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Riassunto

Le cellule staminali mesenchimali (MSCs) sono una popolazione eterogenea di cellule,
aderenti alla plastica, con capacita di auto-rinnovamento. Esse hanno un'ampia
distribuzione negli organismi adulti, infatti, possono essere isolate da diversi
compartimenti tissutali tra cui il midollo osseo, il tessuto adiposo, il rene e il fegato (Crisan
et al., 2008). In quanto cellule progenitrici multipotenti, le MSCs sono in grado di
differenziarsi in vari tipi di cellule, in particolare quelle appartenenti alla linea
mesodermica, rappresentando cosl un'importante opportunita per la medicina
rigenerativa (Caplan, 1991). Oltre a questa proprieta, le MSCs sono in grado di
controllare la sopravvivenza cellulare, la funzionalita dell'organo e l'infiammazione. Il
terreno condizionato da MSCs, inoltre, puo esercitare molti di questi effetti, suggerendo
che 1l principale meccanismo d'azione delle MSCs ¢ mediato da fattori solubili, piuttosto

che dal contatto diretto con altre cellule (Madrigal et al., 2014, Zanotti et al. 2013).

Una caratteristica ben descritta di queste cellule ¢ la loro capacita di inibire
I'infiammazione, sia i vifro che i vivo. Diversi studi, infatti, hanno dimostrato che le
MSCis controllano negativamente la risposta immunitaria associata a diverse patologie,
come il diabete di tipo 1 (T'1D), l'artrite reumatoide (RA) e la graft-versus-host disease
(GVHD), ma anche 1 rgetto del trapianto e le malattie neurodegenerative,
rappresentando cosi un interessante approccio terapeutico (Ram Sharma et al., 2014,

Ying Wang et al., 2014, Klinker et al., 2015)

Per meglio caratterizzare il meccanismo paracrino responsabile delle proprieta
immunomodulatorie delle MSCs, in collaborazione con la professoressa Gabriella
Tedeschi dell'Universita di Milano, abbiamo eseguito un'analisi proteomica del terreno
condizionato da tali cellule. Dal momento che il fenotipo immunosoppressorio delle
MSCs ¢ indotto da un ambiente pro-inflammatorio (Bernardo ME et al., 2013, Groh ME
et al., 2005), abbiamo stimolato le cellule con un insieme di citochine (IL1f3, IL6 e TNFa).
Tramite 1l confronto del secretoma delle MSCis stimolate (st MSC-CM), note per le loro
proprieta immuno-modulanti, con quello delle MSCs non stimolate (unst MSC-CM),
prive di effetti immunosoppressori, abbiamo identificato potenziali fattori responsabili

dell’effetto terapeutico delle st- MSCs.



Innanzitutto, 1 dati ottenuti evidenziano che la stimolazione con citochine pro-
infliammatorie (IL1P, IL6 ¢ TNFa) induce un notevole cambiamento nell'intero secreto
delle MSCs. In particolare, la maggior parte delle proteine rilasciate esclusivamente dalle
MSCs attivate con citochine pro-inflammatorie risultano essere coinvolte nella
regolazione dell'angiogenesi. Tra questi fattori abbiamo identificato I'inibitore tissutale
delle metalloproteinasi 1 (TIMP-1), una specifica glicoproteina implicata nella
soppressione endogena delle metalloproteinasi (Lambert et al., 2004). Abbiamo quindi
dimostrato, sia i vitro che i viwo, che le MSCs attivate da citochine pro-infiammatorie
influenzano l'inflammazione locale attraverso 1l rilascio di questa proteina. Mediante la
secrezione di TIMP-1, infatti, le MSCs bloccano la formazione di nuovi vasi sanguigni nel
linfonodo drenante, essenziali per il reclutamento di leucociti circolanti al tessuto
inflammato. Questo evento ¢, di conseguenza, responsabile della soppressione locale della

risposta immunitaria (Zanotti and Angioni et al., 2016).

Tutti questi dati sono stati, pero, collezionati dallo studio di MSCs murine in un modello
di infiammazione in topo. Con 1l fine ultimo di sviluppare un approccio clinico, abbiamo
deciso di analizzare il secreto delle MSCs umane (hMSCs). Pertanto, in collaborazione
con la professoressa Gabriella Tedeschi, mediante spettrometria di massa abbiamo
esaminato come le citochine pro-inflammatorie modulano anche la composizione del
secretoma umano. L'analisi comparativa del secretoma delle MSCs umane e murine,
stimolate e non, ha confermato che I'esposizione a fattori pro-infiammatori determina, in
entrambe le specie, un incremento nel rilascio di proteine legate all'immuno-modulazione
e all'angiogenesi. In particolare, il 62% delle proteine nel secretoma umano, rilasciate in
risposta a citochine pro-inflammatorie, ¢ stato identificato nel suo corrispondente murino.
Tale evidenza ha quindi dimostrato chiaramente l'esistenza di una somiglianza di tali
specie cellulari nella risposta all'inflammazione. Tuttavia, nonostante ’analoga risposta
alla stimolazione, 1 nostri dati indicano che 1 fattori solubili rilasciati da MSCs murine e
umane possono indurre diverse risposte biologiche. Ad esempio, sebbene la secrezione del
fattore di crescita M-CSF / CSF-1 sia indotta dopo stimolazione in entrambe le specie
cellulari, solo nelle cellule umane questa induce efficacemente la differenziazione dei
macrofagi; probabilmente per una diversa concentrazione di M-CSF secreto, maggiore
nei surnatanti derivati dall'uomo. Per quanto riguarda l'angiogenesi, 1 nostri dati
corroborano pienamente il ruolo anti-angiogenico delle MSCis, sia umane che murine,

attivate da citochine pro-inflammatorie. Questo risultato identifica chiaramente, per la
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prima volta, l’endotelio come target delle MSCs durante i processo di
immunosoppressione. Inoltre, abbiamo confermato il ruolo chiave di TIMP-1, sia nel
secretoma umano che murino, come mediatore di tale effetto anti-angiogenico, (Maffioli
E et al, 2017). I dati completi di spettrometria di massa sono disponibili tramite

ProteomeXchange con l'identificatore PXD005746.

Nonostante 1 trials clinici registrati che utilizzano le MSCs siano piu di 600 in tutto il
mondo (come riportato da www.clinicaltrials.gov), quest’approccio rimane ancora non
completamente sviluppato e sicuro. Ad esempio, sono ancora mancanti sia un protocollo
standardizzato per I'isolamento, il mantenimento in coltura e la via di somministrazione
delle MSCs durante la terapia, che una standardizzazione dei parametri di qualita e
sicurezza delle MSCs necessari per lo sviluppo di un efficiente terapia. Con lo scopo di
superare queste problematiche, abbiamo volto la nostra attenzione su un approccio
alternativo, potenzialmente piu economico e sicuro, ovvero I'impego di derivati dalle
MSCis, anziché direttamente le cellule stesse. Uno dei prodotti delle MSCs piu studiati, e
pertanto caratterizzati, sono le vescicole extracellulari (EVs) (Biancone L et al., 2012). Le
EVs si originano dalla membrana plasmatica cellulare e vengono rilasciate dalle cellule
come particelle lipidiche. Secondo le raccomandazioni della Societa Internazionale per le
vescicole extracellulari (ISEV), tali vescicole possono essere classificate in tre categorie
principali sulle basi delle loro dimensioni, origini e metodi di isolamento,: (1) Microvesicole
(dimensioni tra 50 e 1000 nm , originate dalla membrana plasmatica e arricchite in
CD40); (1) corpi apoptotici (dimensioni comprese tra 800 e 5000 nm, derivate da
frammenti di cellule morenti e arricchite in istoni e DNA); e (111) esosomi che sono piccole
vescicole di origine endocitica (~ 30-120 nm) (arricchite da marcatori della membrana
endosomale tardiva, compresi Tsgl01, CD63, CD9 e CD81) (Yanez-Mo, 2015). Diversi
studi hanno riportato che le EVs provenienti da MSCs mostrano potenziali terapeutici
simili a quelli delle loro cellule di origine (Merin-Gonzales et al., 2016). Ad esempio, e
stato dimostrato che le EVs di MSCs riducono la zona infartuata e migliorano la
riparazione dei tessuti in malattie cardiovascolari (Lai et al., 2010). Piu in generale, ¢ stato
riportato che le EVs derivanti da MSCs non stimolate possono ridurre la fibrosi e
'apoptosi, ma, contrariamente, sostenere la differenziazione delle cellule staminali,
promuovendo cosi 1l processo di rigenerazione tissutale associato non solo a malattie
cardiovascolari, ma anche lesioni renali, epatiche e polmonari (Sweta Rani et al., 2015).
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Pertanto, con il fine ultimo di sviluppare un’efficace terapia immunomodulante, abbiamo
analizzato leffetto delle EVs rilasciate da MSCs sull'angiogenesi. Per questo, abbiamo
innanzitutto isolato e concentrato le vescicole dal terreno condizionato da MSCs attivate
con citochine pro-infiammatorie. In seguito, abbiamo valutato la capacita di tali vescicole
di controllare 1l processo di formazione dei tubuli i vitro mediante I'utilizzo di cellule
endoteliali (SVEC4-10). I nostri dati hanno confermato che solo le vescicole derivate da
MSCs stimolate inibiscono il processo di tubulogenesi, ricapitolando l'effetto anti-
angiogenico osservato con l'intero terreno condizionato da st- MSCs. Anche in queste
condizioni, TIMP-1 svolge un ruolo cruciale. Infatti, 'utilizzo di un anticorpo bloccante
per TIMP-1 ¢ stato in grado di annullare questo effetto anti-angiogenico. A conferma di
ci0, I’analisi con Western blot ha evidenziato Iespressione di questo enzima unicamente

su vescicole derivanti da MSCs stimolate con citochine pro-inflammatorie.

Nel processo di tubulogenesi, la digestione del matrigel, sopra il quale vengono piastrare
le cellule endoteliali e che mima la matrice extracellulare, rappresenta un processo
essenziale per la formazione di una rete tubolare allungata e ben organizzata. TIMP-1,
secreto da MSCs anche attraverso il rilascio di EVs, svolge un ruolo cruciale
nell'inibizione di  questo fenomeno, probabilmente bloccando [l'attivita delle
metalloproteinasi necessaria per un’efficiente digestione del matrigel. Tuttavia, la
migrazione delle cellule endoteliali rappresenta un altro passo fondamentale durante
l'angiogenesi i vivo. Per studiare anche tale aspetto, abbiamo sfruttato un approccio
sperimentale i vitro basato essenzialmente sulla capacita delle cellule di muoversi in uno
spazio libero: il saggio di riparazione della ferita tissutale (Liang CC et al., 2007).
L’esperimento consiste nel graffiare con un puntale un monostrato di cellule endoteliali
(SVEC4-10) in modo da generare uno spazio vuoto nel quale esse possano liberamente
migrare. Per valutare la capacita delle EVs di controllare la migrazione delle SVEC4-10,
le cellule sono state trattate con vescicole provenienti dal surnatante di MSCis, stimolate e
non con citochine pro-inflammatorie, ¢ VEGF (un potente fattore pro-angiogenico), in
presenza o in assenza dell’anticorpo bloccante per TIMP-1. Come previsto, il segnale pro-
angiogenico (VEGF) aumenta la migrazione delle cellule endoteliali, mentre le EVs isolate
dal terreno condizionato da MSCs stimolate, bloccano il processo. Tuttavia, in tale
approccio sperimentale, I'inibizione di TIMP-1 non ha ripristinato la capacita migratoria
delle cellule endoteliali, suggerendo, quindi, I’esistenza di un secondo meccanismo anti-

angiogenico peculiare delle EVs provenienti da MSCis attivate.
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La capacita migratoria delle cellule endoteliali dipende massivamente dalla rapida
riorganizzazione della rete actinica. In questo processo, le specie reattive dell’ossigeno
(ROS) hanno un ruolo cruciale di regolazione, essendo in grado sia di sostenere che di
bloccare 'angiogenesi. Thuttavia, il loro meccanismo d’azione rimane ancora controverso
e sembra dipendere principalmente dalla loro localizzazione e, soprattutto, dalla loro
concentrazione (Marcelo L. Lamers et al., 2011, Carlos Wilson et al., 2015). Infatti, basse
concentrazioni di ROS supportano la fosforilazione del recettore del fattore di crescita
VEGYF (VEGF-R), e, di conseguenza, controllano positivamente I’attivazione del segnale a
valle (Lamalice et al, 2007). Contrariamente, elevati liveli ROS inducono una
disfunzione endoteliale, causando alterazioni nella loro capacita migratoria, induzione
dell'apoptosi e attivazione di senescenza (Lum et al., 2001, Rong Liu et al., 2014). Per
verificare un’implicazione dei ROS nell’inibizione delle capacita migratorie delle cellule
endoteliali indotta dal trattamento con EVs derivanti da MSCs stimolate, abbiamo
analizzato la loro produzione in tali cellule, attraverso I'utilizzo di una sonda generica per
le specie reattive dell’ossigeno (H2DCFDA). Mediante questo approccio sperimentale
abbiamo dimostrato che le EVs originate da MSCs stimolate con citochine sono in grado
di aumentare la produzione di ROS nelle cellule endoteliali durante la migrazione.
Questa evidenza ha supportato I'ipotesi che uno squilibrio ossidativo possa partecipare
all'effetto anti-angiogenico indotto da EVs provenienti da MSCs stimolate con citochine

pro-infiammatorie.

Nox2 rappresenta il principale regolatore della produzione dei ROS nelle cellule
endoteliali e 'adenosina ¢ stata associata alla sua regolazione (Sapna Thakur et al., 2010).
L’adenosina ¢ generata tramite I'idrolisi del’ATP (adenosina-5'-trifosfato) dagli enzimi
CD39 (nucleoside trifosfato defosforilasi) e CD73 (ecto-5'-nucleotidasi). Inoltre, precedenti
studi hanno dimostrato che le vescicole extracellulari possono esprimere questa coppia di
enzimi (Clayton A et al.,, 2011, Schuler PJ et al., 2014, Amarnath S et al., 2015).
Mediante Western Blot abbiamo, innanzitutto, verificato 'espressione di CD39 e CD73 in
EVs provenienti da MSCs stimolate con citochine pro-infiammatorie. Inoltre, abbiamo
dimostrato che l'utilizzo di entrambi gli inibitori ARL 67156 ¢ AMP-CP, che bloccano
rispettivamente CD39 e CD73, durante il saggio di riparazione della ferita tissutale,
annulla Peffetto anti-angiogenico delle vescicole isolate da MSCs stimolate. Da tale
risultato abbiamo, quindi, ipotizzato che le EVs derivate da MSCs attivate da citochine

pro-inflammatorie, attraverso l'attivita di CD39 e CD73, sono in grado di aumentare la
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concentrazione di adenosina extracellulare che, legando specifici recettori sulla superficie
delle cellule endoteliali, induce I’attivazione di Nox2 e, consecutivamente, la produzione
di ROS. A supporto di c10, l'inibizione dell'accumulo di ROS, ottenuta mediante I'utilizzo
di un antiossidante generico (NAC), ripristina totalmente la migrazione endoteliale. Per
corroborare ulteriormente la nostra ipotesi, stiamo programmando di eseguire
esperimenti per identificare il recettore specifico dell’adenosina coinvolto in questo
processo e 1l meccanismo attraverso cui esso controlla 'accumulo di specie reattive

dell’ossigeno.

Al fine di sviluppare un approccio terapeutico da utilizzare a livello clinico, abbiamo
convalidato 1 nostri risultati anche i vivo. Pertanto, abbiamo esaminato l'effetto anti-
angiogenico delle EVs derivanti da MSCs stimolate da citochine pro-inflammatorie nel
modello murino di vascolarizzazione della retina, un approccio sperimentale molto
diffuso per lo studio del processo angiogenico i vivo (Andreas Stahl et al., 2010). Infatt, a
differenza degli esseri umani, 1 topi presentano una rete vascolare retinica immatura alla
nascita. La vascolarizzazione della retina, che si completa in alcune settimane, procede in
modo strettamente regolato e organizzato, risultando cosi un modello efficiente per
individuare eventuali difetti (Stahl et al., 2010). Cosi, topi C57BL / 6] sono stati iniettati
intra-peritonealmente a un giorno di vita con EVs da MSCs, non stimolate o stimolate
con citochine pro-inflammatorie, e sacrificati 5 giorni dopo per l'espianto delle retine.
Mediante microscopia confocale, abbiamo osservato una diminuzione dell'arborizzazione
vascolare della retina degli animali trattati con EVs provenienti da MSCs stimolate, ma
nessun effetto con la controparte non stimolata. L’effetto anti-angiogenico di tali vescicole
¢ stato ulteriormente corroborato mediante I'utilizzo di un altro modello murino: il saggio
d’iniezione di un plug di matrigel. Quest’approccio consiste nella valutazione della
vascolarizzazione del plug addizionato con EVs e impiantato nella parte dorsale
posteriore di topi C57BL / 6-N. Anche tale modello ha confermato le proprieta anti-
angiogeniche delle EVs derivanti da MSCs stimolate con citochine pro-inflammatorie.
Collettivamente, tali evidenze suggeriscono la possibilita di sostituire le MSCs con 1 loro
derivati, le EVs, per sviluppare un approccio terapeutico maggiormente standardizzabile

e sicuro, senza 'impiego diretto di cellule.

Successivi esperimenti saranno eseguiti per misurare la concentrazione di ROS
nell’endotelio delle retine trattate con EVs derivanti da MSCs stimolate con citochine
pro-infiammatorie. Inoltre, per validare il duplice meccanismo d’azione, utilizzeremo in
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vivo le EVs dertvanti da MSC stimolate in cui ¢ stato significativamente diminuita
Iespressione di TIMP-1 (che abbiamo gia ottenuto mediante siRNA) con o senza

I’inibitore di CD39.

Per concludere, 1 nostri dati indicano che le cellule staminali mesenchimali agiscono
specificamente sulle cellule endoteliali per controllare 'inflammazione, anche mediante il
rilascio di vescicole extracellulari. In particolare, questo ¢ determinato dalla secrezione di
fattori solubili, tra cui le EVs, che bloccano 1l processo angiogenico. Questa inibizione ¢
mediata da almeno due meccanismi cooperanti che agiscono su due processi differenti,
ma ugualmente fondamentali, dell’angiogenesi. Infatti, da un lato TIMP-1, espresso sulle
vescicole, inibisce le MMPs, e, di conseguenza, influenza negativamente le capacita delle
cellule endoteliali di degradare la matrice extracellulare circostante. D'altra parte, la
produzione locale di adenosina, data della presenza di entrambi gli enzimi CD39 / CD73
sulla superficie di queste vescicole, induce l'attivazione di Nox2 e la produzione di ROS

nelle cellule endoteliali, compromettendo cosi la loro motilita e proliferazione.

Riteniamo che questi risultati siano di fondamentale importanza per comprendere
pienamente il ruolo biologico delle MSCis e sfruttarle nella terapia. Infatti, 1 nostri dati
confermano il concetto emergente di MSCs come sensori del microambiente, in grado di
modulare gli eventi fisiologici e patologici. infatti, mentre in condizioni ipossiche le MSCs
rilasciano vescicole che supportano il processo angiogenico (Consuelo Merino-Gonzalez
et al 2016, Gangadaran P. et al 2017, Jiejie Liuet al 2015, Suyan Bian et al., 2014),
durante una risposta inflammatoria esse acquisiscono un fenotipo anti-inflammatorio,
iibendo sia l'attivita delle cellule immunitarie (Soraia C. Abreu et al., 2016, Claudia Lo
Sicco ed altri 2017) sia l'angiogenesi ad essa associata (Angioni et al., manoscritto in
preparazione, Maffioli et al.,2017, Zanotti and Angioni et al., 2016). Queste evidenze
forniscono, pertanto, nuove prospettive per lo sviluppo d’importanti approcci terapeutici.
Le EVs derivanti da MSCs stimolate da citochine pro-inflammatorie possono, infatti,
rappresentare una terapia molto efficace per il trattamento dell'angiogenesi patologica per
diverse ragioni: esse sembrano non soltanto agire selettivamente sull’endotelio, e inibire
l'angiogenesi sfruttando meccanismi multipli, ma, in aggiunta, la terapia che ne potrebbe
derivare avrebbe anche il grande vantaggio di essere piu standardizzabile di quella basata

sul trasferimento diretto di cellule.
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Research Summary

Mesenchymal stem cells (MSCs) are a heterogeneous population of adherent cells with
self-renewable capacity and with a wide distribution in adult organisms; they can be
isolated from adult tissues including bone marrow, adipose tissue, kidney and liver (Crisan
et al., 2008). As multipotent progenitor cells, MSCs are able to differentiate into various
cell types, especially of the mesodermal lineage, thus representing an important
opportunity for regenerative medicine (Caplan, 1991). Besides this application, MSCs are
able to control cell survival, organ function and inflammation. Remarkably, conditioned
medium collected from MSCs can exert many of these paracrine effects, suggesting that
the major mechanism of action of MSCs relies on soluble factors rather than cell-cell

contact (Madrigal et al. 2014, Zanotti et al. 2013).

A well-established feature of MSCs is their ability to inhibit inflammation and immunity,
both in vitro and in vivo. Several studies have demonstrated that MSCs may be a useful
therapeutic option for the treatment of immune-mediated disorders such as type 1
diabetes (T'1D), rheumatoid arthritis (RA) and graft-versus-host disease (GVHD), but also
transplantation rejection and neurodegenerative diseases (Ram Sharma et al. 2014, Ying

Wang et al. 2014, Klinker et al. 2015)

In order to better characterize the paracrine mechanism responsible for MSCs
immunomodulatory properties, we performed a shotgun proteomic analysis of the mouse
MSCs-conditioned medium, in collaboration with Prof. Gabriella Tedeschi from the
University of Milan. Since the MSCs anti-inflammatory phenotype is induced by a pro-
inflammatory environment (Bernardo ME et al. 2013, Groh ME et a. 2005), we
stimulated MSCs with a cocktail of cytokines (IL1beta, IL6 and TNFalpha) in order to
compare the medium conditioned by activated MSCs (st MSC-CM), with that derived

from unstimulated MSCs.

Interestingly, we found that the stimulation with pro-inflammatory cytokines (IL1beta,
IL6 and TNFalpha) induces a remarkable change in the whole secretome; notably, most
of proteins secreted by stimulated MSCs are involved in the regulation of angiogenesis.
Among the factors up-regulated by conditioned MSCs, we 1dentified the tissue inhibitor of
metalloproteinases 1 (TIMP-1), a specific glycoprotein implicated in the endogenous

inhibition of metalloproteinases (Lambert et al. 2004). We demonstrated that MSCis affect

X



local inflammation trough the release of TIMP-1, both in in vitro and in vivo
experimental settings. Specifically, by the secretion of TIMP-1, MSCs block the formation
of new vessels at the draining lymph node of immunized mice. This event results in a
decreased recruitment of leukocytes from the blood flow into the inflamed tissue, leading

to a local suppression of the immune response (Zanotti and Angioni, Leukemia 2016).

In order to design successful pre-clinical experiments as well as clinical trials, the analysis
of human MSCs secretome was required. Thus, in collaboration with Prof. Gabriella
Tedeschi, we performed a mass spectrometry based proteomic approach to analyse how
pro-inflammatory cytokines modulate the composition of the human MSCs (hMSCs)

secretome.

Comparative analysis of hMSC-CM and mMSC-CM confirmed that the exposure to pro-
inflammatory cytokines results in increased secretion of a number of immunomodulatory
and angiogenesis-related proteins by MSCs from both species. Notably, 62% of the
proteins identified in st hMSC-CM were also identified in st mMSC-CM, clearly
highlighting the existence of a common signature in the secretome of human and mouse
MSCs. However, despite the similar proteomic signature in response to stimulation by
pro-inflammatory cytokines of human and mouse MSCis, our data indicate that they may
induce different biological responses. For example, although the growth factor M-
CSF/CSF1 is up-regulated in both human and mouse MSC-CM upon stimulation, only
hMSC-CM efficiently induce macrophage differentiation; this is probably due to the
different concentration of secreted M-CSF, which 1is higher in human-derived
supernatants. Concerning angiogenesis, our data fully corroborate the anti-angiogenic
role of stimulated MSCs for both mouse and human samples. In particular, we confirmed
the key role of TIMP-1 as anti-angiogenic factor, both in human and mouse cells (Maffioli
E et. al 2017). Complete mass spectrometry data are available via ProteomeXchange with

identifier PXD005746.

Although worldwide there are about 600 registered clinical trials evaluating the potential
of MSCs-based cell therapy (see www.clinicaltrials.gov), this approach still remains far
from a fully developed and safe clinical technology. Importantly, a standardized and
unifying protocol addressing which source of MSCs should be used and which is the best
route of administration is still missing. Moreover, even the parameters of quality and

safety of MSCs are not universally established. To overcome all these issues, we focused



our attention on an alternative approach, exploiting products derived from MSCis rather

than MSCs themselves, which may represent a cost-effective and safer approach.

One of the best-characterized MSCs product are MSCs-derived extracellular vesicles
(EVs) (Biancone L et al., 2012). EVs arise from the plasma membrane and are released by
cells as particles. In accordance with the recommendations of the International Society for
Extracellular Vesicles (ISEV), EVs can be classified according on their size, origin, and
isolation methods, into three main classes: (1) Microvesicles or shedding vesicles (size
between 50 and 1000 nm, budding from the plasma membrane, and enriched in CD40);
(i1) Apoptotic bodies (size between 800 and 5000 nm, derived from fragments of dying
cells, and enriched in histones and DNA); and (ii1) Exosomes, which are small (~30-120
nm) membrane vesicles of endocytic origin (enriched in late endosomal membrane
markers, including Tsgl01, CD63, CD9, and CD81) (Yanez-Mo6, 2015). Several studies
have reported that MSCs-derived EVs display therapeutic potential in a similar fashion to
their parent cells (Merin-Gonzales et al. 2016). For example, it has been shown that
MSCs-derived EVs reduce infarct size and enhance tissue repair in cardiovascular disease
(Lai et al. 2010). More in general, it seems that EVs derived from unstimulated MSCs
may reduce fibrosis and apoptosis, but sustain stem cell differentiation. Thus, MSCs-
derived EVs are able to reinforce the regeneration process associated to not only
cardiovascular disease but also liver, lung and acute kidney injury (Sweta Rani et al.

2015).

To investigate MSCs-derived EV effect on angiogenesis, we first isolated and
concentrated vesicles from the conditioned medium of MSCs stimulated with pro-
inflammatory cytokines. We analysed the effect of EVs in vitro by endothelial cell tube
formation assay, using EVs released by unstimulated MSCs as control. Our data
confirmed that vesicles derived from stimulated MSCs affect the tubulogenesis process,
perfectly mimicking the anti-angiogenic effect of the whole conditioned medium.
Remarkably, the neutralization of TIMP-1 by a blocking antibody was able to revert this
effect. Accordingly, through western blot analysis, we found that TIMP-1 is present in
EVs derived from stimulated MSCs only.

In the tubulogenesis assay, the degradation of the matrigel, with which plates are coated,
1s an essential step for the formation of an elongated and well-organized tube network.

TIMP-1, secreted by st MSCs trough the release of EVs, plays a crucial role in the
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inhibition of this process, likely by inhibiting the matrix metalloproteinase activity
required for the efficient matrigel digestion. However, endothelial cell migration
represents another fundamental step during angiogenesis. In order to investigate this
aspect of the angiogenic process, we set up a different assay based on the ability of cells to
move in a free space: the wound healing scratch assay (Liang CC et al. 2007). Wound was
made by scratching a line across the bottom of the dish on a confluent endothelial
monolayer. After that, cells were treated with EVs from MSC-CM plus VEGF, with or
without TIMP-1 blocking antibody. As expected, the pro angiogenic signal VEGF
increases the migration of endothelial cells and st- MSCs-derived EVs block this process.
However, in this condition, the TIMP-1 blocking treatment didn’t rescue the process.
This suggests that st- MSCs-derived EVs are able to block angiogenesis through a second

mechanism.

Endothelial cell motility depends on the rapid reorganization of the actin network that, in
turn, modulates not only the cell shape but also cell migration. In this context, reactive
oxygen species (ROS) have emerged as crucial regulators. However, their effect,
supporting or inhibiting angiogenesis, remains still controversial, and seems to depend on
their localization and, in particular, on their concentration (Marcelo L. Lamers et al.
2011, Carlos Wilson et al. 2015). Indeed, low oxidant concentration regulates VEGF
receptor cross-phosphorylation and redox-dependent downstream signalling (Lamalice et
al. 2007). In contrast, high levels of oxidative species cause endothelial cell dysfunction
due to an alteration in migration, increased apoptosis and an induction of senescence

(Lum et al. 2001, Rong Liu et al. 2014).

To investigate the role of ROS on the inhibition of endothelial cell migration induced by
st MSCs-derived EVs, we analysed the production of oxidative species in migrating
endothelial cells treated with unst- or st- MSCs-derived EVs. Interestingly, st MSCs-
derived EVs were able to increase ROS production in the endothelial cells at the front of
migration, thus suggesting that an oxidative unbalance could participate to the anti-

angiogenic effect induced by st- MSCs-derived EVs.

Nox2 represents the main key regulator of ROS production in endothelial cells, and
adenosine has been implicated in its control (Sapna Thakur et al. 2010). Adenosine is
catabolized from ATP (adenosine-5'-triphosphate) by the enzymes CD39 (nucleoside
triphosphate dephosphorylase) and CD73 (ecto-5'-nucleotidase). Previous studies have
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demonstrated that exosomes may express this couple of adenosine-generating enzymes
(Clayton A et al. 2011, Schuler PJ et al. 2014, Amarnath S et al. 2015). By western blot
analysis, we demonstrated CD39 and CD73 expression in st- MSCs-derived EVs.
Moreover, when performing the scratch assay in presence of an ecto-ATPase inhibitor
ARL 67156 and AMP-CP, which inhibit respectively CD39 and CD73, we were able to
rescue the migrating block caused by st MSC-derived EV treatment, and preliminary
data suggest that the CD39 inhibition leads to a decrease in the ROS accumulation. This
supports our hypothesis that st- MSCs-derived EVs, carrying CD39 and CD73, are able
to increase the concentration of the extracellular adenosine, which binds adenosine
receptors expressed on the surface of endothelial cells, leading to the activation of Nox?2
and, in turn, to the production of ROS. Furthermore, the inhibition of ROS
accumulation obtained using a generic antioxidant (NAC), fully rescued endothelial cell
migration. We are planning to perform further experiments to identify the specific

adenosine receptor involved in this process and its connection with Nox2.

To validate our results in vivo, we analysed the anti-angiogenic effect of st- MSCs-derived
EVs in the retinal vascularization mouse model, a very useful tool in the study of
physiologic vessel sprouting (Andreas Stahl et al. 2010). Indeed, in contrast to humans,
mouse pups have an immature retinal vasculature at the birth; the development
completes in some weeks. The retinal vascularization proceeds in a tightly regulated and
organized manner, reliable for detection of any defect (Stahl et al. 2010). Thus,
C57BL/6] pups were intra-peritoneally injected with unstimulated or stimulated MSCis-
derived EVs, and sacrificed 5 days later to collect retinas. Samples were dissected and
stained to measure the vasculature formation of developing retina by confocal
microscopy. Remarkably, we observed a decrease in the retina vascular arborisation of
pups treated with st- MSCs-derived EVs, but no effect with the unstimulated counterpart.
We also took advantage of another mouse model, the matrigel plug assay, which consists
in the analysis of the vascularization of a matrigel plug that was previously supplemented
with EVs and then implanted in the dorsal back of C57BL/6-N mouse. Both models

confirm that st MSC derived-EVs show anti-angiogenic proprieties.

Further experiments will be performed to measure the ROS concentration in retinas
treated with st- MSCs derived-EVs. Moreover, we will use in vivo st- MSCs-derived EVs
knock-down for TIMP-1 (that we already obtained by siRNNA approach) with or without
CD39 inhibitor to rescue the phenotype.
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To conclude, our data indicate that MSCs specifically target endothelial cells to control
angiogenesis through the release of extracellular vesicles. In particular, when exposed to
pro-inflammatory cytokines, MSCs release EVs that strongly inhibit the angiogenic
process. This inhibition is mediated by at least two co-operating mechanisms targeting
two aspects of the angiogenic process. Thus, on the one hand, EVs-delivered TIMP-1, by
inhibiting MMPs, affects the ability of endothelial cells to degrade the surrounding
extracellular matrix. On the other, the local production of adenosine, due to the presence
of CD39/CD73 enzymes on EVs released by st- MSCs, induces Nox2 activation and
ROS production in endothelial cells, thus affecting endothelial cell motility and

proliferation.

We believe that these findings are of utmost importance to understand the biological role
of MSCis and to exploit them in therapy. Indeed, our data confirm the emerging concept
of MScs as sensors of the microenvironment to control physiological and pathological
events. Thus, while in hypoxic condition MSCs release vesicles enhancing the angiogenic
process (Consuelo Merino-Gonzalez et al. 2016, Gangadaran P. et al. 2017, Jiejie Liuet
al. 2015,Suyan Bian et al. 2014), within the inflammatory milieu MScs acquire an anti-
inflammatory phenotype by inhibiting both the immune cells” activity (Soraia C. Abreu et
al. 2016, Claudia Lo Sicco et al. 2017) and the immune-associated angiogenesis (Angioni
et al., manuscript in preparation; Maffioli E. et al.2017; Zanotti, Angioni et al. Leukemia
2016). This evidence provides new perspectives to exploit MSCs in therapy. EVs derived
from st-MSCs may represent a very effective approach for the treatment of pathological
angiogenesis for several reasons: they seem to target specifically the endothelium, inhibit

the angiogenesis acting on multiple pathways, and are more standardisable than MSCis.
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Introduction

Introduction

1 Principles of the Inflammatory Response

Inflammation is the organism’s response to damaging endogenous or exogenous stimuli,
including physical, chemical, or biologic agents. It serves to completely eradicate harmful
mediators by killing and or removing them!. If the response is successful, the process is
resolved and followed by reconstitution of the tissue architecture. In contrast, if the
damaging agent persists, the inflammation evolves into a chronic response that may lead

to major alterations of tissue architecture and functions.

Inducers of inflammation can be endogenous or exogenous. Exogenous stimuli can have a
non-microbial or a microbial origin. Non-microbial exogenous inducers include allergens,
irritants, foreign bodies and toxic compounds. Instead, microbial agents can be divided in
virulence factors and pathogen-associated molecular patterns (PAMPs). They are
recognized by host cellular receptors such as Toll-like receptors (TLRs), nucleotide
oligomerization domain (NOD)-like receptors (NLRs), retinoic acid-inducible gene-I
(RIG-I)-like receptors (RLRs), C-type lectin receptors or a set of specific pattern-
recognition receptors (PRRs)?, principally exposed on the surface of phagocytic cells and
antigen presenting cells (APCs)3. Moreover, local inflammation can induce host cell death
and or release of host cellular components that act as danger signals. All these endogenous
mediators are recognized as damage-associated molecular pattern (DAMPs)? and they can
trigger an inflammatory response by the interaction with specific PRRs. DAMPs can be
classified depending on their origin and chemical nature in several different classes that

range from the small uric acid, ATP and proteins to even part of organelles.

Notably, there is a high number of PPRs binding with PAMPs that are responsible even
for the identification of DAMPs, thus further boosting the inflammatory response to
eradicate the pathogen. Indeed, once PAMPs and/or DAMPs bind to their specific
PRRs, they activate the immune response mainly by inducing gene expression and
synthesis of a broad range of molecules, such as cytokines, chemokines and cell adhesion

molecules, that all play a crucial role in the activation of the immune response. Final
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functions induced by PAMP/DAMP-stimulated PRRs include the activation of the
complement and coagulation cascade, opsonisation, phagocytosis, induction of pro-

inflammatory signalling pathways and apopstosis?.

1.1 Immune response activation by infectious agents

Once inflammation is induced, phagocytic cell-derived cytokines trigger another crucial
step for the development of the inflammatory response: the endothelial cell activation
(further details at point 2). Indeed, over a period of hours, resting endothelial cells,
stimulated by immune cell-derived pro-inflammatory cytokines, acquired new proprieties
supporting the leukocytes recruitment. This process underlies the four cardinal signs of
inflammation rubor et tumor cum calore et dolore (redness and swelling with heat and pain)'.
These symptoms are due to vascular changes - vasodilatation and plasma leakage —
orchestrated to allow leukocyte migration from the blood flow into the injured tissue, thus

supporting the inflammatory response.

The concomitant activation of both immune cells and endothelial cells provides the
perfect combination to sustain the inflammatory response. Indeed, inflammatory cells, but
also endothelial cells, can synthetize chemokines (like CXCL12, CCL21, CXCLI1, CCL2
and CCL25) and others chemoattractants (such as Cb)s, leukotrienes and kallikreins).
These molecules, accumulating by transcytosis or deposition on the endothelial luminal
surface, augment endothelial adhesiveness. Thus, circulating immune cells easily stick to
vessel wall and extravasate toward the site of the infection, where they are attracted by

chemokine gradients*.

According to that, once the inflammation begins, neutrophils are rapidly recruited in the
damaged tissue, where they identify and destroy pathological agents. After that, immune
response continues, firstly by recruiting monocyte-derived macrophages, and then by
activating lymphocytes. These latter are essential players in the antigen-specific immune
response, universally recognized as adaptive immunity (see section 1.2). Notably, initial
phase of immunity gives a crucial contribution to adaptive immunity by presenting

antigens required for lymphocyte activation.
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1.1.a Molecular mechanisms of immune cells transmigration

The leukocyte recruitment from the blood flow into the inflamed tissue is a complex
process, involving flethering and rolling, adhesion, crawling and transmigration of immune cells.
This event implicates that immune cells cross not only layers of endothelial cells and
pericytes, but also the basement membrane (BM), that is the specialized connective tissue

rich in type IV collagen and laminin that underlies endothelial cell layers®.

During the initial step of this process, endothelial selectins, such as E-selectin and P-
selectin, mediate the leukocyte capture from the blood flow. Their expression in the
resting vasculature is promoted by several pro-inflammatory signalling pathways. P-
selectin, for example, also known as CD62P or GMP-140 or PADGEM, is usually stored
in specific endothelial granules, called Weibel-Palade bodies (WPBs). In response to a
variety of inflammatory signals such as thrombin, histamine, complement factors, oxygen
species and cytokines, P-selectin is rapidly moved to the membrane surface, where,
generally, it has a short half-life (about minutes). During this short-exposition on the
luminal surface of the vessel, P-Selectin could interact with leukocytes mainly through P-
selectin glycoprotein ligand-1 (PSGL-1), triggering their extravasation®. Contrary to P-
selectin, E-selectin is not stored in specific vesicles, but its synthesis is transcriptionally
regulated by cytokines. E-Selectin is largely spread within the vessels at sites of
inflammation, where it drives the adhesion of neutrophils, monocytes and some memory
T-cells, carrying many ligands of E-selectin like ESL-1 ligand (E-selectin ligand-1) and
PSGL-1 (P-selectin glycoprotein ligand-1) °.

Importantly, both P- and E- selectin are able to bind another crucial selectin constitutively
express on leukocytes, L-selectin. L-selectin, or CD26L, LECAM-1, LAM-1, gp90MEL-
14 has a prominent role in the leukocyte binding to activated endothelium at inflamed
tissues, and to high endothelial venules (HEVs) in draining lymph node during the

inflammatory response.

The selectin-based weak interaction of immune and endothelial cells induces leukocyte to
start touching the vessel wall’. In case of inflammation, increased chemokines and
chemoattractants, accumulated on the apical endothelial cell surface, determine more
frequent contacts between immune and endothelial cells, thus resulting in the leukocyte

rolling®. This transient interaction accomplishes the formation of membrane tethers at the
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rear of leukocytes, that allows the deceleration of the rolling movement®. Consequently,
the slow-movement of leukocytes give them the chance to adhere to endothelial cells
trough another group of cell-adhesion molecules, called integrins. Integrins are a family of
af3-heterodimers, with 18 a-subunits and 8 [3-subunits in vertebrates, that can assemble
into 24 different known receptors®. Lymphocyte function-associated antigen 1 (LFAI or
a2 integrin) is the most important integrin involved in the extravasation process during

an inflammatory response.

Integrins bind a panel of immunoglobulin-like cell adhesion molecules (CAMs), such as
VCAM and ICAM, expressed by endothelial cells exclusively after their exposure to a
pro-inflammatory microenvironment®. Notably, integrins acquire a high-affinity ligand-
binding site to CAMs afterwards a combination of events, encountering the integrin
conformational changes induced from the cytoplasmic side together with the presence of a

co-stimulus, like the binding of P- or E- selectin to PSGLI1°.

Integrins-CAMs interaction leads leukocytes and endothelial cells to be firmly connected,
thus resulting in leukocytes adhesion and spreading on the luminal surface of the
endothelium®. Finally, leukocytes start to crawl perpendicularly to the flow direction,
following a chemotactic gradient, until they squeeze and transmigrate through the
endothelial barrier. Notably, transmigration can occur via transcellular route, where
leukocytes penetrate the endothelial cell, or, more often, via paracellular route, where
they pass in tight narrow spaces among endothelial cells, generated as endothelial cell
junctions transiently opened. Importantly, it has been reported that several endothelial
cell adhesion molecules and receptors regulate the transmigration process, including
platelet endothelial cell adhesion molecule 1 (PECAM1)?, junctional adhesion molecules
(JAMs)!0, endothelial cell-selective adhesion molecule (ESAM)!! and CD99!? (see sections

2 for more details).
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Figure I.A: The immune cells transmigration process

The bottom of the panel (a) provides a schematic representation of the diapedesis process. It encounters firstly capture,
rolling, arrest and crawling of leukocytes on the luminal endothelial cell surface. Then, in a process that required few
minutes to complete, immune cells cross the endothelial barrier. Several adhesion receptors of endothelial cells, partially
listed here, are involved in this movement. B) Details of the final transmigration of immune cells into the injured tissue.
Leukocytes take 15-20 minutes to pass the basement membrane underlying the vessels, and to accumulate into the
damaged site. For the paracellular route, Vascular endothelial cadherin (VE-cadherin) has a prominent role, whereas
plasmalemma vesicle protein 1 (PV1, component of fenestral and stomatal diaphragms) is the exclusive candidate
involved in the transcellular diapedesis. CD99L2, CD99 antigen-like protein 2; ESAM, endothelial cell-selective
adhesion molecule; ICAM, intercellular adhesion molecule; JAM, junctional adhesion molecule; LFAL, lymphocyte
function-associated antigen 1; PECAM]I, platelet endothelial cell adhesion molecule 1; VCAMI, vascular cell adhesion
molecule 1. Picture from Nature Reviews Immunology 15, 692-704 (2015), doi:10.1038/nr13908.

Moreover, additional barriers have to be passed during leukocytes transmigration, such as
the basement membrane and the extracellular matrix. To do that, leukocytes release
different proteases such as metalloproteases (MMPs) and serine proteases that, through
enzymatic digestion, degrade surrounding barriers and allow immune cells to follow

chemotactic gradients, thus reaching the injured tissue.
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1.2 Antigen-presenting cells initiate adaptive immune responses

Most tissues are inhabited by resident antigen-presenting cells (APCs) derived from bone
marrow precursors, such as the immature dendritic cell (DC). In these sites, APCs
activation allows the initiation of the adaptive immune response, mainly by supporting the

activation of infiltrated leukocytes.

Principal sites of APC - T cell encountering are the secondary lymphoid organs (SLOs),
such as spleen, lymph nodes, tonsils and Peyer's patches. Here, factors required for the
activation of an adaptive immune response, such as antigen and its cognate T or B cells,
are brought in close contact, thus increasing the possibility of their activation!. Antigens
are presented to leukocytes by follicular dendritic cells (FDCs) and potentially also by
macrophages derived from the subcapsular sinus. These latter are essentially involved in
the clearance of both blood- and lymph- derived molecules and in the transfer of
unprocessed antigens to DCs. Nevertheless, their implication in the antigen presentation
to leukocytes remains to be determined. Thus, DCs predominantly guide the leukocyte
response!3. In all the tissues, including SLOs, immature DCs scrutinise the
microenvironment looking forward pathogens or their derivate. Once the DC detects a
pathogen or DAMPs, it gets activated. Thus, it undergoes maturation, that comprises
changes resulting in the acquisition of a highly effective antigen-presenting cell (APC)
phenotype. Accordingly, activated DCs digest the recognized pathogen, finally exposing
its antigens on the membrane surface, in complex with the class I or class II mayor
histocompatibility complex (MHC class I or II). Generally, endogenous peptides derived
from cytosolic proteins are packed with MHC class I molecules and are exposed to CD8+
T cells. Differently, MHC class II molecules are loaded with exogenous antigens to be
recognized by the TCR of CD4+ T cells'3. Importantly, the T cell receptor (TCR) has
evolved predominantly to distinguish antigens presented by APCs. Once bound to its
peptide, TCR-mediated pathway induces T cells differentiation toward different cellular
subsets. The TCR consists of two chains (a and [§) and it is usually associated with a
complex, known as CD3, composed of y-, 8-, e-, and {-subunits. Following the TCR
ligation to its antigen, the CD3-cytosolic region initiates to propagate the intracellular
signal responsible for leukocyte activation. Furthermore, CD4 or CD8 co-receptors are
associated with the TCR to support and to stabilise the T cell-APC binding. Indeed,

multiple additional signals are required for a complete and functional T cells activation.
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They comprise even co-stimulatory molecules and stimulatory cytokines, belonging to the
CD28 and tumour necrosis factor (TNF) families, which are expressed by mature DCs in
response to inflammation. These signals prompt the leukocytes response, by promoting

their survival and their differentiation in long-lived memory T cells!?.

To notice, despite these are the canonical functions of CD4 and CD8 T cells, antigen-
stimulated leukocytes can be genetically programmed into a variety of different subsets
depending on the cytokine environment. Thus, for example, helper CD4 T cells can
generate Thl, Th2, Th17, Th9, Tth, and Tregs'*. Every subset has a specialized effective
function, and a specific signature cytokine. Among them Thl cells secrete IFN-y, Th2
cells produce IL.-2 and TNF-a as well, even if they are mostly specialized in the release of
IL-4, IL-5, and IL-13. Furthermore, Th17 cells are characterized by IL-17A, IL-17F, and
IL-2214,

1.3 Resolution of the inflammatory response

The resolution of the inflammation is an active event aimed to the clearance of immune

cells and the re-establishment of the functional homeostasis.

Starting when pathogens are removed, it consists in the activation of pathways blocking
the synthesis and the release of pro-inflammatory factors, with the concomitant
elimination of any mediator remaining in the extracellular space. This, in turn, decreases
the number of leukocytes recruited in the injured tissue, further limiting the oedema
formation. Additionally, infiltrated leukocytes return in the blood flow, instead eosinophils

and neutrophils undertake dying process, such as apoptosis.

Another mechanism involved in the resolution process is the release, by both immune
cells and resident cells, of soluble factors that actively inhibit the inflammatory response.
Among them, there are glucocorticoids, catecholamines, prostaglandins of the E-series,
nitric oxide (NO), and the cytokines interleukin IL1 receptor antagonist, IL-4, IL-13, IL-
10, transforming growth factor (T'GF)-§, and the soluble receptors for IL-1RII, TNF-
RI/II, or the Dufly receptor for IL-8. To note, it has been reported that these soluble

factors allow apoptosis and necrosis in the same cells!.



Introduction

Macrophages represent one of the most important source of anti-inflammatory and
reparative mediators. In particular, these functions have been ascribed to alternatively
activated macrophages (M2), able to release ILI receptor antagonist, IL.10, TGF-3 and
VEGTY, in order to regulate cell proliferation and extracellular matrix (ECM) remodelling,
thus supporting the resolution phase!®. For example, macrophage-derived TGF-f3 induces
myofibroblast differentiation and the activation of tissue inhibitors of metalloproteinases
(TIMPs), involved in ECM regulation and collagen deposition. Furthermore, VEGF, a
potent angiogenic factor, initiates the angiogenesis process during the resolution phase

with the consequent restoration of oxygen supply (described in the section 2.4)16.

Importantly, many other cells are involved in the repair of the injured tissue. In
particular, T regulatory cells (Treg) are recruited in the inflamed site. They are a subset of
CD4+CD25+ T lymphocytes, identified by the expression of the transcription factor
Foxp3. Treg cells are responsible for the release of immunosuppressive and pro-resolving
cytokines, such as IL10 and TGF-f3, in order to both suppress an activated immune
response, that is no more required, and to repair tissue architecture. In the case of
insolvency process, the inflammation is preserved and it determines the development of

autoimmune and chronic disease.
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2 Inflammation and angiogenesis: the endothelial cell activation

As described above, a fundamental step during the inflammatory response is the rapid
recruitment of immune cells. In this contest, vascular endothelial cells (ECs) have a major
role by initiating the “endothelial cell activation”, which entails a series of processes to
modify resting EC phenotype in order to support various phases of the inflammatory
response. Endothelial activation can occur rapidly, in a manner independent of new gene
expression (type I activation), and, subsequently, slower depending on the gene expression

regulation (type II activation) !7.

2.1 The resting blood vasculature

Arteries, veins and interconnecting capillaries, compose the blood vasculature. It
represents the system through which nutrients, metabolites and cells circulate through the
whole body. The most important site where exchange occurs is the microvasculature,
constituted by arterioles, capillaries and venules. All mature vessels are surrounded by a
basement membrane (BM), composed mainly of collagen IV and laminin, and pericytes,
which sustain the vessel stability. In addition, endothelial cells (EC) assemble the vessel

inner layer!®.

Despite the crucial structural role of endothelial cells, the endothelium is also specialized
in regulating blood fluidity, vessel wall permeability and leukocytes recruitment both in

resting and in inflammatory conditions!®.

In non-inflamed tissue, the blood fluidity, for example, is actively maintained by EC
through the suppression of the coagulation event by tissue factor pathway inhibitors
(TFPIs). Both heparan sulphate proteoglycans, binding to anti-thrombin, and
thrombomodulin inhibit thrombin activity, thus blocking the cleavage of fibrinogen, a key
step in the blood clot formation!’. Moreover, the release of nitric oxide (NO) and
prostaglandin I» (PGIs) by resting endothelial cells eliminates the platelet activator
signals!”. This anti-coagulation effect is further supported by sequestering the von
Willebrand factor (vVWF), crucial for platelet adhesion, in specific endothelial granules

called Weibel-Palade bodies (WPB)20.
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Another fundamental function of the resting endothelium is to maintain the quiescence in
circulating leukocytes. Indeed, since venules represent the principal sites where leukocytes
extravasate from the blood flow into the tissue during an inflammatory response,
activation of EC is required for efficient leukocyte transmigration. Basically, resting
endothelial cells block this process by minimally synthetizing or by hiding adhesion
molecules, such us P- selectin or VCAM, necessary for the attachment and the
recruitment of immune cells?!. Additionally, the endothelium directly acts on leukocytes
by secreting NO, able to prevent the switch of immune cell phenotype from the naive one

to the motile form!7.

Therefore, endothelial cell activation is essential for a correct inflammatory response, as

following described.

2.2 Type I activation of endothelial cells

Hemodynamic changes, encountering vasodilatation and increased permeability, are the
first observable events in the inflammation. At the injured site, branches start an
extensively vasodilatation that increases the blood flow. As a consequence, augmented

leukocytes recruitment is induced and the inflammation supported.

Relaxation of vascular smooth muscle cell tone has prominent role in this process. It is
primarily induced by vasodilators, as nitrates, that directly relax muscle cells, or by
factors, such as prostacyclin (PGly), that act indirectly on endothelial muscle tone by
stimulating the release of relaxing mediators, such as thrombin, histamine and

leukotriene!”.

The binding of these specific vasodilatation inducers, to the extra-cellular domain of
endothelial heterotrimeric G-protein-coupled receptor (GPCR) typically triggers the type
I activation in the endothelium!’. This interaction induces the appropriate GPCR
structural changes on its cytoplasmic loops and tail, which catalyse the exchange of GDP
with GTP on the a subunit of the G protein. Consequentially, the G-protein aq subunit
dissociates from the G-protein By dimer and it activates B isoforms of phospholipase C
(PICB). This latter, in turn, catalyses the release of inositol-1,4,5-trisphosphate (InsPs3) from

the membrane lipid phosphatidylinositol-4,5-bisphosphate (PtdInsu,sPs). Free InsPs
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induces the release of Ca?"from the endoplasmic reticulum stores causing transient
intracellular elevations in the cytosolic free Ca?*. The increased cytosolic free Ca’*has a

triple effect on the wvascular branch: indeed, it supports vasodilatation, but also

permeability, diapedesis and, concomitantly, the vessel activation.
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Figure I.B: Type I activation of endothelial cells

Here, the molecular mechanisms induced by the binding of vasodilatation-inducers to GPCRs on the endothelial cell
surface, are described. The process leads to the accumulation of cytosolic free Ca2*, with the consequent vasodilatation,
augmented permeability and diapedesis that all support the leukocytes recruitment into the damaged tissue. In
particular, cytosolic free Ca?* is involved 1) in the prostacyclin synthase into prostaglandin 12 (PGI2 or prostacyclin), 2)
in the activation of nitric-oxide synthase 3 (NOS3) and, thus, in the production of nitric oxide (NO), 3) in the
phosphorylation of myosin light chain (MLC). Picture from Nature Reviews Immunology 7, 803-815 (October 2007),
doi:10.1038/nri2171

Vessel dilatation allows the recruitment of cells in the injured tissue. The free Ca?*
mediates this process, by activating the cellular phospholipase A2 (cPLA2) that cleaves
membrane phosphatidylcholine into arachidonic acid and lysophosphatidylcholine. Free
arachidonic acid 1s sequentially converted first to prostaglandin H2 (by COX1) and then
to PGI2 (by prostacyclin synthase). PGI2 acts on the smooth muscle of arterioles, with the
final vascular tone relaxation!’. This effect is synergized also by Nitic Oxide (NO),
another product downstream the Ca’* signalling. Indeed, free Ca?* binds the adaptor
protein calmodulin, leading to the activation of nitric-oxide synthase 3 (NOSs3) that starts

to produce NO, a potent vasodilator. In addition to this effect, the Ca?*-calmodulin
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complex positively influences the vascular permeability by activating myosin-light-chain
kinase (mlCK). These kinases mediate the myosin-light-chain phosphorylation, that is
required to induce the filament contraction?? and thus the opening of gaps between

adjacent endothelial cells.

Besides an augmented vasodilatation and permeability, Ca’*- signalling in EC is also able
to support immune cell recruitment. Indeed, actin filament contraction determines also
the release of storage granules, known as Weibel-Palade bodies (WPB), bringing P-
selectin to the luminal surface of EC!7. As described before, this is a crucial step for the
immune cell tethering, rolling, adhesion, crawling and transmigration during the

diapedesis??

2.3 Type II activation of endothelial cells.

The type I activation can follow the first phase of endothelial cell activation. It requires a

more persistent inflammatory response and implicates gene expression regulation.

Important mediators of this process are two proteins secreted mostly by activated
leukocytes: tumour-necrosis factor (TNF; also known as TNFa) and interleukin-1 (II-1).
Both signals initiate different cascades converging to specific transcription factors, nuclear
factor-kB (NF-kB) and activator protein 1 (AP1), able to mediate new genes transcription
24 In particular, type-II-activated endothelial cells display enhanced PGIs synthesis, due
to the genetic induction of COX2, and also increased synthesis of chemokines and
adhesion molecules such as CXCL8, E-Selectiny, VCAMI1 and ICAMI1!7. Thus, the
furtherly induced vasodilatation and the high expression of attractive and adhesive

proteins boost the recruitment of immune cells and their activation.

To switch off this process, it results strictly necessary to remove the activator signals, by
for example the elimination of the infection, in synergy with the induction of a variety of
negative feedback loops that shut off inflammatory gene expression, for example by

terminating NF-kB activation?.
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Figure I.C: Type II activation of endothelial cells

Once pro-inflammatory cytokines, like interleukin-1 (IL-1) or tumour-necrosis factor (ITNF), bind their receptors on
endothelial cell surface, type 1 IL-1 receptor (IL-1R1) and TNF receptor 1 (TNFR1) respectively, signalling complexes
are activated. Thus, in response to these stimuli, mitogen-activated kinase kinase kinases (MAPKKKSs) are activated
and, in turn, transcription factors translocate into the nucleus. In particular, the activation of transcription factor
nuclear factor-kB (NF-kB) and activating protein 1 (AP1) initiate the expression of pro-inflammatory mediators, such as
E-selectin, intercellular adhesion molecule 1 (ICAMI1) and vascular cell- adhesion molecule 1 (VCAMI); chemokines;
enzymes, such as cyclooxygenase-2 (COX2); and unknown effector proteins that reorganize actin filaments. Finally, the
synthesis of PGIy is supported, actin filament reorganization is induced to open exit sites and leukocytes recruitment is
further enhanced. Picture from Nature Reviews Immunology 7, 803-815 (October 2007), doi:10.1038/nri2171
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3 Angiogenesis and inflammation

The failure of the immune system to resolve inflammation and the consequent
requirement of further leukocytes leads to an important additional change, the initiation

of the vascular remodelling.

Angiogenesis is a finely tuned process, that involves endothelial cell proliferation and
migration, rearrangement of the basal membrane, and that, finally results in a new
capillaries network?®. Beside the precise inducer of this process remains unclear, activated
T cells and mononuclear phagocytes had been suggested to be the principal source of pro-

angiogenic factors during the adaptive immune response?”.

Accordingly, the vascular remodelling and the generation of new blood vessels support
the inflammatory response, sustaining the leukocyte recruitment within the inflamed
tissue. For that reason, disease states associated with a chronic inflammation, such as
diabetes, rheumatoid arthritis, asthma and infection are often connected with a

dysfunctional vasculature?°.

3.1 Pro-angiogenic growth factors

Typically, in hypoxia or inflammatory conditions, growth factors trigger angiogenesis.
Among them, the best described pro-angiogenic factors are cytokines such as vascular
endothelial growth factors A, B, C and D (VEGF-A, VEGF-B, VEGF-C and VEGF-D),
fibroblast growth factor 2 (FGF2) and angiopoietin-1 and -2 (Angl and Ang?2), which
signal respectively through VEGFR2 and VEGFR3, FGF receptor 1 (FGFR1), and
tyrosine kinase receptor2 (TTEZ2).

Growth factor receptors are mostly receptor tyrosine kinases (RTKSs). Thus, after binding
their ligands, RTK dimerization occurs with the phosphorylation of the homodimer
partners, in a process known as cross-phosphorylation. Upon this, three different
pathways are usually triggered; the RAS — extracellular — signal — regulated kinase 1
(ERK1)/ERK2 pathway, the phosphoinositide 3 — kinase (PI3K)-AK'T pathway and the
Ca?t - PLCy pathway?®. All these cascades support the angiogenic response by promoting

endothelial cell growth, survival and migration.
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3.2 Steps in angiogenesis

Angiogenic sprouting is one of the most extensively characterized mechanism of blood
vessel formation in the adult organism?. It consists first in the activation phase, that
triggers a switch in quiescent endothelial cells to a sprouting, migrating and proliferating
phenotype; then, a resolution phase occurs, leading to the maturation and stabilization of
the new branches®. It is now well accepted and described in literature that several types
of specialized endothelial cells are required to form a functional branch. Among them, tip
cells, which lead the way, stalk cells, that proliferating elongate the sprout, and phalanx

cells, that consolidate the new vessel, play the most important roles®!

During capillary sprouting and development, four different and crucial steps can be

described, each influenced by the function of specific endothelial cells?2:

* Selection of sprouting Tip cells;
* Elongation of the new branch by proliferating Stalk Cells;
* Sprout fusion and lumen formation

*  Vessel stabilization and maturation with the pericyte recruitment.

15



Introduction

a Selection of sprouting ECs b Sprout outgrowth and guidance

DLL4-Notch
Modulation of VEGF-YEGFR
EC—EC contacts @2

YEGF-YEGFR2
Semaphorin—-Neuropilin/Plexin
Netrin—UNC5B

SLIT-ROBO4

Growth factors
and inhibitors

Maintenance | | Deposition

ECM
degradation @

Growth factors | e
and inhibitors -
L)

Modulation of
PC contacts @2

‘\ Pro-quiescent signals
(local and systemic) & |

BRpin: d Perfusion and maturation S

CDC42 and Racl ECM

¢ Sprout fusion and lumen formation

Stabilization of || Stabilization
Vacuole formation EC—EC adhesion || of PC contacts

and fusion

encountering
repulsion
or adhesion @&

LEC T Pro-quiescent
proliferation | | signals ©

Figure I.E: Angiogenic sprouting

Angiogenic sprouting is a finely regulated process, regulated by the balance between pro-angiogenic signals (+), and
quiescence inducers (-). A) In some conditions, such as during an inflammatory response, pro-angiogenic factors can be
accumulated, and a pro-angiogenic gradient is generated. In this context, A) some endothelial cells (green-tip cells) are
selected to sprout, despite others fail to respond (grey-stalk cells). B) Tip cells undergo phenotypical changes to acquire a
motile state, thus, leading the elongation of a new branch protrusion. C) Once adjacent new vessel protrusions
encounter each other, anastomosis drives their fusion and, consequently, the lumen is formed. Lumen formation
involves mostly stalk cells, although the precise mechanism is not yet described. The maturation of the new vessels D) is
accomplished with the stabilization of cell junctions, the recruitment of pericytes and the deposition of the basement
membrane. DLL4, delta-like-4 ligand; EGFL7, epidermal growth factor ligand-7; ROBO4, roundabout homologue-4;
VEGFR2, VEGF receptor-2. Nature Reviews Molecular Cell Biology 8, 464-478 (June 2007) | doi:10.1038/nrm2183

3.2.a Tip cell selection and migration

In the presence of a growth factor gradient, for example induced by activated immune
cells, vessel-surrounding pericytes detach from the basement membrane by proteolytic
degradation and, at the same time, endothelial cells modify their cell-cell junctions. This
results in vessel dilatation and consequently in plasma protein extravasation, finally

leading to the deposition of a provisional extracellular matrix (ECM) scaffold.

The pro-angiogenic gradient drives endothelial cells into this ECM scaffold, by inducing
in them an invasive phenotype. Thus, one specific endothelial cell flips its apical basal
polarity, modulates intercellular connections and acquires motile activity, becoming the
cell directing the vascular sprout, known as tip cell. In this process, tip cells to avoid the
diffusion of the motile phenotype in the neighbouring cells activate negative feedbacks. In

this way, contemporary movement of all cells is prevented and the sprouting of tubular
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structures can correctly occur. Indeed, the endothelial cells exposed to high levels of
growth factors, the potential tip cells, increase the expression of D14 and JAGGED1. DIl4
and JAGGED]1 are specific ligands of Notch receptors (Notch 1, 3, 4) that are expressed
on the endothelial cell membrane. After the DIl4 or JAGGED] binding to their receptors
on the membrane of the neighbouring endothelial cells (future stalk cells), Notch is
cleaved. Consequently, the Notch intracellular domain (NICD) acts as transcriptional
factor, regulating EC specification by suppressing the tip cell phenotype and positively
controlling the stalk cell phenotype. In this way, only tip cells gain and retain the leading

position, allowing the correct tubular sprouting of the migration front33.

Therefore, the principal role of tip cells is to migrate. The EC migration is a dynamic
process involving the adhesion of the cellular front and the detachment of the rear in
response to pro-angiogenic factors. The attractive signal, is sensed by these plasma
membrane protrusions, inducing actin polymerization with the consequent elongation of
filopodia and lamellipodia, through wich ECs probe the surrounding space. Lamellipodia
are characterised by a veil-structure with a highly branched actin network. In contrast,
filopodia, that usually sprout from lamellipodia, are long membrane protrusions

containing tight parallel bundles of filamentous actin (F-actin)3!.

Profilin, Ena/Vasp, and Formin families play a crucial role in this process, supporting the
polymerization of G-actin into long F-actin strings, components of filopodia and
lamellipodia. Once extended, these membrane protrusions attach to the extracellular
membrane (ECM) by the binding of their superficial integrins with several extracellular
matrix components such as laminin, fibronectin, and collagen. These interactions induce
the formation of focal adhesion points, regulated by focal adhesion kinase (FAK), and the
following attachment of the cellular front to the ECM. Finally, the contraction of actin
filaments pulls the cell toward these directions, inducing forward movement 3* and the
nitiation of tubular structure formation. However, to fully complete tube formation, the

elongation of the new branch, thanks to the prominent role of stalk cells, is required.
3.2.b Sprout extension

Stalk cells play a crucial role in the formation of tubes and mature branches. In
comparison to tip cells, stalk cells have less filopodia and lamellipodia, but they are

characterised by a higher proliferative potential. This stalk cell proliferation is strongly
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required for the sprouting of the new vessel branch. Indeed, decreased stalk proliferation
correlates with branch regression?>. A further crucial step for the correct outgrowth of the
nascent vessel is the direction of the stalk cells division. This movement is usually
perpendicular to the long axis of the vessel, toward the growth factor gradient.
Interestingly, pro-angiogenic gradients orientate the stalk proliferation, and consequently
the vessel sprouting, only in the absence of the blood flow®. Indeed, in perfused vessels,
the shear stress induced by blood flow, that is sensed by the transmembrane proteins
PECAMI, VE-cadherin and VEGFR2 and transduced by CDC42-dependent signalling,
dictate the EC polarity. Thus, it has been suggested that only vessels with a blind-ended,
and consequently non-perfused, are able to elongate in response of the growth factor

gradients and not to the shear stress.

Once the new branch is formed, stalk cells also create junctions with neighbouring cells

and accumulate basement membrane to stabilise the new spout.

Notably, Notch activation, typical of stalk cells, leads to the down-regulation of tip cell-
related genes, which include VEGFR2, platelet-derived growth factor B (PDGFB), the
netrin receptor unc-5 homolog B (UNC5B), the notch ligand DLL4, EC-specific molecule
1 (ESM1), the CXCR4 and the membrane-inserted matrix metalloprotease 14 (MMP14)
36,3738 Clontrarily, stalk cells up-regulate VEGF decoy receptors VEGFR1 and soluble
VEGIFRI, thus reducing the VEGFR2 signalling, responsible for the induction of the tip

cell differentiation.
Thus, proliferating stalk cells elongate the branch protrusion in the tip cell direction®.
3.2.c Anastomosis, lumen formation and vessel maturation

To form a blood vessel, elongated sprouts have to connect each other and to organize into
a mature branch. Vascular anastomosis is the process that drives the sprout fusion. It can
mvolve two sprouting tip cells (‘head-to-head’ anastomosis), or one spouting tip cell and a
mature blood vessel (‘head-to-side’ anastomosis). In both conditions, the fundamental step
1s the development of a stable contact between two endothelial cells. To do that, in the
mitial phase of the anastomosis, sprouting tip cells weakly contact surrounding cells by
moving toward and backward membrane protrusions several times, until one single

connection is settled and stabilized. This occurs trough the accumulation of junction
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proteins, such as occludins and cadherins, responsible for the formation of intercellular

adherent connections.

Besides that, another essential step for the complete branch development is the formation
of a vascular lumen. Lumen formation is a critical step during angiogenesis and several

mechanisms have been proposed to explain it, including?>:

a. Imntracellular vacuole coalescence, in which intracellular and intercellular
vacuoles can connect each other to form a lumen;

b. Intercellular vacuole exocytosis, which consists in the release of vacuoles
that accumulating in the extracellular space can induce the formation of the
lumen;

c. Luminal repulsion determines by the repulsion of the negatively charged

apical membrane (luminal) of stalk cells.

A Intracellular vacuole B Intercellular vacuole C Lumenal repulsion
coalescence exocylosis
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relocalisation

@ Stalk cell == VE-cadherin @ Repulsion

Figure I.F: Hypothesised mechanism for lumen formation

Schematic representation of A) intracellular vacuole coalescence. The lumen is formed by the fusion of intracellular
vesicles of neighbouring cells. B) Intercellular vacuole exocytosis. Endothelial cells release vacuoles by exocytosis.
Accumulation of vacuoles into the intercellular space initiates the lumen formation. C) Luminal repulsion. The last
model proposed encounters the repulsion of the apical luminal membrane of endothelial cells in the new branch. This is
due to the high concentration of negatively charged CD34-sialomucin (orange) at the cell-cell contact sites. Thus, the
electrostatic repulsion determines the separation, thereby establishes the lumen formation. Development 2011 138:
4569-4583; doi: 10.1242/dev.062323

Once a vessel branch i1s formed, ECs become quiescent; for that, only 0.01% of
endothelial cells are dividing in an adult organism3!. The most quiescent ECs are the

“Phalanx cells”; they form a smooth monolayer, lining the new vessel, and thus
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resembling ancient Greek soldiers in a phalanx formation?. Indeed, phalanx cells migrate
poorly in response to pro-angiogenic factors, extending only few filopodia. In contrast,
they are able to modify the surrounding ECM and the intercellular connections, by
depositing a basement membrane and establishing junctions. Most importantly,
differently from stalk cells, phalanx cells are characterized by increased quiescence and

reduced mitogenic response to VEGF3!,

As described, tip cells selection, sprout extension, anastomosis and lumen formation drives
the formation of a new tubular structure. However, a new vessel remains immature until

basement membrane is deposited and mural cells are recruited.

Depending on their density, morphology, location and markers expression, mural cells
can be classified in vascular smooth muscle cells (vSMCis) and pericytes. vSMCs represent
the contraction force of arteries and veins, where they form multiple concentric layers. In
contrast, pericytes reside at the interface between the endothelium and the surrounding
tissue, embedded within the basement membrane of capillaries*’. During an angiogenic
process, pericytes recruitment to a new vessel is driven by PDGFB, expressed mainly by
the sprouting endothelium. However, the precise function of these cells is not fully
elucidated. Several functions, all relevant for a correct angiogenesis, have been proposed;
among them, pericytes can sense pro-angiogenic stimuli and hemodynamic forces, modify
the ECM by degrading or deposing it, control endothelial proliferation and differentiation
and, covering all the tube length, they can integrate signals from distant ECs.
Accordingly, their recruitment is recognized as a hallmark for ending the angiogenesis

process.

3.3 ECM-driven signalling during angiogenesis

Vascular sprouting, as already described, is the prevalent mode for the wvascular
expansion. It involves the invasion of avascular areas by proliferating and migrating
endothelial cells, thus requiring proteolytic degradation of the extracellular matrix (ECM).
The major proteinases involved in ECM modification are the matrix metalloproteinases
(MMPs) and the ADAMT (a disintegrins and metalloproteinases with thrombospondin

domains) metalloproteinase*!. These enzymes play a crucial role not only in the matrix

20



Introduction

mvasion of tip cells, but also in the formation of biologically active molecules that sustain

the accumulation of pro-angiogenic signals, also known as matrikines.
3.3.a Matrix metalloproteinases (MMPs)

The initial stage of new vessel formation, in terms of both the induction of pro-angiogenic
signals and the tip cell migration per se, requires the fragmentation of the basement

membrane and of the interstitial matrix.

The basement membrane is the layer underlying the blood vessel endothelium. It is
composed mainly of fibrillar type I collagen and, depending on the tissue type, different
amounts of type III and type V collagens, non-collagenous glycoproteins (such as
tenascins, fibronectin, vitronectin) and proteoglycans carrying glycosaminoglycan chains
(such as chondroitin-, dermatan- and keratan-sulphate proteoglycans)*?. Underneath the
basement membrane, there is the interstitial matrix of the tissue stroma. This is a tightly
crosslinked network (50—100 nm in thickness) constituted mainly of 1-2 laminin isoforms,
nidogen | and/or nidogen 2, the heparan sulphate proteoglycan perlecan and several
glycoproteins. The collagen-degrading enzymes, involved in the continuous basement
membrane rearrangement, are members of matrix metalloproteinases (MMP) family*3.
MMPs, which comprise 25 different members in mice and 24 different members in
humans, are endopeptidases with several conserved protein domains, among them a Zn?*
binding motif in the catalytic domain**. Factors including pro-inflammatory cytokines,
growth factors and hormones control their gene expression. Once expressed, they are
secreted as zymogens or pro-enzymes, that acquire a catalytic activity only after the
removal of their amino-terminal pro-domain**. This cleavage can be mediated by other
MMPs or proteases. Each MMP has a specific molecular mass (between 20-100 kDa) and
specific substrates. For example, fibroblast type collagenase (MMP-1), neutrophil type
collagenase (MMP-8), and membrane type 1 matrix metalloproteinase (MT1- MMP or
MMP-14) cleave types I, II and III collagens. Type I and type IV collagens are targets of
gelatinase A/type IV collagenase (MMP-2). However, type IV can be also digested by
gelatinase B/type IV collagenase (MMP-9)*.
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Importantly, the MMP activities are endogenously regulated by TIMPs (tissue inhibitors
of metalloproteinases). The TIMP family includes four members, TIMP-1, TIMP-2,
TIMP-3 and TIMP-4, with a tissue specific, constitutively expressed or induced by
cytokines and growth factors®. They are multifunctional proteins, that, with certain
degree of preference, regulate MMP activity by forming tight-binding inhibitory
complexes® (Figure I.LH, Table 1). All TIMP proteins are soluble, with the exception of
TIMP-3 that is linked to the ECM; however their structural organization is well
conserved; indeed, all mammalian TIMPs maintain two distinct domains, the N-terminal

domain (about 125 amino acid residues) and the C-terminal domain (about 65 residues),

each stabilized by disulphide bonds*!.
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Figure I.G: Extracellular matrix underlying the vasculature

Vessels are underlined by the basement membrane and the interstitial matrix. They are distinct structures of the
extracellular matrix (ECM). In particular, the interstitial matrix is mainly characterized by fibrillar type I collagen, type
IIT and type V collagens (depending on the tissue type), non-collagenous glycoproteins (such as tenascins, fibronectin,
vitronectin) and proteoglycans carrying glycosaminoglycan chains (such as chondroitin-, dermatan- and keratan-
sulphate proteoglycans). In contrast, the basement membrane is usually composed by a singular type IV collagen
isoform, nidogen 1 and/or nidogen 2, the heparan sulphate proteoglycan perlecan and several minor glycoproteins.
ICAMLI, intercellular adhesion molecule 1; VE cadherin, vascular endothelial cadherin. Nature Reviews Immunology
10, 712-723 (October 2010) doi:10.1038/nri2852
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Property TIMP-1 TIMP-2 TIMP-3 TIMP-4
Glycosylation Yes No Partial No
ol 8.47 6.48 9.14 7.21
No. of residues™ 184 194 188 194
N!rb 20,709 21,755 21,650 22,329
MMP inhibition Weak for MMP-14 -16, -19, and -24  All All Most
Other MMP inhibition ADAMI0 ADAMI12 ADAMI0, 12, 17, 28 and 33; ADAMTS-1, -4, and -5, ADAMTS-2 (weak) ADAMIT’i and 28, ADAM33 (weak)
Pro-MMP interactions Pro-MMP-9 Pro-MMP-2  Pro-MMP-9 and pro-MMP-2 Pro-MMP-2
Other partners CD63 and LRP-1 (MMP-9 complex) a3f) integrin EFEMPI1, VEGFR2 and Angiotensin I receptor

LRP-1
Apoptotic effects Negative Positive Positive

Negative
Angiogenesis Negative Negative Negative Negative
Chromosomal location: human X11p11.23-11.4 17q23-25 22q12.1-q13.2 3p25
Mouse XAl3 11 E2 10C1-D1 6 E3
Synapsin geneg 1 None il il
Genetic disorder Sorsby fundus dystrophy

“Mature protein.

bExclurling any glycans.

“Nested in intron V of the listed synapsin.
Ynhibited by N-terminal domain of TIMP-4.

Additionally, TIMPs are important determinants of cell function, since they exert their
role not only by inhibiting MMPs activity, but also control apoptosis and cell cycle by a
MMP-independent mechanism*. For example, it has been reported that TIMPI has
anti-apoptotic effects on some cell types (like Burkitt lymphoma cells and breast cancer
cells) and, together with TIMP2, promotes cell proliferation. Indeed, it has been reported
that TIMP1 1s involved in the survival signalling network mediated by the tetraspanin
CD63 and by focal adhesion kinase, phosphoinositide 3-kinase and ERK*. Furthermore,
TIMP2, once linked to a3B1 integrin, induces G1 phase arrest.

This anti-apoptotic effect is further exerted by TIMP3, on several tumor cell lines,
endothelial cell and smooth muscle cells, even if with a mechanism dependent on
metalloproteinase activities. Notably, TIMP3 can either promote or inhibit apoptosis

depending on the model system™®.

Therefore, the finely regulated balance between MMPs and TIMPs is extremely
important to control angiogenesis, for its implication in the invasiveness of tip cells and

the release of angiogenic factors as described below.
3.3.b Invasiveness of Tip Cells

Degradation of ECM is crucial in the early step of capillary formation. Basement
membrane represents the first barrier that sprouting tip cell encounter. Accordingly with
their demand of matrix remodelling, tip cells express high levels of MMPs*. In particular,
it has been reported that the tip cell leading front is rich in MMP-14, while stalk cells are

characterized by its lower expression®!. Additionally, VEGF and bFGF, pro-angiogenic
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factors that trigger angiogenesis, elicit in ECs rapid activation of MMP-2,-9 and surface
expression of MMP-14, thus further supporting the tip cells invasiveness?’-*. The
acquisition of this migratory phenotype is also supported by the VE-cadherin cleavage
mediated by MMPs, responsible for the intercellular adhesions disruption®. Therefore,
once matrix has been invaded and tube-like structures are formed, incorporation of
pericytes in the nascent vessel is required for capillary stabilization. Further, through the
secretion of PDGF-B, endothelial cells attract PDGF receptor-B expressing pericytes,
causing a cascade of reactions regulated by MMP3Y able to regulate both pericytes

migration and proliferation!.

Besides this, MMPs contribute to angiogenesis by also mediating the releasing ECM-

bound pro-angiogenic factors, as described below.
3.3.c MMPs modulate angiogenic factors

In addition to degrading ECM components and activating other MMPs, MMP activity is

required for the release of pro-angiogenic factors.

Almost two decades ago, Davis et al.>? coined the term matricryptic site to indicate the
biologically active site of ECM molecules, that can be exposed only after protein
modification, thanks to proteolysis but also to mechanical forces, novel interactions,
multimerization, and conformational changes. These changes occur in the injured site
and are usually resulting from the interaction between cells and ECM through a series of
receptors, including integrins, cell surface proteoglycans, and a type of cell-surface-

expressed tyrosine kinase receptors with high affinity for ECM components’?.

Once ECM molecules-derived fragments had been generated, they are called matrikines,
and are functional active. A variety of matrikines have been identified during the last
years and, in conjunction with MMPs and other pro- or anti-angiogenic factors, they
orchestrate any step of angiogenesis. Their mechanism of action has to be better
elucidated, however it is becoming clear that they compete with intact ECM proteins for
the binding of integrins, thus altering the endothelial migration behaviour?. Proteolysis-
derived ECM fragments also affect the inflammatory response, by generating chemotactic
gradients and by modifying gene expression in immune cells’*. Importantly, VEGF
function 1s affected by MMPs. Indeed, MMP-3, MMP-7, MMP-9 and MMP-19 cleave

VEGF at 113 aa, thus sustaining the sprouting angiogenesis™.
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4 Mesenchymal Stem Cells for immunosuppression

Mesenchymal stem cells (MSCs) are a heterogeneous population of cells with multi-
potency and self-renewal capacity that can be isolated from several adult tissues. MSCs
were first described by Friedenstein and colleagues, when it was reported that heterotopic
transplanted bone marrow (BM) stroma generate bone, fat cells, cartilage and reticular
cells in vivo®. This suggested the existence in BM stroma of non-hematopoietic stem cells,
with skeletal and adipose potential. After further characterizations, these cells were
identified as fibroblast-like cells, colony-forming unit fibroblasts (CFU-Fs), cells adherent
to plastic surfaces and able to be expanded i wvitro’’. Thus, they were categorized by
Caplan and colleagues®® as stem cells, and the name mesenchymal stem cell was

coined.

4.1 Definition of Mesenchymal Stem Cells (MSCis)

4.1.a Multipotency and self-renewal

MSCs are considered stem cells, principally for showing two fundamental staminal

proprieties: self-renewal and multipotency.

The first criteria for defining a stem cell is the self-renewal, that is the capacity to undergo
numerous cell divisions while maintaining a stem cell phenotype. MSCs can be cultured
vitro for many passages without losing their multipotency property. Additionally,
multipotency indicate the ability of a stem cell to differentiate into several types of
functionally mature cells®. Indeed, MSCs can differentiate into multiple cell varieties,
mainly belonging to the mesodermal lineage. In particular, it has been demonstrated that
MSCs can differentiate in osteoblast, adipocytes and chondrocytes i vitro®® and they give
rise to bone and cartilage after ectopic transplantation i vwo5.62. Subsequent studies
reported MSCs differentiation in cell types with both mesodermal and non-mesodermal
origin, including endothelial cells, cardiomyocytes, hepatocytes and neural cells®.
However, this multipotential property of MSCs remains debated. This is mainly due to
the lack of globally standardized methods for their isolation, expansion and

. . . 5
identification’’.
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4.1.b Markers of MSCs

A deep characterization of MSCis is still far to be completed, especially for their extremely
low frequency in tissues and the lack of unique markers®?. However, there is a general
consensus that MSCs lack endothelial and haematopoietic cells markers CD45, CD34
and CD31 or the co-stimulatory molecules CD80, CD86 and CD40. In contrast, they
express CD105 (also known as endoglin), CD73 (ecto-5- nucleotidase), CD44, CD90
(THY1), CD71 (transferrin receptor), the ganglioside GD2 and CD271 (low-affinity nerve
growth factor receptor)®’. Nevertheless, the expression of all these markers is not
homogeneous throughout MSCs of different sources, 1solated with different protocols and
cultured for different numbers of passages. For this reason, a unique set of markers for
MSCs detection n viwo is still missing. Recently, it has been identified a population of
CD146* perivascular cells with self-renew ability and with a osteoprogenitor-like
phenotype®3. Moreover, surface cell antigen 1 (SCA1) and platelet- derived growth factor
receptor-a (PDGFRa) were used to identify a subset of non-haematopoietic cells, in close
contact with arteries, that gives rise to osteoblasts, reticular cells and adipocytes i viwo*.
Finally, it was reported that nestin, a neuronal cell marker, specifies BM-resident MSCis%.

Thus, a lot of specific proteins, or a combination of them, were proposed for MSCs i vivo
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identification. Conversely, none of them is still recognized, universally, as mesenchymal

stem cell marker.

4.2 In Vivo localization

As mentioned, MSCs can be 1solated from different adult tissues, including bone marrow,
adipose tissue, periosteum, tendon, periodontal ligament, muscle, synovial membrane,
skin and lungs®. This ample variety of MSCs sources can be explained by three

possibilities.

Firstly, stem cells, acting as reservoir of fully differentiated cells in different tissues, once
1isolated and cultured, behave all as MSCs. Thus, we are categorizing different stem cells
with the same name. Secondly, it is possible that there is only one specific organ for MSCs
location i viwo, from which MSCs could exit to reach several sites, where they give rise to
fully mature cells by differentiating themselves. The third, and most accepted, idea is that
MSCs are constant component of an anatomical structure common to the majority of
tissues, such as the vasculature, thus explaining their presence in almost all organs.
Supporting this idea, several recent studies have suggested a perivascular confinement of
MSCs%, on the basis of the immunohistochemical analysis of a perivascular localization
of CD45-/CD31-/Sca-1+/Thy-1+cells, potentially MSCs6%:67. Additionally, the same
perivascular localization was found by using others MSCs markers; indeed, Stro-17/
CD146* MSCs were found to line blood vessels in human bone marrow and dental
pulp®, furtherly supporting the notion that MSCs are integral part of many different

tssues.

4.3 Proposed physiological role of Mesenchymal Stem Cells
4.3.a MSCs control the hematopoietic niche

Despite MSCs spread throughout the entire adult organism, they were firstly identified as
a component of the bone marrow. Since their discovery, the investigation of MSCis
physiological roles in this tissue has represented the principal aim of several studies.
Nowadays, they are thought to critically control the homeostasis of the haematopoietic

compartment®.
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In particular, it has been proposed, and partially demonstrated, that MSCs provide
structural and modulatory signals to the niche where haematopoietic stem cells (HSCs)
are confined. This effect on haematopoietic niche organization is mediated either through
their direct interaction with specific niche components, such as extracellular matrix
proteins and surrounding cells or, through their ability to organize vascular networks®.
However, they have not only a prominent structural role, but also an effective function.
Indeed, it has been reported that the control of the HSC proliferation and differentiation
can be ascribed to BM-MSCs, that act by maintaining HSCs in the GO phase of the cell

cycled’.

Supporting the hypothesis of the specific bone marrow-function of MSCs, it has been
recently demonstrated that HSCs localize near a subset of fibroblastic reticular cells.
These CXCLI12-abundant reticular cells (CARC cells) highly express CXC chemokine
ligand 12 (CXCL12 or SDF1) and have osteogenic and adipogenic potential®®, suggesting
that they might correspond to MSCs. Additionally, MSCs positive for nestin, that, as
already described, is a proposed marker for MSCs, have been found in the central areas
of the bone marrow, and they also show high level expression of CARCs genes including
CXCL12%9. This, again, strikingly adds evidence of the MSCs localization and function in

the bone marrow.
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Figure I.I: Mesenchymal stem cells in the haematopoietic niche

Mesenchymal stem cells contribute to the structure and function of the haematopoietic stem cell (HSC) niche. In
particular, in the endosteal niche, MSCs, together with osteoblasts, maintain HSCs in the GO phase of the cell cycle,
supporting their quiescent state. This control is further regulated, in the vascular niche, by sub-endothelial and
perivascular MSCs through the orchestration of HSCs proliferation, differentiation and recruitment from the
endosteal niche. Nature Reviews Immunology 8, 726-736 (September 2008) doi:10.1038/nri2395

4.3.b Perivascular MSCs 1n the tissue regeneration

The MSCs perivascular restriction is becoming rapidly an accepted concept. Besides that,
to understand whether there is and what is MSCs physiological role in this compartment
1s far to be elucidated. It has been suggested that MSCs in the perivascular niche act as
reservotr of progenitors required for postnatal vasculogenesis, particularly during the tissue
rigeneration’?. In line with this idea, it has been recently shown that, MSCs, confined in
the adventitia of blood vessels, exit from their niche in response to the attractive signals
released by tumor cells. Thus, they support the tumor vascular remodelling by
differentiating into pericytes, and, consequently, sustaining the maturation of newly
formed branches’!. Additionally, once reached the tumor site or the damaged tissue,
MSCs mediate cell replacement and cell empowerment’%737%75, Notably, preclinical and
clinical studies suggested that MSCs transplantation could enhance tissue regeneration’?.

However, the number of MSCis really embedded in the damaged site is poor and their
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survival after engraftment is not long enough to justify a prominent role for their

differentiation in the regenerative process’S.

In conclusion, although the perivascular localization of MSCs is well documented, the
physiological role of these cells has still to be clarified. Moreover, it is becoming clear that
the MSCs mechanism of action is principally mediated by soluble factors, by which they
can control tissue homeostasis, but also inflammation, as described in the following

section.
4.3.c Immunomodulatory proprieties: the plasticity of MSCs

Almost two decades ago, for the first time it was reported the immunosuppressive effect of
bone marrow-derived MSCs, since they have been demonstrated to inhibit lymphocyte
proliferation and activation’’>’8. Since this discovery, the scientific committee moved the
attention from the regenerative to the immunosuppressive function of MSCs. Thus, a lot
of evidence has been collected showing that MSCis interfere with the activation and the
function of immune cells belonging to both innate and adaptive response. The key results

can be summarised as follows:

* MSCs inhibit maturation of dendritic cells (DCs): the maturation of both
monocyte and CD34* haematopoietic progenitor cells into DCs i1s affected by
MSCs with a IL-6-dependent mechanism. Additionally, mature DCs express
lower levels of MHC class II molecules, CD1lc, CD83 and co-stimulatory
molecules, when cultured with MSCs. Furthermore, interleukin-12 (IlI-12) and
TNF production by DCs is decreased in the presence of MSCs, but IL-10 release
1s increased in plasmacytoid DGCs (pDCs). MSCs-derived PGE2 seems to be
involved in all of these effects®’.

* MSCs affect natural killer cell (NKs) activity: NKs have a prominent role
in the immune response for their cytolytic activity and their ability to secrete pro-
inflammatory cytokines. These functions are both affected by MSCis. Indeed, they
downregulate the expression of NK receptors, that have a prominent role in the
activation of resting NKs, including NKp30 and natural-killer group 2-member D
(NKG2D). Furthermore, NK proliferation and IFNy production are dampened

when NK cells are incubated with MSCs%7. Cell-to-cell contact and the secretion
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of soluble factors by MSCs, like transforming growth factor beta 1 and PGEoy,
seems to mainly exert these effects.

MSCs inhibit neutrophil killing capacity: it has been reported that MSCs
reduce the neutrophil respiratory burst rapidly triggered by their activation. This
involves an IL-6-dependent mechanism, which signalled by activating STAT-3
transcription factor. Furthermore, MSCs are responsible for the delay in the
spontaneous apoptosis of activated neutrophils, by reducing reactive oxygen
species again with a IL.-6-dependent mechanism?’.

MSCs alter macrophage polarization: MSCs alter the macrophage
switching from the proinflammatory phenotype (M1), to the anti-inflammatory
one (M2)79:80, MSCs activated by pro-inflammatory cytokines are, indeed, able to
secrete high levels of PGEy. This latter, in turn, reprogram monocytes and
macrophages to secrete strong amounts of the anti-inflammatory IL-10.
Additionally, IL-10 prevents cytotoxic T cell-activation and neutrophil
recruitment into the injured tissue, thus further limiting the inflammatory
response”’. It has been also reported that the secretion of II-1 receptor antagonist
(II-1RA) by activated MSCs, inhibits not only the effect of II-1a-producing T cells
but also the activity of TNF- producing macrophages®’.

MSCs inhibit T cell response: most studies focused their attention on the
interplay between MSCs and T cells. In particular, it has been highlighted that
MSCs dampen the differentiation of Thl and Thl7 subsets, that promote the
inflammatory response, and, conversely, they support the generation of regulatory
T cells (Treg cells) suppressing the inflammation. These effects seem to be
principally due to an induction of T cell arrest in the GO/G1 phase of the cell
cycle, thus resulting in the lower secretion of pro-inflammatory factors such as
IFNy. Indeed, the T cells-inhibitory process mediated by activated MSCis, 1s
associated with decreased IFNy production, and contrarily an increased in Il-4
production by T helper 2 (Th2) cells. It indicates a shift in T cells phenotype,
from a pro-inflammatory state (IFNy-producing T cells), to an anti-inflammatory
activity (proper of Il-4-producing cells, or Th2).

Additionally, MSCs interfere with CD8* T lymphocytes (CTLs), reducing their

cytotoxic activity. To support the immunosuppressive effect, MSCs can also
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indirectly promote Treg cells, prompting DC secretion of IL-10, which, in turn,
support Treg differentiation”?.

* MSCs inhibit B cell functions: the effect of MSCs on B cells has not been
completely understood. Indeed, different results have been collected in all these
years, probably for not universally adopted experimental conditions. Of note,
MSCs can inhibit B cells proliferation, differentiation and their expression of
chemokine receptors. In vitro studies have also suggested an implication of both

MSCs soluble factors and a cell-cell contact to induce these effectsd’.

Importantly, several secreted factors, including TGF-f, nitric oxide (NO), indoleamine
2,3-dioxygenase (IDO), TSG6, prostaglandin E2 (PGEy), IL.-1 receptor antagonist, I11.-10
and antagonistic variants of CCL2, have been reported to partially mediate these MSCis
immunosuppressive functions’?. The release of these molecules can be constitutive or, as it

happens for IDO, induced by the interaction with target cells®’.

Notably, by secreting IDO, which removes from the extracellular space tryptophan,
essential for T cells proliferation, MSCs can block immune-mediated Thl cells
proliferative expansion. This inhibitory process is further enhanced by MSCs induced
nitric-oxide synthase (1INOS), that results in the large production of toxic NO in T cells®’.
NO is a rapidly diffusing gaseous that can interact with many enzymes, ion channels, and
receptors. It has been shown that NO inhibits cytokine production, suppress STATS
phosphorylation and, finally, inhibit the TCR-induced T cell proliferation. However, the

mechanism controlling iNOS in MSCs has not been fully elucidated®’.

IDO and NO are thus identified as key immunosuppressive MSCs soluble factors, even
though murine MSCs exert their effect mainly by NO, and human MSCs by IDO8!.
Other soluble factors have been reported to mediate the anti-inflammatory properties of
MSCs, such as PGEo, secreted by both human and mouse MSCs, that, prompts
macrophage shift toward the more anti-inflammatory phenotype M2, characterized by

the release of IL-10, that in turn, moves the balance of T cells to the Th2 type®!.

Therefore, it is even more clear that a complex plethora of soluble mediators is
responsible for the immunosuppressive effects of MSCs>’. In addition, almost all these
evidence have been collected from i wvitro co-colture studies, and the mechanisms

responsible for the MSCs anti-inflammatory function also i viwo need to be clarified.
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Ultimately, it has been suggested that MSCs do not specifically act on target cells but they
rather regulate the immune response by modifying the microenvironment of injured

tssued’,

Of note, the surrounding space that MSCs encounter when  viwo administrated seems to
significantly modulate the outcome of MSCs treatment. Indeed, for example, it 1s well
described that the immunosuppressive phenotype of MSCs requires a specific activation
of these cells to be established. Accordingly, MSCs cannot suppress the inflammatory
response unless they are licensed by a combinations of inflammatory cytokines, including
IFN-y, IL-1, IL-6 and TINF-a’2. Supporting this concept, it has been reported that graft-
versus-host disease (GVHD) can be successfully treated by MSCs transplantation only
when they are administered during the acute phase of the pathology. Indeed, only in this
phase of GVHD the microenvironment is characterized by the proper combination of

inflammatory factors able to license MSCs toward an immunosuppressive phenotype?283,

4.4 Clinical applications

Bartholomew and colleagues were the first to test i viwvo the immunosuppressive effect of
transplanted MSCs’8. They showed that allogeneic MSCs administered in primates
increased the skin-graft survival’®. In the recent years a lot of pre-clinical trials were
performed to investigate to beneficial role of MSCs in a wide panel of experimental
diseases®’. Among them, MSCs were observed to ameliorate the endogenous restoration
of pancreatic islets and renal glomeruli in a mouse model of diabetes?t. Other studies
indicated that MSCs rescue the renal function by blocking the accumulation of
proinflammatory cytokines, such as IL-1 ;TNF-a and IFN-y, and the apoptosis of target
cells®. In a similar way, in a model of lung fibrosis, MSCs-secreted IL-1RA suppresses the

effects of IL-1 -producing T cells and TNF- producing macrophages®.

Importantly, the low frequency of MSCs engraftment and differentiation in the damaged
tissues provide the evidence that the multipotence of these cells is not essential for their
clinical effect and that their positive effect is mainly related to their immunosuppressive
functions. Therefore, once the MSCs immunosuppression was validated in pre-clinical
studies, several clinical trials were started. Notwithstanding, MSCs mechanism of action is

still unknown. Notably, the first MSCis clinical administration was performed by Le Blanc
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et colleagues®’ by injecting two times haplo-identical MSCs into a 9-year-old child with
GVHD at grade VI, who was resistant to the treatment. In this case, MSCs rescued all
the symptoms and increased the survival beyond | year. On the contrary, 24 patients
without MSCs administration died in 2 months after bone marrow transplantation. The
strong success of this therapy leads the way for the first large-scale clinical trial supported
by Osiris Therapeutics. Thus, allo-MSCs were tested in patients with GVHD and acute
myocardial infarction®®. Nowadays, there are at least 300 clinical trials examining the
safety and the efficacy of MSCs preparation in different diseases. Both allogeneic and
autologous cells have been exploited for the therapy of a wide spectrum of diseases, mostly
with autoimmune origin, but also related to solid organ transplantation, neurological

. .89
disorders and even autism” .

However, several critical points are associated with MSCs therapy. First of all, the exact
number of MSCs to be injected to obtain a specific therapeutic result is unknown. Indeed,
it has been reported that while high number of MSCs display an anti-inflammatory
function, lower numbers support immune cellular response’’. Furtherly, to obtain the
huge number of stem cells capable to exert the immunosuppressive effect, multiple donor
sources are required, thus increasing variability in the final out-come. The extreme
heterogeneity associated to MSCs therapy is also due to the phenotypical changes
induced in MSCs following long-term in vitro culturing”’. Others considerations for the
commercial expansion of MSCs therapy, are cellular time and storage. Unfortunately, at
the moment, there are no optimized and standardized protocols that ensure an effective

long-term preservation.
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5 MSCs-derived extracellular vesicles

Although many clinical trials provide persuasive and substantial evidence about the
efficacy of MSCis transplantation, their mechanism of action is not fully elucidated. In
addition, the low number of follow-up studies does not offer a clear idea about MSCis
therapy-side effects. Moreover, currently, no tests are universally exploited to evaluate

MSCis safety and quality before the i vivo administration.

To the purpose of reducing heterogeneity of MSCs cell therapy, since it has been
recognized that the MSCs immunosuppression is mediated prominently by soluble

factors, several works focused their attention on the characterization of MSCs secretome.

Importantly, despite the huge amount of soluble proteins and lipids released in
extracellular medium, it was also reported that MSCs secrete Extracellular Vesicles

(EVs)oL.

EVs are cell-derived particles, which size ranges from 50 and 5000 nm, that can be
released by different cell types. They can be classified in exosomes, microvesicles and
apoptotic bodies depending on their biophysical properties (size, cellular origin, molecular
cargo, and biogenesis)’?. Through a specific process, including endocytosis, fusion and
phagocytosis, EVs interact with a target cell, mediating intercellular communication and

thus regulating physiological and pathological conditions??.

Therefore, MSCs-derived EVs, if administered to patients, might potentially recapitulate
the immunosuppressive effect of MSCs overcoming the issues associated with MSCs cell

transplantation.

5.1 Exosomes

Exosomes are a homogeneous population of particles, whose dimension is about 40 and
150 nm, with an endosomal origin®’. They are released thanks to the fusion of
multivesicular bodies with the plasma membrane. Thus, tetraspanins (examples CD63,
CD81, CD9Y), gangliosides, sphingomyelin, and disaturated lipids characterize their highly

rigid membrane surface, that confers them resistance to degradation and strong stability.
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5.2 Microvesicles

Microvesicles are generally more heterogeneous populations of particles. Their size ranges
from 50 to 2000nm. Contrary to exosomes, microvesicles sprout directly from the plasma
membrane, inducing an accumulation of plasma membrane proteins on their surface, as
well as cytosolic proteins, nucleic acids, and other metabolites®!. Indeed, the composition
of microvesicles membrane is predominantly conditioned by the original cell. However,

they are generally enriched in integrins, glycoprotein Ib (GPIb), and P-selectin??.

5.3 Apoptotic bodies

Apoptotic cells undergo fragmentation, thus releasing bodies (apoptotic bodies) with a
diameter that range between 50 and 5000 nm. They carry plasma and organelle
membranes, but mostly DNA binding histones. Contrary to exosomes and microvesicles,

they are depleted in glycoproteins??9!.

5.4 Toward a cell-free therapeutic approach

Beside all the MSCs-related disputes, in terms of their multi-potency, self-renewal and
ability to trans-differentiate into lineages of other germ layers, MSCs have an evident and
unequivocal beneficial effect in the control of inflammatory disorders. Experimental
evidence demonstrated that the MSCs-inhibitory effect prominently depends on the
paracrine activity of MSCs and not on their engraftment. Thus, this intriguing data
suggest novel cell-free therapeutic perspectives based on the exploiting of MSCs-derived
extracellular vesicles. Interestingly, it has been reported that EVs isolated from the
medium conditioned by MSCs are able to mediate an immunosuppressive effect.
Specifically, MSCs-derived EVs alter the proliferation of B cells, reducing also their
antibody secretion, in a dose dependent manner. Moreover, EVs affect the T cell
proliferation, but support the accumulation of anti-inflammatory cytokines (IL-10) and
the induction of T regulatory cells?. So far, several studies have been focused on the
investigation of the EVs-based therapy as alternative approach to MSCs transplantation.
In support to this hypothesis, some promising data have been collected. Indeed, human

MSCs-derived EVs have been shown to suppress kidney inflammation, but also to prevent
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chronic tubular inflammation and damage to renal function in a model of acute kidney
injury”. The beneficial effect of EVs administration was also described in an
osteochondral defect model, where it was reported that EVs from human MSCs
completely repair cartilage and subchondral bone?. Additionally, also clinic studies
confirmed the immunosuppressive potential of MSCs-derived EVs. Indeed, the EVs
treatment of a patient with treatment-refractory graft-versus-host disease (GVHD) firstly
provided evidence of no apparent side effects associated with this approach. Most
importantly, it was reported a significantly improvement in clinical symptoms, even 4

months after the treatment®*.

Since promising results have been collected so far by using MSCs-derived EVs, the
replacement of a MSCs administration with a cell-free therapeutic approach is becoming
a concrete alternative. Several advantages can be encountered describing a EVs-based
therapy. Firstly, EVs are only a cellular product, and not living biological entities;
therefore, they are not regulated by FDA procedures. In addition to that, this results in a
limited risk of carcinogenesis and no possibility of aneuploidy or other chromosomal
abnormality. Moreover, due to their high stability, they can be stocked by freezing and
thus easily preserved for a long time. Also their distribution in the organism can be
enrolled among the benefits of this approach. Indeed, in contrast to MSCs, they pass the
blood-brain barrier, which could represent a crucial expedient in the treatment of patients
with the contribution of central nervous system. In the perspective to replace a cell
therapy, it is to note that the immortalization process of MSCis displays only negligible
effect on the EVs and RNA/protein content packaged. Finally, all these advantages

further support the fascinating opportunity of an industrialized EVs-based therapy?.
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Aim of the study

Currently, MSC transplantation represents a promising therapeutic option for the
treatment of several immune-related diseases, such as GVHD, diabetes, lung fibrosis and
heart failure®’. Nonetheless, despite the encouraging results observed in pre-clinical
models, MSC-based approaches for the therapy of inflammatory disorders still need a
deeper comprehension of their mechanism of action to be successfully translated to
patients. In line with this, the numerous clinical trials exploiting MSCs provided
unsatisfactory and still debated results. A reasonable explanation for this failure could be
mainly ascribed to the lack of a consensus protocol to isolate, culture, store and administer

these cells, and the paucity of knowledge regarding their physiological functions i vwo?.

Indeed, although it has been demonstrated that MSCs interfere with the activation and
the function innate and adaptive responses i vitro, their mechanism of action i vwo in
models of inflammation is not yet fully elucidated. Our group had demonstrated that sub-
cutaneous transplantation of MSCs encapsulated in alginate micro-spheres, and thus
unable to migrate within the body and home into specific target organs, strikingly
prolongs the survival of mice with GVHD?. Our data unequivocally provided evidence
that: 1) MSCs do not require homing to specific organs to control inflammation; 11) MSC
immunosuppressive effects do not depend on mechanisms requiring cell-to-cell contacts;
1) the immunomodulatory MSC-based therapy is mediated by soluble factors released

during the inflammatory response.

In order to improve the development of more efficient MSC-based therapies, the aim of
this study was to deeper investigate the mechanisms of action of MSCs n
vivo focusing on the factors - secreted proteins and extracellular vesicles -
released by these cells during an inflammatory response. In particular,
considering that MSCs were found to line blood vessels within the human bone marrow
and the dental pulp® and that leukocyte recruitment to inflamed tissues is accompanied
by endothelial activation and vascular expansion, we speculated that endothelial cells may
represent a specific MSC target during inflammation. Additionally, our study by
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analysing the cross-talk between MSCs and endothelial cells enlarge the
current knowledge on MSC physiological role, that could be exploited for the

definition of novel therapeutic approaches.
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Materials and Methods

Mice

C57BL/6] mice were purchased from Charles River Laboratories (Italy). All mice used as
primary cell donors or recipients were between 8 and 12 week of age. Procedures
involving animals and their care conformed to institutional guidelines in compliance with
national (4D.L. N.116, G.U., suppl. 40, 18-2-1992) and international (EEC Council
Directive 2010/63/UE; National Institutes of Health Guide for the Care and Use of
Laboratory Animals) law and policies. The protocol was approved by the Italian Ministry
of Health on June 18th, 2007 and modified by Protocol 162/2011-B. All efforts were
made to minimize the number of animals used and their suffering. In all the experiment

the mice were sex and age matched, no further randomization was applied.

Isolation of MSCs (MSCis)

MSCis were isolated by flushing the femurs and tibias from 8 week-old, C57Bl/6 female
mice and cultured in 25 cm? tissue culture flasks at a concentration of 2x10° cells/cm?
using complete Dulbecco modified Eagle medium low glucose (DMEM, Lonza, Braine-
L’Alleud, Belgium) supplemented with 20% heat inactivated fetal bovine serum (Biosera,
Ringmer, United Kingdom), 2mM glutamine (Lonza), 100 U/ml penicillin/streptomycin
(Lonza). Cells were incubated at 37°C in 5% COs. After 48 hours, the non-adherent cells
were removed. After reaching 70-80% confluence, the adherent cells were trypsinized
(0.05% trypsin at 37°C for 3 minutes), harvested and expanded in larger flasks. MSCs at
passage 10 were screened by flow cytometry for the expression of CD106, CD45, CD117,
CD73, CD105, MHC-I, SCA-1 and CDI11b and used to perform experiments (BD
Pharmingen, Oxford, UK).

Human MSCs were prepared were provided by Orbsen Therapeutics Ltd (Galway,
Ireland). Ethical approvals are granted from the NUIG Research Ethics Committee and
the Galway University Hospitals Clinical Research Ethics Committee (CREC). Briefly,

bone marrow was harvested from volunteers, and the cell culture was maintained in
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MEM Alpha with Glutamax supplemented with 2% FBS, 2mM glutamine, 100 U/ml

penicillin/streptomycin and 1ng/ml human FGF?7.

All samples were obtained with informed consent. Procurement of the sample conformed

to European Parliament and Council directives (2001/20/EC; 2004/23/EC).

Collection of conditioned medium of MSCs (MSC-CM)

MSCis were plated and let grow until confluence in ventilated cap flask. Growth medium
was substituted with DMEM low glucose supplemented with 10% FBS, 2mM glutamine,
100 U/ml penicillin/streptomycin, with or without 25ng/ml mIL1b, 20ng/ml mIL6, 25-
ng/ml mTNFa for 24 hours. Then this medium was changed with DMEM low glucose
supplemented with 2mM glutamine, 100 U/ml penicillin/streptomycin for the following
18 hours. Conditioned medium was harvested and centrifuged at 4000 rpm for 10 min.
Thus, we obtained unstimulated MSCs-conditioned medium (unst MSC-CM) or
stimulated MSCs-conditioned medium (st MSC-CM).

Human MSCs were plated and let grow until confluence in ventilated cap flask. Growth
medium was substituted with MEM Alpha with Glutamax supplemented with 2% FBS,
2mM glutamine, 100 U/ml penicillin/streptomycin, with or without 25ng/ml hIL1b,
20ng/ml hIL6, 25 ng/ml hTNFa for 24 hours. Then this medium was changed with
MEM Alpha with Glutamax supplemented with 2mM glutamine, 100 U/ml
penicillin/streptomycin for the following 18 hours. Conditioned medium was harvested
and centrifuged at 4000 rpm for 10 min. Thus, we obtained unstimulated MSCs-
conditioned medium (unst hMSC-CM) or stimulated MSCs-conditioned medium (st
hMSC-CM).

Extracellular vesicles (EVs) isolation

Extracellular Vesicles (EV) were isolated from unst or st MSC-CM by ultrafiltration using
Amicon® Ultra 15 mL Filters (Merck Millipore) following manufacturer’s instructions.
Briefly, each tube was first sterilised with 70% ethanol and then washed two times by

centrifuging it at 4000g for 10 minutes. Subsequently, 12 ml of unst or st MSC-CM were
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loaded into the tube and centrifuged at 2800g per 20 minutes at RT. This last step was
repeated by adding 10 ml of PBS at RT at the obtained EVs. Finally, EVs were collected,

concentrated in about 150ul of PBS, and directly stored at -80°C.

Endothelial Cell lines

SVEC4-10 (ATCC #CRL-2181 Manassas, VA), an endothelial cell line from murine
axillary lymph nodes, were cultured in a humidified incubator with 5% CO2 and 37°C, in
DMEM (ATCC 30-2002 Manassas, VA) supplemented with 10% heat-inactivated FBS,
1% penicillin and streptomycin. The murine lymphatic endothelial cell line MELC? and
murine microvascular endothelial cell line 1G11% were kindly provided by M. Sironi and
A. Vecchi (Humanitas Clinical and research centre, Milan, Italy). MELC were cultured in
Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 1 mM L-glutamine,
1% non-essential amino acids, 1 mM Na pyruvate, penicillin-streptomycin, 10% heat-
mactivated fetal calf serum (HyClone Laboratories, Logan, Utah), 100 pg/ml ECGS
(Sigma, St. Louis, Mo.), 100 pg/ml heparin (Sigma), and 10% supernatant from sarcoma
180 cells (only for MELC). All the plastics used for lymphatic endothelial cells culture
were pre-coated with 1% gelatin in PBS (37°C for at least 2 hours). Cells were
subcultured using 0.05% trypsin, 0.02% EDTA solution. Cells were routinely tested for
Mycoplasma.

Human Umbilical Vein Endothelial Cells ( HUVEC, Lonza C2519A) were cultured in a
humidified incubator with 5% COg and 37°C with EBM-2 Basal Medium supplemented
by EGM-2 BulletKit (CC-3156 & CC-4176). All the plastics used for HUVEC culture
were pre-coated with 0.2% gelatin in HoO (37°C for at least 2 hours). Cells were
subcultured using 0.05% trypsin, 0.02% EDTA solution.

In vitro endothelial cell activation

MELC and 1G11 were plated in 48 well and incubated 5% COg and 37°C in growing
conditions until confluence. The medium was substituted with DMEM low glucose
(Lonza, Braine-L’Alleud, Belgium) supplemented with 10% heat inactivated fetal bovine

serum (Biosera, Ringmer, United Kingdom), 2mM glutamine (Lonza), 100 U/ml
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penicillin/streptomycin (Lonza) or with MSC-CM added with 10% FBS, w/wo 20 ng/ml
mTNFa. The cells were incubated for 24 hours, harvested with Accutase and stained for

FACS analysis.

For NF-kB staining, MELC and 1G11 cells were seeded on fibronectin coated slides
(overnight) and stimulated for 6 hours with MSC-CM added with 10% FBS, w/wo 20
ng/ml mTNFa. Fixed and permeabilized cells were incubated with anti-NF-kB p65
(Santa Cruz Biotechnology) and Texas Red conjugated-phalloidin. After washing, the
appropriate Alexa-conjugated secondary antibodies were used (Molecular Probes). The
nuclei were counterstained with Hoechst 33342 (0.1 pg/mL, Molecular Probes) and
mounted with ProLong (Invitrogen). Negative controls included slides incubated with the
secondary antibodies alone. Quantification of translocation from cytoplasm to nucleus is
expressed as percentage of the total in both cell lines (40x, 20 fields for each condition),

using Image] software.

Tube formation assay

Matrigel Matrix (354234 Corning) was thawed overnight at 4°C. Tips and 96-well plates
flat bottom were pre-chilled overnight before performing the experiment. The day of the
assay, 80 pl of Matrigel were seeded in the 96-well plate and left to polymerize at 37°C,
5% COg for at least 30 minutes. 1.5x10* SVEC4-10 or 2x10* HUVEC were first
suspended in 100pl of MSC-CM, supplemented with 10% FBS, alone or with anti-TIMP-
1 (respectively AF980 or AF970 R&D) antibodies at the final concentration of 5 ug/mlL,
and then seeded on the solidified matrix. The formation of the tube networks develops in
4 hours at 37°C 10% COs. DMEM low glucose for SVEC4-10 or MEMalpha for
HUVEC supplemented with 10% heat-inactivated FBS were used as positive controls. At
the end of the incubation, tubes were imaged with a phase contrast inverted microscope
at 4% objective magnifications and analysis was performed with Image] Angiogenesis

Analyzer.
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Cryo-imaging

MSC labelled with qTracker 655 (Life Technologies) were subcutaneously injected into a
control mouse or a mouse previously immunized with CFA/OVA. Mice were euthanized
4 days later, frozen and cryo-imaged using the CryoViz™ cryo-imaging system
(BioInVision, Inc., Cleveland, Ohio, USA) as described in!'%101 Cryo-images were

acquired using the ProSCI™ software as described in!0l.

The 1maging protocol was modified to incorporate a smart tissue imaging technique that
selectively captures images of tissue-rich regions from the block face, significantly
improving throughput and optimizing data storage space. Processing throughput was
further aided by concurrent pre-processing afforded by the CryoViz™Preprocessor
software that stitches in real-time, and in 3D, to incrementally build a mouse volume in
parallel with the imaging session. Following pre-processing, the images were introduced in
the CryoViz™ 3D Visualizer software that automatically segments out embedding
medium, selectively highlights various anatomical details and generates bright-field and
fluorescence volumes of the mouse!®?. From these image volumes, standard animation

frames were generated to build the 3D movies.

Optical Projection Tomography

Spg of Alexa-594 MECA-79 antibody (conjugated according to manufacturer’s
instructions using the Alexa-594 conjugation kit (Invitrogen, Carls- bad, CA, USA) were
injected intravenously 15 min before organ harvest. Brachial LNs were excised, cleaned of
surrounding fat and then incubated with AlexaFluor 488—conjugated anti-B220 (0.67
pe/mL) as previously described (21). OPT scanning was performed according to the
manufacturer’s instructions (Bioptonics) with the following filter sets: exciter 425/40,
emitter LP475 for auto-fluorescent signal; exciter 480/20, emitter LP515 for green
fluorescent signal; and exciter 545/ 30, emitter 617/75 for red fluorescent signal. 3D voxel
dataset was obtained by raw data using NRecon software from Bioptonics. Reconstructed
virtual xyz data sets as . TIFF or .bmp files were analysed with IMARIS (Bitplane) for iso-
surface calculation of total LN volume and other parameters as described!®. IMARIS

reconstructions were carefully adjusted to fit original NRecon reconstructions. Lymph
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node volume data are representative of 14 LNs /group analysed from 2 independent
experiments. B follicles volume data are representative of a total of 8 LNs /group from 2
independent experiments. HEV data are representative of a total of 7 LN for CFA/OVA

group and 9 for +MSCs group from 2 independent experiments.

3D immunofluorescence (3-DIF)

Mice were immunized and transplanted as described above. On day 3 after immunization
single cell suspensions were obtained from LNs of C57/Bl6 mice. CD4* T cells were
1solated using the mouse CD4* T cell isolation kit (Stem Cell technologies), according to
the manufacturer’s protocol. The lymphocytes were fluorescently labelled, injected
intravenously into CFA/OVA immunized recipient mice and allowed to home for 20
minutes before blocking further homing with anti—L-selectin mAb. After 20 minutes,
dLNs were isolated, treated and analysed as previously described (22). Data are

representative of 8 (CFA/OVA) and 9 (+MSCs) mice from 3 independent experiments.

Immunofluorescence

The draining lymph nodes were fixed in formalin 4%, transferred in PBS-sucrose 30%
and frozen in OCT. 8 wm sections were cut, rehydrated, permeabilized and incubated
with the following primary antibodies: anti-VCAM-1 (Becton Dickinson), anti-ICAM-1
(Cedairlane), anti-CD31 (R&D Systems), anti-Lyve-1 (R&D Systems). After washing, the
appropriate Alexa-conjugated secondary antibodies were used (Molecular Probes). The
nuclei were counterstained with Hoechst 33342 (0.1 pg/mL, Molecular Probes) and
mounted with ProLong (Invitrogen). Negative controls included slides incubated with the
secondary antibodies alone. Images were acquired by a confocal microscope Fluoview
FV1000 (Olympus), with an oil-immersion objective (40X or 60x%/1.4 NA Plan-
Apochromat; Olympus), using laser excitation at 405, 488, 594, or 633 nm. Images were
processed using Adobe Photoshop 9.0.2. To perform colocalization analysis, the images
were obtained with a 60x1.4 NA objective with a resolution of 800x800 and a laser

excitation at 405, 488, 543 and 633 nm. Differential interference contrast (Nomarski
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technique) was also used. The images of double stained sections (VCAM-1:CD31, ICAM-
1:CD31, VCAM-1:LYVE-1, ICAM-1:LYVE-1) were analysed with imaging software
(‘Co-localization’ module of Imaris 5.0.1, 64-bit version; Bitplane AG, Saint Paul, MN).
The quantification of co-localization was expressed as Manders’ coeflicient, that in this
experimental setting indicates the fraction of VCAM-1 or ICAM-1 positivity that

colocalizes with the corresponding endothelial marker.

Data are representative of 5 mice/group from 1 representative experiment out of 3

independent experiments.

Immunization with CFA/OVA

I mg/ml OVA (Sigma-Aldrich) was emulsified in Complete Freund Adjuvant (CFA)
(Sigma-Aldrich), and 100 pl of emulsion were injected subcutaneously in three sites in the
back. After 24 hours 1 x 105 MSCs were injected subcutaneously in the lumbar region.
Immunized mice were sacrificed 4 days later and the brachial draining LLNs (dLNs) were

collected and frozen in OCT for immunofluorescence or digested for FACS analysis.

In vivo TIMP-1 Immunoneutralization

Goat polyclonal ant-TIMP-1 IgG!%* (catalog no. AF980; R&D Systems) was
intravenously administered (0.5 mg/kg) in immunized mice 18 hours after MSCs
transplantation. As a control, additional mice were given equivalent doses of an isotype-
matched goat IgG (catalog no. AB- 108-C, R&D Systems). Immunized mice were
sacrificed 2 days later and the brachial draining LLNs (dLLNs) were collected and digested
for endothelial cell analysis by FACS. Data are representative of 36 LNs /group analysed

from 4 independent experiments.

TIMP-1 siRNNA Reverse Transfection

Timp-1 Silencer® Select Pre-designed siRNAs (Ambion) were exploited for mMSCs

transfection, and Silencer® Select Negative Control No. 1 siRNA (Ambion) was adopted
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as scramble. siRNAs were diluted in Opti-MEM I reduced Serum Medium (Gibco) at the
final concentration of 50 nM. Diluted siRNAs were placed 100 ul/well in a 24-well tissue
culture plate in presence of 1 ul of Lipofectamine2000 (Invitrogen), according to
manufacturer's instructions. Murine MSCs were seeded at a density of 6x10%cells/well
and cultured in antibiotic-free medium. Medium was replaced 24 hours post transfection
with fresh DMEM low Glucose, 2mM L-glutamine and 10% FCS Biosera. mMSCs
TIMP-1 secretion was analysed at 24, 48 and 72 hours after transfection by ELISA
(R&D). In vivo data with siRNA MSCs are representative of 20 dLLNs from 2 independent

experiments.

AAV-mediated TIMP-1 overexpression

All the AAV vectors used in this study were generated by the AAV Vector Unit (AVU) at
ICGEB Trieste (http://www.icgeb.org/avu-core-facility.html) as previously described!%.
Briefly, AAV vectors of serotype 9 were produced in HEK293T cells, using a triple
plasmid co-transfection method. Viral stocks were collected after CsCly gradient
centrifugation. The total number of viral genome was determined by real-time PCR; the
viral preparations had titers between 1X10!3 and 3x10'3 viral genome (vg) particles per
ml. AAVI-TIMP1 was intraperitoneally injected at dose of 2 x 10! vg in 100 pl PBS-/-.
Equal amount of AAV9-LacZ was used as control. One day after AAV9 administration,
mice were immunized with CFA/OVA as discussed above (6 mice/group). Brachial
draining LNs (dLNs) were collected 4 days after immunization and digested for FACS

analysis. Data are representative of 1 experiment out of 2.

Flow Cytometry analyses

For endothelial cell analysis, we generated single cell suspensions from dLLNs by enzymatic
digestion, as already described!%. Endothelial cells were quantified by staining with rat
anti-mouse CD45 (30-F11; BD Biosciences) and rat anti-mouse CD31 (MEC13.3; BD
Biosciences), rat anti-gp 38 (clone 8.1.1.; Biolegend) and rat anti-PNAd (MECA-79; RnD

System) followed by goat anti-rat IgM (Alexa) as a secondary antibody. Data are
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representative of 28 LN/group from 3 independent experiments. T'o determine n vivo
endothelial cell proliferation, mice received intraperitoneal injections of 2 mg BrdU
(Sigma-Aldrich) 24h and lh before the analysis and were fed with water containing 0.8
mg/ml BrdU in between!%. Cells were stained according to the protocol for the APC
BrdU Flow Kit (BD Biosciences). Data are representative of 16 LN/group mice from 3
independent experiments. Absolute counts of leukocytes were performed using TruCount
tubes (BD Bioscience) according to the manufacturer's instructions. Cells were analysed
using a FACS CANTO II or LSR Fortessa (BD Biosciences) and post-analysis of flow

cytometry data was performed using Flow]Jo software (Tree Star Inc.).

Isolation and Differentiation of Mouse Bone Marrow—Derived

Monocytes

Bone marrow cell suspensions were obtained by flushing femurs and tibias of 8- to 12-
week-old C57B1/6N mice (Charles River; Sulzfeld, Germany) with complete DMEM low
Glucose supplemented with 10% FCS, 1% Pen/Strep and 1% L-Glutamine. Possible
cellular aggregates were removed by pipetting and red cells were eliminated through
ACK lysis buffer (10-548E, Lonza). Cells were washed twice with medium, seeded on 24-
well plates (Corning Costar; Schiphol-Rijk, the Netherlands) at the concentration of 10°
cells/mL and maintained in a humidified incubator with 5% CO2 and 37°C. Cells were
supplemented with 20 ng/mL mM-CSF as positive control, or cultured in mMSC-CM
supplemented with 10% FBS. MSC-CM and mM-CSF were replaced three days later.
Cells were harvested five days later by gentle pipetting and repeated washing with
phosphate buffered saline (PBS), and 2 mM EDTA. Monocytes differentiation was
analysed by flow cytometry.

The expression of macrophage surface markers was evaluated by Flow Cytometry
analysis. Briefly, cells were washed and stained in PBS supplemented with 2% fetal calf
serum. After 20 minutes of incubation at 4°C with Purified Rat Anti-Mouse CD16/CD32
(Mouse BD Fc BlockTM 553142), fluorescent antibodies were diluted in PBS
supplemented with 2% fetal calf serum, to identify mouse macrophages (CD11b:PeCy7
BD 552850 and F4/80:Alexa Fluor® 488 BioRad MCA497F). Cell viability was assessed
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with the Live/Dead Fixable Aqua Dead Cell Stain Kit (Invitrogen), following the
manufacturer’s instructions. After the final wash, cells were fixed in 1% paraformaldehyde
and acquired with the BD FACS Canto™ II system. Post-analysis of flow cytometry data

was performed using Flow]Jo™ software (Tree Star Inc.).

Isolation and differentiation of Human Blood-Derived Monocyte

Peripheral Blood Monocyte Cells (PBMCs) from healthy donors were isolated by
centrifugation on Ficoll-Paque solution and placed on Percoll 46% vol/vol solution
(Amersham Biosciences) in RPMI 1640-10% FCS and 4 mM. Monocytes were
harvested, suspended in medium 2% FCS, and let to adhere to plastic (1 hour at 37°C) in
order to eliminate contaminating lymphocytes. For macrophage differentiation, 3x105
monocytes were seeded in 24-well plates with MEMalpha supplemented with 20% FBS in
the presence of 100 ng/mL h-M-CSF as positive control, or they were cultured in hMSC-
CM plus 20% FBS. After five days of differentiation, monocyte-derived macrophages

were analysed by flow cytometry using CD14 staining.

The expression of macrophage surface markers was evaluated by Flow Cytometry
analysis. Briefly, cells were washed and stained in PBS supplemented with 2% fetal calf
serum. After 20 minutes of incubation at 4°C with Purified Rat Anti-Mouse CD16/CD32
(Mouse BD Fc BlockTM 553142), fluorescent antibodies were diluted in PBS
supplemented with 2% fetal calf serum, to identify human macrophages (CD14: PE R&D
FAB3832P). Cell viability was assessed with the Live/Dead Fixable Aqua Dead Cell Stain
Kit (Invitrogen), following the manufacturer’s instructions. After the final wash, cells were
fixed in 1% paraformaldehyde and acquired with the BD FACS Canto™ II system. Post-

analysis of flow cytometry data was performed using FlowJo™ software (Tree Star Inc.).

ELISA-Assay

To detect M-CSF and TIMP-1 concentration in MSC-CM, ELISA assays were

performed following the manufacturer’s instruction (for human, M-CSF DuoSet ELISA
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DY216 and TIMP-1 DuoSet ELISA DY970; for mouse, M-CSF DuoSet ELISA DY416
and TIMP-1 DuoSet ELISA DY980).

LC-ESI MS/MS analysis

Proteins in the MSCs secretome (150 pg, as determined by the Bradford method) were
precipitated with 10 % tricholoracetic acid (TCA) for 2 hours on ice. After reduction and
derivatization, proteins were digested with trypsin sequence grade trypsin (Roche) for 16
hours at 37 °C using a protein:tripsin ratio of 1:50. LC-ESI-MS/MS analysis was
performed on a Dionex UltiMate 3000 HPLC System with a PicoFrit ProteoPrep C18
column (200 mm, internal diameter of 75 pm) (New Objective, USA). Gradient: 1% ACN
in 0.1 % formic acid for 10 min, 1-4 % ACN in 0.1% formic acid for 6 min, 4-30% ACN
in 0.1% formic acid for 147 min and 30-50 % ACN in 0.1% formic for 3 min at a flow
rate of 0.3 pl/min. The eluate was electrosprayed into an LT(Q) Orbitrap Velos (Thermo
Fisher Scientific, Bremen, Germany) through a Proxeon nanoelectrospray ion source
(Thermo Fisher Scientific). The LTQ-Orbitrap was operated in positive mode in data-
dependent acquisition mode to automatically alternate between a full scan (m/z 350-
2000) in the Orbitrap (at resolution 60000, AGC target 1000000) and subsequent CID
MS/MS in the linear ion trap of the 20 most intense peaks from full scan (normalized
collision energy of 35%, 10 ms activation). Isolation window: 3 Da, unassigned charge
states: rejected, charge state 1: rejected, charge states 2+, 3+, 4+: not rejected; dynamic
exclusion enabled (60 s, exclusion list size: 200). Five technical replicate analyses of each
sample (2 different cell lines for each condition) were performed. Data acquisition was

controlled by Xcalibur 2.0 and Tune 2.4 software (Thermo Fisher Scientific).

Mass spectra were analysed using MaxQuant software (version 1.3.0.5). The initial
maximum allowed mass deviation was set to 6 ppm for monoisotopic precursor ions and
0.5 Da for MS/MS peaks. Enzyme specificity was set to trypsin, defined as C-terminal to
arginine and lysine excluding proline, and a maximum of two missed cleavages were
allowed. Carbamidomethylcysteine was set as a fixed modification, N-terminal acetylation
and methionine oxidation as variable modifications. The spectra were searched by the
Andromeda search engine against the mouse Uniprot sequence database (release

29.05.2013). Protein identification required at least one unique or razor peptide per
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protein group. Quantification in MaxQuant was performed using the built in XIC-based
label free quantification (LFQ) algorithm!%7 using fast LFQ), The required false positive
rate was set to 1% at the peptide and 1% at the protein level, and the minimum required
peptide length was set to 6 amino acids. Statistical analyses were performed using the
Perseus software (version 1.4.0.6, www.biochem.mpg.de/mann/tools/). Only proteins
present and quantified in at least 3 out of 5 technical repeats were considered as positively
identified in a sample and used for statistical analyses. Proteins were considered
differentially expressed if they were present only in unst MSC-CM or MSC-CM or
showed significant t-test difference (cut-off at 1% permutation-based False Discovery
Rate) in both biological replicates. Bioinformatic analysis was carried out by DAVID
software (release 6.7) (http://david.abcc.nciferf.gov/home.jsp) (9) in order to cluster
enriched annotation groups of Biological Function within the set of identified secretome

proteins. GOBF groups were filtered for significant terms (p value <0.05).

Scratch wound healing assay

In total, 10° cells (SVEC4 10 ATCC) were seeded on a 48 well plate in complete medium
(DMEM-ATCC 30-2002 supplemented with 10% heat-inactivated FBS, 1% penicillin
and streptomycin) and incubated 24 hours to reach the full confluence. The endothelial
monolayer was then scratched by using a pipette tip. Cells were gently washed with PBS-
/- and 200pl of medium were added (DMEM low Glucose, 1% P/S, 1% Glutamine), in
the presence or absence of approximately 3pg/ml of EVs (from unst- or st- MSC-CM).
When indicated, cells were treated with recombinant 50ng/ml VEGF (450-32 Peprotech),
200pM ARL 67156 (ARL67156A265 Sigma-Aldrich), 10pM Adenosine 5%Ya, [-
methylene), diphosphate ADP analogue (AMP-CP M3763 Sigma-Aldrich) or ImM N-
acetyl-l-cysteine (NAC A7250 Sigma-Aldrich).

Three lines for well were drawn on the bottom of the plate. Through an inverted
microscope (4X objective), pictures of the lines were taken at time 0 and after 6 hours in a
humidified incubator with 10% COg and 37°C. Image analysis were performed with
Image] by calculating the Migration Rate (migration was calculated as the difference

between the starting and the final distance covered by migrating endothelial cells).
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Measurement of ROS by Fluorescence Microscopy

Reactive oxygen species (ROS) production was analysed with the scratch wound
migration assay. Scratch experiments were performed as previously described. After 5
hours of incubation at 10% COg and 37°C, ROS were detected by using CM-
H2DCFDA (C6827 Thermo Scientific) following the manufacturer’s instructions. Briefly,
migrating endothelial cells were treated with 2.5pM CM-H2DCFDA in complete
medium for 30 minutes in a humidified incubator with 10% CO2 and 37°C. Then, cells
were washed with Hank’s Balanced Salt Solution (HBSS, Lonza) supplemented with
2mM Ca?*. Pictures were rapidly acquired with the confocal microscopy (10x objective)
Leica TGS SP5 (Leica Microsystems, Wetzlar, Germany) using the software LAS-AF

(Leica). Images analysis was performed by Image].

Mouse retina neovascularization model

1-day-old C57BL/6N mouse pups were intraperitoneally injected with 10pg of EVs from
unst- or st-MSC-CM. After 4 days, mice were sacrificed for retina collection. Both eyes
were enucleated and fixed in 4% paraformaldehyde in PBS for 45 min. Retina whole
mounts were dissected and marked with biotinylated isolectin B4 (Vector Laboratories),
and stained with streptavidin—Alexa 488 (Invitrogen) before being flat-mounted. Pictures
were rapidly acquired with the 10x objective of the confocal microscopy Leica TCS SP5
(Leica Microsystems, Wetzlar, Germany) using the software LAS-AF (Leica). Images

analysis was performed by Image].

Total retinal and vascular areas were measured using Image]. In details, we analysed the
relative radial expansion and the total retinal branching point. For the retinal radial
expansion, the retinal radius (from the optic nerve to the edge of the retina) and the
vascular radius (from the optic nerve to the vascular front) of each petal of the retina were
measured. The retinal vascular expansion was calculated as the ratio between the vascular

radius and the retinal radius.

33



Material and Methods
Matrigel plug assay

Anesthetized 12-week-old male C57BL/6N mice were subcutaneously injected in the
dorsal back either 5pg of EV from unst- or st- MSC-CM, mixed with 400ul Matrigel
Matrix (354234 Corning) supplemented with VEGF 100 ng/mL (450-32 Peprotech) and
Heparin 50 units/ml. After 7 days, mice were sacrificed, and the Matrigel plugs were
harvested, weighed and photographed. For the haemoglobin quantification, plugs were
processed by TissueLiser in 250ul of HoO-milli(Q) at the maximal frequency for 8 minutes.
After centrifuging at 10000g for 10 minutes, plug haemoglobin content was measured
using Drabkin’s reagent kit 525 (Sigma-Aldrich) and normalized to the total protein
quantity measured with the Pierce™ BCA Protein Assay Kit (Thermo Fisher Scientific),

following the manufacturer’s instructions.

EVs characterization

EVs were purified as previously described. An additional wash with PBS with 0.4% SDS
of the filter membrane was added. Total protein of EVs was quantified by MicroBCA kit
(Pierce). From 3 to 5 pg of proteins were separated by 10% SDS-PAGE under non-
reductive conditions for CD39, CD63 and CD9 and reductive conditions (by adding
DTT) for CD73 and TIMPI. The run was performed at 50V for 15 minutes, followed by
100V for 1.30 hours. Then, gels were transferred onto PVDF membranes, 0.45 pm
(Millipore) activated with methanol (Sigma Aldrich), using Transfer Tris-Glycine buffer
under 400 mA (100V) in wet by Mini TransBlot Cell system (BioRad) for 2 hrs. Then,
membranes were blocked with 5% of BSA (Sigma Aldrich) in TBS 1X with 0.02% of
Tween 20 for 1 hrs. Primary antibodies for western blot were used at 1:1000 dilution in
TBS1X, 0.02% tween and 0.1% of BSA; anti-CD63 (MBL), anti-CD9 (eBiosciences),
anti-CD39 (Biolegend), anti-CD73 (Abcam) and TIMP1 (R&D systems). Incubation with
primary antibodies was performed overnight. Thus, membranes were incubated with the
appropriate peroxidase-conjugated secondary antibody, ECL anti-Rabbit (GE), ECL
anti-Rat (GE) and anti-Goat (BioRad). Chemiluminescence was achieved by ECL Prime

Western Blot Detection reagent (GE). Images were acquired with ImageQuant LAS 4000
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Mini (GE). For the EV quantification, Micro BCA™ Protein Assay Kit (Thermo Fisher

Scientific) was used, following the manufacturer’s instructions.

Statistical Analysis

The sample size per group was estimated from previous experience with similar
experiments. There were no pre-established criteria for mice or sample exclusion: except
evident technical damage. Data were analysed using Prism Software (GraphPad, La Jolla,
CA, USA). Data were expressed as mean * Standard Error (SE). Differences were
assessed using t-test, Mann-Whitney test or One-way Anova. Statistic tests were
performed between data with similar variance. Results with a P-value of <0.05 were

considered significant.
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MSGCs transplantation affects endothelial activation in immune

reactive lymph nodes

To the purpose of understanding the physiological functions of MSCs and developing
more efficient MSCs-based therapies, we exploited a mouse model of local inflammation
to assess the role of transplanted MSCs in controlling the immune response. Since Zanotti
el al. demonstrated that subcutaneously transplanted, either encapsulated or free, MSCis

were equally efficient, we exploited for the entire study the administration of free MSCs?.

Thus, we performed subcutaneous injections of free MSCs (not encapsulated) in the
lumbar area of mice that had been previously immunized with Ovalbumin in Complete
Freund Adjuvant (CFA/OVA) in the upper dorsal region. As expected, the immunization
induced a robust and rapid response in the brachial draining LNs (dLNs) (Figure 1).
MSCis transplantation significantly reduced this response, decreasing both the total
cellularity and the volume of dLNs and affecting the recruitment of specific cell
populations (Figure 1 B-E), as already described®. Using whole-mouse cryo-imaging
analysis'?? we verified that subcutaneously injected MSCs did not migrate away from the
site. of injection during the experimental time (5 days), both in immunized and in
untreated mice (Movie S1-S2 https:
//www.nature.com/leu/journal/v30/n5/suppinfo/leu201633s1.html?url=/leu/journal/
v30/n5/full/leu201633a.html). Together with our previous study?, these data indicate

that MSCs are able to dampen inflammation through the release of soluble mediators.

LN growth during immune responses is accompanied by endothelial activation and
vascular expansion, two events that are required for leukocytes recruitment and
orchestration of immunity. We analysed the expression of two adhesion molecules,
vascular cell adhesion molecule-1 (VCAM-1) and intercellular adhesion molecule-1
(ICAM-1), that are typically up-regulated on the inflamed endothelium (Figure 2A-D).
Interestingly, the dLN vessels of mice treated with MSCs had a lower expression of both
VCAM-1 and ICAM-1, as demonstrated by the co-localization analysis expressed as
Mander’s coefficient (Figure 2B-D). Moreover, we observed that the dLNs of mice
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transplanted with MSCs showed reduced density of the endothelial marker CD31 and of
Lyve-1, a marker of the lymphatic endothelium, suggesting a reduced vascular expansion
upon MSCs treatment (Figure 2A, C, E). Altogether, these data indicate that MSCs

inhibit activation of vascular and lymphatic endothelium in the dLLNs of immunized mice.
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Figure 1 - MSCs affect size and cellularity of dLNs

A) Diagram of the experimental protocol designed to investigate the influence of MSCs transplantation. Mice were
immunized in the dorsal back with CFA/OVA on day 0 and, on day 1, a group of animals received subcutaneous
injection of 106 MSCs in the lumbar back. On day 4-5, depending on the subsequent analyses, brachial LNs were
collected and processed. B-C) On day 5, dLNs were digested and analysed by flow cytometry. Data are representative of
from 8 mice from 2 independent experiments; D-E) OPT data are expressed as percentage on OVA average. In B-E
error bars represent SE (*p < 0.05; **p < 0.01; **p < 0.005; t-test).
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Figure 2 - MSCs inhibit endothelial activation in dLNs

Mice were treated as in Fig.1A and, on day 5, dLNs were collected, stained and analyzed by confocal microscopy. A
and C) 8um frozen section were stained with anti-CD31, anti-Lyve-1 and anti-VCAM-1 or anti-ICAM-1, as indicated
(10x, scale bar 200 mm). B and D) Mander’s colocalization coefficient quantify the degree of overlap. E) Integrated
density quantify the CD31 and Lyve-1 immunopositivity amount on cross sections of lymph node. In all graphs error
bar represents SE (*p < 0.05, *¥p < 0.01, **p < 0.005; t-test).
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MSGCs 1nhibit activation and elongation of HEVs and affect

recruitment of T cells to dLNs

The migration of leukocytes from the bloodstream into LNs occurs via HEVs, which are
postcapillary venules structurally adapted to support lymphocyte trafficking. Because of
the reduced numbers of leukocytes present in the dLNs of mice treated with MSCs%
(Figure 1), we asked if MSCs transplantation affects HEV activation, lymph node

vascularisation and leukocyte migration i viwvo.

MSCs were subcutaneously injected in the lumbar region of mice that had been
previously immunized in the dorsal region with CFA/OVA, as already described (Figure
1), and HEV cells in brachial LNs were analysed. In particular, HEV cells were identified
as CD45CD31*PNAd* cells'!®. The reduced number of CD45CD31* cells was
confirmed by flow cytometry analyses (Figure 3A) and can be explained by the inhibition
of endothelial cell proliferation in MSCs-treated mice, as shown by the reduced uptake of
BrdU (Figure 3B). In the dLLNs of mice treated with MSCs, we observed a reduction in
the absolute number of HEV cells as compared to controls (Figure 3C). Moreover, HEV
cells had a reduced expression of VCAM-1 (Figure 3D).

Figure 3 - MSCs
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Analysis of entire LNs by optical projection tomography, which allows a three-
dimensional reconstruction of the HEV network, allowed us to examine the morphologic
alterations that occur in HEV expansion after immunization with CFA/OVA in presence
or absence of MSCs. HEVs were labelled prior to imaging by intravenous injection of
fluorophore-tagged MECA-79, which recognizes the PNAd epitope on the luminal
surface (Figure 4A, video S3-5S4
https://www.nature.com/leu/journal/v30/n5/suppinfo/leu201633s1.html?url=/leu/jo

urnal/v30/n5/full/leu201633a.html). The HEV length was significantly impaired in
mice transplanted with MSCs (Figure 4B) and the analysis of the HEV volume suggested
a tendency towards vessel narrowing, although in this case the difference did not reach
statistical significance (Figure 4C). In addition, the morphology of the HEV network was
affected by MSCs, as shown by the significant decrease in the number of branches and
segments (Figure 4D-E), indicating that MSCs limit both HEV elongation and

arborisation.

The previous observation prompted us to address whether MSCs impair leukocyte
homing to inflamed LNs. Fluorescently labelled naive T cells were injected intravenously
in mice previously immunized with CFA/OVA, and transplanted or not with MSCis.
After 20 minutes, alexa633-conjugated MECA-79 and MEL-14 mAbs were intravenously
injected to stain HEV and block L-selectin, respectively, and, after 20 additional minutes,
the dLNs were harvested and prepared for two-photon microscopy acquisition'? (Figure
4F). The analysis demonstrated that MSCs transplantation inhibited T cell homing into
the inflamed LNs (Figure 4G).

61



Results

HEV length
*%
S oa
31001 See '
1] o e
N .
[ .
g 50 1 L
OVA + MSC
HEV volume HEV segments HEV branches
» *% * %
® °s . ® 0.2 2 90° .
o o
21001 —5 o - 100 1 _°°§_ . %1001 —25—
[ o L4 [ o ° 3 [}
N o N . N o LI
3 — 3 oo 5
E %o E % £ ",
g 50 . g 50 .° 5 50 ope
-
0 T T 0 T T 0 T T
OVA + MSC OVA + MSC OVA + MSC
& *
=)
X151 1
(]
E
E
Bl
1S
=3
8
° 0.5
=2
[°]
3
0
OVA +MSC OVA  +MSC
Figure 4 - MSCs suppress HEV lengthening and branching
A-LE) Mice were treated as described in Fig 1A and on day 4 brachial LNs were prepared for OPT imaging (Meca-79

Alexa-594 and B220 Alexa-488). A) Representative images from OPT scanning (scale bar, 400 um). B) Total HEV
length per LN. C) Total HEV volume per LN. D) Number of HEV segments per LN. E) Number of branch points per
LN. F-G) 3DIF of lymphocyte homing in presence of MSCs tested at day 3 post immunization. F) Representative
images. G) Absolute counts per mm3 in OVA and OVA+MSCs-treated mice, with error bars representing SE. (*p<
0.05 **p < 0.01; t-test).
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Endothelial Cells are a direct target of MSCs

In order to understand whether the inhibition of endothelial cell activation and
proliferation observed in immunized mice treated with MSCs was due to a direct effect of
MSCis on endothelial cells, we analysed the effects of MSCs supernatants in various i vitro
assays using a mouse vascular endothelial (1G11) and two mouse lymphatic endothelial
(MELC and SVEC4-10) cell lines?,!10. MSCs were first expanded as an adherent
monolayer until confluence, and were then stimulated for 24h in presence or absence of
IL1B, IL6, and TNFa to resemble the inflammatory milieu that MSCs find i vivo!!!, 112,

MSCis supernatant was collected as conditioned medium 18 hrs after cytokine withdrawal.

First, we analysed the effect of MSCs secretion on i vitro angiogenesis using the tube
formation assay!!'3. The soluble factors released by stimulated MSCis strongly inhibited the
ability of SVEC4-10 cells to form tube networks whereas the medium collected from the
unstimulated MSCs (unst MSC-CM had no effect (Figure 5A-B), indicating that in an
inflammatory environment MSCs can directly inhibit angiogenesis. On the basis of these
results and of the published literature!',!2 in the following experiments we focused on

the effects of the MSCs conditioned medium (MSC-CM) only.

Since the i viwo data indicated that MSCs transplantation affects the expression of
adhesion molecules on endothelial cells (Figure 2B), we analysed the expression of
VCAM-1 and ICAM-1 on MELC and 1G11 cells treated with 20 ng/ml TNFa for 24
hrs? 99 in the presence or in the absence of MSC-CM. In agreement with the previous
data, the MSC-CM significantly reduced the expression of VCAM-1 and ICAM-1 on
MELC (Figure 5C and E) and the expression of VCAM-1 on 1G11 cells (Figure 5D and
F).Expression of VCAM-1 and ICAM-1 on endothelial cells is regulated by NF-kB!!* and
thus we examined the nuclear localization of NF-kB complexes using
immunofluorescence microscopy. As expected, in both MELC and 1GI11 cells TNFa
stimulation resulted in prompt translocation of p65 from the cytoplasm into the nucleus.
MSCs conditioned medium inhibited NF-kB translocation in both cell lines (Figure 5G-J).
Altogether, these data indicate that endothelial cell activation is directly inhibited by

soluble factors released by MSCs exposed to inflammatory cytokines.
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Figure 5 - Endothelial Cells are a direct target of MSCs-secreted molecules

The supernatant of MSCis stimulated with IL1b, IL6 and TNF-a (MSC-CM) or unstimulated MSCs (unst-MSCis) was
collected as described in the methods section and its effect on endothelial cell lines activation was determined. A-B)
SVEC4-10 network formation. Representative images at 6 hrs and segment length quantification indicated as % of
variation in comparison with control condition. Data are expressed as mean = SEM and represent the pool of 3
experiments (t-test). G-D) Expression of endothelial adhesion molecules. Representative histograms showing the Mean
of Fluorescence Intensity (MFI) of VCAM-1 and ICAM-1 on MELC and 1G11 endothelial cell line. E-F) Quantitative
analyses of panels C and D, respectively(t-test). G-J) TNF-a induced NF-kB translocation. Representative confocal
images (40x) of MELC G) or 1G11 H) cells stained for NF-kB and phalloidin. Scale bar 10 um. I-J) Quantification of
NF-kB translocation into the nucleus expressed as percentage of the total. (One representative experiment out of three;
one way Anova). (*p< 0.05; **p < 0.01; ***p < 0.0001).
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MSGs inhibit in vitro angiogenesis through the release of TIMP-1

In an effort to understand the molecular mechanisms responsible for the observed effects
of MSCs, we performed shotgun proteomic characterization of the MSCs secretome,
comparing the supernatants collected from MSCs stimulated (MSC-CM) or not (unst
MSC-CM) with inflammatory cytokines. As detailed in Materials and Methods, only
proteins present and quantified in at least 3 out of 5 technical repeats, in both biological
replicates, were considered as positively identified; 1613 and 1630 proteins were

measured in the secretome of control and stimulated MSCs, respectively.

Differential expression was considered significant if (a) a protein was present only in
MSC-CM or in control or (b) its LFQ intensity resulted statistically significant as
calculated by Perseus (t-test cut-oftf at 1% permutation-based False Discovery Rate).
According to this analysis, 7.6 % or 8.3 % of the proteins detected in the secretome of
control or stimulated MSCs, respectively, were differentially expressed, either up or down
regulated. These proteins were clustered according to their functions using the DAVID
platform!!> filtered for significant Gene Ontology Biological Process (GOBP) terms using

a p value <0.05.

Concerning the 52 proteins that were significantly down-regulated or present only in the
secretome of unstimulated MSCs (Table S1
http://www.nature.com/leu/journal/v30/n5/suppinfo/leu201633s1.html?url=/leu/jou
rnal/v30/n5/full/leu201633a.html), GO analysis revealed that most terms are related to
metabolic processes). As for the 89 proteins that were significantly up-regulated or
present only in the secretome of stimulated MSCs (Figure 6A and Table S2
http://www.nature.com/leu/journal/v30/n5/suppinfo/leu201633s1.html?url=/leu/jou
rnal/v30/n5/full/leu201633a.html), GO analysis indicated that 18% and 30% of the
proteins belong to categories that are related to regulation of angiogenesis and
inflammation  processes,  respectively  (Figure 6B and Table S2  at
http://www.nature.com/leu/journal/v30/n5/suppinfo/leu201633s1.html?url=/leu/jou
rnal/v30/n5/full/leu201633a.html). In particular, the presence of an "angiogenesis-
related" signature among up-regulated proteins was also confirmed by analyses of human
MSCis secretome, which reveals that all the 16 up-regulated proteins in stimulated-MSCs

secretome common to human and mouse are modulators of angiogenesis (Table 1).
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Table 1: common proteins up-regulated in stimulated vs unstimulated mouse and
human MSCs secretome

Mouse Human Gene Protein Role in Refs
Protein Id Protein Id name name angiog
MoOQWP1 000468-6 AGRN Agrin X (Tatrai et al., 2006)
P10605 P07858 CTSB Cathepsin B X (Im et al., 2005; Mai et
al., 2002)
P50228 P42830 CXCL5 C-X-C motif chemokine 5 X (Strieter et al., 2005)
E9Q6C2 P09871 C1S Complement Cls
subcomponent
P01027 P01024 c3 Complement C3 fragment
Q62356 Q12841 FSTL1 Follistatin-related protein 1 X (Ouchi et al., 2008)
E9PZ16 P98160 HSPG2 Perlecan X (Jiang et al., 2004;
Sharma et al., 1998)
F8WH23 Q16270 IGFBP7  Insulin-like growth factor- X (van Beijnum et al.,
binding protein 7 2006)
Q07797 Q08380 LGALS3B  Galectin-3-binding protein X (Piccolo et al., 2013)
P
P10493 P14543 NID1 Nidogen-1 X (Semkova et al., 2014)
G5E899 P05121 SERPINE  Plasminogen activator inhibitor X (Isogai et al., 2001),
1 1 (Bruyere et al., 2010)
P12032 P01033 TIMP1 Metalloproteinase inhibitor 1 X (Ikenaka et al., 2003),
(Akahane et al., 2004)
Q80YX1 P24821 TNC Tenascin X (Mai et al., 2002)
P29533 P19320 VCAM1  Vascular cell adhesion protein 1 X (Koch et al., 1995)
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Figure 6 - Distribution into biological processes of the proteins up regulated in MSC-
CM

The proteins that were significantly up-regulated or present only in MSC-CM were classified into different biological
processes according to the GO classification system. A) The bar chart shows the count of the top 26 most enriched GO
terms in MSC-CM versus unstimulated MSC-CM. Colour coding indicates the Fold Enrichment. B) Proteins
categorized as modulators involved in inflammation processes and/or angiogenesis. The histograms report the GOBP
groups related to angiogenesis or inflammation.
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Among the several proteins up-regulated in MSCs by the inflammatory cytokines that
have a direct or indirect effect on endothelial cells, we focused our attention on the tissue
inhibitor of metalloproteinase-1 (TIMP-1) because of its well-known anti-angiogenic
properties''6. We thus used the tube formation assay to analyse the effect of MSCis-
derived TIMP-1 on angiogenesis. While the blocking anti-TIMP-1 antibody had no effect
on the ability of endothelial cells to form tubes when cultured in the supernatants of
unstimulated MSCs it totally reverted the anti-angiogenic properties of the supernatant
from stimulated MSCs (Figure 7A), indicating that, at least in this i vitro setting, TIMP1 is
one of the key MSCs-secreted molecules targeting the endothelium. In an  vwo setting,
the injection of neutralizing anti-TIMP-1 antibody!?* 1 day after MSCs transplantation
reverted the MSCs-induced reduction of endothelial cell numbers and HEV in dLNs
(Figure 7B-D), suggesting that TIMP-1 may be directly responsible for the ant-
inflammatory effects of MSCs on LNs. To confirm this hypothesis, we used a siRNA
approach to knock down TIMP-1 expression in MSCs (figure 7bis). Again, the absolute
cell numbers of endothelial cells and HEV in dLN was reduced by MSC transfected with
the scramble siRNA control but not by MSCs with TIMP-1 siRNA (Figure 7E-G).
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Figure 7 - TIMP-1 mediates the anti-angiogenic effect of MSC-CM in vitro and the anti-
inflammatory effect of MSCs in vivo

SVEC4-10 network formation in matrigel in the presence of MSC-CM or unstMSC-CM and anti-TIMP1 blocking
antibody. A) anti-mTIMP1 blocking antibody restores SVEC4-10 network formation in matrigel in the presence of
MSC-CM. Representative images at 6 hrs (left) and segment length quantification as percentage of variation (right) are
shown. Data are expressed as mean + SEM (¥p<0.05, **p < 0.01; One way Anova). B) Diagram of the experimental
protocol designed to block the TIMP-1 activity during the anti-inflammatory effects of MSCs. Mice were immunized in
the dorsal region with CFA/OVA on day 0 and, on day 1, 3 groups of animals received subcutaneous injection of 106
MSCs in the lumbar region. 18 hours after MSCs transplantation goat polyclonal anti-TIMP-1 IgG or isotype-matched
goat IgG was 1.v. administrated. On day 4 brachial LNs were collected, processed and analysed by flow cytometry; C-D)
The graphs show the absolute number of CD45-CD31+ cells and HEV PNAd* cells per single LN, expressed as
normalized percentage on CFA/OVA (t-test). ) Diagram of the experimental protocol designed to investigate the
contribution of MSCs-derived TIMP-1 on dLN endothelium. Mice were immunized in the dorsal region with
CFA/OVA on day 0. The day after, 2 groups of animals received in the lumbar region subcutaneous injection of 106
MSCs transfected with either scramble control siRNA or siRNA specific for TIMP1 respectively. On day 4, brachial
LNs were collected, processed and analysed by flow cytometry; F-G) Graphs showing the absolute number of CD45-
CD317* cells and HEV PNAd* cells per single dLN. Data are expressed as normalized percentage on CFA/OVA
(Mann-Whitney test). (*p< 0.05; *¥p < 0.01)
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Figure 7bis - TIMP-1 siRNA
x — = cir Reverse Transfection
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Timp-1 secretion by MSCs was analysed
at 24, 48 and 72 hours after transfection
= by ELISA (see the method section).

|—|I—| SiRNA scramble was used as negative
- control (One representative experiment
out of four; *p < 0.05; ¥¥p < 0.01; **¥p <
0.0001; t-test).
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On the basis of these results, we speculated that the over-expression of TIMP-1 might be
sufficient to mimic the effects of MSCs transplantation, in terms of inhibition of
angiogenesis in the inflamed lymph nodes. TIMP-1 over-expression by AAV9-mediated
gene transfer'® in mice immunized with CFA/OVA (Figure 8A) inhibited the
inflammatory reaction in the draining lymph nodes, as indicated by the reduced total
cellularity (Figure 8B), which was due to a decreased number of both CD45% cells (Figure
8C) as well as of endothelial and HEV cells (Figure 8D-E).
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Figure 8 - TIMP-1 over-expression in vivo mimics MSCs transplantation

A) Diagram of the experimental protocol designed to over-express TIMP-1 in immunized mice. One day after AAV9-
TIMP1 or AAV9-LacZ administration (day 0), mice were immunized with CFA/OVA. Brachial dLNs were collected 4
days after immunization and processed for flow cytometry. The graphs show the absolute number of total cells (B),
CD45* cells (C), CD45-CD31* (D) and HEV PNAd* (E) cells per single LN, expressed as normalized percentage on
CFA/OVA. Error bars represent standard error, (*p < 0.05; **p < 0.01; Mann-Whitney test).
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Proteomic based comparison between mouse and human MSC-

CM

In our work, we took advantage of animal models to elucidate the molecular pathway
involved in the effects of the mMSCs in the complex crosstalk between inflammation and
angiogenesis'!7. Since it is widely accepted that significant differences exist between
mouse and human MSCs!'!!1 118 and for the tremendous relevance of inflammation-
induced angiogenesis in human diseases, we focused our attention on comparing mouse
and human MSCs secretome. The proteomic results of human MSCs secretome were
therefore compared with those reported for murine MSC-CM!!'7. The supplemental
Tablel(http://www.sciencedirect.com/science/article/pii/S187439191730252X?via%D
thub#ec0005) lists the 286 proteins (out of 465, 62%) present in st hMSC-CM that have
been detected also in st mMSC-CM. The number of proteins significantly up-regulated or
present only in the secretome of stimulated MSCs is similar in the two species: 89 in
mouse, 96 in human (Table 2). A comparative analysis of GO_BP category enrichment of
overrepresented proteins in human and/or mouse (Figure 9) suggests that: a) proteins up-
regulated in the secretome of stimulated MSCs from both organisms are, for the most
part, involved in similar biological processes, mainly related to defence, immune and
inflammatory response, chemotaxis and extracellular matrix remodelling; b) however
there are clear important differences amongst human and mouse. Thus, only st mMSC-
CM is enriched in proteins involved in chromatin structure assembly, cell proliferation
regulation and related processes. On the contrary, complement activation, leukocyte
migration, bone development and metabolic processes specifically related to collagen are
amongst the statistically enriched GO functional categories in human but not in mouse.
Such differences are confirmed by the observation that only 23 proteins are up-regulated
or present only in stimulated MSC-CM both in mouse and human (Table 3); this again
points to a fine species-related tuning of the overall effects of secretome from the two
organisms; interestingly, our analysis indicates that 74% and 83% of the common up-

regulated proteins are associated with angiogenesis or inflammation, respectively.
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Table 2: proteins overrepresented or present only in st- h(MSC-CM

Cene names  Protein names Protein H30 Hid Angivgenesis”  Inflammation®
1n Log Prtest e-Test Dl -Log Pe-test f-Test Diff?
ABIEEP Target of Mesh-5113 DEYTCE  Only in stimulated
AGEN Agrin O0046ES 5330 2,759 1970 106G % X
ALCAM COMEGS antigen Q13740 Only in stimulated X X
ARHGARL Rho GTPase-activating protein 1 Q07560 Only in stimulated
BAF1 Bone morphogenetic protein 1 F13407 305 1.175 4642 s % b
CIR Complement CIr submompanent [RURET] g2kl 2624 &E01 2132 X
1 Complement C15 subcompancnt PIEHTT GHBE 1.863 H503 15942 ¥
3 Complement C3 POTd24 10267 To20 5001 4 GH3 ® X
CAl2 Carbonie anhydrase 12 43570 Onely in stmukited ® X
[ ] C-C motif chemakine 2 F13500 g1 6,120 10,273 R % X
cneay Hspd m-cha perome Cde3? QIGEE  Onlyin stimulated *
CFB Complement Bactor B BAE124 Oy in stimulated X X
CFH Complement factor H FORGE0E 58547 2.293 6536 2405 X
CHIZL1 Chitinase-3-like protein 1 P62z G932 1415 6918 1352 % ®
CLSTMI Calsyntenin-1 DO59H5 4674 0615 3100 0932
COLIGAT Collagen alpha-1[X¥T) chain AGNDES 5166 1.459 4026 1439 X
COL3A1 Collagen alpha-1[II) clain PO2461 7283 0588 10347 1465 X
COLSAZ Collagen alpha-2[V] chain POE8a7 1.555 0,170 17485 1353
COLTAT Collagen alpha-1[VII) chain 02388 SGE2 2,153 25248 0.561 b
C5F1 Macrophage colony-stimulating lacter 1 [RGEE T Oy in stimulated X X
CTHRC1 Collagen triple helix repeat-cont prot 1 MG0GE 5339 1.314 ENE] 1134 x
CTSR Cathepsin B POTHSE  Z140 0636 5472 1.500 x ®
CHOL Growth-regulared alpha protein P41 Only in stimulated x ¥
CHOLIE stromal cell-derived factor 1 PEROGT SRS 2 1552 0470 % b
CXCLS C-X-C mmotif chemokine 5 PE2HE0 Onely in stmukited ® X
CXCLE CoXC mntif chenwdkine & PRDIGE Only in stimubated % X
CYRAGT Protein CYRE] 00622 Only in stimulated H X
518y Decorin POTSES G609 0835 5760 1.253 X b
EFEMP2 ECF-cont ibulin-like extrac matrix prot 2 095967 33 1.193 5.790 1540 X
EIFG Eukaryotic translation initiation factor G 56537 Only in stimulated % X
ELN Elastin FAWAHE 4603 1.33d 5.715 2206 X X
EXT1 Exastosin-1 QIGEISE k] 1.085 2268 0485
ENTZ Exastosin-2 QEEMEE ey in stmulated
FELN1 Filudin-1 F21142 43242 0867 6450 1323 %
FEM1 Filerillin-1 P35555 G35 0,955 6557 1504 % X
FEEP1A Peptidyl-proly] cis trans isomerase Ph2542 Only in stimulated ®
M1 Fibronectin P25 A9ET 0,753 Ga21 0158 x b
FHOCT Fibronectin type [l domain-cont prot 1 (4EHGA 5245 2.301 1588 1418 % X
F5IL1 Follistatin-related protein 1 Q12841 34823 [ F0E 13468 X X
GALNT Palypeptide N-acetygalactosaminylransferase 2 QioaT 2914 0542 ABED LGS x
GAEP Interferan-induced guarylare-binding prot 1 P55 Only instimulited % X
oC Witarmin D-binding protein PO2774 Only in stimulated X
HLA-A HEA class | histecompatibility antigen, A-24 alpha chain - PO5534 5130 1353 1813 1312 X
HLA-C HLA class | histocompatibility antigen, Cw-7 alpha chain - AZAEAZ 3071 1.381 1304 123 ®
HSPGL2 Base membr-spec hepar sulf proteoglycan core prot PAg 160 8735 1.796 G468 2141 x X
HYaL Hypoxia up-regulated prot 1 QOY4ll  Only instimulated x X
ICAM1 Intercellular adhesion molecule 1 M5362  Only instimulated ks ®
IGFEPS Insulin-ike growth factor-binding prac 4 IO 4346 1526 3986 1009 x ¥
[GFEPG Insulin-like growth Betor-binding prot & P24592 Only in srimulared x X
IGFEP? Insulin-like growth Getor-binding prot 7 QI6270 2725 03457 4650 0847 X X
g IntereukinG PO5231 Only in stimulated x X
LA Interdeukin-& P10145 Only in stimulated x ®
[NHEA [nhibin beta A chain Pa47G  7A70 3140 5875 1448 E
ITH2 Inter-alpha-trypsin inhibitor heawy chain H2 P19823 3742 1,704 1276 0382 X
ITh2E Integral membrane protein 28;8RE2 aYzaT 3573 1,564 5351 1055
ERIGHE Eerarin, type I cymoskeleral GE POa259  Only instimulated
LAMAG Laminin subunit alpha-4 QIEIEE 2027 0234 1825 (1R ] x
LAMB2 Lamibnin subunit beta-2 Pa5268 5174 30 4936 1.006
LEPRE] Prolyl B-hyd roxylase 1 QFZP2E  Only in stimulated x X
LOALSIRP Galetin-3-bimling protein 0E380 80N 1.487 6749 1314 x X
LOXL2 Lysyl oxidase homalog 2 aY4KED G219 1.155 5732 1.521 x b
LyZ Lysozyme C [RELEEV U S 0,507 1328 0s07 X
MANTAT Mannosyl-oligosaccharide 1.2-alpha-mannosidase 1A F33508  Only in stimulated x b
NAMENA Beta-mannasidase OO0ME2  Only insimulated
MNP Interstirial collagenase POIGS6  Only instimulired % X
MMPIO Stromelysin-2 POS2EE Only in somiikited ® X
MMPFII Collapemase 1 GSEST1 Only in stimubated % X
MMP2 T2 kDa type IV collagenasse POR2SE G555 1,050 T06E] 1043 % X
MMP2 Stromelysin-1 POA254 Only in stimulated X ®
NI MNidogen-1 Pl4543 3840 0,025 3450 0850 x b
M2 Midegen-2 Qa1 4384 1.133 182 (LB55
MUCH] Muclegbindin-1 AZH1E SH7E (RS 6! 003
LoD Procellagen-lysine 2-exoglutarate 5-dicygenase 1 BADEREY 3044 0ETE 2180 0264
PLODR Procallagen-lysine 2-exoglitarate 5-dioxygenase 2 0ODdER SUET 2EIG 5402 231 x
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Table 1 [contizued}

Gene names  Prooein names Protein i h] H4 Anglogeresa”  Inflammacion®
u] -Log Pr-test  -Test IS -log Po-aest  f-Tesc DIl

PERIAS Proceasome sibunit alpha cype-5 F2ROER Only in somulansd
PFEREZ Froceasome actvamr complex subunit 2 [EUL4S  Only in somulaped
PTEY Penkraxin-related protem PRI PIRIZ TR 3580 B516 1256 = %
5100 Feroaddasin homodog [E253s &350 1401 alle 1132
QRT Ghraminy-pepride cydomansferase QieTEsA 3000 18572 4573 214 x
50X Sullypchrgl o ane 1 0y 5392 1616 9152 L1585 =
RMASES Fborracieane 4 34056 Oy in somilared i %
S[HCA Samderan-4 Fhamn 1556 S ] s 1.5 = ®
SOF 45 kDa calcham-nding prot C=BRES 2014 B3s53 3547 Qesl i
SERFINER Masmindgen activatar inhikeer 2 FCE130 Oy in somilared %
SERPINED Masminogen activator inhititer 1 (LE-1 PO I R ) 2506 11 1.557 z %
SICIAIY  Finc trarsporer 7IPIA QIS043  Only in somularess
SL03A2 4F2 cell-surface anogen haavy chain FoE155 Oy in somilared
S0 Supemxde dismretase [Mn] PETY Only in semulated z %
SRGH Fergincin PID124 53349 141z 3353 1.084 i
SR Sunki repeat-containing prot SPRGE 60637 T208 28 34l T = %
Ei] Lepus Ly protein PSass  Only in smulated
T2 Snnincakin-2 O7EDE] Only in stmulared i
TIMFL whetalloprotenase inhitotor 1 PNIE 2590 1254 560 1081 = %
THIC Tenadn F24E21 &0 L B&5 1257 1335 A x
THFAIPG Tumar secrosks famor-inducibile gess 6 protein PSBOEE  Omly in somalanes q
WCAN Wascular oell adhesion proteis 1 Piaxm 5307 3003 s227 1623 = %

* -Test diff: difference of log) 2) mean imensty of 0 peotein in techrmcd replicas of 3t- werves umst hMEC-CM from (et anabysts using Perseus [ 28] as detailed in the test,
? Profens e aned o angiogensss of nilammaton acooeding oo crieenia Seailed in “Maoeiads and merhods™.

GO:0043062 extracellular structure organization |}
GO:0030198 extracellular matrix organization )
GO:0009100"glycoprotein metabolic process
GO:0005976 polysaccharide metabolic process |
GO:0032963 collagen metabolic process |

GO:0009611 response to wounding |
GO:0007155 cell adhesion

GO: 0006955 immune response
GO:0006952"defense response

GO:0006508 proteolysis |

GO:0006954inflammatory response

GO:0006935 chemotaxis
GO:00512707regulation of cell motion
G0:0007626 locomotory behavior
GO:004001 2 regulation of locomotion

GO:0001775%cell activation
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Figure 9 - Distribution into biological processes of the proteins overrepresented in
stimulated hMSC-CM in human and mouse

The proteins that were significantly up-regulated or present only in stimulated MSC-CM were classified into different
biological processes according to the Gene Ontology classification system (GOBP) using DAVID software; confidence
level: medium; only categories showing modified Fisher exact EASE score p value b 0.05 and at least 5 counts in
hMSCs are represented. The bars represent the percentage of proteins involved in a category out of the total number of

overrepresented proteins in human (96) or mouse (89) secretome. Asterisks indicate fold enrichment range for each
category: * 1-5, #* 6-10, *** N10.
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Table 3: proteins overrepresented or present only in st- MSC-CM common to mouse

and human

Gene
names

Protein names

Angiogenesis® Infllammation®

AGEN
CIR
C1s
3
C5F1

CT5B
CXCLY
CXCLS
EXTI1
EXT2
F5TL1
HSPG2

IGFBP7

L&
LAMB2
LGALS3BP
MMP13
NID1
PLODZ

SERPINE1
TIMP1
T™C
VCAM1

Agrin

Complement Clr subcomponent
Complement C1s subcomponent
Complement C3

Macrophage colony-stimulating
factor 1

Cathepsin B

Growth-regulated alpha protein
C-X-C motif chemokine 5
Exostosin-1

Exostosin-2

Follistatin-related protein 1
Basermn membr-spec heparan sulfate
proteoglycan core prot
Insulin-like growth factor-binding
protein 7

Interleukin-&

Laminin subunit beta-2
Galectin-3-binding protein
Collagenase 3

Nidogen-1

Procollagen-lysine, 2-oxoglutarate
S-dioxygenase 2

Plasminogen activator inhibitor 1
Metalloproteinase inhibitor 1
Tenascin

Wascular cell adhesion protein 1

E -

EE

-

]

]

E R

Functional evidence of human and

similarities or differences

mouse MSCs secretome

Our proteomic results indicate that the majority of secreted proteins from both human

and mouse MSCs are associated with inflammation and angiogenesis (Table 1 and 7).

To identify specific functional analogies or differences of human and mouse MSCs in the

regulation of these two important processes, we focused on two proteins, M-SCF/CSF1

and TIMP1, which are present in st MSC-CM of both species and play a key role in

immunity/inflammation and angiogenesis, respectively! 1943,

74



Results
Macrophage colony-stimulating factor (M-CSF)

M-CSF is a growth factor secreted by a large variety of cells including macrophages,
endothelial cells, fibroblast and lymphocytes. By interacting with its membrane receptor
(GSFIR or M-CSF-R), it stimulates the survival, proliferation, and differentiation of
monocytes and macrophages'?0,12l. Our proteomic data indicated that M-CSF (CSF1) is
up-regulated in the secretome of both human and mouse MSCs upon stimulation by
inflammatory cytokines (Tables 1 and 2). Thus, we investigated the ability of MSC-CM to
generate monocyte-derived macrophages in vitro. Surprisingly, our data revealed an
important difference between mouse and human MSC-CM (Figure 10). When compared
to the positive control (recombinant mouse M-CSF), both unst mMSC-CM or st mMSC-
CM were unable to induce macrophage differentiation (F4/80+, CDI11b+ cells)
efficiently. In this case, stimulation of mMSCs with pro-inflammatory cytokines did not
change the properties of the secretome (Figure 10 A). In contrast, the culture of human
monocytes in the presence of st hMSC-CM produced the same percentage of
differentiated macrophages as the positive control (recombinant human M-CSF) (Figure
10 B). These data reflect the amount of mouse or human M-CSF detectable by ELISA in
unst or st human and mouse MSC-CM (Fig. 10). Thus, although M-CSF is up-regulated
in both human and mouse MSC-CM upon stimulation by inflammatory cytokines, the
amount of M-CSF secreted by mMSGs 1s too low to be detected by ELISA and to induce
macrophage differentiation efficiently. Notably, proteomic data on human M-CSF (CSF1)
fully agree with functional assays and ELISA analysis. As reported in Table 1, M-CSF is
amongst the proteins showing the highest increase in stimulated human secretome
according to mass spectrometric analysis; the apparent discrepancy in the presence of
CSF1 in unst hMSC-CM between ELISA (showing low levels of M-CSF in unst hMSC-
CM, Fig. 10) and proteomics (listing M-CSF as absent in unst hMSC-CM in Table 1) is
due to the high stringency used to filter quantitative proteomic data in the present report
(detection in at least 3 out of 5 technical replicas in both patients). In fact, M-CSF was
detected also in low amounts in 4 out of 5 replicas of unstimulated secretome of donor
H34 but only in 2 out of 5 replicas of donor H30 and consequently listed as “non-
detected” in unst hMSC-CM.
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Figure 10 - Human and mouse MSCs conditioned media differentially stimulate
monocytes differentiation

A) Mouse bone marrow cells were cultured with murine M-CSF (as positive control), unstimulated or stimulated mouse
MSC-CM for 5 days. Differentiation to macrophages was assessed by Flow Cytometry as percentage of I'4/80 +
CD11b + cells. Right panel: mouse M-CSF concentration in conditioned media was analysed by ELISA. Undetectable
cytokine levels were reported for both preparations. B) Human PBMCs were cultured with human M-CSF (as positive
control), unstimulated or stimulated human MSC-CM for 5 days. Macrophages were analysed by Flow Cytometry as
CD14 + cells. Right panel: human M-CSF quantification by ELISA assay shows higher cytokine levels in st hMSC-CM
than unst hMSC-CM. A and B, left panels: 3 independent experiments, data are expressed as mean £ SEM (*p < 0.05,
#Ep < 0.0001, One way ANOVA). A and B, right panels: 2 independent experiments, data are expressed as mean +
SEM (*p < 0.05, parametric t-test).
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TIMP-1

Concerning angiogenesis, we analysed the effect of mMSC-CM on in vitro angiogenesis
exploiting the tube formation assay!'?. As we reported in Figure 11 A, soluble factors
released by stimulated mMSGCs strongly inhibited the ability of mouse endothelial cell
SVEC4-10 cell line to form tube networks. In contrast, unst mMSC-CM had no effect on
tube formation. In order to assess the hMSC angiogenetic role, we performed the same
experiments using HUVEC cells (Human Umbilical Vein Endothelial Cells) (Figure 11
B). In agreement with the data obtained with mMSCis, soluble factors secreted by hMSCs
affected the ability of HUVEC cells to form tubes. Interestingly, in the case of human
cells, MSC-CM was able to inhibit tube formation even when MSCs had not been
primed by cytokines. However, pre-activation with pro-inflammatory cytokines
strengthened the anti-angiogenic effects of hMSC-CM, thus supporting our hypothesis
that, during an inflammatory response, MSC target angiogenesis and thus dampen the
inflammatory response!!’. Using both in vitro and in vivo approaches, we demonstrated
that mMSCs anti-angiogenic effect is mediated by TIMP-1!17. Because the proteomic
analyses indicate that TIMP-1 is one of the proteins up-regulated in both human and
mouse st MSC-CM (Table 2), we compared the results obtained by blocking TIMP-1 in
SVEC4-10 cells incubated in the presence of mMSC-CM (Figure 12A) with those
generated using HUVEC cells and hMSC-CM (Fig. 6B). By inhibiting TIMP-1 activity
with a specific blocking antibody, we observed the complete recovery of HUVEC cell
ability to form tubes even in the presence of st hMSC-CM, indicating that TIMPI is one
of the key secreted molecules targeting endothelial cells in both mouse and human MSCs.
TIMP-1 concentration was measured by ELISA in st and unst, human and mouse MSC-
CM (Figure 13 A for mouse and B for human). In accordance with our data of
tubulogenesis showing that unst mMSC-CM has no effect on angiogenesis (Figs. 11 and
12, panel A), the concentration of TIMP-1 in mMSC-CM was about 5-times higher when
cells had been primed by pro-inflammatory cytokines. Thus, in mouse MSCs, the anti-
angiogenic phenotype is acquired only after licensing with pro-inflammatory cytokines,
1.e. when TIMP-1 levels rise from about 3 ng/mL to 25 ng/mL. In hMSCs, however, the
basal high level of secreted TIMP1 may explain the partial anti-angiogenic effect of the
unst hMSC-CM (Figs. 11 and 12, panel B). In fact, in support of this hypothesis, TIMP-1

blockade restored the formation of the endothelial network in the presence of unst or st
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hMSC-CM.
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Figure 11 - Effect of human or mouse MSCs conditioned medium on tube formation
assay

The effect of unstimulated or stimulated MSCs media on endothelial cells was determined by a tube formation assay.
Cells were seeded on the top of a matrigel phase in the presence of unstimulated or stimulated A) mouse, B) human
MSC-CM. 6 h later, images were acquired with a phase contrast inverted microscope at 4X objective magnification.
Analysis was performed with Image] Angiogenesis Analyzer. A) SVEC4-10 network formation; quantification of the
tube segment length (expressed in pixel number) and representative images at 4 h. B) Huvec network formation;
quantification of the tube segment length and representative images (expressed in pixel number) at 4 h. 3 independent
experiments, data are expressed as mean = SEM (*p b 0.05, **p b 0.01, One-way ANOVA).
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Figure 12 - Timp-1 blocking reverts the anti-angiogenic effect of mouse and human
MSCs conditioned media

In order to investigate the role of MSCs-derived TIMP-1 on angiogenesis, the tube formation assay was performed in
the presence of A) mouse or B) human TIMP-1 blocking antibody. Representative images of A) SVEC4-10 cell line or
B) Huvec cells are taken with a phase contrast inverted microscope at 4 X objective magnifications. Graphs show the
quantification of the tube segment length measured with Image] Angiogenesis Analyzer. Data are expressed as mean +
SEM (*p b 0.05, #*p b 0.01; One way ANOVA), 3 independent experiments.
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Again, proteomic data fully agree with functional assays and ELISA results for human
TIMPI1. As reported in Table 1, this protein is listed amongst those overrepresented in st
hMSCs but showing relative lower level increase following stimulation. Additional
bioinformatics analyses of proteomic data further support the observation that even
relatively small changes in the level of TIMPI can result in very significant modulation of
secretome properties. First of all, its level will greatly influence the proteolytic potential of
the secretome and, consequently, the overall activity of a number of secretome
components, including proteins which level is not increased following stimulation and
proteins not directly involved in inflammation and angiogenesis; secondly, but not less
importantly, TIMP1 is functionally related to a number of overrepresented proteins in
simulated ~ secretome  besides  proteases  (Supplemental =~ Table 3 at
http://www.sciencedirect.com/science/article/pii/S187439191730252X?via%3Dihub#

ec0005), like cytokines and structural proteins (such as IL6, IL8, CCL2 CXCLI12,
COL3A1l). The complete list of the 54 proteins of stimulated hMSC-CM functionally
correlated to TIMP1 according to String!?? is reported in Supplemental Table 3 (at
http://www.sciencedirect.com/science/article/pii/S187439191730252X?via%3Dihub#

ec0005).

A - BN unstMSC-CM

204 B stMSC-CM Figure 13 - Mouse and human
% MSCs-derived TIMP-1
= quantification

MSCs-derived TIMP-1 concentration in A)
mouse and B) human unstimulated or
stimulated MSCs conditioned medium was
measured with ELISA. Data are expressed as
mean = SEM (*p b 0.05, parametric t-test), 2
independent experiments.

Bl unsthMSC-CM
B sthMSC-CM

Human
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Extracellular vesicles recapitulate the phenotype of MSG-CM from

which they are 1solated

Our findings suggest that MSCs display a strong therapeutic potential, thanks to their
ability to inhibit/control pathological angiogenesis. However, the clinical application of
this approach needs the development of a standardized and safe protocol for MSCs-based
cell therapy, which is still missing (as discussed in chapter 5). In an effort to achieve a cost-
effective and safer approach, we focused our attention on an alternative procedure,
consisting in exploiting MSCs-derived products rather than MSCs themselves. Thus, we
evaluated the effect of extracellular vesicles derived from MSC-CM on angiogenesis. EV
employment offers several advantages, such as high stability and wide dissemination

potential, supporting the fascinating possibility of an industrialized EVs-based therapy“.

EVs were obtained from unstimulated or stimulated murine MSC-CM by ultrafiltration.
Their quality and quantity were validated by Nanosight analysis (data not shown). To
investigate the effect of EVs on angiogenesis, we performed the tube formation assay with
SVEC4-10 cells and we compared the effects of EVs isolated from unstimulated or
stimulated MSCs (EVs unst- or st- MSC-CM, respectively) with whole medium (CM). As
previously demonstrated (Figure 5), stimulated MSC-CM decreases the tube length, in
contrast to control and unstimulated MSC-CM. Interestingly, the same anti-angiogenic
effect was exerted by EVs from st-MSC-CM, which strongly inhibit the ability of SVEC4-
10 to form capillary-like, tubular structures (Figure 14 A, B).

Our previous data demonstrated the prominent role of TIMPl as anti-angiogenic
mediator of st-MSCs. Thus, we examined whether TIMPI1 is involved in the anti-
angiogenic effect exerted by EVs derived from st-MSC-CM. Firstly, we verified the
presence of TIMPI in our EVs by Western Blot. We found that TIMP1 is highly enriched
in EVs st-MSC-CM, while the expression of the extracellular vesicles’ markers CD63 and
CD9 (92)was unaffected (Figure 14 C). Then, we repeated the tube formation assay using
TIMP1 blocking antibody (Figure 14 D) and found that the antiangiogenic effect
displayed by EVs isolated from st-MSC-CM is TIMP1-dependent (Figure 7 A).

Altogether, these results indicate that EVs show the same inhibitory effect on angiogenesis

of the conditioned media they are isolated from.
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Figure 14 - EVs from MSC-CM fully mimic the whole conditioned medium

The comparative analysis of the whole medium conditioned by unst- or st- MSCs (unst MSC-CM or st MSC-CM) and
their extracellular vesicles (EV unst or st MSC-CM), was assessed by performing the tube formation assay. SVEC4-10
cells were seeded on the top of a matrigel layer in the presence of appropriate stimuli. After 6 hours, images were
acquired with a phase contrast inverted microscope at 4X objective magnification. A) Representative pictures of the
experiment; scale bar corresponding to 100um. B) Quantification of the relative tube length (normalized on medium),
performed with Image] Angiogenesis Analyzer. 3 independent experiments, data are expressed as mean £ SEM (*p b
0.05, **p b 0.01, One-way ANOVA).C) The expression of TIMP-1 on EVs was analysed by Western Blot, using CD63
an CD9 as EVs-markers. 3 independent experiments; data are expressed as mean = SEM (*p b 0.05, *¥*p b 0.01, T-test.
D) To investigate the role of TIMP-1 in the angiogenesis inhibition mediated by EV from st MSC-CM, the tube
formation assay was performed adding a TIMP-1 blocking antibody. Quantification of the relative tube length
(normalized on medium), performed with Image] Angiogenesis Analyzer. 3 independent experiments, data are
expressed as mean = SEM (*p b 0.05, **p b 0.01, One-way ANOVA).

82



Results

The scratch wound healing assay reveals a second anti-angiogenic

mechanism of EVs st- MSC-CM

Angiogenic and antiangiogenic activities can be assessed by using several in vitro assays,
which are typically exploited to investigate different crucial steps of the in vivo process!?.
In particular, through the tube formation assay we evaluated the matrix digestion and the
endothelial morphogenesis during the development of the tubular network!?>. However,
the assembly of endothelial cells into vessel tubes in vivo also requires the coordinated
migration of endothelial cells. To evaluate whether EVs play a regulatory role during this
process, we exploited the scratch wound healing in vitro assay, based on the ability of cells
to move in a free space in response to a pro-angiogenic factor!26.

SVECA4-10 cells were seeded to form a monolayer and, by scratching, we generated a
cell-free gap in the confluent layer. Stimulation with the pro angiogenic factor VEGF
induced the subsequent cell migration. EVs derived from unst- or st-MSCs were added.
The distance covered by migrating cells was measured after 6 hours of incubation at 37°C
10% CO2 (Figure 15 A). As expected, in response to VEGF, the migratory ability of
SVEC4-10 cells is increased in comparison to unstimulated cells (vehicle without VEGF).
Treatment with EVs from unst-MSC-CM did not affect the migration of endothelial cells
(Figure 15 B). In contrast, EVs isolated from st-MSC-CM completely abolished the
SVEC4-10 migratory ability in response to VEGF (Figure 15 B).

This intriguingly suggests that EVs isolated from st-MSC-CM negatively control not only
the matrix digestion and endothelial morphogenesis during angiogenesis (Figure 14), but
also the migratory ability of endothelial cells in response to VEGF.

To evaluate the implication of TIMPI in this process, we performed the scratch wound
healing assay in presence of the TIMP1-blocking antibody (Figure 15 C). Interestingly, in
contrast to what we observed in the tube formation assay, the TIMP-1 blocking treatment
did not rescue the migratory ability inhibited by EVs from st- MSC-CM (Figure 15 C),
suggesting the existence of a TIMPI1-indipendent mechanism through which EVs derived

from st-MSCs exert their anti-angiogenic effect.
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Figure 15 - EVs from st- MSC-CM inhibit the migration of endothelial cells stimulated
with VEGF

The evaluation of endothelial cell migration was assessed by the scratch assay. Wound was made by scratching a line
across the bottom of the dish on a confluent SVEC4-10 monolayer. Cells were treated with extracellular vesicles
isolated from unst- or st- MSC-CM (EV unst or st MSC-CM). 6 hours later, cells were imaged with a phase contrast
inverted microscope at 4X objective magnifications. A) Representative pictures; scale bar corresponding to 100um. B)
quantification of the migration; analysis was performed with Image] by measuring the initial (time 0) and the final (time
6 hours) length of the scratch. Data are expressed as means = S.E.M. (n = 3). *P <0.05, One-way ANOVA. C) To
investigate the effect of TIMP-1 in the anti-angiogenic action of EVs from st- MSC-CM, the same experiment was
performed with a TIMP-1 blocking antibody. Here, the quantification of the migration expressed in wm, is reported.
Data are expressed as means = S.E.M. (n = 3). *P < 0.05, One-way ANOVA.
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CD39 and CD73 confer anti-angiogenic activity to EVs st-MSC-
CM

In an effort to characterise the TIMPIl-indipendent mechanism of EV-mediated anti-
angiogenic effects, we started to investigate the possible involvement of adenosine, which
has been reported to suppress the migration of several cell types!?*124, Adenosine is a
purine nucleoside that can be generated by the hydrolysis of extracellular ATP. This
reaction is exerted by two enzymes confined on the cellular plasma membrane, the
ectonucleotidases CD39 and CD73, catalysing, respectively, the hydrolysis of ATP to
AMP, and of AMP to adenosine!2,

To investigate whether EVs from st-MSC-CM induce the accumulation of this purine, we
firstly analysed the expression of CD39 and CD73 on the surface of our EVs by Western
Blot (Figure 16 A). Our results show an increased level of both these proteins in EVs st-
MSC-CM. in comparison with vesicles isolated from unstimulated MSCs. Additionally,
we observed a CD39-specific band of higher molecular mass only in EVs derived from st-

MSC-CM.

To explore whether adenosine could be responsible for the anti-angiogenic effect exerted
by EVs isolated from st- MSC-CM, we performed the scratch wound healing assay as
previously described (Figure 15 A) in the presence of the CD39 or CD73 inhibitors,
trisodium salt hydrate (ARL 67156) and adenosine 5: (a, [-methylene) diphosphate
(AMP-CP), respectively (Figure 16 B, C). Notably, the inhibition of each enzyme fully
recovers the distance covered by SVEC4-10 cells treated with EV sttMSC-CM 1in the
presence of VEGF.

Thus, these data demonstrate that ATP metabolites, generated by CD39 and CD73
expressed by EVs isolated from st- MSC-CM, inhibit the migration of endothelial cells in

response to VEGF, with a mechanism completely independent from TIMP1 activity.
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Figure 16 — Adenosine mediates the second anti-angiogenic effect of the EVs derived

from st- MSC-CM

A) The expression of ectonucleotidases CD39 and CD73 on the EVs surface, responsible for the ATP hydrolysis, was
investigated through the Western Blot assay, using CD63 an CD9 as EVs-markers. 3 independent experiments; data are
expressed as mean = SEM (*p b 0.05, **p b 0.01, One-Way ANOVA). The scratch assays were performed by inhibiting
the activity of these enzymes, with ARL 67156 for CD39 B), and AMP-CP for CD73 C) to investigate the implication
of the ATP metabolites, respectively AMP and adenosine, in the suppression of endothelial cell migration mediated by
EVs derived from st- MSC-CM. Data are expressed as means = S.E.M. (n = 3). ¥*P < 0.05, One-way ANOVA.
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EVs st-MSC-CM induce reactive oxygen species (ROS) in

migrating endothelial cells

Recently, it has been extensively reported the involvement of adenosine in the regulation
of the reactive oxygen species (ROS) production!?6:127. Extracellular adenosine interacts
with four subtypes of G protein-coupled cell surface receptors (AIR, A2AR, A2BR, and
A3R)!%8. Although the mechanism linking the adenosine receptors with ROS production
1s far from being fully elucidated, it has been suggested that NADPH (nicotinamide
adenine dinucleotide phosphate) oxidase (NOX) plays a crucial role. Indeed, NOX
activity, which generates ROS transferring electrons from NADPH to molecular oxygen,

has been correlated with the activation of adenosine receptors!2%130,

Oxidative stress is recognized as a potent inducer of senescence in endothelial cells!*!.132
and of dysfunctional cytoskeletal rearrangements!33:13* two mechanisms potentially
responsible for altered migratory response. Thus, we hypothesised that the anti-
angiogenic EVs (EVs st-MSC-CM) hydrolase extracellular ATP and cause adenosine
accumulation on the endothelial cell surface, which in turn induces oxidative stress in
endothelial cells, leading to the inhibition of cell migration. To validate this hypothesis, we
detected ROS levels in migrating endothelial SVEC4-10 cells (Figure 17). In particular,
we performed a scratch wound healing assay and assessed ROS levels by using CM-
H2DCFDA, a general oxidative stress indicator. Antymycin A (AA), a chemical
compound that, by interacting with the mitochondrial complex III, inhibits the electron
transport causing the mitochondrial collapse and the subsequent accumulation of ROS,

was used as positive control!3® (Figure 17 A).

ROS accumulation was not significantly increased in migrating SVEC4-10 cells treated
with VEGF alone, or in combination with EVs from unst-MSC-CM (Figure 17 A). On
the contrary, EVs derived from st- MSC-CM strongly induced ROS production at the
migration front of endothelial cells. These results support our hypothesis of an implication
of ROS in the inhibition of endothelial cell migration exerted by EVs st-MSC-CM.
Additionally, the block of the adenosine accumulation, through the treatment with the
AMP-CP (inhibitor of CD73), not only rescued the migration of endothelial cells (Figure
16 C), but also reduced ROS levels in migrating endothelial cells treated with EVs
derived from st-MSC-CM (Figure 17 B). Thus, these data prove that the local production
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of adenosine, due to the presence of ectonucleotidases on EVs released by st- MSCis,

induces ROS production in endothelial cells, thus affecting their motility.

To finally validate this mechanism, we reduced the oxidative stress with a generic
antioxidant N-Acetyl-L-cysteine (NAC). Notably, the suppression of oxidative stress
induced by EVs st- MSC-CM perfectly restores the migratory ability of SVEC4-10 cells
(Figure 17 C).

These results highlighted the crucial inhibitory role of EVs st- MSC-CM on migrating
endothelial cells, with a mechanism dependent on ROS accumulation induced by the

local production of adenosine.
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Figure 17 — Adenosine affects migrating endothelial cells, with a mechanism dependent
on ROS accumulation

A) The ability of EVs from st- MSC-CM to induce an increment in the ROS levels was investigated by using CM-
H2DCFDA, a general oxidative stress indicator, during scratch migration assays. Here are reported representative
images. The mean of fluorescence was calculated through Image] and normalized on the medium. Data are expressed
as means £ S.E.M. (n=3). *P <0.05, One-way ANOVA. B) In an effort to evaluate the role of adenosine in this
process, experiments were repeated by blocking the CD73 activity, the final player in the ATP hydrolysis. Data are
expressed as means = S.E.M. (n = 2). *P < 0.05, One-way ANOVA. C) The suppression of oxidative stress induced by
EVs st- MSC-CM during the scratch assay, was assess trough the treatment with a generic antioxidant N-Acetyl-L-
cysteine (NAC), to confirm the inhibitory effect of ROS. Data are expressed as means £ S.E.M. (n = 2). *P < 0.05, One-
way ANOVA.
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Inhibition of angiogenesis i viwo through the treatment with EVs

derived from st- MSC-CM

In an effort to develop a new therapeutic approach for pathological angiogenesis, we
decided to validate the effect of EVs derived from st- MSC-CM i viwo. Thus, we exploited
the retinal mouse model, an extensively used approach to study both physiologic and
pathologic angiogenesis!36. Indeed, in contrast to humans, mouse pups have an immature
retinal vasculature at the birth; the development completes in some weeks, proceeding in

a tightly regulated and organized manner, reliable for detection of any defect!3.

Thus, pups were intra-peritoneal injected with unstimulated or stimulated MSCs-derived
EVs, and sacrificed 5 days later to collect retinas. Samples were dissected and stained with
isolectin-B4 to measure the vasculature formation of developing retina by confocal
microscopy (Figure 18 A). Remarkably, we observed a decrease in the retina vascular
arborisation of pups treated with st- MSCs-derived EVs, but no effect with the
unstimulated counterpart (Figure 18 B). In accordance with our i vitro results, EVs

1solated from st-MSC-CM i1nhibit the angiogenic process also 2 vivo.

This anti-angiogenic effect exerted by EVs isolated from st- MSC-CM was further
consolidated with another  viwo approach, the matrigel plug assay. It consists in the
analysis of the vascularization of a matrigel plug, that was previously supplemented with
EVs and then implanted in the dorsal back of C57BL/6-N mouse (Figure 18 C). The
quantification of the plugs’ haemoglobin content reveals a decreased vasculature in mice
treated exclusively with EVs from st- MSC-CM, thus confirming the antiangiogenic

proprieties of these products.

Together, all these data provide enthusiastic evidence of the therapeutic potential of

extracellular vesicles derived from MSCs for the control of pathological angiogenesis.
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Figure 18 — In vivo therapeutic potential of EVs derived from MSCs for the control of
angiogenesis

A) To assess the role of EVs isolated from MSC-CM in the angiogenesis process of developing mouse retina, 1-day-old
C57BL/6N mouse pups were intraperitoneally injected with 50ul EVs from unst or st MSC-CM. After 4 days, mice
were sacrificed for retina collection. Retina whole mounts were dissected and stained with isolectin B4 (Green, on the
left). Digital images were captured using inverted fluorescence confocal microscope (on the right). B) Total retinal and
vascular areas were measured using ImageJ software to calculate the relative radial expansion and the relative
branching points (both normalized on pups treated with the vehicle). Data are expressed as means £ S E.M. (n=10
pups/group in 3 different experiments). *P <0.05, One-way ANOVA. C)Anesthetized 12-week-old male C57BL/6N
mice were subcutaneously injected in the dorsal back with EVs from unst- or st- MSC-CM, mixed with Matrigel plus
VEGF. Bare Matrigel was injected as negative control. After 7 days, mice were sacrificed, and the Matrigel plugs were
harvested, for the haemoglobin quantification. Plug haemoglobin content was measured using Drabkin’s reagent kit 525
(Sigma-Aldrich) and normalized to the total protein quantity measured by BCA. Data are expressed as means = SEM
(n = 8 mice/group). ¥*P < 0.05, T test.
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Discussion

MSCs have several features making them attractive for clinical implications. In particular,
they are able to differentiate into multiple lineages and to secrete immune-modulatory
factors, controlling the inflammatory response. Thus, multiple clinical trials are exploiting
MSCs to suppress pathological inflammation. Nevertheless, when studied i viwo, many
discrepant results have been reported, for example in the case of GVHD, sepsis, acute
renal failure, autoimmune encephalomyelitis and multiple sclerosis'3’. Indeed, nowadays,
positive results collected from pre-clinical trials do not yet convincingly translated into
clinical efficacy. Among the reasons for these unsatisfactory results, there are gaps in the
knowledge of MSC biology, of their functional roles in both physiological and
pathological conditions, as well as of their mechanism of action when transplanted i vio.
It is interesting that very recently a Lancet Commission on regenerative medicine
published a document asking for better science, better funding models, better governance,

and better public and patient enrollment™.

One of the problems related to the MSC-based therapy of immune-mediated diseases is
the inflammatory milieu of the host. Indeed, to acquire an immunosuppressive
phenotype, MSCs need to be properly licensed by pro-inflammatory cytokines. This
means, for example, that the identification of the correct time of MSC injection is
essential to appropriately activate them and, consequently, to obtain the desired
therapeutic effect. For instance, MSC treatment of GVHD mouse model prolongs the
survival of injured animals only when performed in a range of 1-7 days after the bone
marrow transfer responsible for the induction of the disease?®!38. Preventive MSC
treatment does not show positive results in the same preclinical model'®8. In line with
these results, others studies demonstrated that MSC-transplantation efficacy, in term of
GVHD treatment, increases when MSCs are repeatedly administered at weekly intervals
(days 0, +7, +14 from the bone marrow transfer). It has been suggested that this time of
MSC administration probably overlaps with an interval characterized by a concentration
of inflammatory cytokines sufficiently high to allow the  vwo licensing of MSCs, but still
not excessive, which would irredeemably damage the tissue'?’. Notably, similar results

have been collected in GVHD patients'3’. The critical significance of the timing of MSC-
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administration timing is further highlighted in other disease models. For instance, in the
experimental autoimmune encephalomyelitis model, MSCs are effective only when
transplanted at the beginning of the disease (days +3 and +8), but they lose their

immunosuppressive action when administered after disease stabilization (days +10 and

+15)197,

These data, together with others, clearly indicate that the i viwo accumulation of pro-
inflammatory cytokines is required for MSC licensing, leading to the acquisition of their
immunosuppressive phenotype. Our study further corroborates this concept. We
demonstrated that only MSCs stimulated with a cocktail of pro-inflammatory cytokines
suppress the inflammatory response. Intriguingly, we found that the pro-inflammatory
micro-environment induces a remarkable change in the whole MSC secretome, leading to
the release of proteins mainly involved in the regulation of angiogenesis. Indeed,
hemodynamic changes, encountering vasodilatation and increased permeability, are the
first observable events in the inflammation. When a robust immune response develops,
infiltrating and dividing lymphocytes markedly increase LN cellularity, leading to organ
expansion. During this swelling, there is massive endothelial cell proliferation, and
vascular expansion occurs!?. Thus, both acute and chronic inflammatory processes are

associated with a pronounced vascular remodelling.

In this study, we identified a novel and specific effect of MSC administration, during an
acute immune response, firstly on endothelial cell activation, then on HEV development
and elongation and, consequently, on T-cell trafficking in the draining LN. All these
processes do not require MSC homing to the inflamed tissue and, notably, they are
mediated uniquely by soluble factors released by MSCs licensed by pro-inflammatory
cytokines. Indeed, through a proteomic analysis of the MSC secretome, we identified that,
upon the activation with inflammatory cytokines, MSCs upregulate the expression of

several proteins affecting angiogenesis and inflammation through multiple pathways.

Angiogenesis requires degradation of the vascular basement membrane and remodelling
of the extracellular matrix to allow endothelial cell migration and invasion into the
surrounding tissue. This process depends on the action of MMPs that, degrading both
matrix and non-matrix proteins, have a central role during the morphogenesis, wound
healing, tissue repair, and in the progression of chronic diseases**. The balance between
MMPs and their natural inhibitors, TIMPs, is critical for extracellular matrix remodelling
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and angiogenesis. The TIMP family comprises four protease inhibitors (TTMP-1, TIMP-
2, TIMP-3 and TIMP-4) able, with the exception of TIMP-4139 to inhibit angiogenesis in
viwo!'%, through several mechanisms. By mass spectrometry, i vitro and in vivo functional
assays, we identified the metalloproteinase inhibitor TIMP-1 as one of the key molecules
responsible for the anti-angiogenic effects of MSCs. TIMP-1 is known to inhibit
endothelial ~ cell ~ migration by  MMP-dependent and  MMP-independent
mechanisms!40.141,142 The latter involves the regulation of various biological processes such
as cell growth, apoptosis and differentiation through the CD63 receptor!*3.In addition,
TIMP-1 was shown to induce secretion of soluble VEGFR-1 by human endothelial cells,
leading to a decrease of bioavailable VEGF and of blood vessel growth!**. Interestingly,
the comparative analysis of the secretomes of human and mouse MSCs stimulated by pro-
inflammatory cytokines reveals 16 common proteins, and, notably, 11 of them modulate
angiogenesis directly or indirectly. To note, the anti-angiogenic role of TIMP-1 already
observed in the mouse model was confirmed also using human MSC conditioned medium
(MSC-CM). Thus, TIMP1 is one of the key secreted molecules targeting endothelial cells

in both mouse and human MSCs.

Although our data put TIMP-1 at the top of the list of MSC-derived effector molecules,
we speculated that other soluble factors contribute to MSC-mediated regulation of
inflammatory-associated angiogenesis. MSCis are also known to produce prostaglandin E2
and thus inhibit the activation of macrophages’?,which are a source of multiple growth
factors that enhance endothelial cell proliferation and survival'®>.Another interesting
mediator found in the MSCs secretome is the soluble form of VCAM-1 (sVCAM-1). High
levels of sVCAM-1 have been detected in the synovial fluid of patients with rheumatoid
arthritis'*and in the blood of patients with different types of cancers'*’,but its origin is not
entirely clear and our data suggest that MSCs may represent an important source of this
molecule. Although sVCAM-1 is described as a promoter of angiogenesis'* by altering
leukocyte trafficking!®” or inhibiting T-cell activation!'®’, it may contribute to the MSC-

induced suppression of T-cell recruitment that we observed in this study.

The results presented here clearly position endothelial cells as a key target of MSCs
during the suppression of the inflammatory response. Thus, they pave the way for
developing novel MSCs-based strategies that could exploit the inhibition of angiogenesis

for the treatment of immune-related pathologies. Indeed, angiogenesis is involved in a
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wide number of physiological and pathological conditions, such as wound healing, tumor
growth, rheumatoid arthritis, inflammatory bowel disease and asthma!>!. Thus, the
identification of therapies that specifically inhibit angiogenesis may represent a weapon to

reduce inflammation and prevent disease progression!’.

In addition to that, these data support the concept that the physiological role of MSCs is
to act as sensors of the microenvironment in which they are embedded, responding to it
by the release of soluble mediators able to control the vascular remodelling. It is known,
for example, that MSCs acquire pro-angiogenic properties in response to, for instance,
hypoxia!¥215%,15% nitric oxide (NO) stimulation!> or the iron chelator deferoxamine
(DFX)1%6, and our findings, revealing for the first time the anti-angiogenic potential of
MSCs, indicate that these cells have a crucial role in connecting the endothelial cells with

their microenvironment.

As stated above, several critical issues still limit the development of MSC-based therapies.
First of all, the best source of MSCs for i viwo immunomodulation is still debated as well
as the precise number of MSCs that have to be injected in order to have a beneficial
effect. The complete optimization of the commercial i vitro expansion and long-term
storage protocols is not yet ensured. Furthermore, the absence of a well-defined
mechanism of action for each specific therapeutic condition makes the identification of
biomarkers very difficult. Another important problem, very specific of this therapeutic
approach, 1s the need for the complete characterization of the patient’s
microenvironment, in term of types and concentrations of the inflammatory cytokines
required for the correct licensing of the MSCs. On the same line, it’s almost unreasonable
to imagine that we will be able to identify a specific interval in every patient, of countless
different diseases, in which we can detect the specific cytokines’ profile, essential for the
efficient transfer of MSCs. In addition to all these issues, accumulating evidence of the
paracrine action of MSCis, responsible for their immunosuppressive effect, suggested the

idea of developing a cell-free, MSC-based therapeutic approach.

Extracellular vesicles (EVs) released by MSCs are able to suppress inflammation similarly
to their cells of origins, thus making real the opportunity of MSC administration

replacement with a MSC-derived product!’’. Among the many advantages of a EV-based
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therapy, there are limited risk of carcinogenesis, higher stability, improved bio-

distribution and, most importantly, the use of a final, non-living product whose efficacy

does not depend on the host cytokine milieu??

Our data demonstrate that, through the definite licensing of MSCs, it is possible to obtain
EVs with specific therapeutic effects. EVs released by MSCs primed by pro-inflammatory
cytokines exert the same anti-angiogenic effects of their cells of origin, both i vitro and in
vivo. Notably, the anti-angiogenic properties of MSC-derived EVs depend on the specific
conditions for licensing that we used; indeed, EVs derived from resting MSCs do not
inhibit angiogenesis, whereas those obtained from MSCs cultured in hypoxic conditions
have strong pro-angiogenic properties (RA, data not shown). These results strongly
support the concept of MSCs as sensor of the surrounding environment: we can
hypothesize that in hypoxic conditions, when the generation of new vessels is required,
MSCs secrete EVs promoting angiogenesis; on the opposite way, in a strongly
inflammatory microenvironment, MSCs release EVs that, by blocking the formation of

new vessels, limit and control inflammation.

Our data suggest that, in addition to the therapies of immune-mediated disorders, MSC-
derived EVs may represent a novel approach for the treatment of pathological
angiogenesis. We identified TIMP-1 as a crucial effector molecule in this process: EVs
released by st-MSCs are strongly enriched in TIMP-1, and TIMP-1 activity is required to
inhibit the endothelial cell ability to form capillary-like structures. However, the results
presented here identify another - and novel - mechanism by which EVs derived from st-
MSCs inhibit angiogenesis. This latter process involves the ability of st-MSC-derived EVs

to hydrolyse the extracellular ATP, producing adenosine.

Extracellular ATP accumulates in the local microenvironment of several physiological
and pathological conditions. For instance, hypoxia and stress damage are accompanied
by elevated concentrations of extracellular ATP that seem to be involved in the
progression of several vascular diseases!'’. Once in the extracellular space, ATP may be
hydrolysed by two ectonucleotidases (CD39 and CD73), firstly in AMP and then into
adenosine. This latter is an endogenous molecule able to control tissue homeostasis, by
activating G-protein-coupled adenosine receptors (Al, A2A, A2B and A3 receptors)!'>.
Interestingly, , it has been largely reported that adenosine is involved in the suppression of
the immune response, acting on both immune and endothelial cells'. Substantial
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evidence has been collected on the role of adenosine to limit the secretion, by activated
macrophages, of the pro-inflammatory TNF-a and, conversely, to prompt the release of
the immunosuppressive IL-10. Additionally, other studies indicate that, during an
immune response, adenosine triggers the dendritic cells to acquire an anti-inflammatory
phenotype!®® and inhibits their IL-12 production'®’. In this line, in the presence of
adenosine, dendritic cell-ability to induce the pro-inflammatory T helper 1 (THI) from
naive T cells strongly decreases. Furthermore, it seems that adenosine directly interacts
with T cells, shifting the T helper polarization towards the anti-inflammatory phenotype
TH2, principally by blocking the NF-kB activation!®. Finally, during an inflammatory
response, adenosine also regulates endothelial cell-activation. Indeed, it has been
highlighted that the accumulation of extracellular adenosine reduces the expression of
adhesion molecules, likewise the vascular cell adhesion molecule-1 (VCAM-1), thus

preventing the leukocytes recruitment into the injured tissue!0.

Intriguingly, we found that the MSC-treatment of mice with a local inflammation largely
decreases the VCAM-1 expression on the endothelium of draining lymph nodes. Notably,
we revealed that EVs released by st-MSCs express functionally active CD39 and CD73
that generate adenosine. The expression of CD39 and CD73 allows st-MSC-derived EVs
not only to remove the pro-angiogenic ATP from the extracellular space, but also to

generate the anti-inflammatory adenosine.

Indeed, our data suggest that the main mechanism by which CD39/CD73-expressing
EVs regulate the inflammatory response may be due to the negative control of the
immune-related angiogenesis. Intriguingly, we demonstrated that EVs from st-MSCs,
expressing CD39 and CD73, inhibit the angiogenic process through the induction of

oxidative stress in endothelial cells.

It 1s largely described that reactive oxygen species (ROS), such as such as superoxide (O2-)
and hydrogen peroxide (H20g), act as a double-edged sword during the vascular
remodelling. Indeed, low levels of ROS are required to support cell growth, migration,
differentiation and gene expression. In particular, in response to hypoxia, ischemia and
growth factors, low levels of extracellular ROS trigger endothelial cell proliferation and
migration, cytoskeleton reorganizations and tubular morphogenesis!6!. Conversely, highly

concentrated ROS are damaging for most cells, being cytotoxic and mutagenic. In
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particular, oxidative stress triggers cell death, apoptosis and senescence in the

endothelium during the angiogenic response, thus stopping the process!61.131,

We found that only EVs isolated from st-MSC-CM, carrying CD39 and CD73,
potentially accumulate adenosine on the endothelial cell surface and this, in turn, results
in the detrimental induction of oxidative stress in endothelial cells, leading to their

migration inhibition.

Preliminary data recently generated in our laboratory indicate that the extracellular
adenosine binds the A2BR, a subtype of G protein-coupled cell surface receptor, thus
interacting with endothelial cells and activating the signalling pathway (data not shown).
Moreover, we are now trying to identify the ROS source, responsible for the oxidative
stress induced by EVs. With this aim, we are focusing on NADPH (nicotinamide adenine
dinucleotide phosphate) oxidase (NOX), according to several studies reporting its

association with adenosine receptors (A1R, A2AR, A2BR, and A3R)!%6:127,

In an effort to provide useful pre-clinical data, we would like to investigate the therapeutic
potential of EVs in a mouse model of pathological angiogenesis, such as the retinopathy of
prematurity (ROP). The ROP is a rare retinal vasoproliferative disorder affecting preterm
infants. It i1s characterized initially by a delay in the physiologic retinal vascular
development, and subsequently by aberrant angiogenesis in the form of intravitreal
neovascularization!36. With the increase in the survival of preterm babies, ROP has
become the leading cause of childhood blindness throughout the world. Thus, the
identification of an anti-angiogenic therapy represents, nowadays, a real challenge to save
the sight of many children!'3¢. Current therapies encounter the cryosurgery and the laser
therapy to eliminate the avascular area in the peripheral retina, thus reducing the injured
hypoxic part of the tissue. Unfortunately, only infants with advanced ROP (from stage I1I)
can receive these treatments, because they are still far to be largely efficient and safe.
Indeed, generally, these ablation therapies are expensive and able to prevent the blindness
only in a few percentage of treated patients!®2. In addition, both approaches involve
invasive surgeries and are associated with several side effects. For instance, laser
photocoagulation may cause infectious ulcerative keratitis and it is often associated with
higher risks of strabismus, astigmatism, nystagmus, myopia, and lowered visual acuity'%2. .
To overcome these issues, the identification of a more efficient and safer therapeutic
approach is urgently needed. Recently, anti-VEGF molecules have been exploited for the
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intravitreal treatment of ROP-patients to suppress the pathological angiogenesis. The
main advantage of this therapy consists in the drug administration into the vitreous body,
which 1s not an invasive procedure. However, once the anti-VEGF treatment is
concluded, a late re-activation of the disease is generally observed. In addition, adverse
reactions associated with the systemic effect of this therapeutic approach still have to be

elucidated.

Thus, we decided to analyse the therapeutic potential of the EVs in the ROP mouse
model to beneficially remodel the retinal vasculature. This approach may represent a
better cost-effective procedure, since we could exploit 1) the EVs-double anti-angiogenic
mechanism to prevent the treatment evasion, thus potentially increasing the treatment
efficiency and 11) their ability to target selectively the migrating endothelial cells, thus

limiting the systemic side effects generally associated with anti-VEGF drugs.

To summarize, this study provides results that allow to sharpen up the physiological role
of MSCs and to clarify their mechanism of action during i viwo therapy. In particular, for
the first time, we identified the endothelium as specific target of MSC-based therapy.
Additionally, we developed a protocol to obtain anti-angiogenic EVs that can be exploited

for novel therapeutic approaches against pathological angiogenesis.
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Mouse mesenchymal stem cells inhibit high endothelial cell
activation and lymphocyte homing to lymph nodes by
releasing TIMP-1

L Zanotti"'*'3, R Angioni**'3, B Cali*?, C Soldani', C Ploia’, F Moalli®, M Gargesha®, G D'Amico®, S Elliman’, G Tedeschi®®, E Maffioli®,
A Negri®®, S Zacchigna'®, A Sarukhan'', JV Stein® and A Viola**

Mesenchymal stem cells (MSC) represent a promising therapeutic approach in many diseases in view of their potent
immunomodulatory properties, which are only partially understood. Here, we show that the endothelium is a specific and key
target of MSC during immunity and inflammation. In mice, MSC inhibit activation and proliferation of endothelial cells in remote
inflamed lymph nodes (LNs), affect elongation and arborization of high endothelial venules (HEVs) and inhibit T-cell homing. The
proteomic analysis of the MSC secretome identified the tissue inhibitor of metalloproteinase-1 (TIMP-1) as a potential effector
molecule responsible for the anti-angiogenic properties of MSC. Both in vitro and in vivo, TIMP-1 activity is responsible for the anti-
angiogenic effects of MSC, and increasing TIMP-1 concentrations delivered by an Adeno Associated Virus (AAV) vector recapitulates
the effects of MSC transplantation on draining LNs. Thus, this study discovers a new and highly efficient general mechanism
through which MSC tune down immunity and inflammation, identifies TIMP-1 as a novel biomarker of MSC-based therapy and

opens the gate to new therapeutic approaches of inflammatory diseases.

Leukemia (2016) 30, 1143-1154; doi:10.1038/leu.2016.33

INTRODUCTION
Mesenchymal stem cells (MSC) are multipotent progenitor cells
with self-renewable capacity and the potential to differentiate into
various mesodermal lineages.! MSC are present in the stromal
fraction of many tissues, where they reside close to blood vessels,”
a trait that is shared with pericytes. Indeed, when analyzed in vitro,
MSC and pericytes display similar morphological and functional
features, although the two cell types are likely to have different
functions in vivo.*> Although pericytes regulate capillary home-
ostasis and architecture,* the in vivo functional role of MSC is less
clear and it is likely to be tissue-specific. For example, in the bone
marrow, MSC contribute to the formation of the ‘niche’ for the
hematopoietic stem cells (HSC), thus providing an appropriate
microenvironment for hematopoiesis.” In other tissues, MSC may
be involved in homeostatic control and tissue repair.®

A well-established feature of MSC is their ability to inhibit
inflammation and immunity, both in vitro and in vivo. In mouse
models of human diseases, MSC have been shown to be highly
immunosuppressive being effective, for example, in the treatment
of experimental autoimmune encephalomyelitis,” collagen-
induced arthritis® or graft-versus-host disease.” On the basis of
these experimental results, MSC are now used in several clinical
trials (see www.clinical trials.gov) and represent a new frontier in
cellular therapy. The anti-inflammatory effect of MSC can be

largely explained by their ability to secrete a vast array of soluble
mediators  with immunomodulatory properties, such as
interleukin-10 (IL-10), prostaglandin E2, transforming growth
factor, nitric oxide (for mouse MSC) and indoleamine-2,3-
dioxygenase (for human MSC), and tumor necrosis factor-a (TNF-
a)-stimulated protein 6 (ref. 9-11) that may act in a paracrine or
endocrine manner. However, a unifying mechanism of action is
still missing, and it is likely that other specific mediators and
targets explaining the in vivo immunosuppressive effects of MSC
remain to be identified.

Both inflammatory and immune responses depend on migra-
tion of leukocytes. Recruitment of neutrophils and monocytes into
inflamed tissues is directed by chemokines induced by inflamma-
tory stimuli, including bacterial lipopolysaccharide, IL-1 and
TNF-a.'?'® On the other hand, adaptive immunity starts in
secondary lymphoid organs, where naive antigen-specific T cells
encounter dendritic cells loaded with cognate antigen. For this to
occur, T cells must enter lymph nodes (LNs) via specialized post-
capillary venules that are made up of endothelial cells with
cuboidal morphology and therefore called high endothelial
venules (HEVs).'*'® Endothelial cells have a major role in these
processes, changing their phenotypes to support various phases
of the inflammatory responses. The capacity of leukocytes to
interact with the endothelium is determined by the activation of
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endothelial cells that in turn leads to the expression of a variety of
chemoattractants and surface adhesion molecules including
intercellular adhesion molecule-1 (ICAM-1) and wvascular cell
adhesion molecule-1 (VCAM-1).'® In addition, if the inflammatory
stimulus persists, then angiogenesis is initiated by the migration
of endothelial cells lining the venules into the tissue.'®'” The
generation of new blood vessels is required for the survival of
inflammatory cells within the tissue, and thus inhibition of factors
that promote angiogenesis may reduce inflammation and prevent
its pathological consequences such as inflammatory tissue
damage, autoimmunity, fibrosis or tumor growth.'®'®

In this study, we have identified the endothelium as a specific
and novel target of MSC-based therapy.

MATERIALS AND METHODS

Mice

C57BL/6) mice were purchased from Charles River Laboratories (Calco,
Italy). All mice used as primary cell donors or recipients were between 8
and 12 weeks of age. Procedures involving animals and their care
conformed to institutional guidelines in compliance with national (4D.L.
N.116, G.U., suppl. 40, 18-2-1992) and international (EEC Council Directive
2010/63/UE; National Institutes of Health Guide for the Care and Use of
Laboratory Animals) law and policies. The protocol was approved by the
Italian Ministry of Health on 18 June 2007 and modified by Protocol
162/2011-B. All efforts were made to minimize the number of animals used
and their suffering. In all the experiment, the mice were sex and age
matched, no further randomization was applied.

Isolation of murine MSC

Detailed protocols are available in the Supplementary Materials and
Methods.

Collection of conditioned medium

Detailed protocols are available in the Supplementary Materials and
Methods.

Endothelial cell lines

Detailed protocols are available in the Supplementary Materials and
Methods.

In vitro endothelial cell activation

Detailed protocols are available in the Supplementary Materials and
Methods.

Tube formation assay

Detailed protocols are available in the Supplementary Materials and
Methods.

Immunization with Complete Freund Adjuvant/Ovalbumin

In all, 1 mg/ml Ovalbumin (OVA) (Sigma-Aldrich, Steinheim, Germany) was
emulsified in Complete Freund Adjuvant (CFA) (Sigma-Aldrich), and 100 pl
of emulsion was injected subcutaneously (s.c) in three sites in the back.
After 24 h, 1x 10° MSC were injected s.c. in the lumbar region. Immunized
mice were killed 4 days later, and the brachial draining LNs (dLNs) were
collected and frozen in OCT for immunofluorescence or digested for FACS
analysis.

In vivo tissue inhibitor of metalloproteinase-1
immunoneutralization

Goat polyclonal anti-TIMP-1 1gG'® (catalog no. AF980; R&D Systems,
Minneapolis, MN, USA) was intravenously (i.v.) administered (0.5 mg/kg) in
immunized mice 18 h after MSC transplantation. As a control, additional
mice were given equivalent doses of an isotype-matched goat IgG (catalog
no. AB-108-C, R&D Systems). Immunized mice were killed 2 days later, and
the brachial dLNs were collected and digested for endothelial cell analysis

Leukemia (2016) 1143-1154

by FACS. Data are representative of 36 LNs/group analyzed from four
independent experiments.

Tissue inhibitor of metalloproteinase-1 siRNA reverse transfection
Timp-1 Silencer Select Pre-designed siRNAs (Ambion, Waltham, MA, USA)
were exploited for mMSC transfection, and Silencer Select Negative
Control No. 1 siRNA (Ambion) was adopted as scramble. siRNAs were
diluted in Opti-MEM | reduced Serum Medium (Gibco, Waltham, MA, USA)
at the final concentration of 50 nm. Diluted siRNAs were placed 100 pl/well
in a 24-well tissue culture plate in the presence of 1 pl of Lipofectamine-
2000 (Invitrogen, Carlsbad, CA, USA), according to the manufacturer's
instructions. Murine MSC were seeded at a density of 6 x 10 cells/well and
cultured in antibiotic-free medium. Medium was replaced 24 h post
transfection with fresh DMEM low Glucose, 2 mm L-glutamine and 10% FCS
Biosera. mMSC tissue inhibitor of metalloproteinase-1 (TIMP-1) secretion
was analyzed at 24, 48 and 72 h after transfection by ELISA (R&D Systems).
In vivo data with siRNA MSC are representative of 20 dLNs from 2
independent experiments.

AAV-mediated TIMP-1 overexpression

All the AAV vectors used in this study were generated by the AAV Vector
Unit (AVU) at ICGEB Trieste (http://www.icgeb.org/avu-core-facility.html) as
described previously.”® Briefly, AAV vectors of serotype 9 were produced in
HEK293T cells, using a triple plasmid co-transfection method. Viral stocks
were collected after CsCl, gradient centrifugation. The total number of viral
genome was determined by real-time PCR; the viral preparations had titers
between 1x10" and 3x 10" viral genome (vg) particles per ml. AAV9-
TIMP-1 was intraperitoneally injected at a dose of 2x 10" vg in 100 ul
PBS - /—. Equal amount of AAV9-LacZ was used as a control. One day after
AAV9 administration, mice were immunized with CFA/OVA as discussed
above (6 mice/group). Brachial dLNs were collected 4 days after
immunization and digested for FACS analysis. Data are representative of
one experiment out of two.

Immunofluorescence

Detailed protocols are available in the Supplementary Materials and
Methods.

Flow-cytometry analyses

Detailed protocols are available in the Supplementary Materials and
Methods.

LC-ESI MS/MS analysis
Detailed protocols are available in the Supplementary Materials and
Methods.

Optical projection tomography

In all, 5 ug of Alexa-594 MECA-79 antibody (conjugated according to the
manufacturer's instructions using the Alexa-594 conjugation kit; Invitro-
gen) was injected iv. 15 min before organ harvest. Brachial LNs were
excised, cleaned of surrounding fat and then incubated with AlexaFluor
488-conjugated anti-B220 (0.67 pg/ml) as previously described.?’ Further
details are described in the Supplementary methods.

3D immunoflucrescence

Mice were immunized and transplanted as described above. On day 3 after
immunization, single-cell suspensions were obtained from LNs of C57/BI&
wt mice. CD4" T cells were isolated using the mouse CD4" T cell isolation
kit (Stem Cell Technologies, Vancouver, BC, Canada), according to the
manufacturer'’s protocol. The lymphocytes were fluorescently labelled,
injected i.v. into CFA/OVA immunized recipient mice and allowed to home
for 20 min before blocking further homing with anti-L.-selectin mAb. After
20 min, dLNs were isolated, treated and analyzed as previously
described.” Data are representative of eight (CFA/OVA) and nine (+MSC)
mice from three independent experiments.

Cryo imaging

MSC labelled with gTracker 655 (Life Technologies, Oslo, Norway) were s.c.
injected into a control mouse or a mouse previously immunized with CFA/

© 2016 Macmillan Publishers Limited
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OVA. Mice were killed 4 days later, frozen and cryo-imaged using the
CryoViz cryo-imaging system (BiolnVision, Inc, Cleveland, OH, USA) as
described in Roy et al.””* Cryo-images were acquired using the ProSCl
software as described in Roy et al** Further details are described in the
Supplementary methods.

Statistical analysis

The sample size per group was estimated from previous experience with
similar experiments. There were no pre-established criteria for mice or
sample exclusion: except evident technical damage. Data were collected
and analysis was done without the investigator knowing group allocation.
Data were analyzed using the Prism Software (GraphPad, La Jolla, CA, USA).
Data were expressed as mean + s.e. Differences were assessed using t-test,
Mann-Whitney test or one-way ANOVA. Statistic tests were performed
between data with similar variance. Results with a P-value of < 0.05 were
considered as significant.

RESULTS

MSC transplantation affects endothelial activation in immune
reactive LNs

We have previously shown that encapsulated MSC injected s.c. are
able to control systemic and local inflammation through the
release of soluble factors.” Moreover, we have demonstrated that
subcutaneous administration of MSC is more efficient than the
intravenous route, probably because most of the MSC injected i.v.
are trapped in the lungs and cleared after a few days.”?*>~?” On the
basis of our previous data indicating that encapsulation was not
required to improve the efficacy of s.c. injected MSC,? in this study
we performed subcutaneous injections of free MSC (not
encapsulated) in the lumbar area of mice that had been previously
immunized with OVA in CFA (CFA/OVA) in the upper dorsal region.
As expected, the immunization induced a robust and rapid
response in the brachial dLNs (Figure 1). MSC transplantation
significantly reduced this response, decreasing both the total
cellularity and the volume of dLNs and affecting the recruitment
of specific cell populations (Figures 1b-e), as already described.’
Using whole-mouse cryo-imaging analysis,”® we verified that s.c.
injected MSC did not migrate away from the site of injection
during the experimental time (5 days), both in immunized and in
untreated mice (Supplementary Movies 51 and $2). Together with

our previous study,” these data indicate that MSC are able to
dampen inflammation through the release of soluble mediators.

LN growth during immune responses is accompanied by
endothelial activation and vascular expansion, two events that
are required for leukocytes recruitment and orchestration of
immunity. We analyzed the expression of two adhesion molecules,
VCAM-1 and ICAM-1, that are typically upregulated on the
inflamed endothelium (Figures 2a-d). Interestingly, the dLN
vessels of mice treated with MSC had a lower expression of both
VCAM-1 and ICAM-1, as demonstrated by the colocalization
analysis expressed as Mander's coefficient (Figures 2b-d). More-
over, we observed that the dLNs of mice transplanted with MSC
showed reduced density of the endothelial marker CD31 and of
Lyve-1, a marker of the lymphatic endothelium, suggesting a
reduced vascular expansion upon MSC treatment (Figures 2a, ¢
and e).

Altogether, these data indicate that MSC inhibit activation of
vascular and lymphatic endothelium in the dLNs of
immunized mice.

MSC inhibit activation and elongation of HEVs and affect
recruitment of T cells to dLNs

The migration of leukocytes from the blood stream into LNs
occurs via HEVs, which are post-capillary venules structurally
adapted to support lymphocyte trafficking. Because of the
reduced numbers of leukocytes present in the dLNs of mice
treated with MSC (Figure 1),° we asked whether MSC transplanta-
tion affects HEV activation, lymph-node vascularization and
leukocyte migration in vivo.

MSC were s.c. injected in the lumbar region of mice that had
been previously immunized in the dorsal region with CFA/OVA, as
already described (Figure 1), and HEV cells in brachial LNs were
analyzed. In particular, HEV cells were identified as CD45°CD31"
PNAd" cells (Supplementary Figure S1). The reduced number of
CD457CD31" cells was confirmed by flow-cytometry analyses
(Figure 3a) and can be explained by the inhibition of endothelial
cell proliferation in MSC-treated mice, as shown by the reduced
uptake of BrdU (Figure 3b). In the dLNs of mice treated with MSC,
we observed a reduction in the absolute number of HEV cells as
compared with controls (Figure 3c). Moreover, HEV cells had a
reduced expression of VCAM-1 (Figure 3d).
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Figure 1.

MSC affect size and cellularity of dLNs. (a) Diagram of the experimental protocol designed to investigate the influence of MSC

transplantation. Mice were immunized in the dorsal back with CFA/OVA on day 0 and, on day 1, a group of animals received subcutaneous
injection of 10® MSC in the lumbar back. On days 4-5, depending on the subsequent analyses, brachial LNs were collected and processed.
(b, €) On day 5, dLNs were digested and analyzed by flow cytometry. Data are representative of eight mice from two independent experiments;
(d, e) OPT data are expressed as percentage on OVA average. In (b-e), error bars represent s.e. (*P < 0.05; **P < 0.01; **P < 0.005; t-test).
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MSC inhibit endothelial activation in dLNs. Mice were treated as in Figure 1a and, on day 5, dLNs were collected, stained and

analyzed by confocal microscopy. (a, €) 8-um frozen section was stained with anti-CD31, anti-Lyve-1 and anti-VCAM-1 or anti-ICAM-1, as
indicated (10 x, scale bar 200 mm). (b, d) Mander's colocalization coefficient quantifies the degree of averlap. (e) Integrated density quantifies
the CD31 and Lyve-1 immunopositivity amount on cross sections of lymph node. In all graphs, error bar represents s.e. (**P <0.01,

*¥P < 0.005; t-test).

Analysis of entire LNs by optical projection tomography, which
allows a three-dimensional reconstruction of the HEV network,
allowed us to examine the morphologic alterations that occur in
HEV expansion after immunization with CFA/OVA in the presence
or absence of MSC. HEVs were labelled before imaging by
intravenous injection of fluorophore-tagged MECA-79, which
recognizes the PNAd epitope on the luminal surface (Figure 4a,
Supplementary videos S3 and S4). The HEV length was
significantly impaired in mice transplanted with MSC (Figure 4b)
and the analysis of the HEV volume suggested a tendency toward
vessel narrowing, although in this case the difference did not
reach statistical significance (Figure 4c). In addition, the morphol-
ogy of the HEV network was affected by MSC, as shown by the
significant decrease in the number of branches and segments
(Figures 4d and e), indicating that MSC limit both HEV elongation
and arborization.

The previous observation prompted us to address whether MSC
impair leukocyte homing to inflamed LNs. Fluorescently labelled
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naive T cells were injected i.v. in mice previously immunized with
CFA/OVA, and transplanted or not with MSC. After 20 min,
alexa633-conjugated MECA-79 and MEL-14 mAbs were iwv.
injected to stain HEV and block L-selectin, respectively, and, after
20 additional minutes, the dLNs were harvested and prepared for
two-photon microscopy acquisition (Figure 4f).”” The analysis
demonstrated that MSC transplantation inhibited T-cell homing
into the inflamed LNs (Figure 4g).

Endothelial cells are a direct target of MSC

To understand whether the inhibition of endothelial cell activation
and proliferation observed in immunized mice treated with MSC
was due to a direct effect of MSC on endothelial cells, we analyzed
the effects of MSC supernatants in various in vitro assays using a
mouse vascular endothelial (1G11) and two mouse lymphatic
endothelial (MELC and SVEC4-10) cell lines.**3* MSC were first
expanded as an adherent monolayer until confluence, and were

© 2016 Macmillan Publishers Limited
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percentage on CFA/OVA (t-test), (b) BrdU incorporation cytometry after 48 h (Mann-Whitney test), (¢) HEV cell numbers and (d) mean
fluorescence intensity (MFI) of VCAM-1 expression on HEV (t-test) (*P < 0.05; **P < 0.01).

then stimulated for 24 h in the presence or absence of IL-1B, IL-6
and TNF-a to resemble the inflammatory milieu that MSC find
in vivo*?** MSC supernatant was collected as conditioned
medium (CM) 18 h after cytokine withdrawal.

First, we analyzed the effect of MSC secretion on in vitro
angiogenesis using the tube formation assay.>® The soluble factors
released by stimulated MSC strongly inhibited the ability of
SVEC4-10 cells to form tube networks, whereas the medium
collected from the unstimulated MSC (unst MSC-CM) had no effect
(Figures 5a and b), indicating that in an inflammatory environment
MSC can directly inhibit angiogenesis. This effect was also
confirmed on another lymphatic endothelial cell line (MELC
Supplementary Figure S2). On the basis of these results and of the
published literature,**** in the following experiments we focused
on the effects of the MSC-CM only.

As the in vivo data indicated that MSC transplantation affects
the expression of adhesion molecules on endothelial cells
(Figure 2b), we analyzed the expression of VCAM-1 and ICAM-1
on MELC and 1G11 cells treated with 20 ng/ml TNF-a for 24 h,*%3
in the presence or in the absence of MSC-CM. In agreement with
the previous data, the MSC-CM significantly reduced the expres-
sion of VCAM-1 and ICAM-1 on MELC (Figures 5c and e) and the
expression of VCAM-1 on 1G11 cells (Figures 5d and f).

Expression of VCAM-1 and ICAM-1 on endothelial cells is
regulated by NF-kB;*® and thus, we examined the nuclear
localization of NF-kB complexes using immunofluorescence
microscopy. As expected, in both MELC and 1G11 cells TNF-a
stimulation resulted in prompt translocation of p65 from the
cytoplasm into the nucleus. MSC-CM inhibited NF-kB translocation
in both cell lines (Figures 5g-j).

Altogether, these data indicate that endothelial cell activation is
directly inhibited by soluble factors released by MSC exposed to
inflammatory cytokines.

© 2016 Macmillan Publishers Limited

MSC inhibit in vitro angiogenesis through the release of TIMP-1
In an effort to understand the molecular mechanisms responsible
for the observed effects of MSC, we performed shotgun proteomic
characterization of the MSC secretome, comparing the super-
natants collected from MSC stimulated (MSC-CM) or not (unst
MSC-CM) with inflammatory cytokines. As detailed in Materials
and methods, only proteins present and quantified in at least
three out of five technical repeats, in both biological replicates,
were considered as positively identified; 1613 and 1630 proteins
were measured in the secretome of control and stimulated MSC,
respectively.

Differential expression was considered as significant if (a) a
protein was present only in MSC-CM or in control or (b) its LFQ
intensity resulted statistically significant as calculated by Perseus
(t-test cutoff at 1% permutation-based false discovery rate).
According to this analysis, 7.6 or 8.3% of the proteins detected
in the secretome of control or stimulated MSC, respectively, were
differentially expressed, either upregulated or downrequlated.
These proteins were clustered according to their functions using
the DAVID platform®” filtered for significant Gene Ontology
Biological Process (GOBP) terms using a P-value of < 0.05.

Concerning the 52 proteins that were significantly down-
regulated or present only in the secretome of unstimulated MSC
(Supplementary Table 51), GO analysis revealed that most terms
are related to metabolic processes (Supplementary Figure S3). As
for the 89 proteins that were significantly upregulated or present
only in the secretome of stimulated MSC (Supplementary Table 52
and Figure 6a), GO analysis indicated that 18 and 30% of the
proteins belong to categories that are related to regulation of
angiogenesis and inflammation  processes,  respectively
(Supplementary Table S2 and Figure 6b). In particular, the
presence of an ‘angiogenesis-related’ signature among upregu-
lated proteins was also confirmed by preliminary analyses of
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Figure 4, MSC suppress HEV lengthening and branching. (a-e) Mice were treated as described in Figure 1a, and on day 4 brachial LNs were

prepared for OPT imaging (Meca-79 Alexa-594 and B220 Alexa-488). (a) Representative images from OPT scanning (scale bar, 400 pm). (b) Total
HEV length per LN. (c) Total HEV volume per LN. (d) Number of HEV segments per LN. (e) Number of branch points per LN. (f, g) 3D
immunofluorescence of lymphocyte homing in the presence of MSC tested at day 3 post immunization. (f) Representative images.
(g) Absolute counts per mm® in OVA and OVA+MSC-treated mice, with error bars representing s.e. (*P < 0.05, **P < 0.01; t-test).

human MSC secretome, which reveals that all the 16 upregulated
proteins in stimulated MSC secretome common to human and
mouse are modulators of angiogenesis (Supplementary Table S3).

Among the several proteins upregulated in MSC by the
inflammatory cytokines that have a direct or indirect effect on
endothelial cells, we focused our attention on the TIMP-1 because
of its well-known anti-angiogenic properties.’® We thus used the
tube formation assay to analyze the effect of MSC-derived TIMP-1
on angiogenesis. Although the blocking anti-TIMP-1 antibody had
no effect on the ability of endothelial cells to form tubes when
cultured in the supernatants of unstimulated MSC, it totally
reverted the anti-angiogenic properties of the supernatant from
stimulated MSC (Figure 7a), indicating that, al least in this in vitro
setting, TIMP-1 is one of the key MSC-secreted molecules
targeting the endothelium. In an in vivo setting, the injection of
neutralizing anti-TIMP-1 antibody'® 1 day after MSC transplanta-
tion reverted the MSC-induced reduction of endothelial cell
numbers and HEV in dLNs (Figures 7b-d), suggesting that TIMP-1
may be directly responsible for the anti-inflammatory effects of
MSC on LNs. To confirm this hypothesis, we used a siRNA
approach to knock down TIMP-1 expression in MSC
(Supplementary Figure S4). Again, the absolute cell numbers of
endothelial cells and HEV in dLN were reduced by MSC transfected

Leukemia (2016) 1143-1154

with the scramble siRNA control but not by MSC with TIMP-1
siRNA (Figures 7e-g).

On the basis of these results, we speculated that overexpression
of TIMP-1 might be sufficient to mimic the effects of MSC
transplantation, in terms of inhibition of angiogenesis in the
inflamed lymph nodes. TIMP-1 overexpression by AAV9-mediated
gene transfer’® in mice immunized with CFA/OVA (Figure 8a)
inhibited the inflammatory reaction in the draining LNs, as
indicated by the reduced total cellularity (Figure 8b), which was
due to a decreased number of both CD45" cells (Figure 8c) and
endothelial and HEV cells (Figures 8d and e).

DISCUSSION

MSC have been studied across a range of clinical indications and
represent a promising therapeutic approach in many diseases in
view of their potent immunomodulatory properties. To design
better therapeutic protocols and define the clinical endpoints, it is
important to identify the specific targets of MSC anti-inflammatory
action in vivo. In this study, we have demonstrated that LN
endothelial cells and HEV are a direct target of MSC-based
therapy.

LNs are the organs where the initiation of immune responses
takes place and their structure guides and organizes the crosstalk

© 2016 Macmillan Publishers Limited
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Endothelial cells are a direct target of MSC-secreted molecules. The supernatant of MSC stimulated with IL-1b, IL-6 and TNF-a (MSC-

CM) or unstimulated MSC (unst MSC) was collected as described in Materials and methods, and its effect on endothelial cell lines activation
was determined. (a, b) SVEC4-10 network formation. Representative images at 6 h and segment length quantification indicated as % of
variation in comparison with control condition. Data are expressed as mean + s.e.m. and represent the pool of three experiments (t-test). (c, d)
Expression of endothelial adhesion molecules. Representative histograms showing the mean fluorescence intensity (MFI) of VCAM-1 and
ICAM-1 on MELC and 1G11 endothelial cell line. (e, ) Quantitative analyses of (c) and (d), respectively (t-test). (g-j) TNF-a induced NF-kB
translocation. Representative confocal images (x40) of MELC (g) or 1G11 (h) cells stained for NF-kB and phalloidin. Scale bar 10 um. (i, j)
Quantification of NF-kB translocation into the nucleus expressed as percentage of the total (one representative experiment out of three;

one-way ANOVA) (*P < 0.05; **P < 0.01; ***P < 0.0001).

between lymphocytes and antigen-presenting cells during both
normal responses to pathogens and immune-mediated diseases,
such as autoimmunity, allergy or graft-versus-host disease.*®
When a robust immune response develops, infiltrating and
dividing lymphocytes markedly increase LNs cellularity, leading
to organ expansion. During this swelling, there is massive
endothelial cell proliferation and vascular expansion occurs.*
Both acute and chronic inflammatory processes are indeed
associated with pronounced vascular remodelling. Angiogenesis
and lymph angiogenesis, the growth of new blood vessels and

© 2016 Macmillan Publishers Limited

lymphatic vessels from pre-existing ones, are involved in a
number of physiological and pathological conditions, such as
wound healing, tumor growth, rheumatoid arthritis, inflammatory
bowel disease and asthma.*’ Thus, the identification of therapies
that specifically inhibit angiogenesis may represent a weapon to
reduce inflammation and prevent disease progression.'®
Recently, it was demonstrated that MSC have a potent
stabilizing effect on the vascular endothelium, having the capacity
of inhibiting endothelial permeability after traumatic brain injury®?
and in hemorrhagic shock.”> Our results demonstrate that, during
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Figure 6. Distribution into biological processes of the proteins upregulated in MSC-CM. The proteins that were significantly upregulated or
present only in MSC-CM were classified into different biological processes according to the GO classification system. (a) The bar chart shows
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(b) Proteins categorized as modulators involved in inflammation processes and/or angiogenesis. The histograms report the GOBP groups
related to angiogenesis or inflammation.
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analyzed by flow cytometry; (f, g) graphs showing the absolute number of CD45°CD31" cells and HEV PNAd" cells per single dLN. Data are
expressed as normalized percentage on CFA/OVA (Mann-Whitney test) (*P < 0.05; **P < 0.01).

an immune response, MSC inhibit HEV proliferation, activation and
elongation in dLNs, thus reducing the recruitment of immune
cells. In agreement with our data, homing of dendritic cell to dLNs
was reduced in the presence of MSC in several mouse models****
and in vitro co-cultures of MSC with endothelial cells down-
regulated cytokine-induced recruitment of neutrophils and
lymphocytes.*®

In our study, the effects of MSC on endothelial cell activation,
HEV elongation and T-cell trafficking do not require MSC homing
to LNs and are all mediated by soluble factors released by MSC.

© 2016 Macmillan Publishers Limited

This is in agreement with another study showing an anti-
angiogenic activity for soluble factors present in media derived
from MSC/glioma co-cultures.*” The proteomic analysis of the MSC
secretome indicated that, upon activation by inflammatory
cytokines, MSC upregulate the expression of several proteins
potentially affecting angiogenesis and inflammation through
multiple pathways. Interestingly, when we compared the secre-
tomes of human and mouse MSC, we found that only 16 proteins
are upregulated in both cell types and 11 of them modulate
angiogenesis directly or indirectly, thus supporting the idea that
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Figure 8. TIMP-1 overexpression in vivo mimics MSC transplantation. (a) Diagram of the experimental protocol designed to overexpress TIMP-1
in immunized mice. One day after AAV9-TIMP-1 or AAV9-LacZ administration (day 0), mice were immunized with CFA/OVA. Brachial dLNs were
collected 4 days after immunization and processed for flow cytometry. The graphs show the absolute number of total cells (b), CD45" cells (c),
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(*P < 0.05; **P < 0.01; Mann-Whitney test).

the endothelium is a specific target of MSC during inflammation.
Notably, although many soluble factors released by cytokine-
triggered MSC are positive regulators of angiogenesis, in the
experimental system here described the overall in vivo effect of
MSC is a reduced dLN vascular expansion.

Angiogenesis requires degradation of the vascular basement
membrane and remodelling of the extracellular matrix to allow
endothelial cells migration and invasion into the surrounding
tissue. This process requires the action of matrix metalloprotei-
nases (MMPs) that degrade both matrix and non-matrix proteins
and have central roles in morphogenesis, wound healing, tissue
repair and in progression of chronic diseases.”® The balance
between MMPs and their natural inhibitors, the TIMPs, is critical for
extracellular matrix remodelling and angiogenesis. The TIMP
family comprises four protease inhibitors: TIMP-1, TIMP-2, TIMP-3
and TIMP-4. With the exception of TIMP-4,* all three TIMPs inhibit
angiogenesis in vivo,*® although through diverse mechanisms.
MSC secrete both MMPs and their inhibitors, and thus contribute
to the regulation and protection of the perivascular niche.*®

Using both in vitro and in vivo assays, we identified the
metalloproteinase inhibitor TIMP-1 as the molecule responsible for
the anti-angiogenic effects of MSC. TIMP-1 is known to inhibit
endothelial cells migration by MMP-dependent and MMP-
independent mechanisms.”’ " The latter involve regulation of
various biological processes such as cell g owth, apoptosis and
differentiation through the CD63 receptor.”*** In addition, TIMP-1
was shown to induce secretion of soluble VEGFR-1 by human
endothelial cells, leading to a decrease of bioavailable VEGF and of
blood vessel growth.”® TIMP-3 has also been identified as a soluble
factor produced by MSC with beneficial effects on endothelial cell
function in a mouse model of traumatic brain injury;” however,
we did not find evidence for TIMP-3 upregulation in the mouse or
human MSC secretomes. It is likely that, in vivo, other soluble
factors in addition to TIMP-1 contribute to MSC-mediated immune
regulation: MSC are also known to produce prostaglandin E2 and
thus inhibit the activation of macrophages,*® which are a source of
multiple growth factors that enhance endothelial cell proliferation
and survival.”® Indeed, we confirmed prostaglandin E2 secretion
by stimulated MSC (not shown) and, in addition, we found that

Leukemia (2016) 1143-1154

MSC release several other anti-inflammatory lipids, such as
resolvinD1 and LipoxinA4 (not shown) that may also affect
endothelial cell activation and/or proliferation. Another interesting
mediator found in the MSC secretome is the soluble form of
VCAM-1 (sVCAM-1). High levels of sWCAM-1 have been detected in
the synovial fluid of patients with rheumatoid arthritis®® and in the
blood of patients with different types of cancers,®’ but its origin is
not entirely clear and our data suggest that MSC may represent an
important source of this molecule. Although sVCAM-1 is described
as a promoter of angiogenesis,® by altering leukocyte trafficking®
or inhibiting T-cell activation,®® it may contribute to the MSC-
induced suppression of T-cell recruitment that we observed in
this study.

The results presented here clearly position endothelial cells as a
key target of MSC-mediated immunomodulation during ongoing
inflammatory responses and pave the way for developing
strategies that exploit MSC-mediated inhibition of lymph-node
angiogenesis in the treatment of inflammation-associated pathol-
ogies. Furthermore, by identifying TIMP-1 as a critical effector of
the anti-inflammatory properties of MSC, this study pinpoints a
potential new biomarker in clinical settings. Further studies on the
role of TIMP-1 in human MSC are required to confirm its
correlation with clinical outcomes or its value in selecting the
best source of MSC for immunomodulation.
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Mesenchymal stem cells (MSC) represent an impressive opportunity in term of regenerative medicine and im-
munosuppressive therapy. Although it is clear that upon transplantation MSC exert most of their therapeutic ef-
fects through the secretion of bioactive molecules, the effects of a pro-inflammatory recipient environment on
MSC secretome have not been characterized. [n this study, we used a label free mass spectrometry based quan-
titative proteomic approach to analyze how pro-inflammatory cytokines modulate the composition of the
Keywords: human MSC secretome. We found that pro-inflammatory cytokines have a strong impact on the secretome of
Secretome human bone marrow-derived MSC and that the large majority of cytokine-induced proteins are involved in in-
MSC flammation and/or angiogenesis. Comparative analyses with results recently obtained on mouse MSC secretome

Stem cells stimulated under the same conditions reveals both analogies and differences in the effect of pro-inflammatory
Mass spectrometry cytokines on MSC secretome in the two organisms. In particular, functional analyses confirmed that tissue inhib-
TIMP-1

itor of metalloproteinase-1 (TIMP1) is a key effector molecule responsible for the anti-angiogenic properties of
both human and mouse MSC within an inflammatory microenvironment. Mass spectrometry data are available
via ProteomeXchange with identifier PXD005746
Significance: The secretion of a broad range of bioactive molecules is believed to be the main mechanism by which
MSC exert specific therapeutic effects. MSC are very versatile and respond to specific environments by producing
and releasing a variety of effector molecules, To the best of our knowledge this is the first study aimed at describ-
ing the secretome of human MSC primed using a mixture of cytokines, to mimic pro-inflammatory conditions en-
countered in vivo, by a quantitative high-resolution mass spectrometry based approach. The main output of the
study concerns the identification of a list of specific proteins involved in inflammation and angiogenesis which
are overrepresented in stimulated MSC secretome. The data complement a previous study on the secretome of
mouse MSC stimulated under the same conditions. Comparative analyses reveal analogies and differences in
the biological processes affected by overrepresented proteins in the two organisms. In particular, the key role
of TIMP-1 for the anti-angiogenic properties of stimulated MSC secretome already observed in mouse is con-
firmed in human. Overall, these studies represent key steps necessary to characterize the different biology of
MSC in the two organisms and design successful pre-clinical experiments as well as clinical trials.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction distribution in an adult organism; indeed, they can be isolated from sev-
eral adult tissues including bone marrow, adipose tissue, kidney and
liver [1].

As multipotent progenitor cells, depending on the stimulus and the
culture conditions employed, MSC are able to differentiate into various
cell types, especially of the mesodermal lineage. The maintenance of
stem cell subsets in adult tissues has been suggested as the physiological
role of MSC, especially in the context of bone marrow. The localization of

Mesenchymal stem cells (MSC) are a heterogeneous population
of adherent cells with a self-renewable capacity and with a wide
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1874-3919/© 2017 Elsevier B.V. All rights reserved.

MSC in vivo indicates that they are fundamental components of the
perivascular niche, controlling maintenance and trafficking of Hemato-
poietic Stem Cells (HSC) and immune cells [2].
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Besides their physiological role, MSC represent an impressive oppor-
tunity in term of regenerative medicine and immunosuppressive thera-
py. Indeed, in vitro studies demonstrated the ability of MSC to inhibit
proliferation and activation of a large number of immune cells such as
T cells, B-cells, natural killer cells (NK) and dendritic cells (DC) [3].
The secretion of a broad range of bioactive molecules is now believed
to be the main mechanism by which MSC exert specific effects [4].
Thus, it has become increasingly important to achieve a complete qual-
itative and quantitative characterization of MSC secretome by —omics
approaches, as confirmed by the large number of recent studies aimed
at characterizing the secretome of MSC primed under different condi-
tions [5-18]. Indeed, several studies have demonstrated that MSC are
very versatile and respond to the environment by producing and releas-
ing a variety of effector molecules [19]. This is a crucial issue when con-
sidering MSC-based therapy, because the biological activity of the
transplanted cells will be strongly influenced by the inflammatory sta-
tus of the host [20]. In this regard, we have recently published a paper
reporting the employment of a high-throughput proteomic approach
to detect the specific proteins whose expression is modulated when
mouse MSC (mMSC) are primed by pro-inflammatory cytokines [21].
The main result of our study was the observation that pro-inflammatory
stimulation results in up-regulation in the mMSC secretome of a num-
ber of both pro- and anti-angiogenic proteins. Amongst the latter,
TIMP-1 - an endogenous inhibitor of metalloproteinases - was
pinpointed as a key factor for the anti-angiogenic and anti-inflammato-
ry effects exerted by the stimulated mMSC [21].

Human MSC (hMSC) are currently being tested in a wide range of
clinical settings, mainly in autoimmune diseases (multiple sclerosis,
rheumatoid arthritis, Crohn's disease, etc.), graft-versus-host disease
(GvHD), wound repair, ischaemia/stroke, liver diseases and HSC en-
graftment. Despite the large number of ongoing clinical trials, the dem-
onstration of a beneficial effect from hMSC in large placebo-controlled
trials remains elusive. In some cases, hMSC have even been reported
to lead to the exacerbation of disease symptoms [22,23]. Amongst the
reasons responsible for this inconsistency, there might be differences
in the responses of mouse and human MSC to the inflammatory milieu.
Indeed, pre-clinical experiments in mice that are based on the use of ei-
ther human or mouse MSC have important limitations: when human
cells are transplanted in the mouse, it is possible that some of the
cross-talks between MSC and the host are impaired and that this may
strongly affect the therapeutic effects of MSC transplantation; on the
other hand, mMSC may have different biological properties than
hMSC. Understanding the biology of human and mouse MSC is therefore
necessary to design and perform successful pre-clinical experiments as
well as clinical trials.

To the best of our knowledge, the present study reports for the first
time a quantitative proteomic characterization of the secretome of
human, bone marrow-derived MSC primed with pro-inflammatory cy-
tokines. Proteomic analyses were conducted under exactly the same
conditions used in our previous investigation on mMSC in order to
avoid variations with methodology, allowing direct comparative analy-
sis between the results obtained with the two organisms.

2. Material and methods
2.1. Isolation of mMSC

mMSC were isolated as described [21] by flushing the femurs and
tibias from 8 week-old, C57BI/6N female mice and cultured in 25 cm?
tissue culture flasks at a concentration of 2 x 10° cells/cm? using com-
plete Dulbecco modified Eagle medium low glucose (DMEM, Lonza,
Braine-L'Alleud, Belgium) supplemented with 20% heat inactivated
fetal bovine serum (Biosera, Ringmer, United Kingdom), 2 mM gluta-
mine (Lonza), 100 U/mL penicillin/streptomycin (Lonza). Cells were in-
cubated at 37 °C in 5% CO,. After 48 h, the non-adherent cells were
removed. After reaching 70-80% confluence, the adherent cells were

trypsinized (0.05% trypsin at 37 °C for 3 min), harvested and expanded
in larger flasks. MSC at passage 10 were screened by flow cytometry for
the expression of CD106, CD45, CD117, CD73, CD105, MHC-I, SCA-1 and
CD11b and used to perform experiments (BD Pharmingen, Oxford, UK).

2.2. Collection of conditioned medium (CM) of mMSC

mMSC were plated as described [21] and let grow until confluence in
ventilated cap flask. Growth medium was substituted with DMEM low
glucose supplemented with 10% FBS, 2 mM glutamine, 100 U/mL peni-
cillin/streptomycin, with (st mMSC) or without (unst mMSC) 25 ng/mL
miL1b, 20 ng/mL mILG, 25 ng/mL mTNFa for 24 h. After three washes in
DMEM low glucose, the medium was changed with DMEM low glucose
supplemented with 2 mM glutamine, 100 U/mL penicillin/streptomycin
for the following 18 h. Conditioned medium was harvested and centri-
fuged at 4000 rpm for 10 min.

2.3. Isolation of hMSC

hMSC were provided by Orbsen Therapeutics Ltd. (Galway, Ireland).
Ethical approvals are granted from the NUIG Research Ethics Committee
and the Galway University Hospitals Clinical Research Ethics Committee
(CREC). Briefly, bone marrow was harvested from volunteers, and the
cell culture was set up as previously described [24]. hMSC were charac-
terized according to international guidelines [25]. All samples were ob-
tained with informed consent. Procurement of the sample conformed to
European Parliament and Council directives (2001/20/EC; 2004/23/EC).

24. Collection of conditioned medium (CM) of hMSC

hMSC were plated in with MEM Alpha with Glutamax supplemented
with 10% FBS, 2 mM glutamine, 100 U/mL penicillin/streptomycin and
let grow until confluence in in a humidified incubator with 5% CO»
and 37 °C. At the moment of the confluence, medium was substituted
with MEM Alpha with Glutamax supplemented with 2% FBS, 2 mM glu-
tamine, 100 U/mL penicillin/streptomycin, with (st hMSC) or without
(unst hMSC) 25 ng/mL hIL1b, 20 ng/mL hIL6, 25 ng/mL hTNFa. 24 h
later, after three washes in MEM Alpha with Glutamax, the medium
was changed with MEM Alpha with Glutamax supplemented with
2 mM glutamine, 100 U/mL penicillin/streptomycin for the following
18 h. Conditioned medium was harvested and centrifuged at
4000 rpm for 10 min.

2.5, Endothelial cell lines

SVEC4-10 (ATCC #CRL-2181 Manassas, VA), an endothelial cell line
from murine axillary lymph nodes, was cultured in a humidified incuba-
tor with 5% CO, and 37 °C, in DMEM (ATCC 30-2002 Manassas, VA)
supplemented with 10% heat-inactivated FBS, 1% penicillin and
streptomycin.

Human Umbilical Vein Endothelial Cells (HUVEC, Lonza C2519A)
were cultured in a humidified incubator with 5% CO5 and 37 °C with
EBM-2 Basal Medium supplemented by EGM-2 BulletKit (CC-3156 &
CC-4176). All the plastics used for HUVEC culture were pre-coated
with 0.2% gelatin in H20 (37 °C for at least 2 h). Cells were subcultured
using 0.05% trypsin, 0.02% EDTA solution.

2.6. Tube formation assay SVEC4-10

Matrigel Matrix (Corning) was thawed overnight at 4 "C. Tips and
96-well plates flat bottom were pre-chilled overnight before
performing the experiment. The day of the assay, 80 pL of Matrigel
were seeded in the 96-well plate and left to polymerize at 37 °C, 5%
€O, for at least 30 min. 1.5 x 10* SVEC4-10 were first suspended in
100 pL of MSC-CM, supplemented with 10% FBS, alone or with anti-
TIMP-1 (AF980 R&D) at the final concentration of 5 pg/mL, and then
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seeded on the solidified matrix. The formation of the tube networks de-
velops in 4 h at 37 °C 10% CO,. DMEM low glucose supplemented with
10% heat-inactivated FBS were used as positive control. At the end of
the incubation, cell tubes were imaged with a phase contrast inverted
microscope at 4 x objective magnifications and analysis was performed
with Image] Angiogenesis Analyzer.

2.7. Tube formation assay HUVEC

Matrigel Matrix (Corning) was thawed overnight at 4 °C. The day of
the assay, 100 pL of Matrigel were seeded in the 96-well plate and left to
polymerize at 37 °C, 5% CO, for at least 30 min. 2 x 10* HUVEC were first
suspended in 100 pl of hMSC-CM, supplemented with 10% FBS, alone or
with anti-TIMP-1 (AF970 R&D) at the final concentration of 5 pg/mL,
and then seeded on the solidified matrix. The formation of the tube net-
works develops in 4 h at 37 °C 10% CO,. MEMalpha supplemented with
10% heat-inactivated FBS were used as positive control. At the end of the
incubation, cell tubes were imaged with a phase contrast inverted mi-
croscope at 4x objective magnifications and analysis was performed
with Image] Angiogenesis Analyzer.

2.8. Isolation and differentiation of mouse bone marrow-derived
monocytes

Bone marrow cell suspensions were obtained by flushing femurs
and tibias of 8- to 12-week-old C57BI/6N mice (Charles River; Sulzfeld,
Germany) with complete DMEM low Glucose supplemented with 10%
FCS, 1% Pen/Strep and 1% L-glutamine. Possible cellular aggregates
were removed by pipetting and red cells were eliminated through
ACK lysis buffer (10-548E, Lonza). Cells were washed twice with medi-
um, seeded on 24-well plates (Corning Costar; Schiphol-Rijk, The Neth-
erlands) at the concentration of 10° cells/mL and maintained in a
humidified incubator with 5% CO, and 37 °C.

Cells were supplemented with 20 ng/mL mM-CSF as positive con-
trol, or cultured in mMSC-CM supplemented with 10% FBS. MSC-CM
and mM-CSF were replaced three days later. Cells were harvested five
days later by gentle pipetting and repeated washing with phosphate
buffered saline (PBS), and 2 mM EDTA. Monocytes differentiation was
analysed by flow cytometry.

2.9. Isolation and differentiation human blood-derived monocyte

Peripheral Blood Monocyte Cells (PBMCs) from healthy donors were
isolated by centrifugation on Ficoll-Paque solution and placed on Percoll
46% vol/vol solution (Amersham Biosciences) in RPMI 1640-10% FCS
and 4 mM. Monocytes were harvested, resuspended in medium-2%
FCS, and let to adhere to plastic (1 h at 37 °C) in order to eliminate con-
taminating lymphocytes. For macrophage differentiation, 3 x 10°
monocytes were seeded in 24-well plates with MEMalpha supplement-
ed with 20% FBS in the presence of 100 ng/mL h-M-CSF as positive con-
trol, or they were cultured in hMSC-CM plus 20% FBS. After five days of
differentiation, monocyte-derived macrophages were analysed by flow
cytometry using CD14 staining.

2.10. Flow Cytometry analysis

The expression of macrophage surface markers was evaluated by
Flow Cytometry analysis. Briefly, cells were washed and stained in PBS
supplemented with 2% fetal calf serum. After 20 min of incubation at 4
°C with Purified Rat Anti-Mouse CD16/CD32 (Mouse BD Fc Block™
553142), fluorescent antibodies were diluted in PBS supplemented
with 2% fetal calf serum, to identify mouse macrophages (CD11b:PeCy7
BD 552850 and F4/80:Alexa Fluor® 488 BioRad MCA497F) and human
macrophages (CD14: PE R&D FAB3832P). Cell viability was assessed
with the Live/Dead Fixable Aqua Dead Cell Stain Kit (Invitrogen), fol-
lowing the manufacturer's instructions, After the final wash, cells were

fixed in 1% paraformaldehyde and acquired with the BD FACSCanto™
Il system. Post-analysis of flow cytometry data was performed using
Flow]o™ software (Tree Star Inc.).

2.11. ELISA-assay

To detect M-CSF and TIMP-1 concentration in MSC-CM, ELISA assays
were performed following the manufacturer’s instruction (for human,
M-CSF DuoSet ELISA DY216 and TIMP-1 DuoSet ELISA DY970; for
mouse, M-CSF DuoSet ELISA DY416 and TIMP-1 DuoSet ELISA DY980).

2.12. LC-ESI MS/MS analysis

Five technical replicas, including steps for sample preparation and
mass spectrometric analysis, were performed for each sample (st
hMSC-CM from patient H30, unst hMSC-CM from patient H30, st
hMSC-CM from patient H34, unst hMSC-CM from patient H34).

Proteomic analyses were performed as described [21]. Briefly, pro-
teins were precipitated with 10% tricholoracetic acid for 2 h on ice, re-
duced, carbamydomethylated and digested with trypsin sequence
grade trypsin (Roche) for 16 h at 37 °C using a protein:trypsin ratio of
50:1. Nano LC-ESI-MS/MS analysis was performed on a Dionex UltiMate
3000 HPLC System with a PicoFrit ProteoPrep C18 column (200 mm, in-
ternal diameter of 75 um) (New Objective, USA) Gradient:1% ACN in
0.1% formic acid for 10 min, 1-4% ACN in 0.1% formic acid for 6 min,
4-30% ACN in 0.1% formic acid for 147 min and 30-50% ACN in 0.1%
formic for 3 min at a flow rate of 0.3 pL/min. The eluate was
electrosprayed into an LTQ Orbitrap Velos (Thermo Fisher Scientific,
Bremen, Germany) through a Proxeon nanoelectrospray ion source
(Thermo Fisher Scientific). The LTQ-Orbitrap was operated in positive
mode in data-dependent acquisition mode to automatically alternate
between a full scan (m/z 350-2000) in the Orbitrap (at resolution
60,000, AGC target 1,000,000) and subsequent CID MS/MS in the linear
ion trap of the 20 most intense peaks from full scan (normalized colli-
sion energy of 35%, 10 ms activation). Isolation window: 3 Da, unas-
signed charge states: rejected, charge state 1: rejected, charge states
2+,3+,4+: not rejected; dynamic exclusion enabled (60 s, exclusion
list size: 200). Data acquisition was controlled by Xcalibur 2.0 and Tune
2.4 software (Thermo Fisher Scientific).

Mass spectra were analysed using MaxQuant software (version
1.3.0.5) [26]. The initial maximum allowed mass deviation was set to
6 ppm for monoisotopic precursor ions and 0.5 Da for MS/MS peaks. En-
zyme specificity was set to trypsin, defined as C-terminal to arginine
and lysine excluding proline, and a maximum of two missed cleavages
were allowed. Carbamidomethylcysteine was set as a fixed modifica-
tion, N-terminal acetylation and methionine oxidation as variable mod-
ifications. The spectra were searched by the Andromeda search engine
against the human UniProt sequence database (release 2014_01). Pro-
tein identification required at least one unique or razor peptide per pro-
tein group. Quantification in MaxQuant was performed using the built
in XIC-based label free quantification (LFQ) algorithm [27] using fast
LFQ. The required false positive rate was set to 1% at the peptide and
1% at the protein level, and the minimum required peptide length was
set to 6 amino acids.

2.13. Statistical and bioinformatics analyses

Statistical analyses were performed using the Perseus software (ver-
sion 1.4.0.6 [28]). Only proteins present and quantified in at least 3 out
of 5 technical repeats were considered as positively identified in a sam-
ple (st hAMSC-CM from patient H30, unst hMSC-CM from patient H30, st
hMSC-CM from patient H34, unst hMSC-CM from patient H34). t-Test
analysis of stimulated versus unstimulated technical replicas were con-
ducted separately for samples from the two patients, Comparing the re-
sults obtained in the two analyses, proteins were considered
differentially expressed in stimulated samples if they were present
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Proteins overrepresented or present only in st hMSC-CM.

Gene names  Protein names Protein H30 H34 Angiogenesis®  Inflammation”
D -Log P t-test  t-Test Diff* -Log P t-test  t-Test Diff*
ABI3BP Target of Nesh-SH3 D3YTG3  Only in stimulated
AGRN Agrin 000468 5339 2.799 3.970 1.066 X X
ALCAM CD166 antigen Q13740  Only in stimulated b 4 X
ARHGAP1 Rho GTPase-activating protein 1 Q07960  Only in stimulated
BMP1 Bone morphogenetic protein 1 P13497  3.745 1175 4.642 0.751 X X
CIR Complement C1r subcomponent P00736 8.619 2.624 6.801 2132 X
cis Complement C1s subcomponent P09871  6.886 1.883 6.503 1.992 X
a Complement C3 P01024 10.267 7.920 5.001 4.683 b 4 X
CA12 Carbonic anhydrase 12 043570  Only in stimulated X X
CCL2 C-C motif chemokine 2 P13500 9.381 6.120 10.273 9.600 X X
CDC37 Hsp90 co-chaperone Cdc37 Q16543  Only in stimulated X
CFB Complement factor B B4E1Z4 Only in stimulated X X
CFH Complement factor H P08603 5.941 2293 6.526 2.405 X
CHI3L1 Chitinase-3-like protein 1 P36222 6.932 1.415 6.918 1.353 X X
CLSTN1 Calsyntenin-1 094985  4.674 0,615 3.190 0.932
COL16A1 Collagen alpha-1(XVI) chain AGNDR9  5.166 1.459 4.026 1.439 X
COL3A1 Collagen alpha-1(111) chain P02461 7.283 0.588 10.347 1.865 X
COL5A2 Collagen alpha-2(V) chain P05997 1.555 0.170 7.749 1.353
COL7A1 Collagen alpha-1(VII) chain Q02388 5.682 2193 2828 0.961 X
CSF1 Macrophage colony-stimulating factor 1 P09603  Only in stimulated X X
CTHRC1 Collagen triple helix repeat-cont prot 1 Q96CC8  5.339 1314 4.189 1.134 54
CTSB Cathepsin B P07858 3.149 0.636 5472 1.500 b 4 X
CXCL1 Growth-regulated alpha protein P09341 Only in stimulated X X
CXCL12 Stromal cell-derived factor 1 P48061 5.665 2.429 1.652 0.470 X X
CXCL5 C-X-C motif chemokine 5 P42830  Only in stimulated X X
CXCL6 C-X-C motif chemokine 6 P80162  Only in stimulated X X
CYRG1 Protein CYR61 000622  Only in stimulated X X
DCN Decorin P07585  5.699 0.835 5.760 1.253 X X
EFEMP2 EGF-cont fibulin-like extrac matrix prot 2 095967 3.013 1.193 5.790 1.640 X
EIF6 Eukaryotic translation initiation factor 6 P56537 Only in stimulated b 4 X
ELN Elastin FSWAH6 4.693 1.332 5715 2.206 X X
EXT1 Exostosin-1 Q16394  3.775 1.085 2.266 0.485
EXT2 Exostosin-2 Q93063  Only in stimulated
FBLN1 Fibulin-1 P23142 4,242 0.867 6.450 1.323 X
FBN1 Fibrillin-1 P35555 6.035 0.969 6.557 1.909 b 4 X
FKBP1A Peptidyl-prolyl cis trans isomerase P62942 Only in stimulated X
FN1 Fibronectin P02751 5.787 0.793 5421 0358 X X
FNDC1 Fibronectin type Il domain-cont prot 1 Q4ZHG4 5.245 2.301 7.588 1418 X X
FSTL1 Follistatin-related protein 1 Q12841 3.823 0.817 7.039 1.968 X x
GALNT2 Polypeptide N-acetylgalactosaminyltransferase 2 Q10471 2914 0.542 2.360 0.895 b 4
GBP1 Interferon-induced guanylate-binding prot 1 P32455 Only in stimulated X X
GC Vitamin D-binding protein P02774 Only in stimulated X
HLA-A HLA class I histocompatibility antigen, A-24 alpha chain ~ P05534 5.130 1.393 3.813 1312 X
HLA-C HLA class I histocompatibility antigen, Cw-7 alpha chain  A2AEA2  3.071 1.381 3.304 1.231 X
HSPG2 Base membr-spec hepar sulf proteoglycan core prot P98160  8.735 1.796 9.468 2.141 X X
HYOU1 Hypoxia up-regulated prot 1 Q9Y4L1  Only in stimulated X X
ICAM1 Intercellular adhesion molecule 1 P05362 Only in stimulated X X
IGFBP4 Insulin-like growth factor-binding prot 4 P22692 4346 1.526 3.986 1.009 X X
IGFBPG Insulin-like growth factor-binding prot 6 P24592 Only in stimulated X X
IGFBP7 Insulin-like growth factor-binding prot 7 Q16270  2.725 0.397 4.650 0947 > 4 X
L6 Interleukin-6 P05231 Only in stimulated X X
18 Interleukin-8 P10145  Only in stimulated b 4 X
INHBA Inhibin beta A chain P08476 7.879 3.140 5875 1.448 X
ITIH2 Inter-alpha-trypsin inhibitor heavy chain H2 P19823 3.742 1.104 1276 0382 X
ITM2B Integral membrane protein 2B;BRI2 QoY287 3573 1.994 5351 1.035
KRT6B Keratin, type Il cytoskeletal 6B P04259 Only in stimulated
LAMA4 Laminin subunit alpha-4 Q16363  2.027 0.234 1.925 0.173 %
LAMB2 Laminin subunit beta-2 P55268 5174 3708 4936 1.006
LEPRE1 Prolyl 3-hydroxylase 1 Q32P28  Only in stimulated X X
LGALS3BP Galectin-3-binding protein Q08380  8.011 1,487 6.749 1314 575 X
LOXL2 Lysyl oxidase homolog 2 QIY4K0 6219 1.195 5732 1.521 b 4 X
LYZ Lysozyme C P61626 3.547 0.507 1328 0.607 X
MAN1A1 Mannosyl-oligosaccharide 1,2-alpha-mannosidase IA P33908 Only in stimulated 4 X
MANBA Beta-mannosidase 000462  Only in stimulated
MMP1 Interstitial collagenase P03956  Only in stimulated % X
MMP10 Stromelysin-2 P09238 Only in stimulated b 4 X
MMP13 Collagenase 3 G5E971  Only in stimulated X X
MMP2 72 kDa type IV collagenase P08253 6.555 1.090 7.061 1.043 X X
MMP3 Stromelysin-1 P08254 Only in stimulated b 4 X
NID1 Nidogen-1 P14543 3.840 0.925 3.450 0.890 X X
NID2 Nidogen-2 Q14112 4384 1.133 3.823 0.855
NUCB1 Nucleobindin-1 Q02818  5.878 0.985 3.867 0.703
PLOD1 Procollagen-lysine,2-oxoglutarate 5-dioxygenase 1 B4DR87  3.944 0.876 2.180 0.264
PLOD2 Procollagen-lysine,2-oxoglutarate 5-dioxygenase 2 000469  5.967 2.636 5.402 2331 X
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Cene names  Protein names Protein H30 H34 Angiogenesis”  Inflammation”
ID -Log Pt-test  t-Test Diff* -Log P t-test  ¢-Test Diff*

PSMA5 Proteasome subunit alpha type-5 P28066  Only in stimulated

PSME2 Proteasome activator complex subunit 2 Q9UL46  Only in stimulated

PTX3 Pentraxin-related protein PTX3 P26022 7.000 3580 8.516 3.256 % i

PXDN Peroxidasin homolog Q92626 6359 1.401 5.119 1122

QPCT Glutaminyl-peptide cyclotransferase Q16769  3.070 1.972 4593 2.140 X

Qs0x1 Sulfhydryl oxidase 1 000391 5.232 1.616 9.152 2155 X

RNASE4 Ribonuclease 4 P34096  Only in stimulated X X

sDC4 Syndecan-4 P31431 1.696 0.810 3.199 1321 X X

SDF4 45 kDa calcium-binding prot QIBRKS  2.014 0353 3.547 0.862 &

SERPINB2 Plasminogen activator inhibitor 2 P05120  Only in stimulated %

SERPINE1 Plasminogen activator inhibitor 1 P05121 8172 2.596 6.111 1.557 X X

SLC39A14 Zinc transporter ZIP14 Q15043  Only in stimulated

SLC3A2 4F2 cell-surface antigen heavy chain P08195  Only in stimulated

S0D2 Superoxide dismutase [Mn] P04179  Only in stimulated X X

SRGN Serglycin P10124 5.249 1412 3.353 1.084 X

SRPX2 Sushi repeat-containing prot SRPX2 060687  7.209 2708 3.423 2482 X i

SSB Lupus La protein P05455  Only in stimulated

STC2 Stanniocalcin-2 076061 Only in stimulated X

TIMP1 Metalloproteinase inhibitor 1 P01033 2.940 1.254 5.763 1.081 X X

TNC Tenascin P24821 6.040 1.645 7.257 1329 X X

TNFAIP6 Tumor necrosis factor-inducible gene 6 protein P98066 Only in stimulated X

VCAM1 Vascular cell adhesion protein 1 P19320 5307 3.003 5227 2623 X X

* t-Test diff: difference of log(2) mean intensity of a protein in technical replicas of st- versus unst hMSC-CM from t-test analysis using Perseus [28] as detailed in the text.
b Proteins related to angiogenesis or inflammation according to criteria detailed in “Materials and methods”.

only in st- or in unst- hMSC-CM or showed significant t-test p-value
(cut-off at 1% permutation-based False Discovery Rate) in both patients.

Proteins listed in Tables 1 and 2 and Supplemental Table 2 were con-
sidered secreted or involved in inflammation/angiogenesis according to
the following databases/datasets: Gene Ontology [29], NextProt [30],
UniProt [31], Gene Cards [32], datasets [6,8] and manual literature min-
ing. Bioinformatic analyses were carried out by DAVID software (release
6.7) [33]. GOBP and groups were filtered for significant terms (modified
Fisher exact EASE score p value <0.05 and at least five counts). Net-
works of up-regulated proteins in st hMSC-CM involved in

Table 2
Proteins overrepresented or present only in st MSC-CM common to mouse and human,

Gene Protein names Angiogenesis® Infllammation?
names
AGRN Agrin X X
CIR Complement C1r subcomponent X
cis Complement C1s subcomponent X
c3 Complement C3 X X
CSF1 Macrophage colony-stimulating x X
factor 1
CTSB Cathepsin B e X
CXCL1 Growth-regulated alpha protein X X
CXCL5 C-X-C motif chemokine 5 X X
EXT1 Exostosin-1
EXT2 Exostosin-2
FSTL1 Follistatin-related protein 1 X X
HSPG2 Basem membr-spec heparan sulfate  x X
proteoglycan core prot
IGFBP7 Insulin-like growth factor-binding X X
protein 7
IL6 Interleukin-6 X %
LAMB2 Laminin subunit beta-2
LGALS3BP Galectin-3-binding protein X X
MMP13 Collagenase 3 X X
NID1 Nidogen-1 X X
PLOD2 Procollagen-lysine,2-oxoglutarate X
5-dioxygenase 2
SERPINE1 Plasminogen activator inhibitor 1 g X
TIMP1 Metalloproteinase inhibitor 1 X X
TNC Tenascin X b
VCAM1 Vascular cell adhesion protein 1 v X
* Proteins involved in 1esis or i ion in both of according to

criteria detailed in “Materials and methods”.

inflammation or angiogenesis was performed using String [34] (active
interactions: text mining, experiments, databases).

The mass spectrometry proteomics data have been deposited to the
ProteomeXchange Consortium via the PRIDE [35] partner repository
with the dataset identifier PXD005746.

A
unst 32 39 st
n=457 n=465
Tot n=497
B10 eCCL2
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o 8
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£ 6
Q 5
3 4
3 3
I 2
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0 1 2 3 4 5 6

H30 t-test Difference

Fig. 1. Summary of the results obtained in the proteomic characterization of hMSC-CM. A.
Venn diagram showing proteins detected in at least 3 out of 5 technical replicas in both
patients only in stimulated hMSC-MC or unstimulated hMSC-CM or in both; B. t-test
difference (difference of log(2) mean intensity of a protein in stimulated and
unstimulated hMSC-CM replicas, [28]) observed in the two patients for the 57 proteins
present in stimulated and unstimulated hMSC-MC and significantly overrepresented in
stimulated hMSC-MC according to t-test p-value (cut-off at 1% permutation-based False
Discovery Rate). Pearson correlation coefficient R = 0.73. Complete protein identities
and detailed values are reported in Table 1.
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3. Results and discussion
3.1. Proteomic characterization of hMSC secretome

Fig. 1 summarizes the results of the proteomic characterization of
secretome of hMSC before and after stimulation with inflammatory
cytokines; 497 proteins were present in at least 3 out of 5 technical rep-
licas in at least one stimulation condition (stimulated or unstimulated)
in both patients (donors H30 and H34). These proteins are listed in Sup-
plemental Table 1, together with their main identification parameters.
Fig. 1A highlights the number of proteins detected in stimulated human
MSC conditioned medium (st hMSC-CM) and unstimulated human MSC
conditioned medium (unst hMSC-CM). Amongst the 465 proteins identi-
fied in st hMSC-CM (proteins in groups 1, 2, 4 and 5 of Supplemental Table
1), 133 are listed as cytokine or chemokine or functionally related to these
classes of compounds according to the NextProt database [30].

3.2, Proteins up-regulated in stimulated hMSC-CM

Since MSC enhance their therapeutic efficacy following priming by
cytokines [36,37], analyses were focused on proteins overrepresented
or present only in st hMSC compared to unst hMSC secretome; 39 pro-
teins are present only in st hMSC-CM, while 426 are common to stimu-
lated and unstimulated hMSC-CM (Fig. 1A); statistical analysis of the
common proteins indicates that 57 proteins are overrepresented in st
hMSC-CM (according to t-test p-value, cut-off at 1% permutation-
based False Discovery Rate). Overall, 96 proteins are up-regulated or

A

‘IGF 8P4
|

|
|GFBP7

IGFBPG.

present only in st hMSC-CM in both patients (Table 1, which reports
the t-test p-values and t-test difference for each protein in each patient).
Fig. 1B, showing the t-test differences calculated for each patient for the
57 up-regulated proteins present in both st- and unst-hMSC-CM, allows
detecting proteins showing highest increase in abundance in stimulated
versus unstimulated hMSC-CM in each patient. A Pearson correlation
coefficient R = 0.73 was calculated from data in Fig. 1B.

All proteins listed in Table 1 are predicted to be potentially secreted/
extracellular/included in exosomes according to annotations in Gene
Ontology [29] or NextProt [30] or UniProt [31] or Gene Cards [32]) or
in datasets [6,8] or from manual literature mining.

70% and 64% of up-regulated proteins in st hMSC-CM are involved in
inflammation or angiogenesis, respectively (Table 1). The extended net-
work of interactions amongst inflammation- or angiogenesis-related pro-
teins up-regulated in st hMSC-CM according to available experimental
evidence, database and literature information is shown in Fig. 2. A number
of proteases (BMP1, C1R, C1S, CFB, CTSB, MMP1, MMP2, MMP3, MMP10
MMP13, PSMAS5, PSME2, QPCT) and protease inhibitors (C3, COL7A1,
FBLN1, FNTINHBA, ITIH2, SERPINB2, SERPINET, TIMP1) are up-regulated
in st hMSC secretome, strengthening our suggestion that a fine but com-
plex tuning of proteolytic activity is a key mechanism regulating MSC ef-
fects on angiogenesis and tissue remodeling [21]. In particular, MMPs are
presently considered not only effectors but also regulators of a number of
biological processes since they can activate, inactivate or antagonize the
biological functions of growth factors, cytokines and chemokines by pro-
teolytic processing and thus either promote or suppress inflammation
and angiogenesis [38,39]. Notably several protease/protease inhibitors

EFEMP2

LoxL2

Fig. 2. Network interactions of overrepresented proteins in stimulated hMSC-CM involved in inflammation or in angiogenesis. Overrepresented proteins in stimulated hMSC-CM involved
in inflammation (A) or angiogenesis (B), respectively, according to targeted accurate literature mining as reported in Table 1, have been searched for possible interactions using String [ 34].
Active interactions: text mining, experiments, databases; edges thickness indicates “confidence”. Red symbols: proteins present only in stimulated hMSC secretome or showing high t-test
difference according to Fig. 1B. Yellow edges indicate proteins with proteases/protease inhibitors activity.
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Fig. 2 (continued).

listed above are amongst the proteins showing large quantitative differ-
ences in stimulated vs unstimulated hMSC-CM (Table 1, Figs. 1B and 2).

Since it has been established that tissue origin, growth and stimulation
conditions may influence the type and quantity of proteic components of
MSC secretome [16], we compared the list of up-regulated proteins in st
hMSC-CM with those reported in recent studies performed using a similar
mass spectrometry based quantitative proteomic approach on human
MSC. Supplemental Table 2 confirms that different stimulation conditions
lead to up-regulation of largely different sets of proteins. Notably, 24 pro-
teins (25%, highlighted in Supplemental Table 2) detected as up-regulated
in our study were overrepresented also in the secretome of MSC deriving
from a different adult tissue (adipose tissue) stimulated with TNF-cc [11].
This finding provides new experimental evidences at the molecular level
supporting the notion that the type of stimulus has a major influence on
MSC secretome. As expected, considering the stimulating agent, 22 out
of 24 common overrepresented proteins are related to inflammation
and/or angiogenesis (Supplemental Table 2).

3.3. Proteomic based comparison between mouse and human MSC-CM

In our previous work, we took advantage of animal models to eluci-
date the molecular pathway involved in effects of mMSC on the

complex crosstalk between inflammation and angiogenesis [21]. Be-
cause it is widely accepted that significant differences exist between
mouse and human MSC [36,40], and because of the tremendous rele-
vance of inflammation-induced angiogenesis in human diseases, we fo-
cused our attention on comparing mouse and human MSC secretome.
The proteomic results of the present study were therefore compared
with those reported for mMSC-CM [21]. Supplemental Table 1 lists the
286 proteins (out of 465, 62%) present in st hMSC-CM that have been
detected also in st mMSC-CM. The number of proteins significantly
up-regulated or present only in the secretome of stimulated MSC is sim-
ilar in the two species: 89 in mouse (Table S2 of [21]), 96 in human
(Table 1). A comparative analysis of GO_BP category enrichment of
overrepresented proteins in human and/or mouse (Fig. 3) suggests
that: a) proteins up-regulated in the secretome of stimulated MSC
from both organisms are, for the most part, involved in similar biological
processes, mainly related to defense, immune and inflammatory re-
sponse, chemotaxis and extracellular matrix remodeling; b) however
there are clear important differences amongst human and mouse.
Thus, only st mMSC-CM is enriched in proteins involved in chromatin
structure assembly, cell proliferation regulation and related processes.
On the contrary, complement activation, leukocyte migration, bone de-
velopment and metabolic processes specifically related to collagen are
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Fig. 3. Distribution into biological processes of the proteins overrepresented in stimulated hMSC-CM in human and mouse. The proteins that were significantly up-regulated or present
only in stimulated MSC-CM (Table 1 and [21]) were classified into different biological processes according to the Gene Ontology classification system (GOBP) using DAVID software
[33]; confidence level: medium; only categories showing modified Fisher exact EASE score p value < 0.05 and at least 5 counts in hMSC are represented. The bars represent the
percentage of proteins involved in a category out of the total number of overrepresented proteins in human (96) or mouse (89) secretome. Asterisks indicate fold enrichment range
for each category: * 1-5, ** 6-10, *** >10.
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Fig. 4. Human and mouse MSC conditioned media differentially stimulate monocytes differentiation. A) Mouse bone marrow cells were cultured with murine M-CSF (as positive control),
unstimulated or stimulated mouse MSC-CM for 5 days. Differentiation to macrophages was assessed by Flow Cytometry as percentage of F4/80 + CD11b + cells, Right panel: mouse M-CSF
concentration in conditioned media was analysed by ELISA. Undetectable cytokine levels were reported for both preparations. B) Human PBMCs were cultured with human M-CSF (as
positive control), unstimulated or stimulated human MSC-CM for 5 days. Macrophages were analysed by Flow Cytometry as CD14 + cells, Right panel: human M-CSF quantification by
ELISA assay shows higher cytokine levels in st hMSC-CM than unst hMSC-CM. A and B, left panels: 3 independent experiments, data are expressed as mean + SEM (*p < 0.05, ****p <
00001, One way ANOVA). A and B, right panels: 2 independent experiments, data are expressed as mean £ SEM (*p < 0.05, parametric t-test).
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amongst the statistically enriched GO functional categories in human
but not in mouse.

Such differences are confirmed by the observation that only 23 pro-
teins are up-regulated or present only in stimulated MSC-CM both in
mouse and human (Table 2); this again points to a fine species-related
tuning of the overall effects of secretome from the two organisms; interest-
ingly, our analysis indicates that 74% and 83% of the common up-regulated
proteins are associated with angiogenesis or inflammation, respectively.

3.4. Functional evidence of human and mouse MSC secretome similarities
or differences

Our proteomic results indicate that the majority of secreted proteins
from both human and mouse MSC are associated with inflammation

A 1500-

pixels

and angiogenesis (Table 1 and [21]). To identify specific functional anal-
ogies or differences of human and mouse MSC in the regulation of these
two important processes, we focused on two proteins, M-SCF/CSF1 and
TIMP1, which are present in st MSC-CM of both species and play a key
role in immunity/inflammation and angiogenesis, respectively [41,42].

3.4.1. Macrophage colony-stimulating factor (M-CSF)

M-CSF is a growth factor secreted by a large variety of cells including
macrophages, endothelial cells, fibroblast and lymphocytes. By
interacting with its membrane receptor (CSFIR or M-CSF-R), it stimu-
lates the survival, proliferation, and differentiation of monocytes and
macrophages [43-45]. Our proteomic data indicated that M-CSF
(CSF1) is up-regulated in the secretome of both human and mouse
MSC upon stimulation by inflammatory cytokines (Tables 1 and 2 and
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Fig. 5. Effect of human or mouse MSC conditioned medium on tube formation assay. The effect of unstimulated or stimulated MSC media on endothelial cells was determined by a tube
formation assay. Cells were seeded on the top of a matrigel phase in the presence of unstimulated or stimulated A) mouse, B) human MSC-CM. 6 h later, images were acquired with a phase
contrast inverted microscope at 4 objective magnification. Analysis was performed with Image] Angiogenesis Analyzer. A) SVEC4-10 network formation; quantification of the tube
segment length (expressed in pixel number) and representative images at 4 h. B) Huvec network formation; quantification of the tube segment length and representative images
(expressed in pixel number) at 4 h. 3 independent experiments, data are expressed as mean & SEM (*p < 0.05, **p < 0,01, One way ANOVA).
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Fig. 2). Thus, we investigated the ability of MSC-CM to generate mono-
cyte-derived macrophages in vitro. Surprisingly, our data revealed an
important difference between mouse and human MSC-CM (Fig. 4).
When compared to the positive control (recombinant mouse M-CSF),
both unst mMSC-CM or st mMSC-CM were unable to induce macro-
phage differentiation (F4/80", CD11b ™ cells) efficiently. In this case,
stimulation of mMSC with pro-inflammatory cytokines did not change
the properties of the secretome (Fig. 4A). In contrast, the culture of
human monocytes in the presence of st hMSC-CM produced the
same percentage of differentiated macrophages as the positive con-
trol (recombinant human M-CSF) (Fig. 4B). These data reflect the
amount of mouse or human M-CSF detectable by ELISA in unst or st
human and mouse MSC-CM (Fig. 4). Thus, although M-CSF is up-reg-
ulated in both human and mouse MSC-CM upon stimulation by in-
flammatory cytokines, the amount of M-CSF secreted by mMSC is
too low to be detected by ELISA and to induce macrophage differen-
tiation efficiently.

A 1500- *

1000+

Notably, proteomic data on human M-CSF (CSF1) fully agree with
functional assays and ELISA analysis. As reported in Table 1 and Fig. 2,
M-CSF is amongst the proteins showing the highest increase in stimu-
lated human secretome according to mass spectrometric analysis; the
apparent discrepancy in the presence of CSF1 in unst hMSC-CM be-
tween ELISA (showing low levels of M-CSFin unst hMSC-CM, Fig. 4)
and proteomics (listing M-CSF as absent in unst hMSC-CM in Table 1)
is due to the high stringency used to filter quantitative proteomic data
in the present report (detection in at least 3 out of 5 technical replicas
in both patients). In fact, M-CSF was detected also in low amounts in 4
out of 5 replicas of unstimulated secretome of donor H34 but only in 2
out of 5 replicas of donor H30 and consequently listed as “non-detected”
in unst hMSC-CM.

34.2 TIMP-1
Concerning angiogenesis, in our previous work [21] we analysed the
effect of mMSC-CM on in vitro angiogenesis exploiting the tube
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Fig. 6. Timp-1 blocking reverts the anti-angiogenic effect of mouse and human MSC conditioned media. In order to investigate the role of MSC-derived TIMP-1 on angiogenesis, the tube
formation assay was performed in the presence of A) mouse or B) human TIMP-1 blocking antibody. Representative images of A) SVEC4-10cell line or B) Huvec cells are taken with a phase
contrast inverted microscope at 4 objective magnifications. Graphs show the quantification of the tube segment length measured with Image] Angiogenesis Analyzer. Data are expressed
as mean =+ SEM ("p < 0.05, **p < 0.01; One way ANOVA), 3 independent experiments.
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formation assay. As we reported in Fig. 5A, soluble factors released by
stimulated mMSC strongly inhibited the ability of SVEC4-10 cells, a
mouse endothelial cell line, to form tube networks. In contrast, unst
mMSC-CM had no effect on tube formation. In an effort to assess the
angiogenetic role of hMSC, we performed the same experiments using
HUVEC cells (Human Umbilical Vein Endothelial Cells) (Fig. 5B). In
agreement with the data obtained with mMSC, soluble factors secreted
by hMSC affected the ability of HUVEC cells to form tubes. Interestingly,
in the case of human cells, MSC-CM was able to inhibit tube formation
even when MSC had not been primed by cytokines. However, pre-acti-
vation with pro-inflammatory cytokines strengthened the anti-angio-
genic effects of hMSC-CM, thus supporting our hypothesis that, during
an inflammatory response, MSC target angiogenesis and thus dampen
the inflammatory response [21].

Using both in vitro and in vivo approaches, we demonstrated that
mMSC anti-angiogenic effect is mediated by TIMP-1 [21]. Because the
proteomic analyses indicate that TIMP-1 is one of the proteins up-regu-
lated in both human and mouse st MSC-CM (Table 2), we compared the
results obtained by blocking TIMP-1 in SVEC4-10 cells incubated in the
presence of mMSC-CM (Fig. 6A) with those generated using HUVEC
cells and hMSC-CM (Fig. 6B). By inhibiting TIMP-1 activity with a specif-
ic blocking antibody, we observed the complete recovery of HUVEC cell
ability to form tubes even in the presence of st h(MSC-CM, indicating that
TIMP1 is one of the key secreted molecules targeting endothelial cells in
both mouse and human MSC.

TIMP-1 concentration was measured by ELISA in st and unst, human
and mouse MSC-CM (Fig. 7A for mouse and B for human). In accordance
with our data of tubulogenesis showing that unst mMSC-CM has no ef-
fect on angiogenesis (Figs. 5 and 6, panel A), the concentration of TIMP-
1 in mMSC-CM was about 5-times higher when cells had been primed
by pro-inflammatory cytokines. Thus, in mouse MSC, the anti-angiogen-
ic phenotype is acquired only after licensing with pro-inflammatory cy-
tokines, i.e. when TIMP-1 levels rise from about 3 ng/mL to 25 ng/mL. In
hMSC, however, the basal high level of secreted TIMP1 may explain the
partial anti-angiogenic effect of the unst hMSC-CM (Figs. 5 and 6, panel
B). In fact, in support of this hypothesis, TIMP-1 blockade restored the
formation of the endothelial network in the presence of unst or st
hMSC-CM.

Again, proteomic data fully agree with functional assays and ELISA
results for human TIMP1. As reported in Fig. 2 and Table 1, this protein
is listed amongst those overrepresented in sthMSC but showing relative
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Fig. 7. Mouse and human MSC-derived TIMP-1 quantification. MSC-derived TIMP-1
concentration in A) mouse and B) human unstimulated or stimulated MSC conditioned
medium was measured with ELISA. Data are expressed as mean + SEM (*p < 0.05,
parametric t-test), 2 independent experiments,

lower level increase following stimulation. Additional bioinformatics
analyses of proteomic data further support the observation that even
relatively small changes in the level of TIMP1 can result in very signifi-
cant modulation of secretome properties. First of all, its level will greatly
influence the proteolytic potential of the secretome and, consequently,
the overall activity of a number of secretome components, including
proteins which level is not increased following stimulation and proteins
not directly involved in inflammation and angiogenesis; secondly, but
not less importantly, TIMP1 is functionally related to a number of over-
represented proteins in stimulated secretome besides proteases (Fig. 2
and Supplemental Table 3), like cytokines and structural proteins
(suchasIL6, IL8, CCL2 CXCL12, COL3A1). The complete list of the 54 pro-
teins of stimulated hMSC-CM functionally correlated to TIMP1 accord-
ing to String [34] is reported in Supplemental Table 3.

4. Conclusions

The proteomic analysis of hMSC-CM and mMSC-CM confirms that
exposure to pro-inflammatory cytokines results in significantly higher
secretion of a number of immunomodulatory and angiogenesis-related
proteins by MSC from both species. Notably, 62% of the proteins identi-
fied in st hMSC-CM were also identified in st mMSC-CM, clearly
highlighting the existence of a common signature in the secretome of
human and mouse MSC. However, although human and mouse MSC
show a similar proteomic signature in response to stimulation by pro-
inflammatory cytokines, our data indicate that they may induce differ-
ent biological responses. Thus, even if M-CSF is up-regulated in both
human and mouse MSC-CM, only hMSC-CM induce macrophage differ-
entiation efficiently because of its high concentration of M-CSF.

In both species, several up-regulated proteins are associated with
angiogenesis. The extended network of interactions amongst inflamma-
tion and angiogenesis-related proteins in stimulated hMSC-CM makes it
extremely difficult to assess the in vivo physiological importance of each
factor. In particular, the presence of a number of protease and protease
inhibitors implies the possibility of additional self-modulation of the
properties of the various components of the secretome [39].

Although our data fully confirm the anti-angiogenic role of stimulat-
ed MSC for both mouse and human cells, at basal conditions MSC behav-
ior is striking different. Indeed, while unst MSC-CM collected from
mouse cells has no effect on tube formation, hMSC-CM significantly re-
duces angiogenesis in vitro. Finally, the anti-angiogenic role of TIMP-1
already observed in the mouse model was confirmed also using
hMSC-CM: by inhibiting TIMP-1 activity with a specific blocking anti-
body, we observed the complete recovery of HUVEC cell ability to
form tubes even in the presence of st hMSC-CM, indicating that TIMP1
is one of the key secreted molecules targeting endothelial cells in both
mouse and human MSC.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.jprot.2017.07.012.
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