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SUMMARY

Autophagy is a cell survival process essential for
the regulation of immune responses to infections.
However, the role of T cell autophagy in anti-tumor
immunity is less clear. Here, we demonstrate a cell-
autonomous role for autophagy in the regulation of
CD8+ T-cell-mediated control of tumors. Mice defi-
cient for the essential autophagy genes Atg5,
Atg14, or Atg16L1 display a dramatic impairment in
the growth of syngeneic tumors. Moreover, T cells
lacking Atg5 have a profound shift to an effector
memory phenotype and produce greater amounts
of interferon-g (IFN-g) and tumor necrosis factor a

(TNF-a). Mechanistically, Atg5�/� CD8+ T cells
exhibit enhanced glucose metabolism that results
in alterations in histone methylation, increases in
H3K4me3 density, and transcriptional upregulation
of both metabolic and effector target genes. None-
theless, glucose restriction is sufficient to suppress
Atg5-dependent increases in effector function.
Thus, autophagy-dependent changes in CD8+ T cell
metabolism directly regulate anti-tumor immunity.

INTRODUCTION

The presence and function of effector CD8+ T cells is indispens-

able to controlling viral infections and rejecting tumors (Shan-

karan et al., 2001; Wherry and Ahmed, 2004). Recent work in
502 Cell Reports 27, 502–513, April 9, 2019 Crown Copyright ª 2019
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preclinical models as well as human clinical studies employing

immunotherapy strategies has demonstrated a critical role for

CD8+ T cells in mediating tumor rejection. The precise pathways

regulating the functions of CD8+ T cells and other T cell subsets

in anti-tumor responses remain unclear. In addition to serving

as licensing cues, environmental signals, including cytokines,

coordinate metabolic programs that fuel biosynthetic and bio-

energetic requirements to promote and maintain proper states

of differentiation and function (Buck et al., 2015). Beyond

general changes in glycolysis or oxidative phosphorylation

(OXPHOS), additional metabolic pathways are necessary for

T cell activation and differentiation. For instance, citrate and

the expression of citrate synthase are essential for fatty acid

biosynthesis during the initiation of T cell growth (MacPherson

et al., 2017). Thus, the coordination of metabolic activities is

essential to allow T cells to functionally respond to certain

inflammatory conditions, including pathogen infection and

immunosurveillance.

Macroautophagy (autophagy) is an evolutionarily conserved

metabolic program that catabolically degrades cytoplasmic

components, via autophagosomes, in lysosomes for recycling.

Degradation of long-lived proteins, damaged organelles, protein

aggregates, and bulk cytoplasm occurs under physiological

conditions and is essential to sustain cellular homeostasis. In

response to stress such as nutrient deprivation or hypoxia, auto-

phagy is upregulated and functions to promote cell survival

(Lum et al., 2005). In cancer cells, autophagy can have a dual

role in both tumor cell survival and death. Autophagy is also

critical in shaping adaptive T cell immunity and T cell homeosta-

sis (Townsend et al., 2012). In naive T cells, autophagy is

induced following T cell receptor (TCR) and cytokine stimulation
commons.org/licenses/by/4.0/).
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(Hubbard et al., 2010; Li et al., 2006; Pua et al., 2009). Deletion of

Atg5, Atg7, or Atg3 impairs peripheral T cell homeostasis and

T cell survival and function (Jia et al., 2011; Pua et al., 2009; Ste-

phenson et al., 2009). Moreover, CD8+ T cells lacking Atg5 or

Atg7 acquire an effector phenotype but are unable to survive

or form functional memory T cells (Jia et al., 2011; Pua et al.,

2009; Puleston et al., 2014; Schlie et al., 2015; Stephenson

et al., 2009; Xu et al., 2014). These studies indicate a highly dy-

namic role for autophagy in T-cell-mediated adaptive immune

responses.

Despite the growing appreciation for the involvement of auto-

phagy in T cell immune responses, its contribution to tumor im-

munity remains unclear. In one report, intestinal epithelial cell

deletion of Atg7 in a colorectal tumor model impaired tumor

growth (Lévy et al., 2015). Similar findings were also observed

in a polyomavirus middle T-antigen (PyMT)-driven breast cancer

model where mammary cell deletion of focal adhesion kinase

family interacting protein of 200 kDa (FIP200) resulted in loss of

tumor growth (Wei et al., 2011). The ablation of FIP200 in this

study was associated with an increase in endogenous anti-

tumor immune responses. Another report found that deletion

of Atg5 in a KRasG12D lung cancer model enhanced tumor initia-

tion and this was associated with increased tumor infiltration

of FOXP3+ T regulatory cells (Tregs). However, despite the

increased rate of tumor initiation, deletion of Atg5 impaired tu-

mor progression and enhanced survival of tumor-bearing mice

(Rao et al., 2014). Recent studies have also indicated that loss

of autophagy in host tissues can impact tumor immunity. Mice

deficient for gamma-aminobutyric acid receptor-associated

protein (GABARAP) displayed a reduction in tumor growth.

This was associated with increased secretion of interleukin-2

(IL-2), interferon-g (IFN-g), IL-1b, and IL-6 following in vitro stim-

ulation of GABARAP�/� lymphocytes and macrophages (Salah

et al., 2016). Moreover, deletion of Atg7 in Tregs resulted in

reduced MC38 colon carcinoma growth and enhanced tumor

infiltration of CD8+ T cells, suggesting that regulation of Tregs

by autophagy contributes to suppressing anti-tumor immune

responses (Wei et al., 2016).

Here, we demonstrate that inactivation of the essential auto-

phagy genes Atg5, Atg14, or Atg16L1 results in rejection of syn-

geneic mammary, prostate, and colorectal tumors. Despite a

significant reduction in the total number of CD8+ tumor-infil-

trating lymphocytes (TIL), loss of Atg5 causes a profound shift

toward IFN-g- and tumor necrosis factor a (TNF-a)-producing

effector memory cells. Consistent with this, adoptive transfer

withAtg5�/� T cells promotes tumor control. Metabolically, auto-

phagy in CD8+ T cells restrains glucose metabolism. In addition,

the inactivation of autophagy is associated with a decrease in the

methyl donor S-adensylmethionine (SAM). As a result, a global

loss of H3K27me3 and concomitant gains in H3K4me3 was

observed. The changes in histone methylation were associated

with increased transcriptional activation of both metabolic and

effector target genes. However, restricting glucose in Atg5�/�

T cells was sufficient to suppress autophagy-dependent in-

creases in effector function. Thus, these findings identify auto-

phagy as a cell-autonomous negative regulator of CD8+ T cell

metabolism and anti-tumor immunity with implications for

T cell-based immunotherapy.
RESULTS

Loss of Canonical Autophagy Promotes Tumor
Rejection
To investigate the role of autophagy in tumor initiation and

growth, an inducible Atg5 knockout mouse was generated by

crossing Atg5fl/fl mice to Cre-ERT2 mice, allowing temporal con-

trol of Cre-mediated Atg5 deletion in all host tissues (Hara et al.,

2006; Schlie et al., 2015). Following administration of tamoxifen,

Atg5 control and knockout mice, abbreviated Atg5+/� and

Atg5�/� respectively, were implantedwith autophagy competent

e0771 breast cancer cells into the left mammary fat pad (Figures

S1A and S1B). Inactivation of autophagy was confirmed in sple-

nocytes from Atg5+/� and Atg5�/� mice showing diminished

expression of conjugated Atg12-Atg5 and loss of basal LC3-II

processing (Schlie et al., 2015; Figure S1C). In both Atg5+/�

and Atg5�/� mice, tumors were macroscopically detectable

2–5 days after implantation. Despite similar initiation rates, a sig-

nificant reduction in tumor growth was observed in Atg5�/�mice

compared to Atg5+/� mice (Figure 1A). The loss in tumor growth

in the absence of Atg5was also observed in mice that were chal-

lenged with autophagy-competent Tramp-C2 prostate tumor

cells (Figures 1B, S1D, and S1E). Histological assessment of re-

sected e0771 tumors from Atg5�/� mice revealed a significant

increase in cleaved caspase-3 compared to tumors from

Atg5+/� mice (Figure 1C). In contrast, the amount of Ki-67 stain-

ing in the tumor was similar in both Atg5+/� and Atg5�/� mice

(Figure 1C). The effect of Atg5 deletion on tumor growth was

also observed when Atg5 was deleted after tumors reached

100 mm2 (Figure 1D). No gross morphological abnormalities in

the mammary fat pad were observed in Atg5�/� mice (Fig-

ure S1F) ruling out defects related to the site of implantation as

an explanation for the reduction in tumor growth. Consistent

with the observations above, accelerated clearance of both

e0771 and MC38 tumors was observed in mice with inducible

Atg16L1 deletion in all host tissues (Figures 1E, S1G, and S1H).

We next tested the possibility that autophagy could function-

ally impair endogenous anti-tumor immune responses. Two

separate bone marrow chimeric (BMC) mice were generated

by transferring either Atg5+/� (Atg5+/� / wild-type [WT]) or

Atg5�/� (Atg5�/�/WT) bonemarrow intoWTmice (Figure S1I).

Similar to the observations above, Atg5�/� / WT BMC mice

displayed a significant reduction in e0771 tumor growth

compared to controlAtg5+/�/WTBMC (Figure 1F). In contrast,

the ability to control tumor growth was lost when Atg5+/� or

Atg5�/� mice received WT bone marrow (Figures 1G and S1I).

To confirm these findings, tumor growth was examined using

mice with conditional Atg14 deletion (Figures S1J–S1L). Cells

with conditional Atg14 knockout from different lineages (e.g.,

myeloid, mouse embryonic fibroblasts) have been reported by

several groups and were found to be defective in canonical

autophagy (Itakura et al., 2008; Kaizuka and Mizushima, 2015;

Matsunaga et al., 2009; Nishimura et al., 2013). Moreover,

LysM-Cre-Atg14�/� mice have been previously used to demon-

strate an essential role for autophagy in protection against influ-

enza and resistance to herpes virus reactivation as well as the

role of autophagy in the regulation of lung inflammation (Lu

et al., 2016; Park et al., 2016). Similar to the Atg5�/�BMC results
Cell Reports 27, 502–513, April 9, 2019 503
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Figure 1. Autophagy Is Required for Growth of Syngeneic Breast and Prostate Tumors

(A) Atg5+/� (n = 13) and Atg5�/� (n = 11) mice were implanted with e0771 cells in the mammary fat pad, and tumor growth was monitored.

(B) Tramp-C2 cells were implanted into the flanks of Atg5+/� (n = 6) and Atg5�/� (n = 7) mice, and tumor growth was monitored.

(C) 19 days post-implantation, e0771 tumors were excised from Atg5+/� and Atg5�/� mice and stained for cleaved caspase-3 and Ki-67. Graphs show

quantification of cleaved caspase-3, represented as optical density (OD), and the number of Ki-67+ cells per high-power field (HPF; n = 5 mice/group).

(D) e0771 cells were implanted into themammary fat pad of tamoxifen-naiveAtg5+/� (n = 4) andAtg5�/� (n = 5) mice.When tumors reached�100mm2, tamoxifen

treatment was initiated (gray box), and tumor growth was measured.

(E) Atg16L1+/+ and Atg16L1�/� mice were implanted with e0771 cells in the mammary fat pad, and tumor growth was monitored (n = 10 mice per group).

(F) Lethally irradiated WT mice received BM from Atg5+/� (Atg5+/� /WT; n = 9) or Atg5�/� (Atg5�/� /WT; n = 10) mice and were implanted with e0771 cells in

the mammary fat pad, and tumor growth was monitored.

(G) Lethally irradiated Atg5+/� (n = 4) or Atg5�/� (n = 4) mice received BM fromWTmice and were implanted with e0771 cells in the mammary fat pad, and tumor

growth was monitored.

(H) Lethally irradiatedWTmice received BM from Atg14+/� (Atg14+/�/WT; n = 5) or Atg14�/� (Atg14�/�/WT; n = 5) mice and were implanted with e0771 cells

in the mammary fat pad, and tumor growth was monitored.

Graphs represent the average ± SEM. **p < 0.01, ***p < 0.001, ****p < 0.0001.
above, Atg14�/� / WT BMC mice also displayed a dramatic

reduction in tumor growth compared to mice that received con-

trol Atg14+/� bone marrow (Figure 1H). Collectively, these data

demonstrate that canonical autophagy suppresses anti-tumor

responses against syngeneic tumors.

Atg5 Loss Promotes the Formation of CD8+ T Effector
Cells
In line with previous studies demonstrating a loss of peripheral

T cells following knockout of autophagy, Atg5�/� mice bearing

e0771 or Tramp-C2 tumors displayed a significant reduction in

CD8+ and CD4+ T cell numbers in peripheral blood and spleen

(Figures S2A–S2C). Moreover, e0771 tumors from Atg5�/�
504 Cell Reports 27, 502–513, April 9, 2019
mice had a decreased number of tumor-infiltrating T cells

(TILs) (Figure S2B). This decrease in TILs was also observed in

Atg5�/� / WT BMCs (Figure S2D). Thus, despite the striking

capacity to reject implanted tumors in Atg5�/� mice, there was

a decrease in the total number of T cells in all compartments

that were examined.

To explore the basis of the observed dichotomy of reduced

T cell infiltration and increased anti-tumor responses, the pat-

terns of T cell differentiation were examined in greater detail.

Atg5�/� tumor-bearing mice contained a marked increase in pe-

ripheral CD8+ effector memory T cells (CD62LloCD44hi) (Figures

2A, 2B, and S2E). This shift to effector memory T cells was even

more prominent in CD8+ TILs from Atg5�/� mice, where more
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Figure 2. Atg5 Deficiency Leads to Increased Effector Memory CD8+ T Cells

(A) Representative flow cytometry plots showing naive (CD62LhiCD44lo), central memory (CD62LhiCD44hi), and effector memory (CD62LloCD44hi) CD8+ T cells

isolated from blood, spleen, and tumors of e0771 tumor-bearing mice.

(B) Percentages of CD62LloCD44hi effector memory CD8+ T cells in blood, spleen, and tumors from e0771 tumor-bearing mice.

(C–F) Representative histograms showing (C) T-Bet, (D) Eomes, (E) CD127, and (F) PD-1 expression on CD8+ T cells from Atg5+/� (dark gray) and Atg5�/� (red)

e0771 or Tramp-C2 tumor-bearing mice.

Graphs represent the average mean fluorescence intensity (MFI) ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
than 80% of the CD8+ TILs exhibited this phenotype (Figures 2A

and 2B). A similar pattern of differentiation was also observed in

CD8+ T cells from Atg5�/� / WT BMC mice (Figure S2F). In

addition to changes observed in CD44 and CD62L expression,

splenic CD8+ T cells from Atg5�/� mice also displayed a signifi-

cant increase in T-Bet and Eomes (Figures 2C and 2D), transcrip-

tion factors that are critical for the formation and function of

effector CD8+ T cells (Intlekofer et al., 2005; Pearce et al.,

2003). Consistent with the higher frequency of T-Bet and Eomes

expression, Atg5�/� CD8+ T cells had reduced expression of

CD127 (IL-7Ra), a marker of central memory T cells (Figure 2E),

and a greater proportion of PD-1 positivity, a marker of antigen-

experienced T cells (Figure 2F). In contrast to previous findings

(Stephenson et al., 2009), no significant difference in the fre-

quency of Atg5�/� effector memory CD4+ T cells was found in

any of the tissues examined from e0771 or Tramp-C2 tumor-
bearing mice (Figures S2G and S2H). These results imply that

loss of autophagy shifts the differentiation state of CD8+ T cells

to an effector memory phenotype that is unique and intrinsic

from the differentiation patterns acquired by CD4+ T cells.

Autophagy Inhibits Secretion of Effector Cytokines
The increased frequency of effector memory T cells suggests

that this differentiated state could impart greater anti-tumor

function in mice lacking autophagy. Indeed, ex vivo phorbol

12-myristate 13-acetate (PMA)/ionomycin stimulation ofAtg5�/�

CD8+ T cells from e0771 or Tramp-C2 tumor-bearing mice led to

an increase in production of both IFN-g and TNF-a (Figure 3A).

Moreover, a global elevation in serum IFN-g levels was observed

in Atg5�/� e0771 and Tramp-C2 tumor-bearing mice compared

to the controls (Figure 3B). These responses were antigen

specific as Atg5�/� T cells isolated from e0771 or Tramp-C2
Cell Reports 27, 502–513, April 9, 2019 505
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Figure 3. Atg5�/� CD8+ T Cells Secrete High Levels of Th1 Cytokines

(A) Representative flow cytometry plots showing IFN-g and TNF-a expression following PMA and ionomycin stimulation of Atg5+/� and Atg5�/�CD8+ T cells from

Tramp-C2 tumor-bearing mice. Graphs represent the percentage of IFN-g+TNF-a+ CD8+ T cells in e0771 and Tramp-C2 tumor-bearing mice ± SEM.

(B) Serum from e0771 or Tramp-C2 tumor-bearing mice was analyzed by ELISA.

(C) Splenocytes harvested from Atg5+/� and Atg5�/� e0771 tumor-bearing mice were stimulated with e0771 cells, and IFN-g ELISPOT assays were performed.

(D and E) Splenocytes harvested from Tramp-C2 tumor-bearing mice were stimulated with (D) Tramp-C2 cells or (E) Spas-1 peptide, and IFN-g ELISPOT assays

were performed.

(F) CD8+ TILs from Atg14+/� or Atg14�/� BMC mice were harvested and analyzed by flow cytometry for IFN-g expression.

Graphs represent the average ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001.
tumor-bearing mice secreted higher amounts of IFN-g against

e0771 or Tramp-C2 tumor cells, respectively (Figures 3C and

3D). Moreover, Atg5�/� T cells from Tramp-C2 tumor-bearing

mice secreted higher levels of IFN-g in response to the Tramp-

C2 mutant peptide Spas1 (Figure 3E). Consistent with these ob-

servations, CD8+ TILs from donor Atg14�/� / WT BMC mice

produced elevated levels of IFN-g compared to CD8+ TILs

from the donor Atg14+/� / WT BMC mice (Figure 3F).

CD8+-Dependent and T-Cell-Specific Loss of Atg5
Enhances Tumor Rejection
To further investigate the requirement of T cells in promoting tu-

mor rejection following deletion of Atg5, CD8+ T cells were selec-

tively depleted from Atg5�/� mice with an anti-CD8 antibody. In

contrast to isotype controls, there was a complete restoration of

tumor growth in animals treated with anti-CD8-depleting anti-

bodies (Figure 4A). Analysis of cytokine mRNA expression was

examined in tumors following CD8+ T cell depletion. Tumors

from isotype-control-treated Atg5�/� mice had a significant in-

crease in Ifng expression that was completely abrogated upon

CD8+ T cell depletion (Figure 4B). No significant change in other

Th1 (Tnf and Il2) or Th2 (Il4, Il6, and Il10) cytokines was observed

(Figures S3A–S3E).

Mixed BMCs were generated to determine the T cell-intrinsic

role for autophagy in mediating tumor regression. Reconstitution

of mice with bone marrow (BM) from WT (Thy1.2+) mice, mixed

1:1 with BM from Atg5�/� or Atg5+/� Thy1.1+ donor mice, also

resulted in a reduction in tumor growth (Figure 4C). Importantly,

no significant difference in the ratio of Thy1.1+CD8+ to Thy1.2+

Tregs was observed in the mixed BMCs, indicating that deletion
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of Atg5 does not alter self-tolerance in this model (Figure S4A).

To further determine whether CD8+ T cell autophagy could

mediate tumor control, Atg5�/� OTI T cells were adoptively

transferred into mice that were previously implanted with

EL4-OVA tumor cells. In contrast to mice receiving a subthera-

peutic dose of control Atg5+/� OTI T cells, where tumors pro-

gressively increased in size, a single adoptive cell transfer of

Atg5�/� OTI T cells resulted in tumor control (Figures 4D and

4E). Consistent with the observed anti-tumor response, Atg5�/�

OTI T cells from the tumor draining lymph node and spleens

secreted a higher amount of IFN-g than those from mice that

received control Atg5+/� OTI T cells (Figures 4F and 4G).

Autophagy Suppresses Glucose Utilization in CD8+ T
Cells
To explore the mechanisms by which loss of autophagy en-

hances anti-tumor activity of CD8+ T cells, metabolomic profiling

was performed on Atg5-deficient CD8+ T cells isolated from

e0771 tumor-bearing mice. A total of 94 metabolites were iden-

tified, of which 54 were significantly altered in Atg5�/� CD8+

T cells compared to Atg5+/� CD8+ T cells (p < 0.05) (Figure 5A).

Themetabolites are shown in the volcano plot in Figure 5B (black

dots) in relation to all others (gray dots, p > 0.05) and include

both significantly upregulated and downregulated metabolites.

A pathway enrichment analysis was performed to identify key

pathways altered in Atg5�/� CD8+ T cells. The top five enriched

pathways included purine, betaine, glutamate, arginine and pro-

line, and methionine metabolism (Figure 5C).

The metabolomics data revealed that Atg5�/� CD8+ T cells

had a marked increase in the glycolytic metabolite lactate
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Figure 4. Atg5�/� CD8+ T Cells Are Required to Control Tumor Growth

(A) Atg5�/� mice were treated with a CD8-depleting antibody or an immunoglobulin G (IgG) isotype control prior to e0771 tumor cell implantation. Atg5+/� mice

treated with an IgG isotype antibody were used as a control. Data are expressed as average ± SEM.

(B) Relative expression of IFNg was measured from tumors harvested in (A).

(C) Lethally irradiated WT mice received BM from Atg5+/� or Atg5�/� Thy1.1+ mice mixed 1:1 with WT BM (Thy1.2+). Data are expressed as average ± SEM.

(D) Computed tomography (CT) scan on day 15 post-implantation of EL4-OVA tumor cells following adoptive transfer of 13 106 Atg5+/� or Atg5�/� OTI T cells at

day 11.

(E) Tumor growth was monitored in mice that received adoptive cell transfer (ACT) from (D). Data are expressed as average ± SEM.

(F and G) IFN-g production from CD8+ T cells isolated from tumor draining lymph nodes (F) and spleens (G) of mice in (D) following in vitro PMA/ionomycin

stimulation.

Graphs represent average MFI ± SEM. **p < 0.01, ****p < 0.0001, n.s., not significant.
(Figures 5A, 5B, and 5D). To examine if the changes in lactate re-

flected functional differences in glucose metabolism, the oxygen

consumption rate (OCR), an indicator of mitochondrial respira-

tion, and the extracellular acidification rate (ECAR), an indicator

of glycolysis, were measured in T cells from tumor-bearing

Atg5+/� and Atg5�/� mice. In the basal state, Atg5�/� CD8+

T cells displayed an elevated OCR and ECAR compared to

Atg5+/� CD8+ T cells (Figures 5E–5G). However, Atg5�/� CD8+

T cells had a significant reduction in the OCR:ECAR ratio, indi-

cating that Atg5�/� CD8+ T cells shift to a more glycolytic state

(Figure 5H). Consistent with the observed increase in glycolysis,

bothAtg5�/�CD8+ T cells and T cells fromAtg14�/�/WTBMC

mice displayed enhanced uptake of the fluorescent glucose

analog 2-NBDG (Figures 5I–5L). Mitochondrial activity, including

the spare respiratory capacity and mitochondrial mass, were

comparable between the Atg5�/� and Atg5+/� CD8+ T cells

(Figures 5M and 5N).

Increased H3K4me3 in the Absence of Atg5
The metabolomics analysis revealed that Atg5�/� CD8+ T cells

had a significant decrease in SAM, while no significant differ-

ence in methionine was observed in Atg5+/� and Atg5�/�

CD8+ T cell subsets (Figure S5A). SAM is a ubiquitous methyl
donor for methylation modifications on substrates including

DNA and histones. SAM is synthesized from ATP and methio-

nine in the methionine cycle. The change in SAM prompted

an examination of whether epigenetic modifications might

explain the dramatic changes in T cell differentiation and meta-

bolism in the absence of Atg5. Indeed, Atg5�/� CD8+ T cells

showed a reduction in the global level of histone H3K27 tri-

methylation (H3K27me3), a mark for inactive gene promoters,

compared to controls (Figures S5B and S5C). To examine

whether this broad decrease in H3K27me3 could affect local

enrichment and expression of metabolic and effector genes,

H3K27me3 and H3K4me3 (an activating mark) chromatin

immunoprecipitation sequencing (ChIP-seq) was performed

on CD8+ TILs from Atg5+/� and Atg5�/�. ChIP-seq confirmed

a reduction in H3K27me3 signal coverage with few localized

differences in Atg5+/� and Atg5�/� CD8+ TILs (Figures S5D,

S5E, and S5G). Assessment of promoters in protein coding

genes identified 11670 and 11243 H3K4me3 enriched pro-

moters (±2 kb of the transcription start site) in Atg5�/� and

Atg5+/� TILs, respectively. Of these, 466 promoters were

uniquely enriched in Atg5�/� cells compared to 39 uniquely en-

riched promoters in Atg5+/� cells. Strikingly, pathway and gene

ontology analysis of H3K4me3-marked genes unique to the
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Figure 5. Metabolite Changes in Atg5�/� CD8+ T Cells

(A) A heatmap demonstrating significantly altered metabolites in Atg5�/� CD8+ T cells compared to Atg5+/� CD8+ T cells using hierarchical clustering of

normalized signal intensities (log2 transformed and row adjusted). Blue indicates low expression, while yellow indicates high expression of the detected

metabolites.

(B) A volcano plot of metabolites from Atg5+/� and Atg5�/� CD8+ T cells showing log2 fold change and �log10 p value. A �log10 p value > 1.3 (black dots) was

considered statistically significant. All others are shown in gray; lactate is shown in red.

(C) Metabolites significantly altered (p < 0.05) inAtg5�/�CD8+ T cells compared toAtg5+/�CD8+ T cells were subjected toMetaboAnalyst for pathway enrichment

analysis. The top-five enriched pathways are shown (p < 0.001).

(D) Relative lactate levels identified by metabolomics. Error bars indicate ± SD.

(E–H) CD8+ T cells were isolated from spleens of e0771 tumor-bearing mice and subjected to Seahorse Bioanalyzer in the presence or absence of oligomycin,

carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone (FCCP), and antimycin and rotenone (Ant/Rot) (E). Data were normalized to protein concentration. Error

bars indicate ± SEM (F) OCR, (G) ECAR, and (H) OCR:ECAR ratio of Atg5+/� and Atg5�/� CD8+ T cells was examined at basal levels.

(I and J) Representative flow cytometry plot showing 2-NBDG uptake in splenicAtg5+/� (dark gray) andAtg5�/� (red) CD8+ T cells from e0771 tumor-bearingmice

(I). Graph represents the MFI of 2-NBDG ± SEM (J).

(K and L) Representative flow cytometry plot showing 2-NBDG uptake in splenic Atg14+/� (dark gray) and Atg14�/� (red) CD8+ T cells from e0771 tumor-bearing

mice (K). Graph represents the MFI of 2-NBDG ± SEM (L).

(M andN) Spare respiratory capacity, indicated by baseline OCR subtracted frommaximal OCR (M), andmitochondrial mass asmeasured byMitoTracker Green,

was determined in Atg5+/� and Atg5�/� CD8+ T cells isolated from e0771 tumor-bearing mice (N).

Graphs represent average ± SEM; n = 4–5 mice per group. *p < 0.05, **p < 0.01, ***p < 0.001; n.s., not significant.

508 Cell Reports 27, 502–513, April 9, 2019



A B

C D

E F G

H I J

Figure 6. Histone Tri-methylation Changes in Atg5�/� CD8+ T Cells from e0771 Tumors

(A) Pathway and gene ontology analysis of H3K4me3-marked promoters unique to Atg5�/� versus Atg5+/� CD8+ T cells are strongly enriched in genes related to

T cell activation and adaptive immunity (Benjamini q value < 10e-12).

(B) Differential normalized tagged density of H3K27me3 and H3K4me3 in a subset of immune response genes.

(C and D) ChIP-seq on Atg5+/� and Atg5�/�CD8+ T cells for H3K4me3 for Ifng. (C) Normalized tag density of Ifng in knockout or control CD8+ T cells. (D) qRT-PCR

of Ifng expression inAtg14+/� andAtg14�/�CD8+ T cells. Results are relative toActb.Data are expressed as average ±SEMof a triplicate experiment with at least

2 mice per group.

(legend continued on next page)
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Figure 7. Glucose Deprivation Inhibits the Upregulation of IFN-g in the Absence of Atg5

(A) Representative flow cytometry plots showing IFN-g production following PMA and ionomycin stimulation of splenic Atg5+/� and Atg5�/� CD8+ T cells from

Tramp-C2 tumor-bearing mice. Cells were cultured in full media, media without glucose, or media with glucose in the presence of 10 mM BPTES.

(B) Graphs represent the percentage of CD8+ IFN-g+ T cells cultured in the presence or absence of glucose or with BPTES treatment.

(C) Graphs represent H3K27me3 mean fluorescence intensity in CD8+ T cells cultured in the presence or absence of glucose or with BPTES treatment.

**p < 0.01, ***p < 0.001, n.s., not significant.
Atg5�/� TILs revealed significant enrichment for genes involved

in T cell activation and immune responses (Figures 6A and

S5F). In line with our immune phenotyping, Atg5�/� T cells

displayed an increase in H3K4me3 at the Eomes, Gzmb, Ifng,

IL-2, Pdcd1, Prf1, Tbx21, and Tnf loci (Figures 6B, 6C, and

S5F; Araki et al., 2009). The increase in H3K4me3 density at

the Ifng locus correlated with increased mRNA expression (Fig-

ure 6D). Although metabolic genes as a group were not identi-

fied as enriched or uniquely marked by H3K4me3 in Atg5�/�

TILs, an increase in H3K4me3 density was apparent in the pro-

moters of key glycolytic genes, albeit less than the observed

changes for immune related genes. These included the glucose

transporter Glut1 (Slc2a1) (Figure 6E), hexokinase 2 (Hk2) (Fig-

ures 6H), lactate dehydrogenase (Ldhb), and pyruvate kinase

(Pkm) (Figure S5H), all of which showed an increase in

H3K4me3 promoter density in Atg5�/� compared to Atg5+/�

TILs. In agreement with an increase in H3K4me3 density,

both Atg5�/� and Atg14�/� T cells had increased mRNA

expression of Glut1 and Hk2 (Figures 6F, 6G, 6I, and 6J).

Collectively, these observations are consistent with a model

whereby global loss of H3K27me3 permitted specific gains of

H3K4me3 and enabled the activation of a glycolytic transcrip-

tional program in Atg5�/� T cells.

Glucose Restriction Reverses Autophagy-Dependent
Suppression of IFN-g
To determine whether changes in glucose uptake are important

for regulating effector function, T cells from Atg5+/� or Atg5�/�

mice were cultured in the presence or absence of glucose. In

the presence of glucose, deletion of Atg5�/� resulted in higher
(E–G) ChIP-seq on Atg5+/� and Atg5�/�CD8+ T cells for H3K4me3 forGlut1. (E) N

of Glut1 expression in Atg5+/� and Atg5�/� CD8+ T cells or (G) Atg14+/� and

average ± SEM of a triplicate experiment with at least 2 mice per group.

(H–J) ChIP-seq on Atg5+/� and Atg5�/� CD8+ T cells for H3K4me3 for Hk2. (H) No

Hk2 expression inAtg5+/� and Atg5�/�CD8+ T cells or (J) Atg14+/� and Atg14�/�C

of a triplicate experiment with at least 2–3 mice per group.

*p < 0.01, **p < 0.01, ****p < 0.001, n.s., not significant.

510 Cell Reports 27, 502–513, April 9, 2019
T cell secretion of IFN-g compared to Atg5+/� CD8+ T cells.

Following short-term glucose starvation, there was a 3-fold

reduction in IFN-g production in Atg5�/� CD8+ T cells, whereas

no change in IFN-g was observed in Atg5+/� CD8+ T cells

irrespective of whether glucose was present (Figures 7A and

7B). Accordingly, glucose restriction reversed the global

decrease in H3K27me3 observed in Atg5�/� T cells (Figure 7C).

No difference in the secretion of IFN-g or levels of histone tri-

methylation was observed in either Atg5�/� or Atg5+/� CD8+

T cells treated with bis-2-(5-phenylacetamido-1,3,4-thiadiazol-

2-yl)ethyl sulfide (BPTES), a selective glutaminase inhibitor, sug-

gesting a requirement for glucose metabolism but not oxidative

metabolism in the regulation of effector cytokine production.

DISCUSSION

Emerging evidence indicates that autophagy may play a role in

immunosurveillance; however, the role of autophagy in tumor

growth and anti-tumor immune responses is still not completely

understood. While it has been demonstrated that Beclin1 acts as

a tumor suppressor (Qu et al., 2003), deletion of other autophagy

genes, including FIP200,Atg5, andAtg7, not only reduced tumor

growth but also, in some cases, altered anti-tumor immune re-

sponses (Lévy et al., 2015; Rao et al., 2014; Salah et al., 2016;

Wei et al., 2016). Although chloroquine treatment did not impact

T cell responses in tumor-bearing mice (Starobinets et al., 2016),

we demonstrate that genetic deletion of Atg5 enhances CD8+

T cell-intrinsic effector activity, resulting in rejection of trans-

planted tumors. The discrepancy between pharmacological

and genetic inhibition of autophagy could be attributed to the
ormalized tag density ofGlut1 in knockout or control CD8+ T cells. (F) qRT-PCR

Atg14�/� CD8+ T cells. Results are relative to Actb. Data are expressed as

rmalized tag density of Hk2 in knockout or control CD8+ T cells. (I) qRT-PCR of

D8+ T cells. Results are relative toActb.Data are expressed as average ±SEM



timing and duration of chloroquine treatment or the fact that

chloroquine is a lysomotropic agent that blocks late-stage auto-

phagy. Moreover, although Atg5 has functions independent of

autophagy, including roles in apoptosis (Yousefi et al., 2006)

and mitotic catastrophe (Maskey et al., 2013), our findings with

genetic ablation of Atg16L1 and Atg14�/� BMC mice show

that these effects are dependent on canonical autophagy and

not strictly dependent on Atg5.

Following activation, T cells undergo dramatic metabolic re-

programming to support growth, proliferation, and activation of

cytotoxic effector programs. T cells integrate signals from the

microenvironment to coordinate the necessary metabolic pro-

grams to initiate and support effector functions. Specifically,

T effector cells display increased glycolysis, while activated

CD8+ T cells with a lower bioenergetic OXPHOS and glycolytic

profile are more permissive to form memory (Chang et al.,

2013; Sukumar et al., 2013). Despite using aerobic glycolysis,

most activated T cells also consume oxygen, indicating that

both OXPHOS and glycolysis can run in parallel (Cao et al.,

2014; Wang et al., 2011). Our results demonstrate an important

role for autophagy in restraining glycolytic metabolism and

effector functions in CD8+ T cells. CD8+ T cells deleted of Atg5

acquired an effector memory phenotype associated with

increased IFN-g and TNF-a production. This resulted in both

Atg5- and Atg14-dependent increases in glucose metabolism.

When Atg5�/� T cells were restricted of glucose, the production

of IFN-gwas reduced to levels similar to Atg5+/� T cells, implying

an Atg5-dependent regulation of glucose metabolism in control-

ling CD8+ T effector function. Recent data suggest that Treg-

specific deletion of Atg5 or Atg7 breaks self-tolerance, resulting

in an acquisition of an effector memory phenotype in both CD8+

andCD4+ T cells (Wei et al., 2016). In ourmodel, however, no sig-

nificant changes in the CD4+ T cell effector memory compart-

ment were observed, nor was there any major difference in the

ratio of CD8+ T cells to Tregs in the absence of Atg5. Moreover,

the current study does not conflict or rule out additional auto-

phagy-related functions such as LC3-associated phagocytosis

on other immune subsets, including myeloid cells and their roles

in regulation immune suppression of T cells (Cunha et al., 2018).

Indeed, these collective studies are not surprising given the

inherent functional differences between T cells andmyeloid cells

in the tumor microenvironment that further highlight the complex

interactions between immune cells to coordinate immune-medi-

ated rejection of tumors.

Recent studies in tumor cells have identified a number of key

metabolites that are involved in the regulation of enzymes

responsible for histone modifications (Wong et al., 2017). In

T cells, however, the link between metabolism and epigenetic

regulation remains understudied. It has been demonstrated

that alterations in histone methylation occur in response to

changes in SAM and S-adenosylhomocysteine (SAH) (Mentch

et al., 2015). Consistent with these reports and the data pre-

sented here demonstrating a reduction in SAM levels in Atg5�/�

TILs, we observed a global loss of H3K27me3 and concurrent

gains of H3K4me3. H3K27me3 is a key repressive epigenetic

modification implicated in hematopoietic lineage fate decisions,

and its global loss would be expected to associate with the acti-

vation of a cell-context-specific transcription program (Zhang
et al., 2012). Supporting this concept, we observed local gains

in H3K4me3, a mark that acts in opposition and is mutually

exclusive with H3K27me3 at active gene promoters (Bernstein

et al., 2006). Thus, our results demonstrate that changes in

glycolytic metabolism due to the loss of autophagy promote an

enhanced T cell transcriptional program. It is possible that the in-

crease in glucose-derived lactate observed in Atg5�/� T cells in-

dicates a reduction in carbon available for methylation reactions,

ultimately resulting in global and specific epigenetic alterations.

Emerging evidence from cancer immunotherapy clinical trials

have highlighted an important role for T cells in mediating the

elimination of tumors. While the results of immunotherapies

have been encouraging in the context of hematological cancers

and more recently in melanoma, targeting other solid cancers

has been largely unsuccessful. Several factors, including meta-

bolic competition in the tumor microenvironment, could sup-

press T cell function following infusion. Consistent with this, in

murine tumors, glucose consumption by tumors metabolically

restricts T cells, leading to reduced IFN-g production and

increased tumor progression (Chang et al., 2015). However, as

shown in this study, deletion of T cell autophagy may shift the

metabolic advantage for these nutrients back in favor of

T cells, a strategy that could be used to enhance immunotherapy

against human cancers.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-LC3B Novus Biologicals Cat#NB100-2220; RRID:AB_10003146

Anti-p62 Sigma Cat#P0067; RRID:AB_1841064

Anti-p62 Progen Cat#CP62-C

Anti-GAPDH Novus Biologicals Cat#NB300-221; RRID:AB_10077627

Anti-ATG16L1 MBL Cat#PM040; RRID:AB_1278757

Anti-Actin Cell Signaling Cat#3700; RRID:AB_2242334

Anti-ATG5 Sigma Cat#A0731; RRID:AB_796188

Anti-Actin Sigma Cat# A2066; RRID:AB_476693

Anti-Cleaved Caspase 3 Cell Signaling Cat# 9664; RRID:AB_2070042

Anti-Ki-67 AbCam Cat# ab16667; RRID:AB_302459

Anti-CD8 BioXCell Cat# BE0061; RRID:AB_1125541

Anti-CD4 BioXCell Cat# BE0086; RRID:AB_1107791

Anti-IgG Mabtech Cat# 3321-3-1000; RRID:AB_2123057

Anti-IFNɣ Mabtech Cat# 3321-6-250; RRID:AB_2280104

Anti-CD4 Thermo Fisher Scientific Cat#25-0041-81; RRID:AB_469575

Anti-CD8 Thermo Fisher Scientific Cat#48-0081-80; RRID:AB_1272235

Anti-CD44 Thermo Fisher Scientific Cat#12-0441-81; RRID:AB_465663

Anti-CD62L Thermo Fisher Scientific Cat#17-0621-81; RRID:AB_469409

Anti-PD-1 Thermo Fisher Scientific Cat# 11-9981-82; RRID:AB_465467

Anti-CD127 Thermo Fisher Scientific Cat#12-1271-82; RRID:AB_465844

Anti-CD25 Thermo Fisher Scientific Cat#17-0251-81; RRID:AB_469365

Anti-FOXP3 Thermo Fisher Scientific Cat#12-5773-80; RRID:AB_465935

Anti-IFNɣ Thermo Fisher Scientific Cat#17-7311-81; RRID:AB_469503

Anti-TNFa Thermo Fisher Scientific Cat#12-7321-41; RRID:AB_10854722

Anti-T-Bet Thermo Fisher Scientific Cat#12-5825-82; RRID:AB_925761

Anti-Eomes Thermo Fisher Scientific Cat#11-4877-41; RRID:AB_2572498

Anti-Tri-methyl histone H3 (Lys27) Cell Signaling Technology Cat# 12158

Anti-Tri-methyl histone H3 (Lys27 – ChIP) Kimura et al., 2008 PMID: 18227620

Anti-Tri-methyl histone H3 (Lys4) Cell Signaling Technology Cat# 9751

Chemicals, Peptides, and Recombinant Proteins

Tamoxifen Sigma Cat# T5648

Concanavalin A Sigma Cat# 5275

PMA Sigma Cat# P1585-1MG

Ionomycin Sigma Cat# I9657-1MG

2-NBDG Thermo Fisher Scientific Cat# N13195

BPTES Sigma Cat# SML0601-5MG

IP buffer Lorzadeh et al., 2017 PMID: 29286469

Protease inhibitor cocktail Calbiochem Cat# 539134

Low salt wash buffer Lorzadeh et al., 2017 PMID: 29286469

High salt wash buffer Lorzadeh et al., 2017 PMID: 29286469

ChIP elution buffer Lorzadeh et al., 2017 PMID: 29286469

MNase dilution buffer Lorzadeh et al., 2017 PMID: 29286469

MNase master mix Lorzadeh et al., 2017 PMID: 29286469

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

DNA purification master mix Lorzadeh et al., 2017 PMID: 29286469

End repair master mix Lorzadeh et al., 2017 PMID: 29286469

A-tailing master mix Lorzadeh et al., 2017 PMID: 29286469

Adaptor ligation master mix Lorzadeh et al., 2017 PMID: 29286469

PCR master mix Lorzadeh et al., 2017 PMID: 29286469

Critical Commercial Assays

Mouse IFNɣ ELISA Thermo Fisher Scientific Cat# 88-7314-22

Seahorse XF Cell Mito Stress Test Agilent Cat# 103015-100

Foxp3/Transcription factor staining buffer set Thermo Fisher Scientific Cat# 00-5523-00

RNeasy Mini Kit QIAGEN Cat# 74104

Fixation/Permeabilization Solution Kit with BD GolgiStop BD Biosciences Cat# 554715

Power SYBR Green PCR master mix Thermo Fisher Scientific Cat# 4367659

MessageBOOSTER cDNA Synthesis from Cell Lysates Kit Lucigen Cat# 75927-958

Zymo RNA Clean and Concentrator-5 Cedarlane Cat# R1015

Deposited Data

ChIP-Seq This paper GEO: GSE117757

Experimental Models: Cell Lines

Mouse: e0771 Dr. John Stagg N/A

Mouse: Tramp-C2 ATCC Cat# CRL-2731

Mouse: EL4-OVA ATCC Cat# CRL-2113

Mouse: MC38 ATCC Cat#2638

Experimental Models: Organisms/Strains

Mouse: C57BL/6J The Jackson Laboratory Cat# 000664

Mouse: Atg5+/� and Atg5�/� Dr. Noboru Mizushima PMID: 16625204

Mouse: Atg14+/� and Atg14�/� Dr. Tatsuya Siatoh N/A

Mouse: C57BL/6-Tg(CD8a-cre)1Itan/J The Jackson Laboratory Cat# 008766

Mouse; Atg16L1+é+ and Atg16L1-é- Dr. Aditya Murthy PMID: 29358708

Mouse: Cre-ERT2 Taconic Cat# 10471

Mouse: B6.PL-Thy1a/CyJ The Jackson Laboratory Cat# 000406

Mouse: C57BL/6-Tg(TcraTcrb)1100Mjb/J The Jackson Laboratory Cat# 003831

Oligonucleotides

See Table S1. qPCR primers This paper N/A

See Table S2. PCR reverse indexing primers and ChIP-Seq

primers

This paper N/A

Software and Algorithms

ImageJ National Institutes of Health N/A

GraphPad Prism GraphPad Software Inc N/A

InForm Perkin Elmer N/A

FlowJo BD Biosciences N/A

MetaboAnalyst MetaboAnalyst N/A

Burrows-Wheeler Aligner Li and Durbin, 2010 PMID: 20080505

SAMtools Li et al., 2009 PMID: 19505943

deepTools Ramı́rez et al., 2016 PMID: 27079975
CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to the Lead Contact, Julian J. Lum (jjlum@bccancer.

bc.ca).
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice
All animal studies mice were approved by the University of Victoria’s Animal Care Committee and were in accordance with the Ca-

nadian Council for Animal Care guidelines or Genentech Institutional Animal Care and Use Committee. Atg5 floxed mice (Atg5fl/fl)

(Hara et al., 2006) were crossed to Cre-ERT2 (C57BL/6-Gt(ROSA)26Sortm9(Cre/ESR1)Arte) and Thy1.1 (B6.PL-Thy1a/CyJ) mice as pre-

viously described (Schlie et al., 2015) and were referred to as Atg5+/� and Atg5�/� mice. A similar strategy was used to generate the

Atg16L1+/+ and Atg16L1�/� mice. To induce Cre-mediated deletion of Atg5, mice were injected i.p. with 1.5 mg tamoxifen (Sigma-

Aldrich) on 4 consecutive days or 1 mg for 3 consecutive days for Atg16L1 prior to tumor implantation. Atg14fl/fl mice were back-

crossed onto the C57BL/6 background for at least 10 generations. Congenic mice were bred to Cre-ERT2 mice and the resulting

transgenic mice, referred to as Atg14+/� and Atg14�/� were used to generate BMC’s. For generation of bone marrow chimeras,

6-week old C57BL/6 (wild-type), Atg5+/�, Atg5�/�, Atg14+/� or Atg14�/� mice received 5 days of pre-irradiation water containing

antibiotics (Enrofloxacin), which animals remained on until 30 days post radiation. During the first 30 days, animals were placed in

an isolator bubble. All equipment for the BMC studies was autoclaved or pre-soaked in Clidox for 10 minutes prior to contact

with mice. The irradiation platform was disinfected with Virkon. Recipient mice were given 9.5 Gy radiation on a Varian Truebeam

linear accelerator or the Small Animal Radiation Research Platform (SARRP; Xstrahl). 5x106 bone marrow cells were harvested

from femurs and tibias of tamoxifen naive Atg5+/�, Atg5�/�, Atg14+/�, Atg14�/� or C57BL/6 mice and were injected into the tail

vein of irradiated hosts. Chimerism was confirmed 6-8 weeks post-irradiation by saphenous vein bleed and flow cytometry. All

BMC studies were performed in SPF facility with irradiated food (ad lib) and autoclaved bedding and nesting material for enrichment.

Water was provided ad lib using an automated system.

Cell culture
e0771 cells, a gift fromDr. John Stagg, were cultured with RPMI-1640 supplemented with 10%FBS, 2.05mML-glutamine, 100U/mL

penicillin and 100 mg/mL streptomycin (all from Fisher Scientific). Tramp-C2 cells (ATCC) were cultured in DMEM supplemented with

5% Nu-serum IV (Fisher Scientific), 5% FBS, 2.05 mM L-glutamine, 100 U/mL penicillin, 100 mg/mL streptomycin, 0.005 mg/ml

bovine insulin (Sigma-Aldrich) and 10 nM dehydroisoandrosterone (Sigma-Aldrich). MC38 cells were cultured in RPMI-1640 supple-

mented with 10% FBS, 2mM L-glutamine, 100 U/mL penicillin and 100 mg/mL streptomycin (GIBCO).

METHOD DETAILS

Tumor challenge
8-12 week old female tamoxifen-treated Atg5+/� and Atg5�/� mice were injected subcutaneously with 13 106 e0771 cells in the left

mammary fat pad. For Atg16L1 studies, 0.1x106 e0771 cells were injected with a HBSS and matrigel suspension in the mammary fat

pad. Male Atg5+/� and Atg5�/�mice received 53 106 Tramp-C2 cells subcutaneously in the right flank. For the MC38 tumor studies,

0.1x106 cells were injected subcutaneously with a HBSS and matrigel suspension. For adoptive cell transfer experiments, 1x106

E.G7-OVA cells were implanted subcutaneously into the flanks of C57BL/6 mice, and on day 11 after implantation, mice received

1 3 106 Atg5+/� or Atg5�/� CD8+ OTI T cells. Tumors were measured at least three times a week with digital calipers and tumor

area was calculated using the formula mm2 = (length 3 width). For Atg16L1 studies, tumors were measured at least twice a week

with digital calipers and tumor volume calculated using the formula mm3 = (longer measurement x shorter measurement2) x 0.5.

In experiments where CD8+ T cells were depleted, Atg5+/� and Atg5�/� mice were treated with 200 mg of control IgG (BioXcell) or

anti-CD8 (clone 2.43, BioXcell) depleting antibody at day�1, +1, +7 and +15 relative to tumor cell implantation. CD8 T cell depletion

was confirmed by flow cytometry.

Immunohistochemistry
e0771 tumors from Atg5+/� and Atg5�/� mice were excised and fixed in 10% formalin. 4 mM sections were depraffinized and sub-

jected to antigen retrieval using a decloacking chamber and Rodent M decloacker (Biocare Medical). Rabbit anti-cleaved

caspase 3 (Cell Signaling) or rabbit anti-Ki-67 (AbCam) was incubated at room temperature for 30 minutes. Following washing,

MACH2 anti-rabbit-HRP polymer was applied for 30minutes at room temperature followed by DAB reagent (Biocare medical). Slides

were counterstained with hematoxylin (Biocare Medical), dried and coverslipped using Ecomount (Biocare medical). Scoring of tu-

mor tissue was performed by taking 3-5 images at 20X magnification using the Nuance Multispectral Imaging Software on an

Olympus BX53microscope. Cleaved caspase-3 was scored using signal thresholding, and Ki-67-positive cells were enumerated us-

ing InForm Software Analysis.

Western blotting
For immunoblotting of Atg5, Atg14, LC3B, Atg16L1 and p62, splenocytes were lysed in RIPA buffer (50 mM Tris-HCl pH 7.4, 1%

NP-40, 0.25% Na-deoxycholate, 150 mM NaCl, 1 mM EDTA) containing complete protease inhibitor cocktail, and phosphatase in-

hibitor cocktail for 30 min at 4�C. After centrifugation at 13,000 g for 15 min at 4�C, supernatant was obtained and stored at �80�C.
Lysates were quantified using BCA assay (Thermo Fisher) and equal amounts loaded onto 4%–12% gradient SDS-PAGE gels.
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Protein was transferred onto nitrocellulose or PVDFmembranes and immunoblots for Atg5, Atg14, LC3B, Atg16L1, p62, GAPDH and

actin performed using respective antibodies (listed in Key Resources).

IFNg ELISPOT and ELISA
ELISPOT plates (Millipore) were coated with 10 mg/mL anti-mouse IFNg antibody overnight at 4�C. Plates were then washed and

blocked with complete RPMI for 2 hours at 37�C, 5% CO2. Splenocytes were harvested from tumor bearing mice and processed

into single cell suspensions by pressing through a 40 mM screen in complete RPMI. Red blood cells were lysed with ACK lysis buffer.

1x106 splenocytes were plated per well and stimulated with 1x105 e0771 or Tramp-C2 cells, 5 mg/mL SPAS-1 peptide or 5 mg/mL

Concanavalin A (Sigma) as a positive control for 20 hours at 37�C and 5% CO2. Plates were then washed and incubated with

1 mg/mL biotinylated anti-IFNg secondary antibody (Mabtech) for 2 hours at 37�C. Plates were developed with Vectastain ABC Elite

and Vectastain AEC substrate (Vector Lab’s) according to themanufacturer’s instructions. For IFNg ELISA, serumwas collected from

tumor bearing mice and frozen in aliquots at �80�C. IFNg ELISA was performed according to the manufacturer’s instructions.

T cell stimulation
For intracellular cytokine staining, splenocytes isolated from Atg5+/� and Atg5�/� mice were stimulated for 6 hours with 25 ng/mL

PMA and 1 mg/mL ionomycin in the presence of 10 mg/mL Brefeldin A (Sigma) and Golgi stop (BD Biosciences). Alternatively, cells

were stimulated with plate-bound CD3 (5 mg/mL; BD Biosciences) and CD28 (1 mg/mL; BD Biosciences) for 72 hours. For histone

trimethylation analysis, splenocytes were isolated from Atg5+/� or Atg5�/� CreERT2 Thy1.1 OTI mice and stimulated for 2 hours

with 2 mg/mL SIINFEKL peptide. Cells were washed and placed into media containing 100 U/mL of IL-2 and treated with 3 mM of

tamoxifen to induce Atg5 deletion. Following in vitro stimulation, cells were stained with intracellular cytokines using the fixation

and permeabilization kit (BD Bioscience) according to the manufacturer’s instructions. For metabolic treatments, cells were cultured

overnight in the presence or absence of glucose or 10 mM BPTES followed by PMA plus ionomycin stimulation as above.

Flow cytometry
For analysis of cell surface or nuclear markers, cells were stained with CD4, CD8, CD44, CD62L, CD127, PD-1, CD25, FOXP3 (all

eBioscience), or H3K27me3 (Cell Signaling) in complete medium for 20 minutes at 4�C. For intracellular cytokine staining, isolated

splenocytes were stimulated with PMA/ionomycin for 6 hours in the presence of GolgiStop plus Brefeldin A according to the man-

ufacturer’s instructions (BD Bioscience). For analysis of mitochondrial mass, cells were stained with 40 nM MitoTracker Green

(Life Technologies) for 20 minutes or MitoSox Red (Life Technologies) for 10 minutes, respectively, at 37�C. Glucose uptake was

monitored by incubating cells with 100 mM 2-NBDG (Life Technologies) for 30 minutes at 37�C.

Quantitative RT-PCR
RNA from tumors, tumor draining lymph nodes, or splenic CD8+ T cells was isolated with an RNeasy Mini kit (QIAGEN), followed by

cDNA synthesis with qScript cDNA synthesis kit (Quanta Biosciences) or MessageBOOSTER cell lysates to cDNA synthesis kit

(Lucigen). RNA was concentrated using an RNA Clean & Concentrator kit (Zymo). Gene expression was assessed by real-time

PCR with PerfeCTa SYBR Green SuperMix for iQ (Quanta Biosciences) on a MyiQ real-time PCR detection system (BioRad). Primer

sequences for each target gene can be found in Table S2. Results were calculated using the DCt method relative to actin and were

displayed as 2-DCt.

Metabolism assays
CD8+ T cells were isolated from tumor bearing mice using an EasySep CD8+ T cell isolation kit (StemCell) according to the manu-

facturer’s instructions. 350,000 cells were plated in non-buffered RPMI supplemented with 25mMglucose, 2mMpyruvate and 2mM

glutamine. Measurements were obtained under basal conditions and in response to 1 mM Oligomycin, 2 mM FCCP and 0.5 mM

Antimycin A/Rotenone. OCR and ECAR were measured on a XFe96 Extracellular Flux Analyzer (Seahorse).

Metabolomics
For global metabolomic analysis, CD8+ T cells were isolated from tumor bearing mice using EasySep CD8+ T cell isolation kit

(StemCell). Cells were washed with 0.9% saline solution, resuspended in 80%methanol and snap frozen in liquid nitrogen. Samples

were subjected to repeated freeze-thaws, dried using a SpeedVac, and frozen at �80�C. The samples were analyzed by LC-MS as

previously described (Mullen et al., 2014). The dataset of significantly altered metabolites was imported into MetaboAnalyst 3.0 for

pathway enrichment analysis and heatmap generation.

Low input native ChIP-Seq
Low input native ChIP-seq was performed as previously described (Lorzadeh et al., 2016). In brief, cells were lysed in 0.1% Triton

X-100 and Deoxycholate supplemented with protease inhibitor cocktail. Chromatin were digested byMicroccocal nuclease (MNase)

at room temperature for 5 minutes and 0.25mM EDTA was used to stop the reaction. Antibodies against epitopes of interest

(H3K4me3 and H3K27me3) and digested chromatin were incubated with anti-IgA magnetic beads for 2 and 1.5 hours respectively.

Pre-cleared chromatin was incubated with antibody-bead complex over night in IP buffer (20 mM Tris-HCl pH 7.5, 2 mM EDTA,
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150 mM NaCl, 0.1% Triton X-100, 0.1% Deoxycholate) at 4�C. IPs were washed 2 times by Low Salt (20 mM Tris-HCl pH 8.0, 2 mM

EDTA, 150 mM NaCl, 1% Triton X-100, 0.1% SDS) and High Salt (20 mM Tris-HCl pH 8.0, 2 mM EDTA, 500 mM NaCl, 1% Triton

X-100, 0.1% SDS) wash buffers. IPs were eluted in elution buffer (1% SDS, 100 mM Sodium Bicarbonate) for 1.5 hours at 65�C. His-
tones were digested by Protease for 30 min at 50�C and DNA fragments were purified using Sera Mag magnetic beads in 30% PEG.

Illumina sequencing libraries were generated by end repair, 30 A-addition, and Illumina sequencing adaptor ligation. Libraries were

then indexed and PCR amplified and sequenced on Illumina HiSeq 2500 sequencing platform following themanufacturer’s protocols

(Illumina, Hayward CA.). The ChIP-Seq data have been deposited in GEO, under accession number GEO: GSE117757.

QUANTIFICATION AND STATISTICAL ANALYSIS

Evaluation of tumor growth curves was performed using a two-way ANOVA. A Student t test was used when comparing the means of

two groups, and a one-way ANOVA was used when comparing more than two groups. Values less than 0.05 were considered sta-

tistically significant (*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001). ChIP-seq sequence reads were aligned to GRCm38 using

Burrows-Wheeler Aligner (BWA) 0.7.6a (Li and Durbin, 2010) and converted to bam format by Sambamba (version 0.5.5) (Tarasov

et al., 2015). Sequence reads with BWA mapping quality scores < 5 were discarded and reads that aligned to the same genomic

coordinate were counted only once in the profile generation. H3K4me3 enriched regions were identified by MACS2 (Feng et al.,

2012)) in pair-end mode at q-value of 0.01. Enriched promoters were identified by overlapping of MACS2 identified peaks

with +/2kb of TSS of protein coding genes (Ensemble mm10v84) using bedtools (Quinlan and Hall, 2010) with –f 0.5 parameter.

Normalized tag density was generated using HOMER v4.10 (Heinz et al., 2010). ChIP-seq signal was normalized to the depth of li-

braries (excluding duplicated reads and reads falling within the ENCODE mm10 blacklist regions) and the length of the promoters.

Input control normalized ChIPseq tracks were generated using MACS2.

DATA AND SOFTWARE AVAILABILITY

The accession number for the ChIP-Seq data reported in this paper is GEO: GSE117757.
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