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Abstract

Osteoarthritis (OA) is the most common rheumatic disease in the world and
represents the first cause of disability in the world after 40 years old (Vos et al.,
2012). It is frequently associated with aging, trauma, genetic predisposition,
obesity and diabetes. OA results from the loss of balance between degradation
and repair inside cartilage, in favor of degradation, with increased activity of
catabolic enzymes such as matrix metalloproteinases (MMP-1, -3 and -13) and
decreased production of type Il collagen and aggrecans. Chondrocytes, the only
cell type found in cartilage, are responsible for the repair and biosynthesis of
elements of the extracellular matrix (Le Clanche et al. 2016; Goldring and Marcu
2009). Experimental findings support the hypothesis that diabetes is an
independent risk factors for OA development (Le Clanche et al. 2016). In
diabetes the chronic hyperglycemic state may induce glycation of various
structural and functional proteins and collagen (Snedeker & Gautieri, 2014).
Moreover chronic hyperglycemia as well as aging increase the oxidative stress in
chondrocytes promoting the activation of pro-inflammatory MAPKSs pathways
leading to increase cytokine and MMPs release which are responsible for
cartilage matrix degradation and OA progression (Le Clanche et al. 2016;
Firestein et al. 2017). Furthermore, ROS levels increase apoptosis and cell death
and chondrocytes loss by cell death could be an important events in OA (Del
Carlo & Loeser, 2008). Despite a lot of studies, correct molecular mechanisms

underlying the diabetes-associated OA phenotypes is still largely unknown.

In the second chapter of this PhD thesis we decide to analyze the effect of glucose
on human C28/12 chondrocyte cells. Firstly chondrocytes cell growth were
analyzed using 6 different glucose concentration media to define which glucose
concentration is preferred by chondrocytes. Results shown that chondrocytes

prefer 2.5 mM of glucose which was used as normal glucose concentration and



25 mM of glucose was used as high glucose concentration. ROS levels and cell
death increase in chondrocytes growth in high glucose environment for 72 h. Also
cytoskeletal network become more disorganized in C28/12 cells growth at high
glucose concentration, this correlates with a different RalA-GTP levels in C28/12
growth in high glucose media. RalA is a small G protein which is involved in the
regulation of both tubulin and actin cytoskeleton organization towards Cdc42 and
Racl. However, to better simulate the chondrocyte behavior, experiments were
performed even in cells cultured in medium supplemented ITS (Insulin-
transferrin-selenium)  which promote the chondrocyte differentiation.
Chondrocytes cultured in ITS supplemented media were then stimulated with or
without IL-1p to stimulate the osteoarthritic cartilage environment. Chondrocyte
cultured at 2,5 mM of glucose concentration in ITS supplemented media seems
to have an higher amount of Ral-A GTP even in cells stimulated with IL1p the
pattern is the same. Ral A-GTP levels are lower in cells grown in 25 mM of
glucose and stimulated with IL1B. We decide to analyze if the glucose
concentration can influence the levels of MAPK pathways. Precisely we evaluate
the expression of ERK1/2 which is a pathway involved in the production of
MMP13. Levels of p-ERK1/2 decrease in cells grown at high glucose
concentration and in cells stimulated with IL1p. Furthermore, NF-kB and iNOS
levels were evaluated to understand if the increase of glucose concentration could
be related to an increase of inflammatory state. NF-«kB levels are higher in C28/12
cells growth at high glucose concentration, both in cells grown in FBS and ITS
supplemented media. Also INOS seems to be higher in C28/12 cells growth at
high glucose concentration. NF-kB activation could lead cells into autophagic or
apoptosis process and autophagy is key fundamental process activated in
chondrocytes cells to maintain cartilage homeostasis (Lotz & Caramés, 2011);
for this reason levels of LC3I/Il were analyzed into cells growth at different

glucose concentration. Results demonstrate that high glucose media block



autophagic process in chondrocytes and this reduction is higher than the effect
generated by IL-1p stimulation. At the end effect of glucose concentration on
human primary chondrocytes cells was evaluated after only 24 h to understand
which signaling pathways can be activated by high glucose environment. In
particular phosphorylation of ERK1/2, p38, Akt and p65 is altered in
chondrocytes growth at high glucose concentration and this correlates with an
increase secretion of MMP-13 which is the major MMP involved in cartilage

matrix degradation and OA.

ROS levels seems to have a central role in chondrocytes alteration induced by
high glucose. To analyze better the role of ROS levels in the chondrocytes | had
the possibility to work for 6 months in the Dr.Loeser Lab at the School of
Medicine in the University of North Carolina at Chapel Hill, which is one of the
best lab in the cartilage biology field. So, the third chapter of this thesis is about
my work on PRX6 which is a peroxiredoxin involved in the recovery from the
H>0> generated in cells. In human there are 6 PRX proteins, but PRX6 is the only
one having only one cysteine residue responsible for the reducing of H20:
generated inside the cells (Cox, Winterbourn, & Hampton, 2010; Aron B. Fisher,
2017). Analyses of the mass spectrometry data, obtained from cell lysates of
primary chondrocytes treated with 30 min with H2O2 or 30 min with Fn-f,
revealed that PRX6 was the second protein with oxidation on cysteine residue by
the treatment with H2O and Fn-f. For this reason, PRX6 could play a central role
in the answer against ROS generated in chondrocytes. Normal primary
chondrocytes cells were used to produce the cell lysates and analyzed with
western blots to see if the oxidation state of PRX6 can change in response to
different stimuli, like H2O2, Fn-f, menadione (men), DMNQ. All these molecules
are used to increase the production of ROS inside the cells. Chondrocytes cell are
treated with these molecules from 0 to 60 min, and the cell lysates were analyzed

using reducing and non-reducing SDS page. Chondrocytes treatment with H20>



and menadione induce a PRX6 band shift in the non-reducing gels, so an
oxidation occur after this treatment. The shift is not detectable when cells are
stimulated with Fn-f or DMNQ. PRX6 require GSH to resolve the cysteine
oxidation, for this reason experiment of immunoprecipitation were done to
observe if the shift is due to the binding of PRX6 with GSH. PRX6 were
immunoprecipitated (IP) in cell lysates from chondrocytes treated for 30 min with
H202, menadione, Fn-f. A strong band of GSH were found in the IP sample
treated with H2O> for 30 min. PRX6 is involved in the resolving of the lipid
peroxidation of membrane phospholipids. For this reason 4-HNE protein adducts
were evaluated after treatment with H2O. or menadione. However, no lipid
peroxidation was induced by H20. or menadione treatment. After this
experiment, we wanted to see if PRX6 could impact the MAPK signaling
pathways in cells. So chondrocytes cell overexpressing PRX6 were treated with
IGF-1, menadione and combination with menadione and IGF-1. Overexpression
of PRX6 change the basal levels of phosphor Akt in chondrocytes and altered the
phosphorylation of p38 in chondrocytes cells pretreated with menadione and then
treated with IGF-1. The effect of PRX6 overexpression on MAPK pathways was
also evaluated in chondrocytes treated with Fn-f. Pathways of JNK, c-Jun, p38,
ERK1/2 and NF-kB were evaluated. Overexpression of PRX6 decrease the Fn-f-
induced phosphorylation of p38 and c-Jun. Surprisingly, the overexpression of
Prdx6 increase the levels of MMP-13 released by chondrocytes. At the end the
localization of PRX6 was analyzed using nuclear and cytoplasm extraction.
PRX6 is not only a cytoplasmatic protein and is present in the nuclear extract of
all cells. So PRX6 could interact with some nuclear protein and influence the
transcription of some genes. In conclusion in this chapter oxidation state of PRX6
and the effect of PRX6 on ROS-induced cell signaling was evaluated in human
primary chondrocytes given a brief description on the roles of PRX6 in

chondrocytes cells.



In the fourth chapter of this thesis, made in collaboration with the Prof. Laura
Cipolla and Prof. Maddalena Collini laboratories, we developed and
characterized a new gelatin-based hydrogel. Recent therapy, used to increase
self-repair of cartilaginous tissue, which is composed mainly of intricated ECM,
is to inject and to use biomaterials scaffold. Scaffold design for tissue engineering
has to face several challenges, such as suitable mechanical properties, cell
adhesive cues, as well as excellent biocompatibility and biodegradability (H.
Long, Ma, Xiao, Ren, & Yang, 2017). Three-dimensional cell culture platforms
offer in vitro better chances to mimic the native microenvironment (extra-cellular
matrix, ECM) and cell behavior over 2D cell culture techniques (Edmondson,
Broglie, Adcock, & Yang, 2014). Among natural polymers, gelatin (obtained
from collagen hydrolysis) is an attractive candidate for hydrogel preparation,
since it is biocompatible, possess cell-adhesive properties, has limited costs and
it is easily accessible. Gelatin is water-soluble at 37 °C and is featured by poor
mechanical properties (Jaipan, Nguyen, & Narayan, 2017) however, the
mechanical and chemical properties of gelatin can be modified with different
crosslinking agents (Caliari & Burdick, 2016; Tam, Smith, & Shoichet, 2017). In
this work we investigate the properties of gelatin-based hydrogels obtained using
3,4-diethoxy-3-cyclobutene-1,2-dione  or diethyl squarate (DES) as
homobifunctional cross-linker. Two different gelatin based hydrogels were
produced changing the initial weight of gelatin used for the cross-link reaction.
Cross-linked gelatin hydrogels (5% and 10% Gel-DES) were lyophilized, and
then characterized for their chemical, physical and biological properties. Infrared
(IR) peaks confirms the gelatin cross-linking by DES and SEM images
demonstrate that average pores dimension of 5% Gel-DES is higher than average
pores dimension of 10% Gel-DES. Water retaining ability is also highter in 5%
Gel-DES in comperison to 10% Gel-DES and it’s degradation time is faster then
10% Gel-DES. For biocompatibility analyses C28/12 chondorcytes and HEK293



cells were plated on the hydrogels and mantained for 2 weeks. Both cell lines
attach the material and colonize the hydrogels, however C28/12 cells seems to
prefer more the 5% Gel-DES instead of 10% Gel-DES. Cells morphology was
different and HEK293 cells appera more rounded and seems to prefer cell-cell
contact instead to cell-hydrogel contact, forming aggregates of rounded cells.
Also we analyse the drug release ability of the 5% Gel-DES, using rhodamine.
However the behaviour suggest that hydrogel is more efficent in drug diffusion
among its pores than in drug release. Diffusion properties were analyzed as well
and also the ability of glod nanoparticles to move inside the hydrogel after laser
exitation. Diethyl squarate (DES) resulted an effective cross-linking agent for the
production of novel gelatin-based hydrogels which can be used for multiple

applications.



Riassunto

L’osteoartrite (OA) ¢ una delle malattie reumatiche con piu alta incidenza nel
mondo moderno e rappresenta la pricipale cause di disabilita dopo i 40 anni (\Vos
et al., 2012). L’invecchiamento, traumi articolari e ossei, predisposizione
genetica, obesita e diabete sono spesso associati all’insorgenza di tale malattia.
L’OA ¢ caratterizzata da un’alterata omeostasi del tessuto cartilagineo che porta
ad un aumento delle attivita degli enzimi catabolici quali metalloproteinasi della
matricie (MMP-1, -3 e -13) e alla bassa produzione di collagene di tipo Il e
aggrecani, aumentando quindi la degradazione della matrice cartilaginea. |
condrociti sono le uniche cellule presenti nella cartilagine e sono responsabili
della biosintesi e del riparo della matrice cartilaginea (Le Clanche et al. 2016;
Goldring and Marcu 2009). Diversi studi hanno dimostrato che vi é
un’associazione tra diabete di tipo 2 e OA (Le Clanche et al. 2016). In particolare,
I’iperglicemia, presente in pazienti diabetici, puo alterare proteine strutturali e
funzinali presenti nella matrice cartilaginea come il collagene, favorendo
processi di glicazione non enzimatica che ne alterano le proprieta (Snedeker &
Gautieri, 2014). Inoltre I’iperglicemia e 1’invecchiamento favoriscono la
generazione di specie reattive dell’ossigeno (ROS) nei condrociti promuovendo
’attivazione di pathways pro-inflammatori. Questo aumenta il rilascio di
citochine e MMPs da parte dei condrociti, favorendo la degradazione della
matrice e processi inflammatori a livello articolare (Le Clanche et al. 2016;
Firestein et al. 2017). L’aumento dei ROS intracellulari porta anche ad un
incremento della morte cellulare che pud essere alla base di una
decellularizzazione del tessuto cartilagineo. Questo processo € frequentemente
associato alla patogenesi dell’OA (Del Carlo & Loeser, 2008). Nonostante i
numerosi sforzi il corretto meccanismo molecolare che sta alla base

dell’associazione tra diabete e OA ¢ ancora da scoprire.



Il secondo capitolo di questa tesi ha come scopo quello di analizzare gli effetti
dell’alto glucosio sui condrociti umani C28/12. Prima di tutto 6 differenti
concentrazioni di glucosio sono state utilizzate per valutare la concentrazione
migliore in cui crescere i condrociti. | risultati hanno dimostrato che i condrociti
C28/12 crescono meglio se mantenuti in terreno con 2.5 mM di glucosio che &
stata utilizzata come concentrazione normale di glucosio mentre la
concentrazione di 25 mM di glucosio é stata usata per simulare un ambienta ad
alto glucosio. I condrociti cresciuti in alto glucosio presentano livelli alti di ROS
e un abbassamento della vitalita cellulare. Inoltre il citoscheletro di tali cellule é
profondamente disorganizzato e correla con un’abbassamento dei livelli di RalA-
GTP. RalA ¢ una piccola proteina G che ¢ in grado di regolare I’organizzazione
del citoscheletro grazie a Cdc42 e Racl che sono suoi effettori. Lo stesso
esperimento é stato ripetuto crescendo le cellule C28/12 in un terreno conenente
ITS che viene utilizzata per bloccare il dedifferenziamento i condrociti in piastra.
Inoltre I’IL-1 ¢ stata utilizzata per simulare un’ambiente di tipo osteoartritico. I
livelli di RalA-GTP sono piu alti in cellule C28/12 cresciute in terreni con livelli
normali di glucosio e il trattamento con IL-1p riduce i livelli di RalA-GTP. L’alto
glucosio inoltre diminuisce drasticamente i livelli di RalA-GTP.
Successivamente i livelli di ERK1/2 sono stati analizzati ed é stato riscontrato
che I’alto glucosio e I’IL-1pB diminuiscono la fosforilazione di ERK1/2 in
condrociti C28/12. | livelli di NF-xB e iNOS sono stati analizzati per capire se
I’alto glucosio puo alterane 1 livelli simulando uno stato infiammatorio nei
condrociti. | livelli di entrambe le proteine sembrano aumentare nei condrociti
manteuti per 72 h in alto glucosio. L’attivazione del fattore NF-kB puo
promuovere processi autofagici o apoptotici nelle cellule. Inoltre I’autofagia ¢ un
processo chiave per il mantenimento dell’omeostasi della matrice cartilaginea da
parte dei condrociti (Lotz & Caramés, 2011); per questo il livelli della proteina

LC3I/Il sono stati valutati in condrociti cresciuti a differenti concentrazioni di



glucosio. I risultati dimostrano che I’alto glucosio ¢ in grado di bloccare
I’autofagia nei condrociti e che I’effetto inibitorio del glucosio ¢ maggire rispetto
all’inibizione dell’autofagia che si ottiene dall’aggiunta dell’IL-1f. In
conclusione gli effetti del alto glucosio sono stati valutati anche usando
condrociti primari per capire gli effetti di una breve esposizione (24h)
analizzando pathway chive dei condrociti. In particolare I’alto glucosio ¢ in grado
di alterare i pathway di ERK1/2, p38, Akt e p65 portando ad un aumento dei

livelli di secrezione della MMP-13 associata allo sviluppo di osteoartrite.

L’alto glucosio favorisce la produzione di ROS nei condrociti e proprio la genesi
di ROS intracellulari sembra avere un ruolo preponderante nella risposta dei
condrociti ad alti livelli di glucosio. Con lo scopo di analizzare meglio il ruolo
dei ROS nei condrociti, ho avuto la possibilita di lavorare per 6 mesi nel
laboratorio del Dott. Richard Loeser presso la School of Medicine dell’Universita
della North Carolina a Chapel Hill, il quale € uno dei massimi esperti nel campo
dei ROS e della biologia dei condrociti. Il terzo capitolo di questa tesi di dottorato
e focalizzato sul ruolo di PRX6; una perossiredossina coinvolta necessaria per la
detossificazione del perossido di idrogeno generata nelle cellule. Nell’'uomo vi
sono 6 differenti proteine appartenenti alla famiglia della perossiredossine,
tuttavia, PRX6 € unica nel suo genere, in quanto la sua attivita catalitica si basa
su un solo residuo di cisteina che viene utilizzato per ridurre 1’H20,. Dati ottenuti
tramite spettrometria di massa da condrociti primari trattati con H20> o con Fn-f
per 30 min, dimostrano che la PRX6 é la seconda proteina a livello di abbondanza
relativa che presenta ossidazione a livello delle cisteine nei campioni trattati con
H20. o con Fn-f. PRX6 potrebbe quindi essere fondamentale per la risposta allo
stress ossidativo nei condrociti. Lo stato di ossidazione della PRX6 & stato
valutato tramite western blot usando lisati cellulari di condrociti primari trattati
con HxOz, Fn-f, menadione (men) e DMNQ. La risposta dei condrociti a tali

trattamenti porta all’aumento dei ROS intracellulari. I condrociti sono stati



stimolati con queste molecole per differenti tempi da 0 a 60 min e
successivamente i lisati cellulari sono stati analizzati tramite SDS-gel page in
condizioni riducenti e non riducenti. Uno shift di banda relativo a PRX6 é stato
osservato nei lisati dei cellule trattate con H202 0 con menadione in condizioni
di SDS-page non riducenti. Tale spostamento non € osservabile nei campioni
delle cellule trattate con DMNQ e Fn-f. Inoltre, la PRX6 per poter completare il
ciclo catalitico necessita del legame di una molecola di GSH tramite ponte
disolfuro sulla cisteina ossidata da H20,. Tramite un’esperimento di
immunoprecipitazione si & voluto verificare se lo spostamento di banda fosse
dovuto al legame con GSH. | lisati proteici di condrociti trattati per 30 min con
H202, Fn-f e menadione, sono stati utilizzati per immunoprecipitare PRX6 ed un
grade segnale relativo a GSH é stato osservato nel campione trattato con H20-
per 30 min. Siccome la PRX6 € in grado di risolvere i prodotti dovuti
all’ossidazione dei lipidi di membrana, i livelli di 4-HNE sono stati analizzati per
valutare se il trattamento dei condrociti con I’H20> e il menadione pu0 favorire
tale processo. Tuttavia, i trattamenti con H202 0 con menadione non inducono un
aumento dei livelli di 4-HNE nei condrociti. Dopo questi esperimenti abbiamo
valutato se PRX6 ¢ in grado di influenzare I’attivazione di pathway MAP
chinasici. Quindi, condrociti primari che overesprimono PRX6 sono stati
stimolati con IGF-1, menadione e una combinazione tra menadione e IGF-1. |
livelli basali di fosfo-Akt sono sensibilmente piu alti in condrociti che
overesprimono PRX6. Inoltre ’overespressione di PRX6 modifica 1 livelli di
fosfo-p38 in condrociti pretrattati con menadione e in seguito trattati con IGF-1.
Successivamente 1’effetto dell’overespressione di PRX6 ¢ stata valutata sui
pathway attivati dalla Fn-f. I’aumento dei livelli intracellulari di PRX6 mantiene
bassi i livelli di fosfo-p38 e fosfo-c-Jun in cellule trattate con Fn-f.
Sorprendentemente, nonostante 1’abbassamento dei livelli di fosfo-p38 e fosfo-

c-Jun, i livelli di secrezione della MMP-13 sono sensibilmente piu alti in

10



condrociti che overespriono PRX6. Infine la localizzazione della PRX6 € stata
valutata tramite 1’uso di lisati proteici ottenuti dal nucleo e lisati citosolitici. Il
rispultato dimostra che la PRX6 non e soltanto una proteina citoplasmatica ma é
presente anche nel nucleo dove potrebbe interagire con fattori di trascrizione e
altre proteine influenzando 1’espressione di alcuni geni. In colclusione in questo
capitolo e stata valutato lo stato di ossidazione di PRX®6, gli effetti di PRX6 sui
pathways attivati dai ROS nei condrociti primari umani, dando una breve

descrizione del ruolo che la PRX6 pud avere in gueste cellule.

Il quarto ed ultimo capitolo di questa tesi & dedicato al lavoro relativo allo
sviluppo e caratterizzazione delle proprieta chimico-fisico di un nuovo hydrogel
a base di gelatina. Numerose terapie volte ad incrementare 1’autoriparazione dei
tessuti cartilaginei, utilizzano hydrogel iniettabili o biomaterialli innovativi
sviluppati per mimare le proprieta della matrice extracellulare. Tuttavia tali
approcci innovativi di ingegneria tissutale devono far fronte a numerose
problematiche come il mimare correttamente le proprieta meccaniche del tessuto,
favorire 1’adesione cellulare al nuovo biomateriale che deve necessariamente
essere altamente biocompatibile e biodegradabile (H. Long et al., 2017). Inoltre
I’uso di hydrogel permette di crescere cellule in un ambiente 3D che risulta piu
simile al microambiente fisiologico cellulare e il comportamento cellulare e piu
simile a quello fisiologico ripetto a cellule cresciute in una superficie
bidimensionale (Edmondson et al., 2014). La gelatina € altamente
biocompatibile, & in grado di favorire 1’adesione cellulare, ha basso costo e si
ottiene per idrolisi acida del collagene, queste proprieta la rendono uno dei
polimeri naturali pit adatto per lo sviluppo di nuovi hydrogels. Tuttavia hydrogel
a base di sola gelatina si sfaldano a 37°C (Jaipan et al., 2017); per tale motivo
agenti crosslinkanti sono necessari per cambiarne le proprieta chimiche e
meccaniche (Caliari & Burdick, 2016; Tam et al., 2017). In collaborazione con i

laboratorio della professoressa Laura Cipolla e il laboratorio della professoressa

11



Elisabetta Collini, & stato sviluppato un nuovo hydrogel a base di gelatina
crosslinkata tramite dietilsquarato (DES). Sono stati prodotti due differenti
hydrogels che si differenziano per la quantita iniziale di gelatina utilizzata per la
reazione di crosslink. Gli hydrogels creati (5% e 10% Gel-DES) sono stati
liofilizzati e sono stati caratterizzati per le loro proprieta chimico-fisiche e
biologiche. | picchi ottenuti tramite analisi di spettroscopia IR a trasformata di
Fourier dimostrano che la reazione di crosslink e avvenuta perfettamente in
entrambi gli hydrogels e le immagini al SEM dimostrano che i pori del 5% Gel-
DES sono di dimensioni maggiori rispetto ai pori dell’hydrogel 10% Gel-DES.
Inoltre I’hydrogel 5% Gel-DES presenta un ritenzione idrica maggiore rispetto a
quella del 10% Gel-DES. Le cellule di condrociti umani C28/12 e la linea
cellulare HEK293 sono state utilizzate per verificare la biocompatibilita del
nuovo biomateriale. Le cellule sono state coltivate all’interno dell’hydrogel per
due settimane e le cellule C28/12 preferiscono di gran lunga I’hydrogel 5% Gel-
DES rispetto al 10% Gel-DES. La morfologia delle due linee cellulari cresiute
all’interno dell’hydrogel risulta molto differente; in particolare le cellule
HEK293 appaiono piu rotondeggianti e preferiscono il contatto cellula-cellula
rispetto al contatto cellula-hydrogel, infatti formano aggregati che colonnizzano
anche la parte centrale delle maglie dell’hydrogel. Inoltre, grazie all’uso di
rodamina si ¢ analizzata la propensione dell’hydrogel per il rilascio graduale di
molecole farmacologicamente attive. Tuttavia, I’hydrogel sembra molto piu
efficiente nel diffondere il farmaco tra le sue magle rispetto al rilasio del farmaco.
Sono quindi state analizzate le proprieta diffusive del nuovo biomateriale e anche
il movimento di nanoparticelle d’oro inglobate all’interno dell’hydrogel
attraverso D’eccitazione di un laser simulando una terapia fototermica. In
conclusione il dietilsquarato é risultato essere una molecola promettente per il
crosslink chimico della gelatina atto alla produzione di nuovi hydrogels

utilizzabili per differenti applicazioni e studi.
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Chapter 1 - Introduction
1.1 ARTICULAR CARTILAGE

Cartilage is a flexible, avascular, aneural and alymphatic connective tissue.
Cartilage is found in the synovial joint, spine, ribs, external ears, nose and
airways and is fundamental for the correct bone growth in the children and
adolescence (Athanasiou, Darling, DuRaine, Hu, & Hari Reddi, 2013;
Wachsmuth, Soder, Fan, Finger, & Aigner, 2006). Cartilage exert different
functions in different part of the body. In the joint, articular cartilage is
responsible for resist to the mechanical loading. However, cartilage present in the
nose and ear has the aim to maintain the form. While, the tracheal cartilage is
responsible for preventing the organ from collapse during the inspiration
(Wachsmuth et al., 2006). For this reasons, there are three major types of cartilage
found in humans which differs one from the other one for their biomechanical
properties given by their extracellular matrix: hyaline, fibrous and elastic
cartilage (Armiento, Alini, & Stoddart, 2019; Wachsmuth et al., 2006). Cartilage
is composed for more than 95% by water dissolved solutes and structural proteins
like collagens and proteoglycans (Athanasiou et al., 2013; Wachsmuth et al.,
2006). All three types of cartilage have low density of cells, called chondrocytes
which are the unique terminally differentiated cell unit, present into the tissue
(Stockwell, 1967). Chondrocytes synthesize and secrete the major components
of the extracellular matrix (ECM) which is different between the three cartilage

tissues.

Fibrous cartilage, found in the intervertebral discs and in other locations such as
the menisci, bone-tendon interface and ligament tendon interface (Apostolakos
et al., 2014; Benjamin & Ralphs, 1998), has high density of type | collagen that
guarantee an high tensile strength (Benjamin & Ralphs, 2004). Fibrocartilage has
type VI collagen in the pericellular matrix and low amount of type Il collagen
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and proteoglycans into the ECM (Wachsmuth et al., 2006). Chondrocytes are
very low in number and are aligned with the thick collagen fibers (Armiento et
al., 2019).

Elastic cartilage, is flexible and elastic cartilage is able to resist to a repeated
bending. The ECM of elastic cartilage is composed by type Il collagen,
proteoglycans and elastin fibers (Armiento et al., 2019; Krishnan & Grodzinsky,
2018). Chondrocyte are larger and are lying between the elastin fibers; there are
fewer isogenous groups compared to the hyaline cartilage. The function of this
cartilage is to give elasticity to the organs within which it is present such as:
epiglottis, auricle and eustachian tube (Armiento et al., 2019; Krishnan &
Grodzinsky, 2018).

Hyaline cartilage is the most common type of cartilage encountered in the human
body (Armiento et al., 2019; Sun & Beier, 2014). Hyaline cartilage has a central
role in the development of the skeleton in fact during the embryotic phase the
skeleton is composed by hyaline cartilage that is gradually replaced by the bone
tissue during the development (Onyekwelu, Goldring, & Hidaka, 2009). Hyaline
growth cartilage or growth plate serves as a template for the long bone formation
in children (Charlier et al., 2019). It is present at the connection of the ribs and
the sternum, nose, trachea, bronchi, larynx, growth plates and in the articular
surfaces of the synovial joints (Krishnan & Grodzinsky, 2018). Articular hyaline
cartilage enables joint movements by providing a lubrication surface with an
extremely low coefficient of friction (Unsworth, Dowson, & Wright, 1975).
Hyaline cartilage acts as a damper and has high resiliency and deformability; all
these properties are needed to protect joint from compressive loads (Cohen,
Foster, & Mow, 1998). Articular cartilage is 2 to 4 mm thick tissue composed of
a dense ECM with a sparse distributions of chondrocytes cells (Sophia Fox, Bedi,

& Rodeo, 2009). The ratio volume matrix/cell is high, and chondrocytes account
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only for 10% of the wet weight of articular cartilage (Charlier et al., 2019; Cohen
et al., 1998). The ECM is principally composed of water, collagen and
proteoglycans with other non collagenous proteins and glycoproteins present in
lesser amount (J. A. Buckwalter & Mankin, 1998; Sophia Fox et al., 2009). These
components help to retain water within the ECM and are fundamental for the
biomechanics of the tissue (S. R. Goldring & Goldring, 2016). Water account for
60 to 85% of the wet weight of the tissue (Mow, Ratcliffe, & Robin Poole, 1992).
Different types of collagen molecules are expressed in the articular cartilage, but
the backbone of type 11 collagen fibrillar network is an heteropolymeric structure
with collagen IX molecules covalently linked to the surface of collagen Il and
collagen XI forming the inner filamentous template of the fibril as a whole (D.
R. Eyre, Weis, & Wu, 2006). The physical properties of the articular cartilage are
determined by this fibrillar collagen network, which provides tensile strength,
and by the entrapped proteoglycan aggregates which provide compressive
resilience (Andriacchi & Favre, 2014; S. R. Goldring & Goldring, 2016; H. Guo,
Maher, & Torzilli, 2015). During compression, water molecules associated with
the hydrophilic glycosaminoglycan chains and the charged solutes are extruded.
When the compression forces ended, the proteoglycans have sufficient fixed
charge to osmotically reabsorb the water and small solutes into the matrix,
resulting in restoration of the original cartilage dimensions (S. R. Goldring &
Goldring, 2016). Type VI collagen is found in the pericellular matrix and enables
chondrocytes to feel changes in the surrounding matrix and respond to them (D.
Eyre, 2002). However articular cartilage hasn’t a simple structure at all, collagen
is quite heterogeneous in terms of collagen fibrils orientations as well as in cell
shape and distribution (Charlier et al., 2019). These different orientations of
collagen fibrils define 4 zones in cartilage that are seen with the cross sectional
view with electron microscopy: the superficial zone, the middle zone, the deep
zone and the calcified zone (Ernst B. Hunziker, Michel, & Studer, 1997; Sophia
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Fox et al., 2009). Within each zone, there are three regions: pericellular region,

territorial region and interterritorial region (Sophia Fox et al., 2009).

The superficial zone or tangential zone represents 10 to 20% of the total cartilage
thickness, and protects the deeper layers from the shear stresses. Chondrocytes
in this zone are elongated and they secrete type Il, IX and XI collagen fibrils,
which are disposed in tangential array (D. Eyre, 2002; Firestein et al., 2017).
There are high concentration of small proteoglycan like decorin, and a low

concentration of aggrecan.

The middle zone or transitional, accounts for 40% to 60% of cartilage weight, is
composed of rounded chondrocytes surrounded by radial bundles of collagen
fibrils thicker than in other zones (Richardson et al., 2003). This is the first line

of resistance to compressive forces.

In the deep (or radial) zone represent from 30% to 40% of the total cartilage and
chondrocyte are grouped in columns or clusters (Akkiraju & Nohe, 2015). It
provides the greatest resistance to compressive forces; collagen fibrils are
arranged perpendicular to the articular surface. There are collagen fibrils with the
largest diameter and in radial disposition and chondrocytes are arranged parallel
to the collagen fibers and perpendicular to the joint line. The deep zone contains
the highest proteoglycan content and the lowest water content (Firestein et al.,
2017; Sophia Fox et al., 2009).

The profound layer is the thinnest one called calcified cartilage and is behind the
tide mark which divide the deep zone from the calcified cartilage. These calcified
layers plays an important role in securing the cartilage to bone and in anchoring
the collagen fibrils of the deep zone to the subchondral bone. Chondrocytes
resident in the calcified cartilage are scarce and with an hypertrophic phenotypes
(Akkiraju & Nohe, 2015; Sophia Fox et al., 2009). This layer is the result of the
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endochondral ossification and persists after growth plate closure (Firestein et al.,
2017; Onyekwelu et al., 2009; Simkin, 2012). Undulation in the interfaces
between the articular cartilage, calcified cartilage, ad underlying cortical plate
help to transform shear stresses into compressive and tensile stress during joint
loading and motion (Burr & Gallant, 2012).

Cell density decreases from the surface to the deep zone, but the chondrocytes
volume increase in the middle zone and deep zone; here chondrocytes volume is

twice respect to cell volume of superficial chondrocytes (Firestein et al., 2017).

Furthermore, other to differ 4 zones (Fig.1), the ECM of each zone can be divided
into 3 regions based to the proximity to the chondrocytes, composition and
collagen fibers. ECM regions are pericellular, territorial and interterritorial
regions. The thin layer of ECM which surround the chondrocyte cells are called
the pericellular matrix. Together the pericellular matrix and chondrocyte are
termed chondron. It contains mainly proteoglycan, especially biglycan and
perlecan, fibronectin 1, and type VI collagen, however, other collagen type are
present like type Il and type IX collagen (Guilak, Nims, Dicks, Wu, &
Meulenbelt, 2018; C. A. Poole, Ayad, & Gilbert, 1992). Pericellular matrix has
an important role in regulating the function of the chondrocytes, is the first line
of matrix that connect the chondrocyte to the extracellular environment. Every
type of chemical or physical signals that arrived to the chondrocytes pass through
the pericellular matrix which can modulate these signals (Guilak et al., 2018;
Wilusz, Sanchez-Adams, & Guilak, 2014). Data from experimental studies
confirm that pericellular matrix has an important role in regulate chondrocyte
physiology and cartilage ECM homeostasis. It can modulate the stress-strain,
osmotic and fluid flow environments of chondrocyte, influencing the
chondrocyte mechanotransduction process (Guilak et al., 2018; Vincent, 2013;
L. Xuetal., 2011).
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The territorial matrix surrounds the pericellular matrix and connect it to the

interterritorial regions. The composition of territorial matrix is mostly by fine

collagen fibrils forming a basketlike network around the cells (Muir, 1995;

Sophia Fox et al., 2009). That region is thicker than the pericellular matrix, and

it may protect cartilage cells against mechanical stresses and may contribute to

the resiliency of the articular cartilage structure and its ability to withstand to
substantial loads (Sophia Fox et al., 2009).
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Figure 1. Structure of human articular cartilage with the different zones: Superficial, middle, deep and
calcified. The image shows the chondrocyte cells in red and blue, with the ECM divided into pericellular,
territorial and interterritorial regions. Collagen fibrils orientation are represented in the rectangle inserts
on the left of the image. From (A. R. Poole et al., 2001).
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The largest region is the interterritorial regions which is the most important
region that regulate the biomechanical properties of articular cartilage (Mow &
Guo, 2002; Sophia Fox et al., 2009). Collagen fibrils are large and oriented
parallel to the surface in the superficial zone, obliquely in the middle zone and

perpendicular to the joint surface in the deep zone (Sophia Fox et al., 2009).
1.2 CHONDROCYTES

Chondrocytes are the resident cell type present in articular cartilage.
Chondrocytes play an active role in the development, maintenance and repair of
the ECM. Chondrocytes of the articular cartilage are metabolically active cells
that synthesize and turnover a large volume of ECM components such as
collagen, glycoproteins, proteoglycans and hyaluronan (Archer & Francis-West,
2003). Mature chondrocytes cells are round or polygonal cells located into the
ECM of articular cartilage with a mean diameter of 13 um, chondrocytes
represent only 1% to 5% of the total cartilage volume (Bhosale & Richardson,
2008; Z. Lin, Willers, Xu, & Zheng, 2006; Sophia Fox et al., 2009). Nucleus of
chondrocytes are usually round or oval containing one or several nucleoli, based
on the species. In the cytoplasm chondrocytes contain elongated mitochondria,
occasionally lipid droplets and variable amount of glycogen. When new
components of ECM is produced the cytoplasm becomes more basophilic and the

Golgi region becomes unusually large (Z. Lin et al., 2006).

Because cartilage is not a vascularized tissue, chondrocytes must rely on
diffusion form the articular surface or subchondral bone for exchange nutrients
and metabolites. Chondrocytes maintain active membrane transport system for
exchange cation like Na*, K*, Ca?" and H*. Their concentration change with load
and different composition of ECM (Firestein et al., 2017). Mechanical loading is
essential for chondrocyte and they can feel different pressure and change the
composition of the ECM. On this way, cytoskeleton have a big role in the sensing
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of mechanical stimuli and regulate the downstream signaling (Blain, 2009).
Chondrocyte cytoskeleton comprises actin microfilaments, tubulin microtubules
and vimentin intermediate filaments (Benjamin, Archer, & Ralphs, 1994). F-actin
is cortical in localization and is mostly distributed at the periphery of the
chondrocyte (Blain, 2009; Trickey, Vail, & Guilak, 2004). The tubulin
microtubules form a loose basket-like mesh uniformly distributes throughout the
chondrocyte cytoplasm (Trickey et al., 2004). Vimentin intermediate filament are
distributed in the cytoplasm of the cells from the cell periphery to the nuclear
membrane forming and highly organized network (Blain, 2009; Fioravanti,
Nerucci, Annefeld, Collodel, & Marcolongo, 2003; Trickey et al., 2004). Actin
filament is essential in the maintenance of chondrocyte phenotype by regulating
the cells shape. Actin stress fibres are produced in de-differentiated chondrocyte,
which has found to have flattened shape, increase expression of type | collagen
and decrease expression of type Il collagen and aggrecan (Archer, Rooney, &
Wolpert, 1982; Glowacki, Trepman, & Folkman, 1983). However chondrocyte
re-differentiation is possible growing the cell in a three dimensional environment
or using cytochalasin B/D to restore the rounded shape (Blain, 2009; Loty, Forest,
Boulekbache, & Sautier, 1995). In chondrocytes, the tubulin network is essential
for the synthesis and secretion of both collagens and proteoglycans. Furthermore
tubulin is present in the primary cilia of chondrocytes, in which there is a direct
connection between the extracellular collagen fibres and the proteins which
decorate the ciliary microtubules (Poole, Zhang, and Ross 2001). Disruption of
microtubular network in chondrocyte using colchicine inhibited the synthesis and
the secretion of proteoglycans and collagen (Blain, 2009; Takigawa, Takano,
Shirai, & Suzuki, 1984).

According to the secretory and morphology profiles chondrocyte can be divided
into different phenotypes. Pre-chondrocytic mesenchymal cells express type |,

type 111 and type V collagens (Mary B. Goldring, 2012), whereas differentiated
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chondroprogenitor cells express type IIA procollagen (McAlinden, Shim,
Wirthlin, Ravindran, & Hering, 2012; Sandell, Nalin, & Reife, 1994).
Differentiated chondrocytes produce type 11, type IX and XI collagens, however
the most prominent form in the type Il collagen (D. Eyre, 2002; D. R. Eyre et al.,
2006). Hypertrophic chondrocytes at the terminal differentiation stage secrete
type X collagen (Charlier et al., 2019). Post-hypertrophic chondrocytes are
characterized in vitro by the secretion of type | and type X collagen (Charlier et
al., 2019; Kirsch, Swoboda, & von der Mark, 1992). Furthermore, fibroblastic-
like cells, called dedifferentiated chondrocytes secreting type | and type Il
collagen has been identified in vitro (Z. Lin et al., 2006; Sokolove & Lepus,
2013).

1.3 CHONDROGENESIS

Chondrocytes cells arise from pluripotential MSCs and chondrogenesis is a very
important passage for the skeleton development during the embryogenesis.
MSCs of the blastema can differentiate into cartilage, muscle or bone cells.
Differentiation process to produce chondrocytes from MSC is named
chondrogenesis and required four general step: cells migration, aggregation by
mesenchymal-epithelial cell interaction, condensation and chondrocytes
differentiation. Craniofacial cartilage is formed from cranial neural crest cells;
the cartilage of the axial skeleton is formed from paraxial mesoderm while the
articular cartilage is derived from the lateral plate mesoderm (Firestein et al.,
2017). Primary chondrocyte arise in the embryo from mesoderm or from the
neural crest where the facial skeleton is generated (Archer & Francis-West, 2003;
Z. Lin et al., 2006). Secondary chondrocytes arise from the periosteal layer
surrounding membranous bone upon mechanical stimulation (Archer & Francis-
West, 2003). Commitment of mesenchymal limb bud cells of mesodermal origins

to this chondrogenic fate is evident when their aggregation forms cellular
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condensation that prefigure the skeletal analgen (Thorogood & Hinchliffe, 1975),
these chondroprogenitor cells express type I1A collagen and are embedded in a
hyaluronan-rich ECM. The aggregation coincides with the depletion of
hyaluronan from the ECM and the expression of cadherin-2 (neural cadherin),
neural cell adhesion molecule 1, tenascin-C and the transcription factor SOX9
which is essential for chondrocyte differentiation (Onyekwelu et al., 2009). These
condensation step is facilitated by the collective contribution of both cell-cell
interaction and cell-matrix interactions. Recent studies shown that cell-cell
adhesion proteins NCAM and N-cadherin, and ECM protein fibronectin are
essential for this initial step (Singh & Schwarzbauer, 2014). Condensed cells
differentiate into chondrocytes in a process tightly regulated by the transcription
factors SOX9 (Lefebvre & Dvir-Ginzberg, 2017). These transcription factor is
necessary for early chondrogenesis and for the subsequent differentiation
program of growth plate chondrocytes including the transition to hypertrophy
(Singh, Marcu, Goldring, & Otero, 2019). In mice, deletion of SOX9 in the
mesenchyme disrupts condensation events and it’s inactivation at later stage of
development restricts proliferation and induces cartilage and joint formation
defects (Akiyama, Chaboissier, Martin, Schedl, & De Crombrugghe, 2002;
Akiyama et al., 2005). Recent studies shown that SOX9 in conjunction with
SOX5, SOX6 and interaction with CEBP/p300, regulates the expression of the
chondrocyte specific genes like Col2al and Acan, leading to deposition of type
Il collagen and proteoglycans (Lefebvre & Dvir-Ginzberg, 2017; Singh et al.,
2019; Tsuda, Takahashi, Takahashi, & Asahara, 2003). Some studies suggested
that also Notch signaling coordinates these chondrogenic differentiation initiate
by Sox9, and that SOX9 has role in pre-chondrocytic mesenchymal commitment
and an intimate link with type 1A collagen expression (Mead & Yutzey, 2009;
Pitsillides & Beier, 2011). So SOX9 is an early marker of the differentiating

chondrocytes and is required for the expression of the main ECM components,
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and the expression of SOX proteins depends on the signaling through mammalian
homologs of Drosophila mothers against decapentaplegic (SMADSs) which are
functionally active in differentiation chondrocytes (Firestein et al., 2017; Song,
Estrada, & Lyons, 2009). SOX9 may interact directly or indirectly with other
transcription factors to regulate the expression of COL2A1, aggrecan (ACAN)
and other cartilage specific genes at early stages of chondrogenesis (Elena
Kozhemyakina, Lassar, & Zelzer, 2015).

During cell differentiation is essential the cell-matrix interactions, because these
process is associated with a massive ECM synthesis. A switch from type IIA to
type 11B collagen secretion and synthesis of hyaluronan-containing, aggrecan-
rich ECM is also crucial (Pitsillides & Beier, 2011; Sandell et al., 1994). For
example chondrocytes proliferation and differentiation require signaling via
integrins and the collagen receptor DDR2 (Pitsillides & Beier, 2011; Woods,
Wang, & Beier, 2007). Chondrocytes express a wide number of extracellular
receptors used to feel and to interact with the ECM. Integrin subunits expressed
by chondrocytes include Fibronectin receptors (a5p1, anf3, anf5), a Laminin
receptor (a6p1), and collagen receptors (alp1, a2B1, al10p1) (Richard F. Loeser,
2000, 2002; Woods et al., 2007). Inactivation of B1 integrin gene results in a
severe cartilage phenotype. Mice without these subunits develop
chondrodysplasia, with distorted growth plates due to a loss of adhesion to
collagen Il (Aszodi, Hunziker, Brakebusch, & Fassler, 2003). Knock out of the
al0 integrin gene leads to dysfunctional growth plate and growth retardation
(Bengtsson et al., 2005). Integrins are not the only receptor needed for a correct
growth plate formation and correct chondrogenesis. The discoidin domain
receptor (DDR) are members of a tyrosine kinase receptors whose ligands are
collagens (Leitinger & Kwan, 2006; Vogel, Gish, Alves, & Pawson, 1997
Woods et al., 2007). Knock down of DDR2 in mice leads to dwarfism due to
decreased proliferation of growth plate chondrocytes (Labrador et al., 2001).
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However studies shown that in osteoarthritic mice chondrocytes increased
expressions of DDR2 and re-express type 1A collagen, suggesting a crucial role
of these cell-matrix interaction in controlling chondrocytes proliferation and
differentiation in OA (Thomas Aigner et al., 1999; L. Xu et al., 2010). Another
receptor involved in the chondrogenesis is CD44 which is a cell surface
glycoprotein that acts as a receptor for collagens and Hyaluronan. During
differentiation process to chondrocytes, CD44 expression increases as well as the
expression of some hyaluronidases, suggesting an important role of Hyaluronan
signaling and turnover in chondrogenesis (Nicoll, Barak, Csdka, Bhatnagar, &
Stern, 2002).

Differentiated chondrocytes follow two distinct fates during limb development,
they can become the cartilage elements in articular joints or they can proliferate
and undergo the complex process of terminal differentiation to hypertrophy
chondrocytes to facilitate the bone formation (Onyekwelu et al., 2009; Singh et
al.,, 2019). Furthermore RUNX2 and ETS transcription factors acting
downstream of GDF5 maintain chondrocyte in a differentiation state but inhibits
the progression to hypertrophy (lwamoto et al., 2007). Hypertrophy is the
terminal differentiation state of growth plate chondrocytes, these cells decrease
the proliferation rates, increase cells volume and produce different type of
extracellular matrix components. More in detail, hypertrophic chondrocytes
increased the production of COL10A1, MMP9, MMP13 and SSP1 (Charlier et
al., 2019; Elena Kozhemyakina et al., 2015). Hypertrophic chondrocytes may
undergo apoptosis or survive in the mineralized matrix and started the osteogenic
differentiation and these process enables bone formation. During the chondrocyte
differentiation form the stating point to the terminal differentiated hypertrophic
chondrocytes the ECM has an important role and the composition switch on
every passage, from the fibronectin and type | collagen rich matrix of

precondensing mesenchymal cells, to the type Il collagen and aggrecan-rich
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matrix deposited by differentiated chondrocytes, this process ended in the
degradation of the latter constituent and their replacement with collagen X-rich
ECM, which then undergoes to mineralization at terminal differentiation in the
growth plate (Johnson & Terkeltaub, 2005). Changes in the ECM composition
are required for the normal endhocondral ossification and long bone formation
and are mediated by the continuous remodeling operated by the multiple matrix
metalloproteinases (MMPs) (Ortega, Behonick, & Werb, 2004). MMPs required
for this process include collagenase 3 (MMP13), stromelysins (MMP3 and
MMP10), gelatinases (MMP2 and MMP9) and MT1-MMP (Ortega et al., 2004;
Singh et al., 2019). Hypertrophic chondrocytes express at high levels MMP13,
and in mice it’s expression during development colocalize with type X collagen
(Tuckermann, Pittois, Partridge, Merregaert, & Angel, 2000). MMP13 seems to
work in synergy with MMP9 and they are essential for a correct endochondral
ossification. Indeed double knock out mice for MMP13 and MMP9 has problem
in the endochondral ossification due to reduced ECM remodeling, prolonged
hypertrophic chondrocytes survival and delayed in vascular recruitment that
results in severely shortened bones (Stickens et al., 2004). New studies reveled
that another metalloproteinases essential for the chondrocyte terminal
differentiation is the membrane anchored metalloproteinase ADAMT17 (a

disintegrin and metalloproteinase 17) (Hall et al., 2013; Horiuchi et al., 2009).

25



Mesenchymal Type | collagen

precursor cell Hyaluronan
TGF-B
FGF-2,4,8,10 l
Condensation Wnt-3A,7A
Sonic Hh
EMP-247 Collagen lIA
Chondroprogenitor Tenascin
Chondrogenesis Vimentin
BMP-2,4,7,14

IGF-I
Chondrocyte FGF-2/FGFR2
proliferation

and differentiation

" ; Collagen II, IX, XI
Proliferating Aggrecan
chondrocyte S-100

FGF-18/FGFR3

BMP-2,7 Resting ' BMP-2,7,13
TGF-B chondrocyte IGF-1
PTHrP
Indian Hh
VEGF Differentiated
Hypertrophy chondrocyte
Hypertrophic
cll:/gndrofyte Retinoic acid it Collagen II, IX, XI
Serum/FGF-2 Aggrecan
IL-1 S-100
Collagen X
Osteocalcin < Coll 1,1
Alkalinephosphate é——%o B
MMP-13 Dedifferentiated
chondrocyte

Figure 2 Schematic representation of chondrogenesis and chondrocyte phenotypes from mesenchymal
precursor cells to hypertrophic and dedifferentiated chondrocytes. Each cell phenotype produces
different ECM protein which are listed near the cell differentiation stage. The principal growth factor,
cytokine and signaling pathways involved in the transition from one phenotype to the other are listed near
the arrows. From (Firestein et al., 2017).

Chondrogenesis and chondrocyte differentiation (figure 2) are controlled by
interacting patterning system involving fibroblast growth factor (FGF),
transforming growth factor B (TGF-B), Bone morphogenic proteins (BMP),
Indian hedgehog, parathyroid hormone-related protein (PTHrP), NF-«B, insulin-
like growth factor (IGF-1), and Wnt/B-catenin pathways.

Many studies have shown that FGFs play a fundamental role in the chondrocytes
proliferation (Inoue et al., 1989; Kato & Gospodarowicz, 1985; KATO et al.,
1983; Rosselot, Vasilatos-Younken, & Leach, 1994). In human growth plate
chondrocyte culture system, FGF-1, -2 and -18 stimulate proliferation more than

FGF-4 and FGF-9, whereas FGF-10 suppress chondrocytes proliferation (Olney,
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Wang, Sylvester, & Mougey, 2004). Furthermore FGF-2 treatment of
chondrocytes cultured in serum-containing medium and in serum-free medium,
blocks the dedifferentiation process during the monolayer culture (1. Martin et
al., 2001).

Whnt signaling modulates chondrogenesis and chondrocyte hypertrophy via
canonical and non-canonical signaling pathways. Canonical Wnt/B-catenin
signaling promotes chondrocyte hypertrophy by redirecting TGF-B signaling
toward ALK1/SMAD1/5/8 pathway (Van den Bosch et al., 2014). Non-canonical
Wnt pathways, which is independent by [-catenin, promote chondrogenic
differentiation of bone marrow derived mesenchymal stem cells and increase
chondrocytes differentiation while repressing chondrocyte hypertrophy (Bradley
& Drissi, 2010; S. Liu, Zhang, Yang, & Lu, 2014).

PTHrP/IHH signaling pathways works together and has a significant role during
the chondrogenesis and chondrocyte hypertrophy. Pre-hypertrophic and early
hypertrophic chondrocytes express Indian hedgehog which regulates
chondrocyte proliferation and the rate of hypertrophic differentiation (St-
Jacques, Hammerschmidt, & McMahon, 1999). IHH modulates hypertrophy in a
PTHrP-dependent manner, however, it controls proliferation via mechanism
independent by PTHrP (Karp et al., 2000; Ohba, 2016). So IHH and PTHrP
regulate the cell fate transiently inducing the proliferation and repressing the
differentiation; this determine which cells enter to the hypertrophic maturation.
PTHrP block hypertrophy differentiation by signaling to its receptor in pre-
hypertrophic chondrocytes (Firestein et al., 2017; Vortkamp et al., 1996). PTHrP
also regulates HDAC4 activity which leads to repress the MEF2 activity
inhibiting the chondrocytes hypertrophy (E. Kozhemyakina, Cohen, Yao, &
Lassar, 2009; Sasagawa et al., 2012; Singh et al., 2019).
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TGF-B/BMP superfamily has a significant role in the chondrogenesis and in
skeletal development, proteins of this superfamily regulates the -early
commitment of mesenchymal cells to chondrogenic and osteogenic lineages
during cartilage development. Members of TGF-f family include TGF-B1, TGF-
B2 and TGF-B3. TGF-P1 is expressed in the proliferative and upper hypertrophic
zones of cartilage (Horner et al., 1998). TGF-B1 stimulation of mesenchymal
stem cells result in increase expression of type Il collagen, and is required for
chondrocyte differentiation in mesenchymal cells (Z. Lin et al., 2006). So TGF-
B1 and also TGF-B3 plays an essential role in the regulation of the chondrogenic
maturation in MSCs inducing the expression of type Il collagen, aggrecan and
proteoglycan (Firestein et al., 2017; Johnstone, Hering, Caplan, Goldberg, &
Yoo, 1998; Z. Lin et al., 2006; Mackay et al., 1998).

BMP is a large subclass of TGF-f superfamily; members of this subfamily are
even the cartilage-derive morphogenic protein (CDMP-1,-2,-3) also known as
growth/differentiation factor (GDF-5,-6,-7). It has been show that CDMP-1
contributes to the early stage of chondrogenesis and chondrocyte differentiation,
and has been found to stimulate the aggrecan and glycosaminoglycan (GAG)
production both in vitro and in vivo (Erlacher, Ng, Ullrich, Krieger, & Luyten,
1998; Firestein et al., 2017; Hotten et al., 1996). CDMP-2 has major role in the
hypertrophic chondrocytes and is involved in the terminal differentiation of
chondrocytes (Chang et al., 1994; Z. Lin et al., 2006). Differentiation of
mesenchymal stem cells into chondrocytes and terminal differentiation to
hypertrophic phenotype are regulate even by BMP-2 and BMP-7. In vitro BMP-
2, -4, -6, -7, -9 and -13 enhance the expression of collagen Il and aggrecan in
chondrocyte, by the upregulation of Sox9 gene (Fernandez-Lloris et al., 2003;
Firestein et al., 2017; Pizette & Niswander, 2000; Zehentner, Dony, & Burtscher,
1999).
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Another important growth factor involved in the preservation and stimulation of
chondrogenic differentiation is IGF-1, which as been observed to stimulate the
chondrocyte phenotype in vitro by promoting the expression on type Il collagen
and aggrecan. Studies on mesenchymal cell lines shown that IGF-1 induce both
chondrocyte proliferation and differentiation. Its signaling is believed to be
required for the correct ECM homeostasis, by promoting the secretion of
proteoglycans and type Il collagen both in vitro and in vivo (Firestein et al., 2017;
Z. Linetal., 2006; J. Martel-Pelletier, Di Battista, Lajeunesse, & Pelletier, 1998;
Oh & Chun, 2003).

1.4 CHONDROCYTE CELLUAR MODEL SYSTEM

A variety of cellular model system have been used to study and understand better
cartilage formation, proliferation, differentiation; gene expression, pathways
associated to normal and pathological disease of cartilage. To reach this goal a
variety of cellular model are commonly used in the research field. Primary
chondrocytes culture are initiated directly from donor cartilage tissue (Harrison
et al., 2000). However primary chondrocytes can proliferate in vitro with a
limited number of cell divisions. Human articular chondrocytes can be grown
from donor of a wide age range. Chondrocyte primary culture are an excellent
model to study the normal cell physiology and mechanism of degenerative joint
disease. However articular chondrocytes shown a lower proliferation rates and
may de-differentiate after extended cultivation time. Indeed its difficult to have
enough number of cells, and this is a limitation of this type of culture (Mary B.
Goldring, 2004; Harrison et al., 2000).

Normal clonal cell lines are non-transformed cells with different life-span
generated by a single ancestor. This cells remain genetically identical through
serial passage in vitro, and are used because its easy to obtain enough cells for

research purposes. Non-transformed clonal cells are usually initiated from tumor
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tissue an example is HCS-2/8 cell line generated from an aggressive
chondrosarcoma of a 72 years-old man (Takigawa et al., 1989). HCS-2/8 are
widely characterized for the synthesis of proteoglycans and collagen which are
in line with chondrocyte phenotype (Jung et al., 2004). However this tumor
derivation may affect their biological characteristics. Another normal clonal cell
lines generated from human chondrosarcoma is Ch-1 which is commonly used to
define the difference in the gene expression profile between normal cartilage and
tumorigenic cartilage (Chansky et al., 1998). ATDC-5 is a prechondrogenic stem
cell line and are frequently used to study the chondrogenesis process because it
can be used to produce each chondrocyte phenotype in monolayer culture.
ATDC-5 display an entire spectrum of chondrocyte differentiation (Atkinson,
Fantle, Benedict, Huffer, & Gutierrez-Hartmann, 1997).

Another widely used cell model are the immortalized clonal cell line, obtained
by a genetic modification of human primary chondrocyte cells that induce the
immortalization (Mary B. Goldring, 2004). T/C-28a2, T/C-28a4 and C-28/12
were established by retroviral-mediated transfection of primary rib chondrocytes
with the large T antigen of Simian virus 49 (SV40). Initially T/C-28a2 were
produced and from them were derived C-28/12 and T/C-28a4 cell lines. They can
maintain the correct chondrocytes morphology for more than 80 passage in
monolayer culture with the serum-conditioned medium and are commonly used
in numerous studies to investigate chondrocytes specific response patterns to IL-
1B and interferon-y and to a physical loading. Of the three cell lines C-28/12 is
reported to be closest to primary chondrocytes with a similar anabolic and
catabolic gene expressions (Finger et al.,, 2003; Mary B. Goldring, 2004).
Temperature sensitive immortalized chondrocytes like tsT/AC62 were developed
to study the chondrocytes biology, by using a retrovirus expressing a temperature
sensitive mutant SV40-large T antigen which is expressed at permissive

temperature (32°C) stimulating cell proliferation. Large T antigen expression was
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lost when cells are growth at non permissive temperature (37-39°C) with

decreased cell proliferation (Robbins et al., 2000).
1.5 OSTEOARTHRITS

Osteoarthritis is the most common degenerative joint disorder that affects small
joints (such as those in the hands) and large joints (like the knee and hip joint)
and is one of the leading causes of disabilities worldwide. Most mammalian
population are affected including humans, cats, dogs, sheep and horses (Clarke
et al., 2005; Clements, Fitzpatrick, Carter, & Day, 2009; Ireland, Wylie, Collins,
Verheyen, & Newton, 2013; Vandeweerd et al., 2013). The principal OA
characteristics are erosion of articular cartilage, hypertrophy of bone at the
margins (osteophytes) subchondral sclerosis and different alteration in the
synovium. Symptoms of OA most commonly include pain, swelling and stiffness
in the affected joint resulting from the degradation of cartilage (Madry, Luyten,
& Facchini, 2012). Structural OA of the hands is reported in c.a. 60%, of the knee
in 33% and of the hip in 5% of adults >65 years old in North America and Europe
(David T. Felson et al., 1987; Van Saase, Van Romunde, Cats, VanDenBroucke,
& Valkenburg, 1989). OA is more frequent among women than man and this sex
differences is most pronounced for hand and knee OA. However prevalence
incidence rises steeply with the age in both sexes. Furthermore ageing is the
factor that has the greatest influence in the pathogenesis of OA. The main risk
factors for development of OA include joint injury, obesity, genetic
predisposition and abnormal joint shape and alignment, metabolic dysfunction
and sex. However with ageing, increases obesity and articular injuries in the
global population, the OA disease is becoming more prevalent and a worldwide
estimation suggest that are currently affected about 250 million of people (Hunter
& Bierma-Zeinstra, 2019) becoming an important socioeconomic problem

(Herndon, Davidson, & Apazidis, 2001). Typical clinical symptoms are pain and
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stiffness, particularly after prolonged activity. Among man and woman, pain in
hand OA is only present in 15% of cases, whereas 50% of patients with knee OA
and even highest portion of hip OA has pain has primal symptom. Furthermore
half of patients with knee pain and structural changes has disability associated
with a loss of productivity. In USA has been estimated that the loss of
productivity due by OA disease cost $27 billion (Richard F. Loeser, 2017).
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Figure 3 Images of osteoarthritic and healthy cartilage. a) histologic images of human healthy and OA
cartilage stained with safranin O staining (Firestein et al., 2017) b) Macroscopic cartilage degradation in
human femoral cartilage caused by OA (right) (Krishnan & Grodzinsky, 2018).

OA may be classified as primary (idiopathic) and secondary based on the
generation cause or major predisposing factors (Firestein et al., 2017; Johanne
Martel-Pelletier et al., 2016). Primary OA, the most common form of OA, has no
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identifiable etiology or predisposing cause and can result for a combination of
risk factors like ageing, obesity, knee malalignment, increased biomechanical
loading of joints, genetics and low grade inflammation state (Johanne Martel-
Pelletier et al., 2016; Sellam & Berenbaum, 2013). Secondary OA is based on the
attribution to recognized causative factors which are responsible of the disease,
however primary and secondary OA are pathologically indistinguishable. The
most common causes for secondary OA are traumatic events, metabolic
conditions, anatomic factors or others inflammatory disorders (Firestein et al.,
2017).

It is accepted that age is the major risk factor for OA. Normal cartilage of older
people appear slightly brown due to an accumulation of advanced glycation end
products (AGEs) and is thinner than in young adults but is still smooth and intact
(Nicole Verzijl, Bank, TeKoppele, & DeGroot, 2003). Accumulation of AGEs
can alter the biomechanical properties of cartilage structure making it more brittle
and susceptible to degeneration (Richard F. Loeser, Collins, & Diekman, 2016).
Hallmarks of aging have been identified that represent the processes most likely
to contribute to age related conditions and include stem cell exhaustion, altered
intracellular communication, genomic instability, telomere attrition, epigenetic
alteration, loss of proteostasis, deregulation of nutrient sensing, cellular
senescence and mitochondrial dysfunction (L6pez-Otin, Blasco, Partridge,
Serrano, & Kroemer, 2013). Moreover, the age-related tissue changes are due to
a decrease in chondrocyte ability to maintain and repair the tissue. During aging,
chondrocytes decrease their mitotic and synthetic activity and among with
decrease in responsiveness to anabolic stimuli and lower production of
proteoglycans and functional proteins are responsible for the age related changes
occurring in older cartilage (R. F. Loeser, 2009; J. A. Martin & Buckwalter,
2002). There is substantial evidence that links aging with cellular senescence in

vivo. Cellular senescence developed with aging seems to play a fundamental role
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in the development of age related diseases (S. He & Sharpless, 2017). Senescence
is a cell response to different persistent stresses, and is characterized in a cell-
cycle arrest, increase expression of pl16™“% and increase secretion of
inflammatory cytokines and others factors known as senescence-associated
secretory phenotype (SASP) (Collins, Diekman, & Loeser, 2018; R. F. Loeser,
2009). Recent studies showed that OA severity correlates with the senescence-
associated B-galactosidase activity which is a common marker of senescence
(Gao et al., 2016). Another research found that increased SASP secretion can
caused cartilage degradation and can drive OA (M. Xu et al., 2017). So an
important new strategies could be to treat the OA patients with the new type of
compound called “senolytics”, with the aim to kill senescent cells that arise with
aging (Collins et al., 2018). These compounds try to inhibit pathways which are
upregulated in senescent cells, using an approach similar to the chemotherapeutic
compounds with oncogenic cells. One example is the Navitoclax (ABT-263)
which inhibit Bcl-2 and Bcl-xL that allows senescence cells to survive in the
context of persistent stress activating an antiapoptotic machinery (Zhu et al.,
2016). Direct application of one senolytic compound on anterior cruciate
ligament transection (ACTL) mice showed reduction in the burden of senescence
chondrocytes and production of SASP. This treatment also limited the
development of OA and improved the function of the injured joint (Jeon et al.,
2017). Moreover aged chondrocytes produce lower mechanical quality ECM and
among with reduced cellularity and reduced synthetic activity of aged cells, all
of these contribute to increase OA risk in aged cartilage. Age is an independent
factor that predisposes articular chondrocytes to apoptosis, with higher
expression of proapoptotic genes in aged cartilage (Allen et al., 2004; Robertson
et al., 2006).

Obesity is a well known risk factors for development and progression of OA.

Increased mechanical loading on the joint can not be the only factor involved in
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the OA development in obese patient (Zhuo, Yang, Chen, & Wang, 2012). These
patient have higher risk to develop OA than in lean patients even in joint not
concerned by increase loading like hands. The risk ratio for obese patient to
develop hand OA is 1.9 (D. T. Felson & Chaisson, 1997; Yusuf et al., 2010). In
joint concerned by body weight, such as knee, body fat is a predictor of cartilage
loss, independent of fat-free mass (C. Ding, Stannus, Cicuttini, Antony, & Jones,
2013). Indeed the risk of total knee or hip replacement for OA is three-fold or
four-fold higher in individuals which are in the highest quartile of fat-mass (C.
Ding et al., 2013). However, the association between obesity and OA are not due
only by excessive mass loading and the adipose tissue itself could play a central
role in this association by secreting hormones, growth factors and adipokines in
abnormal concentrations (Abella et al., 2014). For example leptin is an adipokine
secreted by adipose tissue and could play a role in the link between obesity and
OA (Le Clanche et al., 2016b). Chondrocytes can synthesize leptin and its
receptors are found in articular cartilage (Figenschau, Knutsen, Shahazeydi,
Johansen, & Sveinbjérnsson, 2001; Simopoulou et al., 2007). Leptin and its
receptors levels are higher in advanced OA cartilage. Furthermore, synovial fluid
of obese patient exhibit and increased expression of leptin with a decreased sOB-
R levels (receptor of leptin) (Simopoulou et al., 2007). Leptin was also found to
be responsible for the increase MMP-3,-9 and -13, IL-1B, nitric oxide (NO),
prostaglandin E», IL-6 and IL-8 production in human OA cartilage (Le Clanche
et al., 2016b). Not only leptin was found to be involved in the link between OA
and obesity but also adiponectin, which is not normally detected in the healty
cartilage but high levels were found in OA cartilage increasing the PGE2 and
MMP-13 production (Francin et al., 2014). However the correct role of
adiponectin in the pathogenesis of OA is under debate. One study shown that
adiponectin in OA has a protective role increasing TIMP-s expression and
downregulating IL-1p-induced MMP-13 (T. H. Chen et al., 2006). On the
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contrary there are some study which demonstrate that adiponectin is responsible
for induction of nitric oxide synthase 2 (NOS2) in human chondrocytes
increasing the production of *NO by chondrocytes, leading to chondrocytes
apoptosis and ECM degradation (Lago et al., 2008). However, receptors for
adiponectin are downregulated in chondrocytes from OA patients compared to
healthy chondrocytes, this reduced sensitivity of adiponectin could lead to a
faster development of OA (Q. Wang et al., 2014). Moreover, adiponectin was
found to induce IL-6, MMP-3 and -9 and monocyte chemoattractant protein-1
(MCP-1) production which are all involved in the OA development and
progression (Hao et al., 2011). Other adipokines found to have a role in the OA
development are visfatin and resistin. Visfatin has a deleterious effect on articular
cartilage, and stimulate chondrocyte production of MMP-3 and -13, ADAMT-S
4 and 5, and increasing the general tissue inflammation state (Gosset et al., 2008;
McNulty, Miller, O’Connor, & Guilak, 2011). Resistin is able to induce pro-
inflammatory cytokine production like IL-6, TNF-a and PGE2 leading to a
proteoglycan degradation (Le Clanche et al., 2016b; J. H. Lee et al., 2009). This
new discovery has driven the division of OA into different phenotypes and one
of them is the metabolic OA which is characterized by its major causative
features such adipokines, hyperglycemia, obesity and hormone imbalance.
Metabolic OA is targeting by middle age people (45-65 years old) and is the
second most frequent OA subtype after aging (Le Clanche et al., 2016b; Zhuo et
al., 2012).

Another independent risk factor for the development of OA is type 2 diabetes
mellitus (T2DM). An association between these two disease has been
demonstrated and two-recent meta-analyses reported that T2DM is an OA risk
factor whatever the localization (Louati, Vidal, Berenbaum, & Sellam, 2015; M.
F. Williams, London, Husni, Navaneethan, & Kashyap, 2016). Data for an

association between T2DM and site of OA gives different outcomes, for example
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the association between hand OA and T2DM is strong and especially younger
patients had two times higher rate of hand OA than non-diabetic. Furthermore
there is a strong association between erosive hand OA, which is very painful form
of hand OA, and T2DM (Dahaghin, Bierma-Zeinstra, Koes, Hazes, & Pols, 2007;
Louati et al., 2015; Magnusson et al., 2015; Visser et al., 2015). Furthermore
T2DM was found to be a risk factor even for OA progression in man with
established knee OA (Schett et al., 2013). The risk of arthroplasty was correlated
with T2DM duration and T2DM patients had more inflammation of synovium
and more pain (Schett et al., 2013). T2DM has a pathogenic effect on OA through
2 major pathways. First, chronic hyperglycemia induces oxidative stress,
overproduction of pro-inflammatory cytokines and AGEs in joint tissues and also
reduced the stem cells potential of differentiation. Second the insulin resistance
could play a role locally but also through the systemic low-grade inflammation
state (Courties & Sellam, 2016).
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Figure 4 Representation of principal signaling pathways and structural changes in the development of
OA (Hunter & Bierma-Zeinstra, 2019).
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Glucose is an important metabolic compound and a structural precursor that plays
a key role in the synthesis of molecules of extracellular matrix in articular
cartilage (Ali Mobasheri, 2012). First of all, glucose is the major source of energy
for development, growth and maintain the articular cartilage. It is an essential
compound for osteogenesis and chondrogenesis used as a precursor of
glycosaminoglycan and glycoproteins. Glucose concentration in the articular
cartilage can vary depending on age, physical activity and endocrine state.
However glucose can modify and regulate the expression of several genes, for
example, in cartilage can modulate the expression of anabolic and catabolic genes
such as type I and type Il collagen and MMP-1 and MMP-13 in human healthy
and OA chondrocytes (Grayson, 2010; Susana C. Rosa et al., 2011). Cartilage is
a non-vascularized and non-innervated tissue and receives nutrients from its
connection with subchondral bone and synovial fluid through joint cavity.
However chondrocytes are glycolytic cells that express glucose transporter
(GLUT), especially GLUT-1, GLUT-3 and GLUT-9 and are able to sense the
glucose concentration in the media and to adapt GLUT expression under normal
condition (A. Mobasheri, Neama, Bell, Richardson, & Carter, 2002). Under
glucose deprivation, normal chondrocytes increased the expression of GLUT-1
which decreased under high glucose condition. This capacity to adapt the GLUT
expression to the local glucose levels is lost during OA, which is responsible for
a high glucose uptake and potential glucose toxicity (Susana C. Rosa et al., 2009).
GLUT expression is under the control of several factors. Their expressions raised
under pro-inflammatory stimuli as TNF-a and IL-1p through phosphokinase C,
but also under metabolic and hypoxic factors which are involved and increased
in OA (Shikhman, Brinson, Valbracht, & Lotz, 2001). Local high glucose
concentration leads to a reduction in chondrogenic differentiation of
mesenchymal, muscle, and adipose-derived stem cells which may further

decrease the potential regeneration of cartilage that is already decreased in OA
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patients (Aguiari et al., 2008; Cramer et al., 2010; Tsai, Manner, & Li, 2013).
Furthermore, chronic high glucose environment has a deleterious effect on
chondrocytes metabolism. Human cartilage of diabetics patients produce more
IL-6 and PGE: under IL-1f stimulation than non-diabetic patients and showed
reduce autophagy and heme oxygenase expression (Laiguillon et al., 2015;
Ribeiro, Lopez de Figueroa, Blanco, Mendes, & Caramés, 2016; Vaamonde-
Garcia et al., 2017). High glucose exposure also increases MMP production
especially in human OA chondrocytes and decreases the production of collagen
type Il (Y. J. Chen et al., 2015; Susana C. Rosa et al., 2011). High glucose
concentration increases glycolysis enzymes like enolase, glycealdehyde-3-
phosphate dehydrogenase and fructose-biphosphate aldolase, leading to
accumulated intracellular glucose (Ruiz-Romero et al.,, 2008). The
hyperglycemic environment favors the formation of advanced glycation end
products (AGEs), created by a non-enzymatic condensation reaction between
glucose and amino groups of proteins. AGEs are involved in a lots of diseases
like Alzheimer’s disease, diabetes or end-chronic renal failure (Le Clanche et al.,
2016a). Accumulation of AGEs in OA cartilage modified its mechanical
properties, including stiffness and resistance, making the tissues less able to
deform under and increased load (Nicole Verzijl et al., 2002). Type 11 collagen is
the preferential target for AGE formation because its half-live is more than 100
years (N Verzijl et al., 2000). This process is responsible for a stiff collagen
network which make cartilage more susceptible to trauma and injury. Also AGEs
can induce pro-inflammatory and pro-catabolic phenotype of chondrocytes via
the receptor of AGE (RAGE) and Toll-like receptors (TLRs). The activation of
RAGEs in chondrocytes induce a decrease in peroxisome proliferator-activated
receptor gamma (PPAR-y) and an activation of NF-kB and MAPK pathways.
Furthermore RAGESs activation leads to an increase production of reactive

oxygen species (ROS), nitric oxide and cytokine release by chondrocytes (Y. J.
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Chen, Sheu, Tsai, Yang, & Liu, 2013; Rasheed, Akhtar, & Haqgi, 2011; Rasheed
& Haqqi, 2012; J. Wang, Wang, & Sun, 2016).

Human chondrocytes express functional insulin receptors that respond to
physiologic insulin concentrations. The insulin receptors are more abundant in
normal than OA chondrocytes and some responses are impaired while others are
fully activated (S. C. Rosa et al., 2011). In immortalized human chondrocytes
and cultures of primary human chondrocytes it is found that insulin
downregulates autophagy by reducing LC3 Il expression and increasing Akt and
rpS6 phosphorylation. Autophagy is an essential homeostasis mechanism in
articular cartilage which is defective in T2DM and OA. Especially in cartilage in
which the oxygen concentration is lower chondrocytes lives in an hypoxic
environment and autophagy protects from normal and pathological aging by
converting organelles and protein to energy supply for cells. In chondrocytes
after the differentiation autophagy become active and protect the differentiation
of chondrocytes and normal chondrocytes to avoid premature apoptosis and
replacement of the bone (Luo et al., 2019). Chondrocytes from diabetic patients
with OA showed decreased LC3 and increased p-rpS6 expression compared to
healthy subjects and non-diabetic OA patients (Ribeiro et al., 2016). Insulin
resistance and T2DM are associated to a visceral obesity, which is an important
source of cytokines causing low-grade inflammation state that can lead to

structural damage in the joints (Gregor & Hotamisligil, 2011).

The destruction and loss of articular cartilage is central in the development of OA
and most studies are focused on the cartilage changes during OA (Richard F.
Loeser, 2017). One of the earliest osteoarthritic changes in the cartilage is the
increased water content, which is associated with the loss of the negatively
charged glycosaminoglycans and results in swelling of the matrix (Akizuki,
Mow, Muller, Pita, & Howell, 1987; S. R. Goldring & Goldring, 2016). This
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suggest there has been weakening of the collagen network, in fact type Il collagen
fibrils have smaller diameter than normal cartilage. Cartilage matrix degradation
occurs initially in the superficial zone of the cartilage and later extends to deeper
zones as OA progresses (W. Wu et al., 2002). Proteoglycan degradation is
mediated by aggrecanases of the ADAMTS family that cleaves the aggrecan
core. Decrease in proteoglycans density is one of the first steps in the cartilage
degradation (M. B. Goldring, Otero, Tsuchimochi, ljiri, & Li, 2008). This opens
up the cartilage porosity to make it more permeable to collagenases and other
proteases, exposing collagen fibrils. So the interactions between type Il collagen
network and other ECM proteins, like aggrecans an other non-collagenous
proteins become more susceptible to disruption by physical forces or by the
increased activity of MMPs (D. R. Eyre, 2004; M. Wang et al., 2013). Collagen
epitopes become accessible to the DDR2 receptor on cell surface leading to an
increase production of MMP-13 through activation of the Ras/Raf/MEK/ERK
and p38 signal cascades (L. Xu et al., 2010). The partially digested matrix
components have cytokine-like activity enhancing the inflammatory response
and promoting matrix degradation. At this point, the destruction of cartilage
become irreversible (Firestein et al.,, 2017). In the early stages of OA,
chondrocytes, which are normally quiescent cells in healthy cartilage, become
active and start to increase the synthetic activity producing proteoglycans around
the cells trying to repair the loss of proteoglycans (Lorenzo, Bayliss, &
Heinegard, 2004). However with the progression, the depletion of matrix is
associated with the appearance of chondrocytes in cluster due by increase number
of proliferating chondrocytes, which continue to express matrix proteins like
aggrecan, type Il collagen and proteoglycans, as well as stem cell markers and
markers of hypertrophic differentiation (Joseph A. Buckwalter, Mankin, &
Grodzinsky, 2005; Grogan, Miyaki, Asahara, D’Lima, & Lotz, 2009). These

chondrocyte cluster are a hallmark of OA. Decreased chondrocytes density at late
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stages of OA along with the presence of cell-membrane ghost, fragmentation of
chondrocytes nuclei are signals of increased apoptosis due by an earlier death
events (H. S. Hwang & Kim, 2015). In the later stages of OA type I collagen
concentration in the ECM increases and proteoglycans falls to 50% or less than
normal with shorter glycosaminoglycans side chains and less aggregation (Inerot,
Heinegard, Audell, & Olsson, 1978). Keratan sulfate concentration decreases and
the ratio of chondroitin-4-sulfate to chondroitin-6-sulfate increases, reflecting
synthesis by chondrocytes of a proteoglycan profile more typical of immature
cartilage (Bollet & Nance, 1966). Increased numbers of chondrocytes with
features of SASP, which produce more cytokines, chemokines and MMPs, are
characteristic of aging cartilage predispose to cartilage destruction and OA
(Richard F. Loeser, 2013). The increased activity of degradative enzymes
produced by chondrocytes not only disrupts the cartilage matrix but also leads to
the generation of cartilage matrix breakdown products (like fibronectin fragment)
and the secretion of damage-associated molecular patterns (DAMPS) and
alarmins that deregulate chondrocytes function through Toll-like receptors,
integrins and other cell-surface receptors (S. R. Goldring & Goldring, 2016; Liu-
Bryan & Terkeltaub, 2015; Richard F. Loeser, Goldring, Scanzello, & Goldring,
2012). DAMPs and alarmins also acts and stimulates the adjacent synovial tissue
to induce inflammation and the release of proinflammatory products like
cytokines and ROS that feed back to the chondrocytes enhancing the catabolic
state.

1.6 ROS SIGNALLING IN CHONDROCYTES

Articular cartilage homeostasis is a state in which degradation of ECM
componence is balanced by synthesis. In normal cartilage, chondrocytes are
quiescent cells with low metabolic activity and very low turn-over of matrix is

present. The abnormal joint tissue metabolism in chondrocytes, synovium,
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subchondral bone and ECM leads to cartilage degradation and contribute to OA
pathogenesis. Recently alteration in ROS production and pathways have been
implicated in OA progression (Lepetsos & Papavassiliou, 2016). Aging has been
associated with an increase levels of ROS due to mitochondrial dysfunction.
Under normal condition ROS are generated at low concentration in articular
chondrocytes mainly by NADPH oxidase, and they actively participate in
intercellular signaling mechanism and regulate cartilage metabolism modulating
chondrocytes apoptosis, gene expression, ECM synthesis and degradation, and
cytokine production (Collins et al., 2018; Hiran, Moulton, & Hancock, 1997;
Lepetsos, Papavassiliou, & Papavassiliou, 2019). In OA chondrocytes was found
an increase ROS production, decreased antioxidant enzymes production and
activities suggest a key role of ROS in the OA pathogenesis (Altindag et al., 2007;
Del Carlo & Loeser, 2003; Lepetsos et al., 2019). The types of ROS produced
and associated to chondrocyte cells and cartilage homeostasis are superoxide
(O2¢) and hydrogen peroxide (H202). Reactive nitrogen species, as *NO and
peroxynitrite (ONOO¢) are also able to regulate chondrocytes function. Oze is
generated mainly from two sources: incomplete oxidative phosphorylation in the
mitochondria and non-mitochondrial membrane-bound nicotinamide adenine
dinucleotide phosphate (NADPH) oxidase (Altenhofer et al., 2012; Turrens,
2003). O2¢ is a potent ROS and it can directly oxidase proteins regulating signal
transduction, gene expression and cell cycling. Superoxide dismutase (SOD) is
the enzyme involved in the conversion from Oz to H.O>. SOD can also generate
the hydroxyl radical (OHe), which is the most damaging ROS but its lifetime is
shorter. H20z is less detrimental than Oz¢ and OHe but its lifetime is longer and
persist more time in the cell before further reduction by enzymes like
peroxiredoxin and catalase (Dickinson & Chang, 2011). Another source of H20>
and Oz are the NADPH oxidase (Nox) enzymes family. There are seven Nox

enzymes: Nox1-5 and dual oxidase (Duox)1-2. All Nox can produce Oe but
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Nox4 and Duoxs can be a source of H.0: (Bolduc, Collins, & Loeser, 2019;
Panday, Sahoo, Osorio, & Batra, 2015). In OA cartilage Nox4 is the predominant
isoform active in chondrocytes, and its activation after proinflammatory
cytokines stimulation increases both H>O, and Oz inside the cells. Increase
activation of Nox4 and ROS production influence signaling events responsible
for the production of MMPs in chondrocytes increasing cartilage destruction
(Rousset et al., 2015). Redox imbalance in OA chondrocytes is also due to a
decreased levels of antioxidant enzymes like SOD and peroxiredoxins (PRXS)
(Collins et al., 2016; Scott et al., 2010). Compared to normal cartilage SOD2 and
SOD3, as well as glutathione peroxidase are downregulated in human OA
cartilage (Thomas Aigner et al., 2006). During aging levels of SOD2 increase in
cartilage isolated from old rats, however the activity of SOD2 is declined (Y. Fu
et al., 2016). In these mice was found a decrese Sirt3 activity leading to and
increase SOD2 acetylation responsible for a decrese enzymatic activity and
contributing to the development of age-related OA. H>O> can be produced by
xanthine oxidase (XO) but its activity is higher in synovial membranes rather
than in chondrocytes (Aibibula et al., 2016; Stabler, Zura, Hsueh, & Kraus,
2015). PRXs are a enzyme family primarily responsible for the reduction and
detoxification of H20., but also can reduce organic hydroperoxides (ROOH) and
peroxynitrite (Rhee & Kil, 2017). PRXs compete with catalase and glutathione
peroxidase for the detoxification of H202, however PRXs are responsible for
reducing the 90% cellular peroxides (Perkins, Nelson, Parsonage, Poole, &
Karplus, 2015). PRXs are divided into three classes depending on the number of
catalytic cysteine (Cys). In humans Prx1-4 are typical 2-Cys Prxs, the additional
Cys are the resolving Cys allowing the formation of inter-subunit disulfide bond
between two monomers to resolve the oxidation occurring on the peroxide Cys,
sulfenic form (PRX-SOH) when it reduce the H>O> producing H20 (L. B. Poole
& Nelson, 2016). Prx5 is an atypical 2-Cys Prx in which the resolving Cys and
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the peroxide Cys are in a position allowing the intersubunit disulfide bond
formation (Knoops, Goemaere, Van Der Eecken, & Declercq, 2011). Prx6 is the
only 1-Cys Prx, and the oxidation to PRX6-SOH is resolved by the binding with
a molecule of glutathione (GSH) mediated by glutathione S-transferase. Prx6 has
another enzymatic activity and can function as a calcium-independent
phospholipase (PLA?) promoting the hydrolysis of acyl group of phospholipids.
Prx6 was found to be implicated especially in the pathogenesis of diabetes. Prx6-
null mice showed and increased insulin resistance but its role is not enough
understood (Patel & Chatterjee, 2019). However under high levels of ROS and
H20. hyperoxidation of PRXs to the sulfinylated (PRX-SO2H) and sulfonylated
(PRX-SO3H) forms can occur leading to enzymatic inactivation and inhibition of
peroxidase function (Collins et al., 2016; Z. A. Wood, Poole, & Karplus, 2003).
Hyperoxidazed PRX-SO2H form can be reduced by ATP-dependent sulfiredoxin
but this reaction is very slower, and if H>O; and other ROS rise to levels that
overwhelm the antioxidant capacity of the cell than the oxidative stress occurs
with a disruption in normal physiologic signaling (Cross & Templeton, 2006;
Lowther & Haynes, 2011). Increased levels of hyperoxidized PRXs are present
in human cartilage from older adults with a further increase in OA cartilage
(Collins et al., 2016). Chondrocytes from older patients are more susceptible to
PRXs hyperoxidation when exposed to ROS and this with inhibition of IGF-1-
mediated phosphoinositide 3 (PI-3) kinase-Akt signaling and promotion of p38
activation that results in chondrocytes cell death promoting OA development
(Collins et al., 2016). High levels of ROS are implicated in reducing
chondrocytes sensitivity to key growth factors like IGF-1 and OP-1. Low levels
of ROS have benefic effect on IGF-1 signaling, however under excessive ROS
levels IGF-1 mediated Akt-activation is inhibited, this leads to a decrease
chondrocytes ECM matrix production and increase activation of catabolic MAPK
pathways (R. F. Loeser, 2009; Richard F. Loeser, Gandhi, Long, Yin, &
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Chubinskaya, 2014). Chondrocytes ROS-mediated signaling that regulates
MMPs expression has been noted in response to cytokines like IL-1p and TNF-
a and to stimulation with fibronectin fragment (FN-f) which accumulate in OA
cartilage (Del Carlo, Schwartz, Erickson, & Loeser, 2007; Richard F. Loeser,
2017). Furthermore chondrocytes from older adults become more responsive to
IL-1p and FN-f stimulation (Forsyth et al., 2005). Another mechanism
contributing to the OA progression and pathogenesis is the cell death. Enhanced
ROS levels play a key role in activation cell pathways to promote cell death.
Mitochondrial H2O> activate MKK3/6-p38 signaling inducing rapid cell death in
human chondrocytes (Collins et al., 2016). Pharmacological inhibition of p38
helps to maintain cell viability in response to H.O> because cell death in
chondrocytes is, in part, dependent on p38 MAPK pathway. ERK, C-Jun NHa-
terminal kinase (JNK) and p38 are heavily implicated in OA development and
progression and are activated by ROS. High levels of ROS induce the activation
and the phosphorylation of ERK, p38 and JNK in chondrocytes initiating the
catabolic signaling events through the release of cartilage matrix degrading
enzymes (Forsyth et al., 2005; S. T. Wood et al., 2016). ROS also contributes to
inhibition of pro-anabolic signaling including BMP7 and IGF-1, downregulation
of cartilage matrix synthesis and chondrocyte cell death (Richard F. Loeser,
2017). OA chondrocytes display enhance protein sulfenylation, in response to
ROS induce by FN-f treatment, if compared to non-OA chondrocytes. One
sulfenylated protein is Src which enhance its activity leading to JNK activation
and subsequently MMP-13 production and release (S. T. Wood et al., 2016).
Moreover H2O> participates in the activation of INK by IL-1B and TNF-a and in
the IL-1p upregulation of c-Fos in chondrocytes (Lo, Conquer, Grinstein, & Cruz,
1998). IL-1pB induce inflammation and ROS production can be inhibited by the
activation of Nrf2 (Xue et al., 2017). ROS can attack lipid producing the

phenomenon called lipid peroxidation, which produce as toxic product HNE that
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can activate caspase -3, -8 and -9, dowregulates Bcl-2, upregulate Bax and
suppresses pro-survival Akt kinase activity promoting chondrocytes apoptosis
(Abusarah et al., 2017; D. Fu, Lu, & Yang, 2016). Furthermore increased levels
of ROS are responsible for increasing DNA-damage in chondrocytes, affecting
gene transcription and protein synthesis inducing apoptosis (T. Aigner et al.,
2001; H. A. Kim, Lee, Seong, Choe, & Song, 2000). Nrf2 is a transcription
factors that regulates the expression of antioxidant enzymes and has a
chondroprotective effect reducing OA chondrocytes apoptosis (N. M. Khan,
Ahmad, & Haqqi, 2018). ROS in chondrocyte was found to be able to promote
chondrocytes dedifferentiation through the activation of ERK, PI3K and p38
pathways (Yu & Kim, 2015). Mitochondrial ROS generation increase after IL-
1B and TNF-a treatment. These mitochondrial ROS inhibits mitochondrial
respiratory chain and cause mtDNA mutation and damage, this promote
inflammatory process and enhance cartilage functional failure and promote cell
death (J. Kim et al., 2010; Lépez-Armada et al., 2006). Increased ROS levels in
chondrocytes inhibit the proteoglycan synthesis by reducing the rate of glycolytic
ATP synthesis and intracellular concentration ATP and interrupting the IGF-1

signaling pathway (Baker, Feigan, & Lowther, 1989).

In OA cartilage ROS regulate the activity of NF-xB, which is a transcription
factors activated by IL-1p, TNF-a, FN-f and others pro-inflammatory cytokines.
Activation of NF-kB pathways alone or in combination with the activation of
Wnt or BMP pathways, suppresses chondrocytes anabolism and triggers the
expression of several matrix proteinases like MMPs (MMP-1,-2,-3,-7,-8,-9 and -
13), ADAMTS (ADAMTS4 and 5) resulting to cartilage erosion (Mary B
Goldring & Marcu, 2009; Shakibaei, John, Schulze-Tanzil, Lehmann, &
Mobasheri, 2007). Additionally, the OA chondrocytes generate a lot of number
of NF-kB-mediated catabolic cytokine and chemokines like TNF-a, IL-1p, IL-6,
IL-8 and RANKL, that support the production and secretion of MMPs, reduce
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production of collagen and proteoglycan and act as a positive feedback loop to
increase and power up NF-kB activation (Kapoor, Martel-Pelletier, Lajeunesse,
Pelletier, & Fahmi, 2011). Also NF-kB promotes articular damage through
induction of NO, COX2, NOS and PGE which enhance production of catabolic
factors leading to cartilage degradation, chondrocytes apoptosis and constitutive
expression of NF-kB molecules (Marcu, Otero, Olivotto, Borzi, & Goldring,
2010). Sustained NF-xB activation stimulates other regulatory transcription
factors like ELF3, HIF-2a and RUNX2 enhancing the production of MMP-13
and ADAMTSS facilitating the differentiation from pre-hypertrophic
chondrocyte to a terminal hypertrophic chondrocytes (Mary B. Goldring et al.,
2011). NF-«kB is a key transcription factors in chondrocytes; it can mediate the
expression of TLR2 leading to suppression of chondrocytes proliferation and
increasing cell apoptosis (Y. X. Liu, Wang, Wang, Zhang, & Zhang, 2017).
Increase ROS levels can mediate the degradation of NF-«xB inhibitor IkB leading
to NF-xB activation (Glineur, Davioud-Charvet, & Vandenbunder, 2000;
Janssen-Heininger, Poynter, & Baeuerle, 2000). ROS-mediated NF-xB
upregulation contribute to proinflammatory phenotype alteration in OA tissue
such as production of iINOS, IL-8 and COX-2. Osteopontin which is a marker
associated to the progression of OA promotes the expression of MMP-2, -9 and
-13 through activation of NF-xB (Y. Li et al., 2016). PRX-1, an enzyme linked
to H.O> detoxification, is able to regulate NF-xB activities. H2O> promotes
premature senescence in chondrocytes enhancing caveolin-1 mRNA and protein
expression via regulation of p-38, MAPK, NF-kB, and COX-2 (S. M. Dai et al.,
2006). Also HNE, toxic product generated after lipid peroxidation, affects type
Il collagens and MMP-13 production by downregulating iNOS via NF-xB
mactivation. Moreover HNE can react with IKKa; this inactivate its kinase
activity leading to NF-kB inactivation. So HNE abolishes the IL-1p-induced NF-
kB activation (C. Ji, Kozak, & Marnett, 2001; Lepetsos et al., 2019). Together

48



NADPH oxidase-dependent ROS generation in combination with activation of
RAGE, mediate advanced oxidation protein products (AOPPs)-induced
chondrocytes apoptosis through the activation of NF-xB (Ye et al., 2016).

1.7 NOVEL THERAPEUTHIC APPROACHES FOR INCREASE
CARTILAGE REPAIR

Articular cartilage is a highly specialized tissue in which lesions seldom heals or
heal only partially under certain biologically conditions. Injuries can progress
rapidly and lead to destruction of cartilage structure and its mechanical features.
Due to difficulties in self-repair various interventions have been developed to
facilitate regeneration of cells and cartilaginous matrix. Surgical treatments are
needed because injuries at cartilage are associated with a lot of symptoms
including, joint pain, joint-locking phenomena and reduced or disturbed joint
function leading sometime to a permanent disabilities. Traditionally cartilage
repair has been pursued by the application of two main treatments. If cartilage is
severely damaged and the majority of articular cartilage is disabled, whole joint
surgery can be performed where the living biological tissue is replaced with a
prosthetic device. However the synthetic material cannot fully substitute the
complexity of the biologically nature cartilage matrix. If cartilage injury is small
and localized, an autograft or allograft can be trimmed to size and fit into the
defects. However this solution offer limited-term benefits especially in older
patients with low differentiation abilities (Madry, Grin, & Knutsen, 2011). Some
techniques were developed to try to enhance the spontaneous repair response in
cartilage such as abrasion chondroplasty, Pridie drilling and microfracturing
(microdrilling). The aim of these treatments is to expose the lesioned
cartilaginous tissue to the bone-marrow spaces, leading to a spontaneous repair
response which is based upon surgically-induced bleeding from the subchondral

bone spaces and subsequent blood-clot formation. However the healing response
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is highly variable and non-reproducible, and the tissue that is formed is more
fibrous than hyaline (Charalambous, 2014; Jackson, Lalor, Aberman, & Simon,
2001). The success of these techniques depends on some factors like patients age
and physical activity level, the severity of the trauma and the follow-up period
(Bert, 1993). The idea of drilling holes in the damage cartilage was made by
Pridie in 1959, with the aim to stimulate the spontaneous repair reaction in
cartilage (Insall, 1974). However the tissue that is formed is variable in
composition, structure and durability. So the intervention is nowadays performed
in young patients with OA condition with the aim to improve joint functionality
and decrease the power of symptoms (Miller & Kohn, 1999). However this
procedure confer short-term benefits only in younger patients (E. B. Hunziker,
Lippuner, Keel, & Shintani, 2015). Microfracturing technique is a modification
of Pridie drilling. After removal the calcified-cartilage layer, multiple holes are
created in the bone plate and the bone trabeculae. This process is associated with
bleeding and blood clot formation. The technique was updated and called
midrodrilling which is better controllable, more reproducible and less traumatic
(H. Chen etal., 2009; Sledge, 2001). Now microdriling is performed more widely
than any other bone-marrow stimulation techniques. These techniques has been
used for lots of younger patients, given good results, improved joint functionality
and relief from pain in 60-80% of cases (Asik, Ciftci, Sen, Erdil, & Atalar, 2008).
This is probably due to the large numbers and high activity-levels of the
participating precursor-cell pools in younger patients, responsible for an
increased repair capacity than in older people (Kreuz et al., 2006). Nowadays
these technique has been combined with the introduction of thin-layered, blood-
adsorbing matrix of collagen type I and Il or chitosan glycerol phosphate (Gille
et al., 2010; Marchand et al., 2012). However the highly bio-incompatibility of
the implanted matrix material and the fibrin itself generated after bleeding

increase the inflammatory response. Some good results are obtained using
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collagenous matrix introduced into the defect void after a stimulation of bone-
marrow by microdrilling. These technique is called autologous matrix-induced
chondrogenesis. Advantages are that it doesn’t need cell transplantation and it
can be performed during a single surgical intervention (Dhollander et al., 2011;
E. B. Hunziker et al., 2015).

Another widely known technique is the osteochondroal transplantation, in which
the idea is to implant chondral and ostechondral tissue itself inside the articular
cartilage damages. This transplantation technique can be both autografts or
allografts (Brent, Tanzer, Rueckert, & Brown, 1992; Hangody et al., 2001; E. B.
Hunziker et al., 2015). The autologous osteochondral treatmen strategies
currently in use is called mosaicplasty and is used for full-thickness lesions. Into
these defects surgeons introduce several or multiple pieces (plugs) of autologous
graft material. One of the most serious problems is related to the area from which
the autologous osteochondral plugs are removed, because surgeon is accidentally
creating additional lesions generating new sites that can be responsible for the
joint degeneration, exacerbating the pathological process. Than the plugs are
press-fitted with hammering into the subchondral bone. This process can induce
injuries in the transplanted cartilage leading to an immediate death of
chondrocytic population (Quinn, Grodzinsky, Hunziker, & Sandy, 1998).
Moreover, the plugs can be transplanted into a site with different mechanical

loading leading degeneration due to unphysiological loading.

Allogenic osteochondral graft does not try to induce cartilage repair but the aim
is to substitute the failed or lost tissue with healthy articular cartilage derived
from cadavers. An important drawbacks of this technique is the inevitably
immunological problems (Stevenson, 1987). However patients with large

cartilage damage and large osteochondral defect due to tumor resection,
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osteonecrosis, extensive trauma, severe OA benefit greatly from this technique
(E. B. Hunziker et al., 2015; Zouzias & Bugbee, 2016).

Cell are the driving forces of cartilage formation and for the maintaining the
homeostasis inside the cartilage. For this reason cell based therapies to promote
cartilage repair were developed. The idea is to implant externally cultivated cells
to replicate and stimulate native regeneration. Chondrocytes was the first cell
used to attempt cartilage repair, and the technique was called autologous
chondrocytes implantation (ACI) (Brittberg et al., 1994). Initially a biopsy of
healthy cartilage is arthroscopically harvested from a low- or a non-load-bearing
location of a damaged cartilage. The tissue is then enzymatically digested to
release the chondrocytes which are expanded in culture to obtain enough cell for
the treatment (Grande, Pitman, Peterson, Menche, & Klein, 1989). In this
treatment a membrane is placed over the defect and filled out with a suspension
of chondrocytes and sutured to the surrounding cartilage to ensure chondrocyte
localization within the lesion. Initially a periosteal cut from the patient’s bone
was used as membrane. Nowadays synthetic membranes made of collagen type |
and type Il are also used. More recently a matrix associated variant of ACI-
approach was introduced in which autologous chondrocytes are embedded within
a matrix rather than suspended in a fluid and the membrane is not needed (Jones
et al., 2008). However clinical trials reported no significant better result of ACI
in comparison to microfracture surgeries (Knutsen et al., 2007). When
chondrocytes are expanded in vitro on plastic they tend to dedifferentiate and
start producing type | collagen. These can lead to hypertrophic chondrocytes
differentiation when they are implanted into the lesion. Nevertheless it has been
noted that the cartilage formed following ACI procedure seems to be
fribrocartilage rather than hyaline cartilage, and lacks in compressive strength
and frictionless properties of hyaline cartilage (Bernhardt et al., 2009; Madry et
al., 2011).
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Many research teams tend to focus on the elaboration of novel tissue-engineering
based strategies. This approach combines cells and biomaterial scaffold trying to
reconstruct the tissue both functionally and structurally. Reconstruction can be
conducted entirely in vitro, initially in vitro and then in vivo, or entirely in vivo.
Success in this process is to use another type of cells avoiding the autologous
transplantation of cartilaginous tissue from the patients. For this reasons
mesenchymal stem cell (MSCs) are frequently used for tissue engineering and
for transplantation itself (Arthur, Zannettino, & Gronthos, 2009). Amongst the
various tissue sources bone-marrow-derived MSCs are the most used both in
vitro and in vivo (Johnstone et al., 1998; Yoo et al., 1998). These cells have a
high capacity for chondrogenesis only in presence of appropriate stimulation
factors. This technique was used to treat large lesion within the femoral condyle
of an athlete. The bone-marrow MSC were aspirated 4 weeks before the treatment
and expanded in culture. Then cells were embedded in a collagenous gel and
transferred into the articular lesion (Kuroda et al., 2007). Knee outcome scores
improved but biopsies revealed the presence of fibrocartilage instead of hyaline
cartilage. Importantly, MSCs are heterogeneous cell population that can generate
fibrocartilage and hypertrophic chondrocytes along with the desired articular-
cartilage-producing chondrocytes (Huey, Hu, & Athanasiou, 2012). To guide the
differentiation towards the correct cell type MSCs require the presence of
appropriate stimulation factors. One of the limitation of the use of MSCs is that
their chondrogenic potential declines with the age (Zheng, Martin, Duwayri,
Falcon, & Buckwalter, 2007). To overcome this problem MSCs can be taken
from different sources like synovium. MSCs from synovium have the higher
chondrogenic potential which doesn’t decline with age (De Bari, Dell’Accio,

Tylzanowski, & Luyten, 2001).

Trying to derive articular chondrocytes that produce matrix and regenerate

cartilage researches investigate the capacity of pluripotent stem cells, such as
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embryonic stem cells (ESCs) and the induced pluripotent stem cells (iPSCs).
ESCs use in highly debated due to the ethical problems around their derivation.
However, iPSCs provide the same pluripotency without this drawback. iPSCs
can be autologous, because they can be derived from small sample of various
tissues including skin and blood. Moreover the differentiation process into
chondrocytes can be achieved using two different ways; by deriving firstly a
population of MSCs, or by differentiating the cells directly into chondrocytes
(Craft et al., 2013; Diekman et al., 2012; Weil et al., 2012). In comparison to
chondrocyte derived from MSCs, chondrocytes differentiate from pluripotent
stem cells had higher gene expression of cartilage specific genes (SOXO9,
COL2A1, AGC) and reduced expression of hypertrophic and bone-producing
genes (COL10Al, COL1A1, RUNX2) (Ko, Kim, Park, & Im, 2014). The
challenge is to efficiently produce and safely controlling these cells, because
IPSCs production has low yields for low mass production. Moreover occasionally
the implantation of pluripotent stem cells has occasionally resulted in teratoma

generation (Saito et al., 2015).

Another type of therapies is to inject and to use biomaterials scaffold to increase
the self-repair of cartilaginous tissue, which is composed mainly of intricated
ECM. Scientist are now trying to develop a biomaterial that can mimic cartilage.
In particular, these biomaterials need to have the same mechanical properties of
cartilage, the possibilities of integration with the adjacent cartilage and durability
(Cucchiarini et al., 2014). Currently the biomaterial used in clinical are
biodegradable, with the aim that the biomaterial is eliminated from the body after
providing the functional properties for the regeneration. Up of 80% of articular
cartilage is made of water so hydrogel polymer networks are ideal for
regenerating cartilage in situ and in vitro. Hydrogels can be tailored for the
desired application, modulating the type of polymer, the crosslinking method, the

degradation rates and the incorporation of various molecules (Spiller, Maher, &
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Lowman, 2011). Hydrogels can be classified based on the polymer composition
into natural or synthetic materials, but some mixed hydrogels are now commonly
used. Natural polymers can derive from both animals or plant source, and the
most used are alginate, agarose, silk collagen and hyaluronan. Mechanical
properties of these hydrogels can be modulates using right formulations and
postprocessing methods (Bernhard & VVunjak-Novakovic, 2016; Elisseeff, Puleo,
Yang, & Sharma, 2005). Collagen and hyaluronan are the two most popular
natural polymers used for cartilage tissue engineering (Di Lullo, Sweeney,
Korkko, Ala-Kokko, & San Antonio, 2002). Collagen can support cell
attachment and stimulate the synthesis and assembly of new ECM. However
collagen hydrogels are mechanically weaker than the surrounding tissue and
degrade too fast, to overcome this problem collagen can be crosslinked but this
process can impact cells differentiation and viability (C. R. Lee, Grodzinsky, &
Spector, 2001; C. H. Li et al., 2011). Hyaluronan based hydrogels was introduced
because chondrocytes surrounded themselves with a pericellular matrix made by
hyaluronan. These hydrogels permit the attachment of cells and they trigger the
differentiation into chondrocytes stimulation the production of new ECM
(Bernhard & Vunjak-Novakovic, 2016; Foss, Merzari, Migliaresi, & Motta,
2013; Tognana, Padera, Chen, Vunjak-Novakovic, & Freed, 2005). Some
drawbacks of hyaluronan based hydrogels are the insufficient mechanical
integrity and short lifetime for fast degradation by MMPs (Bernhard & Vunjak-
Novakovic, 2016).

Synthetic polymers allow scientist to control all structural and mechanical
properties. Polyglycolic acid (PGA) and polylactic acid (PLA) are most used
synthetic polymer due to their capability to be degraded by simple hydrolysis
with a controllable rate by adjusting the composition and monomers (Shen et al.,
2014). However, the problem of these materials it that they doesn’t provide

motive that permit cell attachment. So some biological motifs or bioactive

55



molecules can be functionalized into the hydrogel mashes to promote cell
attachment (Shen et al., 2014; Vinatier, Mrugala, Jorgensen, Guicheux, & Noél,
2009). An important trend in joint surgery is to use the arthroscopic procedure or
to minimize the severity of the intervention. For this reasons the use of injectable
hydrogels is very interesting (Hou, De Bank, & Shakesheff, 2004). Nowadays
there are some injectable hydrogels that are liquid during the injection and can
change their physical properties becoming hydrogel in the body due to thermal
activation mediated crosslinking at the body temperature or by light activation
(Elisseeff et al., 1999; Munarin, Petrini, Bozzini, & Tanzi, 2012).

The incorporation of cells into biomaterials scaffold makes cartilage repair more
complex but overcome some problems to use the two technique alone. Recently
biphasic scaffold become more popular, these bilayers consist of two different
materials, an upper one to conduct chondrogenesis and destinated for the
cartilaginous compartment and a lower one of ceramic-like substance which can
be pressed as a plug into the subchondral bone (I. M. Khan, Gilbert, Singhrao,
Duance, & Archer, 2008). One challenge is to develop a construct with matrix
cells and signaling molecule which can be used to trigger differentiation into
chondrocytes and ECM production. In vitro some experiments have involved
various combination of matrix cell types and growth factors. These include
collagenous and gelatin matrices containing MSCs and TGF-B1, agarose matrices
with chondrocytes and FGF-2, fibrinous matrices with chondrocytes and IGF-1
and PLA matrices with perichondral cells and TGF-f1 (Andrades et al., 1999;
Angele et al., 1999; E. B. Hunziker et al., 2015). The incorporation of growth
factors and biomolecules like dexamethasone and TGF-B1 facilitate cartilage
regeneration (Bae, Choi, Han, & Park, 2010; Park, Temenoff, Holland, Tabata,
& Mikos, 2005). Another approach is to use signaling molecule entrapped in an
appropriate delivery system. This ensure that the differentiation process takes

place in a controlled and timely manner and this differentiation process can occur
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in vivo under physiological condition of mechanical loading (Visna, Pasa,
Cizmat, Hart, & Hoch, 2004).

Articular cartilage is a complex environment in which a lot of factors are
involved. For this reason mechanical stimulation, oxygen tension and 3D
bioprinting are utilized to replicate this in-vivo environment supporting
chondrocytes differentiation and matrix production. To replicate the mechanical
forces present in articular cartilage, compressive forces are applied to the tissue-
engineered constructs during in-vitro calculation. Special bioreactors were
produced to control the rate and the amplitude of the applied stress (Schulz &
Bader, 2007). This promotes chondrocytes differentiation, stimulate matrix
production ad increase cell viability (Bhardwaj, Devi, & Mandal, 2015; Vinatier
et al., 2009). Constructs made into this bioreactors are more closely to the
compressive properties of natural cartilage and forces direct matrix alignment
and deposition by chondrocytes (Arokoski, Jurvelin, VVaatéinen, & Helminen,
2000). However some studies revealed that chondrocytes don’t experience direct
compressive stress but a hydrostatic pressure due to the movement of
extracellular fluids. For this reason hydrostatic bioreactor are produced to try to
replicate the in-vivo environment of articular cartilage loading (Portner et al.,
2009; Schulz & Bader, 2007). Another factor is that cartilage is an hypoxic
environment, so a lot of in vitro culture are performed in a low oxygen tension.
This permits to enhance MSC chondrocyte differentiation and arrest hypertrophic
maturation (Gawlitta, Van Rijen, Schrijver, Alblas, & Dhert, 2012; Zscharnack,
Poesel, Galle, & Bader, 2009). Due to its ability to provide a precise control of
the initial structure of the construct 3D bioprinting technique is gained a lot of
attention. With this method specific structure of cartilage can be replicated
depositing an appropriate pericellular environment for the cells located in each
cell zone (Klein, Malda, Sah, & Hutmacher, 2009). Despite the increased ability

of tissue engineering to mimic the native environment of cartilage current tissue
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structure and still not mechanically and structural functional to be used in clinical.
For these reasons research of new biomaterials is still the focus of research for
cartilage degeneration to find a new matrix or to combine the already used matrix

to better mimic the cartilage tissue (Bernhard & Vunjak-Novakovic, 2016).

58



Chapter 2 - Role of high glucose environment on immortalized
chondrocyte C28/12 cell lines

2.1 Aim of the work

Osteoarthritis (OA) is the most common type of joint arthritis disease and also
one of the leading causes of pain and disability worldwide (S. R. Goldring &
Goldring, 2016; Johanne Martel-Pelletier et al., 2016). OA is characterized by
progressive degeneration of articular cartilage and signs and symptoms of
inflammation, leading to structural and functional impairments of the joint (Mary
B. Goldring et al., 2011; Marcu et al., 2010). The heritability, ageing, female
gender and previous knee trauma have long been recognized as the major risk
factors of OA (Johanne Martel-Pelletier et al., 2016). Several recent studies have
pointed out that the metabolic factors are also be involved in the pathophysiology
of OA and these include obesity, diabetes, hypertension and dyslipidemia
(Courties & Sellam, 2016; Le Clanche et al., 2016b). The type 2 diabetes mellitus
(T2DM) is a chronic metabolic disease associated with many complications, and
accumulating epidemiological and experimental observations support that T2DM
is an independent risk factor for OA progression (Louati et al., 2015; Schett et
al., 2013). However the correct molecular mechanism underlying the connection
between OA and T2DM are still less known. T2DM has a pathogenic effect on
OA through 2 major pathways. First, chronic hyperglycemia induces oxidative
stress, overproduction of pro-inflammatory cytokines and AGEs in joint tissues
and also reduced the stem cells potential of differentiation. Second the insulin
resistance could play a role locally but also through the systemic low-grade
inflammation state (Courties & Sellam, 2016). It has been proposed that local
inflammation may be an important mechanism link between the two disease.
Glucose concentration has an important role in the link of the two pathologies. In
particular local hyperglycemia can increase the AGEs activating the production

of catabolic and proinflammatory mediators leading to cartilage remodeling and
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degradation (Berenbaum, 2011). Moreover hyperglycemia cause a low-grade
systemic inflammation that may contribute to OA progression (Courties &
Sellam, 2016; Robinson et al., 2016). Nevertheless high glucose concentration in
the media can reduce the cell viability of chondrocytes (Hosseinzadeh,
Bahrampour Juybari, Kamarul, & Sharifi, 2019). However the cartilage
environment is scarce in glucose and estimates predict that glucose concentration
in cartilage may reach 1 mM and chondrocytes are well adapted to take glucose
from this environment. However a lot of studies used 5.5 mM or more as a normal
glucose concentration for chondrocytes and cartilage (Y. J. Chen et al., 2015; M.
Linetal., 2012).

Here in this studies we used the immortalized chondrocytes C28/12 which are a
good model to reproduce the chondrocytes behaviors and to study the signaling
pathways activated by different stimuli. We tried to study the effect of an high
glucose environment in chondrocytes cells, focusing our attention on the
cytoskeleton proteins and RalA pathway which can regulate cytoskeleton
network. We further investigate the effect of high extracellular glucose on some
key protein like MAPK and NF-kB. Then we used different media containing
FBS or ITS using the IL-1B to stimulate the OA chondrocytes phenotype. To
make the study more reliable we changed every day the media to see the real
effect of glucose concentration and all the analyses were made after 72h, to

stimulate a long exposure to an high glucose environment.
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2.2 Materials and Methods
2.2.1 Antibodies and Reagents

For experiments with C28/12 antibodies purchased from Cell Signaling
Technology were to iNOS, vinculin, actin and LC3I/Il. Antibodies purchased
from Santa Cruz Biotechnology were to GAPDH, NF-kB and phospho-ERK,
total-ERK and SOX9. Mouse monoclonal anti-p-tubulin was purchased from
Sigma Aldrich. Anti-RalA mouse antibodies were obtained from Transduction
Laboratories. Recombinant human IL-1 was purchased from Immunotools.
TRTC-labelled phalloidin was purchased from Sigma Aldrich. Alexa Fluor 488
goat anti-mouse IgG were obtained from Life Technologies. For western blot
analysis, the following antibodies were used: peroxidase-conjugated donkey anti-

rabbit or anti-mouse secondary antibodies were from Amersham BioSciences

For experiments with human primary chondrocytes, antibodies purchased from
Cell Signaling Technology were to phospho-Akt (Ser473), total-Akt, phospho-
p38 (Thrl80/Tyr182), total-p38, phospho-ERK (Thr202/Tyr204), total-ERK,
phospho-p65 (Ser536), total-p65, and GAPDH. Antibodies purchased from
Abcam were to MMP-13 and MMP-2.

2.2.2 Cell Culture

The immortalized chondrocyte cell line, C28/12, was a kindly gift from Prof.
Francesco Dell’ Accio (Queen Mary University of London, London, UK). C28/12
cell line was originally obtained from cells isolated from cartilage and transduced
with simian virus 40 containing T-antigen and was employed in this study (Mary
B. Goldring, 2004). Frozen C28/12 cells were revived by thawing in a 37°C water
bath and then cultured in Dulbecco’s modified Eagle’s medium (DMEM)/ F-12
medium (1:1) medium (DMEM/F12; L0091-500, Biowest®) containing 10% heat

inactivated fetal bovine serum (FBS) (EuroClone®), 1% penicillin/streptomycin
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and 17 mM of D-Glucose monohydrate (Biowest®) at 37°C and 5% COx till 90%
confluence with the medium changed every three days in a Galaxy 170 S
Incubator (Eppendorf®). Cells were washed with 1 X phosphate buffered saline
(PBS) and were harvested using Trypsin-EDTA 1X in PBS (Euroclone®)
digestion at 37°C for 5 min. The cells were claimed by centrifugation and
resuspended in DMEM/F12 medium supplemented with 10% FBS and 1%
penicillin/streptomycin followed by incubation for cell propagation and right

glucose concentration was added.

Normal articular cartilage was obtained from the talus of human tissue donors
provided by the Gift of Hope Organ and Tissue Donor Network (Itasca, IL)
through collaboration with Rush University Medical Center (Chicago, IL). Prior
to dissection, cartilage was macroscopically inspected for gross evidence of
damage and only normal appearing cartilage was used. Chondrocytes were
isolated and cultured in monolayer culture. Cartilage was dissected from the joint,
with care taken to avoid underlying bone or tissue from osteophytes. Cartilage
slices were digested in DMEM/F-12 medium (1:1) containing 0.2% Pronase
(Calbiochem, San Diego, CA) in an incubator with continuous agitation for 1
hour, and then overnight with 0.025% collagenase P (Roche, Indianapolis, IN) in
DMEM/F-12 supplemented with 5% fetal bovine serum. After isolation, the cells
were counted. Prior to culture viability was assessed using trypan blue dye
exclusion and was determined to be 90% (Richard F. Loeser, Pacione, &
Chubinskaya, 2003).

2.2.3 Trypan blue exclusion assay (cell growth)

C28/12 cells were plated at a density of 20000 cell/ml in a 24 well plate and for
each different glucose concentrations (0.25 mM, 2.5 mM, 25 mM, 50 mM, 100
mM and 150 mM) were used 4 wells. Each media was changed gently every day

to maintain the exact glucose concentration for all time required for the
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experiment. At desired time point (48 h, 72 h and 96 h) cells were harvested with
trypsin-EDTA and collected in conic tubes which contain completed medium
(ratio 1:1, vl/v, trypsin/medium). Live cells were recognized by trypan blue
exclusion assay and counted using a Burker chamber. Cell number were collected
and % of cell growth were obtained dividing the N° of cells at that time point/N°
of cell plated X 100. For cells growth experiment using preconditioned cells,
C28/12 cells were maintained in 6 different 10 cm dishes, each one for a different
glucose concentration used (0.25 mM, 2.5 mM, 25 mM, 50 mM, 100 mM and
150 mM), for 7 days before harvesting and plating cells in 24 wells as previously

described.
2.2.4 ROS analyses by DCFDA

The level of intracellular ROS was quantified by fluorescence using
dichlorofluorescein diacetate (DCFDA, Invitrogen). C28/12 confluent monolayer
culture were harvested and 10 cells were plates in each well of 96 wells plate
using DMEM/F-12 medium without glucose. Immediately after plating in media
supplemented with 10% of FBS or 1% of ITS (Insulin-Transferrin-Selenium,
Invitrogen®); 10 ng/pL of IL-1B was added when required. Glucose was added
to reach the final concentration of 0.25, 2.5 or 25 mM. Media was replaced every
24 h to maintain the correct glucose concentration. After 72 h cells were washed
with PBS and stained with 17 uM DCFDA in PBS for 1 h at 37°C in the dark.
Fluorescence was recorded with an excitation wavelength of 490 nm and an
emission wavelength of 525 nm using VICTOR multilabel plate reader
(PerkinElmer). Then cells were washed twice with PBS and extracted with 0.5
mM NaOH in PBS for 10 min at 37°C. Protein were quantified by Bradford
technique using VICTOR multilabel plate reader. Then fluorescent intensity for

each well were normalized on the total protein amount for each wells (Mendis,
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Kim, Rajapakse, & Kim, 2008). Each experiments were made 3 times in

triplicate.
2.2.5 ROS quantification using DHR-123

C28/12 cells were plated at a density of 5x10* cell/mL on gelatin pre-treated
coverslips. Cells were growth for 72 h with DMEM/F12 + 10% FBS using 3
different D-glucose concentration: 0.25 mM, 2.5 mM and 25 mM. Media was
replaced every 24 h. Then cells were washed gently with PBS and 10 pM of
DHR-123 (Sigma-Aldrich) was added to the cells in HBSS solution for 1 h at
37°C in the dark. Then slides are mounted using Mowiol mounting media (Sigma
Aldrich) and fluorescent images were captured using a Leica DMIRE2 inverted
microscope equipped with 63x/1.4 NA Plan-Aphocromat oil immersion
objective. Using ImageJ, an outline was drawn around each cell and circularity,
area, mean fluorescence measured along with several adjacent background
readings. The total correct cellular fluorescent (CTCF) = integrated density —
(area of selected cell x mean fluorescence of background readings), was
calculated. Bar graphs and statistical analyses (Two ways-ANOVA and Tukey
HSD post-hoc tests) were performed using GraphPad Prism 6.

2.2.6 Apoptosis with Annexin V/propidium iodide staining

Apoptosis was evaluated by Annexin V-binding assay (MArca) in C28/12 cells
treated for 72 h with different glucose concentration media supplemented with
FBS (0.25 mM, 2.5 mM, 25 mM). Cells were harvested by pipetting with PBS
and were washed with cold PBS. Cell suspensions were resuspended in binding
buffer (10 MM HEPES-NaOH, pH 7.4, 2.5 mM CaCl,, and 140 mM NaCl). A
fraction of 10° cells were incubated in binding buffer at room temperature in the
dark for 15min with 5 pL of FITC-conjugated Annexin V and 10 uL of
2.5 ug/mL propidium iodide (Sigma-Aldrich). Annexin V binding was detected
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by flow cytometry using CytoFLEX (Beckman Coulter) cytofluorimeter. At least
5x10* events/sample were acquired and analyzed using a specific software
(CytExpert, Beckman Coulter).

2.2.7 Immunofluorescence

C28/12 chondrocytes were plated at a density of 5x10* cell/mL on gelatin pre-
treated coverslips. Cells were maintained for 72 h in DMEM/F12 + 10% FBS
using 3 different D-glucose concentration (0.25 mM, 2.5 mM and 25 mM). Media
was replaced gently every 24 h. Cells were then fixed for 10 min with 3.7%
paraformaldehyde in phosphate buffered saline (PBS), permeabilized for 4 min
with 0.1% Triton X-100 in PBS and stained with different antibodies. In
particular cells were treated with TRITC-phalloidin for actin staining as
described previously (Ceriani et al., 2007). For tubulin staining, anti-mouse
monoclonal anti-p-tubulin primary antibodies (1:150) were used; secondary
antibodies were Alexa Fluor 488 goat anti-mouse IgG (1:200). Fluorescence
images were captured with a Leica TCSSP2 confocal microscope equipped with
a 63x/1.4 NA Plan-Apochromat oil immersion objective. Using ImageJ, an
outline was drawn around each cell and circularity, area, mean fluorescence
measured along with several adjacent background readings. The total correct
cellular fluorescent (CTCF) = integrated density — (area of selected cell x mean
fluorescence of background readings), was calculated. Bar graphs and statistical
analyses (Two ways-ANOVA and Tukey HSD post-hoc tests) were performed
using GraphPad Prism 6.

2.2.8 Western Blots

Cell proteins extract were made using RIPA buffer [20 mM Tris, pH 7.5, 150
mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton X-100, 0.25% sodium
deoxycholate, 2.5 mM sodium pyrophosphate, 1 mM glycerol phosphate, and 1
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mM Na3V04, with 2 mM phenylmethylsulphony! fluoride(PMSF, Sigma)] to
detect SOX9, phospho/total ERK1/2, NF-xB, phospho/total p65, phospho/total
p38, phospho/total Akt, LC3I/1l and iINOS. Then Ral Buffer [50 mM Tris—HCI,
pH 7.4, 10% glycerol w/v, 200 mM NaCl, 2.5 mM MgClI2, 1% NP-40 (Sigma)
w/v, 1 mM DTT, 25 mM NaF, 1 mM NasVOs4, 1 mM PMSF] was used to detect
tubulin, vinculin, actin and RalA. For C28/12, cells were plated in 10 cm dishes
and after 72 h in the described conditions cell protein extract were prepared and
30 ug of total protein extract were loaded on polyacrylamide gels. Western blots
were made according to standard procedures using nitrocellulose membranes
(Protran). Immunoblots were probed with anti-tubulin, anti-vinculin, anti-actin,
anti-SOX9, anti-LC3I/1l, anti-phospho-ERK1/2, anti-total ERK1/2 and anti-
INOS primary antibodies. Signals were detected using peroxidase-conjugated
donkey anti-rabbit and anti-mouse secondary antibodies and reveled by ECL
detection system WESTAR NOVA 2.0 (Cyanagen). Experiments were repeated
three times. Densitometry were made using imageJ software and GAPDH was
used as loading control. Tot-ERK1/2 was used as loading control for p-ERK1/2.

GraphPad Prism 6 was used for graphical representations and statistical analyses.

For human primary chondrocytes, cells were plated at a density of 5x10° cell/ml
in 6 wells plates and maintained in medium supplemented with 10% FBS for 48
h. Media was changed with serum-free media and cells were maintained
overnight. Then glucose was added to reach 50 mM or 75 mM as final
concentration in the media. Cells were maintained for 24 h with the chosen
glucose concentration. At the end of the time cell extract were made using RIPA
buffer (Cell Signaling) and approximately 15 pg of of total protein extract were
loaded on polyacrylamide gels. Immunoblotting and analysis was performed as
described before. Analysis of phosphoproteins was conducted using phospho
specific antibodies, and blots were stripped and reprobed with antibodies to the

total protein as a loading control. Experiments were repeated three times.
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Densitometry were made using imageJ software. GraphPad Prism 6 was used for

graphical representations and statistical analyses.

For MMP-13, primary chondrocytes were growth as said before then conditioned
media were taken and concentrated (10:1) and 30 pl was analyzed by
immunoblotting as described for signaling studies but using antibody to MMP-
13. Densitometric analysis of MMP-13 bands was performed using Imagel
software. MMP-2 was used as loading control and data were normalized on cells
maintained at 25 mM of glucose concentration (Forsyth, Pulai, & Loeser, 2002;
S. T. Wood et al., 2016).

2.2.9 RalA pull down

C28/12 chondrocytes were plated in 10 cm dishes and maintained for 72 h in
media supplemented with 10% FBS or 1% ITS with different glucose
concentration (2.5 mM and 25 mM). IL-1B (10 ng/ml) was added when described
to simulate OA environment. Media was replaced every 24 h. After 72 h cells
were lysed with Ral buffer supplemented with Complete ™ EDTA Free. The
GTP-bound form of RalA was isolated using activation-specific probes and
subsequently quantified as described (De Rooij & Bos, 1997; Rebhun, Chen, &
Quilliam, 2000). Briefly, a recombinant RID-GST (Ral Interacting Domain)
fusion protein, coupled to Glutathione—Sepharose beads, was used to isolate the
active Ral-A from total cell lysates. Approximately 20 ug of GST-RID was
bound to 60 pl of Glutathione-Sepharose beads (50% slurry) and 800 pg of total
C28/12 protein lysates were used for the assay. 60 ul of SDS-PAGE sample buffer
was finally added to beads; 30 ug of total protein extract was loaded on 8% SDS-
polyacrylamide gel while for Ral-GTP extracts the whole sample was loaded on
8% SDS polyacrylamide gels. The RalA protein was visualized using anti-RalA
antibodies. C28/12 growth in 2.5 mM glucose media supplemented with FBS or
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ITS was used as control. Differences between groups were tested for significance

by applying the ANOVA test and Dunnett post-hoc test.
2.2.10 Statistical analyses

Data were analyzed by Student's t test (for two-sample comparisons) or a one-
way or two-way ANOVA (for comparison of more than two samples) with a
Dunnett's or Tukey honestly significant difference post hoc correction, as
appropriate, using GraphPad Prism version 6 (GraphPad Software, Inc.). Results
are presented as mean values £S.D. from a minimum of three independent

biological replicates. A level of p < 0.05 was considered to be significant.
2.2.11 Study approval

Use of human tissue was in accordance with the Institutional Review Board at
the Rush University Medical Center and the University of North Carolina at
Chapel Hill.
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2.3 Results
2.3.1. C28/12 chondrocytes prefer to growth in media supplemented with 2.5

mM of glucose.

C28/12 cell line is well characterized and as already use as a good cellular model
to study chondrocytes behaviors in response to different stimuli and as already
used for study the glucose effect in chondrocytes (Finger et al., 2003;
Hosseinzadeh et al., 2019; Robbins et al., 2000). For this reasons in order to study
the molecular effect of high glucose concentration in chondrocytes C28/12 were
chosen as a cellular model. Firstly we evaluated the best growth condition of
C28/12 in FBS supplemented media under different glucose concentration (0.25
mM, 2.5 mM, 25 mM, 50 mM, 100 mM, 150 mM of D-glucose in DMEM/F12
media). Briefly, C28/12 cells were plated in 24 well plate at 20000 cell/ml using
media with 6 different glucose concentration. Media was changed every 24h to
maintain the correct glucose concentration. After 48 h, 72 h and 96 h C28/12
chondrocytes were counted. Percent (%) of cell growth were calculated based on
the cells number used for plating. As shown in Figure 5 A after 72h of cell growth
using a specific glucose concentration C28/12 growth faster using 2.5 mM and
25 mM of glucose concentration. However, after 96 h C28/12 cells prefer 2.5 mM
of glucose concentration into the media; the other glucose concentration exhibit
a decrease in % of cell number in comparison to C28/12 cells growth in media
with 2.5 mM of glucose (Figure 5 A and B). To better understand the real role of
glucose concentration on C28/12 cell growth and to produce a more physiologic
models to study the effect of glucose on cartilage, the same experiment were
reproduced using C28/12 cells which were maintained for 1 week in media with
each different glucose concentration used. These preconditioned cells were used
for the same cell growth experiment. However, no significant changing between

the previous experiment were seen and the outcomes were quite the same (Figure
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5Aand C). At 96 h C28/12 growth more using media supplemented with 2.5 mM
of glucose concentration respect to other conditions (Figure 5 C). After 96 h,
significant decrease in % of cell growth respect to the initial cell number were
detected in C28/12 cells growth at 0.25 mM, 25 mM, 50 mM, 100 mM and 150
mM of glucose concentration in comparison to 2.5 mM which has used as control
for the further experiment. From these experiment, 0.25 mM, 2.5 mM and 25 mM
of glucose concentration were chosen to be evaluated for the further experiment
(0.25 mM as low glucose concentration, 2.5 mM as normal glucose concentration
and 25 mM as high glucose concentration). Furthermore, for the future
experiments C28/12 were cultivated with the selected glucose concentration for
72 h to determine the molecular events which leads to this different cell growth.

- C28/12 cell growth B 0.25 mM glucose B) Effect of Glucose on C28/I12 growth
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Figure 5 Effect of glucose concentration on C28/12 cell growth. A) Graph showing at different time points
the % of C28/12 cell growth using different glucose concentration. B) Dose/response curve using % of cell
growth of C28/12 after 96 h. 10000 C28/12 cells were plated into a 24 well plate with 6 different glucose
concentrations: 0.25 mM, 2.5 mM, 25 mM, 50 mM, 100 mM and 150 mM (4 wells for each condenctration).
Each media was changed gently every day to maintain the exact glucose concentration for all time required
for the experiment. At desired time point (48 h, 72 h and 96 h) cells were harvested with trypsin-EDTA and
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live cells were recognized by trypan blue exclusion and counted using a Blirker chamber. Cell number were
collected and % of cell growth were obtained dividing (N° of cells at time point/ N° of cell plated) * 100.
Data of three independent experiment were shown and bars represent standard deviation. Graph were
made using Graphpad Prism and statistical analyses were made using the same program. C) Graph showing
at different time points the %of C28/12 cell growth using different glucose concentration. C28/12 were
maintained in six 10 cm dishes using different glucose concentration (0.25 mM, 2.5 mM, 25 mM, 50 mM,
100 mM and 150 mM) for 1 week. Then cells were harvested and used for the growth experiments
following the same protocols previously described and used for the A and B image. Data are presented as
means + S.D. Asterisks represents significant differences between cells growth at 2.5 mM (* p < 0.05, ** p
<0.01, *** p <0.001) (two-way ANOVA).

2.3.2 High glucose concentration increase ROS levels in C28/12

To determine the possible molecular events underlying the lower % of cell
growth seen in C28/12 growth under high glucose and low glucose concentration
(0.25 mM and 25 mM) after 96 h (Figure 5), ROS levels were analyzed after 72
h, using two different techniques. Firstly, chondrocytes C28/12 cells were growth
on coverslips with the three different glucose concentrations for 72 h and
Dihydrorhodamine-123 (DHR-123) molecular probe were added. DHR-123
fluorescence were visualized using a Leica confocal microscopy and corrected
total cell fluorescence (CTCF) were measured. CTCF is higher in C28/12 growth
using 25 mM of glucose concentration, indicating an higher amount of ROS
levels (figure 6 A). To confirm this result, ROS levels were also analyzed using
2', 7'-Dichlorofluorescein  diacetate (DCFDA) fluorescent probe. Cell
fluorescence was analyzed using a Victor plate reader. Subsequently fluorescent
were corrected using the pg of protein present in each well. Even using this
technique, fluorescence/pg were significantly higher in C28/12 growth for 72 h
with 25 mM of glucose concentration in FBS supplemented media (figure 6 B).

So, high glucose concentration increase ROS levels in C28/12 after 72 h.

71



2.3.3 High glucose concentration leads to C28/12 cell death

To determine if high glucose concentration environment change C28/12 cell
viability, FACS analyses with Annexin V/propidium iodide staining were used.
As shown in figure 6 C no significant changes are present into the groups of cells
under early apoptotic events, late apoptotic events and necrosis. However, a
significant decrease of % of live cells were shown in C28/12 growth under high
glucose concentration media, this is in accordance with a significant increase in
the overall cell death occurring in C28/12 growth in high glucose concentration

media supplemented with FBS for 72 h.
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Figure 6 High glucose concentration increase ROS levels and cell death in C28/12. A) C28/12 were plated
on coverslips in three different 35 mm plates, cells were grown for 72 h in DMEM/F12 + 10% FBS with
different glucose concentration. Media were changed every 24 h. After 72 h cells were incubated for 1 h
with DHR-123 at final concentration of 10 uM. After some washes with PBS, images were collected using
Leica TCSSP2 confocal microscope. CTCF were calculated using imagel software. Data represent the mean
of three experiments and for each condition CTCF of 30 cells were measured. B) Cells were growth in 96
wells plate for 72 h with different glucose concentration and media was changed every 24 h. Media was
changed with PBS and DCFDA (17 uM) were added for 1 h. Fluorescence intensity were measured using
VICTOR multilabel plate reader (PerkinElmer). Then protein quantity were measured using Bradford
methods. Fluorescence intensity were normalized on protein levels present in each well. C) Apoptosis were
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measured using FACS. C28/12 were growth in 10 cm dishes with three different glucose concentration for
72 h. Media was changed every 24 h. Then cells were harvested, and 10° cells were stained with Annexin
V and propidium iodide. Fluorescence intensity was measured using CytoFLEX (Beckman Coulter)
cytofluorimeter. Data represent mean of 3 independent experiments. Graph and statistical analyses were
made using GraphPad Prism software. Data are presented as means * S.D. Asterisks represents significant
differences between cells growth at 2.5 mM (* p < 0.05, ** p < 0.01, *** p < 0.001) (ANOVA).

2.3.4 High glucose concentration induce a tubulin cytoskeleton network

disorganization without a changing in tubulin expressions.

Previous studies on different kind of cells showed that glucose concentration can
alter the expression levels, structure and functionality of tubulin and actin
cytoskeletal proteins (T. Dai et al., 2006; Hien et al., 2016; Z. Lv et al., 2016; S.
K. Williams, Howarth, Devenny, & Bitensky, 1982; You et al., 2016). To
evaluate if different glucose concentrations could impact actin and tubulin
network or the morphology of C28/12 cells, actin and tubulin cytoskeleton protein
were visualized using immunofluorescence technique. Actin and tubulin network
disorganization were detected in C28/12 growth for 72 h in high glucose
environment (25 mM); as it is shown in figure 7-A tubulin network appear more
disorganized and more near the nucleus in comparison to the C28/12 cell growth
at 2.5 mM which present a tubulin network well organized with microtubules that
formed a nest from the nucleus to plasma membrane. C28/12 growth at low
glucose concentration has a well organized tubulin network similar to cells
growth at 2.5 mM of glucose concentration (figure 7 A Tubulin). However in this
cells tubulin network is highly present inside the nucleus of the cells. Actin
network as the same pattern and appear more disorganized in cells growth at 25
mM of glucose, were single actin filaments are not well formed in comparison to
the cell growth at 2.5 mM and 0.25 mM of glucose (figure 7 A TRITC). Cell
shape appear to change as well, C28/12 growth at 2.5 mM and 0.25 mM appear
more polygonal which is the cell shape of the cell lines growth on plates.
However, cells growth at 25 mM appear to be smaller and with more rounded

shape respect of C28/12 growth under the other glucose conditions. CTCF
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analyses and western blots reveled no significant changing in the expression of

tubulin, actin and vinculin proteins (figure 7 B-C). So, high glucose concentration

in 10% FBS supplemented media, induces disorganization of tubulin and actin
networks in C28/12.
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Figure 7 Cytoskeletal changing in C28/12 induced by high glucose environment. A-B) C28/12 cells were
plated on coverslips and after 72 h, cells were fixed with PFA 4% and actin was stained using TRITC-
phalloidin, tubulin was stained using anti-B-tubulin primary antibodies followed by a secondary antibody
conjugated with Alexa Fluor 488. A) Fluorescence images are shown. B) CTCF were calculated using Image)
software. Data represent the mean of three experiments and for each condition CTCF of 30 cells were
measured. C) Representative immunoblots of tubulin, actin, vinculin and GAPDH expression in C28/12
growth at different glucose concentration for 72 h, and graph showing the quantification of each protein
band intensity normalized on GAPDH signal. Data represent mean of 3 independent experiments. Graph
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and statistical analyses were made using GraphPad Prism software. Data are presented as means + S.D and
analyzed by one-way or two way ANOVA (n.s non significative).

2.3.5 RalA-GTP levels decrease in C28/12 growth in high glucose media.

Morphological changing in chondrocytes were frequently associated with
dedifferentiation leading to a fibroblast-like shape or to hypertrophy (Blain,
2009; Fioravanti et al., 2003; Woods et al., 2007). So, SOX9 expression was
evaluated in C28/12 cells growth using the three different glucose concentration
previously cited. However, no changing was shown among cells growth at

different glucose concentration (Figure 8 A).

Cytoskeletal protein organization are regulated by different pathways in cells but
it’s well known that RalA small GTPase are key regulator protein for
cytoskeleton organization (D’ Aloia et al., 2018). For this reason, RalA activation
was evaluated using pull down technique in cells growth at 2.5 and 25 mM of
glucose concentrations. As shown in figure 8 B, C28/12 cells growth at high
glucose concentration exhibits a significant decrease in RalA-GTP amount in

comparison to C28/12 growth at 2.5 mM.
2.3.6 Autophagy mechanism is down-regulated by high glucose concentration

Autophagy is an essential process for the maintenance of homeostasis in cartilage
by chondrocytes cells (Luo et al., 2019; Ribeiro et al., 2016). Previously it was
demonstrated that the enhancement of chondrocytes autophagy can delay the
progression of OA (Luo et al., 2019). For this reason autophagy process was
evaluated in C28/12 growth at 2.5 mM and 25 mM of glucose concentration, and
to simulate OA chondrocyte phenotype IL1-p was added in the media (Toegel et
al., 2008). As you see in figure 8 C, LC3-I1 levels are higher in cell growth at 2.5
mM of glucose indicating an active autophagy process (Kabeya, 2000). When
IL1-p was added to the media the basal level of LC3-I1 significantly decreases.
However, higher decrease of LC3-11 levels was detected in C28/12 growth with
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high glucose, and this decrease was detectable even in cells growth with 25 mM
of glucose and IL1-B. So, high glucose concentration and IL1-f leads to a
decrease autophagy process in immortalized C28/12 chondrocytes. Furthermore,

glucose is more powerful than IL1-B as autophagy inhibitor in C28/12 cells.
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Figure 8 RalA-GTP, LC3-1l and NF-kB but not SOX9 levels changed in C28/12 growth at high glucose
concentration. C28/12 were growth using 10% FBS media with the relative glucose concentration for 72 h
media was replaced every 24 h. Protein extracts were made using RIPA buffer to detect SOX9, LC3-I and -
Il and NF-kB, and RalA-buffer was used for the pull down experiment. A) SOX9 expression was evaluated

76



by immunoblots in C28/12 cells growth at different glucose concentration. B) Recombinant GST-RID (Ral
Interacting Domain) of RalBP1 fusion protein, coupled to Glutathione-Sepharose beads, was used to isolate
RalA-GTP. RalA-GTP and RalA was visualized using a anti-RalA antibody. On the left graphical
representation of the percentage of active RalA. C) Immunoblots and graphical representation of LC3B-I
and LC3B-Il proteins obtained from cells growth for 72 h with normal and high glucose concentration media
(2.5 mM and 25 mM), IL-1B 10 ng/mL to mimic an osteoarthritic environment. On the left graphical
representation of the % LC3B-Il on LC3B-I indicating the activation of the autophagy by the formation of
autophagosomes which leads to the conversion of LC3B-I into LC3B-Il (Kabeya, 2000; Kegel et al., 2000;
Luo etal., 2019). D) NF-kB expression in C28/12 cells growth at 2.5 mM and 25 mM of glucose concentration
for 72 h. On the left graphical representation of NF-kB expression normalized on 2.5 mM. Data represent
mean of 3 independent experiments. Graph and statistical analyses were made using GraphPad Prism
software. Data are presented as means % S.D and analyzed by student t-test or one-way ANOVA. Asterisks
represents significant differences between cells growth at 2.5 mM (* p < 0.05, ** p < 0.01, *** p <0.001)

2.3.7 NF-xB levels are regulated by glucose concentration in C28/12

Inflammation is one of the leading causes of OA disease, one of the main
inflammatory pathways is the NF-xB pathway. Activation of NF-kB pathways
leads to cartilage degradation and destruction and NF-xB is abundant in OA
synovium (Roman-Blas & Jimenez, 2006). Furthermore NF-«B is a key regulator
of apoptosis, MMPs production and response to cytokines in chondrocytes (Choi,
Jo, Park, Kang, & Park, 2019; Olivotto, Otero, Marcu, & Goldring, 2015). So,
NF-kB expression was evaluated in human immortalized C28/12 chondrocytes
growth at high or normal glucose concentration by immunoblots. High glucose
concentration for 72 h in the media leads to an increase amount of NF-«kB in
C28/12 chondorcytes in comparison to chondrocytes maintained using normal
glucose concentration media (Figure 8 D). High levels of NF-xB could promote
a strong activation of NF-kB pathway by cytokine and the power of NF-«xB
pathway could be stronger in cells growth using high glucose concentration.

Furthermore, INOS expression levels were evaluated in C28/12 chondrocytes
maintained at different glucose concentration because previous study
demonstrate that NF-xB activation and de-regulation in chondrocytes pathways
could promote the expression of INOS, which start to produce nitric oxide (NO)
know to be implicated in the pathogenesis of OA (Schmidt et al., 2010;
Vuolteenaho, Moilanen, Al-Saffar, Knowles, & Moilanen, 2001). iNOS
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expression seems to increase when glucose concentration is higher into the
media, however, more experiment are needed to obtain a statistical significant

increase (Figure 9).
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Figure 9 iNOS expression seems to be regulated by glucose concentration in the media. C28/12 were
growth using media supplemented with FBS and with the relative glucose concentration for 72 h. Media
was replaced every 24 h. Protein extracts were made using RIPA buffer. Immunoblots were incubated with
antibody against iNOS and GAPDH as loading control. On the left graphical representation of iNOS relative
intensity normalized on 2.5 mM. Data represent mean of 3 independent experiments. Graph and statistical
analyses were made using GraphPad Prism software. Data are presented as means + S.D.

2.3.8 Glucose-induced ROS don’t significantly increase in C28/12

chondrocytes growth in ITS media.

ITS (insulin, transferrin, selenium) supplemented media was previously
described as the best media for proteoglycan and collagen production in
immortalized human chondrocytes and for maintenance of chondrocyte
phenotype in monolayer culture (Chua, Aminuddin, Fuzina, & Ruszymah, 2005;
Greco et al., 2011; Kokenyesi, Tan, Robbins, & Goldring, 2000). For this reason,
we repeated some experiment with different glucose concentration in C28/12
growth using DMEM/F12 media supplemented with 1% of ITS alone or in
combination with IL-1p to mimic the OA environment (Figure 10 A-D). Firstly
ROS levels were analyzed used the DCFDA fluorescent probe and fluorescence

was normalized on the total amount of protein present into the well. As shown in
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figure 10 A no significant increase in ROS levels were shown in C28/12 cells
growth using 0.25, 2.5 and 25 mM of glucose concentration in media
supplemented with ITS alone and with IL-1.

2.3.9 RalA-GTP levels decrease in C28/12 cells growth in high glucose

environment and tubulin levels don’t change significantly.

RalA-GTP levels and tubulin expression were evaluated in C28/12 maintained
for 72 h in normal and high glucose concentration media supplemented with ITS
alone or in combination with IL-1p (figure 10 B and C). Results are in accordance
with the data obtained in C28/12 growth using FBS supplemented media. Tubulin
expression don’t change significantly between the different groups of cells.
However, RalA-GTP levels decrease in human C28/12 chondrocytes growth in
an high glucose environment. Furthermore, IL-1p stimulated C28/12 cells exhibit
low levels of RalA-GTP in comparison to C28/12 growth without IL-1f. In
conclusion RalA activation is inhibited by high glucose environment and by IL-

1B. RalA activation is inhibited more by glucose concentration than IL-1p.
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Figure 10 High glucose effects on C28/12 cells growth in media supplemented with ITS alone or with IL-
1B A) C28/12 cells were growth in 96 wells plate for 72 h with different glucose concentration (2.5 and 25
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mM) in media supplemented with 1% of ITS alone or with IL-1B. Media was replaced every 24 h. Media
was changed with PBS before the experiment, and DCFDA (17 uM) were added for 1 h. Fluorescence
intensity were measured using VICTOR multilabel plate reader (PerkinElmer). Then protein quantity was
measured using Bradford methods. Fluorescence intensity were normalized on protein levels present in
each well. B-C) C28/12 cells were growth in 10 cm dishes for 72 h with different glucose concentration (2.5
and 25 mM) in media supplemented with 1% of ITS alone or with IL-1B. Media was replaced every 24 h.
Protein extracts were made using Ral Buffer for Tubulin and RalA pull down, and RIPA buffer for ERK1/2.
B) Immunoblots of tubulin expression and (on the left) graphical representation of densitometry analyses.
C) Recombinant GST-RID (Ral Interacting Domain) of RalBP1 fusion protein, coupled to Glutathione-
Sepharose beads, was used to isolate RalA-GTP. RalA was visualized using an anti-RalA antibody. On the
left graphical representation of the percentage of active RalA. D) Immunoblots of total and phosphorylated
ERK1/2 levels and (on the left) graphical representation of densitometry analyses. Data represent mean of
3 independent experiments. Graph and statistical analyses were made using GraphPad Prism software.
Data are presented as means = S.D an analyzed by one way or two way ANOVA. Asterisks represents
significant differences between cells growth at 2.5 mM (* p < 0.05, ** p < 0.01, *** p < 0.001).

2.3.10 ERK1/2 phosphorylation is attenuated by high glucose and IL-18

ERKZ1/2 are two kinases which activation is associated to OA and this is one of
the major pathways activated in chondrocytes after stimulation with cytokines
and other factors. For this reason, phosphorylation of ERK1/2 was detected by
immunoblots in C28/12 chondrocytes maintained for 72 h in normal and high
glucose media supplemented with ITS and IL-1p (Figure 10 D). ERK1/2
phosphorylation decrease in C28/12 chondrocytes growth in media with IL-1
and with high glucose concentration in comparison to C28/12 maintained in

normal glucose condition (Figure 10 D).

2.3.11 Autophagic process is not activated by normal and high glucose
concentration in ITS supplemented media.

As previously described autophagy is a key process in the metabolic activity of
chondrocytes (Luo et al., 2019). For this reason, autophagy activation was
evaluated even in C28/12 chondrocytes growth using normal and high glucose
concentrations in media supplemented with ITS alone or in combination with IL-
1B (Figure 11 A). However, autophagy is not activated in C28/12 chondrocytes
maintained in normal and high glucose media, even in presence of IL-1p (figure
11 A).

81



2.3.12 NF-xB expression seems to increase in chondrocytes growth in high

glucose media supplemented with ITS and IL-18

Inflammation is one of the leading causes of OA disease; one of the main
inflammatory pathways is the NF-kB pathway. Activation of NF-«B pathways
leads to cartilage degradation and destruction and NF-kB is abundant in OA
synovium (Roman-Blas & Jimenez, 2006). Furthermore NF-«B is a key regulator
of apoptosis, MMPs production and response to cytokines in chondrocytes (Choi
etal., 2019; Olivotto et al., 2015). So, NF-kB expression was evaluated in human
immortalized C28/12 chondrocytes growth at high or normal glucose
concentration in media supplemented with ITS alone or in combination with IL-
1B by immunoblots. High glucose concentration for 72 h in the media leads to
little increase amount of NF-xB in C28/12 chondrocytes in comparison to
chondrocytes maintained in normal glucose concentration media. However IL-
1B seems to duplicate NF-kB levels in C28/12 cells with another increase in cells
maintained in high glucose (Figure 11 B). High levels of NF-xB could promote
a strong activation of NF-kB pathway by cytokine and the powerfulness of NF-

kB pathway could be stronger in cells growth using high glucose concentration.

Furthermore, iINOS expression levels were evaluated in C28/12 chondrocytes
maintained at different glucose concentration in 1% ITS supplemented media
alone or with IL-1B (Figure 11 C). Higher iNOS levels were detected in
chondrocytes maintained at 25 mM of glucose concentration without IL-1,
however more experiments are needed to statistically confirm the increase.
Furthermore, IL-1p seems to increase iNOS expression which is higher respect
to cell maintained at 2.5 mM of glucose concentration in ITS supplemented
media without IL-1pB. High glucose concentration in combination with IL-1
don’t change iNOS expression levels detected in cells growth in 1% ITS media
with IL-1B and 2.5 mM of glucose (Figure 11 C).
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Figure 11 Autophagy and NF-kB expression in cells growth in for 72 h with different glucose
concentration (2.5 and 25 mM) media supplemented with 1% of ITS alone or with IL-1B. A) Immunoblots
and graphical representation of LC3B-I and LC3B-Il proteins were obtained from cells growth for 72 h with
normal and high glucose concentration media (2.5 mM and 25 mM) supplemented with 1% ITS; IL-1B 10
ng/mL were added to mimic an osteoarthritic environment. LC3-Il and LC3-I indicate the activation of
autophagy by the formation of autophagosomes which leads to the conversion of LC3-l into LC3-Il (Kabeya,
2000; Kegel et al., 2000; Luo et al., 2019). B) NF-kB expression in C28/I12 cells growth at 2.5 mM and 25 mM
of glucose concentration for 72 h. On the left graphical representation of NF-kB expression normalized on
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2.5 mM (single experiment). C) C28/12 were growth using media supplemented with 1% ITS alone or with
IL-1B 10 ng/mL and with the relative glucose concentration (2.5 and 25 mM) for 72 h. Media was replaced
every 24 h. Protein extracts were made using RIPA buffer. Inmunoblots were incubated with antibody
against iNOS and GAPDH as loading control. On the left graphical representation of iNOS relative intensity
normalized on 2.5 mM glucose medium. For A and C, data represent mean of 3 independent experiments.
Graph and statistical analyses were made using GraphPad Prism software. Data are presented as means +
S.D.

2.3.13 High glucose concentration regulate key pathways in human primary
chondrocytes and increase the secretion of MMP-13.

High glucose effect on pathways important for chondrocytes were evaluated in
human primary chondrocytes in collaboration with the laboratory of Dr. Richard
F. Loeser at the University of North Carolina at Chapel Hill. High glucose effect
on these pathways was evaluated after 24 h; for this reason and for the media
usually used in Loser’s Lab to isolate primary chondrocytes from cartilage of
normal donor (media with 25 mM of glucose), glucose concentration used was
elevated to 25 mM (normal glucose), 50 mM and 75 mM as high glucose
condition. Glucose concentrations were elevated also because the time of
exposure to the high glucose environment was decreased to 24 h. Chondrocytes
cells were isolated and after 48 h media was changed with serum-free media for
overnight stimulation, then glucose was added to reach the 50 mM or 75 mM as
final concentrations. As shown in figure 12 A-B phosphorylation levels of
ERK1/2, p38 and p65 significantly increase in primary chondrocytes maintained
for 24 h in media with 75 mM of glucose concentration in respect of cells
maintained at 25 mM of glucose concentration. Only the phosphorylation levels
of p38 significantly increase in cells stimulated with 50 mM of glucose
concentration respect cells maintained in media with 25 mM of glucose. High
glucose concentration (75 mM) media also promote decrease in the basal Akt
phosphorylation levels in respect of basal levels detected in chondrocytes

maintained in normal glucose media (25 mM).
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Due to the results obtained by the analyses of signaling pathways altered by high

glucose in primary chondrocytes, 25 mM and 75 mM of glucose concentrations

were chosen to observe MMP-13 released by chondrocytes cells in the media. As

shown in figure 12 C, MMP-13 levels increased in chondrocytes cell maintained

for 24 h in media with 75 mM of glucose.
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Figure 12 High glucose media regulate phosphorylation of ERK1/2, p38, Akt and p65 in human primary
chondrocytes and increase MMP-13 secretion. Primary chondrocytes were isolated from normal cartilage
and cells were plated in 6 wells plate. After 48 h, media was changed with serum-free media and cells were
maintained overnight. Then glucose was added to reach 50 mM or 75 mM as final concentration in the
media. Cells were stimulated for 24 h with the chosen glucose concentration. At the end of the time cell
extract were made using RIPA buffer and 10 pg of protein were used for the immunoblots. A)
Representative immunoblots of three independent experiment are shown. B) Graphical representation of
p-ERK1/2, p-38, p-Akt and p-p65 normalized on 25 mM. C) Primary chondrocytes were isolated from
normal cartilage, cells were plated in 6 wells plate. After 48 h, media was changed with serum-free media
and cells were maintained overnight. Then glucose was added to reach 75 mM as final concentration in
the media. Cells were stimulated for 24 h with the chosen glucose concentration. At the end of the time
media were collected, concentrated and 30 pL were used for the immunoblots. Representative
immunoblots of three independent experiment are shown. On the left graphical representation of MMP-
13 normalized on 25 mM, using MMP-2 as loading control. Data represent mean of 3 independent
experiments. Graph and statistical analyses were made using GraphPad Prism software. Data are
presented as means * S.D and analyzed using t-test student or one-way ANOVA test. Asterisks represents
significant differences between cells growth at 2.5 mM (* p < 0.05, ** p <0.01, *** p < 0.001).
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2.4 Discussion

Accumulating evidence indicates that diabetes is an independent risk factor of
OA and in the past years a lot of models have been proposed to explain their
correlation (Bellou, Belbasis, Tzoulaki, & Evangelou, 2018; Dawson et al., 2018;
Piva et al., 2015). T2DM has a pathogenic effect on OA through 2 major
pathways. First, chronic hyperglycemia induces oxidative stress, overproduction
of pro-inflammatory cytokines and AGEs in joint tissues and reduced the stem
cells potential of differentiation. Second the insulin resistance could play a role
locally but also through the systemic low-grade inflammation state (Courties &
Sellam, 2016). However, the complicated pathophysiology of T2DM and OA
interfere with the discovery of the molecular mechanism underlying the diabetes-
associated OA phenotypes. The role of hyperglycemia as gained a lot of attention
in the past years and it has been discovered that due to it’s local toxicity and
systemic toxicity, high glucose levels could induce a plenty of biochemical
events like the formation of AGEs, low grade inflammation, neuromuscular
impairment and oxidative stress. All of that biochemical events can lead to matrix
stiffness, abnormal subchondral bone and chondrocytes activation which leads to
joint degradation in OA (Mendes, Rosa, Rufino, Ribeiro, & Judas, 2015). In this
study, we want to understand better the role of hyperglycemia on human
chondrocytes cells, for this reason we used the human immortalized C28/12 cell
lines, which present a phenotype very similar to the primary chondrocytes cells
(Finger et al., 2003). Firstly, we demonstrate that in medium with FBS which
promotes C28/12 cells growth, an higher number of cells was obtained using the
2.5 mM of glucose concentration which is in line with the findings that
chondrocytes prefers and lives in an environment with a glucose concentration
between 1 mM to 5 mM and that 5 mM is a threshold regulating oxygen
consumption from chondrocytes (Heywood, Bader, & Lee, 2006; Otte, 1991,
Windhaber, Wilkins, & Meredith, 2003). Normal media used to maintain
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chondrocytes in monolayer culture used media with high glucose from 10 to 25
mM, which can promote the dedifferentiation process in primary chondrocytes
(Heywood, Nalesso, Lee, & Dell’ Accio, 2014a). Furthermore it has been shown
that primary chondrocytes cultivated in 1 mM of glucose media maintain their
phenotype producing COL2A and other proteoglycans (Heywood et al., 2014a).
However, we used a different cellular type that was produced with retroviral-
mediated transfection of primary rib chondrocytes with the large T antigen of
Simian virus 40 (SV40) to increase the proliferative rate of chondrocytes and for
this reason we didn’t show a decrease in cell growth as Heywood et. al showed
in primary chondrocytes growth at 1 mM of glucose media. Another relevant fact
is that we changed the media every 24 h to maintain constant the glucose
concentration. For the other experiments we used 2.5 mM of glucose
concentration as normal glucose and 25 mM as high glucose concentration media
and we maintained chondrocytes in that glucose concentrations for 72 h, because
the significantly growth retardation at 25 mM was detectable after 96 h of cell
growth and we wanted to see the signaling and the molecular events which leads
to this lower cell growth. We found that high glucose concentration in the media
increase ROS levels in chondrocytes (Figure 2 A-B). Oxidative stress is known
to be a key factor in the degeneration of cartilage by disrupting cartilage
homeostasis and affecting chondrocytes viability (Bolduc et al., 2019; Collins et
al., 2016). Our results are in accordance with the fact that high glucose conditions
directly increase ROS and NOe generation in articular chondrocytes (Laiguillon
et al., 2015). These high glucose-induced-oxidative stress could leads to pro-
inflammatory cytokine production from chondrocytes (Bolduc et al., 2019;
Laiguillon et al., 2015; Lepetsos et al., 2019). Excessive ROS production
contributes to matrix degradation by destroying ECM, inhibiting matrix
production, activating MMPs and inducing apoptosis (Del Carlo & Loeser, 2008;

Hosseinzadeh et al., 2016). This is in accordance with our result showing that
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chondrocytes growth in high glucose environment exhibit an increase cell death
in comparison to C28/12 chondrocytes growth under normal glucose condition
(figure 2 C). However, we don’t find an increase in the apoptotic process but in
the overall cell death process; this could be explained by the differences in the
experiment condition, for example Hosseinzadeh et. al uses a very high glucose
condition, 75 mM, in comparison to glucose oncentration used in this study.
Chondrocytes loss by cell death could be an important process in the
pathogenesis of OA, and ROS could promote this cell death process (DelCarlo &
Loeser, 2006; Ishizaki, Burne, & Raff, 1994). Also we demonstrate that high
glucose concentration tends to increase NF-kB levels (Figure 4 D, figure 7 B),
which could leads to an higher NF-xB response if its activated. NF-xB is a
transcription factor which induce the expression of inflammatory cytokines in
human chondrocytes (Hosseinzadeh et al., 2019; Lepetsos et al., 2019; M. Lin et
al., 2012; R.F. Loeser, Erickson, & Long, 2011). We also found that High glucose
concentrations in the media could promotes the expression of iINOS (figure 5 and
7C) which is responsible to NO+ production which seems to be implicated in the
pathomechanisms of OA (Cuzzocrea, 2006). In the experiments with ITS media
in figure 7C is clear how important is the glucose concentration for iINOS
expression in chondrocytes. However high glucose was not able to induce the
same increase in chondrocytes stimulated with IL-1 this could be explained with
the fact that glucose and IL-1B pathways could interact each other leading to a
reduction in iINOS expression in comparison to cells maintained under high
glucose concentration without IL-1B (Figure 7 C). Furthermore, previously it has
been shown that glucose can reduce the IL-1B-induced MMP-1 expression, and
this reduction occurred through FAK, MEK, ERK and AP-1 pathways. We show
that high glucose itself decrease ERK phosphorylation in chondrocytes after 72
h of stimulation. We found also that the presence of glucose and IL-1p maintain

low ERK phosphorylation. This is in accordance with the hypothesis that glucose
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can reduce the effect of IL-1p in chondrocytes (T. J. Wu, Lin, Tsai, Huang, &
Tang, 2018). NF-xB expression is also increase in cells stimulated by IL-1
which is a pro-inflammatory cytokine that as a key role in the pathogenesis of
OA. So, all results in our studies are in agreement with the idea that high glucose
concentrations is able to increase ROS levels and also to stimulate an
inflammatory process in chondrocytes cells. We also found that chondrocytes
cells growth in high glucose concentration in FBS supplemented media exhibit
lower autophagy. Indeed, autophagy plays an important role in articular cartilage,
regulating the removal of dysfunctional organelles and macromolecules (Lotz &
Caramés, 2011). Basal levels of autophagy activity are indispensable for the
homeostasis of many tissues, including cartilage. In opposite, defects in basal
levels of autophagy have been associated with various degenerative and
metabolic diseases (Sridhar, Botbol, Maclan, & Cuervo, 2012). Previous studies
reported a dysfunction of autophagy, either in OA and T2DM (Caramés,
Taniguchi, Otsuki, Blanco, & Lotz, 2010). In fact we found that C28/12
chondrocytes maintained at normal glucose concentration exhibit a basal level of
LC3II which is required for the formation of autophagosome and is used as
autophagy marker. Both high glucose and IL-1B decrease the basal level of
LC3II, indicating a lower autophagic process (Figure 4 C). However, the power
of glucose seems to be higher as autophagy inhibitor, indeed in chondrocytes
maintained with 25 mM of glucose the autophagy process is completely
abrogated. On the other hand, LC3II signal was totally absent in chondrocytes
maintained in ITS supplemented media, this could be explained because insulin
was found to be a potent autophagy inhibitor in chondrocytes. Insulin and also
high glucose was found to impact the autophagy process through Akt/mTOR
pathways in human immortalized chondrocytes and in human primary
chondrocytes (Ribeiro et al., 2016). Chondrocytes cytoskeleton play a

fundamental role in the maintenance of chondrocytes phenotypes and in sensing
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extracellular stimuli acting as a physical interface between chondrocytes and
extracellular matrix (Blain, 2009). In this study high glucose concentration can
also promote a disorganization of actin and tubulin cytoskeleton in human
chondrocytes (Figure 3 A). More in detail chondrocyte growth in normal glucose
concentration exhibit a very intricated tubulin and actin network with filaments
well defined from the nucleus to the cell periphery. However, in chondrocyte
growth in high glucose concentration actin and tubulin appear very disorganized
and no defined actin or tubulin filaments or fibers were visible. Furthermore, cell
morphology appears to be different with cells that have more rounded shape. In
previous studies it was observed a connection between a
disorganized/disassembled chondrocyte cytoskeleton and cartilage pathology
(Capin-Gutiérrez, Talaméas-Rohana, Gonzalez-Robles, Lavalle-Montalvo, &
Kouri, 2004; Fioravanti et al., 2003; Holloway et al., 2004; Lambrecht,
Verbruggen, Verdonk, Elewaut, & Deforce, 2008). It has been suggested that the
actin cytoskeleton is important in maintaining cell-extracellular matrix
interactions; disruption of the actin filaments with cytochalasin D reduced both
the amount of pericellular matrix synthesized and retention of the proteoglycans
in the matrix surrounding the chondrocyte, by reducing the cell's anchorage of
CD44 (localized to the cell membrane) to its extracellular ligand (Delve, Parreno,
Wu, & Co, 2016; Nofal & Knudson, 2002). On the other hand it is well know the
role of actin filament in maintenance the chondrocytes phenotypes and
disorganization of actin filament by cytochalasin B/D result in re-expression of
type Il collagen and sulphated glycosaminoglycans (Brown & Benya, 1988; Loty
et al., 1995). In chondrocytes, the integrity of the tubulin network is also crucial
for the synthesis and secretion of both collagens and proteoglycans. It has been
reported that tubulin is present in the primary cilia of chondrocytes, and
ultrastructural studies have identified a direct connection between the

extracellular collagen fibers and the proteins which decorate the ciliary
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microtubules, suggesting a matrix-cilium-Golgi continuum in chondrocytes
(Poole, Zhang, and Ross 2001). Disruption of the chondrocyte microtubular
network with colchicine inhibited the synthesis and secretion of proteoglycans
and collagens (Takigawa et al., 1984). It was suggested that the cytoskeletal
structures might not be normally assembled in OA cartilage (Fioravanti et al.,
2003) which could compromise the metabolic activities of the chondrocytes and
hence the biomechanical integrity of the tissue leading to cartilage pathology.
However, our data demonstrate that high glucose could change the organization
of cytoskeletal elements in C28/12 chondrocyte cell line; this could be another
mechanism which links hyperglycemia to OA disease. Although C28/12 cells
were largely used as a model of chondrocyte functions, it is proliferative rate may
not reflect exactly the physiological conditions of primary chondrocytes, so it
could be important to replicate these studies using human primary chondrocytes
(Mary B. Goldring, 2004; Kokenyesi et al., 2000). Furthermore, we found that
high glucose environment leads to reduction in RalA activation levels (Figure 4
B and 6 C), this could explain the cytoskeletal disruption induced by high glucose
concentration. RalA is a small G protein which is involved in the regulation of
both tubulin and actin cytoskeleton organization towards Cdc42 and Racl.
Decrease in RalA activation could leads to decrease activation of RalBP1 which
normally inhibits Racl and Cdc42. So, high glucose decrease RalA activation in
chondrocytes which could leads to an increase activation of Cdc42 and Racl
these could promote a disorganization of tubulin network (Moghadam et al.,
2017). More experiments are needed to confirm this model.

Experiments on primary human chondrocytes were made in Richard Loeser’s lab
at the university of North Carolina at Chapel Hill. We decided to observe the
effect of high glucose concentration after 24 h in chondrocytes cells. To observe
an effect after this early time of treatment we decided to increase the glucose

concentration used (25 mM normal glucose, 50 mM and 75 mM high glucose).
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Result show an increase in p-ERK1/2, p-p38 and p-p65 levels and a reduction of
p-Akt levels (Figure 8 A-B). Levels of p-ERK1/2, p-65 seems to increase in a
manner directly proportional to the glucose concentration in the media as well as
the decrease in p-Akt levels (Figure 8 A-B). Only p38 seems to increase and reach
a plateau at 50 mM of glucose concentration (Figure 8 A-B). ERK1/2, p38 and
NF-«B subunits p65 are key pathways in chondrocytes; their activation can leads
to MMPs production, apoptosis and cytokine released by chondrocytes (Bolduc
et al., 2019; Richard F. Loeser, 2017; Marcu et al., 2010). Akt phosphorylation
is promoted by IGF-1 stimulation in chondrocytes which is a pro-survival
signaling (Collins et al., 2019). Our results demonstrate that high glucose
stimulate a decrease in Akt phosphorylation levels. All these pathways could
leads to cells death and promote the release of MMPs. We saw that high glucose
concentration can leads to an increase secretion of MMP13 into the media; this
could promote degradation of extracellular matrix which is an hallmark of OA
(B. Ji, Ma, Wang, Fang, & Shi, 2019; Johanne Martel-Pelletier et al., 2016). All
data are in accordance with some other studies on the role of high glucose levels
on chondrocytes cells (Heywood, Nalesso, Lee, & Dell’Accio, 2014b;
Hosseinzadeh et al., 2019; Juybari, Hosseinzadeh, & Sharifi, 2019; Liang et al.,
2019).

In conclusion, all these data demonstrate that high glucose concentration could
deregulate chondrocytes homeostasis activating inflammatory pathways like NF-
kB, promoting the release of MMP-13, altering the cytoskeletal organization via
RalA pathway and increasing ROS and cell death in chondrocytes. However, in
the future, it could be interesting to evaluate better the exact role of RalA
pathways in chondrocytes to understand better if this deregulation occur even in
primary chondrocytes cells. RalA role in chondrocytes cells was studied only
regarding it’s ability to regulate SOX9 expression influencing the differentiation

state of chondrocytes (Karlsen, Jakobsen, Mikkelsen, & Brinchmann, 2014;
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Zhang, Huang, & Yuan, 2017). In these studies RalA regulates SOX9 at protein
levels and is a target protein for the miR-140-3p, which is involved in the
chondrogenic differentiation of mesenchymal stem cells.
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Chapter 3 - PRX6 expression and function in primary
chondrocyte cells

3.1 Aim of the work

In this chapter the role of PRX6 in primary chondrocytes cells was analyzed. Prxs
are a family of cysteine-dependent peroxidases which react with H.O> present
inside in the cell compartment. They are considered the major antioxidant
enzyme that contribute to the maintenance of cellular redox state in cells. Prx6 is
the only 1-Cys PRX, and the oxidation to PRX6-SOH is resolved by the binding
with a molecule of glutathione (GSH) mediated by glutathione S-transferase.
PRX6 has another enzymatic activity and can function as a calcium-independent
phospholipase (PLA2) promoting the hydrolysis of acyl group of phospholipids.
PRX6 was found to be implicated especially in the pathogenesis of diabetes.
Increased levels of hyperoxidized PRXs are present in human cartilage from
older adults with a further increase in OA cartilage (Collins et al., 2016).
Chondrocytes from older patients are more susceptible to PRXs hyperoxidation
when exposed to ROS and this with inhibition of IGF-1-mediated
phosphoinositide 3 (PI-3) kinase-Akt signaling and promotion of p38 activation
that results in chondrocytes cell death promoting OA development (Collins et al.,
2016). In this work Collins et al. evaluated the role and the function of PRX1,
PRX2 and PRX3 in chondrocytes after stimuli which promote the production of
H202 in chondrocytes cells. Here the aim of this work is to observe if PRX6 is
responsible for the ROS detoxification in chondrocytes treated with different
molecule which stimulate the generation of H20> and if this enzyme is able to
regulate signaling pathways which are normally activated by this stimuli and
especially by FN-f treatment. We focus our attention on PRX6 because its
function in chondrocytes cells is not well known. PRX6 has been found to
promote lung cancer invasion (Walsh et al., 2009). In particular its role as a PLA>

is a key regulator of cell invasion and metastasis, especially by its ability to
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regulate NOXs needed for cell proliferation (Ho et al., 2010). Furthermore PRX6
can regulate and interact with MAPK, JNK, JAK/STA and AP-1 signaling
pathways promoting lung tumor development (Yun et al., 2014). PRX6 was
linked to the inflammation state regulating NOX and NF-«B (Chhunchha et al.,
2013). PRX6 is involved in brain injury and neurodegeneration process, like
Alzheimer’s and Parkinsons’s disease, in male infertility and in ocular oxidative
damage (Arevalo & Vézquez-Medina, 2018). Indeed PRX6 is linked to the
development of type 2 diabetes (Pacifici et al., 2014). Human PRX6 has 2-cys
residues in its aminoacidic sequence, however, cys-41 is the catalytic cys and the
other is a non-conservative sequence which is inside of the protein core (Suzuki
etal., 2019). Similar to the other PRXs, the catalytic cysteine of PRX6 is oxidized
by H2O> but then to resolve the oxidized cys PRX6 need the binding with GSH,
which form a mixed disulfide bond with PRX6. This binding is promoted by the
GSH S-transferase. Final step require another molecule of GSH, which reacts
with glutathionylated PRX6 forming an oxidized GSH (GSSG) which is reduced
by NADPH-dependent enzymes (Aron B. Fisher, 2017).

In chondrocytes the exact role of PRX6 was not known so here we focused our
attention to find a technique which permits us to observe the oxidized form of
PRX6 through a western blot experiments like one used from Collins et al.
(Collins et al., 2019, 2016). After we decided to see if PRX6 could impact the
MAPK signaling pathways activated by ROS.

96



3.2 Materials and Methods

3.2.1 Reagent and antibodies

Antibodies purchased from Cell Signaling Technology were to phospho-Akt
(Ser4a73), total-Akt, phospho-p38 (Thr180/Tyr182), total-p38, phospho-ERK
(Thr202/Tyr204), total-ERK, phospho-JNK (Thr183/Tyr185), total JNK,
phospho c-Jun (Ser73), total c-Jun, and GAPDH. Antibodies purchased from
Abcam were to PRX6, LDH, TBP, 4-HNE, MMP-13 and MMP-2. Purified
endotoxin-free recombinant human FN-f of 42 kd, consisting of domains 7-10 of
native fibronectin, which includes the cell-binding RGD domain (27), were
produced using a plasmid expression construct obtained from Dr. Harold
Erickson (Duke University, Durham, NC). Endotoxin was removed using high-
capacity endotoxin-removal columns (Pierce). Menadione, DMNQ, H202, N-
ethylmaleimide (NEM) and catalase were purchased from Sigma Aldrich. The
p38 inhibitor SB203580 was purchased from Sigma (St. Louis, MO). Lambda
phosphatase protein kit was purchased from New England Biolabs. RIPA buffer
was purchased form Cell Signaling Technology.

3.2.2 Human primary chondrocyte isolation and culture

Normal articular cartilage was obtained from the talus of human tissue donors
provided by the Gift of Hope Organ and Tissue Donor Network (Itasca, IL)
through collaboration with Rush University Medical Center (Chicago, IL). Prior
to dissection, cartilage was macroscopically inspected for gross evidence of
damage and only normal appearing cartilage was used. Chondrocytes were
isolated and cultured in monolayer culture. Cartilage was dissected from the joint,
with care taken to avoid underlying bone or tissue from osteophytes. Cartilage
slices were digested in DMEM/F-12 medium (1:1) containing 0.2% Pronase
(Calbiochem, San Diego, CA) in an incubator with continuous agitation for 1

hour, and then overnight with 0.025% collagenase P (Roche, Indianapolis, IN) in

97


https://www-sciencedirect-com.proxy.unimib.it/topics/medicine-and-dentistry/signal-transduction
https://www-ncbi-nlm-nih-gov.proxy.unimib.it/pmc/articles/PMC4849859/#R27
https://www.sciencedirect.com/topics/medicine-and-dentistry/cartilage
https://www.sciencedirect.com/topics/medicine-and-dentistry/talus
https://www.sciencedirect.com/topics/medicine-and-dentistry/human-tissue
https://www.sciencedirect.com/topics/medicine-and-dentistry/gamete-intrafallopian-transfer
https://www.sciencedirect.com/topics/medicine-and-dentistry/chondrocyte

DMEM/F-12 supplemented with 5% fetal bovine serum. After isolation, the cells
were counted. The initial viability prior to culture was assessed using trypan blue
dye exclusion and was determined to be 90% (Richard F. Loeser et al., 2003).
Cells were plated and maintained in monolayer culture with 10% FBS in
DMEM/F-12 for at least 24 h. Prior to each experiment cells were incubated
overnight with serum-free DMEM/F-12.

3.2.3 Analysis of PRX6 Oxidation

Cells were cultured overnight in serum-free conditions and then treated with 25
uM menadione, 25 uM DMNQ, 100 uM H20; or 1 uM of Fn-f. Reduced,
oxidized forms of PRX6 were analysed adjusting a technique previously
described (Collins et al., 2019). Briefly, cultured cells were treated with
menadione, DMNQ, H20- or Fn-f, for the indicated times, washed in 1X PBS.
Cells were lysed at 4 °C under gentle agitation for 30 min in a RIPA lysis buffer
containing 200 units/mL catalase, PMSF and phosphatase inhibitor cocktail 2
(pH 7.4). To remove the insoluble protein fraction, cell lysates were centrifuged
at 13,000 rpm for 10 min. Soluble protein concentrations were quantified using
the Pierce Micro BCA kit (Thermo Scientific). Protein lysates were boiled and
immunoblotted under reducing or nonreducing conditions (in the presence or
absence of 10% B-mercaptoethanol) as described (Collins et al., 2019; Del Carlo
& Loeser, 2002). For identification of PRX6 oxidation forms, cell lysates were
immunoblotted under reducing conditions and probed with an antibody that
reacts with PRX6. GAPDH were used as loading control. Protocol used by
Collins et al. was used but no oxidation band was observed. For p38 inhibition
studies, cells were pretreated for 30 min with 10 uM SB203580 prior to treatment
with 25 uM menadione, 25 uM DMNQ, 100 uM H20: or 1 uM of Fn-f for 30

min. Immunoblots in non-reducing condition were made as described above.
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3.2.4 4-HNE protein adducts

4-HNE protein adduct were made to detect the lipid peroxidation in chondrocyte.
Chondrocytes cultures were incubated overnight in serum-free media prior to
experimental treatments and washed with 1X PBS. Cells were lysed at 4 °C under
gentle agitation for 30 min in RIPA lysis buffer containing PMSF and
phosphatase inhibitor cocktail 2 (pH 7.4). To remove the insoluble protein
fraction, cell lysates were centrifuged at 13,000 rpm for 10 min. Soluble protein
concentrations were quantified using the Pierce Micro BCA kit (Thermo
Scientific). Protein lysates were boiled and immunoblotted under reducing
conditions and probed with Pierce Reversible Protein Stain Kit for Nitrocellulose
Membranes for a total protein staining and with 4-HNE antibody. Total protein

staining was used as loading control.
3.2.5 Adenoviral transduction

Human chondrocytes were transduced with adenoviral construct encoding PRX6
(Adv-Prx6) (Vector Biolabs). For test the correct viral particle number to obtain
an higher overexpression of PRX6, chondrocyte monolayers at 60% confluency,
were incubated for 2 h at 37 °C in serum-free media containing different dilution
(4x, 2x, 1x, %, Y4, Y% ) of 4 x 108 viral particles/mL of adenoviral construct and
CaClz (25 pL/mL media, 1 M). Adenoviral containing media was removed,
monolayers were rinsed three times with 10% serum containing media and
monolayers were cultured in 10% serum containing media for 48 h. Cell lysates
were made and PRX6 were visualized by immunoblots. For the next experiment
4 times 4 x 108 viral particles/mL of adenoviral construct was used following the
same infection time. Chondrocytes cultures were incubated overnight in serum-
free media prior to experimental treatments. Non-specific effects of viral
transduction were tested by transducing chondrocytes with a null empty vector
control adenovirus (ad-Null) (Cell Biolabs).
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3.2.6 PRX6 immunoprecipitation

Chondrocytes were plated in 10 cm dishes and after an overnight incubation in
serum-free media, cells were treated with 25 pM menadione, 25 uM DMNQ, 100
uM H20: or 1 uM of Fn-f for 30 min. At the end, cells were mechanically lysed
in RIPA buffer containing PMSF and phosphatase inhibitor cocktail 2 (pH 7.4).
To remove the insoluble protein fraction, cell lysates were centrifuged at 13,000
rpm for 10 min. Soluble protein concentrations were quantified using the Pierce
Micro BCA kit (Thermo Scientific). Equal amounts (500 pg) of total protein
extracts for each sample were incubated with 1.5 pl of Normal Rabbit 1gG
(Thermo Scientific) and incubated at 4°C on a wheel for 2 h to remove the
proteins who binds the 1IgG protein in a non-specific manner. Non-specific
immunocomplex are then recovered with Pierce Protein A/G Agarose Beads
(Thermo Scientific). Supernatants were incubated with 4 pl of anti-PRX6
antibodies on a wheel at 4°C overnight. Immunocomplex were then recovered
with Pierce Protein A/G Agarose Beads (Thermo Scientific). Flow through were
also recovered. Both immunocomplexes and Flow through were analyzed by
immunoblots in non-reducing condition with anti-PRX6 antibodies and revealed
with anti-rabbit HRP secondary antibody (Sigma Aldrich) and ECL system
(Azura Biosystem). Also an equal amount of total protein extract were analyzed
with non-reducing immunoblots and anti-PRX6 antibody. Experiments were

repeated three times.
3.2.7 Phosphatase lambda

For phosphatase lambda (New England Biolabs) experiments a commercial
protocol was followed. Briefly, equal amount of total protein extracts were
incubated for 30 min at 30°C with 1 uL phosphatase lambda, NEBuffer for
Protein MetalloPhosphatases (PMP), and 1mM MnCl,. Then samples were
analyzed using a non-reducing immunoblots with anti-PRX6 antibody.
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3.2.8 Analyses of cell signaling

For cell signaling analysis, after treatment with menadione and IGF-1,
chondrocytes were incubated in serum-free conditions overnight prior to
treatment with 25 uM menadione or 50 ng/ml IGF-1 for 30 min. For menadione
pretreatment experiments, cells were treated with 25 uM menadione for 30 min
prior to treatment with 50 ng/ml IGF-1 for 30 min. All cell signaling
immunoblots were performed under reducing conditions using phospho-specific
antibodies, with antibodies to total protein serving as loading controls, with the
exception of phospho c-Jun, which was normalized to B-actin (Collins et al.,
2019).

For analysis of cell signaling after treatment with Fn-f, chondrocytes were
incubated in serum-free conditions overnight prior to treatment with 1 uM Fn-f
for 30 min or 60 min. All cell signaling immunoblots were performed under
reducing conditions using phospho-specific antibodies, with antibodies to total
protein serving as loading controls, with the exception of phospho c-Jun, which

was normalized to -actin.

For MMP-13, primary chondrocytes were incubated in serum-free conditions for
at least 12 h prior to treatment with 1 uM Fn-f overnight. Conditioned media were
taken and concentrated (10:1) and 30 ul was analyzed by immunoblotting using
non-reducing condition using antibody against MMP-13. Densitometric analysis
of MMP-13 bands was performed using ImageJ software. MMP-2 was used as
loading control and data were normalized on untreated cells (Forsyth et al., 2002;
S. T. Wood et al., 2016).

3.2.9 Analyses of PRX6 expressions

For these experiments, younger donors were < 50 years old, and older donors

were > 50 years old. The age cut-off for young and old donors was chosen based
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on a previous study from our group that demonstrated a decline in the response
to IGF-1 and altered signaling under conditions of oxidative stress in
chondrocytes from donors older than 50 years (Richard F. Loeser et al., 2014).
OA chondrocyte were obtained from cartilage tissue classified as grade 1V
(severe changes) obtained from patients submitted to a total knee-joint
replacement surgery. Chondrocytes were isolated as described above and after
overnight incubation in serum free media total protein extract were obtained
using RIPA buffer and 30 pg of total protein extract were loaded on
polyacrylamide gels. Western blots were made according to standard procedures
using nitrocellulose membranes (Protran). Immunoblots were probed with anti-
PRX6 antibody and GAPDH was used as loading control. Densitometry analyses
were made using ImageJ software. Graph and statistical analyses were made

using GraphPad Prism 6 software.
3.2.10 Analyses of nuclear and cytosolic fractions

Nuclear and cytoplasmic fractions were obtained using NE-PER Nuclear and
Cytoplasmic Extraction Kit (Thermo Scientific). Briefly chondrocytes were
incubated in serum-free conditions overnight prior to treatment with 25 pM
menadione, 25 uM DMNQ, 100 uM H202 or 1 uM of Fn-f for 30 min. Cells were
lysed and cytoplasmic/nuclear fraction were obtained according to the
manufacturer's instruction. Briefly, the treated cells were washed twice with cold
PBS and centrifuged at 500 g for 3 min. The cell pellet was suspended in 200 pl
of cytoplasmic extraction reagent | by vortexing. The suspension was incubated
on ice for 10 min followed by the addition of 11 pl of a second cytoplasmic
extraction reagent II, vortexed for 5 s, incubated on ice for 1 min and centrifuged
for Smin at 16000 g. The supernatant fraction (cytoplasmic extract) was
transferred to a pre-chilled tube. The insoluble pellet fraction, which contains

crude nuclei, was resuspended in 100 ul of nuclear extraction reagent by
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vortexing 15s and incubated on ice for 10 min, then centrifuged for 10 min at
16 000 g. The resulting supernatant, constituting the nuclear extract, was used for
the subsequent experiments. Immunoblots were made as described above under
reducing conditions. LDH was used as cytoplasmic loading control and TBP was

used as nuclear loading control.
3.2.11 MS analyses

Cells were cultured overnight in serum-free conditions and then treated with 100
uM H202 or 1 uM of Fn-f for 30 min. After the protein extraction with RIPA
buffer non oxidized cys were blocked with 10 mM of the blocker agents 4-(5-
methanesulfonyl-[1,2,3,4]tetrazol-1-yl)-phenol (MSTP) for 1 h at 24 °C which
react specifically with the reduced cys (SH) and is more specific then N-
ethylmaleimide (NEM) (X. Chen et al., 2017). Furthermore, protein was
precipitated by the addition of acetone and resuspended in 0.1% (v/v) SDS.
Oxidized cys were reduced with 10 mM DTT treatment and then the thiol affinity
enrichment was performed using commercially available thiol-affinity resin
(Thiopropyl Sepharose 6B) to directly capture free thiol-containing proteins
through a disulfide exchange reaction followed by on-resin protein digestion and
multiplexed isobaric labeling using TMT10plex™ Isobaric Mass Tag Labeling
Kit (Thermo Scientific). Peptides were eluted from beads and then analyzed with
LC-MS/MS wusing a Q Exactive HF hybrid quadrupole-Orbitrap mass
spectrometer (Thermo Scientific) coupled to a Dionex Ultimate-3000 nano-
UPLC system (Thermo Scientific) using a Nanospray Flex lon Source (Thermo
Scientific) (Nelson et al., 2018). MS analyses was made by Dr. Crtistina Furdui
from Wake Forest School of Medicine.
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3.2.12 Statistical analyses

Data were analyzed by Student's t test (for two-sample comparisons) or a one-
way or two-way ANOVA (for comparison of more than two samples) with a
Dunnett's or Tukey honestly significant difference post hoc correction, as
appropriate, using GraphPad Prism version 6 (GraphPad Software, Inc.). Results
are presented as mean values £S.D. from a minimum of three independent

biological replicates. A level of p < 0.05 was considered to be significant.
3.2.13 Study approval

Use of human tissue was in accordance with the Institutional Review Board at
the Rush University Medical Center and the University of North Carolina at
Chapel Hill.
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3.3 Results
3.3.1 Preliminary MS data revealed that PRX3 and PRX6 are oxidized in

primary chondrocytes after treatment with H20, and Fn-f

Preliminary data obtained with the Mass spectrometry analyses have shown that
the treatment with H>O2 and Fn-f increase cys oxidation on PRX3 and PRX6
which are the most abundant protein after the MS analyses of sample treated with
the protocol developed by PhD Megan Arrington. This protocol permits to enrich
and analyzed the abundance of the protein with cys oxidation occurring after the
treatment with H2O2 and Fn-f for 30 min in normal primary chondrocytes. The
same approach used by Guo et. al was adapted to obtain an enrichment for
proteins with a reversible oxidized cys obtained after treatment with both H20>
and Fn-f for 30 min, increasing the ROS levels (J. Guo et al., 2014). After the
protein extraction non oxidized cys were blocked with the blocker agents 4-(5-
methanesulfonyl-[1,2,3,4]tetrazol-1-yl)-phenol (MSTP) which react specifically
with the reduced cys (SH) and is more specific then N-ethylmaleimide (NEM)
(X. Chen et al., 2017). Furthermore, oxidized cys were reduced with DTT
treatment and then the thiol affinity enrichment was performed using
commercially available thiol-affinity resin (Thiopropyl Sepharose 6B) to directly
capture free thiol-containing proteins through a disulfide exchange reaction
followed by on-resin protein digestion and multiplexed isobaric labeling to
facilitate LC-MS/MS based quantitative site-specific analysis of cysteine-
reversible oxidation (Supplementary Figure 1). As shown in Table 1 the most
abundant protein in cell treated with H2O2 and Fn-f respect to the Control cells is
PRX3, however its role in primary chondrocytes cells is well known and
previously studied by Collins et. al (Collins et al., 2019, 2016). PRX6 was found
to be the second most abundant protein in chondrocytes treated with H>O. and

Fn-f in comparison to the Control, indicated that both treatment could oxidized
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PRX®6. So this PRX6 could be essential for ROS detoxification which occur in

chondrocytes cells.

Bidiein Average i Ratio _ P-vuluev
Control H202 FN-f H202/Control | FN-f/control |H202/Control| FN-f/Control
Thioredoxin-
dependent peroxide
reductase 65.5 117.8 100.6 1.80 1.54 0.000257 0.028692
GN=PRDX3 PE=I
SV=3
Peroxiredoxin-6
8;;?;’{‘8‘)’(2“‘%’: 75.3 113.3 106.8 1.51 1.42 0.000213 | 0.006047
SV=3

Table 1 Mass-Spectrometric analysis of cysteine-reversible oxidation proteins in primary chondrocytes
cells treated with H,0, and Fn-f for 30 min. PRX3 and PRX6 were found to be the most abundant protein
in sample treated with H,0, and Fn-f for 30 min, indicating that this two peroxiredoxin could be essential
in the detoxification process in chondrocytes cells.

3.3.2 PRX6 oxidation is visible on western blot in primary chondrocytes after

Menadione and H20; stimulation

PRXs oxidation state can be detected using the western blot technique, using non-
reducing and reducing gels. Non-reducing gels doesn’t contain reducing agents
(like DTT and BME) so disulfide bonds remain intact during the running. This
technique was used by Collins et. al to visualized the oxidation state of PRX1,
PRX2 and PRX3 which are three typical 2-cys peroxiredoxin and during their
catalytic cycle can homodimerize to resolve the oxidation which occurs on their
cys (Collins et al., 2019). This technique developed by Cox et. al used the NEM
treatment to blocks the reduced cys and to avoid the cys oxidation by the H20:
released after the cell extraction catalase enzymes is added to the cell lysates (Cox
et al., 2010). Unlikely the normal PRXs, PRX6 has only one catalytic cys at 47
position in the aminoacidic sequence, and require the binding with GSH to
resolve the cys oxidation. However, PRX6 has another non catalytic cys in the
internal core of the protein. For this reasons, PRX6 oxidation is not possible to
detect using the normal protocol with NEM. Cox et. al protocol has been adapted

to observe PRX6 oxidation; cells were lysates without NEM treatment and
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subjected to the same catalase enzyme treatment to avoid the oxidation after the
cell extraction. So, normal primary chondrocytes were treated with 2,3-
Dimethoxy-1,4-naphthoquinone (DMNQ), Menadione, H20. and Fn-f which are
known to increase the ROS levels in chondrocytes (Collins et al., 2019, 2016;
Richard F. Loeser, 2002; D. L. Long, Willey, & Loeser, 2013). Time course
experiment were performed treating cells with DMNQ (25 pM), Menadione (25
pHM) and H202 (100 uM) from 0 to 60 mins (0, 5, 10, 15, 30, 60 mins), and with
Fn-f (1 uM) from 0 to 360 mins (0, 10, 30, 60, 180, 360 mins) because the increse
of H202 generated by Fn-f is slower in comparison to others treatments. Cellular
extracts were collected and loaded in non-reducing an reducing gels. As shown
in Figure 13, PRX6 oxidation were detected by western blot in normal primary
chondrocytes after 5 min of treatment with Menadione (25 uM) and H20, (100
p1M). PRX6 non-oxidized band has been found at 25 KDa molecular weight and
the oxidation seems to promote a band shift to 26 KDa molecular weight in non-
reducing gels. In non-treated conditions two PRX6 bands were always present in
non-reducing gels. In reducing gels the total reduced PRX6 migrate as 25 KDa
band indicating that this band is relative to the reduced PRX6. PRX6 oxidation
doesn’t increase after the treatment with DMNQ and Fn-f as shown by the figure
13 in which the two bands were present even after 60 mins of DMNQ treatment

and 360 mins of Fn-f treatment.
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Non-reducing gels Reducing gels

A) DMNQ DMNQ
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Figure 13 Effect of DMNQ, Menadione, H,0, and Fn-f on PRX6 oxidation in normal human primary
chondrocytes. Normal human chondrocytes cells were cultured into 12 well plates and after confluency
medium was changed with serum-free medium the night before the experiments. After 12 h in serum free
medium cells were treated with A) DMNQ 25 uM, B) Menadione 25 uM and C) H,0, 100 uM for 0O, 5, 10,
15, 30, 60 minutes, and with D) Fn-f 1 uM for 0, 10, 30, 60, 180, 360 minutes. After treatments protein
extracts were made using RIPA buffer (Cell Signaling) adding catalase enzyme. 10 pg of each cell lysates
were loaded and run into both reducing and non-reducing gels. Immunoblots were made using PRX6
antibody. A) PRX6 immunoblots of reducing and non reducing gels of chondrocytes lysates treated with
DMNQ. B) PRX6 immunoblots of reducing and non reducing gels of chondrocytes lysates treated with
Menadione. C) PRX6 immunoblots of reducing and non reducing gels of chondrocytes lysates treated with
H,0,. D) PRX6 immunoblots of reducing and non reducing gels of chondrocytes lysates treated with Fn-f.
Representative immunoblots from 3 independent experiments (n = 3) are showing. All the experiments for
each treatment were performed three-times using cells from three-different donors, represented
immunoblots are showed.

3.3.3 Lipid peroxidation is not induced by H20, and Menadione after 60 min

of treatments.

PRX6 is the only peroxiredoxins with the capacity to resolve phospholipid
hydroperoxides in addition to reducing H20O> produced into the cells. Lipid
peroxidation produce two major toxic product malondialdehyde (MDA) and 4-
hydroxynonenal (4-HNE) which are used to detect the phenomenon (Arevalo &
Vazquez-Medina, 2018). PRX6 oxidation were found in chondrocytes treated

with H20. and Menadione from 0 to 60 mins, so we want to analyze if these two
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compounds were able to induce lipid peroxidation in normal human primary
chondrocytes. For this reason, 4-HNE protein adduct were evaluated in
chondrocytes treated with the two compounds from 0 to 60 mins (0, 5, 10, 15,
30, 60 mins). Results in Figure 14 demonstrate that overall lipid peroxidation
doesn’t increase after treatment with H2O2 and Menadione. However, we can’t
say that it doesn’t occur because it could be that detoxification system (such as

PRX®6) in the cells is able to resolve the lipid peroxidation maintaining it at basal

levels.
A) H202 B) Menadione
Time(mins) 0 5 10 15 30 60 0O 5 10 15 30 60

4-HNE — -4
protein -

adducts

Total
protein
staining

Figure 14 Lipid peroxidation in human chondrocytes cells treated with H,0, and Menadione. A)
Immunoblots of 4-HNE protein adducts present in cell extract from human chondrocytes cells treated with
H,0; 100 uM from 0 to 60 mins (upper blot). Total protein staining used as loading control for H,0; time
courses (lower panel). B) Immunoblots of 4-HNE protein adducts present in cell extract from human
chondrocytes cells treated with Menadione 25 uM from 0 to 60 mins (upper blot). Total protein staining
used as loading control for Menadione time courses (lower panel). Representative immunoblots from 3
independent experiments (n = 3) are showing. All the experiments for each treatment were performed
three-times using cells from three-different donors, represented immunoblots are showed.
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3.3.4 H20: increased GSH-PRX6 complex in chondrocytes.

Unlike the other PRXs, PRX6 needs the binding with GSH to resolve cys
oxidation. So to further understand the oxidation state of PRX6 in chondrocytes,
immunoprecipitation of PRX6 were performed to see if PRX6 was bonded with
GSH after 30 mins of treatment with Fn-f, H,O, and Menadione. Total extracts
(figure 15 A) confirm that PRX6 band shift was induced by H>O2 and Menadione
treatment. Indeed, two bands of PRX6 were visible in the control (untreated
chondrocytes) lane and chondrocytes treated for 30 mins with Fn-f. Lowest
PRX6 band at 25 KDa disappear when chondrocytes were treated with H>O, for
30 mins and it is less detected when cells are treated with Menadione for 30 mins.
Figure 15 B - C demonstrate that the immunoprecipitation protocol worked well
as in the flow through the intensity of PRX6 bands was very low. Immunoblots
of total cell extracts and immunoprecipitation sample showed the same pattern
of PRX6 bands (Figure 15 A — C). GSH strong band was present only in the
sample treated with H20. and this strong band merged with PRX6 band at 26
kDa. So GSH-PRX6 complex is present in sample treated with H,O; (Figure 15
D-E). However other bands with very low intensity were present in the others
lane indicating that GSH co-immunoprecipitate with PRX6 (Figure 15 D-E).
These low intensity band are present in each lane and two of that merged with
the two bands of PRX6 both in chondrocytes untreated (control), treated with Fn-
f and Menadione (Figure 15 D-E). Other two GSH bands with higher molecular
weight than 26 kDa were found in chondrocytes cells treated with H>O> and could

indicate that other Glutathionylated proteins co-immunoprecipitate with PRX6.
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Figure 15 PRX6 immunoprecipiation: strong GSH-PRX6 complex is formed in chondrocytes treated with
H,0,. All immunoblots are relative to a non-reducing gels conditions. A) PRX6 Immunoblot of total protein
extracts obtained from chondrocytes treated with no compound (Control), Fn-f 1 uM, H,0, 100 uM,
menadione 25 uM for 30 mins in serum-free media. B) PRX6 Immunoblots of flow through obtained after
immunoprecipitation of PRX6 of protein extract from chondrocytes treated with no compound (Control),
Fn-f 1 uM, H,0, 100 uM, menadione 25 pM for 30 mins in serum-free media. C) PRX6 Immunoblot of
chondrocytes cell lysates immunoprecipitated using PRX6 antibody obtained in chondrocytes after
treatment with no compound (Control), Fn-f 1 uM, H,0, 100 uM, menadione 25 uM for 30 mins in serum-
free media. D) GSH Immunoblot of chondrocytes cell lysates immunoprecipitated using PRX6 antibody
obtained in chondrocytes after treatment with no compound (Control), Fn-f 1 uM, H,0, 100 uM,
menadione 25 uM for 30 mins in serum-free media. E) Merge of GSH and PRX6 immunoblots of
chondrocytes cell lysates immunoprecipitated using PRX6 antibody obtained in chondrocytes after
treatment with no compound (Control), Fn-f 1 uM, H,0, 100 uM, menadione 25 uM for 30 mins in serum-
free media. Merge were made using GIMP software and inverting the color of GSH immunoblots. GSH
bands in red, on blue background. PRX6 signal in black. Representative immunoblots from 3 independent
experiments (n = 3) are showing. All the experiments for each conditions were performed three-times
using cells from three-different donors, represented immunoblots are showed.

3.3.5 PRX6 band shift is not associate with phosphorylation.

PRX6 can be phosphorylated by p38, for this reason we wanted to understand if
the phosphorylation of PRX6 could promote the band shift at 26 kDa. So,

chondrocytes cell were treated with H202 for 30 mins and cell lysates were
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collected, then cell lysates were treated with phosphatase A following the
commercial suggested protocol. In Figure 16 A — B in all sample the upper band
disappear indicting that the upper band was the p-PRX6. However further
analysis permits to understand that this was a false result of the experiment,
because phosphatase A reaction mix contain the reducing agent DTT which
reduce oxidized cys of PRX6 (Figure 16 C-D). So PRX6 upper band disappear
for the reducing agent present into the reaction mix.

Phosphorylation PRX6 band-shift hypothesis was tested using p38 inhibitor
(SB203580). Chondrocytes cell were pretreated for 1 h with the inhibitor prior to
the treatment with Fn-f, H.O, and Menadione for 30 mins. Cell lysates were
collected and run into non reducing gels. PRX6 bands pattern doesn’t change
after the treatment with p38 inhibitor. So, phosphorylation of PRX6 in not the

cause of the upper band detected in chondrocytes cells (Figure 16 E).
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Figure 16 Phosphatase A and p38 inhibitor don’t produce any change in PRX6 bands pattern. A-B)
Phosphatase A was added to cell lysates of chondrocytes non treated and treated with H,0, 100 uM for 30
mins. Reaction mix and enzyme were added and maintained at 37 °C for 30 mins before loading into 12%
gels. A) Total protein staining evaluation. B) PRX6 immunoblot. C-D) Phosphatase A was added to cell
lysates of chondrocytes non treated and treated with FN-f 1 uM, H,0, 100 uM and Menadione 25 puM for
30 mins. C) Enzyme were added to cell lysates and maintained at 37 °C for 30 mins before loading into 12%
gels D) Reaction mix without enzyme were added and maintained at 37 °C for 30 mins before loading into
12% gels. Immunoblots show PRX6 signal on non-reducing gels. E) Chondrocytes were plated into 8 wells
/ 12 well plates. At confluency, medium was changed with serum-free media and maintained overnight. 4
well were pretreated 1 h with p38 inhibitor prior to 30 mins treatment with FN-f 1 uM, H,0, 100 pM and
Menadione 25 puM. Cell lysates were collected and 10 pg of proteins were loaded and run in 12% non-
reducing gels (for PRX6) and reducing gel (for GAPDH). All the experiments for each condition were
performed three-times using cells from three-different donors, represented immunoblots are showed.
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3.3.6 PRXG6 protein levels don’t change in chondrocytes from young, old or
OA donors.

PRX6 protein levels were evaluated in young, old and OA chondrocytes of 8
different donors for each group, to understand if PRX6 could be a key protein in
chondrocytes ageing or in the degeneration process occurring during OA disease.
As shown in Figure 17 levels of PRX6 are the same for each group, so PRX6
expression is not influenced by the age of the donor and doesn’t change in

chondrocytes derived from OA patients.
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Figure 17 PRX6 protein levels are not influenced by age or by OA disease in chondrocytes. Chondrocytes
from 24 different donors were collected, 8 donors for each group: young < 50 years old, old > than 50 years
old and OA from cartilage tissue classified as grade IV (severe changes) obtained form patients submitted
to a total joint replacement surgery. Chondrocytes were cultivated till confluency. Medium was changed
with serum-free media and leaved overnight. Then cell lysates were collected and run in a reducing gels.
Western blots are performed and expression of PRX6 was normalized on GAPDH used as loading control.
Densitometry was performed using image) software and graphs are generated using GraphPad Prism 6.
Data are presented as means + S.D and were analyzed by one-way ANOVA. Asterisks represents significant
differences (* p < 0.05, ** p < 0.01, *** p <0.001).

114



3.3.7 PRX6 overexpression regulate the phosphorylation of Akt and p38 after
combined treatment with IGF-1 and Menadione

In order to determine if the PRX6 could alter MAPK signaling activated in
chondrocytes by the treatment with Menadione, IGF-1 and the combination of
both stimuli, human chondrocytes cells were transduced with adenoviral vectors
encoding PRX6 or Null empty vector control and phosphorylation levels of
MAPK signaling pertinent to Menadione and IGF-1 were analyzed. Before the
correct viral particle number to use for transduction was analyzed. Briefly
different dilution of the viral particle number 4 x 10® particle/mL were made.
Then cell were infected with the viruses and after 48h cell extracts were collected
and analyzed by western blot. The best dilution which promotes the higher
overexpression of PRX6 was 4 times of the viral particle number 4 x 108
particle/mL (figure 18 A). So this dilution was adopted for the further experiment
adapting even the viral particle number of adenovirus for the Null empty vector
control. It is well known, that IGF-1 signaling pathway is pro-anabolic in
chondrocytes, stimulating the phosphorylation of Akt, but doesn’t induce the
phosphorylation of p38, JNK, c-Jun and ERK. Treatment with menadione
increases the ROS levels and induce the activation of p38 and ERK pathways,
and doesn’t activate Akt, c-Jun and JNK (Collins et al., 2019). Overexpression
of PRX6 led to enhanced basal levels of p-Akt if compared to cells transduced
with the Null empty vector control (Figure 18 B-C). However, the
phosphorylation levels of Akt, when chondrocytes are treated with IGF-1 are
similar to the levels of chondrocytes transduced with the Null empty vector
control (Figure 18 B-C). Treatment with menadione doesn’t induce the
phosphorylation of Akt, but chondrocyte pretreated with menadione for 30 min
and then treated with IGF-1 for 30 min were able to restore completely the
phosphorylation of Akt. IGF-1-induced restoration of Akt phosphorylation were
inhibited in chondrocytes overexpressing PRX6 (Figure 18 B-C). Treatment with
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menadione induce the phosphorylation of p38 MAPK which is a pro-death signal
in chondrocytes. Treatment with IGF-1 is not able to reduce the phosphorylation
of p38 induced by the pretreatment with menadione in cells transduced with Null
empty vector control. However, overexpression of PRX6 leads to a significant
reduction in the levels of p-p38 in cells pretreated with menadione and then
treated with IGF-1 in respect of chondrocytes transduced with the Null empty
vector control. So overexpression of PRX6 increases at least in part the ability of
IGF-1 to reduce p-p38 levels in human chondrocytes (Figure 18 B-G).
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Figure 18 Effect of adenoviral overexpression of PRX6 on IGF-1 and MAPK signaling with and without
menadione. A) Chondrocytes were transduced using different viral particles number of adenoviral vector
encoding for PRX6 or with normal viral particle number of adenoviral vector encoding for Null empty
vector. Proteins extracts were immunoblotted with antibodies against GAPDH and PRX6. 4 x of normal viral
particle number for the adenoviral vector encoding PRX6 was used for further experiments. B-G)
Chondrocytes were transduced with an adenoviral vector encoding PRX6 or a Null empty vector control
and were treated with IGF-1 alone (50 ng/mL), menadione (25 uM), or pre-treated with menadione (25
pM) for 30 min prior to IGF-1 treatment for 30 min. Cell lysates were immunoblotted with antibodies to
proteins pertinent to IGF-1 and MAP kinase signaling cascades (Akt, ERK, p38, JNK, c-Jun). B)
Representative immunoblots from 3 independent experiments (n = 3) showing the effect of PRX6
overexpression on phosphorylation of Akt, JNK, c-Jun, ERK and p38. C-G) Results of densitometric analysis
showing the effect of PRX6 overexpression on phosphorylation of Akt, JNK, c-Jun, ERK and p38. Phospho-
proteins are normalized to respective total protein. For c-Jun, GAPDH was used as a loading control. Data
are mean + SD expressed as relative intensity compared to Adv-Null control. Asterisks represent significant
differences compared to control (* p < 0.05, ** p < 0.01, *** p < 0.001) or to the highlighted condition
(showed by the lines). Data were analyzed by two-way ANOVA.

3.3.8 PRX6 overexpression attenuates Fn-f-induced phosphorylation of p38

and c-Jun in human chondrocytes.

In order to determine if the PRX6 could alter MAPK signaling activated in
chondrocytes by the treatment with Fn-f for 30 and 60 min human chondrocytes
cells were transduced with adenoviral vectors encoding PRX6 or Null empty

vector control and phosphorylation levels of MAPK signaling pertinent to Fn-f
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were analyzed (S. T. Wood et al., 2016). Fn-f treatment leads to increase the
phosphorylation levels of p38 and ERK after 30 min of stimulation in human
chondrocytes cells (figure 19 A-B-C). Furthermore, increase phosphorylation
levels of INK and c-Jun were detectable after 60 min of Fn-f treatment in human
chondrocytes (Figure 19 A-D-E). Fn-f was previously found to increase ROS
levels in human chondrocytes cells, so we evaluate if the overexpression of PRX6
which is a ROS detoxification enzyme, could impact the signaling pathways
activated by Fn-f in chondrocyte cells (S. T. Wood et al., 2016). Overexpression
of PRX6 attenuates but don’t abolish the phosphorylation of p38 after 30 mins
and 60 mins of Fn-f treatments (Figure 19 A and B). As show in Figure 19 B
levels of p-p38 decrease in human chondrocytes transduced with adenovirus
vector encoding for PRX6 in comparison to human chondrocytes transduced with
adenovirus vector encoding for Null empty vector control after 30 and 60 mins
of Fn-f stimulation. However, PRX6 overexpression doesn’t produce the same
phosphorylation decrease for ERK and JNK after Fn-f treatment both at 30 and
60 mins. As shown in figure 19 C-D no differences were found between
chondrocytes cells overexpressing PRX6 and chondrocytes transduced with
adenovirus vector encoding for Null empty vector control. Nevertheless
overexpression of PRX6 led to a significant decrease in the phosphorylation
levels of p-c-Jun in human chondrocytes treated with Fn-f for 60 mins (figure 19
E). As show in figure 19 E, p-c-Jun level decrease in human chondrocytes
transduced with adenovirus vector encoding for PRX6 in comparison to human
chondrocytes transduced with adenovirus vector encoding for Null empty vector

control after 60 mins of Fn-f stimulation.
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Figure 19 Effect of adenoviral overexpression of PRX6 on Fn-f-induced MAPK signaling. Chondrocytes
were transduced with an adenoviral vector encoding PRX6 or a Null empty vector control and were treated
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with Fn-f (1 uM) for 30 or 60 mins. Cell lysates were immunoblotted with antibodies to proteins pertinent
to Fn-f-induced MAPK signaling (ERK, p38, JNK, c-Jun) and GAPDH, PRX6 antibodies. A) Representative
immunoblots from 3 independent experiments (n = 3) showing the effect of PRX6 overexpression on
phosphorylation of p38, ERK, JNK and c-Jun. B-E) Results of densitometric analysis showing the effect of
PRX6 overexpression on phosphorylation of p38, ERK, JNK and c-Jun. Phospho-proteins were normalized
to respective total protein. For c-Jun, GAPDH was used as a loading control. Data are mean + SD expressed
as relative intensity compared to Adv-Null control. Asterisks represent significant differences compared to
control (* p<0.05, ** p<0.01, *** p <0.001) or to the highlighted condition (showed by the lines). Data
were analyzed using two-way ANOVA test.

3.3.9 PRX6 overexpression increase Fn-f-induced MMP-13 secretion in

human chondrocytes.

Since  PRX6 overexpression was able to reduce significatively the
phosphorylation of two proteins (p38 and c-Jun) which are known to be very
important for the catabolic signaling activated by Fn-f, MMP-13 levels in
conditioned media were assessed after overnight Fn-f treatment which induce an
higher MMP-13 production. Human chondrocyte cells were transduced with
adenoviral vectors encoding PRX6 or Null empty vector control and MMP-13,
MMP-2 levels were analyzed collecting conditioned media after Fn-f overnight
treatment. As expected, MMP-13 levels increase significantly after Fn-f
overnight stimulation (Figure 20 A-B). Surprisingly, MMP-13 levels in the media
are higher in human chondrocytes cell overexpressing PRX6 in respect of human
chondrocytes transduced with adenovirus vector encoding for Null empty vector
control (Figure 20 A-B).
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Figure 20 Effect of adenoviral overexpression of PRX6 on Fn-f-induced MMP-13 released in human
chondrocytes. Chondrocytes were transduced with an adenoviral vector encoding PRX6 or a Null empty
vector control and were treated overnight with Fn-f (1 uM). Conditioned media were taken and
immunoblots were made to asses MMP-13 and MMP-2 (used as control). Protein extracts were collecter
and immunoblots are made to asses PRX6 expression. A) Representative immunoblots from 3 independent
experiments (n = 3) showing the effect of PRX6 overexpression on MMP-13. B) Results of densitometric
analysis showing the effect of PRX6 overexpression on MMP-13 secretion after Fn-f stimulation. MMP-13
was normalized to MMP-2 used as loading control. Data are mean + SD and were analyzed using two-way
ANOVA. Asterisks represent significant differences (* p < 0.05, ** p < 0.01, *** p <0.001).

3.3.10 PRX® localize into the nucleus of human chondrocytes

PRX6 functions are connected to their subcellular localization, and previous
studies said that PRX6 is predominantly a cytosolic protein and that some post-
translational modifications can change its localization regulating its enzymatic
activities. However, Li et. al found that PRX6 were present into the nucleus
interacting directly with Sirt6. In order to asses the subcellular localization of
PRX6 in chondrocytes cells and if Fn-f, H2O2, Menadione and DMNQ treatment
could change PRX6 localization, protein cells fractions were performed
producing nuclear protein fraction and cytosolic protein fraction. PRX6 localize
into the nucleus in human chondrocytes cells, so PRX6 is not only a cytosolic
protein, but in chondrocytes cells, PRX6 is present into the nuclear compartment
even in the untreated chondrocytes (Figure 21). So nuclear PRX6 may interact

and regulate other transcription factors.
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Figure 21 PRX6 localize into the nucleus of human chondrocytes. Human primary chondrocytes cells were
plated into 5 well/6 well plate. After 48 h media was changed with serum-free media and maintained
overnight. Then Fn-f (1 uM), H20; (100 uM), Menadione (25 uM) and DMNQ (25 uM) were added for 30
mins. At the end of the treatment, cells lysate were collected and commercial kit were used to fractionate
protein extract into cytosolic fraction and nuclear fraction. For both fraction PRX6, LDH and TBP levels were
assessed by immunoblots using specific antibodies. LDH was used as loading control for cytosolic fraction
and TBP was used as loading control for nuclear fraction. Representative immunoblots from 3 independent
experiments (n = 3) are shown.
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3.4 Discussion

Recent advances in redox biology implicate PRXs oxidation as a key mechanism
for regulating intracellular H.O: levels and subsequent downstream cell signaling
events. So, this study chooses to explore the effects and the role of PRX6
oxidation, on selected downstream cell signaling events using human articular
chondrocytes as a cell model system. In previous studies at Richard Loeser’s
laboratory, DMNQ and menadione was used as H2O.-producing tools in
chondrocytes to study the effect of PRX1-PRX3 hyperoxidation on specific cell
pathways fundamental for chondrocytes cells (Collins et al., 2019, 2016). Collins
et. al previously found that menadione generated higher levels of mitochondrial
H20, than DMNQ, leading to PRX3 hyperoxidation. DMNQ generate H,O2 more
disperse into the cytoplasmic compartment and is not so specific like menadione.
Also Collins et. al characterize the role of PRX1, PRX2 and PRX3 in
chondrocytes cell signaling after menadione, DMNQ and IGF-1 stimulation. So,
after the MS results we decide to focus our studies understanding the role of
PRX6 in chondrocytes which is a new area that had not been previously
investigated. Data from MS reveal that PRX6 was the second most abundant
protein found to be oxidized at cysteine levels by H2O2 and Fn-f treatments. So
we started to analyzed the oxidation state of PRX6 in human primary
chondrocytes adjusting the technique used from Collins et. al to detect the
oxidation state of PRX1, PRX2 and PRX3 (Collins et al., 2019). Unlike normal
2-cys PRXs (PRX1-4) which after oxidation to a sulfenic acid react with another
cysteine residue (resolving) on another monomer, forming a dimer subsequently
reduced by an appropriate electron donor to complete a catalytic cycle (Aron B.
Fisher, 2017; Patel & Chatterjee, 2019), PRX6 is called 1-cys PRX because the
catalytic mechanism is based on a single conserved cys residue. Oxidation to
PRX6-SOH is resolved by the binding with a molecule of glutathione (GSH)
mediated by glutathione S-transferase (Aron B. Fisher, 2017). However, PRX6
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can form dimers through hydrogen bonding involving its hydrophobic surface.
Furthermore human PRX6 proteins has 2 cys and in a recent study authors show
how PRX6 could be detected in dimeric and trimeric forms and that forms are
downregulated by H.O> treatemnts (Suzuki et al., 2019). In our study we used
lower concentration of H2O2 in comparison to Suzuki et. al study and we didn’t
detect any changing in the 75 kDa or 50 kDa bands that following the antibody
datasheets are believed to be a non-specific signal. However, in non-reducing
gels, that preserve the disulfide bond, we detected PRX6 as two bands one at 26
kDa and one at 25 kDa in untreated chondrocytes. Treatment with H.O, (100
HM) or menadione (25 pM) promote the band shift to 26 kDa and 25 kDa band
was totally or partially absent, this shift was observed after 5 min of treatment
with both H202 (100 puM) or menadione (25 pM). Moreover, chondrocytes
treated with Fn-f and DMNQ for different time points didn’t exhibit the same
band shift, in fact the bands were the same as the untreated cells. We can say that
the treatment with H2O, (100 pM) or menadione (25 puM) change the oxidation
state of PRX6 and that the shift is associated to a cys state, maybe it could be due
to PRX6 binding with GSH or glutathione S-transferase which can change the
molecular weight of PRX6; however binding to GSH is a more reliable reason
because molecular weight difference between the two bands is about 1kDa. To
confirm this hypothesis we performed an immunoprecipitation experiment to
detect if the upper band at 26 kDa of PRX6 contain even GSH. The results show
that only in chondrocyte treated with H20> there is an higher signal of GSH but
that signal was not the same for lysates obtained from chondrocytes treated with
menadione which promote PRX6 band shift. An explanation could be that H2O>
produce by menadione is lower that H.O> generated after direct addition of H2.0>
which leads to oxidize firstly PRX6. Another hypothesis is that probably the
upper band at 26 kDa is not only due to PRX6 binding to GSH but it could be

that the oxidation on PRX6 cys change it structure leading to a different gel
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mobility. However more experiments could help to understand which is the cause
of this PRX6 band shift that is for sure associated to the cys oxidation, because
when the same lysates were run in reducing gels PRX6 band was detected only
at 25 kDa. Moreover PRX6 Prdx6 also expresses acidic calcium-independent
phospholipase A (aiPLA2) and lysophosphatidyl-choline acyl transferase
(LPCAT) activities in separate catalytic sites (Aron B. Fisher, 2017; Aron B.
Fisher et al., 2016; Huang et al., 2011). PRX6 is a unique enzyme as it has both
phospholipase activity and peroxidase activity, making it an intriguing enzyme
for both lipid-mediated inflammation and antioxidant defense (Aron B. Fisher,
Dodia, Feinstein, & Ho, 2005). Moreover previous studies demonstrate that
menadione as well as H20O, can increase ROS leading to lipid peroxidation and
membrane destabilization in cells (Chiou, Chu, & Tzeng, 2003; Siddique, Ara,
& Afzal, 2012; Tiku, Shah, & Allison, 2000; Tzeng, Lee, & Chiou, 1995). Thus,
we decided to detect if the treatment with menadione or H20, which induce a
PRX®6 shift at 26 kDa band could be due to an induction of lipid peroxidation by
the treatment. However in our conditions the treatment for 60 min with
menadione or H202 doesn’t induce an increase in the amount of 4-HNE protein
adducts which is a common marker of lipid peroxidation (Mihalas, De luliis,
Redgrove, McLaughlin, & Nixon, 2017; Milkovic, Gasparovic, & Zarkovic,
2015). Several post-translational modifications can regulate the enzymatic
activity of PRX6 promoting changes in the intracellular localization of the
protein; an example is the phosphorylation of PRX6 at threonine 177 by p38
MAPK which is known to be activated by ROS in chondrocytes cells (Chatterjee
et al., 2011; Collins et al., 2019; Y. Wu et al., 2009). So, phospholipase lambda
and p38 inhibitor was used to understand if PRX6 was phosphorylated after Fn-
f, menadione, DMNQ and H»O; treatment in human chondrocytes, and if this
phosphorylation could be implicated in PRX6 band shift. However, no

differences in PRX6 bands pattern was observed, indicating that the
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phosphorylation is not implicated in the band shift. We can’t exclude that Fn-f,
menadione, DMNQ and H»O: treatments leads to PRX6 phosphorylation because
for that we need an antibody specific for phosphorylated PRX6. Further
experiments using this antibody could give more information on the role of PRX6
phosphorylation in chondrocyte, this could be interesting especially because the
phosphorylation of PRX1 was observed to be important for PRX1 activity
(Collins et al., 2019). Aging is a primary risk factor for OA, which is the most
common cause of chronic disability in older adults and correlates with age-related
redox imbalance and mitochondrial dysfunction (Richard F. Loeser, 2017;
Richard F. Loeser, Carlson, Del Carlo, & Cole, 2002). Furthermore, PRX6 was
recently found by lkeda et. al to be a possible OA biomarker (Ikeda, Ageta,
Tsuchida, & Yamada, 2013). In this study Ikeda et. al showed that cartilage from
patients with OA has lower PRX6 levels in comparison to cartilage from control
patients which has femoral neck fracture (lkeda et al., 2013). We found no
changing in PRX6 expression levels in chondrocytes isolated from cartilage of
younger donors (age < 50 years old), older donors (age > 50 years old) and OA
donors. So, PRX6 levels are not influenced by age or by OA disease contrary to
what observed in lkeda study which used cartilage from 6 patients instead of 8
patients used in our study. However our result are in agreement with the previous
result indicating no changing in PRX2 and PRX3 levels in chondrocytes isolated
from young and older mice (Collins et al., 2016). Instead of protein levels seems
that older chondrocytes exhibit an increase basal levels of PRX hyperoxidation
compared to younger chondrocytes (Collins et al., 2016). Future experiments can
give us more information about the PRX6 hyperoxidation state maybe using a
specific antibody against PRX6-SO2s3 to understand if the treatments with Fn-f,
menadione, DMNQ and H20- could increase the hyperoxidation of PRX6 and if
levels could change by aging process. PRXs have recently been shown to

participate in signal transduction pathways that regulate resistance to oxidative
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stress and lifespan extension through regulation of JNK/FOXO signaling in
Drosophila melanogaster (K. S. Lee et al., 2009). Furthermore PRX6
overexpression in mice exacerbates the development of collagen antibody—
induced arthritis (CAIA) and antigen-induced arthritis (AIA) in mice through
increasing proinflammatory pathways like p-38, JINK, ERK and NF-xB (D. H.
Kim et al., 2015). However we found that PRX6 overexpression in human
chondrocytes cells leads to an increase of basal levels of phospho(p)-Akt and no
effect on p-JNK, p-p38, p-c-Jun and p-ERK1/2 basal levels. Menadione alone
induce the phosphorylation of p38 and ERK1/2 in human primary chondrocytes,
without any effect on JNK, c-Jun and Akt phosphorylation levels as previously
observed (Collins et al., 2019). IGF-1 chondrocytes stimulation increases the
levels of p-Akt and as no effect on the other MAPK signaling studied.
Overexpression of PRX6 doesn’t impact the cell signaling activated by
menadione but alter the levels of p-Akt and p-p38 when chondrocytes were
pretreated with menadione for 30 min and after treated with IGF-1. Previously it
was observed that ROS levels can regulate the IGF-1 signaling pathways and that
presence of higher ROS levels generated by menadione leads to an inhibition of
IGF-1-mediated Akt phosphorylation (Collins et al., 2019, 2016). Our results
showed that with 30 min of IGF-1 stimulation after the pretreatment with
menadione for 30 min, it is possible to recover the Akt phosphorylation.
However, this recover is inhibited in chondrocytes overexpressing PRX®.
Notably the overexpression of PRX6 doesn’t change the levels of p-p38
generated after menadione treatment, but overexpression of PRX6 is able to
reduce the phosphorylation of p38 after the pretreatment with menadione and the
subsequent treatment with IGF-1. Destruction of the articular cartilage is a key
feature of OA and stems from an imbalance in chondrocyte anabolic and
catabolic activities (Richard F. Loeser et al., 2012). This results in excessive

production of proteolytic enzymes that break down the extracellular matrix,
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generating matrix fragments that can further propagate catabolic activity through
a positive feedback loop (L. Ding, Guo, & Homandberg, 2009; Richard F. Loeser
et al., 2012). Fibronectin (Fn) is a protein present in cartilage ECM which during
cartilage degradation undergoes to proteolytic cleavage forming fibronectin
fragments (Fn-f). Furthermore, Fn-f have been found in OA cartilage and
synovial fluid and have been shown to stimulate cartilage matrix destruction (L.
Ding et al., 2009; Homandberg, Meyers, & Xie, 1992). Fn-f is known to bind to
the a5B1 integrin receptor and to activate MAP kinase signaling, resulting in the
up-regulation of a number of cytokines, chemokine, and MMP genes (Forsyth et
al., 2002; Homandberg, Costa, & Wen, 2002). However endogenous activation
of chondrocyte catabolic signaling by FN-f requires generation of endogenous
reactive oxygen species (ROS) as second messengers (Del Carlo et al., 2007). In
agreement with previous findings, treatment of human primary chondrocytes
with Fn-f for 30 and 60 min leads to the phosphorylation of INK, p38, c-Jun and
ERK1/2 which pathways are involved in the MMP-13 production.
Overexpression of PRX6 strongly decrease the Fn-f-induced phosphorylation of
p38, this result together with the inhibition of p-38 phosphorylation after co-
treatment with menadione and IGF-1 leads us to think that PRX6 regulate in a
specific manner p38 and that p38 and PRX6 may probably interact each other’s
both in direct or indirect manner. Other study confirms that PRXs can regulate
p38 activity and in particular it was found that depletion of PRX1 and PRX2
leads to lower p38 phosphorylation after H.O> treatments, however low was
known about PRX6 ability (Barata & Dick, 2019). Moreover, PRX6 can be
phosphorylated by p38, inducing a conformational change in the protein which
promotes its translocation to the plasma membrane, and increases its aiPLA;
activity (Chatterjee et al., 2011; Y. Wu et al., 2009). PRX6 overexpression was
also able to reduce the phosphorylation of c-Jun, which is a transcription factors

activated by JNK and associated with dedifferentiation of primary chondrocytes
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and with OA progression and development (Ge, Zou, Li, Liu, & Tu, 2017; S. G.
Hwang, Yu, Poo, & Chun, 2005). However, overexpression of PRX6 has no
effect on Fn-f-induced JNK and ERK1/2 phosphorylation. Fn-f treatment in
human primary chondrocytes cells leads to MMP-13 production. However even
if overexpression of PRX6 can reduce the phosphorylation of p38 and c-Jun after
Fn-f treatments the MMP-13 released by chondrocytes overexpression PRX6 was
higher in comparison to chondrocytes transduced with Null empty vectors. This
could be due to a difference in MMP-13 endocytoses between normal cells and
PRX6 overexpressing cells or by an increase MMP-13 production rates
(Yamamoto et al., 2016). To understand better the mechanism involved it could
be useful to detect the RNA expression levels of MMP-13. However
overproduction of MMP13 is a catabolic marker of chondrocytes cells which
leads to cartilage matrix degradation and to OA development (Mary B. Goldring
& Marcu, 2009; Yamamoto et al., 2016). PRX6 localization is crucial for the
regulation of its enzymatic activities. PRX6 exhibits maximal aiPLA: activity at
an acidic pH and acts as peroxidase at neutral pH (Aron B. Fisher, 2011). So
when PRX6 is localized in lysosomal-type organelles its functions as aiPLA: (A.
B. Fisher, Dodia, Chander, & Jain, 1992; Aron B. Fisher, Dodia, Yu, Manevich,
& Feinstein, 2006). Differently, cytosolic PRX6 functions mainly as peroxidase
(Kang, Baines, & Rhee, 1998). However, we detected that PRX6 in chondrocytes
cells is present even in the nuclear compartment and that PRX6 remain into the
nucleus also in chondrocytes treated with Fn-f, menadione, DMNQ and H20o.
This are in agreement with some studies in which authors detected PRX6 into the
nucleus and that PRX6 is able to regulate Sirt6 activity (Y. He et al., 2018; W. Li
et al., 2018). Further experiments are needed to understand better the role of
nuclear PRX6 in chondrocytes. In this study we demonstrate that PRX6 is into
the nucleus in chondrocytes but the exact role of nuclear PRX6 remain to be

clarified. In conclusion we can say that PRX6 change its gel mobility in lysates
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from chondrocytes treated with menadione and H>O> and that this band shift is
associated for sure to a cys oxidation state because using the reducing gels PRX6
migrates at 25 kDa. Furthermore PRX6 seems to influence specifically the
activation of p38 MAPK. However, even if the overexpression of PRX6 is able
to reduce p38 phosphorylation levels in chondrocytes this is not enough to block
the catabolic response activated by menadione and Fn-f, but seems to increase
some catabolic effects of these treatments like reducing phosphorylation levels
of Akt in combined treatments of menadione and IGF-1 and increase MMP-13

secreted in the media by chondrocytes treated with Fn-f.
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Supplementary Figure 1: Schematic representation of protocol used for Mass Spectrometry analyses.
Human primary chondrocytes were treated for 30 min with FN-f and H,0,. After the protein extraction
non oxidized cys were blocked with the blocker agents 4-(5-methanesulfonyl-[1,2,3,4]tetrazol-1-yl)-phenol
(MSTP) which react specifically with the reduced cys (SH) and is more specific then N-ethylmaleimide
(NEM) (X. Chen et al., 2017). Furthermore, oxidized cys were reduced with DTT treatment and then the
thiol affinity enrichment was performed using commercially available thiol-affinity resin (Thiopropyl
Sepharose 6B) to directly capture free thiol-containing proteins through a disulfide exchange reaction
followed by on-resin protein digestion and multiplexed isobaric labeling to facilitate LC-MS/MS based
guantitative site-specific analysis of cysteine-reversible oxidation
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Chapter 4 - Novel squarate cross-linked gelatin hydrogels for 3D
cell culture and drug delivery platforms
4.1 Aim of the work

Three-dimensional cell culture platforms offer in vitro better chances to mimic
the native microenvironment extra-cellular matrix, ECM) and cell behavior over
2D cell culture techniques, despite the last ones still have their relevance,
allowing the deconvolution of the influence of the chemistry of the material, of
biocues on cell responses from the effect of the bulk material, cross-linking, and
dimensional properties, providing great insight into key biochemical processes,
such as adhesion, proliferation, differentiation, and cell—cell cross-talk, both in
physiological and pathological states (Davidenko et al., 2016; Edmondson et al.,
2014; D. Lv, Hu, Lu, Lu, & Xu, 2017). In order to recapitulate the native features
of cellular microenvironment, several 3D-scaffolds have been proposed; among
them, hydrogels, both natural or synthetic or as blend, have become popular as
3D cell culture techniques, since they are able to incorporate a great amount of
water and provide robust platforms for investigating cell physiology, pathology
(Caliari & Burdick, 2016; Tam et al., 2017; Tibbitt & Anseth, 2009), tissue
regeneration (EI-Sherbiny & Yacoub, 2013; Jung Hwan Lee & Kim, 2018) , and
drug delivery (J. Li & Mooney, 2016).

Depending on the chemistry of the polymeric constituents, and cross-linking
strategy, hydrogels show different physico-chemical and biological features,
accompanied by peculiar advantages and limitations. In this framework, the
search for new hydrogels and cross-linking strategies is still ongoing, in order to
ameliorate their performances as ECM mimics and reliable cell culture scaffolds
for tissue engineering, drug delivery, and wound dressing (EI-Sherbiny &
Yacoub, 2013). Among natural polymers, gelatin (obtained from collagen
hydrolysis) is an attractive candidate for hydrogel preparation, since it is
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biocompatible, possess cell-adhesive properties, has limited costs and it is easily
accessible. However, gelatin is water-soluble at 37 °C and is featured by poor
mechanical properties (Jaipan et al., 2017).

Given the presence of amino acid functional groups, the mechanical and chemical
properties of gelatin can be modified with different crosslinking agents (i.e.
glutaraldehyde, genipin, dextran dialdehyde, thiol-ene chemistry, Michael
addition chemistry, carbodiimide chemistry, epoxy chemistry etc.) (Guizzardi et
al., 2019; Occhetta et al., 2015; Russo et al., 2016).

However, researchers are still looking for new, more secure cross-linking agents.
In this work we investigate the properties of gelatin-based hydrogels obtained by
the use of 3,4-diethoxy-3-cyclobutene-1,2-dione or diethyl squarate (DES) as
homobifunctional cross-linker. To the best of our knowledge, DES has not been

used before as a cross-linking agent for gelatin hydrogel preparation.

134



4.2 Materials and Methods

4.2.1 Materials

All chemicals were purchased from Sigma-Aldrich and used without any further
purification. Gelatin from porcine skin is provided by Sigma-Aldrich, catalog no.
G2500, CAS Number 9000-70-8. Freeze-drying was performed by a Christ alpha
1-2 freeze dryer (Christ, Osterode am Harz, Germany). All samples were
immersed in liquid nitrogen for about one hour before the drying procedure.
Clostridium histolyticum collagenase (type I, >125 CDU/mg) was purchased
from Sigma-Aldrich. Human cartilage cells C28/12 were a kind gift from Prof.
Francesco Dell’ Accio (Queen Mary University of London, London, UK).

4.2.2 10 % hydrogel preparation (10 % Gel-DES)

Gelatin (200 mg) was dissolved in Na,CO3/NaHCO3 buffer solution (pH 8.5, 2
mL) at 40 °C. After complete dissolution, 3,4-diethoxy-3-cyclobutene-1,2-dione
(DES, 5 pL) was added. Gelatin was reacted for 90 minutes at 40 °C, then cooled
to room temperature until complete gelation. Hydrogels were freeze-dried for 72
h.

4.2.3 5 % hydrogel preparation (5 % Gel-DES)

Gelatin (100 mg) was dissolved in Na,CO3/NaHCO3 buffer solution (pH 8.5, 2
mL) at 40 °C. After complete dissolution, 3,4-diethoxy-3-cyclobutene-1,2-dione
(DES, 5 uL) was added. Gelatin was reacted for 90 minutes at 40 °C, and then
cooled to room temperature until complete gelation. Hydrogels were freeze-dried
for 72 h.

4.2.4 Fourier Transform Infrared (FTIR) analysis

FTIR spectra were collected in attenuated total reflection (ATR) as previously
described (Ami et al., 2019). In particular, samples were forced into close contact
with the diamond ATR crystal using the clamp arm assembly of the device
(Quest, Specac) and the spectra were recorded by the Varian 670-IR spectrometer

(Varian Australia Pty Ltd.). The following conditions were employed: 2 cm™
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spectral resolution, scan speed of 25 kHz, 512 scan coadditions, triangular
apodization, and a nitrogen-cooled mercury cadmium telluride detector. Gelatin
absorption spectra were normalized at the same Amide | band area. FTIR
measurements and spectral analyses were performed with the Resolutions-Pro
software (Varian Australia Pty Ltd.). Made by Antonino Natanello.

4.2.5 SEM analysis

Morphological analysis was performed by means of Scanning Electron
Microscopy. For such kind of measurements Hydrogel samples were previously
freeze-dried, fractured, attached with conductive carbon tape to standard SEM
stubs and finally sputter-coated with 10 nm gold film order to preserve the
samples under electron beam illumination. Imaging was performed by means of
Field-Emission Scanning Electron Microscope (FE-SEM) ZEISS GeminiSEM
500, operating at 2kV accelerating voltage, using In-lens SE-detector
configuration.

4.2.6 Swelling studies

Dynamic swelling measurements were made by gravimetric measurements.
Three replicas of freeze-dried 5 % and 10 % Gel-DES specimens (ca. 1 g in
weight) were soaked in distilled water at 25 °C. The swollen gels were
periodically removed from water, blotted with filter paper, and weighed on an
analytical balance (Analytical Balance 220 g x 0.1 mg, Radwag AS 220/C/2) and
returned to the swelling medium till the equilibrium is reached.

Swelling Degree (SD; g*g*) was calculated from the following equation and

reported as a function of time:

Sp = (We=Wpo) Q)

Wo
where W is the weight of swelling hydrogel at different times and Wo is the dry
weight of the gel. At long times, an equilibrium swelling degree (ESD) is reached.
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It is possible to fit the swelling kinetics by the integration of the the Berens-

Hopfenberg differential equation (Berens & Hopfenberg, 1978):
X - (1-ae-t/7) )

Moo

that gives the characteristic swelling time of the hydrogel. When only the first
part of the swelling curve is considered (SDt/ESD < 0.6), it is possible to
determine the mechanism of water diffusion inside the hydrogel from the value
of the exponent of the following law (Peppas & Sahlin, 1989):

Mt _ 5Dt _ e ©)
Moo  ESD

where n=0.5 account for Fickian (normal) water diffusion, when the diffusion
rate of the penetrant is much lower that polymer relaxation, while n = 1 shows a
transport (i.e., polymer relaxation controls the water diffusion into the network).
Values of n in-between 0.5 and 1 indicates non-Fickian or anomalous transport,
when both diffusion and polymer relaxation control water penetration into the
network.

The equilibrium water content (EWC), was calculated from the following
equation (Rohindra, Nand, & Khurma, 2004):

EWC (%) = &< 5 100 @)

where W, is the swelling weight of the sample at equilibrium and Wp is the dry
weight of the gel (Ghobril & Grinstaff, 2015).

4.2.7 Collagenase assay

Hydrogel specimens (1 g in weight) were incubated with 1 mL of Tris-HCI buffer
(0.1 M; pH 7.,4) and CaCl, (0.05 M) at 37 °C for 1 h and. 1 mL of Clostridium
histolyticum collagenase solution (0.5 mg/mL in Tris-HCI 0.1 M, at pH 7.4 pH)
was added to samples. All samples were kept at 37 °C and the degradation was
determined by gravimetric analysis (Pieper, Oosterhof, Dijkstra, Veerkamp, &
Van Kuppevelt, 1999).
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4.2.8 Cell culture.

Human cartilage cells C28/12 were cultured in Dulbecco’s modified Eagle’s
medium/Ham’s F-12 (DMEM/F-12, BioWest, USA) supplemented with 10%
heat-inactivated fetal bovine serum (FBS, Euroclone S.p.A., Pero, Italy),
100U/mL penicillin, 100 mg/mL streptomycin, 4 mM L-glutamine, 17 mM D-
glucose (BioWest, USA). C28/12 cells were maintained at 37°C in a humidified
atmosphere with 5% CO2 in 100 mm Petri dishes. The medium was changed
every three days. HEK293 cells, an embryonic renal immortalized cell line, were
cultured in 100 mm Petri dishes using DMEM supplemented with 10% FBS,
100U/mL penicillin, 100mg/mL streptomycin and 4mM L-glutamine. HEK293
cells were maintained at 37°C in a humidified atmosphere with 5% CO,. Medium
was changed every three days. Cells were cultured in monolayers, grown sub-
confluence (80%) and passaged at a ratio of 1:8.

4.2.9 Cell inoculation.

Cell inoculation into hydrogels cells was obtained after confluent monolayer
cultures release by Trypsin-EDTA, cells were counted and re-suspended in
growth medium at a density of 5 x 10° cells/mL.Before cell seeding, lyophilized
hydrogels were sterilized in 75 % aqg. ethanol for 20 min., followed by 30 min
UV and several washing with 1 mL PBS. After sterilization, hydrogels were
equilibrated in 1 mL culture medium (DMEM/F-12) for 12h. All sponges were
aspirated dry prior to cell seeding and disposed in a 24-multiwell plate. 200 pL
of C28/12 or HEK293 suspension (5 x 10° cells/mL) per specimen were added to
the wells and cells allowed to attach for 4 h at 37°C with 5 % CO- in a humidified
atmosphere. Subsequently, 1 mL of culture medium was added in each well. The
culture was conducted for 2 weeks, maintained at 37 °C in a humidified
atmosphere with 5 % CO2 and medium was changed twice a week. Cells were
observed daily using an inverted microscope (CK40, Olympus, Tokyo, Japan).
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4.2.10 Immunofluorescence analysis.

After two weeks of culture, gelatin hydrogels containing cells were fixed with
PBS-4% paraformaldehyde for 2 h at 4 °C and washed twice with PBS.
Afterwards, using vibratome (VT1000S, Leica, Wetzlar, Germany) gelatin
hydrogels were cut into sections 300 um-100 pm thick, depending on hydrogel
composition. The gel sections were permeabilized with ImL of 0.1% Triton X-
100 in PBS for 15 min, blocked with 1 mL of 1 % BSA/PBS for 45 min., washed
four times with 1 % BSA/PBS and stained with 1 pL of Phalloidin-TRITC
(Sigma-Aldrich, Saint-Louis, Missouri, USA) in 1 ml of 1% BSA/PBS for 1h.
After five washing with PBS, DNA was stained using DAPI (Sigma-Aldrich,
Saint-Louis, Missouri, USA) and sections were washed four times with PBS.
Finally, gel sections were mounted using Eukitt® quick-hardening mounting
medium (Sigma-Aldrich, Saint-Louis, Missouri, USA). Fluorescence imaging of
the sections was performed by a scanning microscope exploiting two photon
excitation by a home assembled setup (Caccia et al., 2008). Briefly, a MaiTai Pro
HP Titanium:Sapphire laser (Spectra Physics, Mountain View, Ca, USA) beam
at 800 nm has been fed through a scanning head (FluoView 300, Olympus, Tokyo
Jp) and focalized on the sample by an IR optimized objective (25x XLplan,
NA=1.05, Olympus, Tokio, Jp). The fluorescence signal was collected in non-
descanned mode and separated by dichroic and band pass filters in front of the
detectors (for DAPI, 485/30 nm, for TRITC, 600/40 nm Chroma Techn.
Brattelboro, VT).

4.2.11 Rhodamine loading study

Fresh jellified hydrogels (5 %, obtained from 100 mg of substrates) were placed
in 3 mL of Rhodamine-6G solution (7 uM) in milliQ water. Every 20 minutes the
absorbance of solution was measured by means of a spectrophotometer and the
solution concentration was obtained according to the Lambert-Beer law A= ¢ CL,

where = 116000 Mtcm™ is the Rhodamine extinction molar coefficient, L = 0.2
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cm is the cuvette path length and C is the solution concentration in molar units.
Made by Maddalena Collini Lab.

4.2.12 Rhodamine release study

The release kinetics is followed by soaking the hydrogel samples, containing
Rhodamine solution, in 3 mL of milliQ water. We measured the absorbance at
intervals of 15 minutes, changing the sample water every time at the same
condition previously cited (molar extinction, path length). Also here, graph was
reported as normalized data to equilibrium value. Made by Maddalena Collini
Lab.

4.2.13 Diffusion studies.

Diffusion of small fluorescent probes (Rhodamine 6G and GFP, Sigma Chemical
Co.) was characterized by Fluorescence Correlation Spectroscopy (FCS)
technique. The home built FCS setup has been described elsewhere (Bosisio et
al., 2008). Briefly, the output of a Titanium :Sapphire laser beam (Tsunami,
Spectra Physics, Mountain View, Ca, USA) at 800 nm for Rhodamine or 890 nm
for GFP excitation is focused by a water immersion objective (Plan Apochromat
60x water objective NA = 1.2, Nikon, Japan) mounted on inverted TE300 Nikon
(Japan) microscope. The fluorescence in collected in epifluorescence geometry,
separated from excitation by a set of dichroic mirrors and band pass filters
(560/40 for Rhodamine and 535/50 for GFP), splitted in two by a 50% cube and
focused on the active area of two APD detector set at 90° in a cross-correction
geometry. This avoids artifacts due to detectors dead time or after pulsing. The
digital signal from the APDs is fed into a two-channels autocorrelation board
(ALV 7002/USB, ALV-Laser Vertriebsgesellschaft mbh, Langen, D) inserted in
a personal computer and store for the analysis. The laser beam is tightly focused
in a small volume (um?®) and if the concentration of the fluorescent probe is
sufficiently low (1-100 nanomolar range), fluorescence fluctuations arising from

molecules moving in and out across the excitation volume can be easily detected.
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The temporal behavior of the signal fluctuations can give information on the
diffusion characteristics of the probe through the fluorescence autocorrelation
function (FCS), defined as:

<8F /t)8F (t+1)>
<F(t)>2

G(r) = (5)

Where F(t)=F(t)-<F(t)> is the fluorescence fluctuation with respect to the average
value and t is the time lag. If only diffusing motions are taken into account as in

the case treated here, the explicit expression for the autocorrelation function is
given by (Krichevsky & Bonnet, 2002):

G(1) = G(0) X — !

— (6)
1+5 1+<2%

Where 1o=w0?/8D is the characteristic diffusion time through the beam waist (o)

for a species with diffusion coefficient D, (? is the axial ratio and G(0) the zero
time-lag value of the autocorrelation. A fit of the ACF is performed using
OriginLab 9 Software. For measuring longer diffusing species such as gold
nanoparticles in the hydrogel, an EMCCD camera (Cascade Il, Photometrics,
Tucson, AZ) has been connected to the previous setup through a dedicated port.
The EMCCD has a resolution of 512x512 pixels, a pixel size of 16 um and a
shortest acquisition time of 4 ms. Stacks of images has been acquired with a
typical frame rate of 30 fps and a typical field of view of 15 x 15 pm?. In some
cases, a confocal scanning Leica SP5 microscope has been used employing the
488 nm excitation wavelength of an Argon laser. Made by Maddalena Collini
Lab.
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4.3 Results
4.3.1 Chemistry

Two different gelatin concentrations were tested, namely 5 % w/v and 10% w/v
in buffer solution at pH 8.5. DES was added to gelatin (10 %) and (5 %) solutions
at 40 °C, and reacted for 90 min; the reaction was then cooled to r.t. affording
hydrogels (Figure 22). Cross-linked gelatin were freeze-dried, and then
characterized for their physico-chemical and biological properties as 3D cell

culture scaffolds, and studied for their drug release abilities.
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Figure 22 Reaction for gelatin crosslinking with DES a) Homo cross-linking of gelatin by 3,4-Diethoxy-3-
cyclobutene-1,2-dione (SQ); b) gelatin cross-linked hydrogel; c) non cross-linked control at room
temperature

4.3.2 Physico-chemical characterization: FTIR analyses

Gelatin crosslinking by DES was verified by FTIR spectroscopy. The absorption
spectra of pristine gelatin, 5% gel-DES, and 10% gel-DES are dominated by the
Amide | band due to the C=0 stretching vibration of the protein peptide bond
(Figure 23b), which is sensitive to the protein secondary structures (Barth, 2007).
The three gelatin samples display superimposable Amide | band indicating
comparable overall secondary structures (Figure 23b). The absorption spectra of
5% gelatin-DES and of 10% gelatin-DES show a weak band around 1804 cm™,
absent in pristine gelatin. This component can be better evaluated in the second
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derivative spectra (Figure 23c and 23d). The presence of this peak in the spectral

region of squaramide absorption confirms the gelatin crosslinking by DES.
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Figure 23 FT-IR analyses a) Reaction between DES and AP; b) Full FT-IR spectra; c) Second derivatives of
spectra collected in “b”. d) relative quantification of 1804 cm-! absorption band

4.3.3 Physico-chemical characterization: SEM analysis

Gels were analyzed by SEM imaging to analyze the porosity and the mesh size
of gels. Weighted gels (1 g) were cut in the middle using a blade, the upper and
inner surface were analyzed by low-vacuum scanning electron microscopy, to
measure pore sizes in different sections of the gel. 5% Gel-DES possess an
average diameter of the pores of 31.77 = 4.76 um, roughly three times higher
than 10% Gel-DES featured with 11.97 + 2.41 um pore sizes (Figure 24).
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Figure 24 SEM images of DES crosslinked hydrogels a) Superficial portion SEM images of Gel-DES 5% (left)
?r?:hf)('al-DES 10% (right). b) Longitudinal cross section SEM images of Gel-DES 5% (left) and Gel-DES 10%
4.3.4 Physico-chemical characterization: Swelling Properties

Freeze-dried cross-linked gelatins (1 g) were placed into 40 mL of deionized
water, and weight increase was measured over time until equilibrium (Begam,
Nagpal, & Singhal, 2003). 5 % Gel-DES shows a 9.94+0.96 g * g™ SD value,
while the 10 % Gel-DES reaches a 6.31+0.73 g * g SD value (Figure 25a).
Coherently, the percentage water content at the equilibrium (% EWC, Figure
25b) is 91.72+0.30 % for the 5 % Gel-DES and 87.99+0.32 for the 10 % Gel-
DES, as determined using Eq.(4). For the 5% gel-DES sample, the swelling
kinetic behavior has been also analyzed. As shown in Figure 25c, the equilibrium
swelling content is reached at 84+9 % and the characteristic time is 50+3 minutes

(best fit using Eq.(2) is shown in the panel as continuous line). By fitting the early
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swelling time to Eq. (3), an exponent of n=0.64+0.05 has been obtained

corresponding to anomalous (non-Fickian) diffusion.
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Figure 25 Swelling analyses a) Swelling abilities of 5% Gel-DES and 10% Gel-DES. SD values (calculated as
shown in materials and methods). b) Percent of Equilibrium of water content (EWC) obtained as shown in
materials and methods. c) 5% hydrogel swelling curves normalized to ESD value of sample in water at room
temperature as function of time. Black line is the fit curve. Zoom on 60% of hydrogel swelling curves
normalized to ESD value of sample in water at room temperature.

4.3.5 Biological characterization: Collagenase stability.

Freeze-dried 5% Gel-DES and 10% Gel-DES specimens (1 g) were treated with
Clostridium histolyticum type | collagenase, and degradation was determined as
weight loss as a function of time (Figure 26). 5% Gel-DES was fully digested by
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collagenase in 50 min., while 10% Gel-DES required almost 150 min for

complete degradation.
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Figure 26 Enzymatic stability assay performed with collagenase type | from Clostridium histolyticum. 10%
Gel-DES show higher time resistance to the enzymatic degradation in comparison to 5% Gel-DES

4.3.6 Biological characterization: Cell adhesion and spreading

In order to evaluate the biocompatibility of the novel gelatin-based hydrogels,
immortalized C28/12 chondrocytes were chosen as relevant cell line. In fact,
hydrogels have become interesting platform in tissue engineering in general, and
in cartilage engineering in particular (L. Li et al., 2019; Ponticiello, Schinagl,
Kadiyala, & Barry, 2000; Yaylaoglu, Yildiz, Korkusuz, & Hasirci, 1999).
Freeze-dried hydrogels were placed in a 24-well plate, and C28/12 suspension (5
x 10° cells/mL) were incubated for 4 h at 37 °C with 5% CO, and cultures lasted
for 2 weeks. In order to evaluate cell morphology, adhesion and spreading,
hydrogels were cut into sections and stained with TRITC-Phalloidin and DAPI
for cytoskeleton and DNA respectively. C28/12 cells showed good adhesion to
pores of both the 5 % Gel-DES and 10 % Gel-DES (Figure 27). However, cell
spreading through the hydrogel is more effective for the 5% Gel-DES than the
10% Gel-DES. The same procedure used for C28/12 cell lines was adopted for
HEK293 cells. While C28/12 cells use the mesh of hydrogels as an attachment
surface, HEK293 cells seems to attach to the material creating clustering of cells
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inside mesh pores. Furthermore, the morphology of the two cell lines is different.
C28/12 cells appear polygonal and more elongated in respect of HEK293 cells
which appear more rounded. Moreover, HEK293 cells seems to prefer cell-cell
contact instead of cell-hydrogel contact, in fact a little fraction of cells attach to
the hydrogel surface and on these other cells attach to each other forming cell
aggregates which colonize the pore mesh.

a) C28/12 on
C28/12 on 5% Gel-DES 10% Gel-DES

28 um

HEK293 on
10% Gel-DES

Figure 27 C28/12 chondrocytes and HEK293 cells plated on 5% or 10% Gel-DES. C28/I2 and HEK293 cells
were plated on 5% or 10% Gel-DES at high density and were growth for 2 weeks. Then hydrogels were cut
into specimens and stained with Phalloidin-TRITC (Green) and DAPI (Blue). Images were taken by a
scanning microscope exploiting two photon excitations. a) Representative images of C28/I2 cells into 5%
Gel-DES and 10 % Gel-DES. b) Representative images of HEK293 cells into 5% Gel-DES and 10% Gel-DES.
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4.3.7 Drug interaction studies: Rhodamine load and release

Since 5 % Gel-DES guarantees wider applicability to different cell lines, drug
delivery and small molecule diffusion properties of the 5 % Gel-DES was
investigated as well.

In order to study diffusivity and drug release properties, rhodamine 6G was
chosen as a model compound. Rhodamine uptake kinetic was studied
spectrophotometrically by soaking 5 % Gel-DES in Rhodamine-6G solution as
explained in the Materials section.

Starting from an initial dye concentration of 7.0 £0.15 mM, the hydrogels absorb
about 64 2% of initial concentration when equilibrium is reached. The loading
kinetics is shown in Figure 28 a e b by plotting the data normalized to the
equilibrium value C¥= 4.5 £0.1 mM. The time behavior can be also here analyzed
according to the Berens-Hopfenberg model (Berens & Hopfenberg, 1978; Peppas
& Sahlin, 1989). The characteristic release time is t=55.6 + 4 min, close to the
characteristic swelling time of the hydrogel (Figure 28a).

The release kinetics is investigated by soaking the rhodamine loaded hydrogel in
3 mL of water and changing it every 15 minutes. The absorbance of the solution,
checked spectrophotometrically, yield the concentration of rhodamine released
at each time step. The time decrease of the hydrogel concentration as shown in
Figure 28b, is quite slow and reaches an equilibrium at long times (>1000 min)

at a 25 £ 2 % of dye released.
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Figure 28 Rhodamine uptake and release a) Rhodamine uptake, ratio between concentration at time t and

equilibrium concentration as function of time. Black line is the fit curves. b) Rhodamine released measured

as rhodamine concentration curves normalized to equilibrium concentration as function of time, in
hydrogel.

4.3.8 Drug interaction studies: Diffusion studies

The diffusion inside the hydrogel 5% of probes of different sizes has been
characterized by the fluorescence correlation spectroscopy (FCS) technique.

By detecting the fluorescence fluctuation in the observation volume (few micron
cubes) of a low concentration of a fluorescent probe (few tens of nanomolar,
typically), it is possible to estimate how fast the molecules diffuse due to
Brownian motion by building the fluorescence autocorrelation function as
explained in the Material and Methods Section.

200 ml of 5% hydrogel was directly cast in a multi chambered cover slide and
incubated with the diffusor containing solution at the proper concentration. After
4 hours of incubation, the FCS autocorrelation functions have been acquired and
compared with the curves obtained for the same diffusor in solution.

The diffusion coefficient of 300 mm?/s in solution for Rhodamine has also been
used to determine the beam waist parameter wo that has been kept fixed in the
ACEF fitting in the other cases.

The autocorrelation function in hydrogel (continuous lines) and in aqueous

solution (dashed lines) are shown in Figure 29. The ACFs obtained in the
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hydrogel samples are shifted to longer lag times with respect to the curves
obtained in water (or buffer) solutions, suggesting a longer diffusion time for the
fluorescent probes. By fitting the ACFs diffusive part with Eq(6) (Figure 8,
continuous lines), the diffusion coefficient of Rhodamine in hydrogel was found
to be Dnyar=40 +4 um?/s to be compared with the value of 300 um?/s in water.
GFP diffusion coefficient in the hydrogel is Dhyar=13 +2 pm?/s to be compared
with the value of Ds;=90 pm?/s as reported in the literature (Bosisio et al., 2008).
A different behavior is found when 20 nm fluorescent nanobeads were incubated
with the hydrogel. Point FCS (as used for the previous measurements) does not
allow to obtain reliable ACFs, as if the characteristic diffusion time were in the
seconds range. Therefore, image stacks were acquired by means of a confocal
scanning microscope. Small fields of view (~10 pum) has been acquired
repeatedly up to several minutes. The superposition of the images show that the
beads can be considered immobile in the time scale considered. Since their
diffusion coefficient in aqueous solution is about Dsoi= 0.4 pm?/s, a seven time
decrease in the diffusion coefficient would give characteristic times shorter than
200 ms, detectable with a minute’s duration measurement.

Therefore, the diffusion in the 5% squarate hydrogel appears to be size
dependent, even if the average size of the pores is much larger than the beads

size.
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Figure 29 Diffusion of small fluorescent probes in Gel-DES 5% a) ACF average curve versus time lag for
Rhodamine 6G in water (dotted, black) and in Gel-DES 5% (solid, red). b) ACF average curve versus time lag

for GFP in phosphate buffer (dotted, black) and in Gel-DES 5% (solid, red). The continuous lines represent
the best fit with Eq. (6) in both panels.

In the view of developing smart materials gold nanostars (GNS) has been
incorporated in the hydrogel during preparation. These plasmonic anisotropic
nanoparticles absorb light in the near infrared (NIR) region and convert the
absorbed energy into heat, though a pronounced photothermal effect (Pallavicini
et al., 2011). When a pulsed laser bear in the NIR is focused on a solution
containing these nanoparticles, two photon excitation can occur and a strong
luminescence is emitted from the GNS in the visible region of the
electromagnetic spectrum to an inter-band conversion, thus allowing their
detection.

A lot of applications are found of similar nanoparticles for tumor treatment and
controlled drug delivery (Hamidi, Rostamizadeh, & Shahbazi, 2012).

It has been verified that GNS do not diffuse inside the hydrogel upon incubation
once it has been formed. Also, when they are embedded in the hydrogel, their
diffusion in hindered probably by their branching structure or by their slightly

negative charge as proved by imaging the loaded hydrogel after 24 h of swelling
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in water in reflection mode by means of a confocal scanning microscope. After
repeated time stacks, no motion of the nanoparticles is detected.

However, the situation changes when the GNS photothermal effect is exploited:
the diffusion has been measured by coupling to the same setup used for FCS
measurement a EMCCD camera in order to obtain stack of images acquired for
almost 10 seconds with typical frame rates about 30 fps, as shown in Figure 9.
The strong luminescence of a gold nanoparticle or of a small group of
nanoparticles is shown at three different times of a 1000 frames time stack using
a laser power of 10 mW (Figure 30). Many frames are also dark, but the
projection of the average intensity shown in the fourth panel suggests that the
recruiting can interest a significant portion around the laser spot (the total field
of view is 16.2 x 16.2 micron?).

The GNS diffusion, that becomes more and more pronounced at increasing the
laser power, is due to the photothermal effect primed by the nanoparticles. The
local temperature increase can promote a thermophoretic force that recruits GNS
from the surrounding of the excitation spot region, thus increasing the local
concentration as shown in Figure 9. This effect might be exploited to drive a high
concentration of nanoparticles in selected regions of the hydrogel where, for

instance, a cell is present.
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Figure 30 Gold nanoparticles in 5% hydrogel after 24h of swelling. The luminescence is detected by an
EMCCD camera and promoted by two-photon excitation at 800 nm at 10 mW on the sample. 1000 frames
are taken, and three images are shown at arbitrary times for exemplificatory purposes together with the
average intensity plot over all frames shown in the fourth panel. Field of view, 16.2 x 16.2 um?2.
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4.4 Discussion
Squaric acid diesters, such as 3,4-diethoxy-3-cyclobutene-1,2-dione (DES), are

useful reagents for amino-functional compounds coupling, and bioconjugation
reactions [45]. Herein DES was used as a crosslinker agent between lysine side
chain amino groups (Figure 22) of gelatin obtaining gelatin-based hydrogels
(Figure 22b). Lysine occurs in porcine skin gelatin in 2.7 % in weight in respect
to total amino acids residues (Hafidz, Yaakob, Amin, & Noorfaizan, 2011) and
can be efficiently exploited for homo cross-linking reactions; in order to tune
gelatin-based hydrogel properties as 3D scaffolds for cell culture, two different
concentrations of gelatin, namely 5 % and 10 %, were used. In order to cross-link
lysine side chains, reaction of DES should proceed to the bisamide product. In
order to check the effectiveness of the cross-linking reaction, FTIR spectroscopy
was selected. In order to validate the ability of this spectroscopic approach to
discriminate between squarate esters and squaramides, a control experiment was
set using model compounds (Figure 23a). In particular, the FTIR spectra of DES
and those of the products of the reaction of DES with 1 to 5 equivalents of 1-
aminopropane (AP, Figure 23a) were compared. It is well known that the
treatment of squaric acid diesters with stoichiometric or even a slight excess of a
primary or a secondary amine at room temperature produces the corresponding
squaric acid esteramide (i.e. monoamide 1, Figure 23a) without the formation of
the bisamide (Tietze et al., 1991) (i.e. compound 2, Figure 23a). The selective
formation of the monoamide is explained by the much faster amidation of the
diester compared to the resulting ester amide. This allows the selective and
sequential amidation if additional amine is added (or a basic aqueous buffer
solution) to the ester monoamide. As shown in Figure 23b and 23c, the DES
absorption and second derivative spectra display a characteristic band around
1811 cm, assigned to the C=0 stretching vibration of carbonyl esters (Kolev et

al., 2009). The formation of squaramides induces a shift of this peak down to
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around 1804 cm™ as can be better appreciated in the second derivative spectra,
whose minima correspond to absorption maxima. AP has no peaks in this spectral
region (Figure 23b and 23c). Based on the control experiments, FTIR analysis
performed on pristine gelatin and cross-linked gelatin showed the effectiveness
of the reaction. The different concentration of gelatin tested resulted in hydrogels
with different physico-chemical and biological properties. In particular, the 5 %
Gel-DES hydrogel resulted with larger pores (roughly 30 um as determined by
SEM), if compared to the 10% Gel-DES samples (10 pum pores), as a
consequence of the higher cross-linking degree for the 10% Gel-DES than the 5
% gelatin-DES. Thus, the pore size is inversely proportional to gelatin
concentration, as it may be expected. Freeze-dried gelatin specimens were
characterized for their swelling abilities. Gel swelling properties are usually
dependent upon several factors, including pore size of the network, interactions
within the network (polymer chains and cross-linkers), solvent, and chain
mobility during the swelling process (Branco da Cunhaet al., 2014). As expected,
the two hydrogel differs in their water-retaining abilities, characterized as
equilibrium swelling degree and equilibrium water content. In particular, the
higher the pore size (lower gelatin concentration), the higher are the equilibrium
water content (and the equilibrium swelling degree). Based on the idea to use the
synthesized hydrogels as 3D cell culture platforms, resistance to enzymatic
degradation was tested with collagenase. As expected, the cross-linking degree
influences the hydrogel stability against hydrolytic enzymes and the 5 % Gel-
DES was degraded faster (50 min.) than the 10 % Gel-DES (150 min) (Figure
26). The two hydrogels were assayed as 3D scaffolds for cell culture (Figure 27).
Two cell lines were selected, namely immortalized C28/12 chondrocytes and
HEK293. C28/12 chondrocytes were chosen as relevant cell model, being
hydrogels interesting platform in tissue engineering in general, and in cartilage

engineering in particular (L. Li et al., 2019; Ponticiello et al., 2000; Yaylaoglu et
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al., 1999). HEK?293 cell line was selected due to its robustness, easy of growth
and reliability in cell experiments, frequently applied as cellular model to test
toxicity and biocompatibility of new biomaterials (Capella et al., 2019; Gong et
al., 2009; Kouser, Vashist, Zafaryab, Rizvi, & Ahmad, 2018). Interestingly, the
behavior of the two cell lines resulted different, both in terms of adhesion and
cell morphology. In case of C28/12 cell line, they showed good adhesion
properties and elongated shape when grown in both the 5 % Gel-DES and 10 %
Gel-DES, despite the 5 % Gel-DES was preferred. On the contrary, (Figure 27),
HEK?293 cells generate clusters within the pores and acquire a round shape. Thus,
the 5 % Gel-DES resulted suitable as cell culture scaffold especially for C28/12
cell line, confirming that 3D scaffolds should be tailored for the specific cell line
and desired application. Given these observations, only the 5% Ge-DES was
further characterized in terms of its swelling kinetics (Figure 25c), diffusion and
as drug release platform. Rhodamine 6G was used as model drug, while, diffusion
studies were performed with three model compounds, differing in size, such as
rhodamine 6G (479 kDa), Green Fluorescent Protein (GFP, 27 kDa, 4nm x 2nm
in size) and 20 nm diameter fluorescent polystyrene nanobeads. Rhodamine
loading resulted good (over 60 % of drug is loaded into hydrogel), while the
release is inefficient (only 25 % of drug release over 1000 min).

The diffusion behavior of the model compounds is resumed in Table 2.

Compound | F.W. | dimension | diffusion | diffusion | Dso/Dhydr
(kDa) | (nmxnm) | solution | hydrogel

(mm?/s) | (mm?/s)

Rhodamine | 0.479 - 300 40 7.5
6G
GFP 27 4x2 90 13 6.9
polystyrene n.a. 20 nm 0.4 0 n.a.
nanobeads diameter

Tabella 1 Diffusion coefficient for the sample compounds used for the study in the 5 % Gel-DES hydrogel.
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With both Rhodamine and GFP the hydrogel affects the diffusion at the same
extent within the experimental uncertainties, showing that Brownian diffusion is
not hindered by the gel pores but slowed down almost seven-fold. Larger
diffusers (as the fluorescent nanobeads) can slowly penetrate into the gel matrix
but the sedimentation motion prevails on the hindered brownian motions,
preventing further movements once the bottom of the chamber was reached. The
ratio of the diffusion coefficients in the hydrogel and in solution is very close for
the two diffusers, being 7.2 + 0.6. This suggests that the same diffusion
mechanism is involved for both probes, and that the hydrogel decreases the
diffusion of the probes of the same amount but the brownian diffusive model still
holds. Release and diffusion data suggest that the squarate hydrogel is efficient
in favoring drug diffusion among its pores, it does not leak uptaken drug in
solution and may be an interesting drug delivery system by in vivo controlled
degradation. Interestingly, a temperature induced diffusion can be obtained when
gold nanoparticles of asymmetric shapes that absorb NIR light are embedded in
the hydrogel, and can be used to obtain an increase of nanoparticles concentration
that acts as hot spots in the gel. This application can pave the way to selective
apoptosis of cells grown in the hydrogel by exploiting the photothermal effect.
In conclusion, diethyl-squarate (DES) resulted an effective cross-linking agent to
produce novel gelatin-based hydrogels. The hydrogels obtained from 5 % gelatin
solution are more suitable for chondrocyte adhesion and spreading, than the 10
% ones. In addition, the 5 % Gel-DES hydrogel resulted an interesting drug
diffusion system and can be exploited for drug release in vivo upon degradation.
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Owarkan carcinoma

The NP0 [(RM1 inhibitor selinexor (KPT=3307, is curmently being evaluated in multiple clinial thals as
an anticanaer agent. XPO1 participates in the nudear expont of Food-1, which we previously found to
be decreased in platinume-resistant ovarian carcinoma. The aim of this study was to determine whether
emriching Fox(-1 nuclear kealimtion wing selinexor woukld increase ovarian cancer cell semitivity to
dsplatin. Selinexar, a5 a single agent, displayed a striking antiproliferative effea in different ovarian car-
anoma cell lines. A schedule-dependent synergistic effect of s=linexar in combination with cisplatin was
foumnd incis platin-sensi twe IGROV-1, the combination efficacy being moneevident in sensitive thanin the
resistant oellx In IGROV-1 cells, the ammbination was mone effedive when selinexor folknved cisplatin
exposure. A modulation of proteins invalved in apoptosis (p53, Bx) and in cell gyde progression
(P2 1™} was found by Western blotting. Selinexar-treated cells exhibited enriched Fox0-1 nuclear
staining. Knock-down experiments with RNA inberferenes indicted that FO01 -silenosd cells displayed
a reduced sensitivity to selinexor. FONO1 silencing ako tended to reduce the sfficacy of the drug
ymibination atselected cisplatin aoncentrations. Selinexor significantly inhibited tumor growith, induced
Fooo(=1 nud ear kol ization and improved the efficacy of cisplatin in )KGROV=1 xenografits. Taken together,
our results support Fox(k1 a5 one of the key fadors promoting sensitivity towarnds sslinexar and the syn-
ergistic inkeradion between dsplatin and s=linexor in ovarian carcinoma cells with seleaed maol saular
hackgrounds, highlighting the nesd for treatment regimens tailored to the malsaler tumor fEatunes.
= 2017 Hsevier Inc. All rights reserved.

1. Invirisd we thisn

cancer patients involves the surgical removal of tumor followed
by platdnum-based chemotherapy. Consistently, late diagnosis

Ovanan carcinema s the most lethal gynecological dease and
the seventh mest common cancer in women [1]. As with most
cancers, earfly detection increases the probability of a favorable
progesis. However, due to the lack of symptoms associated with
ovarlan cancer development and the absence of a rellable screen-
img regimen, most patients are diagnosed at later times making
the disease hard to treat. The curent standard of care for ovarian
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and resistance to platinum-based chemotherapy in advanced dis-
ease acoount for a poor survival ate [2]. Althowgh there has been
an improvement in the understanding of the molecular features
of ovaran cancer owing to pathological and gensmic findings [1],
the acquired knowledge has not been fully randated into substan-
tlal chamges to disease treatment. Thus, despite the availability of
varkwes effective second-line treatments, and of poly ADP ribose
polymerase (PARF) inhibliors in a specific subset of patients
harbouring BRCAL (2 mutations, there s a need for novel therapeu-
tie approaches.

Mechanistic studies have clearly defined resistance as a muli-
factorial phensmenon, in part explained by evolutionary models
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of conal selection [4). 1t Is unclear how clonal hetemgene ity
Impacts resistance in ovarlan carcinoma, but the major pathways
acoounting for reduced dneg efficacy have been defined. In partic-
ular, cellelar resistance o plat mem oompownd s can i ve activa-
tion of cell survival and inhibiton of cell death pathways [5). In
this context, the export of nuclear proteins inte the cytoplasm
has been proposed to play a role inevading apoptosts and promo -
Img tumor growth | 6] The karyopherin exportin-1 (P01 )/ Chimmoe-
some Reglion Malntenance-1 (CEM1)L a major mueclear export
receptor, participates in the meclear export of more than 230 car-
g, including nemor suppressor proteins and cell cycle regulating
proteins, such as ps3, p21™™ | and FoxD family proteins [7]. Con-
sistently, XPO1 has been shown to regulate multiple cellular func-
s, incleding cell cycle progression, proliferation and apoptosis
Bl In camcer, XPO1 expression is frequently up-regulated in
different solid tumors (eg. gynecological cancers) [9,10] and
hematological malignancies [B], suggesting that its broad ange
of cellular functions ks critical for malignant progression Thes, tar-
geting XPO1 and restoring the cellular lcalization of XP01 cargos,
whilch are critical for their biological activitles, have emerged as an
attractive therapeutic approach [11) Incldentally, activation of
FoxD transeriptional properties has been implicated in resistance
to treatment [12). Specifically, FOXO1 has been shown to be
down-regulated in cells resistant to clsplatin and target-specific
agenits [13,14]

Selimexor (KPT-330) & the first in class selective inhibitor of
muclear export (SIME) targeting XP01. This crally availlable small
malecule has demonstrated clinkcal activity in different tumor
types as single agent or in combination with other treatmenis
[15-17) Selinexor has also been shown to restore platinem
sensitivity in pS3-dependent and |ndependent manner in ovarian
cancimoma preclinical models [18]. In additlon to p53, other mech-
antsms have been proposed as the basks for the potent antl-cancer
activity exhibited by selinesxor, such as t he deact ivation of NF-kE or
the transcriptional down-regulation of surdvin [1920) Another
pathway involves the ranscriptional activity of FoxD-1 protein
family, which has been implicated in the resistance to platinum-
based treatment [12] and has been shown to be down-reglated
im an ovarlan carcinoma vardant resistant to clsplatin and in
lapatinib-resistant gastric cancer cells [13.14). Becawse XPO1 par-
tcipates im the muclear expornt of FoxD-1, which we previously
found to be decreased in ovaran carcimoma platimem-resistant
cells, we hypotheszed that FoxD-1 may contribute o the efficacy
of the selinexor-clsplatin combination Thus the aim of this study
was b examine the posibility to expleit the selinesoor- induced
enrchment of FoxO-1 meclear localizathon to increase cisplatin
sensitivity in ovarlan carcinoma cells.

2 Materials and methods
21 Cell lines and drigs

The parental IGROV-1, clsplatin-reskstant KGROV-1/PE1, A3T80
and OVCAR-5 ovaran carcinoma cell lines were obtained as previ-
ously described [13). The TOV21G (# CRL-11730) and TOV112D
(# CRL-11731) cell lines were from ATCC All ovarian carcinoma
cell lines were grown in RPME1640 medium (Lonza, Basel
Switzerland), supplemented with 10% FBES (Giboo, Life Technolo-
gles, Carkbad, California) Celk were mutinely checked for
mycoplasma conitamdnation (Lonza), wsed within 20 passages from
thawing from a frozen stock, and awthenticated wsing the Stem
Elite 1D System (Promega)l For in vioo studies, cisplatin (Accond
Healthcare ltalla, Milan, ltaly) was dileted in saline and selinexor
(Karyophamn Therapeutics Inc, Mewton MA, USA) dissolved in
dimethylsulfocide (DMS0, Sigma-Aldnich, 5. Lowls Missown ). Final
DMSD concent ration in medium never exceeded 025X,

22 Cell groweh inhibition and drug interacoion analyses

Cells were seeded in 12-well plates and 24 h later exposed for
T2 h to increasing concentrations of clsplatin, selinexor or to the
combination. For combination sudies, the cells were treated
according to different schedules: a) 72 h concomitant exposure
(simultaneous); b) selinesor 24 h treatment ., followed by 48 h cls-
platin exposure (pre-inoubat lon with selinexor); o) pre- incubation
with clsplatin for 24 h prior o additen of selinexor for 48 b ( pre-
imcubation with cisplatinl. At the end of treatment, cell growth
inhibidon was evaluated by counting cells (£2 Particle Counter,
Beckman Coulter, Milan, Italyl All experiments wene performed
at least three times. Kso k& defined as the concentration of a drug
inhibitimg 508 of cell growth. Dreg interaction was evaluwated
acoording to the Chou-Talalay method, assigning a oombdnat kon
imdest { C1) value 1o each d neg combinatlon wsng the Calousyn soft-
ware (Blosoft, Cambridge, United Kimgdom ). C1 values lower than
OUB5-0090 indicate symergstc dreg interact lons, whereas O values
higher than 1.20-1.45 or around 1 stand for antagonlsm or ad ditive
effect, respectively.

2.1 Western blor analyses

Western blot analysis was carried owt as previously descrnbed
|21} Cells were lysed wsing 0.125M Tris HO pH &8 (Sigma-
Aldrich), 5% sodium dodecy] sulfate (SD5, Lonza) and protease
phosphatase inhibitors (all purchased from Sigma-Aldrich) and a
cell scraper was wsed to harvest cell hysate. When tumors from
mice were precessed, protein lysates were obitained from frozen
tumor samples pulverized by a Mikro-Dismembrator 1 (B Brown
EBiotech Internat lonal, Melsungen, Gemany ) in lysis bufer as indi-
cated above. Lysed samples were bodled for 5 min, sonkc ated for 25
5 at 10% amplitude (Branson Digital Sondfer® 5-2500, Emerson
Electric Co, Ferguson, Misourl) and quantified using the bicin-
choninic ackd assay method (Plerce, Thermo Fsher Sclentlfic, Wal-
tham, Massachuserts, USA). Lysates were fractionated by 505
polyacrylamide gel electrop horesis (SDS-PAGE) and proteins were
transferred to nitrocellulose membranes wsing a wet transfer sys-
tem (Trans-Blot® Turbe™ Transien System, BIO-RAD, Milan, Italy).
EBinding of secondary antibodies to membranes was detected by
chemiluminescence (ECL, GE Healthcare, Little Chalfont, United
Kingdom]. Westemn blot analyses were performed at least three
times wsing independent biological cell line samples or tumos
from different mice. Vinculin and actin were used as loading con-
trols. FosD-1 (C29H4; #2880) and Bax (# 2772) antibodies were
purchased from Cell Signaling Technologles (Danvers, Mas-
sachusetts]. Actin (# A2066) and vinculin (# V9131) antibodies
were purchased from Sigma-Aldrich. XPO1 (ab3459), antibody
was purchased from Abcam (Cambridge. United Kingdom] ps3
{clone DD-7: # 544294) and p21 " (clone TO/CIp1/WAF1: #
610234 antibod les were purchased from BD Blosclences (| New Jer-
sey, USAL Secondary antibodies were obtained from GE Health-
care Gel guantification was performed taking advantage of
Image Studio Lite developed by U-COR Blosclences (Bad Homburg
vir der Hishe, Germany).

2 Analysts of apoptosis

Apoptosts  was  evaluated by Annexin V-binding  assay
(Immunestep, Salamanca, Spain) in 1IGROV-1 cells treated for 48
and 72 h with clsplatin (24 h pre-treatment) alone or in oombdna-
thon with selinescor and in tumors harvested from mice xenografied
with IGROV-1 cells. Celk or tumor specimens, minced and
mechanically dissoclated on a 100 pm nyon cell strainer (BD Fal-
oon, Milan, kalyl, were washed with cold PBES. Cell suspensions
were reaspended in binding bufler (10 mM HEPE-NaDH, pH
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T4, 25 mM CaCly, and 140 mM NaCl Immunostepl A fraction of
107 cells were incubated in binding bufer at room temperat e
im the dark for 15 min with 5 pl of ATC-conjugated Annexin V
and 10 pl of 2.5 pgiml propidium ledide (Immunostep). Annexin
V binding was detected by flow cytometry. At least 10% events/
samp e were acquired and analyzed using a specific software (Cell-
QuestPro, Becton Dicldnson)

2.5, Cell cycle analysks

Roating and adherent IGROV-1 cells were harvested and
washed with saline following 48 or 72 h of treatment Cells were
pre-incubated with 0.3 pM clsplatin for 24 h prior to additon of
003 pM selinexor. Cells were fixed in 70X cold ethanol and inow-
bated for 1h at 4°C with PES contalning 50 pgiml propldiem
lodide (Sigma-Aldrich) and 1 mg/ml RMase A (Slgma-Aldrich). Cell
cycle perturbat lons were measured wsing flow cytometry. At least
2 = 107 cells were collected and evaluated for DMA content. Cell
cycle distribution was analyzed wsing Aowo 100

2.6, Immunofluorescence analysis

Cells were seeded in 12-well plates containimg clroular cover-
slips slides. Twenty-four hours later, cells were treated with cls-
platin and, after 24 h, selinexor was added for further 24 b Cells
were fixed in 3.7% paraformaldehyde (MERCK, Darmstadt, Ger-
many] in PBS for 15 min at meom temperature. After washing in
PES, cellswere incubated for 1 hin PES conita indng 5% foetal bovine
senum and 03X Triton X-100 (FAuka-5igma-Aldrich). The coversips
slides were incubated overnight at 4 3C with the primary ant body
againg FoxD-1 (1:100, Cell Signaling) The slides were then
washed in PES and incubated for 1h at reom temperature with
the secondary antibody conjegated with AlexaFlsor 488 (1500
Malecular Probes, Thermo Fisher | Samples were counters alned
with Hoechst 33342 for 2 min and mounted with Prolong Gold
AnitiFade Reagent (Life Technolegies). Images were collected using
a fheorescenc e microsoope (Lelca Microsystems, Milan, ltaly ) with a
Spot Insight digital camera (Delta 5isteml ) eguipped with a system
of image analyss (1AS 2000, DeltaSistemi ). Cells in three fields of
the coverslips slides were counted to examine the number of
FzD-1 positive of negative meclel

2.7 FOXOT loss of fiencoion Srudies

GROV-1 cells were plated in 6-well plates (25000 cellsjcm™),
and 24 h later, cells were transfected usng Op t- MEM transfection
meedivm (Giboo by Lk Tec hnolegies) and Lipofectamine RNAIMAX
(Themo Flsher Sclentific) with 30nM of small interfering RNA
{sIRMA) directed agalnst FOXO1 (Sllencer® Select 55259, L Tech-
nologes, Thermo Fsher) or negat ive control sIRNA (S{lencer Select
Negative Control #2 sRNA Life Technologies) Cells were inow-
bated with tramsfection mix for 5 hand then the transfect lon med-
jum (Opt-MEM) was replaced with complete medium.
Transfection efficlency was evaluated by gRT-PCR as ind bcated,
72 and 144 h after transfection start. Cells were harvested 72 h
after transfectlon and were re-seeded in 12-well plates at adensity
of 10* cellsfem? for cell growth inhibiton assays, performed after
the treatment with cisplatin, selineor or thelir combination (24 h
pre-incubation with csplatin followed by addition of selineor
for 48 h ).

2.8 Quantitarive real time PCR
RMA was [solated using the RMeasy Pus Mind Kit (Qlagen, Hil-

den, Germany L Reverse transcription was camied ouwt using 1 pg
RMA in the presence of ENAse inhibitors, wing the High Capacity

cDMA Reverse Transcription Kit according to mamsfaciurer proto-
ool (Applied Blosystems, Foster City, CA, USA). Gene expression
was determined by quantitative Real-Time PCR (gRT-PCR)
using  TagMan assays (FOXD1, HsD1054576_m1; GAPDH,
Hs{D 758991 _g1; Applied Blosystems). Technical triplicate reac-
tons were camied out in 10 pl contalning 2.5 pl cDMA, 5 pl master
mix (TagMan Universal Fast PFCR Master Mix, Applied Blosystems),
05 pl of the specific assay. Reactions were performed using a
THOHT Fast Real-Time PCR System (Applied Blosyste ms) equi pped
with 505 (Sequence Detection Systems) 24 software (Applied
Blosystems). Data analysis was peformed with RO manager
software (Applied Blosystems) Relative levels of cDMA were
determined as previowsly described [21), through the relative
quantification (RQ) method. Untransfected cells were chosen as
calibrator.

28 Andnemor amivity snedles

All experimenits were camed out using B-10 week-old Emale
athymic C0-1 mede mice, (Chardes River, Calco, ltaly)l Mice were
maintained in laminar flow roms at constant temperature and
humidity with free access to food and water. Experiments were
authorized by the allan Minkstry of Health according to the
nmational law in compliance with inte mational policies and guide-
limes. Selinextor was dissolved in Pluronic F-68 and PVP K-29/32
follovwi g manwfacturers instruc tions;, clsplatin was diluted in sal-
ime. The compounds were delivered im a volume of 10mifkg of
Ieoefty wedghit.

IGROV-1 and IGROV-1/Pi1 human ovanan carcinoma xeno-
grafts were wsed in the study. Exponentially growing cells (107-
[mouse) were subcutaneowsly injected inte the dght flank on
day 0. Tumor diameter growth was observed biweekly using a
Vernler caliper. Tumor volume (TW) was calkulated acoording
o the formula: T (mm?)=d* « Df2, where d and D are the
shortest and the longest diameters respectively. Treatment
started 5-6 days after cell inoculum, when tumors were estab-
lished (arsund 90 mm* TV As single treatment, 10 mg/kg seli-
nexor was dellvered orally every 3—4 days a week for 4 weeks
and 4.5 mg'kg cisplatin v, every week for 3 weeks. In combina-
ton stsdies, selinexor at a dose of 5mgfkg was delivered 24 h
after clsplatin Student’s ¢ test (two-tailed) was used for statisti-
cal companson of TV in mice. Altematively, IGROV-1 cells from
cultures | 107 fmouse) were |Lp. injected. For ethical reasons, the
animak were inspected and weighed dally, and were sacrificed
at the appearance of ascites. The days of disease onset were
recorded and the median day (considered as median survival
tme, MST) was calculated Treatment started 4 days after cell
ineculum orally delivering 10 mgfkg selinestor every 3-4 days
for & times The ascitis take, Le. the ratic between the mumber
of mice developing ascitls over the number of cell-dnjected mice,
was employed o asess treatment efficacy. T/CK, Le the rato of
MST in treated owver control mice x 100 was caboulated. A careful
necropsy was performed to evaluate the ovarian tumor take and
spread im the abdominal cavity. Solld masses were gently
detached from organs and abdominal walls, removed and
welghed to calculate the percemtage of tumor weight inhibltoen
(TWIX) in mice. For statistical analysks two-sided Student's [ test
was wed o compare Lp. tumor weights in mice Percent of
diseasefree mice ower tme was estimated by the Kaplan-
Meler product method and compared by the Log-rank test

210 Immunohistochemical evaluarion of FavO-1
IGROV-1 subcutaneous fumors were removed from mice 24 h

after the last treatment (n = 8§ for control group; n=7 for selinexor
group), fied in 10% buffered formalin, and paraffin-embedded.
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Sections (4 pm thick) were stained with haematoxdin-eosdn for
histopathological examination. Seral sections were stained
Immunehistochemically for FoxD-1. After heat-induced epltope
retrieval, sections were incubated for one hour at room tempera-
ture with the primary antibody ant-FosoD-1 (1: 100, rabbit mmomne-
clomal from Cell Signaling Technologies). Then incubated with a
blotimylated secondary antibody (ant-rabbit 1eG, Vincl Blochem)
and labeled by the avidin-biotn-peoxidase (ABC) procedure with
a oommerncal immunoperoxidase kit (Vectastain Standard Elite,
Vector Laboratonies, Burdingame, CAL The immunoreaction was
revealed with 3.3 -diaminobenzidine substrate (Vector Laborato-
nes, Bulingame, CA) for 5 min and sections were counterstained
with Mayer’s haematoxyin Three microscoplc fields were evalu-
ated for each sample at 400, to assess the number of cells in
which the FoxD-1 protein was expressed in the nuclews. Histolog-
lcal and immunohistochemical analyses were perfomed in a blind
fashion Results were expressed as percent of cells with nuclear
expression Statistical amalysis was performed by the Mann Whit-
ney test.

2.11. Smarkstcal analysks

Statistical analyses were performed wsing the GraphPad
PrismT™ software (GraphPad Software, San Diego, CA) as detalled
im each paragraph. In addition, Stedent’s ¢ test (two talled) was
wsed for statistical analysis of westemn blots when comparing band
Intensities, after normal zation with loading controls.

3. Resuls

3.1 Selimexor inhibirs cell groweh in ovarian cancimoma cell limes with
variable Fox(-1 protein levek

Sensitivity to the XPO1 inhibitor selinexor was examined using
grwth-| nhibition assays after 72 h drog exposwre in the following
ovarian carcinoma cell [nes: AZTE0, DVCAR-5, TOV216, TOV1120,
IGROV-1 and the clsplatin-resisant varant IGROV-1/ 1 (Table 11
Im all tested oell limes, the 1050 values were in the submic romaolar
range. A striking antiproliferative effect was also abserved in cell
limes characterzed by intrinsic (e, OVCAR-5) or acquired clsplatin
reststance {IGROV-1/PL1)

Western blot analyses indicated that the different cell limes all
expressed the target of selimexor and varable lewels of FoxO-1
wene displayed by the cell ines (Fig. 1AL with decreased FosD-1
In IGROV-1/Pt versus IGROV-1 cells (P« Q06 by Shedent’s [ rest,
n=3)

32 Selimexor displavs aschedule-depemnde i interaction with cisplarin
i FOXOT -expressing ovarian cardmama cells

The transcription Gctor Fox0-1 has been reported o be a cargn
of XP01 [B]. We previowsly found that FOXO1 is down- regul ated in
the clsplatin-resistant varlant IGROV-1/PI1 [13) IGROV-1 and
IGROV-1/Pi1 cells were selected for drug combination stedies,
based on their differential expression of FosD-1.

IGROV-1 cells were simultanemesly exposed to increasing cls-
platin amd selinexor (0001 and 003 pM) concentrations as single
agents of in combination. The cells were expsed to selinexor
concentrations of Q01 and 0,03 pM, which represent subtosxdc
and near 10y, concentrations, respectively (Fig. 1B). According to
the O values calculated with the Chou and Talalay method, seli-
nexor tended to synergize with clsplatin when 0003 pM selinexor
was combined with clsplatin concentrations ranging between 0.3
and 003 pM, which are at or below the 1C, valee of clplatin. O
valwes obtained with 0001 pM selinesor ranged between 085 (with
003 pM clsplating and 239 (with 3 pM clsplatin)

Tabie 1
Seritwity of owarian cardnoma cefl lines i cisplain and o the 3P01 mhibitor
sefine .

Cell line Cisplarin Selinexor
Mo (uMF

AZTED n4=a1 OmTE = 0
OVCAR-S 237207 0220075
TONZIG O3S =001 LES = 0007
TOVI 12D 1.41 201 LES = 0007
IGROV-1 ECEY B DTS = 001
WGROV-1/P 24213 OETS = 00

! Semeiswty to csplasn and © the inhibinr of XP01 was asssesed by ool groweh
inhibirion assays. Gells were seeched and 24h laer exposed fo the compoun ds for
T2 b Dol weewre commted msing 2 cell coun e

¥ 11Cy, i5 defined a5 she concentration inhibiting czll grwith by S0%. The repaned
walues are the mean 2 50 o atleast thres independent sxpesments

The effect of the dreg combination was not synergistic in the
1GROV-1/P11 cells using the simultaneous schedule of ©reatment
when employing 0,03 pM selinexor (Fig. 1C1L Ao O values
obtaimed with 001 uM selinexor, which ranged between 0.72
(with 003 uM clsplating and 426 (with 1 pM cisplatin, i ndicated
a less favorable effect of the combination in the resistant vanant

Additional treatment schedules were tested in IGROV-1 cells to
further optimize the effect of the drug combination. Specifically,
we tested the effect of pre-incubation with selinecor prior to the
addition of clsplatin, and vice versa.

In IGROV-1 cells pre-incubated with selinesor for 24 h prier to a
48 h co-incubation with clsplatin, the O mean values ranged
between 09 and 203, when the selinexor concentration was
003 pM (Flg. 2A)L The O valses were always =1 im oombinat lon
with 001 pM selinexor (data not shown). Conversely, a 24 h incu-
Ibation with clsplatin prior toe the oo-incu bation of the two drugs
resulted im a synergistic eflect evidenced at clsplatin concentra-
tons below or near the 1Csy valees combined with 0003 pM seli-
nexor (Fig. 261 This schedule appeared to be the most effective
as Cl values lower than 0.7 were obtained at 3 different ¢isplatin
concentrations. When clsplatin was combined with 0,01 pM seli-
mexor, the most Gvorable C1 value was 0091 +0.16, obtained in
combsination with 03 pM clsplatin

The effect of the drug combination was also tested in an addi-
tional cell model, the TOV21G cell lime, characterzed by a remark-
able FoxO-1 protein level. In cells pre-incubated with cisplatin
before selinexor-cisplatin incubation, O valees below 07 were
observed when 003 pM selinexor was combined with 0.03 and

0.1 uM clsplatin (Fig. 31

3.3 Analysis of eell response to the dneg combinarion in IGROV-T cells

Cell response tothe dreg combination was examined with ref-
erence (o proteins involved in cell cycle progression and apoptosis.
We fpund that selinexor alone (0003 pM) or in combination with
clsplatin (03 pM) tended to induce an increase in p21™™" (Sn-
dent’s [ test — 48 h: P = 0005 for selinexor versus control;, P< 005
for combination versus control; 72 he P= 0008 for selinexor versus
contrel; P« 005 for combination versus control; n=3) and p53
(Student’s  test — 48 h: P =006 for sellmexor versus control;, P=
006 for combinaton versus contml; 72 h: P= 008 for selinexor
versus control;, P< @06 for combination verswus comtrd, no=3) in
1GROV-1 cells (Fig. 4AL Bax up-modulation upon treatment was
also observed (P« 0005 for selinexorjcomblnation versus control
at 48 and 72 h by Student’s [ test, n=3] In contrast, a negligible
medul ation of FoxO-1 levels was observed in treated as compared
o contrel cells. The pattern of p21*%" and Bax modulation was
somehow similar when wsing a lower clsplatin concentrat lon
(0.1 pM) (data not shown )l Selinescor (0003 pM) alone and in

223



. Cormy o al fBischesdoal Rareaosdyly M7 ([ 20E) 93-103

mow & ‘{-r) [ . n O
Jig &RV = NN W
FEEESS CELESSS
A L OFeLL Sy oo
o i L g oo
AT - - Acln
e 1. .
o5 -
6 4 - [0
g a 2
2 g o.d -
¥ =
& g & o
B
© Cisplatin IGROV-1
0O Salinexor
# 0.03 uM Salinexor + cisplatn & 3
'FE- 120, ¥ 001 1M Salinexor + cisplatn = 0.03 yM selinexor
10 =
= s E
L&
5 ° S1
2 §
g ¢ 0
@ cisplatin
O pool 001 04 1 10 dﬁ} .\&@' ,53& ,ﬁ& ,9?“
Concentration (uM) oY B W
[
IGROV-1/Pt1
@ Cisplatin
O Salinexor
2 003 M Salinexor + cisplatin X3
'FE- qag. ¥ 0.01 pM Salinexor + cisplatn = 0.03 pM selinaxor
= §2
. -
L
g . O
€T cisplatin
O goot 001 oA 1 10 F ,bqﬁ P

Caoncentration (uM)

I ¥ E1
n{.iﬁ Q;\ I521:-'5 -

Fig 1. Westem hiorana ysis of ¥P01 andFond-1 levelsinovanan carcinoma cefl linesand efact of he simuivansoos comibinarionof ds plarin and selinesor [ A) W estem bior
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combination with ckplatin (03 pM) promoted FosO-1 nuclear
accumulation as shown by immunofl vorescence amalysks carned
out 48 h after clsplatin exposwre start (Fig. 461 Analysks of cell
cycle perturbations indicated that cells inG1 phase increased after
A8 h selinesoor treat ment (P < 0005 of selinexnr-treated vesus con-
trad cells by unpaired Stedent's rtest, Fg. 4C). The dneg combina-

ton induced the accumulation of cells in G2/M phase at 48 h and
T2h of exposure (P<005 of celk treated with versus control
cells/single agenits treated cells by unpaired Student’s [ test). More-
over, the drug combination induced apoptosis in IGROV-1 cells
pre-treated with clsplatin for 24 h and ool now bated with se linesior
for additional 48 hy as shown by Annesdn V-binding assay (Fig. 4D)L
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34 Effect of FOXOT silencing on the gell response ro the drug
combimarion in ICROV-T cells

‘We esamined the effect of knocking down FOX01 expression in
IGROV-1 cells to clarify its contribut lon to the efficacy of the dneg
combination. Transkent transfection of siIRMA duplexes targeting
FOXO1 mEMA markedly reduced the levels of FoxO-1 mEMA and
protein (Fig. 5A and B, for western blot analyss at 72 h: P« 0u05
for companison of negative control ransfected cells versus siRMA
transfec ted cells by Studen s test, n =3 FOXO1 sllencing resulted
Indecreased sensit ity to selinexor (10 > 03 pM in FOXO0T knock-
down cells and 0005+ 0001 pM in untransfected and negative
comtrod-transfected cells) and the cfsplatin-selinexor combdnat lon
temded to be slightly less effective as indicated by O values at 03
and 1 uM obtained with 24 h pre-incubation with clsplatin fiol-
lowed by additional 48 hexposure to 003 pM selinexor (Fig. 5C)L

1.5 Antinemor activiry of selimexor in ovaran arncinoma in vivo
madels

The anti tumdar activity of oral selinexnr was asayedin nude mice
subcutaneousy beaning the IGROV-1 and IGROV-1/Pr1 canci nomas.

Selinexor significantly impaired tumor growt b in both models pro-
ducing TV of 78 and 74% in IGROV-1 and IGROV- 1Pt 1, respectively
(Flz.6A and Tabsle 2] Immunchistechemical analysis of the intracel-
luslar localizat ionof FoxO- 1 inveh icle and selinesor-treated IGROV-1
tumors revealed that selinexor induced a nuclear enrchment of
oD 1, a5 show n by the percentof cells wit hmsclear FoxD-1 expres-
shon whose median valve was 045 (confidence interval L1 7-077, n
=) in control and 830 (confidence interval 2.71-14.43, n=7) in
treated samples (P < 0U001, Mann Whitney'stest, Fig. 6BL

The effects of oral selinexor were also evaluated on the IGROV-1
madel sysem growing as Lp. carcimomatosts. Solvenit-treated mice
presented evidence of ascites by 17 days after cell injection and
fluld and tumor masses in the peritoneal space at necropsy
(Flg. 8C). Im conit rast,, selimexor-t reated mice did not exhiblt ascioes
on the day of sacrifice (day 23, T/C > 164K P= 0U02), e & days
after the last disease appearance in the control. Moreover, at
necroepsy, the animals receiving selinexor presented a reduced I.
P tumor load with respect to controls (TWI =755 P= U003 )
Specifically, the tumor weights were 0224 £ 00146 and 0914 £ 0.
303 g in treated and control groups, respectively. Therefore, the
XP01 inhibitor could impair the growth of the IGROV-1 canci noma,
even when this was xenografted in the abdomimal cavity
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The effects of the combination of selinexor and clsplatin were
also tested. Clsplatin and selinexor were sequentially delivered at
suboptimal doses to mice bearing the subcutanecus IGROV-1
temdar (Fig. D)L Despite negligible actvity of dngle agents, the
combination induced 65X TWI (P« U1 versus control mice and
P < 005 versus clsplatin-treated mice), the effect being similar to
that achieved by selinexor at its optimal dose and schedule, Le. a
TVl of 70% on day 16 ( Table 21 All treatments were well tolerated.
An analysis of apoptosis in tumors harvested 24 h after the last
treatment imdicated that the dneg combination induced the highest
level of apoptosis {P< 0001, dreg combinatlon versus selinexor by
Stuedent’s [ test) (Fig. 6EL Treatment with the dneg combination
tended to increase p21™™" protein levels as compared to the effect
of selinexor alone (Stedent’s [ test: P=007 for selinexor versus
combination, Fig. 6F, n =31 A slight up-modulation of p53 was
observed under the same conditions, althowgh it was not signifi-
cant. FoxO-1 proteim levels were not modulated.

4. Dscussion

Cellular response to antitumor treatments involves multiple
factors including components of apoptotic pat iways. Tumor cell
resistamce to clinkally avallable agents (eg. chplating & often
assoclated with reduced suscepribility to drsg-induced apoptosis
which can be related to reduced expression of the FoxD-1 tran-
scription factor, a regulator of pro-apoptotic genes lilke PUMA
and TRAIL [12.22.23) XPO1, a nuclear export protein, conitributes
to the dynamic subscellular localization of FosD-1, among other

proteins promoting apoeptoss induct bon [24,25). Ths, the inte rfer-
ence with XPO1 to improve Feod-1 nuclear localization may be
exploited to enhance cisplatin efficacy and represents a movel
effective therapeutic strategy in this disease.

In this stedy. we wsed ovaran cancinoma cell lines representing
different ovarian cancinoma histologles |26). All cell linesd kplayed
a marked sensitivity to selinexor which inhibited cell growth at
subsmicromelar concentrations, and a varable sensitivity to cls-
platin, not necessanly explained by FoxO-1 levels, but likely mul-
tfactoral, as A2TEO cells similady sensitive to csplatin as
IGROV-1 cells exhibited lower FaeO-1 levels than IGROV-1 cells
A marked sensitivity to the antiproliferative effect of selinesor
was also observed in IGROV-1/Pi1 cells. The therapewtic potential
of selinexor has been recently highlighted by the work of Chen
e al, [18] in which treatment efficacy was evaluated in an
in vive platinum-resistant ovanan carcinoma model as well as in
in virre models in which synergism was found in a clsplatin-
resistant varant derived from A2 T80 cells, sugmesting that the type
of dreg interaction may be dependent on the tumor molecular
background. Previows studies have also polnted out the relevance
of XPO1 imhibitien in ovarian carcinoma, showing the growth inhi-
bitory and pro-apoptotic effect of le ptomycin B, the first di scovered
Inhibitor of XPO1 mediated nuclear export, which proved |nade-
quate for drug development due to in vvo toxicity [B]. Westemn
blot analyses sugmest that the sensitivity to the compound s not
solely dependent on the XPO1 expression levels.

Given a genome-wide expression analyss [27) which identi fied
FOMD1 as down-regulated in platinum-resistant ovarlan carcl-
noma cells [12) and the kmown susceptibility o dig-induced
apoptosis of IGROV-1 cells [12.28], this model was considerad
the mast sultable for evaluation of the effect of the clsplatin-
selinexor combination. The dreg combination effect proved o be
schedule dependent, as the bed synergim was achlieved in
IGROV-1 cells when selinexor was added 24 h after clsplatin expo-
sure. A fvorable effect of the drug combinaton, although less
marked than in GROV-1 cells, was observed in the TOV21G cell
line, likely due to the different features as reported based on an
integraved analysts of immunohisochemical markers, copy mam-
ber variations and mutatons |[29).

To define the mechanism undedying the drug interaction in
IGROV-1 cells, we fist examined the modulation of proteins
imvalved in cell cycle arrest and apoptosis. The cell cycle protein
P21 undetectable in vehicle-treated cells, was markedly up-
regulated im cells exposed to the selinexor-cisplatin combdna then
The combinatien-treated cells ako exhibited higher levels of
P21 when compared to single agent-treated cells (similar to
what was found inin vivo studies]. A simdlar pattem was obse rved
with p53, as expected based on the well-known transcriptional
regulation of p21"%" by p53. The effect an p2 1™ levels is likely
pS3-dependent in keeping with the presence of functional p53 in
IGROV-1 cells 28] Moreover, the pro-apoptotic protein Bax was
up-regulated 48 and 72 h following every treatment, thereby indi-
cating that the apoptotic pathway was triggered by all treatments
However, none of the treatments induced an up-regulation of
FeeeD-1 protein levels in total cell lysates. A quantitative analysis
of drueg-induced apoptosis by Annexin V-binding assay ind icated
the socumence of apoptosks after exposure to each agent, although
the effect was remarkable only upon exposure to the dneg combi-
nation Moreover, cell cpcle perturbations were observed in treated
cells with G1 accumulation after 48 h exposure to selinescor and
time-dependent G2/M accumulation after exposure to the drsg
ool mat lon.

Fluarescence microscopy experiments in cells stained with an
anti FoxD-1 antibody indicated that selinexor could promote
muckar localization of FoxO-1 in IGROV-1 cells, suggesting that
under our experimental conditions XP01-med lated meclear esport
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of FoxO-1 i inhibited; the effect was maintained in cells treated subcutaneous xenografts. Although cellular studies indicated that
with the combination of cisplatin and selinexor. knockdown of ROXO1 results in reduced selinexor growth inhibi-

The interest of selinexor for the treatment of ovarian carcinoma tory activity, a significant tumor growth inhibition was found
Issup ported by our antitumor efficacy studies, ind kcating a striking in vivo also in IGROV-1/Pt1, consistently with the capability of
activity of the compound both in platinum-sensitive and resistant selinexor to regulate the localization of multiple proteins. It should
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e moted that orally administered selinexor exhibited a marked
capability to redwece intraperitoneal tumoer growth in cel-in jected
mice, in keeping with previouws results ebtained in orthotoplc pen-
tome al meesaithe lloma model [30). Moreover, seli nexor-treated mdce
did not develop ascites, a clinlcally relevant observation. When
selimesoor and clsplatin were combined acoond ing to the best sched-
ule identified in in vimo stedies, a therapeutc advantage in terms
of TW1 was found as compared to single agenits. These results are
consistent with those by Chen et al., althowgh we used a much
lower selinescor dose [18] In Get, dreg combination expenments
were camied out using a low dose of selinexor (5 mgfkeg) gven only

onoe per week. Such a schedule has been shown to preserve nor-
mal immune functioning [31]. Thus our findings may be wseful
iman atbempt tooopt imize clinical dosing OF note, a phase | clinical
study has provided promising results in plat num-resistant ovanan
cancer patients [1E]L

In conc hesion, our findings show that Fox0-1 finely modulates
the effect of selinexor and marginally of the combination with
clsplatin providing preclinical evidenoce of potential ¢ linlcal impact
o ovaran carcimoma with selected maolecular backgrounds. These
results highlight the interest of combination theraples desiged to
Imcrease cell death in tumor cells. However, given that XPO1 can
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Efieces of oradl selineror, 10mg kg g3-4d/ wedw, on T gowth of the ICROV-1 and ICROV-1/Pr] crdnoma cells s £ injectad InD the right flank of female nude mice (0 = 8;
107 el Jon &y Q. Tr staTed on day 5-6 Mean values of umar volumes (= SD) are shown. (B) ICROV-1 umoss from controdand tegedmice havestad 24 0
afer Lt tmatment were pracessed for immunohtstochemical anal s of Food- 1. Celis with aift P of expr of Facd-1 with cyplasmic posisvity (top) and
with both cyDpl and nodexr (ar d) Y (B ) are shown at 400w (C) Effeces of oral selinexey, 10 my)/ix Q3-446, an the Js0tes onset in mice 1p
injecred with the ICROV-1 carcinoma celis (n =7, 107 siim Jonday QT d on day 4 Kaplan-Meder plot of the percentage of disease-free animals P by
Log-rank wst. (D) Efecxsof oral 5 mg)ig ﬂmumamaaa&yduumu.cuuamagmmmamm-kmmaeﬂsunmlm te
mﬂ'ﬂimdm&mﬁemm = 7; 107 cellis/mouse ) onday 0.Qsplasn wasgiven on day 5, 12 and 19, selinexoron day 6, 13 and 20 Mean walues of ramor wolumes (=5D)
am shown. “P< 0.0M by Studen 5L w5t versas control mice. (E) Samples fom can ol and teaed mice wes processed $or 2pop by A v =2y 24
hafter the Lot soli The colum acar L apop Mxnvam“)“mvmwmmmzm“P<ambymt‘ed
unpaired Students trest. (F) Tamars fom contml and treaed mice wes pr d for bior w0 lewels of the ind d pr Sampl &5 obe; d
from 3 mice/ Foup 24 hafter the st wen frac W SOS-PAGE Contmil loading s shown by arin. Mean values withrespact tocanol mean vaue
asatrarily set © 1 are shown in the histogams (n =3).
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oot the kecalization of multple cellular proteins it & kel that
oither cargos of X P01 participate in the cellular response of ovar an
camoer cells to clsplatin and its combdnatlon with selineuor.
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Abstract

Word count: 340

Despite advanoes in cancer therapies, nanomedicine approsches inoluded, the treatment of glichlaztoma (GBM), the most comman,
aggressive brain tumour, remamns ineffioient. Thess failures are likely attributable to the complex, and not yet completely know,
biclogy of this tumowr, which iz responsible for its strong invasiveness, high degree of metastasiz, high proliferation potential and
resistanoe to radiation and chemotherapy. The intimate connection throwsh which the oells communicate betwesn them plays an
important role im these biclogical processes. In this soenario, tunneling nanotubes (TnTs) are recently gaining importance as a key
features in tumor progression and in partiowlar in the re-growth of GEM after surgery.

In this oontext, we firstly sdentified structural differences of TnTs formed by UE7-MG oells, as model of GEM cells, in comparizon to
those formed by normal human astrooytes (HHAJ, used as a model of healthy cells. Successively, we hawve studied the possibility to
exploit UET-MG TnTs as drug-delivery channels in cancer therapy, using liposomes composed of cholesterol/sphingomyelin and
surfagoe functionalized with mApoE and chlorotoxin peptides (Mf-LIP) as nanovehicle model. The results showed that UBT-MG oells
formed almaost exclusively thick and long protrusions, while NHA formed more thin and short TnTs. Considering that only thiok TnTs
are really active in transport of vesioles and organelies, we thowed that flucresoent-labelled Mf-LIF can be transported wia TnTs
be=twreen UET-MG cells, but not through the protrusions formed by NHA oells. Moreover, Mf-LIP boost the formation of thick TnTs in
UE7-MG cells, wherse they localized, but not in HHA cells, probably due to the interaction between CITx and Annexin A2, which is
involved in the formation of oell protrusions and in the high plasticity of GEM oells. Our results demonstrate that nanotubes are
potentially wseful as drug-delivery channels for cancer therapy, facilitating the intercellular redistribution of this drug in olose and
far away oells, thus reaching isolated tumowr niches that are hardly targeted by simple drug diffusion in the brain parenobyma.
Moreover, the differenoes identified in TnTs formed by GEM and MHA oells can be exploited to inorease treatments preaision and
specifioity.

Contribution to the field

Despite advances in canoer therapies, the treatment of glicblastoma remains inefficient due its complex pathogenesis. The
intercellular communication within cancer oells via turnelling nanotubes {TnTs) has been indioated in the re-growth of twmour after
surgery and in conferring resistance to chemotherapy. Owr goal was to investigate the possibility to exploit TnTs to inorease the
rangs of drug delivery between oancer oells. Owr findings showed that normal human astrooytes formed thin and short TnTs, whil=s
UET-MG oells, used az GBEM model, formed almost sxolusively thiok and long protrusions which were really aotive in the tranzport of
lipozomes functionalized with mApoE-ohlorotoxin, ez a model of GEM-targeting nanoparticles. These liposomes boosted the
formation of thick TnTs in UE7-MG oells, probably due to the interaction between ClTx and Annexin A2, which is involved in the
formation of cell protrusions and in the high plasticity of GEM oells. Our results corroborate the idea of =xploiting TnTs as
drueg-delivery channels for canoer therapy. This oould facilitate the reaching of isolated tumour niches that are hardly targeted by
simple drug diffuzion in the brain parenchyma. Moreover, the differences identified in TnTz formed by GBM and MHA cellz can b=
uwseful to inoresse treatments precision and speoifioity.
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Abstract

Despite advances In cancer therapies, nanomedicine approaches mcluded, the treatment of
glioblastoma (GBM), the most common, aggressive brain fumour, remains inefficient. These failures
are likely attnbutable to the complex, and not yet completely know, biclogy of this fumour, which 1s
respensible for its strong mvasiveness, high degree of metastasis, high proliferation potential and
resistance to radiation and chemotherapy. The intimate comnection through which the cells
communicate between them plays an mmpertant role in these biclogical processes. In this scenano,
fimneling nanotubes (TnTs) are recently gaining impertance as a key features in mmer progression and
i particular in the re-growth of GBM after surgery.

In this context, we firstly identified structural differences of TnTs formed by U27-MG cells, as model
of GBEM cells, In companson to those formed by normal human astrocytes (WHA), used as a model of
healthy cells. Successively, we have studied the possibility to exploit U87-MG TnTs as dmg-delivery
channels mm cancer therapy, using liposomes composed of cholesterol'sphingomyelin and surface
finctionalized with mApcE and chlorotoxin peptides (ME-LIP) as nanovehicle model The results
showed that US7-MG cells formed almost exclusively thick and long protrusions, while NHA formed
more thin and short TnTs. Considering that enly thick TnTs are really active in transport of vesicles
and organelles. we showed that flucrescent-labelled Mf-IIP can be transported via TnTs between T87-
MG cells, but not through the pretrusions formed by WHA cells. Moreover, ME-LIP boost the formation
of thick TnTs in UB7-MG cells, where they localized, but not in WHA cells, probably due to the
interaction between ClTx and Annexin A2 which is invelved in the formation of cell protrusions and
m the igh plasticity of GBM cells. Our results demonstrate that nanotubes are potentially useful as
dmg-delivery channels for cancer therapy. facilitating the intercellular redistribution of this dmg in
close and far away cells, thus reaching 1zolated tumour niches that are hardly targeted by simple dmg
diffusion in the bram parenchyma. Moreover, the differences identified im TnTs formed by GBM and
NHA cells can be exploited to increase treatments precision and specificity.
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1  Introduction

The limits of conventicnal therapies against tumours, in terms of effectiveness/damage ratio, lead to
the development and application in clinics of different nanotechnological dmgs in the last 25 years
(Stupp et al.. 2009). Many advancements have been achieved in this field, but different 1ssues. such as
the complexities and heterogeneity of tumowr biology stll remain unsolved. Gliomas, intrinsic brain
tumours, are a dissimilar group of encolegical diseases for which there is currently no cure, and only
very linited progress has been made in the control of the disease course over the past three decades
(Westphal et al, 2011). Among gliomas, glioblastoma multiforme (GBM, also called grade IV
astrocytoma) is one of the most deadly brain tumers, with a short median patient survival and a very
limited response to therapies (Lowis et al., 2016). In this context, many efforts are underway towards
the development of new therapeutic approaches and nanomedicine seems to be one of the most
promising. Newvertheless, many obstacles have not been overcome yet. GBM has a very complex
pathogenesis that involves alterations of several key cellular pathways, diffuse mvasiveness and
capacity to escape therapies. An important component of tumour growth i1s commumnication within
cancer cells and with other cells in the micreenvirons, which strengthen tumow progression and
resistance to radio- and chemotherapy (Broekman et al , 2018).

Nommal and tumour cells exploit different communication modalities and one of them is represented
by the physical connection via fimnelling nanotubes (TnTs) and microtubes (TmTs), which form a
cytoplasmic contimmm between cells and allow the tramsport of non-secretable molecules and
organelles. In particular, TnTs can mediate the transfer of cellular vesicles (Fustom et al., 2004; Onfelt
et al., 2006), mitechondna (Ahmad et al, 2014), lysosomes (Aboumit et al., 2016), muENAs
(Thayamthy et al, 2014), smgle proteins (Schiller et al, 2013) and viral particles (Sowinski et al ,
2008) between cells. also very distant from each other (=100 pm of distance). TnTs are transient
transcellular channels with a diameter of 50—200 mm, a length up to several cell diameters with variable
lifetimes ranging from less than 60 min up to many hours. (Carone et al., 2015).

Lou et al (2012a, 2012b) firstly descnibed the presence of TnTs in human primary tumors and in many
cancer cell lines, highlighting the key role of these membranous stuctures in cancer cell pathogenesis
and mvasion The mvolvement of TnTs and TmTs has also been indicated in the re-growth of GBM
after surgery and in confermng resistance to chemotherapy (Weil et al., 2017; Moschoi et al., 2016).
Although TnTs are not apparent in some glioma cellular models (Van der Vos et al., 2016), they may
represent a new tocl for bidirectional intercellular transfer of dmig-loaded nanoparticles.

In this context, there are some data supporting the direct cell-to-cell transfer of nanoparticles through
TnTs and this strategy may be exploited to increase the range of drug delivery between cancer cells
(Epperla et al, 2013; Sisakhtnezhad et al., 2015; Deng et al., 2018). One of the peculianity of GBM 1z
the presence of glioma stem cells both within the fumour bulk, which are able to reconstitute a whole
tumour after surgical resection (Fan et al, 2010; Lin et al., 2010), and in other brain regions, where
minor stem-cell niches represent a pool from which new tumour cells orizinate (Gould et al., 2007).
Then, targeting pnmary GBM with nanotherapeutics may allow the possibility to reach viag TnTs
isolated, infiltrating tumor cells (stem cells included) that are hardly reached by drug diffusion in the
brain parenchyma.

This study aims to evaluate in vitro the possible intercellular transport of multifimctional liposomes
viad TnTs between human pnmary glioblastoma cell line. We have recently designed hiposomes carmry
doxomubicin, as an anti-cancer dmg model, and dually-functicnalized with apoE-denved peptide and
with chlorotoxin (C1Tx), as GBM targeting ligands (Maletinska et al., 2000; DeBin et al., 1993; Ojeda
etal, 2016; Lyons et al., 2002). Lipesomes trafficking via TnTs in GBM cells has not been reported
yet. Moreover, we comparad the heterogeneity of TnTs, in terms of stucture, morphology, size and
abundance between GBM cells and human healthy astrocytes, with the aim to increase the precision
and specificity of treatments.
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2 Materials and Methods

11 Materials

Cholesterol (Chol), Doxorubicin (DOX), Thiazolyl Blue Tetrazolium Bromide, 4-(2-
Hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES), Triton X-100, Ultra-low Fange Molecular
Weight Marker (M.W. 1.060-26.600), EZBlue Gel Staining Beagent, 1.1-Dhioctadecyl-3,3,3°3-
tetramethylindocarbecyanine perchlorate (Dil probe), TRITC-labelled phalloiding mouse monoclonal
anti-P-tubulin were purchased from Sigma-Aldnch (Milano, Italy). 1,2-Distearoyl-sn-glycero-3-
phospho-ethanolamine-N[maleimide(polyethyleneglycol)-2000](mal-PEG-DSPE) and sphingomyelin
from bovine brain (Sm) were purchased from Avanti Polar Lipids, Inc (Alabaster, AL, USA). 1.2-
Distearoyl-sn-glycero-3-phospho-ethanclamine -N[(polyethyleneglycel)-2000] n-hydroxysuccinimide
ester (NHS-PEG-DSPE) was purchased from Nanoes (Boston, USA). Ultrapure and deionized water
were obtained from Direct-Q3 system (Millipore, Italy). Transwell permeable supports 0.4 pm
polyester membrane 12 mm msert, 12 well plates were from Coming (WY, USA). mApoE peptide
(CWG-LEELEERIIFE, MW 169818 g/mol) and chlorotoxm (ClTx, MW 4004 g/mol) were
synthetized by Karebay Biochem (Monmouwth Junction, NJ, USA). Dialysis membranes (cut-off
12000-14000 Da) were purchased from Medicell International Ltd, (London, UK). Penicillin-
streptomycin (P/S) sclution 100X was purchased from Eurcclone (Milan, Italy); PBS 1X, collagen,
typsinEDTA  solution and MNuPAGE Bis-Tris (4-12%) were from Invitregen. The lactate
dehydrogenase (LDH) cytotoxicity detection kit was purchased from Foche Diagnestics GmbH
(Germany). All other chemicals were of analytical grade and were obtained from either Sigma—Aldnch
of Merck. Alexa Fluor 488 goat amti-mouse, Alexa Fluor 368 goat anti-mouse were from Life
Technelogies. 3.3'-Dioctadecyloxacarbocyanine Perchlorate (Di0) was from Sigma Aldrch (Milan,
Italy).

1.2 Preparation of CITx-PEG-DSPE

ClT=x-lipid was prepared as described in (Xiang et al., 2011) with small modifications. Briefly, 0.1
pmol NHS-PEG-DSPE in CHCly/MeOH (2:1. welfvol) was dried under M; to remove organic solvents.
Then 5 eq (0.3 pmel) of ClTx dizseclved in 10 mM Hepes, 150 mM NaCl pH 7.4, was added to the
dried lipid. The reaction was conducted under gentle stiming for 90 min at reom temperature. The
resulting solution was dialyzed against MilliQ) water for two days in a dialysis tube (WCO=3500 Da)
te remove unreacted ClTx and then lyophilized overnight.

1.3 Preparation multifunctional liposomes (M{-LIP)

Liposomes (LIP) were composed of sphingomyelin, cholestercl (1:1, mol'mol) added with 2.5 mol %
of mal-PEG-PE, for the covalent binding of mApoE peptide, and with 0.5 mel% of BODIPY-5m as
fluorescent probe (Re et al | 2010; Re et al., 2011). LTP were prepared in 10 mM Hepes, 150 mM NaCl
pH 7.4 by extrusion procedure through polycarbonate membranes of 100 nm diameter pores, under N2
mApcE peptide was covalently attached on LIP surface by thiol-maleimide coupling, as prewviously
described (Re et al, 2010; Re et al, 2011). ClTx-lipid was added to mApoE-LIP by post-insertion
technigque, following the procedure previous described (Mare et al.. 2018). These LIP were purified
with a Sepharose G-23 fine column (25xlem) to remove unbounded and unincorporated matenals.
This sample will be referred as Mf-1LTP.

As controls, LIP composed of sphingomyelin, cholesterol (1:1, mol/mol) were prepared in ammonium
sulphate (300 mM, pH 5.5) by extrusion procedure as described above. LIP were dialyzed against 10
mh Hepes, 150 mM NaCl pH 7.4, ovemight, and then incubated with DOX (1.3 pmol DO 10 pmol
total lipids) for 1 h at 65°C to allow the incorporation of DOX in the IIP core. This sample will be
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referred as DOX-LIP. MELIP and DOX-LIP were punfied with a Sepharose G-23 fine column
(25x1cm) to remove unbounded and unincorporated matenials.

24  Characterization of M{LIP

After punification, the amount recovered for each compound was determined by different techniques.
Brefly, phospholipids content was quantified by Stewart Assay (Stewart, 1980); the amount of ClTx
and mApcE on LIP surface was assessed by SDS-PAGE. DOX loading was guantified
spectroflucrometrically (lex = 493 nm; lem =392 nm) after vesicle disruption with 0.1% Trton X-
100. The DX encapsulation yield in liposomes was caleulated by companng fluorescence intensifies
with a previously established calibration curve of free DOX in 10mM Hepes, 150 mM NaCl pH 7.4
Size and polydispersity index (PDI) were analyzed by dynamic light scattering (DLS) techmigue
(Brockhaven Instruments Corporation, Holtsville, WY, USA). L-potential was determined by using an
interferometric doppler velocimetry with the same instrument equipped with ZetaPALS device. LIP
stability was measured m 10 mM Hepes, 150 mM NaCl pH 7.4 by following size and PDI by DLS for
1 week

1.5 Cell cultures

UE7-MG glicblastoma cells were purchased from da American Type Culture Collection (ATCC, VA,
USA) and were grown m DMEM High Glucose, 10% FBS, 1% P/S, 1% glutamine (Tamborini et al.,
2016). Normal Human Astrocytes (MHA), purchased from Lonza (Walkerswille, Maryland, TISA).
were maintained in Astrocytes Basal Medium supplemented with AGM BulletFit™. All cell lines
were cultured at 37 °C under a humidified atmesphere containing 5% CO:.

1.6  TunTs analysis by confocal microscopy

NHA and US7-MG cells were seeded at a density of 2.37x10* cell'ml or 7 5x10* cell/ml respectively
on porcine gelatin pretreated coverslips. The day after seeding, cells were treated for 1 h or 24 h with
free DOX (15 or 25 pg/ml) or with DOX-LIP (15 pg/ml of DOX, 200 nmols of total lipids) or with
flucrescent-labelled ME-LIP (200 nmols of total lipids) at 37°C m 5% COs. Untreated cells were used
as a confrol.

After treatment, cells were then leave for 2 h in each culture complete medium and then staimed for 20
min with 1.9 pl'ml of Dil in PBS {membrane/endocytic vesicles), or with 5 pl/ml of Di0 in PBS, to
label cell membranes, TnTs included, according to the manufacturer's instructions. Cells were then
fixed for 8 min with 3.7% paraformaldehyde in phosphate-buffered saline (PBS). Fluorescence images
were examined with a 40x magmfication on A1E Nikon (Nikon, Tokyo, Japan) laser scanning confocal
microscope. Cells were carefully scored for the presence of TnTs. About #200 cells for each
experiment were analyzed. TnTs were counted and their single length was measured using cell
diameter as conventional unit. The measurning of TnTs diameter by light micrescopy was not accurate
due to the resolution limit. Experiments were performed in friplicate. Images were analyzed by Image
T software.

1.7 Actin and tubulin staining

NHA and US7-MG cells were plated at a density of 2.37 x 10* celliml or 7.3 x 10* cell/ml, respectively,
on porcine gelatin pretreated coverslips. The day after cells were fixed for 10 mun with 3.7%
paraformaldehyde in phosphate buffered saline (PBS), permeabilized for 4 min with 0.1%: Triton X-
100 m PBS and finally stained with different antibodies. In parficular, cells were treated with TRITC-
phalleidin (1:40 in 1% BSA m PBS) for actin staining, as deseribed previously (Ceriam et al., 2007).
For tubulin staining, cells were incubated with anti-mouse moneclonal anti-f-tubulin primary antibody
(1:150 in 1% B5A in PBS) for 1h at 37°C. Then cells were washed and incubated with the secondary
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antibody Alexa Fluor 488 goat anti-mouse IgG or Alexa Fluor 568 goat anti-mounse IgG (1:2001n 1%
B5A m PBS) for 43 mun at 37°C.

18  Statstical analysis

For TnTs quantification data were analyzed by Student ¢ test. Data were expressed as a mean < standard
errer (S.E). All experiments were conducted at least in tnplicate. All the analyses were performed with
GraphPad Prism 8 software (license number: GPE-1319368-EFQS-BECB4). Differences were
considered significant at p = 0.03 (¥).

3 Results

31  Characterization of LIP

The results showed that DOX-IIP displayed a diameter of 121 + 6 nm with a PDI value of 0.098 £
0.01; the {-potential was -19.32 £ 0.58 mV. Mf-LIP showed a diameter of 187 + 5 nm with a PDI value
of 0.087 = 0.05; the {-potential was -14.3 = 0.43 mV. These parameters remained constant for 1 week
within the experimental emror (<2.7 % of vanation). For both preparations, the total lipid recovery after
purification was 79.3 = 8 %. For Mf-LIP the yield of functionalization with mApoE and ClTx was 38.3
= 10 % (comesponding to 2.2 mol % of mApoE total lipids) and 71.2 = 3 % (corresponding to 1.42
mol%s of C1Tx/total lipids), respectively. For DOX-LIP, the incorporation yield of DOX was 70 = 6 %,
correspondng to 80 + 3 pg of DOX/umel of lipids. These results denved from at least five different
batches.

31 UST-MG cells forms TnTs with different thickness, compared to NHA

To mvestigate if UR7-MG cells (model of GBM tumor cells) are able to form in vifre mtercellular
connections with characteristics of TnTs, and if they are different from those formed by NHA cells
(model of normal healthy astrocytes), we use confocal microscopy technique and 3D reconstmction
Both cell types form protrusions commecting distant cells with charactenstics of TnTs (Fig. 1), which
were not in contact with the substratum (Supplementary Fig. 51 and 52). To allow for a quantitative
determination, the cbserved membrane protrusions of about 200 cells were scored for each cell line.
The results showed that the number of cells forming TnTs 15 comparable between TUS7-MG and NHA
(44 £ 6.6 % and 37 = 3.5 % respectively) (Supplementary Fig.53). Confocal images show the presence
of TnTs of different thickness. More interestingly, we detected significant differences in both, thin and
thick of TnTs: US7-MG cells formed almost exclusively thick protrusions, while NHA formed either
thin and thick TnTs (Table 1). The measuring of TnTs diameter by light microscopy was not accurate
due to the resclution limit. Confocal microscopy showed that some TnTs reach thicknesses of over 700
nm, which could be due to incorporation of additional components inside the TnTs, such as
microtubules, as previously suggested (Onfelt et al.| 2006).

To evaluate the presence of tubulin, typical marker for thick TnTs, and of actin, typical marker for thin
TuTs, US7-GM and WHA cells were stamed with anti-tubulin and anti-actin flunorescent antibodies.
The results showed that US7-MG were able to form thick TnTs, which contained both actin and tubulin
(Fig. 7). NHA cells were able to form thick TnTs made of actin and tubulin, but they also established
thin TnTs, which were posifive only to actin staimng (Fig. 3).

3.3  Doxzorubicin treatment induced changes in the TnTs thickness of UST-MG cells

To evaluate the ability of US7-MG and WHA to exchange DOX wia TnTs, cells were treated with two
different doses of free DOX. Treatments with 25 pg/ml of DOX for 24 h induced a strong toxic effect
on both cell types, hindenng the images analysis (data not shown). Then all the subsequent
experiments were carmed out by incubating cells with 15 pg/ml of DOX for 1 h Analysis performed
at confocal microscope showed that DOX localizes principally at the moclens in both cell lines (Fig.
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4), as expected (de Lange etal., 1992}, but it was not detectable along TnTs structures. The quantitative
determunation of TnTs revealed that the % of cells forming TnTs was not affected by the treatment
with free DOX (Fig. 5), for both the cell types used.

Comparing the thickness of TnTs, the DOX treatment on US7-MG cells induced the formation of about
80% of thin TnTs, with a strong reduction of thick TnTs (Table 2A). Prolonging the ineubation time
up to 24 h, TnTs disappeared and U27-GM cells died (Supplementary Fig. 54).

No significant changes m TnTs thickness were detected for NHA, which remained comparable to
untreated NEA (Table 2B).

3.4 Mf-LIP boost the formation of thick TnTs in US7-MG cells, where they localized, but not in
NHA cells.

The cellular uptake of MELIP by U27-MG was evaluated by confocal microscopy and flucrescence
measurements. The results showed that Mf-LIP displayed a 3- to 6-fold increase of cellular uptake,
compared to DOX-LIP used as a control (Supplementary Fig. 53). Then, the ability of UST cells to
exchange LIP wia TnTs was evaluated. The results showed that only few DOX-LIP were inside TnTs,
and most of them were localized in thickest TnTs (Fig. 6). In agreement with the above results, the
amount of ME-IIP localized m TnTs was higher compared to DOX-LIP, and surpnsingly, this
treatment enhanced the formation of thick TnTs (Fig. 7). The treatment of US7-MG cells with DOZX-
LIP did not affects the % of cells forming TnTs (Supplementary Fig. S6A). but strongly increased thin
TnTs, with a significant reduction of thick TnTs (Table 3A), similarly fo the effect exerted by free
DO, Also the treatment with Mf-LIP did not affects the % of cells forming TnTs (Supplementary
Fig. S6A); neither the ratie between thin and thick TnTs changed (Table 3B).

No differences were detected in TnTs formed by WHA cells after meubation with DOX-LIP or Mf-LIP
{Supplementary Fig. 56B and Table 51). Images captured by confocal microscopy revealed that both,
DOX-LIP and Mf-LIP, were localized in TnTs with a little extent and the few LIP mnside in TnT's were
localized in the thick ones (Fig. & and 9).

4  Discussion

In the context of searching more effective therapies agamst GBM, which remains an incurable brain
tumour, we focus our attention on the cells commumnication. Intercellular communication plays an
important role In tumour progression, invasiveness and resistance to conventional treatments
{(Broekman et al., 2018). Among the different ways that cells used to exchange non-secrstable
messages, tunnelling nanotubes (TnTs) and microtubes (TmTs) are involved in the re-growth of GBM
after surgery and in confernng resistance to radio- and chemotherapy (Weil et al, 2017; Moschoi et
al, 2016). Starting from our expertise in the design of nanoparticles, we synthesized and characterized
LIP carry doxorubicin, as an anti-cancer dmg moedel, and dually-fimctionalized with mApoE and with
ClT=x, as GBM targeting ligands (Maletinska etal | 2000; DeBin et al_, 1993; Ojeda et al., 2016; Lyons
et al., 2002). The ability of human primary glioblastoma cell line (U87-MG), in comparison to normal
buman astrocytes (NHA), to exchange Mf{-1IP via TnTs has been investigated. Mf-LIP characterization
shown that the different batches herein prepared were highly reproducible and stable over ime, with
the yield of the reactions comparable to previously reported ones (Re etal, 2010; Re et al |, 2011).
Since 1t 1s reported in literature that TnTs are not apparent n some glioma cellular models (Van der
Vos et al., 2016), we check if US7-MG cells and NHA cells herein used were able to form TnTs in
vifra. The results showed that both types of cells were able to comnmnicate between them by TnTs, as
already reported (Reindl et al | 2019; Zhang et al., 2015; Fostami et al | 2017) and the percentage of
cells forming TnTs was similar between TU87-MG and NHA cells.

Since TnTs have been grouped into two main classes, very thin (= 0.7 pym, measuring 3 mummum of
100-200 nm) and thick (=0.7 pm, up to 1 pm) (Gerdes et al., 2007), we analyzed the heterogeneity of
TnTs formed by U37-MG and NEHA.
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Stmuctural analysis and the companson of the thickness of TnTs formed by these cells, shown that T87-
MG cells formed almost exclusively thick profrusions, while NHA formed erther thin and thick TnTs.
Considering that only thick TnTs are really active in fransport of molecules and organelles (Veranic et
al., 2008), this difference could may be exploited to increase the range of drug delivery between cancer
cells. Moreover, TnTs are also classified according to their different morphoelogy/function in TnTs type
I, short dynamic structures, containing actin filament and engaged in explonng the surrounding
micreenvironment, and TnTs type II, that are longer and more stable processes, contaiming actin and
tubulin filaments and apparently invelved in organelles shuttle (Veramic et al, 2008). Cur
immumofluerescence expeniments staining actin and tubulin, showed that US7-MG mainly formed
TnTs type IL compared to NHA which formed mostly TnTs type I. Accordingly, US7-MG were able
to exchange M{LIP, as shown by the detection of liposomes-associated fluorescence in thick TnTs.
The surface functionalization of DOX-LIP with mApoE and ClTx strongly enhance the LIP uptake,
compared to DOX-LIP, probably due to the overexpression of LDL-receptor by UST-MG cells
(Maletinska et al., 2000; DeBin et al., 1993), which 15 the target ligand of mApoE peptide, and ClTx,
which has been shown to selectively bind a specific chlonde channel on glioma cell surface (Ojeda et
al,, 2016; Lyons et al., 2002).

Moreover, the encapsulation of DOX in Mf{-LIP facilitates its passage through TnTs, respect to free
DOX, that remams almost exclusively localized m the nuclear region Considering that cells
physiclogically produced TnTs under stress conditions (e.g. hypoxia conditions, drugs, oxidative
stress), we assessed the effect of DOX freatment on TnTs formed by UE7-MG cells. The results showed
that free DOX mduced the formation of thin TnTs, with a strong reduction of thick TnTs and
prolonging the incubation time, TnTs disappeared and UB7-GM cells died as also showed for other
cells types (Fustom, 2016). Contrarily, when DOX is incorporated in Mf-LIP, we observed an increase
in the formation of thick TnTs by UBT-MG. This could be ascnbed to the already reported interaction
between ClTx and Amnexin A2 (Kesavan et al., 2010), which is involved in the remedeling of cells
structures (cell protmsions meheded) and whose expression has been recently associated with cell
dissemnination and metastasis of GBM (Maule et al., 2016; Xing et al., 2013).

Comparing these results to those obtained in NHA cells, ME-LIP were localized in TnTs with a little
extent and the few LIP mside in NHA s TnTs were localized in the thick ones, suggesting that in this
cell line LIP are scarcely exchanged by TnTs. This corroborate the fact that thick TnTs are mainly
mvelved in the intercellular trafficking of dmug-loaded liposomes. More appealing, the structural
difference between TnTs formed by GBM cells and NHA could be useful to design precise and specific
nanotherapeutics. The opporhmity to exploit TnTs as dmg-delivery channels can improve the cancer
therapy, by reaching isolated, mfiltrating tumer cells that are hardly targeted by dmg diffusion in the
brain parenchyma. Nowadays, few papers are available showing the inveolvement of TnTs-mediated
intercellular transport of naneparticles (Erstl et al., 2013; Epperla et al , 2015; Deng et al., 2018) and
none of them 1s dedicated to the companson between healthy and tumour cells in nanoparticles
trafficking. In conclusion, the understanding of the possible mtercellular delivery of nanotherapeutics
cargo via TnTs can significantly influence the appreaches to treat specific diseases.
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Figures Legends

Figure 1. US7-MG and NHA cells forms thin and thick ToTs. US7-MG cells (A) or NHA cells (B)
were plated on gelatin pre-treated coverslips, fixed and stained with Dil (1.9 pl‘ml) to detect TnTs.
Fluorescence images were acquired by a 40x magnification on AR Nikon laser scanning confocal
microscope. White ammows indicate thin TnTs, while white tnangles indicate thick TnTs. Scale bar: 10
um. Optical images captured with an inverted Olympus CEX41 microscope were also shown. Black
tnangles indicate thick TnTs. Scale bar: 100 pm. Magnification of protrusion are shown.

Figure 1. Characterization of TnTs in US7-MG cells. US7-MG cells were plated on gelatine pre-
treated coverslips. Cells were fixed, permeabilized and immunestained either with the anti-f-tubulin
antibody (1:150) and TRITC-phalloidin (1:40) to detect microtubules and actin filaments. Flucrescence
images were caphuwed by confocal microscopy. White triangles indicate thick and thm TnTs.
Magnification of protrusion are shown. Scale bar: 10pm.

Figure 3. Characterization of TnTs in NHA cells. NHA cells were plated on gelatine pre-treated
coverslips. Cells were fixed, permeabilized and immunostained either with the anti-f-tubulin antibody
(1:150) and TRITC-phalloidin (1:40) to detect microtubules and actin filaments. Fluorescence images
were captured by confocal microscopy. White triangles indicate thin TnTs. Magnification of protmsion
15 shown. Scale bar: 10pm.

Figure 4. Dozorubicin localize into the nucleus of UST-MG and NHA cells. US7-MG cells (A) and
NHA cells (B) were plated on gelatine pre-treated coverslips, incubated with 15 pg/ml of DOX for 1
h and then stained with DiO (3 pl'ml) to detect TnTs. Cells were fixed and flucrescence images were
captured with a 40x magnification on A1E. Niken laser scanning confocal microscope. White triangles
mdicate thin TnTs. Magnification of protrusion are shown. Scale bar: 10pm. DOX = dexomubicin.

Figure 5 Percentage of cells forming TnTs after DOX treatment. Percentage of US7-MG cells (A)
and NHA cells (B) forming TnTs on total cells is shown At least 200 cells were analyzed per group in
three independent expeniments. Data are expressed as mean + 5 E from three independent experiments.
Data were analyzed by Student f test; n.s= not significant DOX = doxorubicin; CTE. = confrol
untreated cells.

Figure 6. Localization of DOX-LIP in US7-MG TnTs. UZ7-MG cells were plated on gelatine pre-

treated coverslips. Cells were leaved in culture complete medium for 48 h and then incubated with
DOZ-LIP (15 pg/ml of DOX, 200 nmols of total lipids) for 1 b Cells were later stamned for 20 min
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519

with D10 (3 pl'ml), fixed and flucrescence images were captured with a 40x magmification on AIR
Nikon laser scanming confocal microscope. Black tnangles mdicate the presence of DOX-LIP in thick
TnTs. Magnification of protrusion and bright field images are shown. Scale bar: 10pm. DOX-LIP =
liposomes embedding doxorubicin.

Figure 7. Localization of MfLIP in UST-MG TnTs. UST-MG cells were plated on gelatine pre-
treated coverslips. Cells were leaved in culture complete medium for 48 h and then incubating cells
with ME-LIP (200 nmols of total lipids) for 1 h. Cells were later staimed for 20 min with DiI (1.9 pliml).
Cells were fized and flucrescence images were captured with a 40x magmification on A1E Niken laser
scanning confocal microscope. Magnification of protrusion and bnght field images are shown. Scale
bar: 10pm. MfLIP = multi-functionalized liposomes.

Figure 8. Localization of DOX-LIP in NHA TnTs. NHA cells were seeded on gelatine pre-treated
coverslips. Cells were leaved mn culture complete medium for 48 h and then incubated with DOX-LIP
(15 pg/ml of DOX, 200 nmols of total lipids) for 1 h Cells were later stamed for 20 mm with Di0 (3
plml), fixed and fluorescence images were captured with a 40x magnification on A1E. Nikon laser
scanning confocal microscope. Black tnangles indicate the presence of DOX-LIP in thick TnTs.
Magnification of protrusion and bright field images are shown. Scale bar: 10pm. DOX-LIP =
liposomes embedding doxomibicin

Figure 9. Localization of M{-LIP in NHA TnTs. NHA cells were plated on gelatine pre-treated
coverslips. Cells were leaved mn culture complete medium for 48 h and then incubating cells with Mi-
LIF (200 nmols of total lipids) for 1 h. Cells were later stained for 20 mun with Dil (1.9 pl/ml}). Cells
were fixed and fluorescence images were captured with a 40x magmfication on AR Nikon laser
scanmng confocal microscope. Black tnangles indicate the presence of DOX-LIP in thick TnTs.
Magnification of protrusion and bright field images are shown. Scale bar: 10pm ME1IP = mult-
functionalized liposomes.
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Funning Title
568  Tables

571  Table 1. Percentage distribution of thin and thick TnTs in US7-MG and NHA cells.

63% = 18.14%

3T =18.14% D% £ 2% 0.0239

575  Table 1. Percentage distribution of thin and thick TnTs in US7-MG (A) and NHA (B) cells after
576  treatment with DOX.

578 A

T6% £ 2.08%

24% +2.08% =0.0001

580
581 B
582

F06T% 656 %

4033656 % 08713
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500  Table 3. Percentage distribution of thin and thick TnTs in US7-MG cells after treatment with DOX-
591 LIP(A)of MELIP (B).

502
593 A
594

T3% +13%

25% +13% =0.0001
595
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