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The Journal of Immunology

Macroautophagy Regulates Energy Metabolism during
Effector T Cell Activation

Vanessa M. Hubbard,* Rut Valdor,* Bindi Patel,”lE Rajat Singh,m Ana Maria Cuervo,T’i
and Fernando Macian*

Macroautophagy is a highly conserved mechanism of lysosomal-mediated protein degradation that plays a key role in maintaining-
cellular homeostasis by recycling amino acids, reducing the amount of damaged proteins, and regulating protein levels in response to
extracellular signals. We have found that macroautophagy is induced after effector T cell activation. Engagement of the TCR and
CD28 results in enhanced microtubule-associated protein 1 light chain 3 (LC3) processing, increased numbers of LC3-containing
vesicles, and increased L.C3 flux, indicating active autophagosome formation and clearance. The autophagosomes formed in stim-
ulated T cells actively fuse with lysosomes to degrade their cargo. Using a conditional KO mouse model where Azg7, a critical gene
for macroautophagy, is specifically deleted in T cells, we have found that macroautophagy-deficient effector Th cells have defective
IL-2 and IFN-y production and reduced proliferation after stimulation, with no significant increase in apoptosis. We have found
that ATP generation is decreased when autophagy is blocked, and defects in activation-induced cytokine production are restored
when an exogenous energy source is added to macroautophagy-deficient T cells. Furthermore, we present evidence showing that
the nature of the cargo inside autophagic vesicles found in resting T cells differs from the cargo of autophagosomes in activated
T cells, where mitochondria and other organelles are selectively excluded. These results suggest that macroautophagy is an
actively regulated process in T cells that can be induced in response to TCR engagement to accommodate the bioenergetic re-

quirements of activated T cells. The Journal of Immunology, 2010, 185: 7349-7357.

mulation of damaged proteins in the cell and to recycle

amino acids for new protein synthesis but also to allow for
the modification of protein levels in response to extracellular
signals (1-4). A major pathway involved in the degradation of
long-lived proteins is macroautophagy, a catabolic process that
delivers cytoplasmic material to lysosomes. Degradation of pro-
teins by autophagy plays a key role in maintenance of correct cell
homeostasis, which requires a careful balance between protein
synthesis and protein degradation (5).

Macroautophagy is a form of autophagy responsible for the
degradation of cytosolic proteins and whole organelles. This pro-
cess is critical to maintain cell function, as its failure leads to
intracellular accumulation of damaged proteins, defective regu-
lation of many cellular processes, and altered responses to stress,
which appear to underlie the basis for different human diseases (4,

P rotein turnover is necessary not only to reduce the accu-
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6). Macroautophagy involves sequestering of cargo into a de novo-
formed double-membrane vesicle called the autophagosome (7).
Eventually, the autophagosome fuses with lysosomes, and break-
down of the cargo occurs. Two ubiquitin-like conjugation systems
regulated by autophagy-related gene (Atg)7 are involved in the
biogenesis of the autophagosome: Atg8 (LC3)-phosphatidyl-
ethanolamine and Atgl2-Atg5 (8, 9). Macroautophagy is regu-
lated by the PI3K class III Vps34, which forms a complex with
Beclinl and stimulates autophagosome nucleation (7). Knocking
down the proteins involved in the conjugation processes (e.g.,
Atg5 or Atg7) or inhibiting PI3K class III causes inhibition of
macroautophagy.

Although the role of macroautophagy in several tissues and
systems has been characterized, it is still unclear what role this
process may play in the regulation of the adaptive immune system.
Presentation of intracellular Ags on MHC class II molecules by
dendritic cells has been shown to be mediated by macroautophagy,
which is also active in thymic epithelial cells, where it plays a key
role in the regulation of thymocyte selection and therefore in
shaping the T cell repertoire (10). Macroautophagy also regulates
B cell survival and development (11).

It is only recently that a possible role for macroautophagy in
the regulation of T cell homeostasis has been proposed. Indeed,
macroautophagy has been shown to control apoptosis and pro-
liferation of peripheral T cells and also to regulate growth-factor
withdrawal-induced cell death in CD4" T cells (12, 13). Macro-
autophagy is also activated in CD4" T cells when the CXCR4
receptor is engaged by the HIV-1 Env protein, which leads to cell
death (14). Recently, macroautophagy has been proposed to be
a major regulatory process of mitochondrial turnover during T cell
development (15). However, the functional role of macroauto-
phagy during T cell activation is still not fully understood.

After Ag recognition, T cells need to go rapidly from a resting
to an activated state to respond to that Ag and proliferate. T cell
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activation imposes a vast bioenergetics challenge to sustain a rapid
transition, which involves the activation of a new transcriptional
program (16). This process results in a change in the cell proteome
that is needed for activation and survival. Macroautophagy has been
shown in other systems to play a critical role in maintaining amino
acid and energy homeostasis (3, 17). In this study, we show that
macroautophagy is upregulated upon activation in CD4" T cells.
Furthermore, using macroautophagy-deficient T cells, we show that
macroautophagy activation is required to maintain cell proliferation
and cytokine production. Finally, we describe what we believe is
a novel role for macroautophagy during T cell activation in which
selective cargo sequestration allows this catabolic process to reg-
ulate energy metabolism during T cell activation.

Materials and Methods
Mice

Six to eight-week-old C57BL/6 mice were purchased from The Jackson
Laboratory (Bar Harbor, ME) and were maintained in pathogen-free con-
ditions. To generate mice with a T cell-specific KO of macroautophagy,
Atg7"™" mice (provided by M. Komatsu and K. Tanaka, Tokyo Metropolitan
Institute of Medical Science, Tokyo, Japan) were crossed with mice
expressing Cre recombinase under the control of an Lck promoter purchased
from The Jackson Laboratory. Azg7"”" mice were also crossed to B6.Cg-Tg
(CAG-Cre/Esrl)5SAmc/J mice (Cre-ER mice), which express a tamoxifen-
inducible Cre-mediated recombination system (The Jackson Laboratory).
Studies were performed in Atg7"F-Lek-Cre or Atg7"F-Cre-ER mice and
littermate controls lacking the Cre transgene (Arg7"”" mice). In vitro de-
letion of Arg7 was performed by incubation of T cells with 2 pM
4-hydroxytamoxifen (Sigma-Aldrich, St. Louis, MO) for 48 h before mac-
roautophagy was assessed. Deletion of Azg7"”" was assessed by PCR and
confirmed by immunoblot or real-time quantitative PCR. All animal work
was approved and performed according to the guidelines set by the Albert
Einstein College of Medicine Institutional Animal Care and Use Committee.

Cell culture

Primary CD4™" T cells were isolated from lymph nodes and spleens of mice
using anti-CD4-coupled magnetic beads (Invitrogen, Carlsbad, CA). Isolated
T cells were stimulated with 0.5 pwg/ml plate-bound anti-CD3 and 0.5 pg/ml
anti-CD28 (BD Biosciences, San Jose, CA) and differentiated for 7 d with
IL-12 (10 ng/ml) (Cell Sciences, Canton, MA), anti—IL-4 (10 pwg/ml), and 10
U/ml recombinant human IL-2 (NCI BRB Preclinical Repository, Frederick,
MD). Cells were cultured in DMEM supplemented with 10% FCS, 2 mM
L-glutamine, nonessential amino acids (Cambrex, East Rutherford, NJ), es-
sential vitamins (Cambrex), and 50 wM 2-mercaptoethanol. Where in-
dicated, cells were treated with 10 mM 3-methyladenine or 20 mM ammo-
nium chloride and 100 wM leupeptin (Sigma-Aldrich) for 1-4 h prior to T cell
activation to inhibit macroautophagy or lysosomal degradation, respectively.

ELISA

Thl cells (2.5 X 10°=5 X 10* were stimulated with 0.5 wg/ml plate-bound
anti-CD3 and anti-CD28 in 96-well plates for 16 h. Supernatants were col-
lected, and IL-2 and IFN-vy levels were measured in a sandwich ELISA fol-
lowing the manufacturer’s recommendations (BD Biosciences, San Jose, CA).

Measurement of intracellular protein degradation

Activated T cells were incubated with [°H]leucine (2 wCi/ml) for 48 h at
37°C and then extensively washed and maintained during the chase in
medium containing an excess of unlabeled leucine (2.8 mM) to prevent
reutilization of the radiolabeled leucine. Aliquots of the medium taken at
different times were precipitated with TCA, and proteolysis was calculated
as the percentage of initial total acid precipitable radioactivity (protein)
transformed to acid soluble (peptides and amino acids) at each time point
(18). Total radioactivity incorporated into cellular proteins was determined
in duplicate samples as the amount of acid precipitable radioactivity in
labeled cells immediately after washing. In other studies, cells were la-
beled with 0.2 mCi/ml [*° S]methionine/cysteine for 48 h and then exten-
sively washed and maintained during the chase in medium containing an
excess of unlabeled methionine/cysteine to prevent reutilization of the
radiolabeled amino acids. Cytosolic extracts were prepared (supernatants
of cell homogenates after a 100,000 X g centrifugation for 1 h) at different
time points, run on an SDS gel, and analyzed by autoradiography.

MACROAUTOPHAGY REGULATES T CELL ACTIVATION

Measurement of ATP levels

ATP levels were assessed using a bioluminescence assay kit (Roche, In-
dianapolis, IN) following the manufacturer’s instructions.

Lactate measurements

Thl cells were activated with plate-bound anti-CD3 and anti-CD28 in the
presence or absence of inhibitors of lysosomal activity. Lactate release into
the media was determined at different time points using a lactate assay kit
(MBL, Woburn, MA) following the manufacturer’s recommendations.

Measurement of TG utilization

T cells were cultured with "*C-oleate—BSA complex for 4 h. Cells were
then extensively washed and stimulated with plate-bound anti-CD3 and
anti-CD28 in the presence or absence of NH4Cl and leupeptin. At different
time points, cellular lipids were extracted with hexane/isopropanol (3:2),
dried, and redissolved in chloroform. Samples were resolved by TLC.
Phosphorimager images were obtained and quantified with a Storm Im-
aging System (GE Healthcare, Waukesha, WI).

Real-time PCR

cDNA was synthesized from total RNA samples, and gene expression was
analyzed using SYBR Green in a Smart Cycler II thermocycler (Cepheid,
Sunnyvale, CA). Expression of each gene was normalized to levels of actin.
To assess levels of Arg7 and 112 mRNA, the following primers were used:
Atg7, 5'-CAGTTTCCAGTCCGTTGAAGTCCT-3' and 5'-GGGTCCA-
TACATCCACTGAGGTTC-3"; 112, 5'-GGCATGTTCTGGATTTGACTC-
3" and 5'-TCATCATCGAATTGGCACTC-3'.

Proliferation assay

Thi cells (5 X 10% were stimulated with plate-bound anti-CD3 and anti-
CD28 in 96-well plates. Sixty hours later, BrdU was added for 12 h. In-
corporation of BrdU was measured by ELISA according to the manu-
facturer’s instructions (Roche).

Apoptosis assay

Apoptosis was determined with an annexin V-PE apoptosis detection kit
(BD Biosciences) or by TUNEL assay with the In situ Cell Death Detection
kit (Roche). Stained cells were analyzed by FACS.

Immunoblotting

Total cellular lysates were prepared using RIPA buffer (1% Triton-X 100,
1% sodium deoxycholate, 0.1% SDS, 0.15 M NaCl, 0.01 M sodium
phosphate, pH 7.2). Membranes were incubated with the following primary
Abs: anti-Atg7, AMP-activated kinase (AMPK)a, AKT, phospho-AKT,
ribosomal protein S6 kinase (S6K), phospho-S6K (Cell Signaling, Dan-
vers, MA), and microtubule-associated protein 1 light chain 3 (LC3;
MBL). Immunoblotting of actin (AbCam, Cambridge, MA) was used to
control for loading. To measure autophagic flow, immunoblots for LC3
were performed in untreated cells and cells treated with the lysosomal
inhibitors NH4ClI and leupeptin. Autophagic flow was determined by the
ratio of the densitometric value for LC3-II in the presence of inhibitors to
that in the absence of inhibitors, as described previously (8, 19).

Fluorescence microscopy

T cells were fixed with 4% paraformaldehyde, blocked, and incubated with
Abs against LC3 (MBL) to detect autophagosomes and against lysosome-
associated membrane protein type 1 (LAMP-1; The Developmental Studies
Hybridoma Bank, Iowa City, IA) to identify the lysosomal compartment.
Where indicated, cells were incubated with 100 nM Mitotracker-Green and
100 nM Lysotracker-Red (Invitrogen) for 30 min prior to fixation in the
presence of 100 wM leupeptin to detect mitochondria and lysosomes, re-
spectively. Images were taken in a Zeiss Axiovert inverted microscope
with deconvolution software.

Electron microscopy

Cells were fixed in 2.5% glutaraldehyde in 100 mM sodium cacodylate, pH
7.43, and postfixed in 1% osmium tetroxide in 100 mM sodium cacodylate,
pH 7.43, followed by 1% uranyl acetate (20). After ethanol dehydration and
embedding in LX112 resin (LADD Research Industries, Williston, VT),
ultrathin sections were cut on a Reichert Ultracut E and stained with uranyl
acetate followed by lead citrate. All grids were viewed on a JEOL 100CX
II transmission electron microscope at 80 kV. Morphometric analysis was
performed using ImageJ software (National Institutes of Health, Bethesda,
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MD) in 15-20 different micrographs for each condition after thresholding.
Autophagic vacuoles were identified by visual inspection of the micro-
graphs using previously established criteria (8, 21, 22). Briefly, autophagic
vacuoles (vesicles <0.5 wm) were classified as autophagosomes when they
met two or more of the following criteria: double membranes (complete or
at least partially visible), absence of ribosomes attached to the cytosolic
side of the membrane, luminal density similar to cytosol, and identifiable
organelles or regions of organelles in their lumens. Vesicles of similar size
but with a single membrane (or less than 40% of the membrane visible as
double), luminal density lower than the surrounding cytosol, and multiple
single membrane-limited vesicles containing light or dense amorphous
material were classified as autophagolysosomes. For morphometric pur-
poses, both types of autophagic vesicles were pooled together in this study
as we did not find differences in the maturation of these compartments
between resting and stimulated cells.

Statistical analysis

Differences between multiple groups were analyzed by ANOVA with a
Tukey posttest. Comparisons between specific pairs of groups were ana-
lyzed with a 7 test.

Results
Macroautophagy is induced during activation in effector
Th cells

Macroautophagy has been shown to be active in naive T cells and
to regulate T cell homeostasis and survival (12, 23). In many cell
types, macroautophagy is activated in response to different cellular
stresses. To determine if macroautophagy could also be regulated
in a similar manner in T cells, we measured macroautophagy
activity after T cell activation in effector Th cells. In vitro-dif-
ferentiated primary mouse Thl cells were activated with plate-
bound anti-CD3 and anti-CD28 for 6 h, and autophagosome for-
mation was assessed by immunofluorescence using Abs against
LC3, a commonly used marker for autophagic vacuoles (8). An-
alysis of the stimulated effector Th cells revealed that although
there was a basal level of macroautophagic activity in T cells,
macroautophagy was activated in response to TCR and costimu-
lation engagement. The number of vesicles that stained for LC3
was significantly higher in activated T cells (Fig. 1A, 1B). These
results were corroborated by measuring the conversion of LC3-I
into its PE-conjugated form, LC3-II, which also showed a signifi-
cant increase in activated T cells (Fig. 1C, 1D). To determine if
active degradation of autophagosomes occurred in these condi-
tions, formation of LC3* vacuoles and LC3 conjugation were also
monitored in the presence of inhibitors of lysosomal proteolysis
(NH4Cl and leupeptin), as comparison with untreated cells allows
measuring autophagic flow (19). Cells that were stimulated in the
presence of the inhibitors of lysosomal degradation showed sig-
nificantly higher numbers of LC3* vacuoles (Fig. 14, 1B) and LC3-
II (Fig. 1C, 1D) compared with that of cells that were activated in
the absence of inhibitors, supporting enhanced active degradation
of autophagosome cargo in activated T cells. Furthermore, detection
of LAMP-1 in many LC3" vacuoles indicated formation of autopha-
golysosomes (autophagosome/lysosome fusion) in activated T cells.

Activation of CD4* T cells has been shown to require the en-
gagement of two different signals: one provided by recognition of
MHC class II-peptide complexes (signal 1) by the TCR, and a
second signal that results from costimulatory receptors, such as
CD28. In the absence of signal 2, T cells do not activate properly
and enter into an anergic state, which renders them unresponsive
to subsequent Ag encounters (24, 25). Signals through the IL-2R
can also lead to full activation and prevent the establishment of
clonal anergy in cells activated in the absence of costimulation
(26). Active degradation of autophagosome cargo should result in
increased proteolysis in activated T cells. Therefore, to determine
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FIGURE 1. Macroautophagy is induced during activation in effector Th
cells. A, Murine CD4" cells were polarized to Thl cells for 6 d and then
stimulated with plate-bound anti-CD3 and anti-CD28 in the presence or
absence of 20 mM NH4CI and 100 uM Leup. Immunofluorescence anal-
ysis was performed using Abs against LC3 and LAMP-1. Secondary Abs
coupled with FITC or Texas Red were used to detect the anti-LC3 and
anti-LAMP-1 Abs, respectively. Cell nuclei were stained with DAPL
Original magnification X100. Arrowheads indicate the presence of LC3*
autophagic vacuoles. B, Quantification of the number of LC3 puncta per
cell in Rest and Stim cells from three independent experiments (mean +
SEM). *p < 0.05; **p < 0.01. C and D, Lysates from resting or plate-
bound anti-CD3 and anti-CD28 stimulated T cells in the presence or ab-
sence of NH,4Cl and Leup were immunoblotted with Abs against LC3. The
blot is representative of three experiments that were quantified using
Image] software. Results of the quantification of the levels of LC3-II
relative to actin are shown in D as mean + SEM. *p < 0.05. All experi-
ments shown in A—D were performed 4-6 h after stimulation. E, Th1 cells
were labeled with [*H]leucine for 48 h. Cells were then left resting or
stimulated with either plate-bound anti-CD3, anti-CD3 plus anti-CD28, or
plate-bound anti-CD3 plus anti-CD28 plus IL-2 (10 U/ml) and chased in
medium containing an excess of unlabeled leucine for 24 h. Analysis of
proteolysis rates (left) and levels of proteolysis after 24 h of stimulation
(right) with or without costimulation are shown. Results are mean + SEM
of calculated total levels of proteolysis from five to seven different
experiments. *p < 0.05. Leup, leupeptin; Rest, resting; Stim, stimulated.

whether costimulation would enhance autophagic activity, we
performed pulse and chase experiments to measure proteolysis of
long half-life proteins. Levels of total protein degradation were
compared in cells activated with anti-CD3, anti-CD3 and anti-
CD28, or anti-CD3 and IL-2. Most of the proteolysis detected in
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these assays was mediated by lysosomal activity, as close to 80%
inhibition was achieved using NH,Cl (Supplemental Fig. 1). These
experiments showed that signals provided by CD28 or IL-2R
engagement induced a significant increase of the proteolytic acti-
vity in effector T cells (Fig. 1E). These results confirmed that the
enhanced autophagosome formation and macroautophagy activa-
tion observed in stimulated Th cells resulted in increased degra-
dation of cargo through the autophagic pathway.

Blockade of macroautophagy inhibits T cell activation

Our previous results showed that stimulated T cells activated
macroautophagy. To clarify the role of macroautophagy in the
regulation of T cell activity, we determined the effect of blocking
macroautophagy in activation-induced cytokine production and
proliferation. Leupeptin and NH4Cl were used to block lysosomal
proteolysis and 3-methyladenine to inhibit autophagosome for-
mation. Inhibition of autophagy resulted in a dramatic decrease in
IL-2 and IFN-y production and profoundly impaired T cell pro-
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FIGURE 2. Inhibition of macroautophagy inhibits T cell activation.
Mouse Thl cells were stimulated with plate-bound anti-CD3 and anti-
CD28 in the presence or absence of 10 mM 3-methyladenine (3-MA) or 20
mM NH,CI and 100 pM leupeptin and (A) IL-2 production, (B) IFN-y
production, and (C) cell proliferation (BrdU incorporation) measured af-
ter 24 h. Results are mean + SEM from three to four different experiments.
*p < 0.05; **p < 0.01.

MACROAUTOPHAGY REGULATES T CELL ACTIVATION

liferation (Fig. 2) in the absence of any increase in cell death
(Supplemental Fig. 2).

To avoid possible off-target effects of using these inhibitors and
to determine whether decreased cytokine production and pro-
liferation were in fact attributable to macroautophagy blockade, we
generated mice genetically deficient in macroautophagy in T cells
(A1g7""F-Lck-Cre). As previously reported, total number of thy-
mocytes and peripheral T cells were reduced in these mice. How-
ever, differences between control and Atg7-deficient mice were
reduced as animals aged, suggesting the possibility of a compen-
satory mechanism being activated. For this reason, we only used
3- to 6-wk-old mice for our analysis (Supplemental Fig. 3 and
data not shown). Naive CD4" T cells defective in the macro-
autophagy machinery also showed decreased IL-2 and IFN-vy pro-
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FIGURE 3. Genetic blockade of macroautophagy inhibits T cell acti-
vation. A and B, Naive CD4" T cells from Arg7”"-Lck-Cre mice or control
mice were stimulated with plate-bound anti-CD3 and anti-CD28 Abs. IL-2
production was determined by ELISA (A), and proliferation was measured
by BrdU incorporation (B). Results show the mean + SEM of three in-
dependent experiments. *p < 0.05; **p < 0.01. C, CD4" T cells from
Atg7"FCre-ER mice or control littermates were polarized to Th1 cells and
then treated with 2 WM 4-hydroxytamoxifen for 48 h prior to stimulation
with plate-bound anti-CD3 and anti-CD28 Abs. IL-2 production was de-
termined by ELISA. Data are shown as mean + SEM of three independent
experiments. *p < 0.05.
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duction and defective activation-induced cell proliferation in re-
sponse stimulation (Fig. 34, 3B). Annexin V staining confirmed that
this effect was not due to higher levels of activation-induced
cell death, as we could not detect any significant increase in cell
death in activated macroautophagy-deficient T cells (Supplemen-
tal Fig. 2). Low levels of activation-induced proliferation preven-
ted us from differentiating polarized populations of Thl cells in
vitro. For that purpose, we isolated CD4" T cells from Azg7"/F-Cre-
ER mice and differentiated them in vitro into Th1 cells. Deletion
of the floxed Azg7 allele was achieved using 4-hydroxytamoxifen
(control T cells were also treated with this drug). As previously
seen in our experiments using autophagy inhibitors, blocking auto-
phagy through deletion of Azg7 resulted in decreased activation-
induced cytokine production (Fig. 3C). This effect was not due to
defective secretion, as real-time PCR analysis revealed markedly
decreased 7/2 mRNA production in macroautophagy-deficient
Thl cells (Supplemental Fig. 4). Furthermore, the inhibition of
T cell responses when autophagy was blocked did not appear to be
caused by increased downregulation of the TCR, as levels of TCR
surface expression were not reduced in Atg7-deficient T cells
(Supplemental Fig. 54). Similarly, CD28 signaling did not seem to
be affected, and T cell activation-induced AKT phosphorylation
was maintained in cells where lysosomal proteolysis had been
inhibited (Supplemental Fig. 5B). Because macroautophagy has
been implicated in the control of levels of oxidized proteins
in cells, and reactive oxygen species (ROS) are readily produced
after T cell activation, we also determined if macroautophagy
control of ROS could be playing a role during T cell activation.
We performed experiments in autophagy competent or inhibited
Thl cells that were stimulated in the presence or absence of the
antioxidant N-acetylcysteine. We found that addition of anti-
oxidants did not rescue the defect seen in IL-2 production in
autophagy-compromised cells (Supplemental Fig. 5C). In fact, N-
acetylcysteine appeared to decrease IL-2 production in our con-
trol cells, indicating that ROS production may be needed for T cell
activation (27).

Macroautophagy activation is required to ensure sufficient
energy production during T cell activation

T cell activation is a highly metabolic and dynamic process that
requires a large amount of energy (16). The fact that blockade of
macroautophagy was enough to inhibit T cell proliferation in
activated cells supports that activation of macroautophagy under
these conditions is not merely required to isolate particular cyto-
solic components through autophagosome sequestration, but that
breakdown of cargo—and likely reutilization of its constituents—
is necessary. In fact, macroautophagy is not only involved in the
renovation of the cell proteome and organelle homeostasis but can
also regulate the generation of energy through the use of the amino
acids produced from the degradation of proteins in the lysosomes
(3, 17). To test this hypothesis, we measured how ATP production
might be affected by the inhibition of autophagy. T cells obtain
ATP as a result of breakdown of glucose, amino acids, and lipids
during oxidative phosphorylation. During T cell activation, there
is a metabolic switch to ensure sufficient energy to promote pro-
liferation and effector functions. This energetically demanding
process leads to activation of glycolysis as a result of ligation of
CD28 and upregulation of the expression of the glucose trans-
porter 1 with subsequent increase in glucose uptake. However,
T cells can still conserve their function under glucose-restrictive
conditions indicating that other mechanisms may also cooperate
with glycolysis and contribute to support the increase in ATP
consumption that occurs during T cell activation (28). Macroauto-
phagy has been shown to play a critical role in energy homeo-
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stasis. To clarify the role of autophagy in the regulation of en-
ergy homeostasis in T cells, we measured ATP production in
cells where autophagy had been inhibited. We found that the in-
crease in ATP production induced by TCR plus CD28 engagement
was inhibited when autophagy was blocked (Fig. 4A and Sup-
plemental Fig. 6A4). This defective production of ATP correlated
with a decrease in the production of lactate and in fatty acid use
and AMPK phosphorylation in cells treated with lysosomal
inhibitors (Supplemental Figs. 6 and 7). Autophagy has recently
been shown to contribute to mobilization of intracellular lipid
stores (29), and, consequently, the lack of fatty acid use could also
be in part due to the reduced lipolysis observed in cells with
compromised autophagy. It is interesting to note that we also
found that phosphorylation of the ribosomal protein S6 kinase
S6K1, a mammalian target of rapamycin (mTOR) substrate, was
downregulated in these cells, suggesting the possibility that a de-
creased capability to recycle essential intracellular macromole-
cules through degradation might have induced inhibition of mTOR
activity (Supplemental Fig. 7). Supplementation of our cultures
with methyl pyruvate, a cell-permeable intermediate of glucose
metabolism that has been shown to maintain the viability of
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FIGURE 4. Methyl pyruvate restores activation-induced IL-2 pro-
duction in autophagy-deficient T cells. A and B, ATP levels were measured
in lysates from resting or plate-bound anti-CD3 plus anti-CD28 stimulated
Thl cells incubated in the presence or absence of NH4Cl and leupeptin
(Leup) with or without (Untr.) 5 mM methyl pyruvate (Meth-Pyr). Results
show mean + SEM of three independent experiments. *p < 0.05; **p <
0.01. C, Thl cells were stimulated with plate-bound anti-CD3 and anti-
CD28 in the presence or absence of NH4Cl and leupeptin. Twenty-four
hours poststimulation, supernatants were collected, and IL-2 expression
was determined by ELISA. D, Thl cells from Atg7"*Cre-ER mice or
control littermates were treated with 2 wM 4-hydroxytamoxifen for 48 h
and then stimulated with plate-bound anti-CD3 and anti-CD28 Abs in
the presence or absence of 5 mM methyl pyruvate. IL-2 production was
determined by ELISA. In C and D, results are mean + SEM of three in-
dependent experiments and show in both untreated or methyl pyruvate-
treated cells the relative IL-2 production in autophagy-deficient cells
compared with control cells. *p < 0.05. Untr., untreated.
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nutrient-depleted cells with impaired autophagy (30), partially
restored ATP production and IL-2 production in activated T cells
with compromised macroautophagy (Fig. 4B-D). Overall, these
results support that T cells require functional macroautophagy to
accommodate the energetic requirements of activation.

Upregulation of macroautophagy during T cell activation
results in differential sequestration of autophagosomal cargo

The presence of autophagosomal structures in T cells was confirmed
by performing electron microscopy on CD4* Thl cells that were
stimulated in the presence or absence of NH4Cl/leupeptin or vin-
blastine. Inhibiting lysosomal proteolysis prevents degradation of
the cytosolic components sequestered inside the autophagic vesicles
and allows for visualization of autophagosomal cargo. In addition,
vinblastine depolymerizes microtubules and therefore prevents the
delivery of autophagosomes to the lysosomal compartment (8).
Quantification of the number of autophagic vacuoles in stimulated
versus resting conditions revealed a marked increase in the number
of autophagic vacuoles per cell and a decrease in their size upon
T cell activation (Fig. SA-D). Despite the smaller size of these
autophagic vesicles in activated T cells, their higher abundance led
to a net increase in the percentage of cellular area occupied by
autophagic vesicles (Fig. SE). Notably, analysis of the nature of the
cargo found in the interior of autophagosomes in resting and acti-
vated T cells revealed a differential sequestration of cargo in both
conditions (Fig. 5F). In basal conditions, numerous mitochondria
were frequently enclosed in autophagosomes (examples shown in
Fig. 5B, left). However, upon stimulation, the cargo consisted almost
exclusively of cytosolic material (see Fig. 5B, right). The lack of
organelles inside autophagosome vesicles in stimulated T cells was
not due to their rapid degradation inside this compartment, as both
inhibition of lysosomal proteolysis or autophagosome/lysosomes
fusion did not change the characteristics of these compartments.
Lower mitochondria sequestration was not due to fewer mitochon-
dria in activated cells, as the relative cell content of these organelles
did not decrease but rather increased (Supplemental Fig. 8). These
results were corroborated by analysis of colocalization of the ly-
sosomal and mitochondrial compartments by immunofluorescence.
A clear colocalization of specific tracking dyes for mitochondria and
lysosomes indicated the association of these two cellular compart-
ments in resting T cells (as evidence of mitochondria degradation in
lysosomes), which did not occur in activated cells (Supplemental
Fig. 9A). Furthermore, measurement of degradation of proteins in
the cytosolic soluble fraction (organelle-free) using metabolic la-
beling showed increased degradation of the proteins in this fraction
in activated T cells compared with that in resting cells or in cells
activated in the presence of inhibitors of lysosomal activity (Sup-
plemental Fig. 9B). These results point to a specific regulation of
cargo selection by macroautophagy that excludes mitochondria
from degradation during T cell activation and favors instead se-
questration of soluble cytosolic content.

Discussion

Constant turnover of proteins is required to maintain cellular ho-
meostasis. However, the proteolytic systems of the cell must also be
able to respond to different stimuli and adapt the cell proteome to the
requirements of new environmental conditions. Although macro-
autophagy was initially identified as a lysosomal-mediated degra-
dative mechanism activated mainly in response to starvation,
evidence has recently accumulated that has led to the identification
of many other processes where macroautophagy plays an essential
role (3-5). In this study, we show that macroautophagy is activated
in peripheral CD4" T cells in response to the engagement of the
TCR and costimulatory receptors. In activated T cells, exclusion of
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mitochondria and other organelles from autophagic vacuoles leads
to the degradation of cargo different to the one present in basal
autophagosomes. Furthermore, induction of macroautophagy is
essential to support T cell activation. When macroautophagy is
blocked, activated T cells show profound defects in their pro-
liferative responses and their ability to secret cytokines. This effect
is, at least in part, due to the defects in energy metabolism caused by
macroautophagy blockade.

Recently, macroautophagy has been reported to regulate growth-
factor withdrawal-induced cell death in a Th2 cell line, as
autophagy-deficient D10 cells became more resistant to apoptosis
induced by culture in media without growth factors (12).
Autophagy has also been suggested to control cell death induced
by IFN-vy signaling in Th cells (31). Our results show that in-
duction of macroautophagy during effector Thl cell activation
does not initiate or control activation-induced cell death, as levels
of apoptosis in macroautophagy-deficient T cells after stimulation
were similar to those found in control cells. It has recently been
shown that in activated CD8* T cells, the extent of macro-
autophagy activation is controlled by the interaction of a complex
formed by the Fas-associated death domain protein and caspase 8
with Atg5, Atgl2, and Atgl6L, which prevents the induction of
receptor TNFR superfamily-interacting serine/threonine kinase 1-
dependent necrosis (32). This fine regulation of macroautophagy
in activated T cells would allow for a regulatory effect of mac-
roautophagy in T cell activation independent of its possible ability
to induce cell death in other conditions (12).

Whereas basal autophagy may likely contribute to T cell ho-
meostasis and protein and organelle renewal (13), our results in-
dicate that macroautophagy is activated in stimulated cells, where
this proteolytic process plays a role different from basal cell ho-
meostasis or death regulation. Pharmacological or genetic block-
ade of macroautophagy has been reported to preferentially affect
activation-induced proliferation in CD8" T cells (23). Our data
reveal that macroautophagy also regulates proliferative responses
on Th cells. Furthermore, our results show that Th cells activated
in the presence of the inhibitors of lysosomal proteolysis NH,Cl
and leupeptin, as well as Atg7-deficient T cells, also have a pro-
found defect in their ability to produce effector cytokines. This
impairment is due to deficient transcription and not to possible
interference with cytokine secretion.

Macroautophagy has been shown to be important for the degra-
dation of existing proteins to provide amino acids for synthesis of new
proteins to guarantee survival during stress conditions. Activation of
T cells is a highly demanding bioenergetic process. T cells require
increased production of energy to sustain growth, proliferation, and
the de novo synthesis of effector molecules (16, 33). Increased
glycolysis has been shown to play a central role in supporting this
new demand of energy (34). Signals transmitted by engagement of
CD28 and transduced through the activation of AKT lead not only to
the upregulation of the expression for the glucose transporter 1 and
subsequent increase in glucose uptake but also to an increase in
glucose metabolism (35). However, to some extent, T cells still
conserve their function even in environments with very low glucose,
suggesting that other mechanisms may cooperate with glycolysis
and contribute to support the increased bioenergetic consumption
that occurs in T cells after activation (28). For instance, activation of
B-oxidation by AMPKI1 has been shown to overcome the de-
pendence on glycolysis of some cell types (36). Our results show
that at least one of the key functions that macroautophagy fulfills in
T cells is to guarantee an adequate energy metabolism in activated
effector Th cells. This role of macroautophagy has previously been
characterized in several cell types in response to starvation con-
ditions, in which breakdown of nonessential cellular components
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autophagic vacuoles (E), and percentage of vacuoles with soluble or particulate cargo (F) are shown. Values are mean + SEM. Differences between resting

and stimulated cells: **p < 0.01; ***p < 0.001. AVS, autophagic vacuoles.

provides a source of energy and macromolecule building blocks to
ensure cell survival (30). Our results indicate that this function of
macroautophagy is not limited to ensure survival during cell star-
vation but that it is also necessary in other processes that require
a high demand of energy, such as T cell activation. Notably, the
inability of anergic T cells to respond to restimulation has been
shown to correlate with a failure to induce the mechanisms required

to increase their metabolic activity (37). Furthermore, T cell acti-
vation in the presence of metabolic inhibition mimics activation in
the absence of costimulation and renders the T cell anergic (37). Our
results show that costimulation is required to induce autophagy-
mediated increase in proteolysis in activated T cells, as anergizing
stimulation with anti-CD3 in the absence of CD28 engagement fails
to do so. This defect can also be reversed through signaling by the
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IL-2R, which is also able to reverse the anergic phenotype (24-26,
38). Regulation of macroautophagy may therefore control the
metabolic activity of T cells and contribute to determine the fate of
T cells to be activated and proliferate or to become anergic. The
molecular mechanisms that may induce macroautophagy in acti-
vated T cells are still not clear. Recent work has implicated Jun
kinases, which in T cells are fully activated in the presence of co-
stimulatory signals, in the activation of macroautophagy (39-42).
JNK1 can phosphorylate Bcl-2 favoring its dissociation from
Beclinl, which is then able to activate autophagy (41). The ex-
pression of Beclinl has also been reported to be upregulated in
activated Jurkat cells by direct p65-mediated transcription (43). In
any case, it is interesting to note that costimulation in T cells leads to
the activation of the AKT/mTOR pathway, which has been exten-
sively characterized as an inhibitor of macroautophagy activation
by inhibiting the mammalian Atg13 complex (44, 45). Therefore, it
is likely that macroautophagy in T cells may be activated through an
mTOR-independent mechanism. mTOR-independent activation of
macroautophagy has recently been characterized in several systems
in response to accumulation of cytosolic protein aggregates, and it is
regulated by calcium/calpain or cAMP/inositol trisphosphate sig-
naling (46—48).

Basal macroautophagy in T cells has recently been shown to play
an important role in T cell development by regulating the turnover
of mitochondria (15, 49). Our results corroborate this observation,
as we have seen that the cargo of basal autophagosomes in resting
T cells is composed mostly of cellular organelles with a high rep-
resentation of mitochondria. However, in activated T cells, the
cargo that is found inside autophagic vacuoles is qualitatively dif-
ferent. Our data show that most of the autophagosomes found in
stimulated cells had a content of similar density as the cytosol,
suggesting a selective degradation of soluble cytosolic components.
The presence of mitochondria in those autophagosomes was dras-
tically reduced compared with that of resting cells. The need for
increased ATP production and the important role of the mitochon-
dria in the regulation of calcium signaling (50, 51) could explain
why these organelles are spared from turnover during activation,
and macroautophagy turns to the degradation of cytosolic soluble
components to ensure a sufficient energetic and metabolic output.
Although initially thought to be a regulated but nondiscriminative
process, evidence has mounted in the past several years indicating
that macroautophagy can also be a selective process (52). Degra-
dation of mitochondria by mitophagy and selective degradation of
highly ubiquitinated protein aggregates are two examples of this
ability of macroautophagy to select cargo (53-56). In fact, several
cargo-recognizing molecules also able to interact with components
of the autophagic machinery, such as p62 or NBR1, have recently
been identified (57, 58). How this selectivity is established in acti-
vated T cells remains to be characterized. In this case, “selective
exclusion” rather than selective recognition seems to take place.
Previous studies have shown that changes in mitochondria fusion—
fission properties determine their susceptibility for autophagic
degradation (59). Although further studies are required, the fact that
the average size of mitochondria in stimulated cells was larger than
in resting cells may offer a mechanism to preserve these organelles
from degradation during T cell stimulation. However, changes
during T cell activation in the properties of the surface markers of
highly functional mitochondria, in the intracellular location of these
mitochondria, in the site of formation of autophagosomes, or in the
cytoskeleton network that contributes to bring these two compart-
ments together could also be behind the avoidance of mitochondria
from macroautophagy degradation. In addition to amino acids, it is
possible that macroautophagy degradation of cytoplasmic soluble
regions may also contribute free fatty acids and glycogen as addi-
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tional sources of energy, as breakdown of both lipid stores and
glycogen deposits by macroautophagy has been described (29, 60).

We present evidence of a novel role for macroautophagy during
T cell activation. Regulation of the energy needs of activated T cells
is favored by the ability of autophagosomes to exclude from their
cargo mitochondria, which are required for signal transduction and
activation in response to TCR engagement. It still remains to be
determined if macroautophagy may regulate other T cell function
during activation and if situations that result in vivo in compro-
mised autophagy, such as aging or certain metabolic disorders, may
also cause limited ability to recycle intracellular macromolecules
that may lead to defective T cell responses.
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