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1. INTRODUCTION

1.1 AUTOPHAGY: AN OVERVIEW

The word “autophagy” derives from Greek and mean®dt (“phagy”)
oneself (“auto”). This process is not directly athepathway, rather a self-
cannibalization pathway. Mainly mediated via thedsomal degradation
way, autophagy is responsible for degrading cellyeoteins and is
currently the only known process for degrading watl organelles,
recycling them to ensure cell survival. Thus ausaph is one of the main
mechanisms for maintaining cellular homeostasisvelgeless, in the
recent years autophagy has been shown to engageomplex interplay
with apoptosis. In some cellular settings, it canve as a cell survival
pathway, suppressing apoptosis, and in othersggntlead to death itself,
either in collaboration with apoptosis or as a bagkmechanism when the
former is defective.

The term autophagy can be addressed to threeatifferocesses, depicted
in Fig. 1. chaperone-mediated autophagy, microd#gp and
macroautophagy. Chaperone-mediated autophagy (GbslA&haracterised
by its selectivity regarding the specific substatgytosolic proteins)
degraded and involves direct translocation of w#dl substrate proteins

across the lysosome membrane through the actioa oftosolic and



lysosomal chaperone hsc70, and the integral merabeneptor LAMP-2A
(lysosome-associated membrane protein type 2A).

Microautophagy and macroautophagy, with respectCiMA, involve
dynamic rearrangement of the sequestering membféeemain difference
between these two modes lies in the way by whit¢bpdgismic material is
delivered to the lysosome but share in commonitia $teps of lysosomal
degradation with eventual recycling of the degradedaterial.
Microautophagy involves the engulfment of cytoplasiinectly at the
lysosomal surface, by invagination, protusion, andgeptation of the
lysosomal limiting membrane. In contrast, macrophégy involves the
formation of cytosolic double-membrane vesicles Hemuester portions of
the cytoplasm. Fusion of the completed vesicleaatophagosome, with
the lysosome results in the delivery of an innesicte or autophagic body
into the lumen of the degradative compartment [1].

In the present work, as for the scientific commynihe term autophagy
will refer to macroautophagy.

At present, more than 30 autophagy-related (Atgpegeand proteins have

been identified in yeast and many of these have mmaan orthologs.
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Microautophagy refers to the sequestration of ®lioscomponents directly by lysosomes through
invaginations in their limiting membrane. The fupatof this process in higher eukaryotes is notvkmo
whereas microautophagy-like processes in fungiimrelved in selective organelle degradation. In the
case of macroautophagy, the cargoes are sequestighéda unique double-membrane cytosolic vesicle,
an autophagosome. Sequestration can be either emfispinvolving the engulfment of bulk cytoplasm,
or selective, targeting specific cargoes such gsarmlles or invasive microbes. The autophagosome is
formed by expansion of the phagophore, but theirorig the membrane is unknown. Fusion of the
autophagosome with an endosome (not shown) or asdyse provides hydrolases. Lysis of the
autophagosome inner membrane and breakdown ofdherts occurs in the autolysosome, and the
resulting macromolecules are released back inteytasol through membrane permeases. CMA involves
direct translocation of unfolded substrate proteioss the lysosome membrane through the actian of
cytosolic and lysosomal chaperone hsc70, and ttegrial membrane receptor LAMP-2A (lysosome-
associated membrane protein type Z2).



The autophagic process can be dissected into clisti@ps :

- Induction -

The degradative autophagy pathway is induced ug@mation or different
signaling pathways through a mechanism that ingbhe protein kinase
Tor, a negative regulator of autophagy [3]. Tor @ambit autophagy by
two mechanisms [4]:

- acting in a signal transduction cascade througlindtream effectors for
the control of translation and transcription

- lowering the affinity of Atgl3 for Atgl by hypenpsphorylating Atg13
and thus inhibiting autophagy [5].

Atgl and Atg13 are presumed to be part of a comiplgxmost of the other
components are still unknown. Both the regulatonjakes, Tor and the
amino acid sensor general control nonrepressedc22)G and the Atgl
component of the induction complex play a consereégl in autophagy in
higher eukaryotes [4, 6, 7].

- Cargo Selection and Packaging —

In S. cerevisiae, many of the components of the autophagic machiaes
used for a specific transport called the cytopléswacuole targeting (Cvt)
pathway [8]. By this way, autophagy becomes a $ipegrocess through
utilization of additional components, like AtglldaAtgl9 proteins, that

are involved in the recognition and packaging ofgoa However, this



selectivity seems to be lost in higher eukaryotas #here is no evidence
for the Cvt pathway in any organism other tisaperevisiae.

- Vesicle Nucleation -

This step is not completely understood but the sfteesicle formation

seems to be identified as the preautophagosomadtste PAS [9, 10].

Autophagic vesicles do not appear to bud off framegisting organelles,
as for vesicle formation throughout the endomenmbraystem of

endoplasmic reticulum or Golgi complex. Thus, thesigle is thought to

form de novo but the source of the vesicle membissegll unknown.

The most common hypothesis is that the endoplasaticulum supplies

membrane during vesicle formation, although the mmatsm by which a

portion of the endoplasmic reticulum is switcheanfrits normal function

into esicle formation is not clear [11]. Howevemsicle nucleation is
tightly regulated by the phosphatidylinositol (Pisll 3-kinase complex |,
which includes the Ptdins 3-kinase Vps34, alondy Wips15, Vps30/Atg6,

and Atgl4 [12]. The transmembrane protein Atg9 alspears to act early
in the process of vesicle formation. Atg9, Vpsl1ps¥®¥4, and Vps30/Atg6
(Beclin 1) are conserved in higher eukaryotes.

- Vesicle Expansion and Completion -

The step of vesicle formation involves a lot of teins that are either
conjugating enzymes or structural. In the first ugroare two sets of

components involving ubiquitin-like (Ubl) proteinthat participate in
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conjugation reactions during vesicle expansion.[23$8 (LC3) is a Ubl
that undergoes proteolytic processing prior to ryodthe lipid
phosphatidyl-ethanolamine. Atgl2, a second Ubtomalently attached to
Atg5. One of the major questions concerning seeguest vesicle
formation is what supplies the driving force forfalenation/curvature of
the membrane. In most vesicle budding processesntal role is played
by protein components that form a transient cohe Atgl2-Atg5 proteins
are the best candidates for a transient coat commm®lved in autophagy.
Interestingly, almost all of the components that aicthis stage of the
pathway have orthologs in at least some higherrgokes [14].

- Vesicle Targeting, Docking, and Fusion -

During this phase, the autophagosome fuses witlytsome, as a result
the contents of the autophagosome are releasedthetdysosome for
degradation by lysosomal proteases Molecular genstudies have
indicated that the machinery required for the fased autophagosomes
vesicles with the vacuole includes the SNARE prst&bDI homologs and
members of the class C Vps/HOPS complex [15].

- Vesicle Breakdown -

Following fusion of these two vesicle bodies, thatophagosome
membrane is then broken down by the lysosomal asete(such as
proteinase B) and the acidic pH of the vacuole luni&om now on, the

degraded content is ready to be recycled [1].



1.2 AUTOPHAGY AND IMMUNITY

There are growing evidence that autophagy is ire@iw the regulation of
the immune system. This pathway has been linketh botinnate and
adaptive immunity, including pathogen resistancedpction of type |
interferon, antigen presentation, tolerance angplymeyte development, as
well as the negative regulation of cytokine sigmgand inflammation.
Autophagy genes are involved in antimicrobial hdstense in mammals,
as demonstrated by phagocytic cell-specific deletibAtg5 in mice that
results in greater susceptibility to infection witivo different types of
intracellular pathogens, the bacteriuosteria monocytogenes and the
protozoanToxoplasma gondii [16].

In other studies, autophagy has been demonstratdx tcritical in the
destruction of a parasite-containing vesicular citme through the
recruitment of immunity-related GTPases to the gissphorous vacuole.
Several different immune signals positively regellautophagy, including
double-stranded RNA-activated protein kinase (PKIR)I-Like Receptors
(TLRs), tumor necrosis factor, the CD40-CD40L iat#ion, interferon-
gamma (IFNy) and the immunity-related GTPases [16, 17,18, A9,
whereas T helper type 2 cytokines (IL-4 and 1L-fh8yatively regulate
autophagy [21].

Of particular interest is the connection betweerR$land the autophagy

pathway [22]. Even if the physiological function GfLR-mediated
9



induction of autophagy is not yet known, it hasrbebown that TLRs can
regulate autophagy [23, 24]. Moreover, the automhatpchinery can be
used to deliver viral genetic material to endosoffBRs for efficient
induction of type | interferon40, and TLRs may attthe recruitment of
autophagy proteins to phagosomal membranes [25].

Autophagy is also involved in the innate immune naing, as
demonstrated by the pivotal role of Atg5 in the duction of type |
interferon in plasmacytoid dendritic cells [26]. @re other hand, several
studies have shown that absent expression of aagypienes can result in
enhanced production of type | interferon or othgtokines, including
proinflammatory molecules such as IB-and IL-18, or adipocytokines,
such as leptin and adiponectin [27, 28, 29, 30].

Moreover, macrophages from mice lacking Atgl6ll ehawmcreased
production of proinflammatory cytokines I3land IL-18 after endotoxin
stimulation of TLR4 [27].

Recent findings demonstrate that autophagy is drteeomechanism for
MHC class Il presentation of certain endogenoustytlgesized peptides
[17, 31]; moreover autophagy and the Atg5 protei@ns to be involved in
MHC class |-restricted antigen presentation [32].

Thymic selection is another important process tisatproven to be
associated with autophagy. It has been demonstrditad autophagy-

dependent endogenous loading of MHC class Il isomamt in shaping the
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T cell repertoire. Thymic epithelial cells that @fion in positive and
negative selection show constitutive autophagydasonstrated by the
presence the green fluorescent protein—LC3 dots348]3

During positive and negative selections, thymidhegial cells present self-
antigens to lymphocytes. Because thymic epithek#ls are not thought to
have phagocytic activity, it is reasonable to hjestze that they provide
self-antigens from their own cytoplasm. In this reo@o, autophagy in
thymic epithelial cells might be involved in T-celévelopment and central
tolerance [33].

Normal thymic T cell selection requires Atg5 exiea in the stromal
cells in thymic allografts [34]. Experiments withyinic transplantation
show that the selection of MHC class II-depende@RS3 requires Atgbs.
Furthermore, mice withtg5~~ thymic implants develop autoreactive CD4
T cells, as measured both by the proportion of G¥ggeripheral cells and
the development of inflammatory infiltrates in maorgans, including the
intestine. The development of autoreactive CO4cells in mice with
Atgs™"" thymic implants is thought to reflect a functiof Atg5 and,
presumably, the autophagy pathway in controlling tapertoire of self
peptides presented by thymic epithelial cells Hratresponsible for normal
thymic selection and the generation of T cell tahme. However,

autophagy genes other th&tgb have not yet been analyzed in similar
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studies, and thus the function of the cellular psscof autophagy in thymic
selection remains to be defined [35].

Autophagy plays a critical role in lymphocyte bigjo Indeed, several
studies have shown that deletion of autophagy gen&€dymphocytes and
B lymphocytes alters their development, survival/anfunction.

The thymus is a site of constitutive autophagy [B8, and the expression
of Beclin 1 is regulated during T cell and B cedivélopment and T cell
activation [36]. For example, loss of Atg5 or Atigpdpairs the survival and
proliferation of mature T lymphocytes in vivo [3B{3and Atg5 is required
in B lymphocytes for the survival of developing pBecells in the bone
marrow and of mature B-1la cells in the peripher§].[4Dne mechanism
postulated for the involvement of Atg7 and AtgStme survival of mature
T cells involves a classical autophagy function tire clearance of
mitochondria and consequent prevention of the aotation of reactive
oxygen species and imbalance of the expressiomoefgnd antiapoptotic
proteins [37, 39]. Notably, the developmental pattef Beclin 1 in B
lymphocytes, similar to that of the antiapoptotiotpin Bcl-2, shows
downregulation at the transition from pro—B celpte—B cell [41].

A controversial area is whether autophagy is exadly a prosurvival
pathway in lymphocytes or whether it also can s a death pathway.
The impaired survival of certain populations of &l or T cells [37, 38,

39, 40] following deletion of Atg5 or Atg7 suggesas major role for
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autophagy in lymphocyte survival. However, it hag hypothesized that
IFN-y may induce Irgm1-regulated autophagic cell deat&D4 T cells
[42]. In addition, knockdown of the gene encodirgchh 1 or Atg7 results
in less death of CO4T cells induced by growth-factor withdrawal [43],
and autophagy genes are required for the deatlysthmder CDA T cells
triggered by the human immunodeficiency virus eopel protein [44].
Thus, a consensus is growing that autophagy mayiatee@ctivation-

induced death of CO4T cells [35].
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1.3TRPV CHANNELSIN THE IMMUNE SYSTEM

The transient receptor potential proteins (TRPs) fiamily of ion channels
responsible for a wide array of cellular functiod®iginally identified in

Drosophila melanogaster, these channels are ubigyt distributed
throughout the mammalian system. Based on sequsemdarity, the TRP
superfamily can be divided into seven families (B)gTRPC (canonical),
TRPV (vanilloid), TRPM (melastatin), TRPN (DrosolghNOMPC) and

TRPA (ankyrin), TRPML (mucolipin) and TRPP (polytys.

Fig.2 The TRP channels superfamily. Adapted from [45].
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Each of these subfamilies contains several membleich differ for mode
of activation and response to stimuli. The gen¢oglology of a TRP
subunit includes intracellular N- and C- terminadjions of variable length
and six transmembrane spanning domains with a pwop between
transmembrane domain 5 and 6 [46]. Several famiiage a variable
number of ankirin motifs within their intracelluld- termini, which are
thought to participate in protein-protein interaos; members of individual
TRP families may also share other motifs, suchodea:-coil domains [47].
The TRP subunits are thought to assemble as honmeetero-tetramers to
form cation selective channels [48]: experimemaldence for tetramer
formation exists for TRPV1, TRPV2 and TRPV5/6 [41)] and many
TRPC channels can form heteromeric channels [51-53]

TRP channels are activated by a wide range of stimzluding intra- and
extracellular messengers, chemical, mechanical asthotic stress,
temperature, growth factors and depletion of irglatar calcium stores
[45]. The biophysical characterization of TRPs hagealed significantly
different activation mechanisms and selectivity wesin channels.
Functional studies have demonstrated that TRPsearessary for a number
of physiological processes, including sensatiorcl{sas taste, smell and
temperature), hormone secretion and developmenable 1 are listed the

main physiological function of TRP channels, reveelin [54].
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Table 1. TRP channel functions.

TRP

Subafmily Physiological role

. Regulation hepatocyte cell volume and endothebaingability
. Neural development

. Regulation of vascular smooth cell proliferation

TRPC «  Proliferation of pulmonary artery endothelial cells

. Activation of cystic fibrosis transmembrane conductance factor in
vascular endothelial cells

. Degranulation of mast cells
. Nociception
. Heat sensation

TRPV

. Inflammation
. Ca2+ reabsorption in kidneys and bone
. Insulin secretion
TRPM . AI-Ierg|.c reactions _
. Migration of dendritic and mast cells
. Inflammation
TRPA . Mechanosenszflt_lon.
. Cochlear amplification of sound
TRPML . Vesicular tran§port
. Control of pH in lysosomes
TRPP . Mechanosensation

. Follicle maturation and differentiation

TRPVL1 is predicted to have six transmembrane (Tbihains and a short,
pore-forming hydrophobic stretch between the fédtid sixth TM domains
[55]. Like many other TRP channels, TRPV1 has aglamino terminus
containing three ankyrin-repeat domains and a ogftbderminus

containing a TRP domain close to the sixth TM. Tdrkyrin repeats
consist of an 33-residue motif named after theslkatetal protein ankyrin,
which contains 24 copies of these repeats. In othembrane proteins,
ankyrin repeats are known to bind to many cytogmiateins [56]. To date,

one protein, calmodulin (CaM), has been reporte@inal to the ankyrin
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repeat domain of TRPV1 (the first ankyrin repe&j][ The Drosophila
TRP channels form a heteromultimeric channel corapleese complexes,
in turn, form part of a larger signaling complexattalso contains a G
protein-coupled receptor (rhodopsin), an effecpdro§pholipase C; PLC),
regulators (protein kinase C; PKC and CaM), andsiteffolding protein
INAD (inactivation no-after potential D) [58].

TRPV1 is also presumed to consist of a multimed@anmel, though
experimental evidence along these lines has bettivety limited.
Oligomer formation analysis using perfluorooctanad polyacrylamide
gel revealed that TRPV1 forms multimers with a htetramer as the
predominant form (Fig. 3) [59]. Tetrameric stoiamietry for the native
capsaicin receptor has also been suggested byettaribur of a dominant
negative TRPV1 mutant bearing amino acid subsbigtiin the sixth TM
domain [60]. TRPV1 is also thought to form heteigaiers with TRPV3,
another heat-sensitive TRP channel, based on tenadiions that TRPV3
Is transcribed from a gene adjacent to TRPV1, iexquessed in dorsal
root ganglion (DRG) neurons with TRPV1, co-pre@fes with TRPV1 in
heterologous expression systems and may reduce TiREygonsiveness to
capsaicin [61]. However, TRPV1 expressed alone umdn embryonic
kidney-derived HEK293 cells or Xenopus oocytes eagount for the
majority of the electrophysiological properties #xted by native
capsaicin receptors in sensory neurons, includirgant affinity,
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permeability sequence, current/voltage (I/V) relaship, conductance and
open probability at both single-channel and whaklevels. These results
suggest either that TRPV1 can form homomultimetbout other subunits
[55, 62-65] or that incorporation of subunits othlean TRPV1 does not
influence the functional properties. I/V relationsh in the whole-cell
configuration have reversal potentials close to\M) mdicating the opening
of non-selective cationic channels, and exhibit ssafitial outwards
rectification with a region of negative slope coa@unce at potentials
negative to 70 mV [62]. The open-time distributioos single-channel
currents in the presence of low capsaicin conceotrs (10—-30 nM) are
best fitted with three exponential components, ahihe closed-time
distributions are best fitted by five exponenti@mponents, although
number of exponential components seems to be diffeat higher
capsaicin concentrations (0.5-1 uM) [64]. Thesglsithannel properties
suggest the complex kinetics of TRPV1 channel gatidowever, the
single-channel properties show no significant défeees between the
native (sensory neurons) and cloned receptors,catidg again that
functional native TRPV1 channels are made up of WRBubunits.
Capsaicin (CPS), piperidine, eugenol, gingerol,inigatoxin, A9-
tetrahydrocannabinol and cannabidiol as well asausxheat (>43-45°C)
have been found to act as exogenous TRPV1 agoriistaddition,

endovanilloids, biogenic amines like N-arachidotiydmolamine, N-
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arachidonoyldopamine and products of lipoxygenaEEsHETE and

leukotriene B4) are described as endogenous vahidlgonists [55, 66]

(Fig.3).

Fig. 3 Activation of TRPV1 by different endogenous or ggnous agonists [67].
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An increase in the intracellular calcium conceimra{[C&];) is critical for
lymphocyte activation that includes cell prolifeoat and differentiation
[68] and [69]. In B and T lymphocytes, stimulatigia an antigen receptor
results in a biphasic Ca2+ response: an initialsient increase in [G§,
that corresponds to Ca2+ release from the endomassticulum (ER)
store and the subsequent prolonged?{IC@levation that depends on the
C&" influx from the extracellular environment acroske t plasma
membrane. Elevated [€& levels result in the activation of many
transcription factors such as NF-AT and NB; thereby leading to cell
proliferation and production of various cytokines.

Several ion channels play an important role in éasing [C&]; in
lymphocytes [70]. In the initial phase of [Cincrease, the inositol 1,4,5-
trisphosphate (IP3) receptor that is activated B® ls cleaved from
phosphatidylinositol 4,5-bisphosphate (PIP2), thereausing the release
of C&* from the ER into the cytoplasm. In the subsequémaise, various
ion channels cooperatively induce extracellula*Qaflux across the
plasma membrane and maintain increased”JCaThe store-operated
channels (SOCs) including €eelease-activated €achannels (CRAC
channels) are activated by the depletion of th& €®re; these channels
are believed to contribute toward the maintenarid€a’*];. Voltage-gated

and Ca'™-activated K channels appear to contribute to the
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hyperpolarization of the membrane potential thaintains the driving
force of the C# influx.

TRP channels have been reported to play importdes in [C&]; increase
in lymphocytes [71], [72] and [73]. For example, the avian B
lymphocyte cell line DT40, the disruption of TRPQC#&sults in the
reduction of both Ca2+ oscillations and the subsetjiNF-AT activation
caused by BCR ligation. TRPM4, a ‘Gactivated monovalent-selective
channel, contributes to €aoscillation by regulating the membrane
potential in Jurkat T cells. TRPC7 appears to fimmcas a DAG-activated
channel in DT40 B cells.

TRP channels have also been found to regulate thgrasis. Recently, it
has been demonstrated that tissue-specific delefioRRPM7 in T cell
lineage disrupts thymopoiesis, with a developmebkatk of thymocytes
at double-negative (DN) stage, and progressive etiepl of thymic
medullary cells [74]. In addition, some endogenwasilloid agonists have
been described in the thymus [75]. Moreover, weehareviously reported
that treatment with CPS affects T cell differentiatand functions in a
TRPV1-dependent manner, by regulating the apoptadisdistinct

thymocyte subpopulations [76].
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2. AIM OF THE WORK

Given this background, aim of the study was to stigate the role of
TRPV1, a member of the family of cation channelsnafeasing interest,
in the regulation of the autophagic/apoptotic psses and its potential

involvement in thymocyte development.
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3. MATERIALSAND METHODS

3.1 ANIMALS

C57BI/6 male mice were purchased from Harlan, Uditedy. GFP-LC3
[33] and Beclin-1" mice [77] were provided by Prof. Francesco Cecconi
(Tor Vergata University, Rome, Italy) and housedoesviously described
[76]. Five animals, 6-10 weeks-old, were sacrificed facheexperiment in
accordance with the National Institutes of Hea(Buidelines for the Care

and Use of Laboratory Animals’.

3.2CELL PREPARATION

Thymi were teased and cellular debris was remoyeexktensive washing.
Thymocytes were isolated by centrifugation on Lywifie-M (Cederlane,
Burlington, Canada) gradient, washed twice in RRgH0O medium
(Lonza, Basel, Switzerland) containing 10% heatiinated fetal bovine
serum (FBS), 2 mM L-glutamine, 100 IU/ml penicillint0O0 mg

streptomycin (Lonza), counted and diluted at appat@ concentrations in
medium. Cell purity (99%) was assessed by immuwoflscence and

FACS analysis using anti-CD3 monoclonal antibodylm
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3.3 REAGENTS

The following monoclonal antibodies (mAbs) were disPE-conjugated
anti-mouse CD3, PE-conjugated anti-mouse CD4 (CBY4-EByChrome-
conjugated anti-mouse CD8 (CD8-CyChrome) (1 pL/£xdélls), anti-
caspase-3 (1:1000, BD Biosciences, San Jose, CA),U&hti-Bcl-X_
(1:200) and anti-actin (1:1000) (Santa Cruz Biotmtbgy, Santa Cruz,
CA), and rabbit anti-phospho AMP-activated kinad®PK) (1:1000, p-
AMPK) (Cell Signaling Technology, Danvers, MA, USAlhe following
rabbit polyclonal Abs were used: anti-TRPV1 (westetot 1:200; flow
cytometry 1:25; Abcam, Cambridge, MA), anti-AMPKpteATG4C and
anti-Beclin-1 (1:1000, Cell Signaling), anti-LC3 (Rg/mL, Novus
Biologicals, Littleton, CO). Fluorescein isothiocyde (FITC)-conjugated
goat anti-rabbit (GARB, 1:20) from Santa Cruz Bdadbteology.
Horseradish peroxidase (HRP)-conjugated sheepnamise (1:2000) and
HRP-conjugated donkey anti-rabbit (1:20000) from @E&althcare Bio-
Sciences AB (Uppsala, Sweden). z-VAD (OMe)-FMK frdémzo Life
Sciences (Farmingdale, NY). FLUO 3-AM (7 uM) andidioe orange
(AO, 1 [ig/mL) were Invitrogen (San Diego, CA, USA). CPS (M),
capsazepine (CPZ, 1 uM), rapamycin (10 ng/ml), 8agleadenine (3-MA,
5 mM), bafilomycin Al (1 uM), compound C (10 uM),

ethylenediaminetetraacetic acid (EDTA, 5 mM), Nigloysteine (NAC,
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10 mM), 2',7'-dichlorofluorescein diacetate (DCFDX] ug/ml), Trypan

blue and dimethyl sulfoxide (DMSO) from Sigma-Aldhi

34FLOW CYTOMETRY

To determine the expression of TRPV1 on mouse tloytes, 5x105 cells
were fixed and permeabilized using CytoFix/CytoPefus (BD

Biosciences) before the addition of anti-TRPV1 ptdpal Ab. Normal

goat serum was used as negative control. After @0ain4 °C, cells were
washed twice and labelled with FITC-conjugated GARB

In some experiments, thymocytes from wild-type (wd GFP-LC3
transgenic mice [78] untreated, treated with CP® M) or pre-treated
with 3-MA (5 mM) before the addition of CPS, wereuthle stained with
anti-CD4-PE and anti-CD8-CyCrome mAbs and analyaed FACScan
cytofluorimeter (BD Biosciences). Electronic compation was used
between green, red and orange fluorescences toveeapectral overlaps.
The percentage of positive cells was determined @®000 events and
fluorescence intensity was expressed in arbitrargsuon a logarithmic

scale.

3.5ACIDIC VESICULAR ORGANELLES(AVOs) DETECTION
AO is a cell-permeable lysosomotropic agent thadriésces when excited

with blue light. In its uncharged state AO emiteg in the cytoplasm and
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nucleus, and in its protonated form it accumulatsgle acidic vesicles and
emits red light. Briefly, 3x105 thymocytes were dee into 24-well plates
and cultured for the indicated times with CPS (@) alone or in
combination with CPZ (1iM). In some experiments, thymocytes were pre-
treated with 3-MA (5 mM) before the addition of CP& the end of
treatments cells were washed with fresh mediumpeddawith AO and

analyzed by flow cytometry as previously descrif#].

3.6 CALCIUM INFLUX ([Ca*];) MEASUREMENT

Intracellular C&" flux was measured using FLUO 3-AM as previously
described [76]. After FLUO 3-AM staining, cells weresuspended in
RPMI/FCS medium supplemented or not with EDTA (5 )nMlarmed to
37 °C for 5 min, and stimulated with 10 uM of CRSf different times. In
some experiments, cells were treated with CPS mbagation with CPZ
(1 uM). FLUO-3 fluorescence was measured on thes Elgtometer at 525
nm on the green channel; untreated cells were a@adlyo establish

baseline fluorescence levels.

3.7 REACTIVE OXYGEN SPECIES (ROS) PRODUCTION
Thymocytes, untreated or treated with CPS (10 pdvidifferent times (5,
15, 30, 60 and 120 min), were cultured at a dertdity.5x105 in 24-well

plates, washed with PBS, pulsed with DCFDA (t@ml) for 10 min at 37
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°C 5% CO2 and quickly analysed by Flow cytometry dine CellQuest
Software. In some experiments, treated cells weleired in the presence

of NAC (10 mM), CPZ (IuM) or EDTA (5 mM).

3.8 WESTERN BLOT

Lysates were obtained by using lysis buffer (IMsTH 7.4, 1M NacCl, 10
mM EGTA, 100 mM NaF, 100 mM Na3VO4, 100 mM PMSF, 2%
deoxycholate, 100 mM EDTA, 10% Triton X-100, 10%yagrol, 10%
SDS, 0.1M Na4P207) containing protease inhibitocktal (Sigma
Aldrich) and the Mixer Mill MM300 (Qiagen, HilderGermany). Samples
were separated on 7% SDS-PAGE, transferred ontoohtdC extra
membranes (GE Healthcare), blocked with 5% lowdfgitmilk and blotted
with rabbit anti-TRPV1 Ab followed by HRP-conjugdtaelonkey anti
rabbit Ab. In addition, proteins were separatedldfo SDS-PAGE and
immunoblotted with rabbit anti-LC-3 or mouse ardspase-3 followed by
the appropriate HRP-conjugated Abs. For the detecof AMPK, p-
AMPK, Atg4C, Beclin-1 and Bcl-XL, lysates were segtad on 10% SDS-
PAGE. The detection was performed using the LiteA®PLUS or the
LiteAblot ® TURBO (EuroClone, Milano, lItaly) kit andiensitometric
analysis by a Chemidoc using the Quantity One soBwBioRad). Each

sample was compared to its loading control (adtinjjuantification.
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3.9IMMUNOPRECIPITATION AND OXYBLOT

Cell lysates (20Qug), from thymocytes untreated or treated for 2 kthwi
CPS (10 pM) alone or in combination with NAC (10 mMere precleared
with protein A-sepharose (GE Healthcare) and timenbated overnight at
4°C with rabbit anti-Atg4C Ab (1:100) (Cell Signad) Technology) cross-
linked to protein A. After washings, immunoprecgiéd complex was
eluted from beads and aliquots of immunoprecipitatstg4C were
derivatized using the Oxyblot Protein Oxidation &xton Kit (Millipore
Corporation, Billerica, MA, USA). After neutralizah, samples were
applied on 10% SDS-PAGE, transferred and procedskowing the
manufacturer’s instructions. The detection and dbasitometric analysis

were performed as above described.

3.10CELL VIABILITY

Thymocytes (1.5x106/ml) were seeded into 6-weltgdaand cultured for
the indicated times with CPS (10 uM) or pre-treateth 3-MA (5 mM)
before the addition of CPS at 37°C, 5% CO2. Afteatment, cells were
collected and labelled with 0.4% Trypan Blue sant(Sigma Aldrich).
Enumeration of viable cells was carried out in Naudy’'s chambers using

a light microscope at 10X magnification.
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3.11 DNA FRAGMENTATION

Time-course experiments of nucleosomal DNA fragagon were
performed by agarose gel electrophoresis. Bridflgx106/ml thymocytes
were cultured at 37°C, 5% CO2 with or without CA® (M) for the
indicated times; thymocytes were also pre-treatdith B-MA (5 mM)
before the addition of CPS. After treatment, celése washed in PBS, and
DNA was extracted using the Qiagen DNA extractiah Khe DNA
samples were electrophoresed on ethidium bromalaest 1.7% agarose
gels and acquired by ChemiDoc.

Nucleosomal DNA fragmentation was also evaluatedheyMEBSTAIN
Apoptosis Kit Direct (MBL Medical and Biological baratories CO.,
Naka-ku Nagoya, Japan) according to the manufatsumestructions for
Flow cytometry analysis, in thymocytes treated beva described and
stained with anti-CD4-PE and anti-CD8-CyCrome mAlws.brief, cells
were fixed with 1% paraformaldehyde for 15 min are,i washed,
permeabilized with 70% ethanol for 15 min on icastved and then stained

with the reaction mix for 30 min at 37°C.

3.12 RNA ISOLATION, REVERSE TRANSCRIPTION AND ¢gRT-
PCR ANALYSIS

Total RNA was extracted from untreated, CPS-tredatesmocytes and

from spleen tissue, by the RNeasy Mini Kit (QiagdRINA samples were
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resuspended in RNAse-free water and their condemtrand purity were
evaluated by A260-A280 measurement. RNA sample® (&§) were
subjected to reverse transcription using the HigipaCity cDNA Archive
Kit (Applied Biosystems, Foster City, CA, USA) acdmg to the
manufacturer’s instructions. One pl of the resgltcDNA products was
used as template for RT-PCR quantification. Quaing¢ RT-PCR was
performed using the iQ5 Multicolor Real-Time PCRté&xtion System
(Biorad). The reaction mixture contained the SYBReéh PCR Master
Mix (Biorad) and forward and reverse primers desdyfrom sequences in
the GeneBank database by Beacon Designer 5.1 sefReemier Biosoft
International, Palo Alto, CA, USA): TRPV1l:. FW 5-CCAGACAGA
GACCCTAAC-3' RV 5-TCTTCTGAGTCACCCTTCC-3’; AtgdA: W
5-TGGGTGGCCTTTGTTGTAACT-3', RV  5-TGCTCGGTCACA
TGCATATTG-3"; AtgdB: FW 5-GGCCAGGAGCTATTGTGCTG-3,,
RV 5-CCCCTTACTACCAACAACAGGAGT-3’; AtgdC: FW 5-TGAA
GTCCAGTAGTTACAGTTACG-3', RV 5-AGCACAGCACACCGA
AGC-3’; Atg4D: FW 5-ACACAGGGTGCACTGGAGATG-3, RV 5
TCAGCGAACCAGGAAACAATC-3;; glyceraldehyde-3-phospleat
dehydrogenase (GAPDH): FW 5-CCCACTAACATCAAATGGGG-3
RV 5-TTGGCTCCACCCTTCAAGT-3. Each PCR amplificahio
consisted of 3 min at 94°C, followed by 40 cycleS84fC for 15s, 58°C for

30s and 72°C for 30s. All controls and samples aseayed in triplicate in
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the same plate. Measurement of GAPDH mRNA was @sedontrol to

normalize mRNA content.

3.14 RT-PCR PROFILER ARRAY

Total RNA from thymocytes, untreated or treatechv@PS (10 uM) alone
or with 3-MA, was isolated as above described. @nerogram of the
obtained RNA was subjected to RT using the Read®eady first strand
cDNA kit (Superarray Bioscience Corporation, FrederMD) following
the manufacturer’s instructions. Quantitative RTRP&as performed using
the 1Q5 Multicolor Real-time PCR detection systddio(ad), the RT2 real-
time SYBR green PCR Mix and the Mouse AutophagyesldSuperarray
Bioscience Corporation). Each PCR amplification sisted of heat
activation for 10 min at 95 °C followed by cycles3% °C for 15 sec and
60 °C for 1 min. Measurement of five housekeepiages on the samples
was used to normalize mRNA contents and resultse vexpressed as

relative fold of the corresponding control.

3.15 STATISTICAL ANALYSIS

The statistical significance was determined by &miid t-test and by
Anova with Bonferroni post-test. No statisticalrgigcative difference was
found between untreated and vehicle (DMSO)-tretitgchocytes (data not

shown).
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4. RESULTS

CPSINDUCESAUTOPHAGY INTHYMOCYTES

Autophagy in the thymus is activated under stresslitions [80, 81]. CPS
has been found to induce cellular stress [82],dbytresent no data on the
ability of CPS to trigger an autophagic progranthe thymus have been
provided. Thus, we first determined whether treatinté thymocytes with
CPS could induce autophagy as indicated by theegsiieg of LC3. Ficoll-
purified CD3 thymocytes (>99%) (data not shown), treated or witi
CPS for different times, were analyzed for LC3 niohi CPS caused a
significative accumulation of lipidated LC3 (LC3-lat 2h after treatment
that declined thereafter (Fig. 4A). Similar resulisre obtained treating
thymocytes with rapamycin used as positive cor{ttata not shown).
Autophagy requires the formation of autophagosommdsch then fuse
with endosomes/lysosomes to form AVOs, where degiaa of the cargo
occurs. Thus we detected AVOs formation by AO stginand flow
cytometry. Time-course analysis on thymocytes exggds CPS evidenced
a significant level of AVOs formation at 2h as camgd to untreated cells

(Fig. 4B).
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Fig.4 CPS induces autophagy in mouse thymocytes.
A) Lysates from thymocytes, untreated or treated WiHS for different times, were separated on 14%

SDS-PAGE and probed with anti-LC3 Ab. One represtire out of three independent experiments is
shown. Statistics of densitometric analysis wa$gpered by Anova Bonferroni post-test, *p<0,01.

B) The percentage of cells positive for AVOs was eatd by AO staining and FACS in untreated or
CPS-treated thymocytes. Data shown are the meam f0fSthree independent experiments; Anova

Bonferroni post-test, *p<0,01.
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4.2 CPSINDUCED AUTOPHAGY ISTRPV1-DEPENDENT.

In order to analyze the involvement of TRPV1 in @R@uced autophagy
in thymocytes, we firstly evaluated the expres@biRPV1 mRNA gRT-
PCR analysis. We found that thymocytes and spiesund, used as positive
control [83], express the TRPV1 mRNA (Fig. 5A). Tkgpression of
TRPV1 was also assessed at protein level by Weshdoh and
cytofluorimetric analyses. A band of apparent MW9af kDa (Fig. 5B),
corresponding to TRPV1, was found in the lysatesnfthymocytes and
positive control; no reactivity was observed wittrmal goat serum (data
not shown). Furthermore, by FACS analysis we fotlrad the majority of
thymocytes express TRPV1 (Fig. 5C).

Finally, we analyzed the LC3 conjugation and AVQGarnfation in
thymocytes treated for 2h with CPS alone or in cowmuiion with the
specific TRPV1 inhibitor CPZ. We found that CPZ kedly reverted the
CPS-induced autophagy (Fig. 5D, E), indicating fimscess is a TRPV1-

mediated event.
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Fig. 5 CPS induces autophagy in a TRPV1 dependeanmer.

A) TRPV1 mRNA levels on thymocytes and spleen tisssed as control, were evaluated by gRT-PCR.
TRPV1 levels are expressed as relative fold wispeet to control. Data shown are the mean + SD of
three independent experiments.

B) Lysates from thymocytes and spleen tissue weraratgd on 7% SDS-PAGE and probed with anti-

TRPV1 Ab. One representative out of three indepenegperiments is shown.

C) The expression of TRPV1 on thymocytes was evallbteimmunofluorescence and FACS analysis

using anti-TRPV1 Ab. FITC-conjugated GARB was usasl secondary antibody. Grey area shows
secondary antibody alone. One representative aihireé independent experiments is shown.

D) Lysates from thymocytes, treated for 2 h with Gii@he or in combination with CPZ were separated
on 14% SDS-PAGE and probed with anti-LC3 Ab. Oneresentative out of three independent

experiments is shown. Statistics of densitometnialysis was performed by comparing CPS plus CPZ-
with CPS-treated cells; Student's t-test, *p<0,01.

E) The percentage of cells positive for AVOs was eatdd by AO staining in thymocytes treated as

described in panel D. Statistical analysis was ssesk by comparing CPS plus CPZ- with CPS-treated
cells; Student’s t-test, *p<0,01.
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4.3 TRPV1 ACTIVATION STIMULATES AUTOPHAGY IN A ROS
AND CALCIUM INFLUX ([Ca’"];))-DEPENDENT MANNER.

Stimulation of TRPV1 of different cell types by CR&sults in [C&];
mobilization and ROS production [82]. Thus, to cterize calcium
transport through TRPV1, we followed CPS-induced&(s by
cytofluorimetric analysis in thymocytes loaded withLUO3. CPS
stimulation of thymocytes in Gacontaining medium induced a rise of
[Ca’™]; from 170 to 500 nM. The kinetics of mobilizationosved that CPS
induces a rapid response (3 min) that peaks at % amd declines
thereafter. We also examined the source of caleesponsible for these
changes by stimulating thymocytes with CPS in thes@nce of the
extracellular chelator EDTA (nominally Ca2+-free dnem). Under these
conditions, the ability of CPS to induce “Canobilization was completely
blocked. Similar results were obtained by using @P8ombination with
CPZ, indicating that Ca2+ response was mediatedRgV1 (Fig. 6A).
Then, we measured the CPS-induced ROS productittymocytes using
DCFDA and FACS analysis. CPS induced a sustaine8 R€&umulation
that begins at 15 min and increases at later tion&t$ (Fig. 6B); moreover,
the ROS scavenger NAC completely inhibited ROS petidn, indicating
that thymocytes accumulate peroxides under thesditaans (Fig. 6C).
Given that thymocytes generate ROS in respons€db]] increase [84],

we then analysed whether the TRPV1-dependent']jCase could be
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essential for CPS-induced ROS by evaluating thecefif CPZ or EDTA.
As expected, CPZ and EDTA completely inhibited R@®duction in
CPS-treated cells (Fig. 6C).

Finally, we explored whether the [Ca2+]i rise anORwere essential for
autophagy in thymocytes, by assaying the effedDTA or NAC on the
formation of autophagosomes using LC3 as markeditfsah of EDTA or
NAC to thymocytes for 30 min before CPS-treatmesutted in a marked

reduction of LC3 lipidation (Fig. 6D).
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Fig. 6 TRPV1 triggering by CPS induces [€% and ROS production leading to autophagy.

A) Time course of [C4]; rise in FLUO 3-loaded thymocytes, untreated cated with CPS alone or in
combination with CPZ or with EDTA was evaluated®ACS analysis. Data shown are the mean + SD of
three independent experiments. Statistical analygis determined by comparing CPS-treated with
untreated thymocytes and CPS plus CPZ- or CPSHIMEA- with CPS-treated cells; Anova Bonferroni
post-test, *p<0,01.

B) ROS production was evaluated in thymocytes, utdcear treated with CPS for different times, by
DCFDA staining and FACS analysis. Data, shown asniean + SD of three independent experiments,
are expressed as fold change with respect to RG& level (time 0, dot line) used as control. Statal
analysis was determined by comparing untreated wdthtrol and CPS-treated with untreated cells;
Anova Bonferroni post-test, *p<0,01.

C) ROS production was assayed as above describégrnmotytes treated for 1 h with CPS, alone or in
combination with NAC, EDTA or with CPZ. One repratstive out of three independent experiments is
shown.

D) Lysates from thymocytes, treated for 2 h with GiR$e or in combination with EDTA or NAC were
separated on 14% SDS-PAGE and probed with anti-AR30ne representative out of three independent
experiments is shown.
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44 TRPV1 TRIGGERING BY CPS REQUIRES AMPK
ACTIVATION FOR AUTOPHAGY INDUCTION.

The energy sensor AMPK acts as a major regulata@ethfilar adenosine-
5'-triphosphate levels and protects cells agaitiesses. Recent evidence
demonstrates that activation of AMPK by“Cand ROS signaling inhibits
the mammalian target of rapamycin (MTOR) complexd anduces
autophagy [85]. Given that phosphorylation of TH2lof AMPK is
necessary for its activity [86], the phosphorylatistatus of AMPK in
untreated and CPS-treated thymocytes was measurgde-course
immunoblot analysis showed that enhancement of ANDRESphorylation
occurs rapidly being evident at 5 min and peakihd& min after CPS
exposure (Fig. 7A). Moreover, we treated thymocyieth CPS in the
presence of EDTA or NAC and found that both commsumarkedly
reverted the CPS-induced AMPK phosphorylation (FiB). Finally, we
evaluated the involvement of AMPK activation in Gid8uced autophagy
by using the AMPK inhibitor compound C that complgtblocked the

LC3 lipidation (Fig. 7C).
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Fig. 7 CPS induced-autophagy in thymocytes requifdglPK activation.

A) Lysates from thymocytes treated for different timéth CPS, were separated on 10% SDS-PAGE and
probed with anti-pAMPK mAb and anti-AMPK Ab. Stdtes of densitometric analysis was determined
by Anova Bonferroni post-test, *p<0,01.

B) Lysates from thymocytes treated for 15 min withSCRBlone or in combination with EDTA or NAC
were analyzed as above described. Statistics dfitdemetric analysis was assessed by comparing CPS
plus EDTA- or CPS plus NAC- with CPS-treated celigident’s t-test, *p<0,01.

C) Lysates from thymocytes, treated for 2 h with Gi&he or in combination with compound C were
separated on 14% SDS-PAGE and probed with a rabbii.C3 Ab. Statistical analysis was determined
by comparing CPS plus compound C- with CPS-treatdld. Student’s t-test, *p<0,01.

One representative out of three independent expetsris shown in each panel.
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45 CPS TREATMENT OF THYMOCYTES AFFECTS
AUTOPHAGIC GENE EXPRESSION.

To evaluate the effects of CPS on autophagic gexm@ession in

thymocytes, we performed a RT-Profiler array irlscahtreated, treated for
2h with CPS or pre-treated for 30 min with 3-MA tef the addition of
CPS. At 2h after CPS treatment, Atg4C gene wasgplated. In addition,

CPS plus 3-MA induced a strong Atg4C, Irgml and2B&l genes down-

regulation (Table 2).

Table 2. CPS treatment affects autophagic gene expression.

(Fold change) (Fold change)
Autophagy related 4C (yeast) 5.00 + 1.04 -4.62 +1.38
Bcl2-like 1 - -2.63 £ 0.45

Immunity-related GTPase

family M member 1 -2.59+0.34

- : no changes.
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4.6 CPS INDUCES ATG4C OXIDATION IN THYMOCYTES IN A
ROS-DEPENDENT MANNER.

The cysteine protease family of Atg4s represerggsmhin cellular target of
oxidative signals in autophagy, and their delipi@tactivity is tightly
regulated by changes in ROS concentrations, spaltyfiH,O, which is
essential for autophagosome formation [87]. RT-Rno&ssay results were
confirmed by gRT-PCR. We found that thymocytes exprthe four
mammal Atg4 paralogues (A, B, C and D) and that GR&tment
specifically increased the Atg4C mRNA expressianal (Fig. 8A). Given
that Atg4 activity is regulated by oxidation, we nmanoprecipited the
Atg4C protein from lysates of thymocytes untreatedreated for 2h with
CPS alone or in combination with NAC and analyzsaxidation status.
We found that TRPV1 activation by CPS triggers akmh of Atg4C with
a concomitant regulation of LC3 lipidation levelBig. 8B) in a ROS-
dependent manner, suggesting that ROS-mediatedtiodwf autophagy

involves Atg4C activity.
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Fig. 8 ROS signaling induces oxidation of Atg4C @©PS-treated thymocytes.

A) Atg4 A, B, C and D mRNA levels were evaluated ligrhocytes, untreated or treated for different
times with CPS by gRT-PCR. Levels of each Atgdeaqgressed as relative fold with respect to untceate
cells used as control. Data shown are the mean toSMree independent experiments. Statistical
analysis was performed by Anova Bonferroni post-tgs<0,01.

B) Oxidation levels were evaluated in lysates, fratyntocytes untreated or treated for 2h with CPS
alone or in combination with NAC, immunoprecipithtewith anti-Atg4C Ab. Aliquots of
immunoprecipitated Atg4C were derivatized, separate 10% SDS/PAGE and processed according to
the kit instructions. Lysates were also separated4% SDS-PAGE and probed with anti-LC3 Ab. One
representative out of three independent experinisrstsown.
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4.7 INVOLVEMENT OF BECLIN-1 IN AMPK-DEPENDENT CPS-
INDUCED AUTOPHAGY

Beclin-1 plays an essential role in maintainingmal thymic cellularity
[88]. Thus, we evaluated the involvement of Beclin-1 RPNV 1-mediated
autophagyusing Beclin-1" transgenic mice, founding that CPS-treated
thymocytes show lower LC3-Il levels as comparedttieir wild-type
counterparts (Fig. 9A).

Since Beclin-1 up-regulation occurs during the pbagic process [89ye
performed a time-course analysis of Beclin-1 exgpoesin CPS-treated
thymocytes andound that Beclin-1 protein expression increasés df-2h
of treatment (Fig. 9B). In addition, the treatmemth CPZ, NAC or
compound C markedly reverted CPS-induced effeatdjcating that
Beclin-1 upregulation is dependent by TRPV1 triggger ROS generation

and AMPK activation (Fig. 9C).
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Fig. 9 Involvement and regulation of Beclin-1 in CRinduced autophagy

A) Lysates from wild type and Beclin“lthymocytes, untreated or treated with CPS for 2vére
separated on 14% SDS-PAGE and probed with anti-AR3

B) Lysates from thymocytes, treated for differentagmwith CPS were separated on 10% SDS-PAGE and
probed with anti-Beclin-1 Ab.

C) Lysates from thymocytes, untreated or treated2ftr with CPS alone or in combination with CPZ,
NAC or compound C, were separated on 10% SDS-PA@Eeobed with anti-Beclin-1 Ab.
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AUTOPHAGY IS REQUIRED FOR THYMOCYTE SURVIVAL
UPON TRPV1IACTIVATION

Autophagy can either mediate cell death or actrassprvival mechanism
depending on cellular contexts and stimuli [90].u3hwe evaluated the
result of CPS-induced autophagy in term of surviwal death of
thymocytes. As demonstrated by Trypan Blue exctusassay, CPS
treatment did not affect thymocyte viability (FigOA). Furthermore,
pretreatment of thymocytes with the autophagichibr 3-MA, or with
bafilomycin Al (data not shown), reverted the CR&4ced autophagy, as
evaluated by reduction of LC3-Il levels (Fig. 10B), decreased the total
thymocyte number (Fig. 10D), and induced DNA fragtagion (Fig. 10E).
No cytotoxicity was detected with 3-MA alone. Moveo, pre-incubation
with 3-MA resulted in down-regulation of Beclin-Ihéh Bcl-XL protein
levels and caspase-3 activation (Fig 10F, G). Binptetreatment with z-
VAD, a pancaspase inhibitor, completely revertee¢ ®B+MA-induced
Beclin-1 down-regulation in CPS-treated thymocytssiggesting that
Beclin-1 degradation and induction of apoptosis easpase-dependent
events (Fig. 10G). Overall these findings demomstthat CPS-induced

autophagy acts as a pro-survival mechanism in tioytes.
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Fig. 10 Autophagy is activated as survival pathway

A) Cell viability was evaluated by Trypan Blue exclusiassay in untreated or CPS-treated thymocytes.
Data shown are the mean = SD of three independgetrienents; Anova Bonferroni post-test, *p<0,01

B) Lysates from thymocytes treated for 2 h with CR$m-treated for 30 min with 3-MA before the
addition of CPS, were separated on 14% SDS-PAGEpaoiced with anti-LC3 Ab. One representative
out of three independent experiments is shown.

C) The percentage of cells positive for AVOs was eatdd by FACS in thymocytes treated as described
in panel d. Data shown are the mean + SD of thndefdendent experiments; Statistical analysis was
performed by comparing CPS plus 3-MA- with CPS+tdacells; Student’s t-test, *p<0,01.

D) Cell viability was evaluated by Trypan Blue exéatusassay in thymocytes untreated, CPS- or 3MA-
treated or pre-treated with 3-MA before the additaf CPS. Data shown are the mean + SD of three
independent experiments. Statistical analysis veafopned by comparing CPS plus 3-MA- with CPS-
treated cells or 3-MA-treated with untreated cefigjdent’s t-test, *p<0,01.
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E) DNA fragmentation was assessed in thymocytesteieas described in panel d, by agarose gel
electrophoresis, ethidium bromide staining and sitipn with ChemiDoc. One representative out of
three independent experiments is shown.

F) Lysates from thymocytes, untreated, treated for\&ith CPS or pre-treated for 30 min with 3-MA
before the addition of CPS, were separated on 1B%-BAGE and probed with anti-Bcl:Xand anti-
caspase 3 mAbs. One representative out of threpémtient experiments is shown.

G) Lysates from thymocytes, untreated, treated for\ith CPS or pre-treated for 30 min with 3-MA
before the addition of CPS, combined or not witii&b, were separated on 10% SDS-PAGE and probed
with anti-Beclin-1 Ab. One representatigeit of three independent experiments is shown.
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4.8 PHENOTYPE OF CPS-TREATED THYMOCYTES

To evaluate whether TRPV1 activation could affégintocyte phenotype,
we decided to analyze directly CD4 and G@D#kpression on CPS-treated
cells by two-colour immunofluorescence and FACShams Despite no
changes in main cell subset distribution were foumthymocytes treated
with CPS or pre-treated with 3-MA before the adiulitof CPS (Table 3),
the analysis of CD4 and Cia8evels in DP thymocytes showed that CPS
treatment induce the development of a new DP sullpbpn. Based on
these observations, CPS-treated DP thymocytes %/ 0Btotal) can be
grouped into two populations: BB (60.3%) and DP" (17.5%). DP""
cells express CD4 and Cbh&orresponding to levels seen on the majority
of total DP, and D" cells have lower levels of both CD4 and GDS8lo
statistically significative differences were foumnghen comparing CPS-
with CPS plus 3-MA cells (Fig. 11A, Table 3). Thafter, we evaluated
whether the D®" subpopulation overlaps with the autophagic thyresy
by performing three-color FACS analysis using Algmiast CD4 and
CD8u in CPS-treated thymocytes from GFP-LC3 transgenice. By
gating DP"" and DP"' thymocytes we found that all the BPcells show
lower levels of LC3 greefluorescence intensity compared to "t cells
(Fig. 11B), indicating that OF' cells represent the thymocyte

subpopulation undergoing autophagy upon CPS tredtme
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Interestingly, by labelling the 3’ termini of theNA molecules with 2’-
deoxyuridine, 5”-triphosphate (dUTP), we analyzgdrtocytes gated from
CPS- or CPS plus 3-MA-treated samples and foundRF&" cells show

apoptotic DNA fragmentation (Fig. 11C) when autaphss inhibited.

Table 3. Cdl subset distributions in untreated, CPS- and CPS + 3MA-treated
thymocytes.

Untreated CPS CPS+3-MA
DP 778+1.6 779+23 775+1.9
DpPrioht 69.9+25 60.3+ 3.2 58.7 + 2.9
ppa! 5.3+0.8 17.5 + 3.2* 18.8 + 3.4
cDs' 5.9+0.9 52+1.1 54+1.0
cD4* 11.9+15 10.8 £1.9 11.3 #1.7
DN 6.9+0.9 6.1+1.2 58+1.1

Percentage of DP, CDACDS" and double negative (DN) subpopulations. Data shane the mean + SD
of three independent experiments. Statistical aimmlyas performed comparing CPS-treated with
untreated and CPS plus 3-MA with CPS-treated c8lisgent’s t-test.
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Fig. 11 CPS treatment of thymocytes induces DP ciiienotype

A Thymocytes, untreated or treated for 2 h with CR&e stained with anti-CD4-PE and anti-CD8-
CyChrome mAbs and analyzed by FACS. Arrow indic&®&" subpopulation.

B Thymocytes from GFP-LC3 transgenic mice, treated &beled as described in panel a, were
evaluated by three color FACS analysis. LC-3 flsoemce was analyzed using separate gates f5f"HP
(R1, grey) and DP" (R2, red) thymocytes.
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C Thymocytes, treated for 2 h with CPS or pre-treddedB0 min with 3-MA before the addition of CPS,
were labeled with anti-CD4-PE, anti-CD8-CyChromal aflUTP-FITC. dUTP-FITC fluorescence was
analyzed by FACS in D¥'-gated cells.

One representative out of three independent expetsris shown in each panel.
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5. DISCUSSION

Autophagy has a central homeostatic role in lifel @eath decisions of
numerous cell types, functioning both as a proisalvmechanism during
nutrient deprivation and other forms of stress asd death mechanism in
other contexts [90].

Herein, we report for the first time that CPS inesiICTRPV1-mediated
autophagy of a distinct subset of B¥ thymocytes in a [Cd]i- and ROS-
dependent manner.

Thymocytes express TRPV1 receptor and CPS inducesRRV1-
dependent increase of [ER that is completely inhibited by EDTA and the
TRPV1 antagonist, CPZ. The rise of f(Jais essential for CPS-induced
ROS generation and autophagy, as EDTA completalgklsl CPS-induced
ROS generation, LC3 lipidation and autophagy, sstgg that ROS
represent a down-stream signal to{;aegulating the autophagic process.
Accordingly, we found that CPS-induced ROS genenais essential for
autophagy, as demonstrated by the ability of NACréduce the LC3
lipidation and abrogate the CPS-induced autophagy.

ROS generation induced by CPS treatment did natcafthymocyte
viability, suggesting that ROS serve as signallimplecules in the

autophagic pathway. Recent evidence demonstraa¢ANMPK activation
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by calcium and ROS signaling inhibits the mTOR ct@xrpand induces
autophagy [85]. We found that CPS increases the KNRosphorylation
status in a time-dependent manner. Interestinglynocytes show a basal
phosphorylation of AMPK, suggesting that a subssanlegree of AMPK
activation is required for normal energy balanceAONand EDTA
completely reverted CPS-induced AMPK phosphoryhatio accordance
with a role of calcium and ROS in AMPK activatioB5] 91]. Moreover,
the AMPK inhibitor compound C completely blocked $&mPduced
autophagy, suggesting that AMPK activation is iweol in thymocyte
survival.

The execution of autophagy is mediated by protemmsvn as AtgAtg4 is

a cystein protease that cleaves LC3-I beforepiddition and association to
the autophagosomal membrane. In mammals thereoarea$sumed Atg4
paralogues (A, B, C, D) [92]. Recent reports intkcthat Atg4C is not
essential for autophagy development under normaldidons but is
required for a proper autophagic response agatnstssstimuli such as
prolonged starvation [93]. In this regard, we foutidt triggering of
TRPV1 by CPS specifically increases the expressioitgdC mRNA.
Atg4s act both as conjugating and deconjugating/rees and therefore
their activity in the autophagic process is tighthgulated. Following the
initial cleavage of Atg8-like proteins, Atg4 mustdmme inactive to ensure

the conjugation of Atg8/LC3 to the autophagosomahtorane [93]. ROS
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have been shown to regulate starvation-inducedphatyy by modulating
Atg4 activity; ROS-induced oxidation causes a reNme inactivation of
Atg4 and consequently the accumulation of LC3-linfo[87]. In this
regard, we found that CPS by stimulating ROS geierainduces
oxidation of Atg4C, likely promoting the LC3 lipitlan, an essential step
in autophagosome formation. Conversely, NAC, byckiog ROS
generation, prevents Atg4C oxidation and LC3 lipmla thus inhibiting
the autophagic process.

Among the Atg proteins, Atg6/Beclin-1 was the finstman protein shown
to be indispensable for autophagy. Beclin-1 playsmajor role in
maintaining normal thymic cellularity and early Blls in the bone marrow
[88]. Accordingly, we found lower levels of LC3-lin CPS-treated
thymocytes from Beclin®f mice, as compared to their wild-type
counterpart, demonstrating that CPS-induced autpphia Beclin-1-
dependent.

Beclin-1 regulates autophagy in eukaryotic cellgl d@nis ubiquitously
expressed in mouse tissues [80]. We found thatimBécls involved in
CPS-induced autophagy of murine thymocytes and &kedly up-
regulated in a TRPV1-dependent manner and in agneemith other
findings [94], as a consequence of ROS production by thymocytese M
importantly, we show for the first time that Beelinup-regulation is

induced by AMPK activation.
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Our findings also suggest the presence of a remgylanterplay between
CPS-induced autophagy and apoptosis of thymocyBS-induced
autophagy is completely reverted by the treatmerth the autophagic
inhibitors that reduce cell viability and induceogposis of thymocytes. In
addition, the exposure to 3-MA down-regulates Bcg)-Xeduces the
expression of Beclin-1 and induces caspase-3 #ictivalhe pancaspase
inhibitor, z-VAD, completely reverts the 3-MA-inded Beclin-1 down-
regulation, indicating that Beclin-1 is cleavedeafttcaspase activation.
Finally, 3-MA down-regulates Irgm1 expressiamyolved in the protection
of T lymphocytes from interferon gamma-induced pbagic cell death
[95].

The phenotypic analysis of thymocytes evidences @& treatment does
not influence cell distribution but affects CD4 a@dD8x, but not CD3
expression, (data not shown), inducing the devetspmof a DP
subpopulation expressing lower levels of both CDbd &D8x receptors
(DP™"). Interestingly, CPS induces autophagy only of't®hymocytes
and treatment with 3-MA completely blocks CPS-mustizautophagy, and
induces apoptosis of B without affecting cell distribution. The
apoptosis of D?' thymocytes, in parallel with the down-regulatidrBel-
X induced by 3-MA, isin agreementvith the findings that Bcl-Xis
specifically expressed in DP thymocytes and couateb to their survival
[96].
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The expression levels of CD4 and CD8 co-receptoesralated to the
thymocyte maturation phase. In TCR-transgenic micas been
demonstrated that DP thymocytes receiving eitheositive or negative
selection signals, can down-regulate CD4 and CR@p®r expression
before completing the differentiation to single ifi@e cells or dying for

apoptosis [97, 98]. Thus, the susceptibility of'BJRells to autophagy or
apoptosis strongly support the hypothesis thatetheslls are able to
respond to either survival or death signals.

In addition our data, showing that TRPV1 activatipnCPS induces ROS
generation, are in accordance with previous finglimmonstrating an
involvement of free radicals in thymocyte developmendeed, nitric

oxide is shown to enhance the generation of'bi anti-CD3 stimulated
thymocytes [99].

Overall, our results show that TRPV1-induced autgph via ROS-

mediated Atg4C and Beclin-1 activation, could playmajor role in

thymocyte development. Further studies are requicethvestigate how

autophagy participates in positive or negativect@ea of thymocytes.
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