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Abstract

In the past 10 years, autophagy has emerged as a crucial regulator of T-cell homeostasis, activation 

and differentiation. Through the ability to adjust the cell’s proteome in response to different 

stimuli, different forms of autophagy have been shown to control T-cell homeostasis and survival. 

Autophagic processes can also determine the magnitude of the T-cell response to TCR 

engagement, by regulating the cellular levels of specific signaling intermediates and modulating 

the metabolic output in activated T-cells. In this review we will examine the mechanisms that 

control autophagy activity in T-cells, such as ROS signaling and signaling through common 

gamma-chain cytokine receptors, and the different aspect of T-cell biology, including, T-cell 

survival, effector cell function and generation of memory, which can be regulated by autophagy.
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Introduction

Autophagy is a highly conserved catabolic cellular process that involves the degradation of 

intracellular material, which may range from soluble macromolecules to whole organelles, 

in the cell’s lysosomes. Controlled degradation is crucial to maintaining cell homeostasis by 

eliminating damaged or non-functional components and recycling the products of that 

degradation (reviewed in [1]). However, quality control is just one of many functions 

regulated by autophagy. Autophagy also constitutes an important source of fuel, which can 

help cells cope with different forms of metabolic stress, including starvation (reviewed in 

[2]). Autophagy also allows cells to adapt to other stresses, including oxidative stress, 

hypoxia or ER stress; and may act as a pro-survival mechanism (reviewed in [3]). 

Furthermore, changes in the proteome which are required to respond to specific stimuli or to 

move forward in developmental or differentiation pathways, are in many cases also regulated 

by autophagy (reviewed in [4]).

The material meant to be degraded in autophagy can be delivered to the lysosomes through 

different mechanisms, which define the three major forms of autophagy in mammalian cells: 
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macroautophagy (generally referred to as autophagy), microautophagy and chaperone-

mediated autophagy. Macroautophagy involves the de novo formation of double membrane 

vesicles, termed autophagosomes, which fuse with lysosomes to form autolysosomes and 

degrade their cargo (reviewed in [5, 6]). Recognition of different forms of cargo, which are 

mediated in many cases by specific mechanisms, define specific forms of macroautophagy; 

some examples include mitophagy – involving the degradation of mitochondria – [7], 

lipophagy – defined by the degradation of lipid droplets by autophagy –[8] or xenophagy – 

characterized by the incorporation of pathogens into autophagosomes [9]. Microautophagy 

involves the incorporation of cytosolic cargo into the lysosome through invaginations in the 

lysosomal membrane. Better characterized in yeast [10], microautophagy also occurs in 

mammalian cells, though, at least in murine dendritic cells, this process takes place in late 

endosomes and has been termed endosomal microautophagy [11]. Finally, chaperone-

mediated autophagy (CMA) represents a selective form of autophagy in which cytosolic 

proteins are transported to the lysosome by a cytosolic chaperone, and translocated into the 

lysosomal lumen for degradation (reviewed in [12]).

A comprehensive characterization of the mechanisms that control the sequential steps that 

regulate the different forms of autophagy, and the development of specific tools to detect and 

quantitate autophagy activity in tissues and cells, have led to the identification of new tissue-

specific functions of autophagy. In the past decade, exciting studies have begun to define the 

involvement of autophagy in many of the key functions of the immune system, including, 

among others, pathogen clearance, regulation of cell activation and differentiation, or 

antigen presentation (reviewed in [13]). Conclusive evidence that autophagy could act as an 

innate defense system for intracellular pathogens was presented in groundbreaking studies, 

which showed that clearance of intracellular bacteria by non-phagocytic and phagocytic cells 

was dependent on macroautophagy [9, 14]. These observations were extended to include 

destruction of viruses and parasites as targets of macroautophagy [15, 16]. It was later 

described that macroautophagy could also promote cross-presentation of antigens on MHC 

molecules, allowing for the loading of peptides generated from cytosolic proteins or 

intracellular pathogens into class II molecules, further implicating autophagy in the 

regulation of the immune response [17]. Several excellent reviews have been recently 

published covering the different roles that autophagy plays in the innate and the adaptive 

immune response [18, 19] and we will not cover most of those topics here. Instead this 

review will focus on our current knowledge of how different forms of autophagy control 

specific aspects of T-cell biology.

Regulation of macroautophagy in T-cells

It was not until 10 years ago that the first series of studies describing a physiological role for 

macroautophagy in T-cells were reported [20, 21]. Although previous studies had already 

shown that macroautophagy might be activated in HIV-infected CD4+ T-cells [22] or in 

vitro-aged human CD8+ T-cells [23], it was subsequent work conducted in macroautophagy-

deficient genetic models which showed that macroautophagy constituted a prominent 

mechanism through which T-cells preserved homeostasis and adapted to changes in the 

intracellular or extracellular environment [20, 21, 24–26]. In mice, ATG5 or ATG7 

deficiency was shown not to affect differentiation of CD4+ and CD8+ T-cells per se, but to 
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reduce their numbers in both the thymus and the periphery [21, 24]. Similar results were 

later reported in studies that analyzed mice carrying Beclin1- or Vps34-deficient T-cells, 

which confirmed that loss of autophagy affected mature peripheral T-cell homeostasis and 

survival [27, 28].

Macroautophagy is primed by the formation of an isolation membrane. This structure 

elongates, trapping cytosolic content, and ultimately seals to form an autophagosome, 

(Figure 1). Two major regulatory complexes control the induction of macroautophagy. The 

UNC-51-like kinases 1 and 2 (ULK1 and ULK2), form part of a complex that contains also 

the focal adhesion kinase family interacting protein of 200 kD (FIP200), the autophagy 

related protein (ATG) 101 and ATG13. This complex is required to induce the initial 

generation of the autophagic vesicle membrane (i.e. autophagosome nucleation), an early 

stage in autophagosome formation [29] (Figure 1). Activated by the ULK complex, the class 

III phosphatidylinositol-3-kinase complex (PI3KC3), containing vacuolar protein sorting 34 

(Vps34), Vps15, ATG14 and Beclin1, then mediates the recruitment of other ATG proteins 

to the autophagosome precursor or phagophore to induce elongation [30, 31].

Elongation of the autophagosomal membrane involves at least two well-known conjugation 

systems, which function in a similar way as the ubiquitin conjugation system, and are 

evolutionarily conserved among eukaryotes. The first system conjugates the cytosolic 

microtubule-associated protein light chain 3 (LC3-I) to phosphatydilethanolamine to 

generate LC3-II, which incorporates into the autophagosomal membrane and contributes to 

the subsequent autophagosome expansion and maturation [32]. A cascade of reactions 

involving the ATG proteins, ATG4, ATG7 and ATG3, is necessary for LC3 processing and 

conjugation [33]. After the cysteine-protease ATG4 exposes a glycine residue in the LC3 C-

terminus, the sequential activities of the E1-like ATG7 and E2-like ATG3 proteins induce 

the conjugation of LC3 and phosphatydilethanolamine [33] (Figure 1). The dynamic process 

of LC3-II conjugation and degradation is commonly used as a reliable marker of 

macroautophagy activity [34, 35]. A second cascade also contributing to autophagosomal 

membrane elongation involves the E1-like ATG7 and the E2-like ATG10-proteins, which 

mediate the conjugation of ATG12 to ATG5. ATG5-ATG12 conjugates form a complex with 

ATG16L, recruited to the pre-autophagosomal membrane by the phosphatidylinositol-3-

phosphate-binding protein WIPI [36] (Figure 1). Both conjugation systems require the 

activity of the ATG7, which represents a regulatory crosstalk between pathways involved in 

autophagosome elongation [37]. Overall, the current model of macroautophagy regulation 

suggest that this process is not linear and that the integration of multiple pathways usually 

takes place to modulate macroautophagy [38].

Several studies have shown that TCR engagement in CD4+ and CD8+ T-cells induces 

macroautophagy [20, 24, 39, 40]. Full activation of T-cells requires TCR engagement 

together with costimulatory molecules and cytokine signaling. mTOR is a key molecule 

activated downstream of these signaling pathways and is indispensable for the fate of the 

effector T-cell, playing a major role notably in regulating metabolism and protein translation 

(reviewed in [41]). Inhibition of mTOR signaling by rapamycin during T-cell activation was 

shown to not only result in defective cellular activation but to also induce anergy [42]. 

Therefore, T-cell activation introduces a paradigm of concomitant activation of mTOR, a 
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negative regulator of macroautophagy [43], together with macroautophagy induction in 

human and murine T-cells [39, 40]. A recent study has identified that TNF-α-induced 

protein 3 (TNFAIP3) restricts mTOR activity and promotes macroautophagy and survival in 

CD4+ T-cells [44]. However, the fact that activated T-cells activate mTOR and upregulate 

macroautophagy, and that inhibition of mTOR with rapamycin has little effect on activation-

induced macroautophagy in CD4+ T-cells, supports that induction of macroautophagy in 

response to TCR engagement is likely induced in an mTOR-independent manner [40]. 

Macroautophagy induction might instead involve Jun kinase (JNK), which in human 

epithelial cell lines has been shown to phosphorylate B-cell lymphoma 2 (Bcl-2) and cause 

its dissociation from Beclin1, which becomes then able to interact with Vps34-Vps15-

ATG14 in the PI3KC3 complex to induce autophagosome formation [45] (Figure 1). In fact, 

knocking-down JNK1 or JNK2 in Th1 cells has been shown to reduce the number of LC3-

positive vesicles [20]. In line with these results, at least two proteins that form part of the 

PI3KC3 complex are required for LC3 conjugation in CD4+ T-cells: Vps34- as well as 

Beclin1-deficient T-cells show reduced macroautophagy activity following TCR and CD28 

stimulation [28, 40, 46].

Cytokine signaling plays a major role in the regulation of T-cell function in both naive and 

effector T-cells. Our laboratory has shown that signaling through common gamma-chain 

cytokine receptors, such as the IL-2 receptor, induces macroautophagy in CD4+ T-cells; and 

that this pathway is required to maintain a high macroautophagy flux in activated T helper 

cells [40]. In CD4+ T-cells, IL-2 is secreted early after TCR engagement and is crucial for 

sustained proliferation and survival, as well as for effector differentiation and memory 

programming. It is thus likely that the positive effects that signaling through the IL-2 

receptor and other common gamma-chain cytokines has on determining the fate of effector 

and memory T-cells may stem from their participation in the regulation of macroautophagy. 

These results highlight the emerging role of cytokines and the JAK-STAT pathway in the 

regulation of macroautophagy [47, 48].

Regulation of ATG protein expression has also been reported in T-cells. Following TCR 

engagement, LC3 expression is upregulated in T helper cells through a yet unknown 

mechanism that appears to act at a posttranscriptional level [40]. Furthermore, the Beclin1 
promoter is targeted by NFκB to induce Beclin1 expression in activated Jurkat cells [49]. 

How changes in the expression of ATG proteins may affect the overall regulation of 

macroautophagy in T-cells remains to be determined.

Macroautophagy and organelle homeostasis in T-cells

There is mounting evidence that supports that macroautophagy plays an essential role in 

maintaining organelle homeostasis in T-cells. The reduction in mitochondrial content that 

occurs in T-cells as they differentiate from an early thymic emigrant to mature peripheral T-

cells is controlled by macroautophagy. Consequently, inhibition of macroautophagy in 

mouse T-cells leads to defective mitochondria turnover, which results in increased ROS 

generation and altered levels of apoptotic proteins [26, 50]. Accumulation of ER and altered 

calcium mobilization have also been reported in ATG7-deficient mouse T-cells [51]. Similar 

defects in mitochondria and ER homeostasis have been confirmed in T-cells lacking ATG3 
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or Vps34 [25, 46]. Interestingly, aged mice bearing Vps34-deficient T-cell develop an 

inflammatory syndrome that is likely a consequence of defective Treg function, indicating 

that macroautophagy is also important for the regulation of this critically important T-cell 

population for the maintenance of immune homeostasis [46, 52].

Macroautophagy and T-cell survival

Macroautophagy regulates T-cell survival at different levels. Dysregulated organelle 

accumulation in the cytoplasm may act as an inducer of cell death in macroautophagy-

deficient T-cells, possibly as a consequence of increased generation of ROS caused by 

impaired mitophagy [26, 50, 53]. However, the involvement of macroautophagy in the 

regulation of apoptosis goes beyond mitochondrial homeostasis, as shown by the fact that 

Beclin-1 deficient T-cells present increased susceptibility to apoptosis, at least in part, 

caused by the accumulation of the proapoptotic proteins Bim and caspases 3 and 8 [27]. 

These results support that the cellular levels of specific pro-apoptotic proteins might be 

regulated by their rate of degradation through macroautophagy [27]. Interestingly, Vps34-

deficient T-cells show disrupted recycling of the alpha chain of the IL-7 receptor, though this 

defect might be independent of the loss of macroautophagy in those cells [54]. The reduced 

numbers of T-cells that are observed in mice deficient in Vps34 or ATG proteins results 

probably from altered regulation of T-cell survival and apoptosis in the absence of 

macroautophagy [21, 28, 46].

Macroautophagy in the modulation of T-cell metabolism

Following TCR engagement, CD4+ T-cells increase autophagosome formation and 

degradation, and both ATG5- and ATG7-deficient T-cells show impaired proliferation in 

response stimulation [21, 24]. The mechanisms that underlie this effect have not been fully 

defined. ATG7-deficient naïve CD4+ and effector Th1 cells, or cells activated in the presence 

of either PI3KC3 inhibitors or lysosomal hydrolases inhibitors, show reduced proliferation 

and cytokine production following TCR and CD28 engagement, which may be a 

consequence of their inability to generate an efficient energetic output [24]. 

Macroautophagy-deficient mouse CD4+ T-cells show decreased activation-induced ATP 

production, which is restored when a cell-permeable substrate able to fuel oxidative 

phosphorylation is provided [24]. Interestingly, a shift in the nature of the autophagosome 

cargo occurs in activated effector CD4+ T-cells, which changes from being mainly 

comprised of organelles in naïve cells, to preferentially excluding organelles following 

activation [24]. These changes in autophagosome cargo might be important in supporting the 

ability of macroautophagy to provide substrates required to meet an increased energy 

demand, while preserving mitochondrial content during activation. The ability of 

macroautophagy to regulate T-cell metabolism has also been recently reported in memory 

CD8+ T-cells and Treg. Cells unable to induce macroautophagy show changes in their 

metabolic profiles when compared with their wild-type counterparts, which in Treg respond 

to increased c-Myc-induced glycolysis [52, 55]. Consequently, mice bearing 

macroautophagy-incompetent CD8+ T-cells generate deficient CD8+ T-cell memory, while 

those where deletion of Atg7 or Atg5 occurs in Foxp3+ T-cells show decreased Treg stability 

and survival [52, 55]. Interestingly, T-cells lacking Rab7, a small GTPase that promotes 
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fusion between autophagosomes and lysosomes [56], also have a reduced ability to 

proliferate upon TCR and CD28 engagement [57]. Rab-7 deficient T-cells should still be 

able to form autophagosomes, though they would fail to effectively fuse with lysosomes and 

degrade cargo. These data indicate, then, that not only sequestering of cargo into 

autophagosomes, but also its degradation, are important to support T-cell activation.

Macroautophagy in the regulation of TCR signaling

Though incorporation of cargo into the autophagosome was initially thought to be a merely 

non-specific in-bulk process, emerging evidence has shown that cargo recognition proteins, 

such as p62/Sequestosome 1 (SQSTM1) or Neurabin 1 (NRB1), allow macroautophagy to 

target distinct types of cargo (from selected proteins to specific organelles) for destruction 

[58]. The ability of macroautophagy to be selective has been recently shown to mediate 

regulation of specific signaling pathways activated by TCR engagement. In effector Th2 

cells and central memory CD8+ T-cells, SQSTM1-mediated targeted degradation of Bcl10 

through macroautophagy modulates NF-κB activation downstream of the TCR [59]. 

Macroautophagy has also been shown to target the cell cycle inhibitor p27Kip1 for 

degradation in activated T-cells [60], which may account for the reduced activation-induced 

cell proliferation that has been reported in macroautophagy-deficient T-cells [21, 24]. 

Interestingly, in the context of HIV infection, selective autophagy in human CD4+ T-cells 

can act as a protective mechanism by actively inducing the degradation of the viral 

transactivator protein Tat [61].

Collectively, those studies support that macroautophagy regulates peripheral T-cell activation 

following in vitro TCR stimulation. In vivo, studies performed using viral infection models 

in mice with Atg7-deficient CD8+ T-cells, have shown that those mice can mount effective 

primary anti-viral responses to LCMV, MCMV or Influenza virus, though a small decrease 

in the magnitude of the expansion phase can still be observed [55, 62]. Interestingly, in an 

adoptive transfer model using CD8+ T cells in which Atg5 is acutely deleted using a 

tamoxifen-induced Cre recombinase expression system, infection with influenza virus 

results in a significant decrease in the magnitude of the primary CD8+ T-cell expansion [63]. 

This decreased CD8+ T-cell response is however associated with increased apoptosis, which 

is induced in a ROS and p53-dependent manner [63].

Macroautophagy in the generation of CD8+ T-cell memory

As discussed above, recent studies analyzing CD8+ T-cell responses to viral infections 

indicate that naïve CD8+ T-cells might not be dependent on macroautophagy for clonal 

expansion during the acute phase of a viral infection, as the deletion of Atg genes does not 

significantly limit primary CD8+ T-cell response [55, 62]. Interestingly, it is just before the 

contraction phase, when cells stop dividing and the pathogen has been cleared, when CD8+ 

T-cells appear to upregulate macroautophagy, which becomes essential for the efficient 

generation of memory T-cells [55]. Consequently, macroautophagy-deficient CD8+ T-cells 

show diminished survival during the contraction phase, which results in a defective 

generation of memory [55, 62]. This result may respond to the involvement of 

macroautophagy in the regulation of the memory T-cells’ metabolism, which depend on 
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oxidative phosphorylation much more than activated naïve cells [55]. Interestingly, during 

MCMV infection, administration of spermidine enhances macroautophagy activation in 

CD8+ T-cells in old mice, which potentiates the generation of CD8+ T-cell memory in those 

mice [62]. Taken together, these findings support that modulation of macroautophagy might 

be used to boost T-cell memory generation and improve vaccine efficacy, anti-pathogen 

response or even T-cell-based immunotherapy.

Chaperone-mediated autophagy in T-cells

The remarkable specificity of CMA for specific cytosolic proteins is achieved by the 

cooperative activity of the molecules LAMP-2A and Hsc70 [64, 65]. The CMA-targeted 

pool of protein substrates, bear one or more consensus motifs biochemically related to the 

pentapeptide KERFQ, which is recognized by Hsc70 within a particular cytosolic chaperone 

complex (reviewed in [66], Figure 2). This chaperone complex brings the substrates to the 

lysosomal membrane, where they are unfolded and transported into the lysosomal lumen for 

degradation by a translocation complex, which assembles as a multimer of LAMP-2A [67] 

(Figure 2). The LAMP-2A protein is just one of the three splicing alternative mRNA forms 

of the Lamp2 gene, which also generates LAMP-2B and LAMP-2C; however only 

LAMP-2A is involved in CMA [68]. Regulation of the levels of LAMP-2A at the lysosomal 

membrane usually occurs via modulation of its lysosomal distribution and turnover [69]. 

However, stressors, such as oxidative stress, may induce transcriptional upregulation of 

Lamp2a expression, to increase the presence of LAMP-2A at the lysosomal membrane [70].

Our laboratory has recently has recently shown that CMA regulates CD4+ T-cell responses 

through the targeted degradation of negative regulators of TCR signaling, such as Rcan1 and 

Itch [71]. CMA is activated in response to engagement of the TCR, which induces 

upregulation of the transcription of Lamp2a in both naive and effector human and mouse 

CD4+ T-cells [71] (Figure 2). ROS generated in activated T-cells controls calcium signaling 

[72, 73] and are essential for the induction of the NFAT-dependent expression of Lamp2a 
[71] (Figure 2). The relevance of CMA for CD4+ T-cell activation is supported by the 

finding that specific inhibitors of TCR signaling, including the E3 ubiquitin ligase Itch and 

the calcineurin inhibitor Rcan1, are selectively degraded by CMA [71] (Figure 2). 

Accordingly, T-cells that lack LAMP-2A, and are therefore CMA-deficient, show a marked 

reduction in activation-induced proliferation and cytokine secretion; whereas mice bearing 

LAMP-2A-deficient T-cells respond poorly to immunization and infection with Listeria [71].

Further research will be required to characterize the full breadth of processes that might be 

controlled by CMA in T-cells. For instance, as reported for macroautophagy, CMA can also 

contribute to the regulation of cellular energetics, due to its capacity to modulate the levels 

of key metabolic enzymes, including pyruvate kinase or glyceraldehyde-3-phosphate 

dehydrogenase [74]. Whether this also occurs in T-cells and how CMA and macroautophagy 

may coordinate common activities, remain to be determined.
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Autophagy and autoimmune disease

Dysfunction of autophagy has been associated with a number of inflammatory diseases 

(reviewed in [19, 75]). Different mechanisms have been proposed to account for those 

associations. For instance, basal macroautophagy suppresses inflammasome activation and 

prevents excessive tissue-damage by directly degrading NACHT, LRR and PYD domains-

containing protein 3 (NALP3), or clearing NALP3 agonists, such as ROS, through 

mitophagy [76, 77]. Consequently, cells with defective macroautophagy have 

hyperactivation of the inflammasome and increased secretion of inflammatory cytokines 

[77–79].

The link between macroautophagy and inflammation is, however, not limited to the 

regulation of the innate inflammatory response, as it also extends to the direct control of T-

cell-mediated immunity. Given the important roles of macroautophagy in cross-presentation 

of antigens [80], in shaping the T-cell repertoire through modulation of thymocyte selection 

[81] and in altering the nature of the peptides presented by dendritic cells [82], 

macroautophagy may contribute to the maintenance of immune tolerance. In the 

experimental autoimmune encephalomyelitis mouse model of multiple sclerosis, 

macroautophagy has been shown to degrade proapoptotic proteins in T-cells and to function 

as a prosurvival mechanism, allowing the rapid expansion of autoreactive T-cells [27]. 

Furthermore, in patients suffering from multiple sclerosis, an increase in the expression of 

ATG5 in T-cells has been described at inflammatory sites [83]. A similar scenario occurs in 

systemic lupus erythematosus, where both mouse models and human patients exhibit higher 

autophagic activity in T-cells, which promotes aberrant activation and extended T-cell 

survival, which translates into persistent inflammation (reviewed in [84]).

On the other hand, a hypoautophagic phenotype in T-cells has been linked to. T-cells from 

patients with rheumatoid arthritis have lower levels of the glycolytic enzyme 6-

phosphofructo-2-kinase/fructose-2,6-bisphosphatase 3, which not only prevents efficient 

utilization of glucose, but also limits macroautophagy activity, increasing susceptibility to 

apoptosis. [85].

As mentioned before, analysis of mice lacking Vsp34 exclusively in T-cells have shown that 

these mice develop intestinal inflammation which correlates with impaired Treg function 

[46], while macroautophagy has recently been reported to maintain Treg stability and 

function [52]. These studies indicate that regulation of Treg function might constitute 

another mechanism through which macroautophagy may contribute to the maintenance of 

immune tolerance.

Autophagy and T-cell immunosenescence

Age is the single largest risk factor for many major diseases in humans. As with other tissues 

and organs, the immune system’s function also declines with age. The age-associated 

changes in the T-cell compartment are primarily responsible for the defective adaptive 

immune responses that are characteristic of the elderly, and result in decreased efficiency of 
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vaccination, increased severity of infectious diseases and diminished immune surveillance 

[86, 87].

Presently, there is increasing evidence of a strong connection between autophagy and aging, 

and a clear decrease in the activity of different forms of autophagy is observed with age [88]. 

Moreover, experimental evidence supports that restoring autophagic function in old or aged 

organisms leads to improved tissue homeostasis and enhanced function [89]. The immune 

system is not different from other tissues in this respect, and age-associated dysfunction of 

autophagy might also condition the magnitude and quality of the immune response in the 

elderly (reviewed in [90]). In the T-cell compartment, decreased levels of basal 

macroautophagy have been observed on CD8+ T-cells isolated from old healthy humans 

[91], while enhancing macroautophagy activity causes a more robust generation of CD8+ T-

cell memory in mice in response to viral infection [62]. Activation-induced CMA activity is 

also diminished with age in mouse and human CD4+ T-cells and restoration of CMA activity 

in old mouse CD4+ T-cells improves proliferation and cytokine production in response to 

TCR engagement [71].

A deeper understanding of the biology behind the loss of autophagy associated with age will 

be essential for the development of therapeutic interventions that may allow for the 

modulation of autophagy in T-cells. Approaches aimed at restoring autophagy activity in T-

cells from older individuals might prove powerful tools to boost T-cell function and improve 

responses to vaccination and pathogens in the elderly.

Conclusions

In T-cells, autophagy has emerged as an important regulatory mechanism that controls 

numerous aspects of T-cell biology. Whereas basal macroautophagy is essential to maintain 

T-cell homeostasis, activation-induced macroautophagy has been characterized as a key 

regulator of TCR-induced cell proliferation and metabolism, and is key for the generation of 

effector CD8+ T-cell memory. Both CMA and selective forms of macroautophagy can also 

modulate the levels of specific proteins to adjust the activity of defined signaling pathways 

in activated T-cells. However, there is still much left to learn about the regulation of these 

two forms of autophagy in T-cells. For instance, the full range of functions they may control, 

or the existence in T-cells of different levels of functional cooperation and cross-talk 

between them, remain yet to be determined. Moreover, further research is still necessary to 

better understand the mechanisms that are responsible for the alterations in the regulation of 

autophagy in T-cells in different pathologies. This knowledge should prove very valuable for 

the design of therapeutic approaches that might target autophagy and modulate its activity in 

those diseases or situations where autophagy dysregulation leads to loss of cell function.
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Figure 1. 
Macroautophagy in T-cells. Two upstream regulatory complexes: the tetrameric complex 

formed by ULK1, FIP200, ATG13 and ATG101; and the complex formed by Beclin1, 

Vps34, Vps15 and ATG14, regulate the initiation of the formation of the autophagosome 

form the pre-autophagosomal structure or phagophore. Elongation of a double membrane 

required to form the autophagosome occurs thanks to the activation of two conjugation 

cascades which are regulated by the E1-like protein ATG7. Processing of LC3 by ATG4 

allows for the E2-like protein ATG3 to mediate the conjugation of 

phosphatidylethanolamine (PE) and LC3 to form LC3-II that integrates into the 

autophagosomal membrane. ATG7 and the E2-like ATG10 proteins regulate the formation of 

ATG5/ATG12 conjugates, which are recruited to the autophagosomal membrane by WIPI 

and ATG16L and also contribute to the elongation of the limiting membrane. Sealing of the 

elongating autophagosomal to membrane leads to the formation of the autophagosome: a 

double membrane vesicle that contains the cargo. The autophagosome will fuse with the 

lysosome, where lysosomal hydrolases will degrade the cargo. In T-cells macroautophagy is 

activated in response to TCR or IL-2 receptor signaling has been shown to: participate in 

organelle homeostasis (especially through regulated mitophagy), regulate T-cell proliferation 

and survival (through the degradation of p27Kip1, Bim and caspases 3 and 8), modulate 

TCR-induced NFκB activation (though p62/SQSTM1-mediated targeted degradation of 

Bcl10), and to control T-cell activation, Treg fitness and the generation of CD8+ T-cell 

memory through the regulation of the T-cell's metabolism (by providing fuel substrates 

and/or modulating the activity of metabolic regulators).
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Figure 2. 
Chaperone-mediated autophagy in T-cells. In CD4+ T-cells, TCR engagement induces ROS 

generation, which in turn leads to the activation of NFAT. NFAT induces expression of the 

lysosomal protein LAMP-2A. Recognition of exposed KFERQ motifs in cytosolic proteins 

such as Itch and Rcan1 by an Hsc70-containg chaperone complex translocates those proteins 

through the lysosomal membrane. Interaction of the Hsc70-substrate complex with 

LAMP-2A induces the formation of a multimeric translocation complex that, with the help 

of an intralysosomal form of Hsc70, will unfold and transport the substrate to the lysosomal 

lumen, where it is degraded by lysosomal proteases.
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