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1. INTRODUCTION 

 

1.1 AUTOPHAGY: AN OVERVIEW 

The word “autophagy” derives from Greek and means to eat (“phagy”) 

oneself (“auto”). This process is not directly a death pathway, rather a self-

cannibalization pathway. Mainly mediated via the lysosomal degradation 

way, autophagy is responsible for degrading cellular proteins and is 

currently the only known process for degrading cellular organelles, 

recycling them to ensure cell survival. Thus autophagy, is one of the main 

mechanisms for maintaining cellular homeostasis. Nevertheless, in the 

recent years autophagy has been shown to engage in a complex interplay 

with apoptosis. In some cellular settings, it can serve as a cell survival 

pathway, suppressing apoptosis, and in others, it can lead to death itself, 

either in collaboration with apoptosis or as a back-up mechanism when the 

former is defective.  

The term autophagy can be addressed to three different processes, depicted 

in Fig. 1: chaperone-mediated autophagy, microautophagy and 

macroautophagy. Chaperone-mediated autophagy (CMA) is characterised 

by its selectivity regarding the specific substrates (cytosolic proteins) 

degraded and involves direct translocation of unfolded substrate proteins 

across the lysosome membrane through the action of a cytosolic and 
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lysosomal chaperone hsc70, and the integral membrane receptor LAMP-2A 

(lysosome-associated membrane protein type 2A).  

Microautophagy and macroautophagy, with respect to CMA, involve 

dynamic rearrangement of the sequestering membrane. The main difference 

between these two modes lies in the way by which cytoplasmic material is 

delivered to the lysosome but share in common the final steps of lysosomal 

degradation with eventual recycling of the degraded material. 

Microautophagy involves the engulfment of cytoplasm directly at the 

lysosomal surface, by invagination, protusion, and/or septation of the 

lysosomal limiting membrane. In contrast, macroautophagy involves the 

formation of cytosolic double-membrane vesicles that sequester portions of 

the cytoplasm. Fusion of the completed vesicle, an autophagosome, with 

the lysosome results in the delivery of an inner vesicle or autophagic body 

into the lumen of the degradative compartment [1]. 

In the present work, as for the scientific community, the term autophagy 

will refer to macroautophagy. 

At present, more than 30 autophagy-related (Atg) genes and proteins have 

been identified in yeast and many of these have mammalian orthologs. 
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Fig. 1  
Microautophagy refers to the sequestration of cytosolic components directly by lysosomes through 
invaginations in their limiting membrane. The function of this process in higher eukaryotes is not known, 
whereas microautophagy-like processes in fungi are involved in selective organelle degradation. In the 
case of macroautophagy, the cargoes are sequestered within a unique double-membrane cytosolic vesicle, 
an autophagosome. Sequestration can be either nonspecific, involving the engulfment of bulk cytoplasm, 
or selective, targeting specific cargoes such as organelles or invasive microbes. The autophagosome is 
formed by expansion of the phagophore, but the origin of the membrane is unknown. Fusion of the 
autophagosome with an endosome (not shown) or a lysosome provides hydrolases. Lysis of the 
autophagosome inner membrane and breakdown of the contents occurs in the autolysosome, and the 
resulting macromolecules are released back into the cytosol through membrane permeases. CMA involves 
direct translocation of unfolded substrate proteins across the lysosome membrane through the action of a 
cytosolic and lysosomal chaperone hsc70, and the integral membrane receptor LAMP-2A (lysosome-
associated membrane protein type 2A). [2] 
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The autophagic process can be dissected into distinct steps : 

-  Induction -  

The degradative autophagy pathway is induced upon starvation or different 

signaling pathways through a mechanism that involves the protein kinase 

Tor, a negative regulator of autophagy [3]. Tor can inhibit autophagy by 

two mechanisms [4]:  

- acting in a signal transduction cascade through downstream effectors for 

the control of translation and transcription  

- lowering the affinity of Atg13 for Atg1 by hyperphosphorylating Atg13 

and thus inhibiting autophagy [5].  

Atg1 and Atg13 are presumed to be part of a complex but most of the other 

components are still unknown. Both the regulatory kinases, Tor and the 

amino acid sensor general control nonrepressed 2 (Gcn2), and the Atg1 

component of the induction complex play a conserved role in autophagy in 

higher eukaryotes [4, 6, 7]. 

- Cargo Selection and Packaging – 

In S. cerevisiae, many of the components of the autophagic machinery are 

used for a specific transport called the cytoplasm to vacuole targeting (Cvt) 

pathway [8]. By this way, autophagy becomes a specific process through 

utilization of additional components, like Atg11 and Atg19 proteins, that 

are involved in the recognition and packaging of cargo. However, this 
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selectivity seems to be lost in higher eukaryotes and there is no evidence 

for the Cvt pathway in any organism other than S. cerevisiae.  

- Vesicle Nucleation - 

This step is not completely understood but the site of vesicle formation 

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

Autophagic vesicles do not appear to bud off from preexisting organelles, 

as for vesicle formation throughout the endomembrane system of 

endoplasmic reticulum or Golgi complex. Thus, the vesicle is thought to 

form de novo but the source of the vesicle membrane is still unknown. 

The most common hypothesis is that the endoplasmic reticulum supplies 

membrane during vesicle formation, although the mechanism by which a 

portion of the endoplasmic reticulum is switched from its normal function 

into esicle formation is not clear [11]. However, vesicle nucleation is 

tightly regulated by the phosphatidylinositol (PtdIns) 3-kinase complex I, 

which includes the PtdIns 3-kinase Vps34, along with Vps15, Vps30/Atg6, 

and Atg14 [12]. The transmembrane protein Atg9 also appears to act early 

in the process of vesicle formation. Atg9, Vps15, Vps34, and Vps30/Atg6 

(Beclin 1) are conserved in higher eukaryotes. 

- Vesicle Expansion and Completion - 

The step of vesicle formation involves a lot of proteins that are either 

conjugating enzymes or structural. In the first group are two sets of 

components involving ubiquitin-like (Ubl) proteins that participate in 
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conjugation reactions during vesicle expansion [13]. Atg8 (LC3) is a Ubl 

that undergoes proteolytic processing prior to modify the lipid 

phosphatidyl-ethanolamine. Atg12, a second Ubl, is covalently attached to 

Atg5. One of the major questions concerning sequestering vesicle 

formation is what supplies the driving force for deformation/curvature of 

the membrane. In most vesicle budding processes, a central role is played 

by protein components that form a transient coat. The Atg12-Atg5 proteins 

are the best candidates for a transient coat complex involved in autophagy. 

Interestingly, almost all of the components that act at this stage of the 

pathway have orthologs in at least some higher eukaryotes [14]. 

- Vesicle Targeting, Docking, and Fusion - 

During this phase, the autophagosome fuses with the lysosome, as a result 

the contents of the autophagosome are released into the lysosome for 

degradation by lysosomal proteases Molecular genetic studies have 

indicated that the machinery required for the fusion of autophagosomes 

vesicles with the vacuole includes the SNARE proteins GDI homologs and 

members of the class C Vps/HOPS complex [15].  

- Vesicle Breakdown - 

Following fusion of these two vesicle bodies, the autophagosome 

membrane is then broken down by the lysosomal protease (such as 

proteinase B) and the acidic pH of the vacuole lumen. From now on, the 

degraded content is ready to be recycled [1]. 
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1.2 AUTOPHAGY AND IMMUNITY  

There are growing evidence that autophagy is involved in the regulation of 

the immune system. This pathway has been linked both to innate and 

adaptive immunity, including pathogen resistance, production of type I 

interferon, antigen presentation, tolerance and lymphocyte development, as 

well as the negative regulation of cytokine signaling and inflammation. 

Autophagy genes are involved in antimicrobial host defense in mammals, 

as demonstrated by phagocytic cell–specific deletion of Atg5 in mice that 

results in greater susceptibility to infection with two different types of 

intracellular pathogens, the bacterium Listeria monocytogenes and the 

protozoan Toxoplasma gondii [16].  

In other studies, autophagy has been demonstrated to be critical in the 

destruction of a parasite-containing vesicular structure through the 

recruitment of immunity-related GTPases to the parasitophorous vacuole. 

Several different immune signals positively regulate autophagy, including 

double-stranded RNA-activated protein kinase (PKR), Toll-Like Receptors 

(TLRs), tumor necrosis factor, the CD40–CD40L interaction, interferon-

gamma (IFN-γ) and the immunity-related GTPases [16, 17,18, 19, 20] 

whereas T helper type 2 cytokines (IL-4 and 1L-13) negatively regulate 

autophagy [21]. 

Of particular interest is the connection between TLRs and the autophagy 

pathway [22]. Even if the physiological function of TLR-mediated 
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induction of autophagy is not yet known, it has been shown that TLRs can 

regulate autophagy [23, 24]. Moreover, the autophagic machinery can be 

used to deliver viral genetic material to endosomal TLRs for efficient 

induction of type I interferon40, and TLRs may act in the recruitment of 

autophagy proteins to phagosomal membranes [25].  

Autophagy is also involved in the innate immune signaling, as 

demonstrated by the pivotal role of Atg5 in the production of type I 

interferon in plasmacytoid dendritic cells [26]. On the other hand, several 

studies have shown that absent expression of autophagy genes can result in 

enhanced production of type I interferon or other cytokines, including 

proinflammatory molecules such as IL-1β and IL-18, or adipocytokines, 

such as leptin and adiponectin [27, 28, 29, 30].  

Moreover, macrophages from mice lacking Atg16l1 have increased 

production of proinflammatory cytokines IL-1β and IL-18 after endotoxin 

stimulation of TLR4 [27].  

Recent findings demonstrate that autophagy is one of the mechanism for 

MHC class II presentation of certain endogenously synthesized peptides 

[17, 31]; moreover autophagy and the Atg5 protein seem to be involved in 

MHC class I–restricted antigen presentation [32].  

Thymic selection is another important process that is proven to be 

associated with autophagy. It has been demonstrated that autophagy-

dependent endogenous loading of MHC class II is important in shaping the 
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T cell repertoire. Thymic epithelial cells that function in positive and 

negative selection show constitutive autophagy, as demonstrated by the 

presence the green fluorescent protein–LC3 dots [33, 34].  

During positive and negative selections, thymic epithelial cells present self-

antigens to lymphocytes. Because thymic epithelial cells are not thought to 

have phagocytic activity, it is reasonable to hypothesize that they provide 

self-antigens from their own cytoplasm. In this scenario, autophagy in 

thymic epithelial cells might be involved in T-cell development and central 

tolerance [33]. 

Normal thymic T cell selection requires Atg5 expression in the stromal 

cells in thymic allografts [34]. Experiments with thymic transplantation 

show that the selection of MHC class II–dependent TCRs requires Atg5. 

Furthermore, mice with Atg5−/− thymic implants develop autoreactive CD4+ 

T cells, as measured both by the proportion of CD62L lo peripheral cells and 

the development of inflammatory infiltrates in many organs, including the 

intestine. The development of autoreactive CD4+ T cells in mice with 

Atg5−/− thymic implants is thought to reflect a function of Atg5 and, 

presumably, the autophagy pathway in controlling the repertoire of self 

peptides presented by thymic epithelial cells that are responsible for normal 

thymic selection and the generation of T cell tolerance. However, 

autophagy genes other than Atg5 have not yet been analyzed in similar 
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studies, and thus the function of the cellular process of autophagy in thymic 

selection remains to be defined [35].  

Autophagy plays a critical role in lymphocyte biology. Indeed, several 

studies have shown that deletion of autophagy genes in T lymphocytes and 

B lymphocytes alters their development, survival and/or function. 

The thymus is a site of constitutive autophagy [33, 34], and the expression 

of Beclin 1 is regulated during T cell and B cell development and T cell 

activation [36]. For example, loss of Atg5 or Atg7 impairs the survival and 

proliferation of mature T lymphocytes in vivo [37-39], and Atg5 is required 

in B lymphocytes for the survival of developing pre–B cells in the bone 

marrow and of mature B-1a cells in the periphery [40]. One mechanism 

postulated for the involvement of Atg7 and Atg5 in the survival of mature 

T cells involves a classical autophagy function in the clearance of 

mitochondria and consequent prevention of the accumulation of reactive 

oxygen species and imbalance of the expression of pro- and antiapoptotic 

proteins [37, 39]. Notably, the developmental pattern of Beclin 1 in B 

lymphocytes, similar to that of the antiapoptotic protein Bcl-2, shows 

downregulation at the transition from pro–B cell to pre–B cell [41].  

A controversial area is whether autophagy is exclusively a prosurvival 

pathway in lymphocytes or whether it also can be used as a death pathway. 

The impaired survival of certain populations of B cells or T cells [37, 38, 

39, 40] following deletion of Atg5 or Atg7 suggests a major role for 
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autophagy in lymphocyte survival. However, it has been hypothesized that 

IFN-γ may induce Irgm1-regulated autophagic cell death in CD4+ T cells 

[42]. In addition, knockdown of the gene encoding Beclin 1 or Atg7 results 

in less death of CD4+ T cells induced by growth-factor withdrawal [43], 

and autophagy genes are required for the death of bystander CD4+ T cells 

triggered by the human immunodeficiency virus envelope protein [44]. 

Thus, a consensus is growing that autophagy may mediate activation-

induced death of CD4+ T cells [35]. 
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1.3 TRPV CHANNELS IN THE IMMUNE SYSTEM 

The transient receptor potential proteins (TRPs) is a family of ion channels 

responsible for a wide array of cellular functions. Originally identified in 

Drosophila melanogaster, these channels are ubiquitously distributed 

throughout the mammalian system. Based on sequence similarity, the TRP 

superfamily can be divided into seven families (Fig.2): TRPC (canonical), 

TRPV (vanilloid), TRPM (melastatin), TRPN (Drosophila NOMPC) and 

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

 

Fig.2 The TRP channels superfamily. Adapted from [45]. 
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Each of these subfamilies contains several members which differ for mode 

of activation and response to stimuli. The general topology of a TRP 

subunit includes intracellular N- and C- terminal regions of variable length 

and six transmembrane spanning domains with a pore loop between 

transmembrane domain 5 and 6 [46]. Several families have a variable 

number of ankirin motifs within their intracellular N- termini, which are 

thought to participate in protein-protein interactions; members of individual 

TRP families may also share other motifs, such as coiled-coil domains [47].  

The TRP subunits are thought to assemble as homo- or hetero-tetramers to 

form cation selective channels  [48]: experimental evidence for tetramer 

formation exists for TRPV1, TRPV2 and TRPV5/6 [49, 50] and many 

TRPC channels can form heteromeric channels [51-53].  

TRP channels are activated by a wide range of stimuli including intra- and 

extracellular messengers, chemical, mechanical and osmotic stress, 

temperature, growth factors and depletion of intracellular calcium stores 

[45]. The biophysical characterization of TRPs has revealed significantly 

different activation mechanisms and selectivity between channels. 

Functional studies have demonstrated that TRPs are necessary for a number 

of physiological processes, including sensation (such as taste, smell and 

temperature), hormone secretion and development. In table 1 are listed the 

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

TRP 
Subafmily 

Physiological role 

• Regulation hepatocyte cell volume and endothelial permeability 

• Neural development 

• Regulation of vascular smooth cell proliferation 

• Proliferation of pulmonary artery endothelial cells 
•  Activation of cystic fibrosis transmembrane conductance factor in               

ivascular endothelial cells 

TRPC 

• Degranulation of mast cells 

• Nociception 

• Heat sensation 

• Inflammation 
TRPV 

• Ca2+ reabsorption in kidneys and bone 

• Insulin secretion 

• Allergic reactions 

• Migration of dendritic and mast cells 
TRPM 

• Inflammation 

• Mechanosensation 
TRPA 

• Cochlear amplification of sound 

• Vesicular transport 
TRPML 

• Control of pH in lysosomes 

• Mechanosensation 
TRPP 

• Follicle maturation and differentiation 

 

TRPV1 is predicted to have six transmembrane (TM) domains and a short, 

pore-forming hydrophobic stretch between the fifth and sixth TM domains 

[55]. Like many other TRP channels, TRPV1 has a long amino terminus 

containing three ankyrin-repeat domains and a carboxyl terminus 

containing a TRP domain close to the sixth TM. The ankyrin repeats 

consist of an 33-residue motif named after the cytoskeletal protein ankyrin, 

which contains 24 copies of these repeats. In other membrane proteins, 

ankyrin repeats are known to bind to many cytosolic proteins [56]. To date, 

one protein, calmodulin (CaM), has been reported to bind to the ankyrin 
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repeat domain of TRPV1 (the first ankyrin repeat) [57]. The Drosophila 

TRP channels form a heteromultimeric channel complex. These complexes, 

in turn, form part of a larger signaling complex that also contains a G 

protein-coupled receptor (rhodopsin), an effector (phospholipase C; PLC), 

regulators (protein kinase C; PKC and CaM), and the scaffolding protein 

INAD (inactivation no-after potential D) [58].  

TRPV1 is also presumed to consist of a multimeric channel, though 

experimental evidence along these lines has been relatively limited. 

Oligomer formation analysis using perfluorooctanoic acid polyacrylamide 

gel revealed that TRPV1 forms multimers with a homotetramer as the 

predominant form (Fig. 3) [59]. Tetrameric stoichiometry for the native 

capsaicin receptor has also been suggested by the behaviour of a dominant 

negative TRPV1 mutant bearing amino acid substitutions in the sixth TM 

domain [60]. TRPV1 is also thought to form heterooligomers with TRPV3, 

another heat-sensitive TRP channel, based on the observations that TRPV3 

is transcribed from a gene adjacent to TRPV1, is co-expressed in dorsal 

root ganglion (DRG) neurons with TRPV1, co-precipitates with TRPV1 in 

heterologous expression systems and may reduce TRPV1 responsiveness to 

capsaicin [61]. However, TRPV1 expressed alone in human embryonic 

kidney-derived HEK293 cells or Xenopus oocytes can account for the 

majority of the electrophysiological properties exhibited by native 

capsaicin receptors in sensory neurons, including ligand affinity, 
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permeability sequence, current/voltage (I/V) relationship, conductance and 

open probability at both single-channel and whole-cell levels. These results 

suggest either that TRPV1 can form homomultimers without other subunits 

[55, 62-65] or that incorporation of subunits other than TRPV1 does not 

influence the functional properties. I/V relationships in the whole-cell 

configuration have reversal potentials close to 0 mV, indicating the opening 

of non-selective cationic channels, and exhibit substantial outwards 

rectification with a region of negative slope conductance at potentials 

negative to 70 mV [62]. The open-time distributions of single-channel 

currents in the presence of low capsaicin concentrations (10–30 nM) are 

best fitted with three exponential components, while the closed-time 

distributions are best fitted by five exponential components, although 

number of exponential components seems to be different at higher 

capsaicin concentrations (0.5–1 µM) [64]. These single channel properties 

suggest the complex kinetics of TRPV1 channel gating. However, the 

single-channel properties show no significant differences between the 

native (sensory neurons) and cloned receptors, indicating again that 

functional native TRPV1 channels are made up of TRPV1 subunits.  

Capsaicin (CPS), piperidine, eugenol, gingerol, resiniferatoxin, ∆9-

tetrahydrocannabinol and cannabidiol as well as noxious heat (>43-45°C) 

have been found to act as exogenous TRPV1 agonists. In addition, 

endovanilloids, biogenic amines like N-arachidonylethanolamine, N-
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arachidonoyldopamine and products of lipoxygenases (12-HETE and 

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

(Fig.3). 

 

Fig. 3 Activation of TRPV1 by different endogenous or exogenous agonists [67]. 
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An increase in the intracellular calcium concentration ([Ca2+] i) is critical for 

lymphocyte activation that includes cell proliferation and differentiation 

[68] and [69]. In B and T lymphocytes, stimulation via an antigen receptor 

results in a biphasic Ca2+ response: an initial transient increase in [Ca2+] i 

that corresponds to Ca2+ release from the endoplasmic reticulum (ER) 

store and the subsequent prolonged [Ca2+] i elevation that depends on the 

Ca2+ influx from the extracellular environment across the plasma 

membrane. Elevated [Ca2+] i levels result in the activation of many 

transcription factors such as NF-AT and NF-κB, thereby leading to cell 

proliferation and production of various cytokines. 

Several ion channels play an important role in increasing [Ca2+] i in 

lymphocytes [70]. In the initial phase of [Ca2+] i increase, the inositol 1,4,5-

trisphosphate (IP3) receptor that is activated by IP3 is cleaved from 

phosphatidylinositol 4,5-bisphosphate (PIP2), thereby causing the release 

of Ca2+ from the ER into the cytoplasm. In the subsequent phase, various 

ion channels cooperatively induce extracellular Ca2+ influx across the 

plasma membrane and maintain increased [Ca2+] i. The store-operated 

channels (SOCs) including Ca2+release-activated Ca2+ channels (CRAC 

channels) are activated by the depletion of the Ca2+ store; these channels 

are believed to contribute toward the maintenance of [Ca2+] i. Voltage-gated 

and Ca2+-activated K+ channels appear to contribute to the 
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hyperpolarization of the membrane potential that maintains the driving 

force of the Ca2+ influx. 

TRP channels have been reported to play important roles in [Ca2+] i increase 

in lymphocytes [71], [72] and [73]. For example, in the avian B 

lymphocyte cell line DT40, the disruption of TRPC1 results in the 

reduction of both Ca2+ oscillations and the subsequent NF-AT activation 

caused by BCR ligation. TRPM4, a Ca2+-activated monovalent-selective 

channel, contributes to Ca2+ oscillation by regulating the membrane 

potential in Jurkat T cells. TRPC7 appears to function as a DAG-activated 

channel in DT40 B cells.  

TRP channels have also been found to regulate thymopoiesis. Recently, it 

has been demonstrated that tissue-specific deletion of TRPM7 in T cell 

lineage disrupts thymopoiesis, with a developmental block of thymocytes 

at double-negative (DN) stage, and progressive depletion of thymic 

medullary cells [74]. In addition, some endogenous vanilloid agonists have 

been described in the thymus [75]. Moreover, we have previously reported 

that treatment with CPS affects T cell differentiation and functions in a 

TRPV1-dependent manner, by regulating the apoptosis of distinct 

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

 

Given this background, aim of the study was to investigate the role of 

TRPV1, a member of the family of cation channels of increasing interest, 

in the regulation of the autophagic/apoptotic processes and its potential 

involvement in thymocyte development.  
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3. MATERIALS AND METHODS 

3.1 ANIMALS 

C57Bl/6 male mice were purchased from Harlan, Udine, Italy. GFP-LC3 

[33] and Beclin-1+/- mice [77] were provided by Prof. Francesco Cecconi 

(Tor Vergata University, Rome, Italy) and housed as previously described 

[76]. Five animals, 6-10 weeks-old, were sacrificed for each experiment in 

accordance with the National Institutes of Health ‘Guidelines for the Care 

and Use of Laboratory Animals’.  

 

3.2 CELL PREPARATION 

Thymi were teased and cellular debris was removed by extensive washing. 

Thymocytes were isolated by centrifugation on Lympholite-M (Cederlane, 

Burlington, Canada) gradient, washed twice in RPMI-1640 medium 

(Lonza, Basel, Switzerland) containing 10% heat-inactivated fetal bovine 

serum (FBS), 2 mM L-glutamine, 100 IU/ml penicillin, 100 mg 

streptomycin (Lonza), counted and diluted at appropriate concentrations in 

medium. Cell purity (99%) was assessed by immunofluorescence and 

FACS analysis using anti-CD3 monoclonal antibody (mAb). 
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3.3 REAGENTS 

The following monoclonal antibodies (mAbs) were used: PE-conjugated 

anti-mouse CD3, PE-conjugated anti-mouse CD4 (CD4-PE), CyChrome-

conjugated anti-mouse CD8 (CD8-CyChrome) (1 µL/1x106 cells), anti-

caspase-3 (1:1000, BD Biosciences, San Josè, CA, USA), anti-Bcl-XL 

(1:200) and anti-actin (1:1000) (Santa Cruz Biotechnology, Santa Cruz, 

CA), and rabbit anti-phospho AMP-activated kinase (AMPK) (1:1000, p-

AMPK) (Cell Signaling Technology, Danvers, MA, USA). The following 

rabbit polyclonal Abs were used: anti-TRPV1 (western blot 1:200; flow 

cytometry 1:25; Abcam, Cambridge, MA), anti-AMPK, anti-ATG4C and 

anti-Beclin-1 (1:1000, Cell Signaling), anti-LC3 (2 µg/mL, Novus 

Biologicals, Littleton, CO). Fluorescein isothiocyanate (FITC)-conjugated 

goat anti-rabbit (GARB, 1:20) from Santa Cruz Biotechnology. 

Horseradish peroxidase (HRP)-conjugated sheep anti-mouse (1:2000) and 

HRP-conjugated donkey anti-rabbit (1:20000) from GE Healthcare Bio-

Sciences AB (Uppsala, Sweden). z-VAD (OMe)-FMK from Enzo Life 

Sciences (Farmingdale, NY). FLUO 3-AM (7 µM) and acridine orange 

(AO, 1 �g/mL) were Invitrogen (San Diego, CA, USA). CPS (10 µM), 

capsazepine (CPZ, 1 µM), rapamycin (10 ng/ml), 3-methyl adenine (3-MA, 

5 mM), bafilomycin A1 (1 µM), compound C (10 µM), 

ethylenediaminetetraacetic acid (EDTA, 5 mM), N-acetylcysteine (NAC, 
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10 mM), 2',7'-dichlorofluorescein diacetate (DCFDA, 10 µg/ml), Trypan 

blue and dimethyl sulfoxide (DMSO) from Sigma-Aldrich. 

  

3.4 FLOW CYTOMETRY 

To determine the expression of TRPV1 on mouse thymocytes, 5x105 cells 

were fixed and permeabilized using CytoFix/CytoPerm Plus (BD 

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

goat serum was used as negative control. After 20 min at 4 °C, cells were 

washed twice and labelled with FITC-conjugated GARB.  

In some experiments, thymocytes from wild-type (wt) and GFP-LC3 

transgenic mice [78] untreated, treated with CPS (10 µM) or pre-treated 

with 3-MA (5 mM) before the addition of CPS, were double stained with 

anti-CD4-PE and anti-CD8-CyCrome mAbs and analyzed on a FACScan 

cytofluorimeter (BD Biosciences). Electronic compensation was used 

between green, red and orange fluorescences to remove spectral overlaps. 

The percentage of positive cells was determined over 10,000 events and 

fluorescence intensity was expressed in arbitrary units on a logarithmic 

scale. 

 

3.5 ACIDIC VESICULAR ORGANELLES (AVOs) DETECTION  

AO is a cell-permeable lysosomotropic agent that fluoresces when excited 

with blue light. In its uncharged state AO emits green in the cytoplasm and 
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nucleus, and in its protonated form it accumulates inside acidic vesicles and 

emits red light. Briefly, 3x105 thymocytes were seeded into 24-well plates 

and cultured for the indicated times with CPS (10 µM) alone or in 

combination with CPZ (1 µM). In some experiments, thymocytes were pre-

treated with 3-MA (5 mM) before the addition of CPS. At the end of 

treatments cells were washed with fresh medium, stained with AO and 

analyzed by flow cytometry as previously described [79]. 

 

3.6 CALCIUM INFLUX ([Ca2+]i) MEASUREMENT 

Intracellular Ca2+ flux was measured using FLUO 3-AM as previously 

described [76]. After FLUO 3-AM staining, cells were resuspended in 

RPMI/FCS medium supplemented or not with EDTA (5 mM), warmed to 

37 °C for 5 min, and stimulated with 10 µM of CPS for different times. In 

some experiments, cells were treated with CPS in combination with CPZ  

(1 µM). FLUO-3 fluorescence was measured on the Flow cytometer at 525 

nm on the green channel; untreated cells were analyzed to establish 

baseline fluorescence levels. 

 

3.7 REACTIVE OXYGEN SPECIES (ROS) PRODUCTION 

Thymocytes, untreated or treated with CPS (10 µM) for different times (5, 

15, 30, 60 and 120 min), were cultured at a density of 1.5x105 in 24-well 

plates, washed with PBS, pulsed with DCFDA (10 µg/ml) for 10 min at 37 
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°C 5% CO2 and quickly analysed by Flow cytometry and the CellQuest 

Software. In some experiments, treated cells were cultured in the presence 

of NAC (10 mM), CPZ (1 µM) or EDTA (5 mM). 

 

3.8 WESTERN BLOT 

Lysates were obtained by using lysis buffer (1M Tris pH 7.4, 1M NaCl, 10 

mM EGTA, 100 mM NaF, 100 mM Na3VO4, 100 mM PMSF, 2% 

deoxycholate, 100 mM EDTA, 10% Triton X-100, 10% glycerol, 10% 

SDS, 0.1M Na4P2O7) containing protease inhibitor cocktail (Sigma 

Aldrich) and the Mixer Mill MM300 (Qiagen, Hilden, Germany). Samples 

were separated on 7% SDS-PAGE, transferred onto Hybond-C extra 

membranes (GE Healthcare), blocked with 5% low-fat dry milk and blotted 

with rabbit anti-TRPV1 Ab followed by HRP-conjugated donkey anti 

rabbit Ab. In addition, proteins were separated on 14% SDS-PAGE and 

immunoblotted with rabbit anti-LC-3 or mouse anti-caspase-3 followed by 

the appropriate HRP-conjugated Abs. For the detection of AMPK, p-

AMPK, Atg4C, Beclin-1 and Bcl-XL, lysates were separated on 10% SDS-

PAGE. The detection was performed using the LiteAblot ®PLUS or the 

LiteAblot ®TURBO (EuroClone, Milano, Italy) kit and densitometric 

analysis by a Chemidoc using the Quantity One software (BioRad). Each 

sample was compared to its loading control (actin) for quantification. 
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3.9 IMMUNOPRECIPITATION AND OXYBLOT 

Cell lysates (200 µg), from thymocytes untreated or treated for 2 h with 

CPS (10 µM) alone or in combination with NAC (10 mM), were precleared 

with protein A-sepharose (GE Healthcare) and then incubated overnight at 

4°C with rabbit anti-Atg4C Ab (1:100) (Cell Signaling Technology) cross-

linked to protein A. After washings, immunoprecipitated complex was 

eluted from beads and aliquots of immunoprecipitated Atg4C were 

derivatized using the Oxyblot Protein Oxidation Detection Kit (Millipore 

Corporation, Billerica, MA, USA). After neutralization, samples were 

applied on 10% SDS-PAGE, transferred and processed following the 

manufacturer’s instructions. The detection and the densitometric analysis 

were performed as above described. 

 
 
3.10 CELL VIABILITY 

Thymocytes (1.5x106/ml) were seeded into 6-well plates and cultured for 

the indicated times with CPS (10 µM) or pre-treated with 3-MA (5 mM) 

before the addition of CPS at 37°C, 5% CO2. After treatment, cells were 

collected and labelled with 0.4% Trypan Blue solution (Sigma Aldrich). 

Enumeration of viable cells was carried out in Neubauer’s chambers using 

a light microscope at 10X magnification. 
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3.11 DNA FRAGMENTATION 

Time-course experiments of nucleosomal DNA fragmentation were 

performed by agarose gel electrophoresis. Briefly, 1.5x106/ml thymocytes 

were cultured at 37°C, 5% CO2 with or without CPS (10 µM) for the 

indicated times; thymocytes were also pre-treated with 3-MA (5 mM) 

before the addition of CPS. After treatment, cells were washed in PBS, and 

DNA was extracted using the Qiagen DNA extraction kit. The DNA 

samples were electrophoresed on ethidium bromide-stained 1.7% agarose 

gels and acquired by ChemiDoc.  

Nucleosomal DNA fragmentation was also evaluated by the MEBSTAIN 

Apoptosis Kit Direct (MBL Medical and Biological laboratories CO., 

Naka-ku Nagoya, Japan) according to the manufacturer’s instructions for 

Flow cytometry analysis, in thymocytes treated as above described and 

stained with anti-CD4-PE and anti-CD8-CyCrome mAbs. In brief, cells 

were fixed with 1% paraformaldehyde for 15 min on ice, washed, 

permeabilized with 70% ethanol for 15 min on ice, washed and then stained 

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

 

3.12 RNA ISOLATION, REVERSE TRANSCRIPTION AND qRT-
PCR ANALYSIS 

Total RNA was extracted from untreated, CPS-treated thymocytes and 

from spleen tissue, by the RNeasy Mini Kit (Qiagen). RNA samples were 
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resuspended in RNAse-free water and their concentration and purity were 

evaluated by A260-A280 measurement. RNA samples (500 ng) were 

subjected to reverse transcription using the High Capacity cDNA Archive 

Kit (Applied Biosystems, Foster City, CA, USA) according to the 

manufacturer’s instructions. One µl of the resulting cDNA products was 

used as template for RT-PCR quantification. Quantitative RT-PCR was 

performed using the iQ5 Multicolor Real-Time PCR Detection System 

(Biorad). The reaction mixture contained the SYBR Green PCR Master 

Mix (Biorad) and forward and reverse primers designed from sequences in 

the GeneBank database by Beacon Designer 5.1 software (Premier Biosoft 

International, Palo Alto, CA, USA): TRPV1: FW 5’-CTCCAGACAGA 

GACCCTAAC-3’ RV 5’-TCTTCTGAGTCACCCTTCC-3’; Atg4A: FW  

5’-TGGGTGGCCTTTGTTGTAACT-3’, RV 5’-TGCTCGGTCACA 

TGCATATTG-3’; Atg4B: FW 5’-GGCCAGGAGCTATTGTGCTG-3’, 

RV 5’-CCCCTTACTACCAACAACAGGAGT-3’; Atg4C: FW 5’-TGAA 

GTCCAGTAGTTACAGTTACG-3’, RV 5’-AGCACAGCACACCGA 

AGC-3’; Atg4D: FW 5’-ACACAGGGTGCACTGGAGATG-3’, RV 5’-

TCAGCGAACCAGGAAACAATC-3’; glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH): FW 5’-CCCACTAACATCAAATGGGG-3’, 

RV 5’-TTGGCTCCACCCTTCAAGT-3’. Each PCR amplification 

consisted of 3 min at 94°C, followed by 40 cycles at 94°C for 15s, 58°C for 

30s and 72°C for 30s. All controls and samples were assayed in triplicate in 
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the same plate. Measurement of GAPDH mRNA was used as control to 

normalize mRNA content. 

 

3.14 RT-PCR PROFILER ARRAY 

Total RNA from thymocytes, untreated or treated with CPS (10 µM) alone 

or with 3-MA, was isolated as above described. One microgram of the 

obtained RNA was subjected to RT using the Reaction Ready first strand 

cDNA kit (Superarray Bioscience Corporation, Frederick, MD) following 

the manufacturer’s instructions. Quantitative RT-PCR was performed using 

the IQ5 Multicolor Real-time PCR detection system (Biorad), the RT2 real-

time SYBR green PCR Mix and the Mouse Autophagy plates (Superarray 

Bioscience Corporation). Each PCR amplification consisted of heat 

activation for 10 min at 95 °C followed by cycles of 95 °C for 15 sec and 

60 °C for 1 min. Measurement of five housekeeping genes on the samples 

was used to normalize mRNA contents and results were expressed as 

relative fold of the corresponding control. 

 

3.15 STATISTICAL ANALYSIS  

The statistical significance was determined by Student’s t-test and by 

Anova with Bonferroni post-test. No statistical significative difference was 

found between untreated and vehicle (DMSO)-treated thymocytes (data not 

shown). 
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4. RESULTS 

CPS INDUCES AUTOPHAGY IN THYMOCYTES 

Autophagy in the thymus is activated under stress conditions [80, 81]. CPS 

has been found to induce cellular stress [82], but at present no data on the 

ability of CPS to trigger an autophagic program in the thymus have been 

provided. Thus, we first determined whether treatment of thymocytes with 

CPS could induce autophagy as indicated by the processing of LC3. Ficoll-

purified CD3+ thymocytes (>99%) (data not shown), treated or not with 

CPS for different times, were analyzed for LC3 mobility. CPS caused a 

significative accumulation of lipidated LC3 (LC3-II) at 2h after treatment 

that declined thereafter (Fig. 4A). Similar results were obtained treating 

thymocytes with rapamycin used as positive control (data not shown).  

Autophagy requires the formation of autophagosomes, which then fuse 

with endosomes/lysosomes to form AVOs, where degradation of the cargo 

occurs. Thus we detected AVOs formation by AO staining and flow 

cytometry. Time-course analysis on thymocytes exposed to CPS evidenced 

a significant level of AVOs formation at 2h as compared to untreated cells 

(Fig. 4B). 
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Fig.4 CPS induces autophagy in mouse thymocytes. 
A) Lysates from thymocytes, untreated or treated with CPS for different times, were separated on 14% 
SDS-PAGE and probed with anti-LC3 Ab. One representative out of three independent experiments is 
shown. Statistics of densitometric analysis was performed by Anova Bonferroni post-test, *p<0,01.  
B) The percentage of cells positive for AVOs was evaluated by AO staining and FACS in untreated or 
CPS-treated thymocytes. Data shown are the mean ± SD of three independent experiments; Anova 
Bonferroni post-test, *p<0,01.  
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4.2 CPS-INDUCED AUTOPHAGY IS TRPV1-DEPENDENT.  

In order to analyze the involvement of TRPV1 in CPS-induced autophagy 

in thymocytes, we firstly evaluated the expression of TRPV1 mRNA qRT-

PCR analysis. We found that thymocytes and spleen tissue, used as positive 

control [83], express the TRPV1 mRNA (Fig. 5A). The expression of 

TRPV1 was also assessed at protein level by Western blot and 

cytofluorimetric analyses. A band of apparent MW of 95 kDa (Fig. 5B), 

corresponding to TRPV1, was found in the lysates from thymocytes and 

positive control; no reactivity was observed with normal goat serum (data 

not shown). Furthermore, by FACS analysis we found that the majority of 

thymocytes express TRPV1 (Fig. 5C).  

Finally, we analyzed the LC3 conjugation and AVOs formation in 

thymocytes treated for 2h with CPS alone or in combination with the 

specific TRPV1 inhibitor CPZ. We found that CPZ markedly reverted the 

CPS-induced autophagy (Fig. 5D, E), indicating this process is a TRPV1-

mediated event. 
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Fig. 5 CPS induces autophagy in a TRPV1 dependent manner. 
A) TRPV1 mRNA levels on thymocytes and spleen tissue, used as control, were evaluated by qRT-PCR. 
TRPV1 levels are expressed as relative fold with respect to control. Data shown are the mean ± SD of 
three independent experiments.  
B) Lysates from thymocytes and spleen tissue were separated on 7% SDS-PAGE and probed with anti-
TRPV1 Ab. One representative out of three independent experiments is shown.  
C) The expression of TRPV1 on thymocytes was evaluated by immunofluorescence and FACS analysis 
using anti-TRPV1 Ab. FITC-conjugated GARB was used as secondary antibody. Grey area shows 
secondary antibody alone. One representative out of three independent experiments is shown.  
D) Lysates from thymocytes, treated for 2 h with CPS alone or in combination with CPZ were separated 
on 14% SDS-PAGE and probed with anti-LC3 Ab. One representative out of three independent 
experiments is shown. Statistics of densitometric analysis 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 evaluated by AO staining in thymocytes treated as 
described in panel D. Statistical analysis was assessed 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 ([Ca2+]i)-DEPENDENT MANNER.   

Stimulation of TRPV1 of different cell types by CPS results in [Ca2+] i 

mobilization and ROS production [82]. Thus, to characterize calcium 

transport through TRPV1, we followed CPS-induced [Ca2+] i by 

cytofluorimetric analysis in thymocytes loaded with FLUO3. CPS 

stimulation of thymocytes in Ca2+-containing medium induced a rise of 

[Ca2+] i from 170 to 500 nM. The kinetics of mobilization showed that CPS 

induces a rapid response (3 min) that peaks at 6 min and declines 

thereafter. We also examined the source of calcium responsible for these 

changes by stimulating thymocytes with CPS in the presence of the 

extracellular chelator EDTA (nominally Ca2+-free medium). Under these 

conditions, the ability of CPS to induce Ca2+ mobilization was completely 

blocked. Similar results were obtained by using CPS in combination with 

CPZ, indicating that Ca2+ response was mediated by TRPV1 (Fig. 6A). 

Then, we measured the CPS-induced ROS production in thymocytes using 

DCFDA and FACS analysis. CPS induced a sustained ROS accumulation 

that begins at 15 min and increases at later time points (Fig. 6B); moreover, 

the ROS scavenger NAC completely inhibited ROS production, indicating 

that thymocytes accumulate peroxides under these conditions (Fig. 6C).  

Given that thymocytes generate ROS in response to [Ca2+] i increase [84], 

we then analysed whether the TRPV1-dependent [Ca2+] i rise could be 
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essential for CPS-induced ROS by evaluating the effect of CPZ or EDTA. 

As expected, CPZ and EDTA completely inhibited ROS production in 

CPS-treated cells (Fig. 6C).  

Finally, we explored whether the [Ca2+]i rise and ROS were essential for 

autophagy in thymocytes, by assaying the effect of EDTA or NAC on the 

formation of autophagosomes using LC3 as marker. Addition of EDTA or 

NAC to thymocytes for 30 min before CPS-treatment resulted in a marked 

reduction of LC3 lipidation (Fig. 6D). 
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Fig. 6 TRPV1 triggering by CPS induces [Ca2+] i and ROS production leading to autophagy. 
A) Time course of [Ca2+] i rise in FLUO 3-loaded thymocytes, untreated or treated with CPS alone or in 
combination with CPZ or with EDTA was evaluated by FACS analysis. Data shown are the mean ± SD of 
three independent experiments. Statistical analysis was determined by comparing CPS-treated with 
untreated thymocytes and CPS plus CPZ- or CPS plus EDTA- with CPS-treated cells; Anova Bonferroni 
post-test, *p<0,01. 
B) ROS production was evaluated in thymocytes, untreated or treated with CPS for different times, by 
DCFDA staining and FACS analysis. Data, shown as the mean ± SD of three independent experiments, 
are expressed as fold change with respect to ROS basal level (time 0, dot line) used as control. Statistical 
analysis was determined by comparing untreated with control and CPS-treated with untreated cells; 
Anova Bonferroni post-test, *p<0,01. 
C) ROS production was assayed as above described in thymocytes treated for 1 h with CPS, alone or in 
combination with NAC, EDTA or with CPZ. One representative out of three independent experiments is 
shown. 
D) Lysates from thymocytes, treated for 2 h with CPS alone or in combination with EDTA or NAC were 
separated on 14% SDS-PAGE and probed with anti-LC3 Ab. One representative out of three independent 
experiments is shown. 
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4.4 TRPV1 TRIGGERING BY CPS REQUIRES AMPK 
ACTIVATION FOR AUTOPHAGY INDUCTION. 

The energy sensor AMPK acts as a major regulator of cellular adenosine-

5'-triphosphate levels and protects cells against stresses. Recent evidence 

demonstrates that activation of AMPK by Ca2+ and ROS signaling inhibits 

the mammalian target of rapamycin (mTOR) complex and induces 

autophagy [85]. Given that phosphorylation of Thr-172 of AMPK is 

necessary for its activity [86], the phosphorylation status of AMPK in 

untreated and CPS-treated thymocytes was measured. Time-course 

immunoblot analysis showed that enhancement of AMPK phosphorylation 

occurs rapidly being evident at 5 min and peaking at 15 min after CPS 

exposure (Fig. 7A). Moreover, we treated thymocytes with CPS in the 

presence of EDTA or NAC and found that both compounds markedly 

reverted the CPS-induced AMPK phosphorylation (Fig. 7B). Finally, we 

evaluated the involvement of AMPK activation in CPS-induced autophagy 

by using the AMPK inhibitor compound C that completely blocked the 

LC3 lipidation (Fig. 7C). 
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Fig. 7 CPS induced-autophagy in thymocytes requires AMPK activation. 
A) Lysates from thymocytes treated for different times with CPS, were separated on 10% SDS-PAGE and 
probed with anti-pAMPK mAb and anti-AMPK Ab. Statistics of densitometric analysis was determined 
by Anova Bonferroni post-test, *p<0,01.  
B) Lysates from thymocytes treated for 15 min with CPS, alone or in combination with EDTA or NAC 
were analyzed as above described. Statistics of densitometric analysis was assessed by comparing CPS 
plus EDTA- or CPS plus NAC- with CPS-treated cells. Student’s t-test, *p<0,01. 
C) Lysates from thymocytes, treated for 2 h with CPS alone or in combination with compound C were 
separated on 14% SDS-PAGE and probed with a rabbit anti-LC3 Ab. Statistical analysis was determined 
by comparing CPS plus compound C- with CPS-treated cells. Student’s t-test, *p<0,01. 
One representative out of three independent experiments is shown in each panel. 
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4.5 CPS TREATMENT OF THYMOCYTES AFFECTS 
AUTOPHAGIC GENE EXPRESSION. 

To evaluate the effects of CPS on autophagic gene expression in 

thymocytes, we performed a RT-Profiler array in cells untreated, treated for 

2h with CPS or pre-treated for 30 min with 3-MA before the addition of 

CPS. At 2h after CPS treatment, Atg4C gene was up-regulated. In addition, 

CPS plus 3-MA induced a strong Atg4C, Irgm1 and Bcl2L1 genes down-

regulation (Table 2). 

 

      Table 2. CPS treatment affects autophagic gene expression.  

Description CPS vs DMSO 
(Fold change) 

CPS plus 3-MA vs CPS 
(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 represents the main cellular target of 

oxidative signals in autophagy, and their delipidating activity is tightly 

regulated by changes in ROS concentrations, specifically H2O2 which is 

essential for autophagosome formation [87]. RT-Profiler assay results were 

confirmed by qRT-PCR. We found that thymocytes express the four 

mammal Atg4 paralogues (A, B, C and D) and that CPS treatment 

specifically increased the Atg4C mRNA expression alone (Fig. 8A). Given 

that Atg4 activity is regulated by oxidation, we immunoprecipited the 

Atg4C protein from lysates of thymocytes untreated or treated for 2h with 

CPS alone or in combination with NAC and analyzed its oxidation status.  

We found that TRPV1 activation by CPS triggers oxidation of Atg4C with 

a concomitant regulation of LC3 lipidation levels (Fig. 8B) in a ROS-

dependent manner, suggesting that ROS-mediated induction of autophagy 

involves Atg4C activity. 
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Fig. 8 ROS signaling induces oxidation of Atg4C in CPS-treated thymocytes. 
A) Atg4 A, B, C and D mRNA levels were evaluated in thymocytes, untreated or treated for different 
times with CPS by qRT-PCR. Levels of each Atg4 are expressed as relative fold with respect to untreated 
cells used as control. Data shown are the mean ± SD of three independent experiments. Statistical 
analysis was performed by Anova Bonferroni post-test, *p<0,01. 
B) Oxidation levels were evaluated in lysates, from thymocytes untreated or treated for 2h with CPS 
alone or in combination with NAC, immunoprecipitated with anti-Atg4C Ab. Aliquots of 
immunoprecipitated Atg4C were derivatized, separated on 10% SDS/PAGE and processed according to 
the kit instructions. Lysates were also separated on 14% SDS-PAGE and probed with anti-LC3 Ab. One 
representative out of three independent experiments is shown. 
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4.7 INVOLVEMENT OF BECLIN-1 IN AMPK-DEPENDENT CPS-
INDUCED AUTOPHAGY  

Beclin-1 plays an essential role in maintaining normal thymic cellularity 

[88]. Thus, we evaluated the involvement of Beclin-1 in TRPV1-mediated 

autophagy using Beclin-1+/- transgenic mice, founding that CPS-treated 

thymocytes show lower LC3-II levels as compared to their wild-type 

counterparts (Fig. 9A). 

Since Beclin-1 up-regulation occurs during the autophagic process [89], we 

performed a time-course analysis of Beclin-1 expression in CPS-treated 

thymocytes and found that Beclin-1 protein expression increases after 1-2h 

of treatment (Fig. 9B). In addition, the treatment with CPZ, NAC or 

compound C markedly reverted CPS-induced effects, indicating that 

Beclin-1 upregulation is dependent by TRPV1 triggering, ROS generation 

and AMPK activation (Fig. 9C).  
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Fig. 9 Involvement and regulation of Beclin-1 in CPS-induced autophagy 
A) Lysates from wild type and Beclin-1+/- thymocytes, untreated or treated with CPS for 2 h, were 
separated on 14% SDS-PAGE and probed with anti-LC3 Ab.  
B) Lysates from thymocytes, treated for different times with CPS were separated on 10% SDS-PAGE and 
probed with anti-Beclin-1 Ab.  
C) Lysates from thymocytes, untreated or treated for 2 h with CPS alone or in combination with CPZ, 
NAC or compound C, were separated on 10% SDS-PAGE and probed with anti-Beclin-1 Ab.  
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AUTOPHAGY IS REQUIRED FOR THYMOCYTE SURVIVAL 
UPON TRPV1 ACTIVATION 

Autophagy can either mediate cell death or act as pro-survival mechanism 

depending on cellular contexts and stimuli [90]. Thus, we evaluated the 

result of CPS-induced autophagy in term of survival or death of 

thymocytes. As demonstrated by Trypan Blue exclusion assay, CPS 

treatment did not affect thymocyte viability (Fig. 10A). Furthermore, 

pretreatment of thymocytes with the autophagic inhibitor 3-MA, or with 

bafilomycin A1 (data not shown), reverted the CPS-induced autophagy, as 

evaluated by reduction of LC3-II levels (Fig. 10B, C), decreased the total 

thymocyte number (Fig. 10D), and induced DNA fragmentation (Fig. 10E). 

No cytotoxicity was detected with 3-MA alone. Moreover, pre-incubation 

with 3-MA resulted in down-regulation of Beclin-1 and Bcl-XL protein 

levels and caspase-3 activation (Fig 10F, G). Finally, pretreatment with z-

VAD, a pancaspase inhibitor, completely reverted the 3-MA-induced 

Beclin-1 down-regulation in CPS-treated thymocytes, suggesting that 

Beclin-1 degradation and induction of apoptosis are caspase-dependent 

events (Fig. 10G). Overall these findings demonstrate that CPS-induced 

autophagy acts as a pro-survival mechanism in thymocytes.  
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Fig. 10 Autophagy is activated as survival pathway  
A) Cell viability was evaluated by Trypan Blue exclusion assay in untreated or CPS-treated thymocytes. 
Data shown are the mean ± SD of three independent experiments; Anova Bonferroni post-test, *p<0,01 
B) Lysates from thymocytes treated for 2 h with CPS or pre-treated for 30 min with 3-MA before the 
addition of CPS, were separated on 14% SDS-PAGE and probed with anti-LC3 Ab. One representative 
out of three independent experiments is shown. 
C) The percentage of cells positive for AVOs was evaluated by FACS in thymocytes treated as described 
in panel d. Data shown are the mean ± SD of three independent experiments; Statistical analysis was 
performed by comparing CPS plus 3-MA- with CPS-treated cells; Student’s t-test, *p<0,01. 
D) Cell viability was evaluated by Trypan Blue exclusion assay in thymocytes untreated, CPS- or 3MA-
treated or pre-treated with 3-MA before the addition of CPS. Data shown are the mean ± SD of three 
independent experiments. Statistical analysis was performed by comparing CPS plus 3-MA- with CPS-
treated cells or 3-MA-treated with untreated cells; Student’s t-test, *p<0,01. 
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E) DNA fragmentation was assessed in thymocytes, treated as described in panel d, by agarose gel 
electrophoresis, ethidium bromide staining and acquisition with ChemiDoc. One representative out of 
three independent experiments is shown. 
F) Lysates from thymocytes, untreated, treated for 2 h with CPS or pre-treated for 30 min with 3-MA 
before the addition of CPS, were separated on 14% SDS-PAGE and probed with anti-Bcl-XL and anti-
caspase 3 mAbs. One representative out of three independent experiments is shown. 
G) Lysates from thymocytes, untreated, treated for 2 h with CPS or pre-treated for 30 min with 3-MA 
before the addition of CPS, combined or not with z-VAD, were separated on 10% SDS-PAGE and probed 
with anti-Beclin-1 Ab. One representative out of three independent experiments is shown. 
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4.8 PHENOTYPE OF CPS-TREATED THYMOCYTES  

To evaluate whether TRPV1 activation could affect thymocyte phenotype, 

we decided to analyze directly CD4 and CD8α expression on CPS-treated 

cells by two-colour immunofluorescence and FACS analysis. Despite no 

changes in main cell subset distribution were found in thymocytes treated 

with CPS or pre-treated with 3-MA before the addition of CPS (Table 3), 

the analysis of CD4 and CD8α levels in DP thymocytes showed that CPS 

treatment induce the development of a new DP subpopulation. Based on 

these observations, CPS-treated DP thymocytes (77.8% of total) can be 

grouped into two populations: DPbright (60.3%) and DPdull (17.5%). DPbright 

cells express CD4 and CD8α corresponding to levels seen on the majority 

of total DP, and DPdull cells have lower levels of both CD4 and CD8α. No 

statistically significative differences were found when comparing CPS- 

with CPS plus 3-MA cells (Fig. 11A, Table 3). Thereafter, we evaluated 

whether the DPdull subpopulation overlaps with the autophagic thymocytes 

by performing three-color FACS analysis using Abs against CD4 and 

CD8α in CPS-treated thymocytes from GFP-LC3 transgenic mice. By 

gating DPbright and DPdull thymocytes we found that all the DPdull cells show 

lower levels of LC3 green fluorescence intensity compared to DPbright cells 

(Fig. 11B), indicating that DPdull cells represent the thymocyte 

subpopulation undergoing autophagy upon CPS treatment.  
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Interestingly, by labelling the 3’ termini of the DNA molecules with 2´-

deoxyuridine, 5´-triphosphate (dUTP), we analyzed thymocytes gated from 

CPS- or CPS plus 3-MA-treated samples and found that DPdull cells show 

apoptotic DNA fragmentation (Fig. 11C) when autophagy is inhibited. 

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

 

 

 

 

 

 

Percentage of DP, CD4+, CD8+ and double negative (DN) subpopulations. Data shown are the mean ± SD 
of three independent experiments. Statistical analysis was performed comparing CPS-treated with 
untreated and CPS plus 3-MA with CPS-treated cells; Student’s t-test. 

 Untreated CPS CPS + 3-MA 

DP 77.8 ± 1.6 77.9 ± 2.3 77.5 ± 1.9 

DPbright 69.9 ± 2.5 60.3 ± 3.2 58.7 ± 2.9 

DPdull 5.3 ± 0.8 17.5 ± 3.2* 18.8 ± 3.4 

CD8+ 5.9 ± 0.9 5.2 ± 1.1 5.4 ± 1. 0 

CD4+ 11.9 ± 1.5 10.8 ± 1.9 11.3 ±1.7 

DN 6.9 ± 0.9 6.1 ± 1.2 5.8 ± 1.1 
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Fig. 11 CPS treatment of thymocytes induces DP dull phenotype 
A Thymocytes, untreated or treated for 2 h with CPS, were stained with anti-CD4-PE and anti-CD8-
CyChrome mAbs and analyzed by FACS. Arrow indicates DPdull subpopulation. 
B Thymocytes from GFP-LC3 transgenic mice, treated and labeled as described in panel a, were 
evaluated by three color FACS analysis. LC-3 fluorescence was analyzed using separate gates for DPbright 
(R1, grey) and DPdull (R2, red) thymocytes.  
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C Thymocytes, treated for 2 h with CPS or pre-treated for 30 min with 3-MA before the addition of CPS, 
were labeled with anti-CD4-PE, anti-CD8-CyChrome and dUTP-FITC. dUTP-FITC fluorescence was 
analyzed by FACS in DPdull-gated cells. 
One representative out of three independent experiments is shown in each panel. 
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5. DISCUSSION 

 

Autophagy has a central homeostatic role in life and death decisions of 

numerous cell types, functioning both as a pro-survival mechanism during 

nutrient deprivation and other forms of stress and as a death mechanism in 

other contexts [90].  

Herein, we report for the first time that CPS induces TRPV1-mediated 

autophagy of a distinct subset of DP dull thymocytes in a [Ca2+] i- and ROS-

dependent manner. 

Thymocytes express TRPV1 receptor and CPS induces a TRPV1-

dependent increase of [Ca2+] i that is completely inhibited by EDTA and the 

TRPV1 antagonist, CPZ. The rise of [Ca2+] i is essential for CPS-induced 

ROS generation and autophagy, as EDTA completely blocks CPS-induced 

ROS generation, LC3 lipidation and autophagy, suggesting that ROS 

represent a down-stream signal to [Ca2+] i regulating the autophagic process. 

Accordingly, we found that CPS-induced ROS generation is essential for 

autophagy, as demonstrated by the ability of NAC to reduce the LC3 

lipidation and abrogate the CPS-induced autophagy.  

ROS generation induced by CPS treatment did not affect thymocyte 

viability, suggesting that ROS serve as signalling molecules in the 

autophagic pathway. Recent evidence demonstrates that AMPK activation 
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by calcium and ROS signaling inhibits the mTOR complex and induces 

autophagy [85]. We found that CPS increases the AMPK phosphorylation 

status in a time-dependent manner. Interestingly, thymocytes show a basal 

phosphorylation of AMPK, suggesting that a substantial degree of AMPK 

activation is required for normal energy balance. NAC and EDTA 

completely reverted CPS-induced AMPK phosphorylation in accordance 

with a role of calcium and ROS in AMPK activation [85, 91]. Moreover, 

the AMPK inhibitor compound C completely blocked CPS-induced 

autophagy, suggesting that AMPK activation is involved in thymocyte 

survival.  

The execution of autophagy is mediated by proteins known as Atg. Atg4 is 

a cystein protease that cleaves LC3-I before its lipidation and association to 

the autophagosomal membrane. In mammals there are four assumed Atg4 

paralogues (A, B, C, D) [92]. Recent reports indicate that Atg4C is not 

essential for autophagy development under normal conditions but is 

required for a proper autophagic response against stress stimuli such as 

prolonged starvation [93]. In this regard, we found that triggering of 

TRPV1 by CPS specifically increases the expression of Atg4C mRNA. 

Atg4s act both as conjugating and deconjugating enzymes and therefore 

their activity in the autophagic process is tightly regulated. Following the 

initial cleavage of Atg8-like proteins, Atg4 must become inactive to ensure 

the conjugation of Atg8/LC3 to the autophagosomal membrane [93]. ROS 
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have been shown to regulate starvation-induced autophagy by modulating 

Atg4 activity; ROS-induced oxidation causes a reversible inactivation of 

Atg4 and consequently the accumulation of LC3-II form [87]. In this 

regard, we found that CPS by stimulating ROS generation induces 

oxidation of Atg4C, likely promoting the LC3 lipidation, an essential step 

in autophagosome formation. Conversely, NAC, by blocking ROS 

generation, prevents Atg4C oxidation and LC3 lipidation, thus inhibiting 

the autophagic process.  

Among the Atg proteins, Atg6/Beclin-1 was the first human protein shown 

to be indispensable for autophagy. Beclin-1 plays a major role in 

maintaining normal thymic cellularity and early B cells in the bone marrow 

[88]. Accordingly, we found lower levels of LC3-II in CPS-treated 

thymocytes from Beclin-1+/- mice, as compared to their wild-type 

counterpart, demonstrating that CPS-induced autophagy is Beclin-1-

dependent.  

Beclin-1 regulates autophagy in eukaryotic cells and it is ubiquitously 

expressed in mouse tissues [80]. We found that Beclin-1 is involved in 

CPS-induced autophagy of murine thymocytes and is markedly up-

regulated in a TRPV1-dependent manner and in agreement with other 

findings [94], as a consequence of ROS production by thymocytes. More 

importantly, we show for the first time that Beclin-1 up-regulation is 

induced by AMPK activation. 
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Our findings also suggest the presence of a regulatory interplay between 

CPS-induced autophagy and apoptosis of thymocytes. CPS-induced 

autophagy is completely reverted by the treatment with the autophagic 

inhibitors that reduce cell viability and induce apoptosis of thymocytes. In 

addition, the exposure to 3-MA down-regulates Bcl-XL, reduces the 

expression of Beclin-1 and induces caspase-3 activation. The pancaspase 

inhibitor, z-VAD, completely reverts the 3-MA-induced Beclin-1 down-

regulation, indicating that Beclin-1 is cleaved after caspase activation. 

Finally, 3-MA down-regulates Irgm1 expression, involved in the protection 

of T lymphocytes from interferon gamma-induced autophagic cell death 

[95]. 

The phenotypic analysis of thymocytes evidences that CPS treatment does 

not influence cell distribution but affects CD4 and CD8α, but not CD3 

expression, (data not shown), inducing the development of a DP 

subpopulation expressing lower levels of both CD4 and CD8α receptors 

(DPdull). Interestingly, CPS induces autophagy only of DPdull thymocytes 

and treatment with 3-MA completely blocks CPS-mediated autophagy, and 

induces apoptosis of DPdull without affecting cell distribution. The 

apoptosis of DPdull thymocytes, in parallel with the down-regulation of Bcl-

XL induced by 3-MA, is in agreement with the findings that Bcl-XL is 

specifically expressed in DP thymocytes and contributes to their survival 

[96].  



 
 

57 

The expression levels of CD4 and CD8 co-receptors are related to the 

thymocyte maturation phase. In TCR-transgenic mice has been 

demonstrated that DP thymocytes receiving either a positive or negative 

selection signals, can down-regulate CD4 and CD8 receptor expression 

before completing the differentiation to single positive cells or dying for 

apoptosis [97, 98]. Thus, the susceptibility of DPdull cells to autophagy or 

apoptosis strongly support the hypothesis that these cells are able to 

respond to either survival or death signals. 

In addition our data, showing that TRPV1 activation by CPS induces ROS 

generation, are in accordance with previous findings demonstrating an 

involvement of free radicals in thymocyte development. Indeed, nitric 

oxide is shown to enhance the generation of DPdull in anti-CD3 stimulated 

thymocytes [99].  

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

mediated Atg4C and Beclin-1 activation, could play a major role in 

thymocyte development. Further studies are required to investigate how 

autophagy participates in positive or negative selection of thymocytes. 
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