antibodies is provided in the S1 Table. Nuclei were counterstained with Hoechst 33342 (Life
Technologies) or 4';@iamidinc2-phenylindoé dihydrochloride (DAPI; Sigmaldrich).

Multiple sections from the hearts of at minimum 4 mice for each time point after Ml and 3 mice
per sharoperated group were examined, and representative micrographs are included in the
figures. Images were acquiredith Olympus FluoView FV100 laser scanning confocal
microscope equipped with CCD camera (Biad), using 20X, 40X and 60X objectives. Optical
sections (@Z= 0.5 to 1 Om) spanning the sampl
each color channelnd merged using Adobe Photoshop (Adobe) or Imaris (Bitplane) software.
Alternatively, the sections were blocked with hydrogen peroxide and indirectly immunolabeled
with MOMA-2 or F4/80 antibodies (see S1 Table), followed by the development with
diaminob@zidine (DAB) substrate kit (Vector) and counterstaining vaigématoxylin and eosin

(Poly Scientific R&D Corp.). Images were acquired using Olympus BX63 light microscope
(Olympus Scientific Solutions Americas) with 20X and 40X objectives and assembleblre A
Photoshop. Quantitative image analysis was performed with NIH ImageJ by scoring multiple
imaging fields of 0.4 mM(20X objective) and 0.045 nf{60X objective) for every indicated

time point after Ml in the border zone (BZ) and remote area (RA) km~v& Podoplanin
labeling was measured as % area above binary threshold of positive pixels out of total area
populated by cells. Podoplanin-tabeling with LYVE1, CD34 and VEGFR was calculated

using JACoP plugin to determine the degree efocalizaton (ranging from the minimum of

A0O0O to maxi mum of nlo) by Mander s’ overl ap c
channel of interest located in the pixels displaying above the threshold signal in the podoplanin

channel. The occurrence of Prix, PDGFRU or PDGFRD -poditieeicells ng i n
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was assessed by counting the % of doddibeled cells from the total podoplarpositive

population in the imaging field.

Immunolabeling of thick cardiac sections

Hearts were perfused with 4p@raformaldehyde and stored at 4°C. Sections of 75 tqu&b0

were prepared using Leica VT1200 vibrating blade microtome (Leica Biosystems), and
indirectly immunolabeled employing the reagents detailed in the S1 Table, and Alexa Fluor 647
conjugated isoleoct GSIB4 (Life Technologies). Images were acquired with Olympus
FluoView FV100 laser scanning confocal microscope using 10X and 20X objectives. Optical
sections (m@zZ=1.5 to 2.5 Om) were projected
merged usinghdobe Photoshop or Imaris software. Representative micrographs are included in

the figures.

Flow-cytometry analysis of isolated cardiac cells

Infarcted (MI) and sharoperated (SHAM) C57BL/6 mice were euthanized at 2 days after
surgery, as described abowdonoperated (NO) agmatched animals were used as controls.

The hearts were excised and extensively washed in phosphate buffered saline. The cardiac
tissues were minced and subjected to repetitive rounds of enzymatic digestion with collagenase
type 2 (Worthington Biochemical Corp.) until complete dissociation. Larger cells, such as
mature myocytes, were precipitated, and the supernatants containing small cell populations were
filtered through 40 um cell strainers. High cell viability after isolation ¢698as confirmed by
flow-cytometry based on-AAD (BD Biosciences) exclusion. Samples were then either

immediately stained with podoplanin and VEGBRor fixed in 4% paraformaldehyde and
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immunolabeled for podoplanin only, or podoplanin in conjunction vetther LYVE-1,

PECAM-1, CD34, Ly6C, CD11b, F4/-Bldbelinghvis@éfriedor P D
after the incubation of unfixed cells with podoplanin antibody, using fixation and
permeabilization reagents from the transcription factor staining buffer (aféymetrix

eBi oscience) according to manuf act uaytemretdys | nst
are listed in the S1 Table. Nemmune normal goat, rabbit, syrian hamster and rat IgGs and
isotype controls (detailed in the S1 Table) were empl@senegative controls for the respective
antigenspecific labeling. Similar procedures for mouse cardiac cell isolation and antibodies for

the detection of podoplanin, LYVE , F4/ 80 or Pcta@retRy Uwerk yeceritly o w
reported by other groupg82] [83]. Samples were acquired with BD FACSCantoll (BD
Biosciences) and analyzed using FlowJo software (Tree Star Inc.). Single cells were gated using
FSGA/SSGA followed by FSCH/FSGW and SSEH/SSCW in all experiments.
Compensatiorsettings, gating of positive populations and calculations of % positive cells were

performed based on nommune and isotype IgGs and fluorescence minus one controls.

Statistical analysis
Data were presented as values for individual mice and meansti&théinalysis was performed
with two-tailedt-test oronevay A NOV A a mpabt hdciek ®ryntulsple comparisons

using GraphPad Prism (GraphPad Software).
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Results

Podoplanin in the infarcted heart: a time dependent expression

In order to study the lymphangiogenesis and the appearance of the mesenchymal markers in
acutely and chronically infarcted myocardium, we implemented immunohistochemical analysis
of the tissue sections obtained from raperated mouse hearts, as well aslieg samples at 4

and 8 hours (<lday), 2 days, 2 weeks and 1 month after coronary artery ligation, and sham
operated animals.

The established markers used for the identificatiobMsf are LYVE-1 and podoplanin and it is
well-documented that the lymphaogenesis in the infarcted heart is peaking with the
development of fibrosis and commencement of scar maturfatipn21] [84].

We observed that at the time of ischemia emdsequentiahecrosig41] [85], there was a slight
decrease in podoplanlabeled cells and structures in the necrotic area when compared to a
corresponding myocardial region in roperated hearts, as illustrated by 8 hours after Ml, (Fig
1A). Those findings are in agreement with previous ones in hupdahsSurprisingly, at 2ays

after MI, there was a more than &did increase in the podoplanin immunoreactivity in the
infarct BZ relative to earlier time points after Ml (< 1 day) or myocardial area retnote
infarction (RA) (Figs 1A, 1B andE). As it is shown in the FidA, 2 days after MI, all of the
migratory cells that are recruited in the early stage of tissue granulation express podoplanin;
interestingly podoplanin positive cells are
infiltrate yet in the necrotic tissueiggesting that the immune cells recruited in the early stages
of Ml barely cestain with podoplaniiS2, Fig5).

By flow-cytometry evaluation of isolated cardiac cells, we established that the frequency of

podoplanin was relatively low in newsperated anghamoperated noiinfarcted mouse hearts
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(Fig 1C). In line with immunohistochemicéihdings on the podoplanin accumulation in the
infarct BZ by flow-cytometry analysis we determined that in the total infarcted hearts the
occurrence of podoplaniexpressig cells versus neaperated and shawperated counterparts
was associated with more than thfell increase (Fig 1C).

Importantly, our funding are in line a recent study combining immunohistochemical and flow
cytometry assessments of the mouse cardidlalare composition, similarly reports that in
homeostatic conditions, the podoplapiositive cells are rare, constituting less than 5% of the
myocardial endothelial cell populatip83].

Accordingly, during early inflammatory responses to tissue dani8fg there were no
observable differences in the presence of LYMBositive CLVs in proximity to the injured area
(Fig 1E). In the infarcted myocardium, similarly to remote areas and sham spttioLYVEL1
labeling coincided with podoplanin almost exclusively in the vessel endothelium (RigiLEn
contrast, at the time of the appearance of podoplamsitive cells at 2 days after Ml, the-co
labeling of LYVE-1 with podoplanin in the infar@Z was substantially diminished (Fig 1E and
1F).

We observed, shortly after MI, a robust accumulation of interstitial podogtesitive/LYVE-
1-negative cellsn the infarct BZ (Fig 1E and 1R2 days), and a lesser extent podoplanin
positive/LYVE-1-negativecounterparts in the RA (Fig 1@;days).

Quantitatively, as compared to RA, in the infarct BZ there was more thaticdd3f®ecrease in

the proportion of podoplanipositive structures displaying the-staining with LYVE1 (Fig 1F,
graph; 2 days). In support, fleaytometry suggested that a much smaller fraction of podoplanin
and LYVE-1 doublepositive cells resided in the heart after Ml compared tooperated and

shamoperated conditions$S@, Fig 3).
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Similarly to the ceexpression of podoplanin with LYVEalso the cdabeling with a pan
endothelial marker PECAM was significantly reduced after Ml in the cohorts of podoplanin
presenting cells (SFig 3); further demonstrating that a large share of podoplaganing cells
appearing after infarction in the myocardial interstitium did not display markers of mature
endothelium.

Subsequently, at 2 weeks after MI, at the maturation phase of wound healing, the density of
podoplaninlabeled cells and CLVs was further elevatedha scar and BZ. We quantify an
additional 1.#fold increase in the podoplaniabeled tissue area relative to 2 days, and-tolth

rise relative to inflnmatory stage (< 1 day) (Fig 1B aa®-1F; 2 weeks), or the remote RA
(Fig 1B andlG ) ad norroperated myocardium (Fig Bnd 2A; 2 weeks).

In the healing scar, podoplanin immunoreactivity was apparent in LYYi&gative cell cords

(Fig 1Eand 1F;2 weeks) and the proportion of podoplapissitive cells cdabeled with LYVE

1 at 2 weeks after Ml was almo%b times lower than in the RA (Fig 1F, graph; 2 weeks)
suggesting that LYVHE. is expressed in podoplanin positive cells only il CLVs and not in the
interstitial podoplanin positive cells. T

hese podoplanipresenting LYVE1-negative cells were aligned Wwithe extracellular matrix

(Fig 3A; 2 weeks) and formezhpillary-like structures, which occasionally expressed CD34 (Fig
3B). The celabeling of podoplanin with CD34 was more readily detectable at the time of scar
maturation at 2 weeks compared to anieadtage of acute injury at 2 days (Fig 3B), with-a 3
fold increase in the clmcalization coefficent relative to 2 days (Fig 3@raph). Indeed, as
evaluated by flow cytometry, shortly after Ml there were no significant changes in the proportion
of CD34positive cells within podoplanipresenting populations versus shaperated controls

(S2 Fig 3, Panel B;CD34). Intriguingly, the podoplaniexpressing cells also frequently
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encircled the BVs in the fibrotic region and neighboring myocardium (Fig dR3[Fiand D; 2
weeks), which might point to their origin from perivascular cells or the cells recruited from
circulation.

At one month after MI, when the scar is well mature and the lost tissue is replaced by
nonfunctional cells, the podoplanin labelingtlve infarcted area and BZ remained high with no
significant changes versus 2 weeks after Ml (Fig 1B,and 1F). As expected] [43], the
presence of LYVEL- and podoplanispositive CLVs was prominent (Fig 2DF, 1H and Fig 2B;

1 month), supporting the notion that lymphatics, once formed, persist in the scarreddtifsue
[42] [2]] [86]. Simialr to that, the cataining of podoplanin with CD34 was also increased in the
maturing scar like it was at 2 weeks after Ml (Fig 3Byeeksand Fig 3C; 1 month, and Fig 3C;
graph), with an almsot-fold rise in podoplanin ctocalization coefficient with CD34 relative to

2 days (Fig 3C; graph). Correspondingly to the early stage of scar maturation, the poedoplanin
expressing population in the mature scar was dominatededyyYVE -1-negative multicellular
assemblies (Fig 1E andr11 month), which were observed aligned with fibronectin deposits in
the scar (Fig 3A; 1 month) and at the outline of small and large blood vessels (Fig 4; 1 month).
In contrast, there was no such aocuation of the podoplanifabeled cellular aggregates in the

RA not affected by the infarctio(Fig 1F, graph, RA and Fig 1G;month).Quantitatively, there

was more than a Hold decrease in the podoplanin and LYMXEcolocalization in the chronic

scar and BZ compared to RA (Fig 1F; 1 montiQollectively, these findings point to a
correlation between the presence of podoplaxioressing LYVEL-negative cells at different
stages of cardiac healing and the development of CLVs and fibrosis after MI.

Of interest, the growth of CLVs and appearance of podoplassitive interstitial cells were not

detected in the shawperated animals (Fig THL month SHAM). Likewise, there were no
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significant differences in the frequency obdwmplanin between the sharand nonoperated
hearts at 2 days after surgery (Fig 1C). These data underscore a specific effect einitheckht

injury on the podoplanin expression and lymphangiogenesis.
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Fig 1. Podoplanin expression in the infarcted and no#infarcted hearts. (A) Thin cardiac
sections from nowperated (NO) mice and animals at the indicated times after Ml were
indirectly immunolabeled with podoplanin (red). Nuclei, blue. Areas neighboring the necrotic
myocardium are shown for the infarcted hearts. Note theease in podoplanin
immunoreactivity at 2 days after MIB) Quantitative image analysis of the changes in
podoplanin immunolabeling in thin cardiac sections in the infarcted myocardium at the indicated
times after MIl. RA, remote area. Data represent na@anSD of % area stained with podoplanin;
n=6-10 image fields per group. By om&y ANOVA, *P < 0.02 for 2 days vs. RA, 2 weeks, or 1
month; **P = 0.0017 for 2 days vs. <1 day; ***P < 0.0001 for RA vs. 2 weeks or 1 month and
for <1 day vs. 2 weeks or 1 mibin ns, norsignificant for < 1 day vs RA, and for 1 month vs. 2
weeks. C) Flow-cytometry analysis of the frequency of podoplapasitive cells in the hearts of
nonoperated (NO), and the shasperated (SHAM) and infarcted (MI) mice at 2 days after
surgey. Graph depicting data from individual animals (upper row) and representative flow
cytometry scatterplots (lower row) are shown. n200animals per treatment; mean values are
represented by the red line on the graph. Bywag ANOVA, *P < 0.0001 for Mis. SHAM or

NO; ns, not significant for SHAM vs NOD¢H) Thin cardiac sections obtained at the indicated
times after MI were indirectly immunolabeled with antibodies that recognize podoplhin (
red), LYVE-1 (E-H; green), and PECAM (E andH; grey).Nuclei, blue. Corresponding single
channel images-H) are included in S2 Fig 1. Areas affected by ischemia are depici2dFin
Remote area (RA) is shown iB. SHAM, shamoperated inH. In F, the arrowheads in
representative images (upper panels) painthe examples of podoplanpositive LYVE-1
negative cells. Note the accumulation of LYMEpositive CLVs (red and green) as well as

podoplanirexpressing cells lacking the LYVE labeling (red only) in the infarcted myocardium
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as opposed to RA and SHANpuantitative image analysis (lower panel) of the podoplanin co
labeling with LYVEL1 is included in the graph. Data represent mean and SD of the co
localization coefficient measured at indicated times after Ml and the remote area (RA)) n=5
image fields pr group. By onavay ANOVA, *P < 0.0001 for RA vs. 2 days, 2 weeks or 1

month; no significant changes between 2 days and 2 weeks and 1 month.
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Fig 2. CLVs in the forming and mature scar. Thick cardiac sections were indirectly
immunolabeled wh the mix of LYVE1 and podoplanin antibodie#\,8; red)SMAand U
antibody B; grey), and cestained with isolectin G#84 (A,B; green). NO, notperated. Time

after Ml is indicated. Corresponding single channel images are included in S2 Fig 2. CLVs are
recognized by the staining with podoplanin and L¥VEIn A, note the changes in the
abundance and distribution of the vessels and LMV&hd podoplanin immunolabeled cells at
different stages of infarct healing. By -SMA-positive cells are apparent ihet fibrotic tissue

and the coating of large vessels.
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Fig 3. Phenotype of podoplanirpositive cells in the fibrotic tissue.Thin cardiac sections were
indirectly immunolabeled with antibodies that recognize podoplé@ent) and either fibronectin
and vimentin A; green and grey, respectively), VEGRRand CD34 B andC; green and grey,
respect i-SMAIDy grey). Nuclei, blue. Time after Ml is indicated. Areas in rectangles
are shown at higher magnifications time adjacent images for each color channel. Note that
vimentin @A) 0-BMA UD) labeling is rarely detectable in podoplagixpressing cells
(examples are pointed by yellow arrowheadsB landC, the podoplanifpresenting cells show
minimal VEGFR2 labeing. At 2 days after MI, the podoplarbearing cells mostly do not €o
stain with CD34 (exemplified by yellow arrowheads). Starting 2 weeks after MI, the CD34
staining is present in irregular capilldike structures (examples are indicated by white asjow

In C, quantitative image analysis demonstrating changes in the podoplatabetiag with
CD34 at indicated times after Ml is included in the graph (lower panel). Data represent mean and
SD of the cdocalization coefficient; n=% image fields per gup. By oneway ANOVA, *P <

0.02 for 2 weeks vs. 2 days; **P < 0.0001 for 1 month vs. 2 days; nsigmicant 1 month vs.

2 weeks.
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Fig 4. Perivascular localization of the podoplanirexpressing cells.Thin cardiac sections
were indirectlyimmunolabeled with podoplanin (red) and VEGERgreen) antibodies. Nuclei,
blue. Time after Ml is indicated. Areas in rectangles are shown at a higher magnification in the
adjacent images for each color channel and merged. Note the podguuaitive cels

encircling the VEGFR2-labeled BVs.

Podoplaninpositive cell population manifest a variable expression of the lymphatic
endothelial cell markers Proxd and VEGFR3 in the heart

In order to assess the lymphangiogenic potential optii®planinbearingcells in the infarcted
myocardium we evaluatedhe presence of a lymphatic endothelial -spikdfic transcription
factor Prox1 [87] [88] in this population. We noted that along with the expected localization in
the nuclei of theendothelium of CLVs (Fig 5/4C; arrows), ProxlL staining was detectable also
in the podoplanifpositive cells not organgd into vesellike structures (Fig 55%C; white
arrowheads) at different times after MIl. Quantitatively, as detected byciftametry the
frequency of Proxl expression in podoplanpositive cells was diminished at 2 days after Ml as
compared to shaioperated hearts (SEig 3 Panel BProx1). These data are consistent with the
findings on a lower presence of LYVE and PECAML in the podoplaniexpressing cell
cohorts, thus validating the theory that a large proportion of podogdieainng cells ap@eing
acutely after injury do not possess differentiated lymphatic endothelial phenotype.

The occurrence of PreXk in the infarcted myocardium was generally high at the latgestaf
wound repair (Fig 5B, 5CG weeks and 1 month) confirming that the ngmphangiogenesis is
required for the scar maturation and the resolution of inflammation. However, there was no

direct correlation between the incidences of podoplanin andPnoxhese cell cohorts (Fig 5B
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and 5C; yellow arrowheads). Despite a majase in the abundance of podoplaspiresenting

cells in the sarred tissue (Fig 1B and 1IF; 2 days versus 2 weeks and 1 month), we observed
that the percentage of podoplateieled Proxi-positive cells in the injured area remained
similar at all he time points after Ml (Fig 5Cgraph), supporting the notion that many of the
newly-appearing podoplaniexpressing cells in the fibrotic area are Pitokregative and that
Prox1 is closely correlated only with the lymphatic lineage.

VEGFR-3 is another charastistic marker of the lymphatic endothelial cell activation and
differentiation [88, 89]. The expression of the VEGFR3 was discontinuous compared with
constant presencef A.YVE-1 in the CLVs (Fig 5E5G; white arrows) of the infarcted
myocardium, and only occasionally found in the gaeoinpositive cells populating the infarct

BZ shortly after MI (Fig 5E and 5G; 2 days). By flaytometry, the frequency of VEGFRco
staining with podoplanin was not affected by acute myocardial injury as compared-to non
operated and shaoperated anias (S2 Fig 3 Pané B). The level of VEGFR3
immunolabeling was augmented at the later phases of infarct healing at 2 weeks and 1 month,
and the cestaining of VEGFR3 with podoplanin was intensifieat these stages (Fig 5F and 5G;
white arrowheads). These data suggest that VEGFR3 is highly expressed in the CLVs cells only
when the lymphatic vessel is mature and well formed, this theory is confirmed quantitatively:
more than a Bold elevation in the cdocalization of podoplanin wh VEGFR3 was found at

the time of scar formation and maturation tieka to 2 days after Ml (Fig 5Ggraph). Yet,
VEGFR-3-expression was frequently lacking in podoplapiesenting cells (Fig 5F and 5G;
yellow arrowheads).

Our analysis, along with theugntitative data, show that the appearance of-Brox VEGFR3

in a subset of podoplanexpressing cells suggests their commitment td_E@€sfate.
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At the same time, the absence of lymphendothelial epitopes in a large group of podoplanin
positive cellsmight signify an alternative differentiation pathway, or, most importantly that
different type of cells that are recruited for the granulation and the scar formation after Ml
express podoplanin in response to the inflammation similarly to cancer cellsery important

to keep in mind that podoplanin is involved in cell migration and the recept&G2 is highly
expressed in immune cells.

In contrast to VEGFR3, the presence of VEGFR a very welknown marker of endothelial
cells, was rarely detesd in podoplanifbearing interstitial cells and CLVs the infarcted heart

(Fig 3B, 3C and Fig 4). This is in agreement with previous reports demonstrating that in the
mouse, VEGFR2 is restricted to the activated blood endothelium and not to the lyropmmes

[90].
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