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SUMMARY
The tumor microenvironment (TME) contains a rich source of nutrients that sustains cell growth and facilitate
tumor development. Glucose and glutamine in the TME are essential for the development and activation of
effector T cells that exert antitumor function. Immunotherapy unleashes T cell antitumor function, and
although many solid tumors respond well, a significant proportion of patients do not benefit. In patients
with KRAS-mutant lung adenocarcinoma, KEAP1 and STK11/Lkb1 co-mutations are associated with
impaired response to immunotherapy. To investigate the metabolic and immune microenvironment of
KRAS-mutant lung adenocarcinoma, we generated murine models that reflect the KEAP1 and STK11/Lkb1
mutational landscape in these patients. Here, we show increased glutamate abundance in the Lkb1-deficient
TME associated with CD8 T cell activation in response to anti-PD1. Combination treatment with the gluta-
minase inhibitor CB-839 inhibited clonal expansion and activation of CD8 T cells. Thus, glutaminase inhibition
negatively impacts CD8 T cells activated by anti-PD1 immunotherapy.
INTRODUCTION

KRAS is the most frequently altered oncogene in lung adenocar-

cinoma and, until recently (Hallin et al., 2020), has been consid-

ered an undruggable protein (Papke and Der, 2017). To better un-

derstand KRAS-mutant lung adenocarcinoma, the underlying

genetic landscape of alterations in frequently co-occurring tumor

suppressors TP53 (KRAS/TP53), CDKN2A (KRAS/CDKN2A),

KEAP1, and STK11/Lkb1 (KRAS/STK11) have been interrogated,

identifying distinct subsets of KRAS-mutant disease (Skoulidis

et al., 2015). AlthoughKEAP1 and STK11/Lkb1 alterations coexist

in a single subset (KRAS/STK11), a similar proportion of patients

with KRAS-mutation exclusively harbor either KEAP1 or STK11/
874 Cell Metabolism 34, 874–887, June 7, 2022 ª 2022 The Authors.
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Lkb1 mutation (co-mutated: �10%; KEAP1 only: �5%; STK11

only:�10%) (Best et al., 2019; Wohlhieter et al., 2020). Therefore,

a greater understanding of the molecular characteristics of these

refined subsets is crucial to better understand the patient disease.

Immunotherapy based on PD1/PD-L1 axis checkpoint

blockade unleashes CD8 T cells, enabling robust antitumor re-

sponses. In non-small cell lung cancer (NSCLC), only 20% pa-

tients receive benefit from immunotherapy treatment, a surpris-

ingly low number, given the high mutational burden and immune

infiltration observed in lung cancers (Chalmers et al., 2017; Rizvi

et al., 2015). This has ignited interest into understanding the

mechanisms underlying antitumor immunity in lung cancer. Early

analyses of the KRAS/STK11 subset revealed reduced immune
Published by Elsevier Inc.
commons.org/licenses/by/4.0/).
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infiltration (Skoulidis et al., 2015) and poorer response to immu-

notherapy (Cristescu et al., 2018; Skoulidis et al., 2018)

compared with STK11 wild-type counterparts. Reclassification

of the KRAS/STK11 subset by KEAP1- in addition to STK11/

Lkb1 mutation has further revealed that STK11-mutant tumors

have reduced PD-L1 tumor expression (Lamberti et al., 2020)

and poor response to anti-PD-L1 (atezolizumab) (Singh et al.,

2021). These recent findings highlight the importance of under-

standing the response to immunotherapy in distinct genetic en-

vironments in the preclinical setting.

The switch from oxidative phosphorylation to glycolytic meta-

bolism is critical to the activation of T cells (Wang et al., 2011). In

the tumor microenvironment (TME), glucose and glutamine (Gln)

are in high demand from both tumor cells and infiltrating immune

cells (Carr et al., 2010; Momcilovic et al., 2018; Sinclair et al.,

2013). Indeed, KEAP1-mutant tumor cells, which have an active

NRF2 pathway (Best and Sutherland, 2018), display elevated

expression of the Gln importer SLC1A5 (Romero et al., 2017)

and rely on glutaminolysis to exchange glutamate (Glu) for

cystine via the antiporter xCT (SLC3A2/SLC7A11) (Sayin et al.,

2017). Cystine is critical in the production of glutathione (GSH),

a key antioxidant generated in the NRF2 pathway (DeNicola

et al., 2015). Therefore, KEAP1-mutant NSCLC cell lines are

reliant on Gln in the culture medium and are sensitive to gluta-

minase (Gls1) inhibition (CB-839) (Galan-Cobo et al., 2019;

Gross et al., 2014; Romero et al., 2017; Sayin et al., 2017). To

date, NSCLC studies have been performed in vitro using cell

lines with co-mutation in KEAP1 and STK11/Lkb1. Thus, the ge-

netic dependencies of Gln and sensitivity to glutaminase inhibi-

tion is yet to be fully explored in NSCLC with either KEAP1 or

STK11/Lkb1 genetic alteration and an intact TME.

It is speculated that KEAP1-mutant tumors would import high

quantities of Gln from the TME, thereby limiting Gln availability

for infiltrating T cells and thus blocking their ability to activate

(Chang et al., 2015). Therefore, the combination of glutaminase

inhibition and immunotherapy has been speculated to be bene-

ficial in this environment (Byun et al., 2020). Here, we employed

genetically engineered mouse models (GEMMs) to dissect the

heterogeneity of KEAP1 and STK11/Lkb1 co-mutations in

autochthonous KRAS-mutant lung adenocarcinoma. We identi-

fied distinct differences between the metabolic environments of

Keap1- compared with Lkb1-deficient tumors that likely

contribute to differential responses of CD8 T cells to anti-PD1

treatment. However, contrary to the hypothesis that glutaminase

inhibition and immunotherapy would synergize in such an envi-

ronment, we found that the cytotoxic activation of CD8 T cells

was impaired, inhibiting their antitumor capabilities. Thus, utiliz-

ing autochthonous murine lung cancer models, we demonstrate

that glutaminase inhibition fails to bolster the immune response

elicited when combined with immunotherapy.

RESULTS

KrasG12D co-mutation dictates the metabolic
environment of lung adenocarcinoma
To characterize the impact of KRAS co-mutations KEAP1 and

STK11/Lkb1 on the metabolic and immune microenvironment

of lung adenocarcinoma in immune-intact models, we generated

a cohort of GEMMs to reflect the diverse tumor suppressor land-
scape seen in patients. Mice carrying the KrasG12D/+ allele (K)

(Jackson et al., 2001) were crossed with Keap1flox/flox (KK) (Blake

et al., 2010) and/or Lkb1flox/flox (KKL, KL) (Bardeesy et al., 2002)

mice and genetic recombination induced by intranasal inhalation

of Ad5-CMV-Cre adenovirus (Best et al., 2018b). Loss of Lkb1,

alone or in combination with Keap1, significantly reduced the la-

tency in the KrasG12D cohort (KK 71 days [Best et al., 2019], KL

48 days, and KKL 49 days), suggesting a dominating role of

Lkb1 in Kras tumorigenesis (Figure 1A). Both Keap1 and Lkb1

proteins are upstream of key metabolic pathways in the cell;

hence, to dissect differential tumor-associated metabolites, we

performed steady-state metabolomics on pieces of tumor tis-

sue. Supporting our ability to detect differential metabolites

from tumors independent of their anatomical location, no re-

gion-specific differences were found in normal or tumor-bearing

lungs, with the strongest differences arising between normal and

lung tumors (Figures S1A–S1C) We interrogated the metabolites

present in tumor nodules collected from cohorts of KK, KL, and

KKL mice. Strikingly, the tumor metabolites from each genotype

were distinct and clustered separately by principle component

analysis (Figure 1B). Indeed, metabolites detected in the Lkb1-

deficient tumors were significantly distinct from those dectected

in KK tumors, measured by Euclidean hierarchical clustering

(Figures 1C and S1D). Direct comparison of KL compared with

KK tumors revealed many differentially abundant metabolites,

associated with well-established Lkb1- and Keap1-related

metabolic pathways (Figures 2A and 2B). In KK tumors, the

pentose phosphate pathway (PPP) is strongly regulated by

NRF2 activity (Best et al., 2018a, 2019). The steady-state anal-

ysis identified a branchpoint in PPP metabolite abundance at

the enzyme phosphoribosyl pyrophosphate amidotransferase

(PPAT), resulting in reduced abundance of the upstream metab-

olite sedoheptulose-7P in KK tumors, whereas metabolites

downstream exhibited significantly increased abundance

(Ribose or ionosinic acid [IMP]) (Figure 2C). GSH, which is

strongly regulated by the NRF2 pathway (Best et al., 2018a,

2019; Mitsuishi et al., 2012; Singh et al., 2013), was similarly

increased in KK tumor nodules (Figures 2D and S1E). The lack

of enrichment of signature NRF2 pathway metabolites in KKL tu-

mor nodules suggests that metabolic rewiring induced by Lkb1-

loss, likely via the AMPK and SIK pathways (Pierce et al., 2021),

dominate that of NRF2 pathway activation. The lack of abundant

GSH in KKL tumors suggests that Gln, shuttled by NRF2-active

tumors via xCT to increase intracellular cystine for GSH produc-

tion (Romero et al., 2017; Sayin et al., 2017), may be utilized in

alternative pathways in tumors that are also Lkb1 deficient.

Indeed, levels of GSH were similar between KL and KKL tumor

nodules in an independent steady-state metabolomics cohort

(Figure S1F). Comparing KL and KK tumor metabolites revealed

that Glu-related pathways are significantly altered between the

two tumors (Figure 2E). In line with our hypothesis, relatively

similar quantities of Gln between the KK and KL tumor nodules

resulted in significantly enhanced Glu production in Lkb1-defi-

cient tumors (Figure 2F). To further investigate this finding across

the spectrum of KrasG12D co-mutant models (Skoulidis et al.,

2015), we compared the steady-state metabolomics between

K, KrasG12D/+;p53D/D (KP), KK, KL, and KKL tumor nodules.

Distinctly, KL was the only tumor model that displayed signifi-

cantly elevated Glu in the tumor nodules (Figures 2G and S1G).
Cell Metabolism 34, 874–887, June 7, 2022 875
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Figure 1. Loss of Lkb1 accelerates

KrasG12D/+;Keap1D/D tumorigenesis

(A) Survival analysis of KrasG12D/+;Keap1D/D (KK;

n = 19) KrasG12D/+;Lkb1D/D (KL; n = 9) and

KrasG12D/+;Keap1D/D;Lkb1D/D (KKL; n = 12) mice

(Mantel-Cox test p < 0.0001).

(B) Principle component (PC) analysis comparing the

steady-state metabolome of KrasG12D/+;Keap1D/D

(KK; n = 5) KrasG12D/+;Lkb1D/D (KL; n = 5) and

KrasG12D/+;Keap1D/D;Lkb1D/D (KKL; n = 4) tumors.

(C) Top200 differentially abundantmetabolites inKK

(n = 5), KL (n = 5) and KKL (n = 4) tumor nodules.
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This suggests that there may be a specific dependence for Glu in

Lkb1-deficient KrasG12D tumors.

Increased glutamate production in Lkb1-deficient
tumors
Next, we sought to examine glutaminase activity in tumor cells

themselves. NRF2 pathway activation leads to increased expres-

sion of SLC1A5, resulting in an association of KEAP1 mutations

with enhanced GLS1 expression and glutaminase activity (Ro-

mero et al., 2017; Sayin et al., 2017). In theGEMMs,Gls1 exhibited

high mRNA expression in the KL tumor nodules, suggesting a

strong association with Lkb1 loss alone (Figure 3A). Stratification

ofGLS1mRNAexpression inKRAS-mutant lung adenocarcinoma

patient samples (Figure 3B) or cell lines (Figure 3C) similarly iden-

tified a stronger correlation with mutations in STK11/Lkb1. To

investigate the activity of glutaminase and usage of Gln in the

Lkb1-deficient TME, we performed labeled U-13C,U-15N-Gln

tracing assays in tumor-bearing KL and KKL mice. Glutaminase

activity can be measured by comparing labeled 13C5,
15N2 Gln

and 13C5,
15N1 Glu. Glu can be exported for cystine via xCT or con-

verted to a-ketoglutarate (a-KG) for energy production (Fig-

ure S2A). The use of a-KG in the cell can be detected by labeled

aspartate (Asp), whereby a-KG is shuttled into the citric acid cycle

(CAC) and generates 13C4,
15N1 Asp, although under hypoxic con-

ditions, 13C3,
15N1 Asp is generated from a-KG via the reductive

pathway (Wang et al., 2019; Figure 3D). Tomeasure the in vivo uti-

lization of Gln, we performed a 15-min pulse of U-13C,U-15N-Gln,

sufficient to label 60%–70% of the Gln in normal lung, KL tumor

tissue, and KKL tumor tissue (Figure 3E). Unlike the normal lung,

Lkb1-deficient tumors had a significant increase inGln conversion

to Glu (both 13C5 and 13C5,
15N1), suggesting increased gluta-

minase activity in tumor cells during the 15-min pulse (Figure 3F).

Interestingly, Gln nitrogen can be used to generate IMP, indepen-

dent of glutaminase (Figure S2B). Levels of 15N2 IMP were

increased in KKL tumor nodules compared with KL (Figure S2C),
876 Cell Metabolism 34, 874–887, June 7, 2022
suggesting that increased glutaminase ac-

tivity in KL tumors results in more Gln to

Glu hydrolysis. Furthermore, significant

flux through the CAC was detected in

Lkb1-deficient tumors through the genera-

tion of Asp (both 13C4 and 13C4,
15N1) and

the emergence of 13C3,
15N1 Asp, reflective

of a hypoxic tumor environment (Wang

et al., 2019), which was more pronounced

in KL tumor nodules (Figure 3G). Thus, Gln
is rapidly utilized in Lkb1-deficient tumors to produce Glu to

feed the CAC (Figure S2A).

Recently, the pool of orotate in the tumor and circulating

plasma has been described as a nitrogen sink from the hypoxic

tumor environment and increased usage of Gln (Wang et al.,

2019). To further investigate this, we generated an independent

steady-state metabolomics cohort, in which we analyzed both

the tumor nodules or lung and the plasma from normal (UN),

KL, and KKL mice. We identified significantly elevated orotate

in the tumor nodules compared with normal lung samples, indic-

ative of a hypoxic TME (Figure S2D). Concordant with increased

abundance of Asp at steady state (Figure S2E) and 13C3,
15N1 Asp

in KL tumor nodules (Figure 3G), orotate was further increased in

KL compared with KKL and KK (Figure S2F). Gln nitrogens were

confirmed to be the source of increased orotate via the urea cy-

cle (Kim et al., 2017; Figure S2G). Consistent with our analysis of

tumor nodules, we identified significantly increased orotate

levels in the circulating plasma of the tumor-bearing KL and

KKL mice, 40 days post tumor initiation (Figure S2H). Together

with previous reports (Wang et al., 2019), these data suggest

that the emergence of orotate in the plasma may be indicative

of a pan-cancer oncometabolite and worthy of further

investigation.

Glutamate availability impacts CD8 T cell activation
During activation, T cells switch from catabolic to anabolic meta-

bolism, andmetabolite availability, especially that of glucose and

Gln, is essential for resting T cells to become activated (Pearce

et al., 2013; Sinclair et al., 2013). To investigate immune cell infil-

tration and activation in a TME with different Gln availability, we

performed immune analysis on tumor-bearing lungs collected at

defined time points. Although KEAP1- and STK11/Lkb1-mutant

tumors are considered immune cold, the relative abundance of

immune cells was increased in Lkb1-deficient (KL and KKL) tu-

mor-bearing lungs, relative to KK, with evidence of immune
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Figure 2. Co-mutation in KrasG12D/+ lung adenocarcinoma alters the metabolome of tumors

(A) Volcano plot of KL compared with KK metabolites. Red metabolites are significantly increased in abundance, and blue are significantly reduced. ns, not

significant.

(B) KEGG pathways associated with significantly altered metabolites in KL versus KK tumors (blue: up in KL; red: up in KK).

(C) Abundance of sedoheptulose-7-phosphate, ribose and inosinic acid (IMP) in KK (n = 5), KL (n = 5) and KKL (n = 4) tumors. Ordinary one-way ANOVA S7P: KK

versus KL: p < 0.0001; KL versus KKL: p = 0.0019; ribose: KK versus KL: p = 0.0014; KK versus KKL: p = 0.0032; IMP: KK versus KL p = 0.0026; KK versus KKL:

p = 0.0047.

(D) Abundance of glutathione (GSH) in KK (n = 5), KL (n = 5), and KKL (n = 4) tumors. Ordinary one-way ANOVA KK versus KL: p = 0.0454; KK versus KKL:

p = 0.0455.

(E) Metabolic pathway impact plot measuring the significance (�log10(p value)) and impact (proportion of pathway altered).

(F) Abundance of glutamine (Gln) and glutamate (Glu) in KK (n = 5) and KL (n = 5) tumors. Ordinary one-way ANOVA Glu KK versus KL p = 0.0001.

(G) Relative abundance of glutamate (Glu) in K (n = 5), KP (n = 4), KK (n = 5), KL (n = 5), and KKL (n = 4) tumor nodules. Ordinary one-way ANOVA KP versus KL p =

0.0258; KK versus KL p = 0.0004.
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engagement (Figures 4A, 4B, S3A, and S3B). Consistent with

previous reports, Lkb1-deficient models displayed a mixture of

squamous and adenomatous lesions; hence, the cohort was

divided to investigate immune features independently (Fig-

ure S3C). In line with prior reports (Koyama et al., 2016), we iden-

tified increased proportions of neutrophils in Lkb1-deficient

models with amixture of adeno and squamous (A/Smix) features

(Figure 4C). Furthermore, an increased regulatory T cell (Treg;
identified by FoxP3) to CD8 T cell ratio in the tumor-bearing lungs

of KKL mice (Figure S3D) revealed a significant increase in

T regs, especially in tertiary lymphoid structures (TLSs)

(Figures S3E and S3F). To validate these findings, we performed

RNA sequencing (RNA-seq) on tumor nodules from each of the

models (KK, KL, and KKL) and uninfected (UN) littermate con-

trols. We confirmed the significant increase in FoxP3 transcript

in KKL tumors, strongly suggesting a significant relationship of
Cell Metabolism 34, 874–887, June 7, 2022 877
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Figure 3. Increased glutamine flux in Lkb1-

deficient lung tumor nodules

(A) Gls1 mRNA expression in KK (n = 5), KL (n = 4),

and KKL (n = 5) tumor nodules.

(B) Expression of glutaminase (GLS1) in KRAS-

mutant lung adenocarcinoma from the TCGA cohort

(n = 102) co-mutated with KEAP1 (n = 16) and/or

STK11 (n = 21; 16).

(C) Expression of GLS1 in KRAS-mutant lung

adenocarcinoma (n = 139) co-mutated with KEAP1

(n = 16) and/or STK11 (n = 16, 19) from the CCLE

dataset.

(D) Schematic of 13C5
15N2-glutamine (Gln) flux to

glutamate (Glu) through to aspartate (Asp) via the

citric acid cycle (CAC) or a-ketoglutarate (a-KG)

intermediates.

(E) Fraction of unlabeled (12C14N-Gln) and labeled

(13C5
15N2-Gln) glutamine in normal (UN; n = 5; 4

tissue pieces/lung) compared with KL (n = 5; 4 tu-

mor pieces/lung) and KKL (n = 5; 4 tumor pieces/

lung) lung.

(F) Fraction of 13C15N-Gln label in 13C5- and
13C5

15N1-Glu, 13C4-,
13C4

15N1- in tumor nodules.

Ordinary one-way ANOVA 13C5-Glu UN versus KL

p < 0.0001; UN versus KKL p = 0.0026; 13C5
15N1-

Glu UN versus KL p = 0.0013; UN versus KKL p =

0.0063; 13C4-Asp UN versus KL p < 0.0001; UN

versus KKL p = 0.0003; KL versus KKL p = 0.03;
13C4

15N1-Asp UN versus KL p < 0.0001; UN versus

KKL p < 0.0001.

(G) Fraction of 13C15N-Gln label in 13C3
15N1-Asp in

tumor nodules. Ordinary one-way ANOVA13C3
15N1-

Asp UN versus KL p < 0.0001; and UN versus KKL

p < 0.0001.

ll
OPEN ACCESS Article
Tregs with these tumors (Figure S3G). To infer the impact of

increased Glu on the activity of CD8 T cells in the tumors of KL

mice, we next assessed cytotoxic gene signatures in the tumor

nodules. We identified increased granzyme and interferon (IFN)

genes in KL tumors compared with the other tumor models

(Figures 4D and S3H), suggesting that there may be increased

activation of CD8 T cells in the high Glu TME.

We next wished to directly examine the role of Glu for CD8

T cell activation. Gln is transported into the cell by SLC1A5

and hydrolyzed to Glu by the enzymatic activity of Gls1 (Pearce

et al., 2013; Wang et al., 2010). To directly assess the role of

glutaminase activity in CD8 T cell activation, we investigated a

glutaminase conditional knockout mouse model (Johnson

et al., 2018). Acute infection of mice with lymphocytic choriome-

ningitis virus (LCMV) Armstrong drives TCR-mediated expansion

of CD8 T cells. We adoptively transferred equal numbers

of glutaminase-deficient (Gls1fl/fl;CD4Cre) or control (Gls1+/+;

CD4Cre) P14 CD8 TCR transgenic T cells, which are specific

for the LCMV-derived gp33-41 epitope, into congenically

marked (Ly5.1) recipient mice. Recipient mice were infected

with LCMV, and the expansion of donor P14 cells was measured
878 Cell Metabolism 34, 874–887, June 7, 2022
on days 6 and 13 postinfection (Figure 4E).

Consistent with the importance of Gln and

glutaminase activities in CD8 T cells, Gls1-

deficient CD8 T cells failed to expand as

efficiently as control P14 cells (Figure 4F).
Thus, increased abundance of Glu in the KL TME could correlate

with the capacity of CD8 T cells to be activated, and Gls1 is

required for efficient population expansion of antigen specific

CD8 T cells in response to TCR stimulation.

CD8 T cell clonotype expansion is hindered by
glutaminase inhibition
Enhanced Glu abundance and usage by KL tumors is likely to

impact the metabolic activity of CD8 T cells present in the TME.

Recently, Gln antagonism (Leone et al., 2019) and glutaminase in-

hibition (Johnson et al., 2018) have been shown to enhance the

cytotoxiceffector functionofCD8Tcells.Given thepoor response

of patients with KRAS/STK11-mutant lung adenocarcinoma to

immunotherapy (Papillon-Cavanagh et al., 2020; Singh et al.,

2021), we reasoned that KL mice would be a strong immune-

competent model to test the hypothesis that glutaminase inhibi-

tion (CB-839) could synergize with immunotherapy (anti-PD1) to

enhance the antitumor CD8 T cell response. To this end, we per-

formed a short-term drug study to measure the response of CD8

T cells in the TME to glutaminase inhibition and anti-PD1 immuno-

therapy (Figure 5A). Dosing schedules were consistent with
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Figure 4. Increased glutamate alters the immune activity in the KrasG12D/+;Lkb1D/D (KL) tumor microenvironment

(A) Quantification of CD45+ immune cells in the tumor-bearing lungs of KK (n = 6), KL (n = 6) and KKL (n = 8) mice. Ordinary one-way ANOVA KK versus KL p =

0.015; KK versus KKL p = 0.0005.

(B) Flow cytometry quantification of PD1 expression on CD8 T cells in the lungs of WT (n = 25) and KK (n = 6), KL (n = 6), and KKL (n = 8) tumor-bearing lungs.

Ordinary one-way ANOVA p < 0.0001.

(C) Quantification of B cells (CD45+CD19+), T cells (CD45+CD3+), NK cells (CD45+NKp46+DX5+), eosinophils (CD45+CD11b+Ly6G�SSChigh), monocytes

(CD45+CD11b+Ly6G�SSClow), neutrophils (CD45+CD11b+Ly6G+), CD103+DC (CD45+CD11c+CD103+) and alveolar macrophages (CD45+CD11c+CD103�) in KK
(n = 6), KL A only (n = 3), KL A/S mix (n = 3), KKL A only (n = 4), and KKL A/S mix (n = 4) tumor-bearing lungs. Two-way ANOVA with Tukey’s multiple comparisons

test: NK cells KK versus KL A/S p = 0.04; monocytes KK versus KL A p = 0.018, KK versus KKL A p = 0.016, and KK versus KKL A/S p = 0.0007; neutrophils KK

versus KKL A/S p = 0.0019, KKL A versus KKL A/S p = 0.011; CD103+DC KK versus KKL A/S p = 0.0004; and KL A versus KKL A/S p = 0.017.

(D) Heatmap representing the logCPM transcript ofGzmb andGzme in uninfected (UN; n = 6) and tumor nodules (2 per lung) in KK (n = 5), KL (n = 5), and KKL (n = 5)

mice. Adjusted p value of pairwise comparisons are displayed.

(E) Schematic of LCMV infection protocol. Briefly, Ly5.1 recipient mice received Ly5.2 P14 LCMV TCR transgenic cells 1 day prior to LCMV Armstrong infection.

Following 6 and 13 days postinfection, blood was analyzed for the proportion of Ly5.2 CD8 T cells by flow cytometry.

(F) Quantification of Ly5.2 P14 CD8 T cells fromGls1+/+;CD4Cre (n = 9) andGls1fl/fl;CD4Cre (n = 10) donors at 6 and 13 days postinfection. Two-way ANOVA day

6 p < 0.0001; day 13 p = 0.0008.
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previous tumor studies, with CB-839 administered twice daily

(200 mg/kg) (Galan-Cobo et al., 2019; Romero et al., 2017) and

anti-PD1 every third day (Best et al., 2018a). As expected with

this short treatment schedule, there was no change in overall tu-

mor burden, measured by lung weight (Figure S4A). We addition-

ally did not identify any gross alterations in the abundance of im-

mune cells (CD45) or T cells (CD3) in the tumor-bearing lungs of

any of the treatment arms (Figures S4B and S4C).
Clonotype frequency is a robust indicator of antigen recogni-

tion and CD8 T cell expansion in the TME (Corgnac et al.,

2020). We measured the abundance of 24 Vb TCR clonotypes

in CD8 T cells using flow cytometry and identified a significant

clonotype expansion in the tumor-bearing lungs of KL mice

treated with anti-PD1 alone (Figure 5B). This expansion was local

to the lung and not apparent in the circulation, as measured in

splenic CD8 T cells (Figure S4D). Critically, KLmice that received
Cell Metabolism 34, 874–887, June 7, 2022 879
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CB-839 displayed minimal clonotype expansion with or without

anti-PD1 (Figure 5B), suggesting that glutaminase inhibition

blocked activation-induced CD8 T cell expansion. To measure

the Vb clonotypes that were expanding in anti-PD1-treated co-

horts, we plotted the variance in the vehicle or CB-839 groups

comparing isotype with anti-PD1 treatment. Although many clo-

notypes were significantly altered by anti-PD1 treatment in

vehicle-treated mice, a reduced variance was observed in

mice treated with CB-839 (Figure 5C). Next, clonotype diversity

was compared between individual mice (Figure 5D). Consistent

with clonal expansion, anti-PD1 significantly increased the pro-

portions of Vb21.3, 12, and 3 in each mouse compared with iso-

type control in the absence of glutaminase inhibition. Compara-

tively, no clonotypes were significantly altered across themice in

theCB-839 cohorts, confirming the broader cohort analysis. As a

specific example, TCR clonotype Vb21.3 is significantly

increased in the tumor environment of anti-PD1-treated mice,

but not in mice treated with CB-839, with or without anti-PD1

(Figures 5E and S4E). In line with these observations, we identi-

fied increased PD1 expression on CD8 T cells in the tumor envi-

ronment of the lungs and not spleen (Figure 5F) and increased

type 1 conventional dendritic cells (cDC1) in the lungs of anti-

PD1-treated mice (Figure S4F). Increased Vb21.3 clonotype

expansion was relative to the proportion of CD8+PD1+ T cells,

only in anti-PD1-treated mice (Figure 5G), further suggesting

that glutaminase inhibition impaired the activation and clonotype

expansion of CD8 T cells in the TME. Consistent with patient

studies, anti-PD1 had no survival benefit in KL mice and induced

a robust expansion in effector T regulatory cells during tumor

progression (Figures S4G and S4H).

Reduced effector CD8 T cells in the lungs of
glutaminase-inhibitor-treated mice
To investigate the impact of glutaminase inhibition onT cell differ-

entiation in the TME, we analyzed the unbiased clustering of CD8

Tcells by tSNEbased on the expression of four key T cell markers

(CD44, CD62L, PD1, and TCF1) assessed by flow cytometry. We

identified 7 distinct clusters (Figure S5A). To distinguish clusters

that represent CD8 T cells activated in response to lung tumors,

we overlaid the CD8 T cells from non-tumor-bearing lungs of

C57BL/6 mice (Figure S5B). In comparison to C57BL/6 mice,

cluster 1 was enriched specifically in tumor-bearing mice.

Consistent with this notion, cluster 1 cells expressed the highest

levels ofCD44, indicative of tumor recognition (FigureS5C).Next,

we assessed the relative contributions of each treatment arm to
Figure 5. CD8 T cell clonal expansion is hindered by glutaminase inhib
(A) Schematic of drug treatment study. Briefly, KL mice were intranasally injected

treated twice daily with glutaminase inhibitor CB-839 or vehicle, with anti-PD1 or i

Vb chain clonality analysis of CD8 T cells.

(B) Lung infiltrating CD8 T cell TCR clonal analysis in KL mice (vehicle/isotype n

(C) Frequency of significantly different TCR Vb clones in vehicle- and CB-839-treat

with isotype.

(D) Frequency of TCR Vb clones in lung infiltrating CD8 T cells. Each wheel repre

(E) Frequency of TCR clone Vb 21.3 in lung infiltrating CD8 T cells. Ordinary one-w

versus CB-839 PD1 p = 0.025; V PD1 versus CB-839 iso p < 0.0001; and V PD1

(F) Expressions of PD1 onCD8 T cells in the lung (left) and spleen (right). Ordinary o

and V PD1 versus CB-839 PD1 p = 0.024.

(G) Proportion of CD8+PD1+ T cells relative to the frequency of Vb 21.3 in lung infi

isotype (n = 4); and CB-839/anti-PD1 (n = 6).
the highly active cluster 1, which was enriched in vehicle-/anti-

PD1-treated CD8 T cells (Figure S5D). Consistent with the unbi-

ased cluster approach, the effector CD44+ population was

increased in CD8 T cells from tumors of vehicle-/anti-PD1-

treated mice, compared with those treated with CB-839 with

anti-PD1 (Figure 6A), suggesting that glutaminase inhibition

impeded the expansion of effector CD8 T cells. Strikingly, this

activation was only present in the TME, whereby increased

CD44+PD1+ CD8 T cells were observed in the tumor-bearing

lungs (Figure S5E) but not in splenic T cells (Figure S5F). Although

activation of CD8 T cells is minimal beyond the tumor-bearing

lungs, CB-839 significantly reduced the proportion of

CD8+CD44+ effector T cells observed in the spleen (Figure S5G),

highlighting the systemic effects of glutaminase inhibition onCD8

T cells. To investigate in depth the phenotypic differentiation of

CD8 effector T cells, we interrogated the expression of the tran-

scription factor TCF1. CD8 T cells expressing TCF1 represent a

progenitor pool that continuously populates the effector/ex-

hausted T cells and is responsible for mediating response to

PD1 checkpoint inhibition (Im et al., 2016; Utzschneider et al.,

2016; Kallies et al., 2020). Thus, the effector T cell can be identi-

fied as TCF1�TIM3+ (Utzschneider et al., 2020) and arises from

the TCF1+ pool (Kallies et al., 2020). In the lungs of C57BL/6

non-tumor-bearing mice, TCF1+ CD8 T cells were significantly

more abundant (48% ± 8.5%) than the TCF1� cells (13% ±

3.9%), indicative of the absence of TCR stimulation (Figures 6B

and S6A). Notably, the TCF1� effector pool expanded signifi-

cantly in the tumor-bearing lungs of anti-PD1-treated mice

(52% ± 1.5%) but was impaired in mice that received the combi-

nation with CB-839 (45% ± 4.7%) (Figures 6B and 6C). These

altered ratios were not observed in the periphery (Figure S6B).

These results suggest that anti-PD1-mediated expansion of

effector CD8 T cells requires efficient glutaminase metabolism.

Activated CD8 T cells require glutaminase activity to
sustain an antitumor state
It has previously been found that naı̈ve CD8 T cells respond

robustly to TCR stimulation even in the presence of glutaminase

inhibition (Johnson et al., 2018). However, as Gln is essential to

sustain the bioenergetic needs of activated T cells, we hypothe-

sized that the combination of TCR stimulation and anti-PD1

immunotherapy enhanced the requirement of CD8 T cells for

glutaminase activity. To test this theory in a patient model

in vitro, we stimulated human peripheral blood mononuclear

cell (PBMC)-derived T cells in different concentrations of Gln
ition
with Ad5-CMV-Cre to induce genetic recombination. From day 20, mice were

sotype. Lungs and spleens were collected on day 29 for flow cytometry of TCR

= 6; vehicle/anti-PD1 n = 6; CB-839/isotype n = 4; CB-839/anti-PD1 n = 6).

edmice. Noted TCR clones were increased in anti-PD1 treatedmice compared

sents the clonal diversity of one mouse.

ay ANOVA V iso versus PD1 p = 0.014; V iso versus CB-839 iso p = 0.032; V iso

versus CB-839 PD1 p < 0.0001.

ne-way ANOVAV iso versus PD1 p= 0.018; V PD1 versus CB-839 iso p = 0.038;

ltrating CD8 T cells in vehicle/isotype (n = 6); vehicle/anti-PD1 (n = 6); CB-839/
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with and without anti-PD1 stimulation and measured interferon

gamma (IFNg) production by ELISA assay (Figure S6C). As ex-

pected, both increasing availability of Gln and anti-PD1 stimula-

tion resulted in enhanced IFNg production. However, the benefit

of anti-PD1 stimulation was only achieved when Gln concentra-

tions increased above 0.37 mM (Figure 6D). To confirm these

findings in vivo, we took splenic CD8 T cells from mice treated

with anti-PD1 and/or CB-839 and stimulated ex vivo for 6 h with

phorbol myristate acetate (PMA) and ionomycin and quantified

the production of IFNg in effector (CD44+) CD8 T cells by flow cy-

tometry (Figure 6E). AlthoughCB-839 alone resulted in a slight in-

crease in IFNg production following stimulation, the combination

with anti-PD1 resulted in a significant reduction in IFNg produc-

tion (Figure 6F) and proliferation asmeasured by Ki67 expression

(Figure S6D). This suggests that the stimulation benefit afforded

by anti-PD1 comes at a cost of increased Gln consumption,

thus necessitating the enzymatic activity of glutaminase.

Next, to assess the functional consequences of glutaminase

inhibition with anti-PD1 in the TME, production of cytotoxic

IFNg and granzyme B (GzmB) from CD8 T cells was examined

in the tumor-bearing lungs of KL mice. Following treatment

with anti-PD1 and/or CB-839, tumor-bearing lungs were har-

vested and CD8 T cells were stimulated ex vivo for 6 h with

PMA and ionomycin. Consistent with our exploratory experi-

ments, we identified a significant reduction in IFNg, GzmB, and

proliferation in CD8 T cells pretreated with the combination of

anti-PD1 and CB-839 (Figures 6G and S6E–S6G). Notably, minor

gains in IFNg production afforded by CB-839 monotherapy were

abolished in combination with anti-PD1. Taken together, these

data strongly suggests that immunotherapy increases the de-

pendency of CD8 T cells on Gln availability and glutaminase

enzymatic activity, resulting in a loss of therapeutic benefit

when anti-PD1 and CB-839 are combined.

DISCUSSION

The heterogeneity imbued by co-mutation within KRAS-mutant

lung adenocarcinoma is an emerging field of interest (Best

et al., 2019; Papillon-Cavanagh et al., 2020; Skoulidis et al.,

2015; Skoulidis and Heymach, 2019). Not only are TP53,

KEAP1, and STK11/Lkb1 potent tumor suppressors in the

context of KRAS-mutant lung adenocarcinoma (Best et al.,

2019; Jackson et al., 2005; Ji et al., 2007), but each impart

distinct phenotypic characteristics that have the potential to
Figure 6. Activated CD8 T cells require glutamine and glutaminase fun
(A) Expression of CD44 in CD8 T cells of representative vehicle/anti-PD1 (blue) a

(B) Quantification of TCF1� effector (E) and TCF1+ precursor (P) pool in activated

PD1 (n = 4); CB-839/isotype (n = 3); and CB-839/anti-PD1 (n = 4) tumor-bearing lu

(C) Representative flow cytometry plots.

(D) Quantification of IFNg production (pg/mL) in SEB stimulated PBMCs treated w

mine (0–10 mM). Two-way ANOVA 0.37 mM p = 0.0042; 1.11, 3.33. and 10 mM

(E) Expression of IFNg and CD44 in CD8 T cells isolated from the spleens of repre

PD1 mice activated ex vivo with PMA/ionomycin for 6 h.

(F) Quantification of IFNg producing effector (CD44+CD8+) T cells isolated from the

3); and CB-839/anti-PD1 (n = 4) mice. Unpaired t test CB-839 iso versus PD1 p

(G) Quantification of IFNg, GzmB, and Ki67 expressing CD44+CD8+ effector T ce

vehicle/anti-PD1 (n = 4); CB-839/isotype (n = 3); and CB-839/anti-PD1 (n = 4) mice

versus PD1 p = 0.043; vehicle PD1 versus CB-839 PD1 p = 0.036; CB-839 iso ver

CB-3 = 839 PD1 p = 0.037; Ki67 vehicle iso versus PD1 p = 0.021; and vehicle is
leverage therapeutic design (Best et al., 2019) or act as bio-

markers of impaired therapeutic response (Papillon-Cavanagh

et al., 2020; Singh et al., 2021). Indeed, mutation in STK11 is a

genomic correlate of poor PD-L1 expression (Lamberti et al.,

2020) and anti-PD-L1 (atezolizumab) response (Ricciuti et al.,

2022; Singh et al., 2021) in NSCLC. Improving the response of

STK11-mutant lung adenocarcinoma to immunotherapy is an

emerging challenge. Here, we find that the Lkb1-deficient TME

is rich in Glu, an essential nutrient for CD8 T cell activation and

cytotoxicity. Although this environment provides good rationale

for treatment with glutaminase inhibition and immunotherapy,

our findings do not support the combination due to critical

impairment of CD8 T cell effector function.

It is recently increasingly appreciated that KRAS-mutant lung

adenocarcinomas represent a spectrum of diseases dictated

by the properties of concurrent mutations in critical tumor sup-

pressors (Best et al., 2019; Kerk et al., 2021; Papillon-Cavanagh

et al., 2020; Skoulidis et al., 2015; Skoulidis andHeymach, 2019).

Here, we further establish that the metabolic environment of

Kras-mutant tumors is significantly altered based on combinato-

rial inactivation of Keap1 or Lkb1. This highlights the importance

of annotating the concurrent mutations in key tumor suppressors

within KRAS-mutant lung adenocarcinoma to fully comprehend

the characteristics of the tumor. For example, a recent study

confirmed that KEAP1 mutations are a negative prognostic fac-

tor for advanced stage NSCLC (Saleh et al., 2022), although both

STK11 and KEAP1mutations confer poor outcomes to immuno-

therapy in KRAS-mutant, but not in KRAS wild-type cancers

(Ricciuti et al., 2022). Furthermore, metabolic changes associ-

ated with inactivation of Lkb1 were dominant over those of

Keap1, with KKL tumors displaying metabolic properties similar

to KL tumors. This has a significant impact on the study of

KEAP1-mutant lung adenocarcinoma, where the majority of

cell lines and patient samples harbor co-mutations of STK11/

Lkb1. Importantly, Lkb1-deficient tumors had significantly

enhanced Glu production, utilized in the CAC. This suggests

that STK11/Lkb1-mutant cancers may benefit from glutaminase

monotherapy, not currently recognized in the clinic. Currently, a

phase II basket trial is investigating the efficacy of glutaminase

inhibition (Telaglenastat) relative to mutations in KEAP1,

STK11/Lkb1, or NF1 to critically dissect efficacy relative to mu-

tations of interest (NCT04265534). Our findings highlight the ne-

cessity of such trials to ensure the implementation of personal-

ized therapeutic approaches.
ction to sustain antitumor activity
nd CB-839/anti-PD1 (red) tumor-bearing lungs.

(CD44+CD62L�) CD8 T cells in WT (n = 3), vehicle/isotype (n = 4); vehicle/anti-

ngs. Two-way ANOVA E versus P: BL6 p = 0.0002; vehicle/anti-PD1 p = 0.0001.

ith anti-PD1 (0.3 mg/mL) or isotype control in a concentration gradient of gluta-

p < 0.0001.

sentative vehicle/isotype, vehicle/anti-PD1, CB-839/isotype, and CB-839/anti-

spleens of vehicle/isotype (n = 4); vehicle/anti-PD1 (n = 4); CB-839/isotype (n =

= 0.0017.

ll populations isolated from the tumor-bearing lungs of vehicle/isotype (n = 4);

activated ex vivowith PMA/ionomycin for 6 h. Unpaired t test IFNg, vehicle iso

sus PD1 p = 0.023; GzmB vehicle iso versus PD1 p = 0.039; vehicle PD1 versus

o versus CB-839 PD1 p = 0.0096.
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TCR-engaged CD8 T cells upregulate amino acid transporters

and alter their metabolism from oxidative phosphorylation to

glycolysis to support the bioenergetic requirements of activation

and cytotoxicity (Carr et al., 2010; Sinclair et al., 2013). Indeed,

metabolic rewiring is crucial for effector T cell functionality, and

the impairment of this process hinders these responses essential

for disease control (Macintyre et al., 2014; Yin et al., 2015). Gln is

a conditionally essential amino acid and critical in both tumor

and immune cell metabolism (Curthoys and Watford, 1995).

Although activated T cells upregulate Gln transporters

(SLC1A5, SLC38A2, and ASCT2) (Carr et al., 2010; Nakaya

et al., 2014; Sinclair et al., 2013) and show signs of reliance on

glutaminase activity (Johnson et al., 2018), Gln antagonism did

not impede the activated phenotype in the context of subcutane-

ous in vivo tumors (Leone et al., 2019). However, glutaminase-

deficient T cells in vivo failed to drive graft versus host inflamma-

tory disease and cytotoxic T cells quickly exhausted (Johnson

et al., 2018), suggesting distinct roles for Gln in T cell activation

in different microenvironments. Consistent with these defi-

ciencies, we show a significant reduction in the expansion of

glutaminase-deficient CD8 T cells following a viral infection

model, further highlighting the importance of glutaminase activ-

ity for CD8 T cell function in wide-ranging settings. We find that

although the production of IFNg by CD8 T cells increases with

Gln availability, the enhanced activation afforded by anti-PD1

immunotherapy results in dependency on Gln availability in hu-

man PBMCs. Although previous studies have found that gluta-

minase inhibition using a variety of compounds (V-9302,

6-diazo-5-oxo-L-norleucin [DON], JHU-083) does not impact

CD8 T cell activity in vitro (Byun et al., 2020), our findings clearly

show that the requirement for glutaminase activity is pronounced

following additional stimulation (immunotherapy). Critically, the

combination of inhibiting both the PD1/PD-L1 axis and gluta-

minase enzymatic activity in T cells in the TME blunts their

effector differentiation and cytotoxic capability.

Recently, inhibition of the PPP has caused similar controversy

(Daneshmandi et al., 2021; Ghergurovich et al., 2020). The PPP

diverts glucose-6-phosphate from the glycolytic pathway, initi-

ated by the enzyme glucose-6-phosphate dehydrogenase

(G6PD). We have previously shown that KEAP1-mutant lung ad-

enocarcinomas are sensitive to PPP inhibition (Best et al., 2019),

and here, we find that enhanced PPP metabolites are present in

Keap1-deficient tumor nodules. However, in testing a G6PD in-

hibitor across many tumor and normal cell lines, T cells

(MOLT-4, CD4+, CD8+, and Jurkat cell lines) were identified to

be the most sensitive to inhibition (Ghergurovich et al., 2020).

Furthermore, akin to glutaminase inhibition in vivo, G6PD inhibi-

tion decreased the cytotoxicity of CD8 T cells in in vitro assays

(Ghergurovich et al., 2020). In contrast, in G6PD-deficient CD8

T cells, the metabolic changes were found to be advantageous

to T cell metabolism and cytotoxicity (Daneshmandi et al.,

2021). These studies suggest that investigating antitumor T cell

cytotoxicity in immune-competent models is paramount to fully

appreciate the complex interplay in the TME.

Therapeutic implications
These findings have significant clinical implications, given the

emerging interest in harnessing the antitumor properties of gluta-

minase inhibition together with immunotherapy-induced im-
884 Cell Metabolism 34, 874–887, June 7, 2022
mune activation (Byun et al., 2020; Leone et al., 2019; Soth

et al., 2020). Our studies highlight the importance of immune-

competent murine models in oncoimmunology research and

how they can serve as powerful model systems in examining

the efficacy of combining glutaminase inhibition and immuno-

therapy. Critically, they enable the therapeutic effects of the tu-

mor and immune cell compartments to be teased apart,

providing valuable insights that may inform clinical trials (Olson

et al., 2018). Notably, trials have been initiated to evaluate gluta-

minase inhibition in combination with immunotherapy (pmbroli-

zumab or nivolumab) in patients with NSCLC (Phase I

NCT03894540, terminated; Phase II NCT04265534, ongoing)

and melanoma (NCT02771626, completed). Although no results

from these trials have yet been released, information on the intra-

tumoral T cell activation status from patients would be valuable

to enhance our understanding of this phenomenon.

Limitations of the study
Through generating a cohort ofKeap1- and/orSTK11-/Lkb1-defi-

cient KrasG12D autochthonous lung adenocarcinomamodels, the

effects of co-mutation on metabolism and immunotherapy

response were investigated. Although these GEMMs are widely

accepted to be poorly immunogenic (DuPage and Jacks, 2013),

they serve as unique in vivomodel systems to interrogate the ef-

fect of combining glutaminase inhibition with immunotherapy.

Although the combination therapy inhibited highly activated

CD8 T cells and blunted their cytotoxic capabilities, the impact

on overall survival was not evaluated.We cannot rule out the pos-

sibility that an altered dose or delivery schedule of CB-839 may

yield a therapeutic window in which T cells can be activated to

realize the functional synergy of glutaminase inhibitors with anti-

PD1.Additionally, the complex TME inGEMMs, apertinent reflec-

tionof thepatient tumor,makes it difficult to saywith certainty that

the impact of glutaminase inhibition in the CD8 T cells alone was

responsible for their impeded function, and not a result of the

cross talk within cells of the TME. Finally, given that KEAP1 and

STK11 mutant lung adenocarcinoma are generally associated

with cigarette smoke and high tumor mutational burden (TMB)

(Ricciuti et al., 2022; Skoulidis et al., 2015), it will be important to

validate these findings in murine models engineered to exhibit a

higher TMB and/or neoantigens (Fitzgerald et al., 2021; Westcott

et al., 2021). Despite this, our findings suggest that glutaminase

function must be unimpeded in CD8 T cells to ensure that they

have the ability to reach their full cytotoxic potential.
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Primer bank 164607131c1
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FlowJo FlowJo LLC https://www.flowjo.com/solutions/flowjo

Image J Softonic https://imagej.net/Welcome

cBioPortal for Cancer Genomics Cerami et al., 2012;

Gao et al., 2013

http://www.cbioportal.org/

IDEOM software Creek et al., 2016 http://mzmatch.sourceforge.net/ideom.php

MetaboAnalystR software Chong et al., 2018 https://www.metaboanalyst.ca/

R version 4.0.5 R software https://www.r-project.org/
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RESOURCE AVAILABILITY

Lead contact
d Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Kate

Sutherland (sutherland.k@wehi.edu.au).
Materials availability
d Mouse crosses generated in this study are available upon reasonable request, MTA restrictions may apply.
Data and code availability
d RNA-seq data have been deposited at GEO and metabolomics data have been deposited at Metabolomics Workbench and

Mendeley Data. Data are publicly available as of the date of publication and accession numbers are listed in the key resources

table. All values used to generate the graphs displayed in the paper can be found in Data S1 – Source Data.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

All experiments presented in this study were conducted according to regulatory standards approved by the Walter and Eliza Hall

Institute and University of Melbourne Animal Ethics Committees. An equal proportion of males and females were used in all exper-

iments and all mice were maintained on a pure C57BL/6 background. At 7-8 weeks old, littermates were randomized into Ad5-CMV-

Cre infected, or uninfected, andwhen relevant were randomly assigned into treatment arms, distributed evenly by litter and sex. Mice

were housedwithin these groups for the latency of the experiment under a 12-hour light/dark cycle. All animals were used in scientific

experiments for the first time. This includes no previous exposures to pharmacological substances. Health status was normal for all

animals.

METHOD DETAILS

Mice
We conducted all animal experiments according to regulatory standards approved by the Walter and Eliza Hall Institute and Univer-

sity of Melbourne Animal Ethics Committees. Keap1flox mice (Blake et al., 2010) mice were a generous gift from S. Biswal (John Hop-

kins Bloomberg School of Public Health).KrasG12D/+, p53flox mice (Jackson et al., 2005) and Lkb1flox mice (Bardeesy et al., 2002) have

been previously described, with Gls1flox mice (Johnson et al., 2018) and CD4Cre mice (Lee et al., 2001) crossed to include the P14

TCR transgene (JAX: Tg(TcrLCMV)327Sdz). Wild-type C57Bl/6JArc mice on a Ly5.1 background were obtained from the Australian

Resources Center. All animals were maintained on a pure C57Bl/6 background, and equal proportions of males and females were

used in all experiments. Mice were genotyped using primers outlined in the key resources table. Seven-to-eight-week old conditional

mice were intranasally (i.n) infected with 20 ml of 1x1010 PFU/ml Ad5-CMV-Cre virus (University of Iowa Gene Transfer Core Facility)

according to standard procedures (DuPage et al., 2009). At defined timepoints (K: 90 days, KK: 60 days, KL and KKL: 40 days post

Ad5-CMV-Cre), mice were sacrificed by cardiac puncture and lungs and other organs harvested for downstream analysis.

Treatment studies
For anti-PD1 survival study, 20 days following Ad5-CMV-Cre, KL and KKL mice were randomly assigned to anti-PD1 or isotype con-

trol antibody (200 mg RMP1-14 or Rat IgG2a; BioXCell) treatment arms (n = 6/arm). Each cycle (every 20 days) consisted of intra-peri-

toneal injection (200 ml into left and right flank) three times over 6 days (day 0, 3, 6). Mice were collected at ethical endpoint for Kaplan
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Meier survival analysis. For combination anti-PD1/CB-839 study, 20 days following Ad5-CMV-Cre, KLmice were randomly assigned

to vehicle/isotype, vehicle/anti-PD1, CB-839/isotype or CB-839/anti-PD1 treatment arms (study 1: n = 6/arm; study 2: n = 4/arm). On

day 20, mice received one cycle of anti-PD1 or isotype control (as above) and 200 mg/kg CB-839 (2 % w/v CB-839; BLDpharm, in

vehicle) or vehicle (20 % Solutol HS15 / 20 % SB-b-CD (Captisol) / 50 mM phosphate buffer, pH 7.4) twice daily by oral gavage until

collection on day 29, when mice were collected 12 hours following the final dose. At harvest, mice were sacrificed by cardiac bleed

and the left lung lobe was weighed and processed for flow cytometry with spleens, while right lung lobes were inflated with 4% para-

formaldehyde and processed for histology.

Histology and immunohistochemistry
Lungs were perfused and fixed in 4 % paraformaldehyde for 24 hours at 4 �C and embedded in paraffin. Sections 2 mm thick were

stained with hematoxylin and eosin (H&E) and sections 4 mm thick were immunostained. Slides were dewaxed in xylene, re-hydrated

and exposed to antigen retrieval using pH 6.0 Citrate buffer (1.8 mM citric acid, 8.2 mM sodium citrate) in a DAKO pressure cooker

(125 �C 30 sec). Endogenous peroxidase activity was quenched using 3%Hydrogen Peroxide, 5 min. Sections were blocked in 5%

goat serum and washed in 0.05 % Tween20/PBS. Primary antibodies (key resources table) were incubated overnight at 4 �C in a

humidifier box. For immunohistochemistry, biotinylated secondary antibodies and Vectastain Elite ABC HRP reagent (Vector Labo-

ratories PK-7100) were each incubated for 30 min at RT. ImmPACT DAB Peroxidase substrate (Vector Laboratories SK-4105) was

used according to manufacturer’s instructions, and sections counterstained (15 sec hematoxylin, 30 sec schotts tap water) and cov-

erslipped. Slides were imaged using Nikon Eclipse 50i microscope with Axiovision software (Zeiss). CD8 T cells were quantified in

tumor regions using the measure tool on Image J software (Softonic).

Flow cytometry
Single cell suspensions of the lungwere generated as described in detail previously (Best et al., 2018b). Spleenswere passed through

a 100 mm sieve and red blood cells lysed in 0.8 % NH4Cl (Sigma A4514) for 3 min at RT. Samples were blocked in FcR blocking re-

agent (Milteny Biotech 130-092-575) and 0.1 mg/mL Rat IgG for 15 min at 4 �C. Primary antibodies (key resources table) were incu-

bated for 30 min at 4 �C. Intracellular stains were performed using the eBioscience Transcription Factor Staining Buffer Set (Thermo

Scientific 00-5523-00). Staining for Granzyme B (GzmB) and IFNg was performed on single cell suspensions that were stimulated

with ionomycin (0.1 mg/mL) and phorbol myristate acetate (PMA, 0.1 mg/mL) for 6 hours at 37 �C. Unstimulated cells incubated at

37 �C for 6 hours were used as a negative control. TCR Vb clonotype repertoires were analyzed using the IOTest BetaMark kit (Beck-

manCoulter PIM3497). Analysis was performed on the LSR II flow cytometer (BDBiosciences) or Aurora spectral unmixing cytometer

(CyTEK). All data was analyzed using FlowJo software (FlowJo LLC). Multidimensional tSNE plots were generated using the

DownSample plugin with tSNE function on FlowJo.

T cell activation assay
The staphylococcal enterotoxin B (SEB) assay was performed on peripheral blood mononuclear cells (PBMC) isolated from whole

human blood by density gradient centrifugation. PBMC were pre-stained with Celltrace violet and incubated with or without

0.3 mg/mL anti-PD1 for 1 hour. Treated PBMCs were plated at 1x105 cells/well in 96-well assay plates and stimulated with

5 ng/mL SEB with Glutamine titration (10, 3.33, 1.11, 0.37, 0.12, 0.04, 0.01, 0 mM) in media with 5 mM glucose and 10 % FBS. After

4 days, IFNg was detected by ELISA assay.

LCMV expansion kinetics
Single-cell splenocyte suspensions were obtained by passing total spleens through a 70 mm nylon cell strainer (BD), and red blood

cells were lysed with a hypotonic ammonium chloride–potassium bicarbonate buffer. Transgenic naive P14 T cells (Gls1+/+;CD4Cre

or Gls1fl/fl;CD4Cre) were isolated using the mouse CD8+ T cell enrichment kit (Miltenyi Biotech), and 2x104 P14 T cells were intrave-

nously injected into naive congenically marked recipients. On the following day, Ly5.1 recipient mice were infected intraperitoneally

with 2x105 PFU of LCMV Armstrong. Blood from mice was obtained with submandibular bleeds on days 6 and 13 after infection and

percentages of P14 cells among all CD8 T cells was assessed with congenic markers by flow cytometry.

Quantitative RT-PCR
RNAwas extracted from ground tumor tissue using the RNeasy RNA extraction kit (Qiagen 74104), followed by the SuperScript III kit

(Thermo Fisher 18080051). Quantitative RT-PCR was performed using SyberGreen (Bioline QT605-05) on the Viia7 Real-Time PCR

System (Thermo Scientific). Relative mRNA was calculated compared to Gapdh internal control using the delta-delta-cT statistical

method (key resource table).

RNA sequencing
Snap frozen tumors (n = 5 mice / 2 tumors per mouse) or uninfected littermate control lung (n = 6) were ground in liquid nitrogen and

RNA extracted using the RNeasy RNA extraction kit (Qiagen 74104) then analyzed using a 2200 Tapestation Analyser (Agilent). An

input of 150 ng RNA was used to generate libraries (TruSeq RNA Library Prep v2, Illumina). Sequencing was performed on the

NextSeq System (Illumina) to produce 80bp paired-end reads. Between 13 and 76 million reads were generated for each sample

and reads were aligned to the Mus musculus genome (mm10) using Rsubread (Liao et al., 2019). Aligned reads were processed
Cell Metabolism 34, 874–887.e1–e6, June 7, 2022 e4
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by Rsubread’s featureCounts function using GENCODE Release M24 (GRCm38.p6) annotation to count the number of reads over-

lapping each annotated gene. Low expressed genes were filtered out using edgeR’s (Robinson et al., 2010) filterByExpr function.

Genes without annotation were also filtered. Differential expression (DE) analyses were undertaken using the edgeR and limma

(Ritchie et al., 2015) software packages. Library sizeswere normalized using the trimmedmean ofM-values (TMM)method (Robinson

and Oshlack, 2010). Sample quality weights were estimated using voomWithQualityWeights (Liu et al., 2015) and differential expres-

sion was evaluated using voom (Law et al., 2014) with robust empirical Bayes estimation of the variances (Phipson et al., 2016)]. Cor-

relations between repeated measurements (multiple tumour samples) from the samemouse were estimated using the duplicateCor-

relation method (Smyth et al., 2005). The false discovery rate (FDR) was controlled below 0.05 using the method of Benjamini and

Hochberg.

Metabolomic analyses
Steady state analysis

Blood (100 ml) was collected at defined time points by mandible bleed into a lithium-heparin micro tube (Sarstedt 41.1393.005). After

centrifugation (13,000 g, 4 �C, 10 min) plasma was transferred to Eppendorf tubes and snap-frozen for metabolite analysis. 25 mL of

plasma was extracted with 100 mL of cold MeOH and shaken in a cool room for 1 hour. The extracts were centrifuged at 4 �C at 14.8 g

for 10 min, supernatant transferred to LCMS vials. 10 mL injected for metabolomics analysis.

Tumor tissue was flash frozen and crushed using amortar and pestle in liquid nitrogen. To the Eppendorf tubes 150 mL of cold 80%

acetonitrile was added and vortexed quickly. The suspension was transferred to a fresh Eppendorf tube. Another 150 mL portion of

extraction solvent was added to the tubes, vortexed and the suspension combined with the first portion. To the combined extraction

mixture 75 mL of CHCl3 was added and samples were mixed for 1 h in a cool room to ensure complete extraction. The samples were

centrifuged at 4 �C at 14.8 g for 10 min, supernatant transferred to new tubes and evaporated at 20 �C under a stream of nitrogen.

BSA assay was performed on the protein pellet by dissolving all protein in equal volume of detergent solution (4% v/v SDS in water).

Dried samples were resolubilized in appropriate volume of CHCl3 : MeOH : H2O (1 : 3 :1, v/v) mixture based on measured protein

content, shaken for 15 min at room temperature, centrifuged at 4 �C at 14.8 g for 10 min. 100 mL of the supernatant was transferred

to LCMS vials. 10 mL injected for metabolomics analysis.

LCMS analysis was performed on QExactive mass spectrometer coupled with Dionex Ulimate3000RS LCMS system (Thermo

Fisher Scientific, Waltham, Massachusetts, USA) and data processing was performed using IDEOM software as described previ-

ously (Creek et al., 2016). Metabolites were putatively annotated based on accurate mass and predicted retention time by the

IDEOM software (Metabolite Standards Initiative: MSI level 2). The identities of commonmetabolites, including glutamine, glutamate,

aspartate, glutathione, ribose, IMP, orotate and dihydroorotate, were confirmed bymass and retention time alignment with authentic

standards analyzed in the same batch (MSI level 1) (Sumner et al., 2007). Results were expressed as data matrices, where peak

height were reported for putatively identified metabolites in all the samples and analyzed using MetaboAnalystR software (Chong

et al., 2018).

Glutamine tracing analysis

KL and KKL tumor-bearing mice and uninfected littermates (UN) (n = 5/arm) received intra-peritoneal injection of 14.4 mg

U-13C,U-15N-glutamine (Sigma-Aldrich), 15 minutes prior to mandible bleed (into lithium/heparin tube) and sacrifice. Tumor pieces

or normal lung tissue (n = 4/mouse) were immediately harvested into Eppendorf tubes and flash-frozen in liquid nitrogen for metab-

olomics analysis. Tissue pieces were homogenized to powder using Covaris CP02 tissue pulverizer (Covaris, Woburn, MA). Tissue

was weighed and extracted using 80/20 methanol/water at -20 �C at a ratio of 40 mL/mg tissue. Samples were vortexed, centrifuged

and supernatant evaporated using a Genevac (SP Scientific, Warminster, PA). Plasma samples were thawed and 10 mL were ali-

quoted and extracted with 90 mL of 80/20 methanol/water at -20 �C. Samples were vortexed, centrifuged and supernatant evapo-

rated using aGenevac. Samples were reconstituted in water for metabolite analysis. Positive and negativemodemetabolite analyses

were performed with reversed-phase ion-pairing liquid chromatography mass spectrometry (LC-MS) on a Thermo Vanquish Flex

pump coupled to a QExactive orbitrap mass spectrometer using electrospray ionzation (Thermo Fisher Scientific, San Jose, CA).

Chromatography for negative mode ionization, the stationary phase was an ACQUITY UPLC HSS T3 (1.8 mm 2.1x150 mm) column.

LC separation was achieved with a gradient elution of solvent A (97/3 H2O/methanol with 10mM tributylamine, 15mMacetic acid at a

pH of 4.9), and solvent B (methanol). The gradient was 0min, 0%B; 3min, 20%B; 5.5min, 20%B; 11min, 55%B; 13.5min, 95%B;

16.5min, 95%B; 17min, 0%B. The flow rate was 200 mL/min. Positivemode LC separation was achievedwith a gradient of solvent A

(0.025 % heptafluorobutyric acid, 0.1 % formic acid in H2O) and solvent B (acetonitrile) at 400 ml/min. The stationary phase was an

Waters Atlantis T3, 3 mm, 2.1 mm 3 150 mmcolumn. The gradient was 0min, 0%B; 4min, 30%B; 6min, 35%B; 6.1min, 100%B;

7 min, 100 % B; 7.1 min, 0 % B. For both ionization modes, the injection volume was 10 mL and the QExactive Mass Spectrometer

scanned in negative mode from m/z 70-1,000 at a resolving power of 70,000.

Metabolites were identified by matching exact mass and retention time to external standards. Area counts for each metabolite’s

abundance and associated isotopologues were quantified by El-MAVEN (Elucidata Inc) (Clasquin et al., 2012). Correction for the nat-

ural abundance of carbon was performed with an in-house software LC-MS Data Processor. Fractional enrichment (FE) was calcu-

lated by dividing the area of an isotopologue by the sum of areas of all isotopologues for eachmetabolite. Results were expressed as

data matrices, where peak height were reported for putatively identified metabolites in all the samples and analyses performed using

MetaboAnalystR software (Chong et al., 2018).
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TCGA and CCLE data analysis

RNA-seq read counts and mutations status for lung adenocarcinomas from The Cancer Genome Atlas (TCGA) project (Cancer

Genome Atlas Research Network, 2014) or Cancer Cell Line Encyclopedia (CCLE) (Barretina et al., 2012) were interrogated using

cBioPortal publicly available software (Cerami et al., 2012; Gao et al., 2013).

Statistical analysis

Statistical analysis was performed using Prism software (GraphPad Software). Pairwise comparisons were performed using an un-

paired Student t test andmultivariate comparisons were performed using one-way ANOVA (Kruskal-Wallis test) with Tukey’s multiple

comparisons test or two-way ANOVA with Dunn’s multiple comparisons test for grouped analyses.
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